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iForeword 

Foreword 

This report is a first in many ways. To date our 
understanding of how the climate of the Pacific is 
changing, and is likely to change in the future, has 
been limited. Lack of scientific knowledge is a major 
challenge to effective adaptation planning for Pacific Island 
countries. In 2007, the Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change identified 
key information gaps in the Pacific. Climate Change in 
the Pacific: Scientific Assessment and New Research is 
a significant step forward in our understanding of climate 
drivers in the Pacific region. 

Climate Change in the Pacific is the final report of 
Australia’s Pacific Climate Change Science Program, a 
landmark investment in climate science for the region. It is 
the result of three years’ scientific research. This report is 
an invaluable reference for climate scientists, communities 
and decision-makers in the Pacific.

Climate Change in the Pacific also tells the climate 
change story - for the first time - for individual countries. 
It includes the first-ever country scale projections for the 
region, along with more detailed information for 15 small 
island developing states including East Timor. Enhanced 
understanding of climate change impacts is critical to 
building the capacity of countries to plan appropriate 
adaptation responses.  

The Pacific Climate Change Science Program is one 
element of Australia’s five-year, $328.2 million International 
Climate Change Adaptation Initiative. The Initiative assists 
countries to identify and implement priority adaptation 
measures, assess their vulnerability and develop 
evidence-based adaptation strategies. As part of this, 
Climate Change in the Pacific will be an essential tool for 
Pacific Island countries and their development partners 
in progressing adaptation and building resilience to future 
climate change.       

The Hon Greg Combet AM MP

Minister for Climate Change and 
Energy Efficiency

The Hon Kevin Rudd MP

Minister for Foreign Affairs

Climate Change in the Pacific finds that during this century 
the Pacific will continue to see increasing temperatures 
and sea level rise, changes to rainfall variability, further 
ocean acidification and more extreme weather events. 
Pacific Island countries will face increasing impacts on 
human health, fresh water availability, agriculture, fisheries, 
marine ecosystems and tourism – with flow-on effects to 
livelihoods, culture and custom.

Australia is committed to working with developing 
countries to develop effective adaptation responses to 
the unavoidable impacts of climate change. Australia’s 
adaptation support focuses on least developed countries 
and small island developing states – because these 
countries need it most urgently. Australia is committed 
to building on the achievements of the Pacific Climate 
Change Science Program and supporting further research 
and investment to increase the resilience of the Pacific. 
Australia will continue to support our neighbours in the 
Pacific and East Timor to respond to the challenges 
identified in the Climate Change in the Pacific report – and 
work together towards a sustainable future for the region.
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Introduction and Background

Islanders, especially in the Pacific 
region, have a strong relationship 
with the land and ocean so changes 
in climate can represent a threat not 
only to the physical environment but 
also to their culture and customs. 
Already, people living in Pacific Islands 
and East Timor are experiencing 
changes in their climate such as higher 
temperatures, shifts in rainfall patterns, 
changing frequencies of extreme 
events and rising sea levels. These 
changes are affecting peoples’ lives 
and livelihoods, as well as important 
industries such as agriculture and 
tourism. In recognition of this, leaders 
of the Pacific Island Countries and 
Territories developed the Pacific 
Islands Framework for Action on 
Climate Change 2006–2015 to guide 
the building of resilience to the risks 
and impacts of climate change.

In 2008, the Australian Government 
launched the International Climate 
Change Adaptation Initiative to 
meet high priority adaptation needs 
of vulnerable countries within the 
Asia-Pacific region. Improved 
understanding of the physical 
climate system is required to inform 
effective adaptation and this is being 
addressed through a component 
of the International Climate Change 
Adaptation Initiative called the 
Pacific Climate Change Science 
Program (PCCSP). The PCCSP is a 
collaborative research partnership 
between Australian Government 
agencies, East Timor and 14 Pacific 
Island countries (Cook Islands, 
Federated States of Micronesia, Fiji, 

The Fourth Assessment Report 
of the Intergovernmental Panel 
on Climate Change (IPCC, 2007) 
identified significant research gaps 
which needed to be filled to better 
inform climate change adaptation 
and resilience building in small-island 
developing States. The report identified 
a number of information gaps and 
research priorities, noting in particular 
that many small islands lacked 
adequate observational data, and that 
output from global climate models 
was not of sufficiently fine resolution to 
provide specific information for islands. 
These regional and Partner Country 
climate change science needs formed 
the basis for the development of the 
research of the PCCSP.

The 15 Partner Countries are 
immensely diverse in terms of their 
history, geography, climate, natural 
resource base and culture. As part of 
the group of small island developing 
States, they share many similar 
sustainable development challenges 
such as small populations, limited 
resources, remoteness, susceptibility 
to natural disasters, vulnerability to 
external shocks and dependence on 
international trade.

Guided by the Australian Agency for 
International Development and the 
Australian Department of Climate 

Change and Energy Efficiency, the 
PCCSP is delivered by the Australian 
Bureau of Meteorology and the 
Commonwealth Scientific and 
Industrial Research Organisation, 
through their research partnership 
in the Centre for Australian Weather 
and Climate Research. The PCCSP’s 
objectives are to:

•	 Conduct a comprehensive climate 
change science research program 
aimed at providing in-depth 
information about past, present and 
future climate in Partner Countries.

•	 Build the capacity of Partner 
Countries’ national meteorological 
services and scientific organisations 
to undertake scientific research.

•	 Disseminate the information to 
Partner Countries’ stakeholders and 
other parties.

Climate is defined as the average 
weather over 30 years or more. In 
different chapters in this publication, 
different averaging periods, such 
as 20 years, are also used. Climate 
change is defined as a change in 
the state of the climate, identified 
by changes in the mean and/
or the variability of its properties, 
and that persists for an extended 
period, typically decades or longer 
(IPCC, 2007).

Kiribati, Marshall Islands, Nauru, Niue, 
Palau, Papua New Guinea, Samoa, 
Solomon Islands, Tonga, Tuvalu and 
Vanuatu), carried out in collaboration 
with regional and international 
organisations (Figure ES.1).



3Executive Summary

Figure ES.1: PCCSP region, defined by the coordinates: 25°S–20°N and 120°E–150°W (excluding the Australian region south of 10°S 
and west of 155°E), and Partner Countries: Cook Islands, East Timor, Federated States of Micronesia, Fiji, Kiribati, Marshall Islands, 
Nauru, Niue, Palau, Papua New Guinea, Samoa, Solomon Islands, Tonga, Tuvalu and Vanuatu
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About this Publication

Building on the Fourth Assessment 
Report of the Intergovernmental Panel 
on Climate Change (IPCC, 2007), this 
publication draws on recent research 
conducted by the PCCSP as well as 
other research, such as the recently 
published ‘Vulnerability of Tropical 
Pacific Fisheries and Aquaculture to 
Climate Change’ (Bell et al., 2011). 
It is anticipated that this PCCSP 
publication and associated products 
and capacity-building activities will 
provide senior decision makers and 
other stakeholders in the Partner 
Countries, as well as the wider 
scientific community, with up-to-date, 

robust, climate change science 
information for the region and the 
individual countries.

This publication has two volumes. 
The first volume presents a detailed 
assessment and analysis of the 
PCCSP region encompassing 
latitudes 25°S–20°N and longitudes 
120°E–150°W, excluding the 
Australian region south of 10°S and 
west of 155°E. Climate change 
reports for each Partner Country are 
presented in the second volume. 
Each of the 15 reports has four main 
sections which present and discuss 

(1) seasonal cycles, (2) climate 
variability, (3) observed annual trends, 
and (4) projections for atmospheric 
and oceanic variables. Projections 
are provided for temperature, rainfall, 
extreme events, (including tropical 
cyclones, extreme hot days and 
heavy rainfall days), sea-surface 
temperature, ocean acidification, and 
sea-level rise for three future 20-year 
periods centred on 2030, 2055 and 
2090, and for three different scenarios 
of greenhouse gas and aerosol 
emissions: B1 (low), A1B (medium) 
and A2 (high).



4 Climate Change in the Pacific: Scientific Assessment and New Research | Volume 1: Regional Overview

The PCCSP region is characterised by 
three extensive bands of large-scale 
wind convergence and associated 
rainfall: the Intertropical Convergence 
Zone (ITCZ), the South Pacific 
Convergence Zone (SPCZ) and 
the West Pacific Monsoon (WPM) 
(Figure ES.2). 

The ITCZ lies just north of the equator 
and influences climate in the Federated 
States of Micronesia, Kiribati, Marshall 
Islands, Nauru, Palau and Papua 
New Guinea. These same countries, 
together with East Timor, also 
experience very high seasonal rainfall 
variations associated with the WPM, 
although in Nauru and the Marshall 
Islands this only occurs in some years.

110°E 120°E 130°E 140°E 150°E 160°E 170°E 180° 170°W 160°W 150°W 140°W

20°N

10°N

0°

10°S

20°S

30°S

Current Climate of the PCCSP Region

Figure ES.2: The average positions of the major climate features of the PCCSP region in November to April. The yellow arrows show 
near surface winds, the blue shading represents the bands of rainfall (convergence zones with relatively low pressure), and the red 
dashed oval indicates the West Pacific Warm Pool. H represents the typical positions of moving high pressure systems.

The SPCZ has a significant impact 
on most of the Partner Countries in 
the South Pacific: Cook Islands, Fiji, 
Nauru, Niue, Samoa, Solomon Islands, 
Tonga, Tuvalu and Vanuatu; and 
Kiribati in some years.

Many of the Partner Countries 
experience marked seasonal rainfall 
variations, but little variation in 
temperature. However, they may 
experience extreme events including 
tropical cyclones, storm surges, heat 
waves, drought and heavy rainfall. 
Tropical cyclones produce damaging 
winds, heavy rainfall and storm surges 
which can have devastating impacts.

Large-scale atmospheric circulation 
patterns influence ocean currents and 
sea-surface temperature patterns, 
while the ocean in turn also affects 
atmospheric winds, temperatures and 
rainfall. For example, the equatorial 
trade winds push warm water to the 
west, giving rise to the Warm Pool, 
and drive the upwelling of cooler water 
in the eastern Pacific; while the warmer 
water near the equator and the 
Warm Pool in particular, drive strong 
convection in the overlying atmosphere 
which helps to draw the trade winds 
across the Pacific Ocean.
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Climate variability in the PCCSP 
region occurs on a wide range of 
time scales. Palaeoclimatic records 
indicate that during the millennia 
before the Industrial Revolution 
(around 1750), the climate of the 
Pacific underwent large variations, 
primarily associated with changes 
in the intensity and frequency of the 
El Niño-Southern Oscillation (ENSO). 
These climate shifts were driven by 
natural mechanisms, whereas some of 
the changes observed over the past 
decades are also partially driven by 
human influences. Consequently, it is 
important to understand the range of 
climate variability experienced in the 
past in order to provide a context in 
which to interpret projections of future 
climate change.

The major pattern of climate variability 
in the PCCSP region is ENSO. 
This is a coupled atmosphere-ocean 
phenomenon, with time scales of 
about two to seven years. The term 
El Niño is identified with a basin-wide 
warming of the tropical Pacific Ocean 
east of the dateline. The term La Niña 
is a basin-wide cooling of the tropical 
Pacific Ocean east of the dateline. This 
event is associated with a fluctuation 
of a global-scale tropical and 
sub-tropical pressure pattern called 
the Southern Oscillation.

ENSO is strongly linked with variations 
in climatic features such as the ITCZ, 
the SPCZ and the WPM. During El 
Niño events the SPCZ tends to shift 
towards the north-east, while the ITCZ 
tends to shift closer to the equator. 
These shifts have a profound influence 
on rainfall, sea level and the risk of 
tropical cyclones in the region. All 
PCCSP Partner Countries are affected 
by ENSO in some way, although 
the magnitude and timing of this 
influence varies.

As well as ENSO there are other 
natural patterns of climate variability 
that influence the region, including 
the Interdecadal Pacific Oscillation 
and the closely related Pacific 
Decadal Oscillation.

The climate trends for the PCCSP 
region that are presented in this 
publication are based on updated and 
improved climate datasets. This work 
has involved significant collaboration 
with Partner Country meteorological 
services and has resulted in improved 
data access and security, and 
enhanced scientific and technical 
capacity in the region.

All updated temperature records from 
Pacific Island observation stations 
show warming over the past 50 years, 
with trends mostly between 0.08 to 
0.20°C per decade, consistent with 
global warming over this time. Unlike 
temperature, rainfall across the Pacific 
Islands displays large year-to-year 
and decade-to-decade changes in 
response to natural climate variability. 
Over the past 50 years, rainfall has 
increased north-east of the SPCZ, and 
declined to the south.

Over the 1981–2007 period of satellite 
measurement there are no significant 
trends in the overall number of 
tropical cyclones, or in the number 
of intense tropical cyclones, in the 
South Pacific Ocean. However, this is 
a short period of time for the analysis 
of infrequent extreme events such as 
tropical cyclones. Determining trends 
over longer periods is difficult due 
to the lack of adequate data prior to 
satellite measurements.

Sea-surface temperatures of the 
Pacific Ocean have generally increased 
since 1950. In addition, the western 
tropical Pacific Ocean has become 
significantly less salty, while regions to 
the east have generally become saltier. 
In combination, these changes have 
driven an increase in the stratification 
of the upper ocean in this region. 

A distinctive pattern of intensified 
warming of surface waters and cooling 
of sub-surface equatorial waters 
centred near a depth of 200 m is also 
apparent over the past 50 years in 
the Pacific Ocean. These patterns 
of observed change in the ocean 
are reproduced in climate model 
simulations that include increased 
atmospheric greenhouse gases.

Sea level has been rising globally 
including in the PCCSP region 
over recent decades. Extreme 
high sea levels are also increasing, 
primarily as a result of increases in 
mean sea level. There is significant 
interannual variability of sea level in 
the region related to ENSO and other 
natural variability. 

As a consequence of higher carbon 
dioxide (CO2) concentrations in 
the atmosphere, the oceans are 
absorbing more CO2. The CO2 taken 
up by the ocean reacts in water 
and causes a decrease in the pH of 
the seawater that is referred to as 
ocean acidification. Acidification is 
accompanied by a decrease in the 
seawater saturation state of carbonate 
minerals that are secreted as shells 
and skeletal material by many key 
species in reef ecosystems. Aragonite 
is the form of calcium carbonate 
precipitated by reef building corals and 
studies have shown that coral growth 
declines as the aragonite saturation 
state of seawater decreases. 

Aragonite saturation states above a 
value of 4 are considered optimal for 
coral growth and for the development 
of healthy reef ecosystems. 
Throughout most of the sub-tropical 
and tropical Pacific Island region, the 
saturation state in pre-industrial times 
exceeded 4. By the mid 1990s, the 
uptake of anthropogenic CO2 had 
resulted in a widespread decline in the 
aragonite saturation state.

Climate Variability and Trends
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The complexity of the climate system 
means that past trends cannot be 
simply extrapolated to forecast future 
conditions. Instead, mathematical 
representations of the Earth’s 
climate system, based on the laws 
of physics, are used to simulate the 
fundamental processes affecting 
weather and climate. Global climate 
models calculate variables such as 
temperature and rainfall at points over 
the globe spaced 100–400 km apart, 
with about 30 layers in the ocean and 
30 layers in the atmosphere. They are 
run on supercomputers and have 

Climate Modelling

been used extensively over recent 
decades to not only estimate future 
climate change, but also to help 
better understand the present and 
past climate.

Emissions of greenhouse gases and 
aerosols have played a major role in 
the climate of the past century. In order 
to make future climate projections, 
it is necessary to make plausible 
estimates of how these emissions 
will evolve into the future. To assist in 
modelling the future climate, the IPCC 
has prepared 40 greenhouse gas and 

sulphate aerosol emissions scenarios 
for the 21st century that combine 
a variety of plausible assumptions 
about demographic, economic and 
technological factors likely to influence 
future emissions. Such estimates can 
then be put into climate models to 
provide projections of future climate 
change. Climate model projections 
in this publication are based on three 
of the most widely used emissions 
scenarios, B1 (low), A1B (medium) 
and A2 (high).

Performance of Climate Models

To make projections of future climate, 
it first has to be demonstrated that 
climate models are sufficiently realistic 
in simulating the observed climate. 
This depends on the model’s ability to 
represent several different aspects of 
climate, including:

•	 The long-term average pattern of 
various atmospheric and oceanic 
characteristics, e.g. temperature, 
rainfall, wind, salinity and sea level.

•	 Important regional climate features, 
e.g. ITCZ, SPCZ and WPM.

•	 Major patterns of climate variability 
on various timescales, e.g. ENSO.

•	 Extreme weather events, e.g. heat 
waves, tropical cyclones.

•	 Long-term trends.

How well the models agree with the 
observed present climate is used 
to assess model reliability, with the 
underlying assumption that a model 

which adequately simulates the present 
climate will provide more reliable 
projections of the future. No single 
model is the ‘best’ in representing 
all aspects of climate so a range of 
models should be considered when 
making projections of future climate.

After analysing data from 24 global 
climate models from around the 
world, the PCCSP identified a set of 
18 models which provide a reasonable 
representation of observed climate 
over the PCCSP region. These 18 
models were used to construct 
projections of future climate for the 
PCCSP region and the individual 
Partner Countries.

These 18 global climate models can 
simulate many aspects of climate, 
and generally give a reasonable 
representation of climate in the Pacific 
region. Most models, however, 
show biases, such as a tendency 

to underestimate sea-surface 
temperatures and rainfall along the 
equator. The representation of ENSO 
in climate models has improved over 
the years but remains a challenge 
at the regional scale. For example, 
sea-surface temperature variability 
associated with ENSO tends to be too 
narrowly focused on the equator and 
extends too far to the west.

Global climate models do not have 
sufficiently fine resolution to represent 
small islands and important small-scale 
climate processes. Downscaling 
techniques are used to represent 
important small island effects, 
however, these techniques are very 
computer intensive.
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The IPCC Fourth Assessment 
Report (2007) presents broad-scale 
projections for the Pacific. 
Annual-mean temperature and 
rainfall projections are averaged over 
two large Pacific regions (the North 
Pacific and the South Pacific), for 
three 30-year periods (2010–2039, 
2040–2069 and 2070–2099), based 
on results from seven global climate 
models and four emissions scenarios.

The PCCSP provides a more detailed 
set of climate change projections, 
building on the IPCC assessment. 
The projections for the PCCSP region 
are based on simulations from up to 
18 global climate models for three 
emissions scenarios; B1 (low), A1B 
(medium) and A2 (high), and three 
future 20-year periods centred on 
2030, 2055 and 2090, relative to 
a 20-year period centred on 1990. 
The selection of years and emissions 
scenarios is limited by data availability.

A summary of the key climate 
projections for the PCCSP region 
is outlined on the following pages. 
Volume 2 of this publication provides 
detailed discussion on the range 
of possible futures simulated for 
each country.

Projected Changes 
in Major Climate 
Features and Patterns 
of Variability

South Pacific 
Convergence Zone

In the wet season (November-April), 
the SPCZ is not expected to shift 
position, but there is some evidence 
for a projected equatorward shift in the 
dry season (May-October). Increased 
rainfall is projected within the SPCZ 
in the wet season in particular, due 
to increased atmospheric moisture 
content in a warmer climate. Many 
models also suggest that islands 
located near the eastern edge of the 
SPCZ will become drier in the wet 
season as the trade winds in the 
south-east Pacific become stronger.

Intertropical 
Convergence Zone

Changes in rainfall averaged over 
the ITCZ show a general increase 
in June-August, with little change in 
December-February, thereby amplifying 
the current seasonal cycle. There is 
an increase in the area of the ITCZ 
in all models in June-August, and in 
all but three in December-February. 
Models suggest the ITCZ may shift 
equatorward in March-May and 
June-August, although displacement 
is small.

West Pacific Monsoon

There is a general tendency for 
rainfall to increase in the WPM region 
throughout the year, but with an 
amplification of the seasonal cycle 
of rainfall. There is no significant 
projected change in the east-west 
winds over the region.

El Niño-Southern Oscillation

Year-to-year variability in the region 
will continue to be strongly affected by 
ENSO. However, climate models do 
not provide consistent projections of 
changes in the frequency, intensity and 
patterns of future El Niño and La Niña 
events. As climate changes, however, 
aspects of climate experienced in 
some regions during El Niño and 
La Niña events may differ from the 
past. For example, if El Niño tends to 
warm a particular region now, then 
temperatures experienced during 
future El Niño events may tend to be 
higher than those experienced during 
past El Niño events.

Indian Ocean Dipole

The IOD influences climate both locally 
and in remote regions, mainly affecting 
East Timor. It also affects the Indian 
and Australian monsoons, however, 
the IOD is a much weaker source of 
climate variability for the Pacific region 
than ENSO. Climate models suggest 
that a more positive IOD mean state 
will exist with easterly wind trends and 
a shallowing thermocline (a zone in the 
ocean separating warm surface waters 

from cold deep waters) over the 
eastern Indian Ocean, associated with 
a weakening of the Walker Circulation.

Atmospheric 
Projections

Temperature

The magnitude of the projected 
warming over the PCCSP region is 
about 70% as large as the magnitude 
of global average warming for all 
emissions scenarios. This is linked to 
the fact that the oceans have been 
warming, and are projected to warm 
into the future at a lower rate than 
land areas. As the PCCSP region is 
dominated by the ocean, it follows that 
temperature increases in the region 
will be less than those seen globally. 
The projections centred on the three 
20-year periods (relative to 1990 
baseline temperatures) show that:

•	 By 2030, the projected regional 
warming is around +0.5 to 1.0oC, 
regardless of the emissions 
scenario.

•	 By 2055, the warming is generally 
+1.0 to 1.5oC with regional 
differences depending on the 
emissions scenario.

•	 By 2090, the warming is around:

 - +1.5 to 2.0oC for B1 (low 
emissions scenario).

 - +2.0 to 2.5oC for A1B (medium 
emissions scenario).

 - +2.5 to 3.0oC for A2 
(high emissions scenario) 
(Figure ES.3).

Large increases in the incidence of 
extremely hot days and warm nights 
are also projected.

Global Climate Model Projections
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Rainfall

In the PCCSP region, increases in 
annual mean rainfall are projected to 
be most prominent near the SPCZ 
and ITCZ, with little change in the 
remainder of the region (Figure ES.4). 
The annual numbers of rain days (over 
1 mm), light rain days (10–10 mm) 
and moderate rain days (10–20 mm) 
are projected to increase near the 
equator, with little change elsewhere 
in the region. There is a widespread 
increase in the number of heavy rain 
days (20–50 mm). Extreme rainfall 
events that currently occur once every 
20 years on average are generally 
simulated to occur four times per year, 
on average, by 2055 and seven times 
per year, on average, by 2090 under 
the A2 (high) emissions scenario. 
Droughts are projected to occur less 
often.

Potential Evapotranspiration

Evapotranspiration is the sum of 
evaporation and plant transpiration 

from the Earth’s land surface 
to the atmosphere. Potential 
evapotranspiration is a reflection of 
the energy available to evaporate 
water, and of the wind available to 
transport the water vapour from the 
ground up into the lower atmosphere. 
Potential evapotranspiration is highest 
in hot, sunny, dry (arid), and windy 
conditions. Increases in potential 
evapotranspiration are expected in the 
PCCSP region.

The ratio of annual average rainfall 
to potential evapotranspiration is a 
measure of aridity. Aridity increases 
in most, but not all, of the PCCSP 
region (i.e. the projected increase in 
potential evapotranspiration is not 
being matched by sufficient increases 
in rainfall).

Humidity and Solar 
Radiation

Projected changes in humidity and 
solar radiation are relatively small in 
the PCCSP region, i.e. less than 5% 
by 2090.

Figure ES.3: Projected multi-model mean changes in annual mean surface air temperature for 2030, 2055 and 2090, relative to 1990, 
under the A2 (high), A1B (medium) and B1 (low) emissions scenarios. All models agree on warming in all locations.

Wind

Surface wind speed is generally 
expected to decrease in the equatorial 
and northern parts of the PCCSP 
region, while increases are indicated 
in the south. However these changes 
are projected to be relatively small in 
most locations. 
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Ocean Projections

Salinity and Stratification

Sea-surface salinity is expected to 
decrease, with regional differences 
closely matching projected changes in 
net rainfall (rainfall minus evaporation). 
The intensified warming and freshening 
at the surface is projected to make the 
surface ocean less dense compared 
to the deep ocean, so the ocean 
becomes more stratified. This increase 
in stratification acts to inhibit mixing, 
thereby reducing the supply of nutrients 
from the deep to the surface ocean. 
This has consequences for biological 
productivity, particularly fisheries.
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Figure ES.4: Projected multi-model mean changes in annual rainfall (mm/day) for 2030, 2055 and 2090, relative to 1990, under the A2 (high), 
A1B (medium) and B1 (low) emissions scenarios. Regions where at least 80% of models agree on the direction of change are stippled.

Sea Level

Global climate models reproduce 
the observed pattern of the regional 
distribution of sea level reasonably 
well. Models indicate that the rise 
will not be geographically uniform. 
However, deviations between models 
make regional estimates uncertain 
(Figure ES.5). In current projections, 
the sea-level rise in the PCCSP region 
is similar to the global average.

Projections of sea-level rise require 
consideration of ocean thermal 
expansion, the melting of glaciers 
and ice caps, the surface mass 
balance and dynamic response of 
the ice sheets of Antarctica and 
Greenland, and changes in terrestrial 
water storage. Current projections 
indicate sea levels are expected to 
continue to rise, on average, during 
this century. The Fourth Assessment 
Report of the IPCC (IPCC, 2007) 
states that global average sea level is 

projected to rise by 0.18 to 0.59 m by 
2080–2099, relative to 1980–1999, 
with an additional potential contribution 
from the dynamic response of the 
ice sheets. By scaling to global 
temperature changes this additional 
rise was estimated to be 10 to 20 cm 
but larger increases could not be ruled 
out. Observations indicate sea level is 
currently rising at near the upper end 
of the projected range. Larger rises 
than in the IPCC projections have been 
argued by some but one recent study 
suggests that global-mean sea-level 
rise greater than 2 m by 2100 is 
physically untenable and that a more 
plausible estimate is about 80 cm, 
consistent with the upper end of the 
IPCC estimates and the present rate of 
rise. However, improved understanding 
of the processes responsible for ice 
sheet changes are urgently required 
to improve estimates of the rate and 
timing of 21st century and longer-term 
sea-level rise.

Ocean Acidification

The projected growth in atmospheric 
CO2 concentration is expected to 
cause further ocean acidification. 
Aragonite saturation values below 
3.5 are projected to become more 
widespread and have the potential to 
disrupt the health and sustainability of 
reef ecosystems. The lowest values 
of aragonite saturation in the region 
of the Partner Countries are projected 
to occur in the eastern equatorial 
Pacific, to the east of longitude 160°W, 
affecting the easternmost islands of 
Kiribati, with the highest values in the 
region of the South Equatorial Current, 
affecting the islands of Cook Islands, 
Samoa and Tuvalu.
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Figure ES.5: Sea-level rise projections for the A1B (medium) emissions scenario in the PCCSP region for 2081–2100 relative to 
1981--2000 are indicated by the shading with the uncertainty indicated by the contours (in centimetres). The distribution of the 
projections of sea-level change is estimated by combining the global average sea-level projections, the dynamic ocean departure from 
the global average and the regional changes associated with the changing ice-mass distribution. Note that white areas indicate no 
model data are available for that area.
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Downscaled Projections
Dynamical and statistical downscaling 
techniques were used to provide 
small-scale (i.e. country-scale and/
or individual island-scale) climate 
projections. The output from six global 
climate models was downscaled to 
60 km over the PCCSP region, and 
to 8 km for selected islands. The 
60 km downscaled projections are 
broadly consistent with those of the 
global climate models, however, some 
differences are noted such as bands of 
rainfall decrease around latitudes 8°N 
and 8°S.

The 8 km downscaled projections 
complement the projections from 
the global climate models and show 
regional variations of the climate 
change signal, largely related to the 
topography of the islands where 
significant changes in elevation exist.

Tropical Cyclone 
Projections
It is difficult to make projections 
of tropical cyclone activity for two 
reasons. First, the features of a 
tropical cyclone occur at a smaller 
spatial scale than can be represented 
by most climate models. Second, 
climate models vary in their ability to 
simulate large-scale environmental 
conditions that are known to influence 
tropical cyclones including patterns 
of variability such as ENSO and 
large-scale climate features such as 
the SPCZ.

Three methods were used by the 
PCCSP to diagnose tropical cyclones 
from global climate models. While 
large uncertainty still remains, the 
results from this study indicate that the 
frequency of tropical cyclones in the 
PCCSP region is projected to decrease 
by the late 21st century. There is a 
moderate level of confidence in this 
direction of change, however, there is 

little consistency in the magnitude of 
changes between either the models or 
the analysis methods.

For the Partner Countries in the 
south Pacific sub-basins (latitudes 
0–35ºS; longitudes 130°E–130ºW), 
most models indicate a decrease in 
the frequency of tropical cyclones by 
the late 21st century and an increase 
in the proportion of more intense 
storms. For the Partner Countries in 
the North Pacific sub-basin (latitudes 
0–15ºN; longitudes 130º-180ºE), 
there is a decrease in the frequency 
of tropical cyclones and a decrease in 
the proportion of more intense storms. 
This decrease in occurrence is more 
robust in the Southern Hemisphere 
than in the Northern Hemisphere, 
and may be due to a combination of 
increased vertical wind shear in the 
Southern Hemisphere, and changes 
in the thermodynamic characteristics 
of the atmosphere which are 
associated with tropical storm activity 
and intensity.
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Box ES.1: Climate Projection 
Uncertainties

•	 Since it is uncertain how society will evolve over this century, it 
is not possible to know exactly how anthropogenic emissions 
of greenhouse gases and aerosols will change. Each of the 
40 emissions scenarios produced by the IPCC is considered 
plausible, with the range of uncertainty increasing over the 21st 
century. Subtle differences between models associated with 
the representation of key physical processes result in a range 
of climate projections for a given emissions scenario.

•	 Models differ in their estimates of the strength of different 
feedbacks in the climate system, particularly cloud feedbacks, 
oceanic heat uptake and carbon cycle feedbacks.

•	 Direct and indirect aerosol impacts on the magnitude of 
the temperature response, on clouds and on precipitation 
remain uncertain.

•	 Future changes in the Greenland and Antarctic ice sheet mass 
are a major source of uncertainty that affect sea-level rise 
projections.

•	 Confidence in projections is higher for some variables (e.g. 
temperature) than for others (e.g. precipitation), and it is 
higher for larger spatial scales and longer averaging periods. 
Conversely, confidence is lower for smaller spatial scales, 
which represents a particular challenge for projections for 
Partner Countries in the PCCSP region.

•	 Some of the most difficult aspects of understanding and 
projecting changes in regional climate relate to possible 
changes in the circulation of the atmosphere and oceans, and 
their patterns of variability.

•	 When interpreting projected changes in the mean climate, it is 
important to remember that natural climate variability (e.g. the 
state of ENSO) will be superimposed and can cause conditions 
to vary substantially from the long-term mean from one year to 
the next, and sometimes from one decade to the next.

•	 It is not currently possible to determine if downscaled 
projections provide more reliable future climate projections 
than those from the coarser resolution global models. For 
this reason, dynamically downscaled projections can provide 
complementary information, but should be interpreted in 
conjunction with global climate models over the same region.

Uncertainties in Climate Model Projections

While climate models are all based 
on the same physical laws, they 
are not perfect representations of 
the real world. As such, there will 
always be a range of uncertainty in 
climate projections. The existence 
of uncertainty is common to all 
areas of science and does not 
negate the usefulness of model 
projections. Uncertainty exists in 
the projections provided in this 
publication and it is expected to exist 
for future projections, so reducing 
and achieving greater clarity on the 
uncertainties is still required. It is 
important that this uncertainty is 
understood and incorporated into 
any future impact assessments 
based on climate model projections. 
Box ES.1 summarises key 
uncertainties associated with climate 
projections (IPCC, 2007).
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Future Research to Advance Climate 
Science in the PCCSP Region

Better understanding the past 
climate helps to inform more robust 
projections of future climate which 
are essential for underpinning climate 
change adaptation strategies and 
contributing to the sustainable 
development of the Partner Countries.

While there has been excellent 
progress on many fronts to monitor, 
document, understand and project 
climate change relevant to Partner 
Countries, there are still many 
challenges. Further work to strengthen 
the scientific understanding of climate 
change is required to inform adaptation 
and mitigation. The following areas 
have been identified as priorities.

The geographical spread of Partner 
Countries means that the land- and 
ocean-based climate observation 
network in the PCCSP region is 
sparse. Expanding atmospheric 
data measurements in the PCCSP 
region will strengthen the ability of 
Partner Countries to monitor climate. 
Enhancing and, in some cases, 
creating oceanic observation networks 
is equally important. The rescue and 
rehabilitation of historical climate data 
is also needed to extend the climate 
data record in the PCCSP region. 
Further analysis of palaeoclimate data 
will enhance the understanding of 
climate variability on a wide variety of 
time scales.

A better understanding of the state 
of climate features in the PCCSP 
region, including the SPCZ, ITCZ and 
WPM, and patterns of variability in the 
climate, including ENSO, is needed to 
advance climate science. Determining 
the extent to which climate trends 
are attributable to natural variability 
and to human activities is also a 
priority. Greater clarity on these issues 
and more reliable estimates of past 
variability in the atmosphere and the 
ocean, including extreme events, will 
help strengthen the credibility and 
communication of climate projections.

Analysing the ability of the next 
generation of climate models to 
simulate climate in the PCCSP 
region is essential. This will provide 
for improved projections for rainfall, 
extreme weather events, ENSO, 
sea level and ocean acidification, 
among other variables. Work needs 
to continue to improve the global 
climate models and to rigorously 
verify downscaling methods so as to 
provide finer resolution projections over 
smaller areas.
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•	 People living in small tropical islands 
are experiencing changes and 
variability in their climate that are 
affecting their environment, culture 
and livelihoods.

•	 Focusing on the western Pacific 
region, and especially the 
independent Pacific countries 
and East Timor, this scientific 
assessment and new research 
builds on the Fourth Assessment 
Report of the Intergovernmental 
Panel on Climate Change (IPCC, 
2007). Detailed analyses and new 
research relating to the current 
climate, observed variability 
and trends, and climate change 
projections are presented.

•	 Extensive analysis of the 
performance of 24 global climate 
models identified a set of 18 
models which provide a reasonable 
representation of climate over the 
Pacific Islands and East Timor. 
These 18 models were used 
to construct climate change 
projections for three emissions 
scenarios: A2 (high), A1B (medium) 
and B1 (low); and three future 
20-year periods centred on 2030, 
2055 and 2090, relative to a 
20-year period centred on 1990. 
Downscaling techniques were 
used to provide more detail for 
selected regions.

•	 This scientific assessment and new 
research has been undertaken as 
part of the Pacific Climate Change 
Science Program (PCCSP), a 
component of the Australian 
Government’s International Climate 
Change Adaptation Initiative.

•	 The PCCSP is a collaborative 
research partnership between 
Australian Government agencies, 
14 Pacific Island countries and 
East Timor, and regional and 
international organisations. The 14 
Pacific countries are: Cook Islands, 
Federated States of Micronesia, Fiji, 
Kiribati, Marshall Islands, Nauru, 
Niue, Palau, Papua New Guinea, 
Samoa, Solomon Islands, Tonga, 
Tuvalu and Vanuatu. The 15 Partner 
Countries are immensely diverse in 
terms of their history, geography, 
climate, natural resource base 
and culture.

Summary

•	 The PCCSP addresses two of the 
key principles of the Pacific Islands 
Framework for Action on Climate 
Change 2006–2015 (Secretariat of 
the Pacific Regional Environment 
Programme, 2005): improving the 
understanding of climate change; 
and provision of education, training 
and awareness.

•	 This publication is designed to 
provide decision makers and other 
stakeholders within the Pacific 
Island countries and East Timor, 
as well as the wider scientific 
community, with up-to-date, robust 
climate change science information 
for the PCCSP region (Volume 1) 
and for individual PCCSP Partner 
Countries (Volume 2).
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People living in small tropical islands 
are experiencing changes and 
variability in their climate such as 
shifts in rainfall patterns, increasing 
frequency of some extreme weather 
events and rising sea levels. 
These changes are affecting peoples’ 
environment, culture and livelihoods, 
as well as important economic sectors 
such as agriculture and tourism.

Scientists are working to understand 
these changes and how they reflect 
natural climate variability and changes 
due directly or indirectly to human 
activity that alters the composition of 
the global atmosphere.

Distinguishing between natural 
variability and climate change due to 
human activity is extremely difficult. 
Throughout these two volumes the 
definition of climate change in the 
Fourth Assessment Report of the 
Intergovernmental Panel on Climate 
Change (IPCC, 2007) is used 
(Box 1.1). A more detailed definition 
is presented in the Glossary. This 
definition includes changes due 
to natural variability and changes 
resulting from human activity. Climate 
is defined as the average weather 
over 30 years or more. In different 
chapters in this publication, different 
averaging periods, such as 20 years, 
are also used. 

Climate change refers to a 
change in the state of the climate 
that can be identified (e.g. by using 
statistical tests) by changes in the 
mean and/or the variability of its 
properties and that persists for an 
extended period, typically decades 
or longer (IPCC, 2007).

1.1 Background

Climate is usually defined as the 
average weather over 30 years or 
more. In different chapters in this 
publication, different averaging 
periods, such as 20 years, are 
also used.

Focusing on the western Pacific 
region, and especially the independent 
Pacific countries and East Timor, 
the scientific assessment and the 
new research presented in these 
two volumes builds on the Fourth 
Assessment Report of the IPCC (IPCC, 
2007) and other research undertaken 
since 2007, e.g. the recently published 
research on climate change and 
fisheries (Bell et al., 2011). These 
volumes analyse the current climate, 
observed variability and climate 
trends, and further develop climate 
change projections for the region and 
individual countries. The research was 
been undertaken between 2009 and 
2011 as part of the Pacific Climate 

Change Science Program (PCCSP), 
a key component of the Australian 
Government’s International Climate 
Change Adaptation Initiative. The 
information presented here will provide 
decision makers, other stakeholders 
in the Partner Countries and the wider 
scientific community, with up-to-date, 
robust, climate change science 
information. Volume 1 presents a 
regional overview and Volume 2 
presents individual country reports. 
A Glossary of terms is presented at the 
end of each volume.

Box1.1: Definition of Climate and 
Climate Change

This chapter sets the contextual background and outlines the framework for the 
science presented in this publication. 
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Building on a foundation of regional 
and international agreements, and 
in recognition of the seriousness 
of the adverse effects of climate 
change, the Pacific Island Countries 
and Territories developed the Pacific 
Islands Framework for Action on 
Climate Change 2006–2015, which 
was released in June 2006.

The goal of this Framework is to 
“ensure that Pacific Island people build 
their capacity to be resilient to the 
risks and impacts of climate change” 
with the key objective to deliver on 
the expected outcomes under the 
following principles:

•	 Implementing adaptation measures.

•	 Governance and decision making.

•	 Improving understanding of 
climate change.

•	 Education, training and awareness.

•	 Contributing to global greenhouse 
gas reduction.

•	 Partnerships and cooperation.

The Intergovernmental Panel on 
Climate Change’s Fourth Assessment 
Report (IPCC, 2007) found significant 
research gaps which needed to be 
filled to better inform climate change 
adaptation and resilience building 
in small island developing States. 
The report identified a number of 
information gaps and research 
priorities, noting in particular that 
many small islands lacked adequate 
observational data, and that output 
from global climate models was not 
of sufficiently fine resolution to provide 
specific information for islands.

In 2008, the Australian Government 
launched the International Climate 
Change Adaptation Initiative to 
meet high-priority adaptation needs 
of vulnerable countries within the 
Asia-Pacific region.

The objectives of the International 
Climate Change Adaptation Initiative 
are to:

•	 Establish a sound policy, scientific 
and analytical basis for long-term 
Australian action to help Partner 
Countries adapt to the impacts of 
climate change.

•	 Increase Partner Country 
understanding of the impacts of 
climate change on their natural and 
socio-economic systems.

•	 Enhance Partner Country capacity 
to assess key climate vulnerabilities 
and risks, formulate appropriate 
adaptation strategies and plans, 
and mainstream adaptation into 
decision making.

•	 Identify and finance priority 
adaptation measures that can 
immediately increase the resilience 
of Partner Countries to the impacts 
of climate change.

The PCCSP is contributing to 
the International Climate Change 
Adaptation Initiative by providing 
scientific information and improved 
understanding so the Partner 
Countries can better prepare for 
the future.

1.2.1 Pacific 
Climate Change 
Science Program
The PCCSP is a collaborative 
research partnership between 
Australian Government agencies 
and 14 Pacific Island countries 
and East Timor, carried out in 
collaboration with regional and 
international organisations.

Guided by the Australian Agency for 
International Development and the 
Australian Department of Climate 
Change and Energy Efficiency, the 
PCCSP is delivered by the Australian 
Bureau of Meteorology and the 
Commonwealth Scientific and 
Industrial Research Organisation 
(CSIRO) through their research 
partnership in the Centre for Australian 
Weather and Climate Research.

The PCCSP addresses two of the 
key principles of the Pacific Islands 
Framework for Action on Climate 
Change 2006–2015: improving the 
understanding of climate change 
(principle 3); and the provision of 
education, training and awareness 
(principle 4).

The PCCSP’s primary objective 
is to conduct a comprehensive 
climate change science research 
program aimed at providing in-depth 
information about past, current and 
future climates in Partner Countries. 
Specific objectives are to:

•	 Undertake meteorological, 
climatological and oceanographic 
research, particularly in areas where 
there are identified gaps in Partner 
Country knowledge.

1.2 Contextual Setting
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Box 1.2: Description of the Pacific 
Climate Change Science Program

•	 Build the capacity of each Partner 
Country’s national meteorological 
service and scientific organisations, 
where feasible, to undertake 
scientific research.

•	 Disseminate the information to 
Partner Country stakeholders and 
other parties. 

Box 1.2 shows how these three 
objectives are interlinked.

The PCCSP recognises that this 
research must be delivered to Partner 
Countries in practical and relevant 
ways to be useful to decision makers. 
Partner Country engagement, 
information sharing and capacity 
building have been undertaken in a 
coordinated way across all areas of 
research. Besides this publication, 
other PCCSP products include:

•	 Two regional brochures, one 
focusing on the PCCSP and 
the second on climate variability 
and change.

•	 Fifteen country-specific brochures 
outlining past, current and future 
climate, targeted towards a general 
audience and produced in English 
and local languages.

•	 Fifteen country-specific posters.

•	 A database management system 
and three web-based tools 
for improved analysis of past, 
current and future climate and 
supplemented by user manuals and 
fact sheets. These products provide 
for information sharing among 
different levels of users.

•	 An extensive program of training, 
capacity building and engagement 
with island stakeholders, especially 
representatives of the respective 
national meteorological services.

1.2.2 Partner Country 
Diversity
The Pacific Islands are immensely 
diverse in terms of their history, 
geography, climate, natural resource 
base and culture. The Pacific Islands 
may be divided culturally into three 
main groups: Melanesia, Polynesia and 
Micronesia. East Timor is one of the 
Sunda Islands at the eastern end of 
the Indonesian Archipelago.

Historically, the 15 Partner Countries 
belong to the group of small-island 
developing States (SIDS), a group of 
low-lying coastal countries that share 

many similar sustainable development 
challenges such as small populations, 
limited resources, remoteness, 
susceptibility to natural disasters, 
vulnerability to external shocks and 
dependence on international trade 
(www.un.org/esa/dsd/dsd_aofw_sids/
sids_members.shtml). SIDS were 
first recognised as a distinct group 
of developing countries at the United 
Nations Conference on Environment 
and Development in June 1992.

Table 1.1 provides a summary of 
selected characteristics for the 
15 Partner Countries and illustrates 
their diversity.

www.un.org/esa/dsd/dsd_aofw_sids/sids_members.shtml
www.un.org/esa/dsd/dsd_aofw_sids/sids_members.shtml
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Table 1.1: Characteristics of the PCCSP Partner Countries

Country Capital
Land area 

(km2)

Exclusive 
economic 
zone area 

(million km2)

Maximum 
height above 

sea level 
(m)

Population 
(2010 estimate 

except Vanuatu)
Languages Government

Cook Islands Avarua 237 1.8 652 11 500 English, Maori Semi-independent 
country in free 
association with 
New Zealand

East Timor Dili 15 007 Under 
determination

2 963 1 066 582 Portuguese and 
Tétum + 15 local 
dialects.

(Working 
languages: English 
and Bahasa 
Indonesian)

Republic

Federated 
States of 
Micronesia

Palikir 702 2.98 791 111 364 English, Chuukese, 
Pohnpeian, Yapese

Independent with 
free association 
arrangements with 
USA until 2023

Fiji Suva 18 333 1.3 1 300 844 420 English, Fijian, 
Hindi

Independent state

Kiribati South Tarawa 811 3.6 87 100 835 I-Kiribati, English Democratic republic

Marshall 
Islands

Majuro 181 1.81 3 54 439 Marshallese, 
English

Republic in free 
association with the 
USA

Nauru No official 
capital.

Yaren District 
(largest 
settlement)

21 0.32 70 9 976 Nauruan, English Republic with 
parliamentary system

Niue Alofi 259 0.39 69 1 470 Niuean, English Free association with 
New Zealand

Palau Melekeok 535 0.63 214 20 518 Palauan, English Independent nation in 
free association with 
the USA

Papua New 
Guinea

Port Moresby 462 243 3.12 4 697 6 744 955 Tok Pisin, English 
+ more than 700 
other languages

Independent state

Samoa Apia 2 934 0.12 1 860 183 123 Samoan, English Independent state

Solomon 
Islands

Honiara 28 785 1.34 2 447 549 574 English, Pidgin + 
87 other languages

Independent state

Tonga Nuku’alofa 748 0.72 1 030 103 365 Tongan, English Independent 
kingdom

Tuvalu Funafuti 26 0.9 5 11 149 Tuvaluan, English Independent state

Vanuatu Port Vila 12 281 0.71 1 877 234 023 
(2009)

Bislama, French, 
English + 105 
other languages

Republic

Sources for Table 1.1 data:

•	 List of individual country statistics, Secretariat of the Pacific Community Applied Geoscience and Technology Division (SOPAC); 
http://www.sopac.org/index.php/member-countries

•	 List of individual countries’ First National Communication under the United Nations Framework Convention on Climate Change (UNFCCC); 
http://unfccc.int/national_reports/non-annex_i_natcom/items/2979.php

•	 Country statistics for East Timor; http://timor-leste.gov.tl/?p=547&lang=e; and http://www.dfat.gov.au/geo/east_timor/east_timor_brief.html

http://www.sopac.org/index.php/member
http://unfccc.int/national_reports/non-annex_i_natcom/items/2979.php
http://timor-leste.gov.tl/?p=547&lang=e
http://www.dfat.gov.au/geo/east_timor/east_timor_brief.html
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Key findings relating to the Pacific, as 
defined by the region between 20°N 
and 30°S and 120°E to 120°W, from 
the Fourth Assessment Report (IPCC, 
2007) include the following:

•	 The main climatic processes that 
play a role in the climate of this 
region are the easterly trade winds, 
the Southern Hemisphere high 
pressure belt, the Intertropical 
Convergence Zone (ITCZ) and 
the South Pacific Convergence 
Zone (SPCZ).

•	 Year-to-year climatic variability 
is very strongly affected by the 
El Niño-Southern Oscillation 
(ENSO).

•	 Global climate models do not 
have sufficiently fine resolution to 
represent the small islands and 
very little work has been done 
to represent important island 
effects resulting from island 
shape and topography using 
techniques such as downscaling. 
Some climatic processes are still 
not well understood.

•	 The ability of the multi-model 
dataset models to simulate present 
climate in the Pacific is satisfactory 
for temperature simulations, 
however, there are large spreads 
in precipitation simulations. There 

are systematic errors in simulating 
mean climate and natural variability.

•	 All North and South Pacific Islands 
are very likely to warm during this 
century. The warming is likely to 
be somewhat smaller than the 
global annual mean warming in 
all seasons.

•	 Annual rainfall is likely to increase 
in the equatorial Pacific, while 
most models project decreases 
just east of French Polynesia in 
December-February.

•	 There is much less certainty about 
changes in frequency and intensity 
of tropical cyclones on a regional 
basis than for temperature and 
precipitation changes. There is 
no clear picture with respect to 
regional changes in frequency 
and movement, but increases 
in intensity are indicated. ENSO 
fluctuations have a strong impact 
on patterns of tropical cyclone 
occurrence in the South Pacific, 
and uncertainty with respect to 
future ENSO behaviour contributes 
to uncertainty with respect to 
tropical cyclone behaviour.

•	 Sea levels are likely to continue 
to rise, on average, during the 
21st century. Models indicate that 
the rise will not be geographically 
uniform. Large deviations among 
models make regional estimates 
across the Pacific Ocean uncertain.

1.3 Building on the Fourth Assessment 
Report of the IPCC
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1.4 Major New Contributions to 
Pacific Climate Change Science

Building on the findings of the IPCC 
(2007) Fourth Assessment Report, 
the PCCSP has assessed recent 
literature and conducted new research. 
Attention is primarily focused on the 
region defined by the coordinates 
25°S–20°N and 120°E–150°W 
(excluding the Australian region south 
of 10°S and west of 155°E). This 
region is referred to in this publication 
as the PCCSP region and differs 
slightly from the region defined in 
the IPCC Fourth Assessment Report 
(2007). The PCCSP region includes the 
14 independent Pacific Islands labelled 
in Figure 1.1 and East Timor.

The research and new findings 
presented in these two volumes 
represent the first comprehensive 
climate change science research 

program for the independent 
Pacific Islands and East Timor and 
complements other research such as 
the recently published, ‘Vulnerability 
of Tropical Pacific Fisheries and 
Aquaculture to Climate Change’, (Bell 
et al., 2011). As such it covers new 
ground for the PCCSP region as a 
whole (Volume 1) and especially for the 
individual island countries (Volume 2). 
Recognising the diversity among the 
islands, the second volume of this 
publication presents reports for each 
of the 15 Partner Countries. Each 
report details their seasonal and annual 
climate cycles including extreme 
events, observed trends and climate 
variability. The reports also include 
projections for several atmospheric 
and ocean variables (temperature, 

Figure 1.1: PCCSP region and Partner Countries: Cook Islands, East Timor, Federated States of Micronesia, Fiji, Kiribati, Marshall 
Islands, Nauru, Niue, Palau, Papua New Guinea, Samoa, Solomon Islands, Tonga, Tuvalu and Vanuatu

rainfall, wind speed, extreme events, 
sea-surface temperature, ocean 
acidification and sea-level rise) for 
three future 20-year periods centred 
on 2030, 2055 and 2090, and for 
three emissions scenarios from the 
IPCC Special Report on Emissions 
Scenarios (SRES): B1 (low), A1B 
(medium) and A2 (high).

The findings are, to a large extent, 
based on data from weather and 
ocean-observing stations together 
with regional and global gridded data 
based on in-situ and satellite data. 
In collaboration with Partner Country 
meteorological services, extensive 
work has been done to retrieve and 
analyse these data and ensure that 
they are of the highest possible quality.
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A number of major advances have 
been made over the course of the 
PCCSP, making this publication the 
most comprehensive assessment of 
Pacific climate change science to date. 
Advances include:

•	 A detailed assessment of observed 
changes in Partner Country climate 
showing a climate in constant 
transition over the past 50 years 
with fluctuations in patterns of 
variability, such as ENSO, and in 
large-scale climatological features, 
such as SPCZ, driving the variability 
on seasonal to decadal time scales 
(Chapters 2 and 3).

•	 Extensive analysis of the 
performance of 24 global climate 
models identified a set of 18 
models which provide a reasonable 
representation of climate over the 
PCCSP region (Chapters 4 and 5).

•	 Projections for six atmospheric 
variables: air temperature, 
rainfall, relative humidity, potential 
evapotranspiration, solar radiation 
and wind; and four ocean 
variables: sea-surface temperature, 
sea-surface salinity, sea level and 
ocean acidification, based on up 
to 18 models and three emissions 
scenarios, as well as projected 
changes in key large-scale climate 
features and patterns of variability 
(Chapter 6).

•	 Enhanced resolution of model 
output using both dynamical and 
statistical downscaling methods 
to complement the projections 
from the global climate models 
(Chapter 7).

•	 Projected changes in the frequency 
and intensity of tropical cyclones 
based on model downscaling 
(Chapter 7).

While the PCCSP has sought to 
address some of the key gaps 
identified in the IPCC Fourth 
Assessment Report (IPCC, 2007), 
there still remain several areas 
requiring further work (Chapter 8). 
These include:

•	 Expansion of the land and 
ocean-based climate observational 
networks and the rescue 
and rehabilitation of historical 
climate data.

•	 Enhanced understanding of 
large-scale climate features, 
patterns of variability and the 
detection and attribution of 
climate change.

•	 Continual improvement and 
assessment of climate models so 
as to provide progressively more 
robust projections of atmospheric 
and ocean variables.
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•	 The main features of the climate 
of the Pacific and East Timor are 
detailed using climate data from 
weather and ocean observing 
stations in the PCCSP region, 
together with regional and global 
gridded data based on in-situ and 
satellite data. In some instances 
observational data have been 
used in conjunction with computer 
models to produce spatially and 
temporally complete datasets.

•	 Many high-quality, multi-decadal 
observations have been recorded 
at sites across the region. 
However, many data have not 
yet been digitised and there are 
significant gaps in coverage. 
The quality of the digitised data has 
been carefully controlled and these 
data have been made accessible 
through new tools developed 
by the PCCSP. There are few 
multi-decadal sea-level records in 
the region.

•	 In broad terms, there are significant 
regional variations in mean climate, 
with different temperature and 
rainfall regimes in the eastern and 
western PCCSP region, with further 
differences between countries near 
the equator and those closer to the 
sub-tropics.

Summary

•	 Regions of strong convective 
rainfall exist in the equatorial Pacific 
in two bands: the Intertropical 
Convergence Zone (ITCZ), just 
north of the equator and the South 
Pacific Convergence Zone (SPCZ) 
from near the Solomon Islands to 
east of the Cook Islands.

•	 The ocean and atmosphere interact 
strongly in the region. Large-scale 
atmospheric circulation patterns 
drive both the ocean currents and 
temperature patterns; the ocean in 
turn also affects atmospheric winds, 
temperatures and rainfall.

•	 Most Partner Countries have weak 
seasonal variations in temperature 
but strong seasonal cycles in 
rainfall, with pronounced wet and 
dry seasons. Many are also affected 
by tropical cyclones, storm surges 
and other extreme events which 
can have devastating impacts on 
coasts and low lying regions.

•	 Typical seasonal variations of each 
country are described in terms 
of the main large-scale climate 
features of the region that exist 
throughout the year (e.g. the 
SPCZ and the ITCZ) or re-occur in 
certain seasons each year (West 
Pacific Monsoon), as well as other 
influences, such as sub-tropical 
weather systems and local effects 
on islands that are related to 
topographic features. 

•	 Ocean currents driven by 
atmospheric circulation result in 
significantly warmer waters in 
the western Pacific than in the 
eastern Pacific.

•	 Regional differences in the mean 
sea-level distribution in the PCCSP 
region is largely a result of surface 
winds, with higher sea level in the 
western Pacific, particularly at 
latitudes 20–30°N and 20–30°S.
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2.1 Introduction

This chapter describes the main 
features of the climate of the 
atmosphere and ocean of the 
region covering all PCCSP Partner 
Countries (Figure 1.1). Firstly, 
available observational data that are 
used throughout this publication to 
describe the climate of the region 
are summarised. The large-scale 
features of the atmospheric circulation 
and the ocean are then presented. 
The seasonal cycles of the climate 
in Partner Countries are discussed, 
as well as the climate features that 
determine this seasonality (e.g. the 
West Pacific Monsoon). Extreme 
events affecting the region are also 
described (e.g. tropical cyclones).

The Pacific Ocean is the largest ocean 
in the world, covering almost one 
third of the Earth’s surface. It plays a 
dominant role in shaping the climate 
of not just the PCCSP region but also 
the entire planet. There are regional 
variations due to the presence of:

•	 Large land masses (e.g. the 
Maritime Continent, consisting 
of parts of Southeast Asia 
and the islands of Indonesia 
and the Philippines on the 
western equatorial edge of the 
Pacific) affecting climate on the 
regional scale.

•	 Mountainous regions in some 
countries that have large influences 
on their local climate. 

Also, because some Partner Countries 
consist of small islands scattered 
across huge areas of ocean, very 
different climate conditions may exist 
within the one country.

The Pacific and the Maritime Continent 
are at the heart of some of the most 
prominent phenomena of the global 
climate system. The region is also 
characterised by extensive bands of 
large-scale wind convergence and 
associated rainfall features, such as 
the Intertropical Convergence Zone. 
Some regions experience very high 
seasonal rainfall variations associated 
with the West Pacific Monsoon. 
The waters in the western tropical 
Pacific are the world’s warmest, and 
this and other unique features give 
rise to tropical cyclones that can 
produce storm surges and flooding. 
As is typical in tropical regions, many 
countries experience prominent and 
marked seasonal rainfall variations but 
little seasonal variation in temperature, 
and they are at significant risk of 
extreme events.
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of observation stations as industry 
expanded in the new colonies.

The 1937 International Meteorological 
Conference in Wellington, New 
Zealand established the ‘South-West 
Pacific’ as the Fifth International 
Meteorological Organization 
region. Subsequent World War II 
developments provided the catalyst for 
rapid development of meteorological 
services in the region. Civil aviation, 
weather forecasting, tropical cyclone 
warnings and further industry 
development (e.g. agriculture, forestry, 
and mining) provided the main impetus 
for sustained meteorological services 
development in the region (Krishna, 
2009). In the former British colonies, 
formal meteorological practices were 
established by the New Zealand 
Meteorological Service and the 
Australian Bureau of Meteorology.

Summaries of observation records 
were generally sent to the home 
country of previous administrations, 
however many of the original paper 
records and books were retained in the 
country of origin. A key present-day 
issue for the Partner Countries is 
determining how many historical 
data remain in colonial archives 
in paper form. Recovering and 
digitising all available data is critical for 
understanding the past climate in the 
Partner Countries.

Many of the electronic records 
sourced by PCCSP scientists have 
been obtained from five datasets 
(see below). These include the 
Australian Bureau of Meteorology’s 
ADAM, New Zealand’s National 
Institute of Water and Atmospheric 
Research (NIWA) CLIDB database, 
the National Oceanographic and 
Atmospheric Agency (NOAA) Global 
Summary of the Day, and Partner 
Country CliCom databases. Data 
have also been collected from Partner 
Country spreadsheets.

Australian and New Zealand datasets 
containing Partner Country data are 
sourced from original observation 
registers designed in those countries. 
In some cases monthly summaries, 
which have been transcribed by 

hand, have been used in lieu of the 
original registers. Office procedures 
in place at the time ensured that the 
summaries provide a reliable facsimile 
of the original record. In most Partner 
Countries these office procedures 
have continued to this day. NOAA 
datasets are captured from the World 
Meteorological Organization Global 
Telecommunications Network. This 
network transmits meteorological 
reports worldwide immediately after 
the observation is made.

Pre-independence paper records 
from Papua New Guinea, Nauru and 
the Solomon Islands, which were 
transferred to Australia, have been 
entered into the Australian Bureau 
of Meteorology ADAM database. 
These observation booklets and 
rainfall registers are kept in the 
National Archives of Australia in 
Victoria. ADAM contains the most 
complete pre-independence archive 
for Papua New Guinea, Nauru and 
the Solomon Islands. Likewise, the 
NIWA CLIDB database is the most 
extensive pre-independence archive 
for the Cook Islands, Fiji, Kiribati, Niue, 
Samoa, Tonga, Tuvalu and Vanuatu. 
These countries were formerly 
part of the New Zealand region of 
responsibility. Pre-independence data 
stored in CLIDB have been observed 
and recorded under New Zealand 
meteorological practices. An exception 
to this is where more recent Partner 
Country data have been captured 
from the Global Telecommunications 
Network and have not passed through 
a quality control process. NOAA 
datasets have been sourced from 
Network message formats and have 
only passed a coarse level of quality 
control. The PCCSP has sourced 
NOAA data for Palau, Federated 
States of Micronesia, Marshall Islands 
and East Timor.

In the 1990s, Fiji, Solomon Islands, 
Papua New Guinea and Vanuatu began 
digitising records into their CliCom 
databases. The Fijian and Papua New 
Guinean Meteorological Services have 
excellent paper archives which contain 
all known observation booklets and 
registers which remained in-country.

2.2 Data Record

Analysis of observed climate 
relies on long, complete, spatially 
extensive observational records of 
meteorological and oceanographic 
data. In the PCCSP region, land-based 
monitoring sites are sparse due to 
the small size of islands and the 
large distances between them. The 
Pacific Ocean covers a huge area. 
However only a small portion of it is 
routinely monitored. To overcome 
this, a significant effort has been 
made to collect all land and ocean 
observational records and, in the case 
of land-based records, digitise and 
homogenise them (apply quality control 
checks, Section 2.2.1.2). These 
records have been supplemented with 
satellite observations and combined 
with computer models of the climate 
system to provide a more complete 
spatial coverage over the region.

2.2.1 Atmospheric Data

2.2.1.1 Data from Observing 
Stations in the Pacific and 
East Timor Region

Many observed surface meteorological 
data (such as maximum and minimum 
air temperatures, rainfall, wind, air 
pressure, and sunshine measurements) 
from PCCSP Partner Countries are 
now available for analysis. These data 
have been recorded over long periods 
and significant efforts have been made 
to source, digitise, and quality-control 
these records. In the region, there are 
no station data available in the large 
ocean areas between most islands, 
and this represents a significant 
limitation to the data coverage. 
This gap can be filled with data from 
non-station data sources and such 
data are described in Section 2.2.2.

The earliest known observations 
began in 1851 at Malua, Samoa 
(Turner, 1861) and 1861 at Levuka, Fiji 
(Smythe, 1864). These observations 
were taken by European settlers, 
initially out of meteorological interest, 
but also to understand the weather 
and climate of the islands for the 
purposes of economic development. 
Over the next few decades, there 
was gradual growth in the numbers 



27Chapter 2: Climate of the Western Tropical Pacific and East Timor

The CliCom Climate Data Management 
System1 was introduced in 1985 by 
the World Meteorological Organization 
(WMO), with the assistance of 
NOAA to assist small countries with 
climate data management. Over 
many decades CliCom began to lose 
reliability as hardware improved and 
operating systems changed. Many 
backup files were damaged and 
the loss of historical electronic data 
was notable in a number of Partner 
Countries. Only Solomon Islands 
and Fiji still maintain operational 
CliCom systems.

Following the breakdown of the 
CliCom database, many Partner 
Countries began using electronic 
spreadsheets. Spreadsheets are a 
user-friendly application to record 
data and produce reports and graphs; 
however they are poor data storage 
systems. The variety of spreadsheet 
designs across and within countries 

makes retrieval and transfer of 
data difficult as does the fact that 
spreadsheets are normally held on 
individual computers. They have little 
or no data validation tools, a high 
probability of data duplication, and are 
normally accessed by a single user. 
Databases, on the other hand, have 
built in data validation and checking, 
can be accessed by multiple users 
and modifications are made using 
proper programming techniques. In 
addition, many different reports can be 
generated from the same data.

The PCCSP has developed a climate 
database management system 
known as CliDE (Climate Data for the 
Environment). During 2010 and 2011, 
CliDE was offered to Partner Country 
national meteorological services and 
installed in all the Partner Countries 
except Nauru (which does not have 
a national meteorological service). 
CliDE provides quality controlled data 

and reports. The Partner Country 
national meteorological services now 
have a robust, secure and structured 
climate database management 
system to assist in the provision of 
services to government, researchers 
and consumers.

For most Partner Countries, there 
remains a large volume of non-
electronic records of observations 
stored in-country. In addition there 
are a number of overseas repositories 
containing images of records. Online 
repositories include the British 
Atmospheric Data Centre2 and NOAA3. 
Repositories holding paper records 
include the Portuguese archives in 
Lisbon, East Timor archives in Dili and 
the Noel Butlin Archives in Australia4. 
Many of the Partner Countries would 
benefit from a digitising program to 
rescue the paper records. Table 2.1 
shows the known extent of digitised 
and non-digitised data.

1  http://www.wmo.int/pages/prog/wcp/wcdmp/clicom/index_en.html 
2 http://badc.nerc.ac.uk/browse/badc/corral/images/metobs/pacific
3 http://docs.lib.noaa.gov/rescue/data_rescue_portuguese.html
4 http://www.archives.anu.edu.au/nbac/html/index.php
5  ‘Climate’ means those weather stations which record temperature and rainfall observations. Note: the definition of ‘Climate’ differs within the Partner Countries.

In the former New Zealand region of responsibility ‘Climate’ refers to stations where one observation within a 24-hour period, normally at 0900 hrs local time 
is conducted. Stations where multiple observations are conducted are referred to as ‘Synoptic-climate’ or ‘Synoptic’. In Australia and in the former Australian 
region of responsibility ‘Climate’ refers to both single and multiple observation stations.

6  ‘Rainfall’ means those weather stations that record rainfall only.

Table 2.1: Meteorological station data available in PCCSP Partner Countries for digitised climate data and rainfall only stations, and 
known data in manuscript form not yet digitised (climate and rainfall only). For each country the total number of available stations is given, 
as is the range of record length (in years) at these stations, and the total number of years of data available is in parentheses. For example, 
the Cook Islands has digitised climate data from 17 stations with record lengths from 1 to 71 years, with 471 total years of data.

Country Climate digitised5 Climate paper Rainfall digitised6 Rainfall paper

Stations Range of years 
(total years)

Stations Range of years 
(total years)

Stations Range of years 
(total years)

Stations Range of years 
(total years)

Cook Islands 17 1 - 71 (471) 43 1 - 11 (103) 42 1 - 89 (988) 13 1 - 22 (211)

East Timor 21 1 - 53 (139) 48 2 - 28 (770) 22 1 - 53 (236) 73 2 - 26 (963)

Fiji 72 1 - 80 (1959) 276 1 - 103 (2936) 163 1 - 80 (5276) 146 1 - 80 (5015)

Federated States 
of Micronesia

10 31 - 65 (375) 11 1 - 65 (396)

Kiribati 23 1 - 61 (710) 65 1 - 6 (93) 68 1 - 62 (1555) 92 1 - 32 (265)

Nauru 3 6 - 26 (39) 3 1 - 37 (64)

Niue 5 5 - 92 (147) 31 1 - 1 (31) 10 2 - 92 (194)

Palau 1 31 - 31 (31) 2 1 - 63 (64)

Papua New 
Guinea

98 1 - 34 (818) 402 1 - 32 (934) 677 1 - 75 (8767) 2636 1 - 37 (3425)

Marshall Islands 7 34 - 66 (325) 7 34 - 37 (254)

Samoa 3 1 - 58 (83) 119 1 - 35 (460) 28 1 - 60 (508) 150 1 - 59 (1823)

Solomon Islands 36 1 - 36 (512) 64 1 - 36 (420) 80 1 - 53 (994) 51 1 - 42 (460)

Tonga 14 3 - 76 (464) 106 1 - 2 (107) 19 2 - 78 (538) 1 89 - 89 (89)

Tuvalu 5 4 - 60 (217) 39 1 - 33 (353) 10 4 - 83 (525) 11 8 - 38 (272)

Vanuatu 15 6 - 29 (309) 22 1 - 38 (265) 31 2 - 61 (703) 68 1 - 66 (908)

http://www.wmo.int/pages/prog/wcp/wcdmp/clicom/index_en.html
http://badc.nerc.ac.uk/browse/badc/corral/images/metobs/pacific
http://docs.lib.noaa.gov/rescue/data_rescue_portuguese.html
http://www.archives.anu.edu.au/nbac/html/index.php
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2.2.1.2 Homogenised 
Observed Station Data

Observed climate variables sometimes 
show sudden shifts in the average 
values or variability. Not all of these 
shifts are caused by real changes in 
climate. Non-climate related shifts can 
be due to changes in instrumentation, 
observation site, surrounding 
environment and observation 
practices, or other factors. The aim 
of climate data homogenisation is to 
adjust data if necessary, so that all 
variations in the data series are caused 
by real changes in the climate, and not 
due to changes in the way the data 
have been recorded.

The most recent effort at 
homogenising Partner Country 
records was undertaken by the  
PCCSP and respective national 
meteorological services who received 
training in data homogenisation at 
a PCCSP workshop in June 2010. 
The homogenisation methodology 
employed followed practices of the 
Australian Bureau of Meteorology for 
Australian data. The software included 
RHtest (Wang et al., 2007; Wang, 
2008a; Wang, 2008b; Wang et al., 
2010). RHtest is an application run 
in ‘R’, a programming language and 
environment for statistical computing 
and graphics. R is freely available via 
the Internet, therefore ideal for use in 
developing countries. RHtest includes 
functions to detect potential shifts in 
a candidate (or base) climate series. 
Further information on RHtest is 
available at http://cccma.seos.uvic.ca/
ETCCDMI/software.shtml.

Approximately 60 monthly rainfall, 
30 maximum and minimum air 
temperature and six mean sea-level 
pressure station records were 
homogenised between 2010 and 2011 
by the PCCSP.

2.2.1.3 Pacific Climate 
Change Data Portal

A data portal (http://www.bom.
gov.au/climate/pccsp/) has been 
developed to present historical raw 
and homogenised data at the monthly 
time scale for rainfall, maximum 
and minimum air temperature and 
mean sea-level pressure. PCCSP 
Partner Country data are presented 
in the portal along with data from 
neighbouring Australian, New Zealand, 
Tokelau, Pitcairn Islands, French and 
US Territories to provide as detailed 
coverage as possible for the region.

Figure 2.1: Locations of surface observed data stations in the Pacific Climate Change 
Data Portal http://www.bom.gov.au/climate/pccsp/.

2.2.1.4 Datasets on Global or 
Regional Grids

While data from individual observing 
stations can be used for detailed 
studies on local climate, the spatial 
inconsistency and the relatively 
small number of stations across the 
huge PCCSP region pose significant 
problems for many types of analysis. 
Many spatially and temporally uniform 
datasets have been created to 
complement the in-situ observations. 
These gridded data are easier to 
analyse and display, and overcome 
many of these problems. However, 
these gridded data usually lose much 
of the small-scale local information 
available from individual station data. 
Outputs from global climate models 
are similarly gridded and as a result 
they can be more easily compared to 
gridded observational datasets.

Within the portal (Figure 2.1), users 
are able to view trends in historical 
climate data on annual and seasonal 
time scales over any period of interest 
where data are available. Users are 
also able to view data averages 
and running averages over three to 
15 year periods.

http://cccma.seos.uvic.ca/ETCCDMI/software.shtml
http://cccma.seos.uvic.ca/ETCCDMI/software.shtml
http://www.bom.gov.au/climate/pccsp
http://www.bom.gov.au/climate/pccsp
http://www.bom.gov.au/climate/pccsp
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A variety of gridded data products 
(Table 2.2) have been used for the 
analysis of past and present climate 
in the PCCSP region. It is important 
to distinguish between two types of 
gridded data products. The first type 
statistically interpolate the available 
in-situ observations to provide a 
dataset that has no gaps in space 
and time. Examples of this are the 
precipitation datasets described 
below. The second type, is a hybrid 
of numerical weather prediction 
model and observations known as 
reanalysis datasets.

Reanalysis products are produced 
by numerical weather prediction 
models that are constrained by 
available observations and where the 
interpolation is a result of the physical 
and dynamical processes embedded 
within the model. For surface air 
temperature, mean sea-level pressure 
and the surface winds the following 
reanalysis products were used:

•	 European Centre for Median-Range 
Weather Forecast (ECMWF) 
40-year reanalysis (ERA-40; 
Uppala et al., 2005)

•	 Joint National Centres for 
Environmental Prediction 
and Department of Energy 
reanalysis (NCEP/DOE R-2; 
Kanamitsu et al., 2002)

•	 Japanese 25-year reanalysis 
(JRA25; Onogi et al., 2007).

The ERA-40, NCEP/DOE R-2 and 
JRA25 projects use state-of-the-art 
analysis/forecast systems to perform 
data assimilation using past data.

ERA-40 consists of a set of global 
analyses describing the state of 
the atmosphere and land and 
ocean-wave conditions from 
mid-1957 to mid-2002. ERA-Interim 
is an interim reanalysis of the period 
1989–present in preparation for the 
next-generation extended reanalysis 
to replace ERA-40. The ERA-Interim 
archive is more extensive than that for 
ERA-40, e.g. the number of pressure 
levels in the atmosphere is increased 
from 23 to 37 and additional cloud 
parameters are included. ERA-Interim 
products are also available, including 
several products that were not 
available for ERA-40. It is therefore 

particularly useful for more high 
resolution applications.

The Global Precipitation Climatology 
Project (GPCP; Adler et al., 2003) and 
Climate Prediction Centre Merged 
Analysis of Precipitation (CMAP; 
Xie and Arkin, 1997) are generally 
considered to provide a more accurate 
representation of global rainfall than 
current reanalysis products (Beranger 
et al., 2006; Bosilovich et al., 2008), 
and these were used to represent the 
observational precipitation record.

Both GPCP and CMAP datasets 
merge satellite data from a number 
of satellite sources, and use rain 
gauge data over land. Details on the 
component datasets as well as the 
method used to merge these data are 
provided by Huffman et al. (1997) and 
Adler et al. (2003) for GPCP, and Xie 
and Arkin (1997) for CMAP.

Table 2.2: Overview of the gridded atmospheric datasets used in the PCCSP climate analysis

Climatological fields Gridded dataset Source Reference

Name Origin

Precipitation CMAP version 
0802

CPC Merged Analysis of 
Precipitation

http://www.cpc.ncep.noaa.gov/products/
global_precip/html/wpage.cmap.html

Xie and Arkin 
(1997)

GPCP version 2 Global Precipitation 
Climatology Project

http://precip.gsfc.nasa.gov Adler et al. (2003) 
and Huffman et al. 
(1997)

TRMM Tropical Rainfall Measuring 
Mission

http://trmm.gsfc.nasa.gov/ Kummerow et al. 
(1998 and 2000)

CRU Climate Research Unit Rainfall 
Climatology

http://www.cru.uea.ac.uk/cru/data/ New et al. (1999)

Winds, mean 
sea-level pressure 
and surface air 
temperature

ERA-40 ECMWF 40-year reanalysis http://www.ecmwf.int/products/data/
archive/description/e4/index.html

Uppala et al. 
(2005)

NCEP-DOE 
version 2

National Centre for 
Environmental Prediction 
and Department of Energy 
Reanalysis

http://www.esrl.noaa.gov/psd/data/
gridded/data.ncep.reanalysis2.html

Kanamitsu et al. 
(2002)

JRA25 Japanese 25-year Reanalysis http://www.jreap.org/indexe.html Onogi et al. (2007)

ERA-Interim ECMWF interim Reanalysis http://www.ecmwf.int/research/era/do/get/
era-interim

Dee et al. (2011)

http://www.cpc.ncep.noaa.gov/products/global_precip/html/wpage.cmap.html
http://www.cpc.ncep.noaa.gov/products/global_precip/html/wpage.cmap.html
http://precip.gsfc.nasa.gov
http://trmm.gsfc.nasa.gov
http://www.cru.uea.ac.uk/cru/data
http://www.ecmwf.int/products/data/archive/description/e4/index.html
http://www.ecmwf.int/products/data/archive/description/e4/index.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html
http://www.jreap.org/indexe.html
http://www.ecmwf.int/research/era/do/get/era
http://www.ecmwf.int/research/era/do/get/era
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Differences between GPCP and 
CMAP datasets are primarily due to 
differences in the input data and in the 
methodologies by which the various 
input data are merged. Over large land 
areas, these differences are negligible.

There are large-scale regional 
differences over the oceans. Over 
many of the oceanic tropical areas, 
CMAP has 20–50% more rain 
when compared to GPCP. Possible 
explanations are:

1. Differences in the use and 
manipulation of input data between 
CMAP and GPCP. Both CMAP and 
GPCP estimate rainfall over the 
oceans using microwave emissions 
calculated from brightness 
temperature measurements in 
various frequencies. CMAP also 
uses the Special Sensor Microwave 
Imager (SSM/I) scattering-based 
estimates over oceans while GPCP 
does not.

2. GPCP adjusts the Geostationary 
Operational Environmental Satellite 
precipitation index to the SSM/I, 
while CMAP does not.

3. The satellite estimates throughout 
the tropical oceans are adjusted 
by the atoll rain gauge reports in 
CMAP, while no such adjustment is 
made in GPCP.

Different analysis methods attempt 
to produce the most accurate 
precipitation data possible. However, 
there are still errors in all products, 
and the differences between their 
values reflect the uncertainties in each. 
Despite the differences in the means 
as discussed, CMAP and GPCP 
have considerably better agreement 
in departures from the climatological 
monthly means (anomalies), and 
temporal correlations between the two 
datasets are high.

Two other rainfall gridded datasets 
are used. The Tropical Rainfall 
Measuring Mission (TRMM) is a joint 

satellite mission between the National 
Aeronautics and Space Administration 
(NASA) and the Japan Aerospace 
Exploration Agency (JAXA) designed 
to monitor and study tropical rainfall. 
TRMM, during its mission and broad 
sampling footprint between latitudes 
35°N and 35°S, is providing some of 
the first detailed and comprehensive 
data on the distribution of rainfall 
over vastly under-sampled oceanic 
and tropical continental regimes. 
It produces maps and gridded 
rainfall products on fairly fine spatial 
resolution (0.25° x 0.25°) and 
frequency (near-real-time; 1 to 3 hourly 
snapshots). Version 6 of the TRMM 
product used in this report covers a 
time period from 1998 until 2011.

The Climate Research Unit of the 
University of East Anglia, UK, has 
assembled a number of global gridded 
datasets for rainfall and temperature. 
All of these are land-only since they 
are based on station observations. 
One of their most recent products is 
the CRU TS2.1 dataset which includes 
a global land-only precipitation 
dataset on fairly fine spatial resolution 
(0.5° x 0.5°) covering the time period 
1901–2006 in monthly time steps. 
This dataset is often used in the 
validation of global climate models and 
downscaling simulations.

2.2.2 Ocean Data

2.2.2.1 Datasets on Global or 
Regional Grids

Similar to atmospheric data from 
observing stations, ocean data are 
generally measured at irregularly 
spaced points in space and time. 
In order to create a more consistent 
coverage and to make these data 
easier to analyse, several systems 
have been used to generate datasets 
on regular grids and at regular 
time intervals.

The World Ocean Atlas 2005 (Locarnini 
et al., 2006; Antonov et al., 2006; 
Garcia et al., 2006) provides objectively 
analysed (i.e. based on the synthesis 
of multiple data sources) monthly, 
seasonally or annually averaged 
ocean climatologies displayed on a 
1° x 1° geographic grid (Table 2.3). 
Variables include temperature, 
salinity, oxygen and nutrients at 
various depths. The CARS2006 
from CSIRO (Ridgeway et al., 2002) 
provides surface and sub-surface 
temperature and salinity data for 
the tropical Pacific and Southern 
Hemisphere regions. The dataset uses 
all available historical sub-surface 
ocean property measurements (pre 
2006) from ships and autonomous 
floats to provide climatology of various 
ocean properties.

Several sea-surface temperature (SST) 
datasets are used in this report (Table 
2.3). Using different datasets allows 
the robustness of trends and variability 
to be evaluated. The UK Met Office 
Hadley Centre’s dataset HadISST 
(Rayner et al., 2003) provides a 
1° x 1° SST and sea-ice reconstruction 
(i.e. where modern measurements 
are used to extend sparse historical 
observations over a global domain) 
from 1870 to the present. Source 
data for SST come from the UK Met 
Office Marine Data Bank and the 
Comprehensive Ocean-Atmosphere 
Data Set (ICOADS). Interpolation 
provides a spatially continuous 
dataset. The related dataset HadSST2 
(Rayner et al., 2006) product provides 
SST averaged in 5° x 5° grid cells. 
Unlike HadISST, HadSST2 does not 
perform any spatial interpolation, thus 
no SST estimates are provided in 
areas with poor data coverage. Also, 
based on the ICOADS dataset, the 
ERSST provides 2° x 2° resolution 
interpolated gridded output 
(Smith et al., 2008). The Kaplan et al. 
(1998) SST dataset is based on 
slightly different base datasets to the 
previously noted reconstructions with 
spatially interpolated data available at a 
5° x 5° resolution.
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QuikSCAT (NASA Quick 
Scatterometer, 2000) uses satellite 
scatterometer data to produce a high 
resolution database of ocean winds 
at 10m height. The NOAA Climate 
Forecast System Reanalysis (Wang et 
al., 2010) provides hourly surface wind 
and atmospheric pressure fields for 
1979–2010. The NOAA Wave Watch III 
model (Tolman, 2002) provides surface 
wave field information from 1997 to 
the present.

Two new datasets using historical and 
Argo float data provide information 
on the temporal evolution of ocean 
temperature (1960–2007), and 
salinity (1950–2008), (Durack and 
Wijffels, 2010) down to about 2000 m 
depth. The multi-parametric analysis 
technique provides an estimate of the 
long-term trend, seasonal cycle and 
components of the temporal evolution 
related to the El Niño-Southern 
Oscillation and other patterns of 
climate variability.

The LDEOv2009 CO2 partial pressure 
(pCO2) dataset includes almost five 
million measurements of in-situ 
pCO2, SST and sea-surface salinity 
spanning from 1957 to 2009. Data 
are available at 4° x 5° resolution 
(Takahashi et al., 2010).

2.2.2.2 Sea Level

Sea level varies on a wide range 
of time and space scales. While 
comprehensive sea-level observations 
to fully characterise this variability 
are not available, there has been a 
significant improvement in sea-level 
data from in situ and satellite 
observations over recent decades.

High quality satellite 
altimeter observations (from the 
TOPEX/Poseidon, Jason-1 and 
OSTM/Jason-2 satellites) of sea level 
between latitudes 66°S and 66°N 
are available from late 1992 to the 
present. The data are readily available 
(Table 2.3).

In situ sea-level observations made 
with tide gauges are also available at 
a number of locations in the PCCSP 
region. During the 1970s and 1980s, 
the number of gauges installed 
in the Pacific increased as part of 
efforts to understand the evolution of 
El Niño-Southern Oscillation events. 
With an increasing focus on sea-level 
rise in the late 1980s, projects like the 
South Pacific Sea Level and Climate 
Monitoring Project (http://www.bom.
gov.au/pacificsealevel/) have resulted 
in an improved quality of individual 
gauges and of the network as a whole, 
using modern instrumentation with 
rigorous datum control (most recently 
with continuous global positioning 
system instruments). The publicly 
available in-situ sea-level datasets are 
detailed in Table 2.3.

The near global coverage of the 
altimeter data sets available since 
1993 has provided information about 
the large-scale spatial distributions 
of sea level over the oceans. 
This information has been combined 
with coastal and island measurements 
of sea level over a longer time period 
using statistical techniques to estimate 
pre-altimeter period sea level from 
tide-gauge measurements alone on a 
1° x 1° grid since 1950 (Church et al., 
2004, 2006; called reconstructed sea 
level) and global averaged sea level 
since the late 19th century (Church 
and White, 2006, in press).

2.2.3 Climatological 
Periods
A period of 30 years is recommended 
for calculating climatological averages 
(Guttman, 1989; WMO, 1984), 
and the WMO’s reference period is 
1961–1990. This period is generally 
used here for calculating climate 
averages from Partner Country sites. 
However, 1971–2000 is used for 
many gridded analysis products, as 
there is greater availability of satellite 
data after the late 1970s, and this 
period is covered by most of the 
datasets listed in Tables 2.2 and 2.3. 
This period also closely matches the 
period used in Chapter 5 for evaluating 
climate models. It is important to note 
that in some instances the shorter 
time span of 1980–1999 had to be 
used when the data (e.g. the CMAP 
rainfall analysis) did not cover the full 
30 years.

For some variables with small seasonal 
variations, only the annual averages 
are shown. In other instances, different 
seasonal averages are given, most 
often the four seasons (defined as 
December to February, March to May, 
June to August and September to 
November), as well as the tropical wet 
and dry seasons (November to April 
and May to October, the respective 
season depending on the hemisphere).

http://www.bom.gov.au/pacificsealevel
http://www.bom.gov.au/pacificsealevel
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Table 2.3: Overview of the ocean datasets used in this publication (see text for details).

Climatological fields Gridded dataset Source Reference

Sea-surface 
temperature, sea-surface 
salinity, nitrate 
concentration

WOA05 World Ocean Atlas 
2005

http://www.nodc.noaa.gov/OC5/
WOA05/pubwoa05.html

Locarnini et al. (2006), 
Antonov et al. (2006), 
Garcia et al. (2006)

Wind stress QuikSCAT ftp.ifremer.fr/products/gridded/mwf_
quiskcat/data

NASA Quick Scatterometer 
(2000)

Wind stress, surface 
pressure

NOAA Climate Forecast System 
Reanalysis (CFSR)

http://cfs.ncep.noaa.gov/cfsr/ Wang et al. (2010)

Surface gravity wave 
height, direction, period

NOAA Wave Watch III http://polar.ncep.noaa.gov/waves/ Tolman (2002)

Sea-surface temperature HadISST Hadley Centre SST 
dataset

http://badc.nerc.ac.uk/data/hadisst/ Rayner et al. (2003)

HadSST2 http://hadobs.metoffice.com/hadsst2/ Rayner et al. (2006)

ERSST NOAA Extended 
Reconstructed SST

http://www.esrl.noaa.gov/psd/data/
gridded/data.noaa.ersst.html

Smith et al. (2008)

Kaplan 
Extended SST 
V2

http://www.esrl.noaa.gov/psd/data/
gridded/data.kaplan_sst.html

Kaplan et al. (1998)

Temperature, salinity CARS2006 CSIRO Atlas of 
Regional Seas

http://www.marine.csiro.au/~dunn/
cars2006/

Ridgeway et al. (2002), 
Dunn and Ridgeway (2002)

Contact authors for data availability Durack and Wijffels (2010)

pCO2 LDEOv2009 Lamont-Doherty Earth 
Observatory (LDEO) 
database

http://cdiac.ornl.gov/oceans/LDEO_
Underway_Database/

Takahashi et al. (2010)

Description/Institution Source/Reference

Sea-level altimetry Measured along satellite ground tracks, 
from NASA

http://podaac.jpl.nasa.gov/DATA_CATALOG/topexPoseidoninfo.html; 
http://podaac.jpl.nasa.gov/DATA_CATALOG/jason1info.html;  
http://www.nodc.noaa.gov/SatelliteData/Jason2 or  
ftp://avisoftp.cnes.fr/AVISO/pub/jason-2/gdr_t/

Processed versions of this dataset http://www.cmar.csiro.au/sealevel/sl_data_cmar_alt.html

Gridded products of this and 
other data

ftp://ftp.aviso.oceanobs.com;  
http://www.cmar.csiro.au/sealevel/sl_data_cmar_alt.html

In situ sea-level data Australian National Centre Facility http://www.bom.gov.au/oceanography/projects/spslcmp/spslcmp.shtml

Permanent Service for Mean Sea Level http://www.psmsl.org/; Woodworth and Player, (2003)

University of Hawaii Sea-level Centre http://uhslc.soest.hawaii.edu/uhslc/

http://www.nodc.noaa.gov/OC5/WOA05/pubwoa05.html
http://www.nodc.noaa.gov/OC5/WOA05/pubwoa05.html
ftp.ifremer.fr/products/gridded/mwf_quiskcat/data
ftp.ifremer.fr/products/gridded/mwf_quiskcat/data
http://cfs.ncep.noaa.gov/cfsr
http://polar.ncep.noaa.gov/waves
http://badc.nerc.ac.uk/data/hadisst
http://hadobs.metoffice.com/hadsst2
http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.html
http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.html
http://www.esrl.noaa.gov/psd/data/gridded/data.kaplan_sst.html
http://www.esrl.noaa.gov/psd/data/gridded/data.kaplan_sst.html
http://www.marine.csiro.au/~dunn/cars2006
http://www.marine.csiro.au/~dunn/cars2006
http://cdiac.ornl.gov/oceans/LDEO_Underway_Database
http://cdiac.ornl.gov/oceans/LDEO_Underway_Database
http://podaac.jpl.nasa.gov/DATA_CATALOG/topexPoseidoninfo.html
http://podaac.jpl.nasa.gov/DATA_CATALOG/jason1info.html
http://www.nodc.noaa.gov/SatelliteData/Jason2
ftp://avisoftp.cnes.fr/AVISO/pub/jason-2/gdr_t
http://www.cmar.csiro.au/sealevel/sl_data_cmar_alt.html
ftp://ftp.aviso.oceanobs.com
http://www.cmar.csiro.au/sealevel/sl_data_cmar_alt.html
http://www.bom.gov.au/oceanography/projects/spslcmp/spslcmp.shtml
http://www.psmsl.org
http://uhslc.soest.hawaii.edu/uhslc
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2.3.1 Surface Air 
Temperature
Surface air temperatures observed 
in the PCCSP region are dominated 
by several important geographical 
features. Firstly, in many Partner 
Countries air temperatures are 
largely determined by the surface 
temperatures of the surrounding 
Pacific Ocean because the relatively 
small land areas of most islands 
have little influence on the local 
energy budget. Secondly, seasonal 
temperature variations can be driven 
by the large land masses on the 
western edge of the Pacific (Australia, 
Asia and the Maritime Continent) that 
heat and cool at different rates to the 
oceans. The resulting land-ocean 
temperature contrasts drive the 
West Pacific Monsoon and other 
atmospheric and ocean circulations.

In the tropics, with the sun being 
almost directly overhead, the amount 
of incoming solar radiation (heat) is 
high and changes only very slightly 
throughout the year. As a result, 
air temperatures remain high and 
relatively constant throughout the 
year. Temperature variations between 
the seasons increase with distance 
from the equator, as does the 
impact of extra-tropical air masses 
on temperatures.

Whilst the sun is the main driver of 
temperatures in the PCCSP region, 
interactions between the atmospheric 
circulation and the ocean result in 
regional variations in air temperatures. 
These temperature variations affect 
the patterns of rainfall across the 
region and closely match the ocean 
temperatures. Air temperatures in the 
western tropical Pacific and Maritime 
Continent are on average several 

degrees warmer than in the eastern 
tropical Pacific due to winds affecting 
ocean temperatures (Section 2.6). 
The warm waters in the west are 
known as the West Pacific Warm 
Pool, and the cool waters in the 
east are called the Equatorial Cold 
Tongue (Figure 2.2). Over the West 
Pacific Warm Pool there is virtually no 

Figure 2.2: Annual average surface air temperature (ºC) in the equatorial Pacific. 
Approximate positions of two important features are indicated: the West Pacific Warm 
Pool and the Equatorial Cold Tongue in the east. Data from the NCEP2 reanalysis for the 
period 1971–2000.

2.3 Current Climate in the Region: Atmosphere

This section describes the features of the average climate in the region. One aspect that clearly 
emerges is the close connection between patterns in temperature, the atmospheric circulation 
and rainfall. The oceans play a vital role in these interactions, as described in Section 2.6.
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Figure 2.3: Range in surface air temperature (ºC) between average hottest and coldest 
months. Data from the NCEP2 reanalysis for the period 1971–2000.

seasonal variation in air temperature 
and over much of the tropics 
temperatures in the coldest months 
are only a few degrees lower than the 
warmest months (Figure 2.3). Along 
the equator, year-to-year variations 
in temperature can be larger than 
the average variations between the 
seasons (Chapter 3).
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2.3.2 Atmospheric 
Circulation
The imbalance of higher amounts 
of incoming solar radiation (heat) 
in tropical regions, compared to 
higher latitudes, results in the Earth’s 
atmosphere and ocean circulations 
transporting heat toward the poles. 
The Earth’s rotation causes changes 
in the direction of the air movement 
(the Coriolis effect), giving rise to 
complex atmospheric circulation 
patterns. Large land masses and 
topographic features also modify 
regional and local circulations. In the 
tropics, the major features of this 
atmospheric circulation include the 
Hadley Circulation (the major vertical 
movement of heated equatorial air 
and its north-south transfer into the 
mid latitudes), the Walker Circulation 
(the east-west circulation of air across 
the Pacific region), the trade winds, 
large-scale convection over the West 
Pacific Warm Pool and convergence 
zones, the West Pacific Monsoon, 
tropical cyclones and sub-tropical 
high pressure systems. Some of these 
can be seen in Figure 2.4. Others are 
shown in Figure 2.5 and Box 2.2.
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Figure 2.4: Annual average mean sea-level pressure (in hPa, purple=high pressure, 
red=low pressure), with semi-permanent pressure systems (H=high, L=low) and surface 
winds (in metres per second) indicated by the length of the arrows (the 10 metres 
per second reference arrow is shown in the top-right corner). Data from the NCEP2 
reanalysis for 1971–2000.
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trade winds

Over areas where the ocean is 
relatively warm, rising air (convection) 
leads to the formation of clouds and 
produces rainfall. Surface winds 
tend to converge towards and feed 
into these convection areas. Strong 
convection occurs over the West 
Pacific Warm Pool so the surface trade 
winds blow from east to west across 
the Pacific along the equator, feeding 
into this large region of convection. 
Air rises high in the atmosphere over 

the Warm Pool and flows back from 
west to east in the upper atmosphere 
(the upper troposphere). This air 
descends in the eastern Pacific and 
over the Equatorial Cold Tongue, 
feeding the surface trade winds, thus 
completing the circulation. This is 
known as the Walker Circulation 
(Figure 2.5), and is one of the most 
prominent and important of the 
atmospheric circulations (Gill, 1982; 
Power and Smith, 2007).

Figure 2.5: (Left) A schematic of the atmospheric Walker Circulation. Surface trade winds from the cold waters of the Equatorial Cold 
Tongue (blue) in the east blow across the Pacific, feeding into convection over the West Pacific Warm Pool (orange). Air rises and flows 
back to the east in the upper atmosphere to complete the circulation (Source: Australian Bureau of Meteorology). (Right) A schematic 
of the Hadley Circulation, with rising air at the equator, flowing poleward in the upper atmosphere, descending over the sub-tropics 
and flowing back to the equator as trade winds.
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The Walker Circulation weakens 
during El Niño events and strengthens 
during La Niña events (Chapter 3), 
but in normal situations the equatorial 
trade winds are quite constant in both 
direction and strength. The Walker 
Circulation’s rising air over the West 
Pacific Warm Pool creates a region of 
low pressure, while the descending 
air over the eastern Pacific (east of 
about 150°W) creates a region of 
higher pressure (Figure 2.4). When the 
Walker Circulation and equatorial trade 
winds change strength, the pressure 
in both regions usually changes at the 
same time. For example, if the Walker 
Circulation slows down, convection 
over the West Pacific Warm Pool 
decreases and so pressure increases, 
and subsidence over the eastern 
Pacific weakens and so pressure 
there tends to fall. This oscillation in air 
pressure across the region is known as 
the Southern Oscillation.

In addition to the Walker Circulation, 
rising convective air also feeds a 
north-south circulation, known as the 
Hadley Circulation. When the Walker 
Circulation strengthens, the Hadley 
Circulation tends to weaken and 
vice versa (Oort and Yienger, 1996). 
In the Hadley Circulation, the air that 
rises near the equator flows towards 
both poles in the upper troposphere, 
descending over the sub-tropics. 
The mean positions of this descending, 
dry air in both hemispheres determine 
the location of the more arid regions of 
the Earth.

This descending air leads to regions of 
high pressure around latitudes 30ºS and 
30ºN (Figures 2.4 and 2.5). Within these 
regions lie the permanent South-east 
Pacific High and North-west Pacific 
High. These high pressure systems 
drive surface winds towards the equator 
and from the east, producing the 
predominantly south-east trade winds in 
the Southern Hemisphere, and north-east 
trade winds in the Northern Hemisphere. 
To the west of these permanent highs, 
high pressure systems migrate from 
west to east, modifying the local wind 
direction as they pass (Steiner, 1980). 
The intensity of these semi-permanent 
and migrating high-pressure systems 
determines the strength and direction 
of the predominantly north-east and 
south-east trade winds. Cold fronts and 
extra-tropical low pressure systems lie 
south of the high pressure zone and 
they can influence local weather when 
they approach.

The north and south descending 
branches of the Hadley Circulation and 
the resulting high-pressure systems 
generally move equatorward during the 
winter and spring and poleward during 
summer and autumn in response to 
changes in north-south temperature 
gradients with the seasons (Barry and 
Chorley, 1992). When the high-pressure 
systems move closer to the equator 
they can bring cooler conditions to a 
country as the more north-south winds 
bring cooler, extra-tropical air. They also 
bring drier conditions as the descending 
air associated with them is dry.

2.3.3 Rainfall
Many tropical areas receive very 
high annual rainfall as a result of 
moisture-laden winds. Evaporation 
and convection occur where the 
ocean surface is warm, and when 
the winds converge this convection 
is enhanced. In the Pacific and 
around the Maritime Continent there 
are several regions where these 
factors act together.

Patterns of average rainfall show that 
there are some differences between 
the December to February and 
June to August periods (Figure 2.6). 
However, some large-scale features 
remain year round where ocean 
temperatures remain warm and 
winds converge throughout the 
year. For example, over the West 
Pacific Warm Pool rainfall persists 
throughout the year. This warm 
reservoir of water provides the 
energy source for the extensive 
convective activity that drives the 
Walker Circulation and much of the 
Hadley Circulation in this region. 
This is a major moisture source 
for the heavy rainfall in the region, 
which averages more than 2–3 m 
per year (Delcroix et al., 1996). 
The South Pacific Convergence Zone 
(SPCZ) in the south-west Pacific, 
(Section 2.4.1) and Intertropical 
Convergence Zone (ITCZ) just 
north of the equator, (Section 2.4.2) 
are two other prominent features 
associated with high rainfall.
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Figure 2.6: Average rainfall over the PCCSP region for December to February (left) and June to August (right), in mm per day 
(blue = wet and red = dry). Data from the Climate Prediction Center Merged Analysis of Precipitation dataset for years 1980–1999. 
The average ITCZ and SPCZ positions are indicated.
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In the tropics, significant rainfall also 
comes from tropical cyclones and 
storms. Tropical cyclones are mostly 
confined to the latitudes 10º-25º in 
both hemispheres, where the ocean 
is warm enough to provide the energy 
for them to form and the Coriolis 
effect (related to the Earth’s rotation) 
is large enough for them to spin-up. 
The contribution of tropical cyclones 
to Partner Country annual rainfall is 
generally around 5–10% in those 
countries affected by tropical cyclones, 
and up to around 15% in Vanuatu 
(Jiang and Zipser, 2010).

On some islands (including quite small 
ones) with significant topography 
the moist winds (such as the trade 
winds) are forced upwards, leading to 
condensation and enhanced rainfall. 
This can lead to very different local 
climates, depending on the location 
relative to the prevailing winds and 
the topography. In the sub-tropics, 
rainfall also comes from cold fronts 
that traverse the region, usually in the 
winter months.

The largest seasonal variations in 
rainfall are seen in regions strongly 
affected by the West Pacific Monsoon 
(Box 2.2 and Section 2.4.3) in the far 
west of the PCCSP region. In these 
countries the difference in rainfall 
between the wet season (during the 
monsoon) and the dry season is 
significant. For example, in Dili in East 
Timor, almost 80% of the total annual 
rainfall falls during the wet season of 
November to April.

In other countries there are some 
seasonal variations in rainfall, but 
smaller than in the region affected 
by the West Pacific Monsoon. 
Rainfall seasonality is associated 
with variations in the tropical cyclone 
seasons, the strength and position 
of the ITCZ and SPCZ, the position 

and strength of sub-tropical high 
pressure systems and cold fronts, and 
variations in the amount of available 
moisture as ocean temperatures vary. 
In those countries that have significant 
topography, rainfall will vary during 
the year depending on the strength 
and direction of winds, particularly the 
trade winds.

In all countries in the PCCSP region 
there is a significant difference in the 
regular rainfall that comes in the wet 

and dry seasons. The regularity of 
these seasons has a large impact 
on life in the region. This has led to 
long-held traditional knowledge of the 
seasons, reflected in the language 
of each of the peoples of the Pacific 
and East Timor. Each group has 
one or several names for the two 
seasons (Box 2.1), which usually refer 
to the wet and dry periods, the time 
of planting and harvesting crops, or 
the changes in the prevailing winds 
between the seasons.

Box 2.1: Indigenous Weather and Climate 
Terminology

Having lived with the extremes of weather and climate for many 
generations, the indigenous peoples of the Pacific and East Timor 
have intimate knowledge of climate phenomena. Most indigenous 
languages have terms for these climate phenomena that affect their 
everyday lives. This has led to terminology for the wet and dry seasons 
in local languages of the peoples in the Pacific and East Timor.

Country Wet season Dry season

Cook Islands Tuatau Mauu Tuatau Maro

East Timor Udanben Bailoron

Federated States 
of Micronesia

Chuuk Nukuchochun Pwas

Yap Nuw Yal

Fiji Suasua Mamaca

Kiribati Ameang Aumaiaki

Marshall Islands Mejleb Anńeneanń

Nauru Luai Aré

Niue Vahä Mafana Vaha Mokomoko

Palau Kemtimt Sechal El Ongos

Papua New Guinea Pidgin Taim Bilong Ren Taim bilong San

Motu Medu Ena Nega Dina Ena Nega

Samoa Vaipalolo / Tau Susu Vaitoelau / Tau Mugala

Solomon Islands Komburu Ara

Tonga Fa’ahita’u ‘Uha Fa’ahita’u La’ala’a

Tuvalu ‘Tau ‘Moko Tau Yela

Vanuatu (based on 
planting season)

Nowa mate 
(Harvesting)

Nowa Mourii 
(Planting)
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As discussed in preceeding sections, there are several very important features of the climate 
system in the Pacific and East Timor region that influence the mean climate and seasonal 
climate variations in Partner Countries (Box 2.2). Some of these features exist throughout the 
year while others have pronounced and regular seasonal cycles. They are described here, and 
the average seasonal cycles of the climate in each Partner Country are briefly described and 
explained in terms of these climate features.

Box 2.2: Main features influencing the climate of the PCCSP region

2.4 Large-Scale Climate Features

West Pacific Monsoon

This moves north to mainland Asia during the 
Northern Hemisphere summer and south to Australia 
in the Southern Hemisphere summer. The seasonal 
arrival of the monsoon usually brings a switch from 
very dry to very wet conditions. It affects countries in 
the far western Pacific and the Maritime Continent.

Intertropical Convergence Zone

This band of high rainfall stretches across the 
Pacific just north of the equator and is strongest in 
the Northern Hemisphere summer. It affects most 
countries on, or north of, the equator.

South Pacific Convergence Zone

This band of high rainfall stretches approximately 
from the Solomon Islands to east of the Cook Islands. 
It is strongest in the Southern Hemisphere summer 
and affects most countries in the South Pacific.

Sub-Tropical and High Latitude Influences

These include sub-tropical high pressure systems 
and associated south-east and north-east trade 
winds, and cold fronts.

110°E 120°E 130°E 140°E 150°E 160°E 170°E 180° 170°W 160°W 150°W 140°W

20°N

10°N

0°

10°S

20°S

30°S

The average positions of the climate features in November to April. The yellow arrows show near-surface winds, the 
blue shading represents the bands of rainfall (convergence zones with relatively low pressure), and the red dashed oval 
indicates the West Pacific Warm Pool. H represents the typical positions of moving high pressure systems.
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2.4.1 South Pacific 
Convergence Zone
The SPCZ extends 
northwest-southeast in a diagonal 
line from near the Solomon Islands 
(0°, 150°E) to the south-eastern Pacific 
(around 30°S, 120°W) (Figure 2.6). It is 
composed of two parts (Trenberth, 
1976; Kiladis et al., 1989; Vincent, 
1994): the west-east-oriented western 
part attached to the West Pacific 
Warm Pool, which interacts with 
the West Pacific Monsoon; and the 
diagonally-oriented portion further 
to the east that extends into the 
sub-tropics. The Partner Countries 
affected by the SPCZ are the Solomon 
Islands, Tuvalu, Vanuatu, Fiji, Tonga, 
Samoa, Niue and the Cook Islands, 
and in some years Nauru and Kiribati. 
See Table 2.4 for further details.

The SPCZ forms in the region of 
convergence between the north-east 
trade winds and the south-easterly 
circulation ahead of anticyclones 
from the Australian region (Trenberth, 
1976; Streten and Zillman, 1984). 
The western, tropical portion of 
the SPCZ lies over the warmest 
sea-surface temperatures of the West 
Pacific Warm Pool, while the eastern 
portion is dominated by interactions 
with troughs in the mid-latitude 
circulation, which contributes to its 
diagonal orientation (Kiladis et al., 
1989; Vincent, 1994).

The seasonal cycle of rainfall in 
the SPCZ region can be seen in 
time-latitude plots of zonal mean 
(i.e. east-west) rainfall across the 
region (Figure 2.7). The SPCZ is most 
clearly defined with strongest rainfall 
in December-February when the 
monsoon trough (Section 2.4.3) is 
closest to the SPCZ region and winds 
feed more moisture into the SPCZ. 
It is weaker and less well defined in 
June-August (Vincent, 1994) as the 
monsoon trough moves north and the 
drier zone on the equator expands as 
the ITCZ (Section 2.4.2) moves north, 
feeding less moisture into the SPCZ.

Cloudiness and rainfall in the SPCZ 
region vary on a daily basis with the 

passage and merging of mid-latitude 
fronts and low-pressure systems. 
Tropical troughs and surface 
low-pressure systems also develop 
in the SPCZ region and influence 
rainfall, particularly in the dry season 
(Thompson, 1986). Therefore, the 
image of a continuous SPCZ with 
a line of high rainfall and strong 
convection represents the seasonal 
or long-term average conditions, 
rather than the conditions on any 
single day. There is evidence that the 
Madden-Julian Oscillation (Section 
2.4.4) influences the SPCZ on 
intra-seasonal time scales (Vincent et 
al., 1994; Matthews et al., 1996). The 
interannual variability of the SPCZ is 
dominated by the impact of El Nino 
Southern Osclillation (ENSO) events, 
with the SPCZ moving north and east 
during El Niño events and south and 
west during La Niña events (Trenberth, 
1976; Vincent, 1994; Folland et 
al., 2002; Vincent et al., 2011. See 
Chapter 3 for more information 
about ENSO.

maxima in upward motion at an altitude 
equivalent to 500 hPa. The ITCZ is 
one of the major features determining 
the climate of the tropical North 
Pacific, marked by the presence of a 
surface pressure trough, and formed 
by the convergence of moisture and 
heat-laden Northern and Southern 
Hemisphere trade winds. The upward 
branch of the Hadley Circulation 
cell in the Pacific sits over the ITCZ. 
In the eastern Pacific its north-south 
position is located where sea-surface 
temperatures are warmest – to the 
north of the equator. In the west, in the 
region of the West Pacific Warm Pool, 
sea-surface temperature gradients are 
weaker, and the ITCZ is not necessarily 
located over the very warmest waters. 
The Partner Countries affected by the 
ITCZ are Papua New Guinea, Palau, 
Federated States of Micronesia, 
Marshall Islands, Nauru and Kiribati. 
See Table 2.4 for further details.

In the central and eastern Pacific, 
the ITCZ is narrow, whereas in the 
western Pacific the ITCZ becomes 
broad, due to strong monsoon 
flows, and the breadth of the West 
Pacific Warm Pool to the north and 
south. Seasonal variation in the 
position of the ITCZ in the central and 
eastern Pacific shows an amplitude 
of approximately 5° of latitude 
(Figure 2.7). The ITCZ is closest to the 
equator in March-May, and furthest 
north during September-November, 
when it becomes broader, expanding 
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Figure 2.7: Variation of average rainfall with month (horizontal axis) and latitude 
(vertical axis) averaged over longitude band 155°E–140°W in mm per day. Data from 
the Climate Prediction Center Merged Analysis of Precipitation dataset for years 
1979–1999. The regions of strong rainfall (blue/green) to the south and north of the 
equator indicate positions of the SPCZ and ITCZ respectively.

2.4.2 Intertropical 
Convergence Zone
The ITCZ is a persistent east-west 
band of low-level wind convergence, 
cloudiness, and rainfall, located close 
to the equator and extending across 
the tropical North Pacific (Figure 2.6). 
These features are also co-located 
with high-level wind divergence and 
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both to the north and south (Waliser 
and Gautier, 1993). Rainfall totals 
in the ITCZ region (defined here as 
160°E–120°W, 0°-15°N) peak in 
September-November at values 
around 50% higher than those 
of the (late) southern summer, 
January-March. These results 
are based on CMAP precipitation 
analysis, with a smaller seasonality 
indicated by GPCP analysis.

A weak ITCZ-type feature, distinct 
from the SPCZ, forms in the eastern 
South Pacific at around latitude 
5°S during March-May when 
northern rainfall is at its weakest 
with the rainfall pattern in the region 
symmetric across the equator 
(De Szoeke and Xie, 2008). As this 
South Pacific feature of the ITCZ is 
weak and only appears for a few 
months each year, the term ITCZ is 
almost always used to refer to the 
much more prominent Northern 
Hemisphere ITCZ. The same 
convention is used in this publication.

2.4.3 West Pacific 
Monsoon
The WPM is the eastern edge of the 
Maritime Continent Monsoon, and is 
the southern extension of the larger 
Asian-Australian Monsoon system. 
This system moves seasonally from 
the Northern Hemisphere across 
the equator into the tropical regions 
of the Southern Hemisphere during 
December-February. The WPM 
therefore extends into the transition 
region of both the SPCZ and the ITCZ.

Figure 2.8: (Left) The magnitude of the low level (925 hPa) zonal wind components for the months of January (upper panel) and July 
(lower panel). The white shading indicates the transition from westerly (yellow to red) to easterly (blue) components. (Right) Regions 
affected by westerly wind components are found within (to the left of) the orange contour line during December-February and the blue 
contour line during June-August. Area averages have been calculated for the boxed regions Northern Hemisphere box (125–145°E; 
5–10°N), Southern Hemisphere box-1 (120–150°E; 0–10°S), and Southern Hemisphere box-2 (150–175°E, 5°S–10°S). (Source: NCEP 
reanalysis data (Kalnay et al., 1996)).

and Liebmann, 1990a, b) and 
intrusion of mid-latitude troughs 
(Davidson et al., 1983).

The right panel of Figure 2.8 indicates 
regions which experience a reversal 
in the east-west wind component 
between December-February and 
June-August and therefore receive 
rainfall from the WPM. In the Southern 
Hemisphere, these include East Timor, 
Papua New Guinea, Solomon Islands 
and, on the outer edges, Tuvalu and 
Vanuatu. In the Northern Hemisphere, a 
seasonal wind reversal is experienced in 
Palau and parts of the Federated States 
of Micronesia, and in some years as far 
east as the Marshall Islands. 

Along with the reversal in low-level 
winds comes the typical intra-
seasonal variability in monsoon rainfall 
(Figure 2.9). Monsoonal rainfall has 
significant daily to weekly variability, 
with a monsoon season having several 
burst (wet) and break (dry) periods 
between initial onset and final end of the 
monsoon season.

The WPM can be characterised by 
the seasonal reversal of the prevailing 
winds (Figure 2.8; Kim et al., 2008). 
This reversal of the cross-equatorial 
low-level wind originates from a 
reversal in the cross-equatorial 
atmospheric pressure that results from 
changes in the land-sea temperature 
contrast (Wang, 2006). The timing of 
the onset of the monsoon is often tied 
to the arrival of the Madden-Julian 
Oscillation (Section 2.4.4; Hendon 
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Figure 2.9: Annual cycle of monthly 
rainfall (in mm per day) for the Southern 
Hemisphere monsoon westerly region 
(Southern Hemisphere box-1, blue bars) 
and the Northern Hemisphere monsoon 
westerly region (Northern Hemisphere 
box, red bars) as indicated in Figure 2.8. 
Arrows show the build up to onset of 
the Northern (red) and Southern (blue) 
Hemisphere monsoons.

The onset of the monsoon in the 
Northern Hemisphere in May-June is 
much more sudden than its retreat 
in October-November. The reason 
for this lies in the different thermal 
inertia of land compared with ocean, 
which facilitates the south-eastward 
move but hinders the north-westward 
move during the retreat (Wang and 
Chang, 2008), leaving large monsoon 
convective regimes, mainly south 
of latitude 5°N, until the end May. 
For the Southern Hemisphere this 
feature is not present, showing a 
smoother transition for monsoon onset 
and retreat.

2.4.4 Other Climate 
Features
Whilst the large-scale climate features 
described previously are largely 
responsible for setting the mean 
state and seasonal variations in the 
climate of most PCCSP countries, 
there are other phenomena that 
affect the climate on shorter time 
scales. The Madden-Julian Oscillation 
(MJO) mentioned earlier is a tropical 
circulation feature moving west to east 
along the equator with a frequency 
of 40–60 days (Madden and Julian, 
1994). The MJO brings significant 
variations in convection and is one of 
the dominant drivers of intra-seasonal 
rainfall variations in the tropics. It is 
most active in December-February, 
often resulting in short wet and dry 

periods within a single monsoon 
season (Wheeler and McBride, 
2005). Active phases of the MJO 
usually develop in the western Indian 
Ocean and move eastward into the 
western Pacific Ocean. In the PCCSP 
region they can influence the climate 
variability within a season particularly 
in East Timor, Papua New Guinea and 
the Solomon Islands.

The Southern Annular Mode is another 
important feature of extra-tropical 
climate variability which varies on 
short, synoptic time scales (up to 
10 days), as well as longer periods. 
It influences the sub-tropical high 
pressure systems that affect the 
climate of many countries in the South 
Pacific sub-tropics. It is described in 
more detail in Section 3.4.7.
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Average seasonal climate variations 
are given here for one site in every 
Partner Country (Figure 2.10) to 
demonstrate climatic conditions across 
the region. More detailed descriptions 
for each country are given in the 
individual country reports in Volume 2.

Islands between latitudes 15°N 
and 15°S experience a relatively 
weak seasonal variation in air 
and sea-surface temperature 
(between 1–2°C). This variation is 
slightly stronger for countries in the far 
western Pacific south of the equator 
where the continental land masses 
have an effect (East Timor and Papua 
New Guinea). Near the equator 
some locations (Solomon Islands, 
Palau, Nauru, Kiribati and Tuvalu) 
experience two peaks in their annual 
air temperature cycle (around May 
and November).

Average monthly sea-surface 
temperature values are between 
average monthly mean and average 
monthly maximum air temperature 
values at most locations throughout 
the year. This reflects the small size of 
many islands and their small impact on 
local temperatures (Papua New Guinea 
is the main exception), and indicates 
the influence ocean temperatures have 
on the climate experienced on islands.

Compared to air and sea temperature 
there is greater variation in rainfall. 
The wettest months in countries in 
the north Pacific region, Palau, the 
Federated States of Micronesia and 
the Marshall Islands, occur when 
the ITCZ is strongest and displaced 
furthest north between May and 
August. Nauru, Kiribati and Tuvalu, 
all near or just south of the equator, 
experience their wettest months 
between December and March, when 
the ITCZ and the monsoon trough 
are furthest south. These countries 
are also influenced by the SPCZ, 
especially Tuvalu as it is further south. 
Rainfall is therefore higher in Tuvalu, 
which is also a consequence of the 
influence of the WPM.

2.5 Mean Climate at Key Locations 
Across the Region

Partner Countries south of 15°S 
experience a greater annual air and 
sea-surface temperature range 
compared to those further north. 
For example, at Nuku’alofa, Tonga, 
the summer to winter maximum and 
minimum air temperature ranges are 
more than 6°C. At these locations the 
air and sea temperature maximum is 
experienced at most sites between 
December and March. These are the 
wettest months and the period when 
the SPCZ is most active and furthest 
south. Peak tropical cyclone and 
Madden-Julian Oscillation activity also 
occurs during this period. In countries 
farthest from the equator, such as Niue 
and Tonga, the difference between 
wet season and dry season rainfall is 
reduced as more rainfall in the winter is 
received from passing cold fronts.

On small low-lying islands, the 
climatology of the key location may in 
fact represent that of the rest of the 
island and nearby islands. However, 
on larger elevated islands topography 
can have a significant effect, so the 
climate of the key location may not be 
applicable several kilometres away. 
For example, in Fiji rainfall is higher 
in Suva, which is exposed to the 
south-east trade winds, than in Nadi 
(not shown in Figure 2.10) which lies 
on what is predominantly the lee side 
of the same island. There can also be 
notable differences in climate within 
countries that are spread over a large 
area, e.g. the northern and southern 
Cook Islands.

Table 2.4: List of the Partner Countries and the main features that influence their climate. 
Also included is whether the country is regularly impacted by tropical cyclones and if it 
has significant topography leading to climatic effects.

Country Main climate features and influences

Cook Islands SPCZ, sub-tropical highs, trade winds, tropical 
cyclones, topography

East Timor WPM, topography

Federated States 
of Micronesia

ITCZ, WPM, trade winds

Fiji SPCZ, trade winds, sub-tropical highs, tropical 
cyclones, topography

Kiribati ITCZ, SPCZ, trade winds

Marshall Islands ITCZ, WPM (in some years), tropical cyclones

Nauru ITCZ, SPCZ, trade winds

Niue SPCZ, trade winds, sub-tropical highs, tropical cyclones

Palau WPM, ITCZ, trade winds

Papua New Guinea WPM, ITCZ, topography

Samoa SPCZ, trade winds, sub-tropical highs, tropical 
cyclones, topography

Solomon Islands SPCZ, WPM, tropical cyclones

Tonga SPCZ, trade winds, sub-tropical highs, tropical 
cyclones, topography

Tuvalu WPM, SPCZ, trade winds, sub-tropical highs, tropical cyclones

Vanuatu SPCZ, trade winds, sub-tropical highs, tropical 
cyclones, topography
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Figure 2.10: Monthly average maximum air temperature (red), mean air temperature (black), minimum air temperature (blue), 
sea-surface temperature (green) and average monthly rainfall (grey bars) at key locations in each of the Partner Countries. 
Station data over 1961–1990 were used.
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2.6 Current Climate in the Region: Oceans

The ocean and atmosphere interact 
strongly in the tropical Pacific through 
the exchange of heat, water and 
momentum via surface winds. Surface 
winds affect the upper ocean in 
the first few tens of metres, driving 
surface currents and causing water 
to pile up in certain regions and to 
drop in others. This in turn generates 
pressure differences that can create 
currents extending from the surface 
to hundreds, or even thousands, of 
metres below. Surface winds also 
generate waves at the surface of the 
ocean which increase in size with the 
strength, duration and distance over 
which the wind blows.

While the atmosphere can drive 
changes in ocean circulation, 
temperature and salinity, the ocean’s 
surface temperature also shapes 
the properties and circulation of the 
atmosphere, as described in previous 
sections. Movement of heat within 
the ocean also controls changes in 
atmospheric circulation and rainfall 
on interannual time scales. The most 
dramatic example of this is the wind 
and rainfall changes driven by shifts 
in the position of the warmest tropical 
Pacific waters as part of ENSO 
(Chapter 3).

The ocean in the PCCSP region has 
a number of important and unique 
temperature, salinity and circulation 
features that influence the overlying 
atmosphere and play a role in 
marine productivity.

2.6.1 Sea-Surface 
Temperature
In general, sea-surface temperature 
decreases consistently from the 
equator towards the poles. This is a 
consequence of the greater amount 
of solar energy entering the ocean at 
lower latitudes compared to higher 
latitudes. There are important regional 
deviations. Along the equator, easterly 
trade winds push the warm surface 
tropical waters towards the west. 
This forms an extensive pool of the 
world’s warmest waters, the West 
Pacific Warm Pool, with temperatures 
exceeding 28–29ºC and covering 

an area of 15 million km2 (Wyrtki, 
1989; Figure 2.11). The Warm Pool 
stretches from the central Pacific to 
the far eastern Indian Ocean. The 
Indian Ocean portion of the Warm 
Pool is fed via a warm current (called 
the Indonesian Throughflow) from the 
Pacific Ocean (Hautala et al., 2001) via 
the Indonesian archipelago. The warm 
water abutting the western margin of 
the Pacific basin is forced downwards 
and as a result the very warm waters 
extends to a depth of up to 100 m 
(Figure 2.12).

both hemispheres (Figure 2.11, 
top panel, blue arrows). This deviation 
of surface current direction from the 
prevailing wind direction is caused 
by the Coriolis effect, which is a 
consequence of the rotation of the 
Earth. These surface flows are 
termed Ekman currents. This causes 
a divergence of surface water away 
from the equator, draws sub-surface 
water to the surface in a process 
known as equatorial upwelling. 
A similar mechanism occurs adjacent 
to the South American continent. 
Here the south-easterly alongshore 
winds (in combination with the Coriolis 
effect) drive an offshore Ekman 
current that again causes coastal 
upwelling of deep water to the surface.  
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Figure 2.11: Long-term annual-average sea-surface temperature (ºC) (top) and 
sea-surface salinity (parts per thousand, ppt) (bottom) from the World Ocean Atlas 2005 
Database. Thick black lines show the 28.5°C and 34.8 ppt contours, commonly used for 
the boundary of the Warm Pool. Also shown on the upper panel are the Quikcat wind 
stress vectors (white arrows) and surface Ekman currents (blue arrows, computed from 
windstress). Precipitation minus evaporation from ERA-40 reanalysis is shown on the 
lower panel (mm per day, red dashed contours). See text for explanations of these terms 
and Tables 2.2 and 2.3 for data sources.

While water is pushed westward in the 
direction of the winds directly at the 
equator, the easterly trade winds drive 
surface currents (in the top 10–50 m) 
that flow away from the equator in 
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The effect of the coastal and 
equatorial upwelling is that deeper, 
cooler and more nutrient-rich waters 
are pulled to the surface. This leaves 
a clear signature in the sea-surface 
temperatures with relatively cool 
water along the west coast of South 
America and along the equator in 
the eastern Pacific, known as the 
Equatorial Cold Tongue (Figure 2.11). 
While there is also equatorial 
upwelling in the western Pacific, 
because the Warm Pool extends to 
considerable depth, the upwelled 
water is still quite warm and does not 
produce surface cooling as it does in 
the eastern part of the Pacific basin.

2.6.2 Salinity 
and Nutrients
The pattern of sea-surface salinity 
(Figure 2.11) is strongly influenced 
by rainfall and evaporation patterns. 
In regions where rainfall exceeds 
evaporation (as it does in the tropical 
western Pacific), the salt concentration 
at the ocean surface is diluted, reducing 
salinity. The warm waters of the West 
Pacific Warm Pool and two bands of 
relatively warm water that straddle the 
equator centred near latitudes 10ºS 
and 7ºN (Figure 2.11) are the regions of 
high convective activity, surface wind 
convergence, and rainfall associated 
with the South Pacific and Intertropical 
Convergence Zones. As a result, 
they are also regions of relatively low 
surface salinity. The high rainfall over 
the Warm Pool relative to surrounding 
regions leads to the Warm Pool being 
bounded by a sharp salinity contrast 
(Maes et al., 2004).

In the tropical Pacific a large amount 
of heat and fresh water from rainfall 
enters the surface ocean and thus 
surface waters tend to be much 
warmer and fresher than sub-surface 
water. In the top few tens of metres 
of the ocean, strong vertical mixing 
occurs through the action of winds, 
waves and convective activity. 
This gives rise to a region where 
temperature and salinity, and therefore 
density, are well mixed and are almost 
constant with depth. This layer of the 
ocean is called the surface mixed layer.

As noted, both temperature and 
salinity affect water density: warmer 
water is less dense than colder 
water, and fresher water is less dense 
than saltier water. As temperature 
decreases and salinity increases 
rapidly below the mixed layer, there 
is a sharp density increase below the 
mixed layer. The region of strongest 
vertical density change is called the 
pycnocline. The pycnocline separates 
an upper layer of relatively light (low 
density) water from the deep heavy 
(high density) water. The pycnocline 
acts as a barrier against mixing 
between the layers just as ‘light’ oil 

sitting on top of ‘heavier’ water is 
hard to mix together. The pycnocline 
gets shallower from west to east 
(Figure 2.12).

The depth at which the vertical 
temperature gradient is strongest 
is called the thermocline. Because 
density is determined to a large extent 
by temperature in tropical surface 
waters, the pycnocline and thermocline 
are at very similar depths over much 
of the ocean, and are commonly used 
to mean the same thing. An important 
exception occurs in regions of high 
rainfall (e.g. in the vicinity of the Warm 

Mean Equatorial Nitrates and Potential Density (5ºS − 5ºN, WOA05)
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Figure 2.12: Ocean properties in the upper 500 m of the ocean near the equator. 
(Top) Average temperature (colours; °C) and salinity (line contours; parts per trillion) 
near the equator (5°S – 5°N). Superimposed are the Warm Pool location, commonly 
defined as temperatures greater than 28.5°C (black solid line), and the average 
thermocline depth (the depth of strongest vertical temperature change, grey dashed 
line). (Bottom) Average nitrate concentration (colours, micromoles per litre) and potential 
density (line contours, kg per cubic metre). Superimposed are average thermocline 
(grey dashed line) and pycnocline (the depth of strongest vertical density change, black 
dashed line) depths. Calculated from World Ocean Atlas 2005.
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Pool and the convergence zones) 
where surface density is strongly 
reduced by the lower salinity, so 
the pycnocline sits at a shallower 
depth than the thermocline. This 
can have important consequences 
for interactions between the ocean 
and atmosphere.

This layering of ocean properties is 
known as stratification. Stratification 
strongly affects marine biological 
activity. Primary productivity (growth 
of marine plants/phytoplankton) 
only occurs in the surface ocean 
where sufficient light is available 
for photosynthesis. However 
photosynthesis and other metabolic 
activity require certain nutrients. The 
free nutrients are quickly consumed 
and depleted in the sun-lit (photic) 
surface ocean as a result of biological 
activity, but become much more 
abundant below these depths. This is 
because biological material falling 
downwards from the surface into 
the deep ocean is reprocessed by 
bacteria, releasing the locked up 
nutrients such as nitrate (Figure 2.12). 
Surface nutrients increase from west to 
east because of coastal and equatorial 
upwelling that supply the surface 
ocean with nutrient-rich colder water.

Ocean processes, such as the vertical 
currents associated with coastal and 
equatorial upwelling, work against 
the inherent ocean stratification and 
facilitate the transfer of deep nutrients 
up into the photic zone where they are 
used for biological production. Other 
processes that affect stratification 
include ocean mixing via strong winds 
or storms and convective activity, 
both of which can act to increase the 
depth of the mixed layer and entrain 
nutrient-rich deeper water. In the 
interior ocean, internal waves, often 
generated by tidal currents, move 
through the water and interact with 
the bottom of the ocean in shallow 
regions, causing vertical mixing. 
Ocean eddies (whirlpools of water 
that are many kilometres in diameter) 
are also important for mixing and 
are associated with strong vertical 
movement of water in their cores.

2.6.3 Ocean Currents
In addition to the Ekman currents that 
are confined to the first few tens of 
metres of the surface ocean, and the 
associated upwelling currents at the 
equator and along the South American 
coastline, there are a number of 
other important ocean currents in 
the Pacific Ocean (Figure 2.13). 
At higher latitudes the sub-tropical 
gyres (vast rotating masses of water 
extending downwards over a thousand 
metres) span the north and south 
extra-tropical regions. Their broad 
eastern equatorward flowing limbs 
extend across the central and eastern 
parts of the basin. In contrast, their 
western, poleward flowing limbs 
form narrow (100–200 km wide), 
fast flowing (sometimes exceeding 
1 metre per second) jets (or western 
boundary currents) that hug the 
continental margins. The South Pacific 
western boundary current is the East 
Australian Current (EAC) (Figure 2.13). 
Its Northern Hemisphere counterpart 
is the Kurushio Current. The westward 

flow of the low-latitude limbs of the 
sub-tropical gyres extends across 
much of the tropical ocean in the form 
of the South and North Equatorial 
Currents in the Southern and Northern 
Hemispheres, respectively. The 
sub-tropical and tropical circulation 
is indirectly driven by the surface 
winds, in particular the south-east 
and north-east trade winds. Wind 
conditions are dramatically altered 
within the convergence zones, and 
as a result the prevailing westward 
currents of the South and North 
Equatorial Currents are interrupted 
in these areas. In fact, beneath the 
Intertropical Convergence Zone 
(Section 2.4.2) the prevailing current 
(the North Equatorial Counter 
Current) is reversed across most of 
the basin (Johnson et al., 2002). The 
corresponding current reversal beneath 
the less extensive South Pacific 
Convergence Zone (Section 2.4.1), the 
South Equatorial Counter Current, is 
confined to the western basin in the 
Southern Hemisphere (Gouriou and 
Toole, 1993).
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Figure 2.13: Schematic of upper ocean circulation and surface winds. Upper ocean 
currents range in depth from a less than 100 m to 2000–3000 m in the case of the 
sub-tropical gyres. Legend: East Australian Current (EAC); Equatorial Undercurrent 
(EUC); Halmahera Eddy (HE); Indonesian Throughflow (ITF); Kurushio Current (KC); 
Mindanao Eddy (ME); North Equatorial Current (NEC); North Equatorial Counter 
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(SEC); South Equatorial Counter Current (SECC); Modified from Tomczak and Godfrey 
(2003, Figure 8.6).
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Water transported westward in 
the northern limb of the southern 
sub-tropical gyre divides at the 
Australian continental margin. Some 
of the water flows southwards as part 
of the East Australian Current, while 
the remainder flows northward as 
part of the North Queensland Current, 
and later the New Guinea Coastal 
Undercurrent. Water runoff from Papua 
New Guinea is thought to supply the 
New Guinea Coastal Undercurrent with 
high concentrations of dissolved iron 
(Mackey et al., 2002). At the equator 
this current feeds the Equatorial 
Undercurrent, a sub-surface current, 
which sits directly under the equator 
at a depth of more than 200 m in the 
west and about 50 m in the east. This 
narrow jet of water supplies the iron 
essential for biological productivity to 
the eastern Pacific.

In addition to the broad-scale 
circulations described, the ocean is 
densely populated with fine-scale 
currents that are associated with 
ocean eddies and fronts. Furthermore, 
as broad currents interact with the 
ocean floor or islands, they are 
deflected or channelled, forming local 
features including jets, island boundary 
currents and island eddies that have 
important biological implications. 
As the South Equatorial Current 
interacts with Vanuatu and New 
Caledonia, for example, the North and 
South Caledonia Jets and the North 
Vanuatu Jet are formed (Webb, 2000; 
Gourdeau et al., 2008; Ganachaud et 
al., 2008). In addition, high islands can 
also alter the strength and direction 
of the prevailing wind on the lee side, 
which can also drive local currents 
and upwelling.

2.6.4 Sea Level
The observed mean sea level for 
the period 1993–2002 derived 
from satellite altimeter, in situ 
measurements and a geoid model 
(Maximenko et al., 2009, data 
available from http://apdrc.soest.
hawaii.edu/projects/DOT; Rio and 
Hernandez 2004, data available from 
http://www.aviso.oceanobs.com) 
reveals information about ocean 
currents as the upper ocean circulation 
approximately follows contours 
of constant sea-level height in the 
ocean interior (Figure 2.14). Along the 
equator, there is a strong zonal 
(east-to-west) sea-level slope, with 
sea level west of the International 
Date Line (180° longitude) about a 
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half metre higher than that in the cold 
tongue region of the eastern equatorial 
Pacific and South American coastal 
regions. This zonal tilting of sea level 
on the equator is required to balance 
the trade winds pushing surface water 
westward. Higher sea level can also 
be found in the centres of sub-tropical 
gyres (about 20° to 40° N and S), with 
relatively strong (weak) zonal slope in 
the west (east), which is consistent 
with strong and narrow poleward 
western boundary currents and slow 
and wide equatorward return flow 
in the interior of the basin. There is 
a sea-level ridge around 5°N and a 
sea-level trough around 10°N, which is 
associated with the eastward-flowing 
North Equatorial Counter Current 
between these latitudes.

Figure 2.14: Mean sea level (in metres) from observations. The global mean has been 
removed. (From Maximenko et al., 2009).

http://apdrc.soest.hawaii.edu/projects/DOT
http://apdrc.soest.hawaii.edu/projects/DOT
http://www.aviso.oceanobs.com
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The seasons bring regular changes to climate in most Partner Countries. However, occasionally 
events occur that result in extreme rainfall, winds and temperatures, as well as flooding from 
storm surges and waves. The following sections describe the main short-term extremes that 
occur in the region. Year-to-year variability in extreme events, as well as the factors that cause 
this variability, are described in Chapter 3.

2.7 Atmospheric and Oceanic Extremes

2.7.1 Tropical Cyclones
Each year, approximately 80 tropical 
cyclones form around the globe (Gray, 
1979), with about one-third of them 
occurring in the Southern Hemisphere 
(Kuleshov, 2003). In the western North 
Pacific, about 30 tropical cyclones 
occur on average per year (Chan, 
2005) which is more than for any other 
ocean basin in the world. Tropical 
cyclones dramatically affect maritime 
navigation and communities in many 
of the PCCSP Partner Countries and 
other island nations in the Pacific.

The Southern Hemisphere experiences 
most of its tropical cyclones during 
November-April, with a maximum in 
tropical cyclone frequencies during 
the January-March period when there 
is an average presence of one to 
two cyclones per day (Figure 2.15). 
On average about 2.2 cyclones 
are present on any given day in the 
Southern Hemisphere, with about 
1 per day in the South Pacific around 
the end of February to the beginning 
of March. Very occasionally a cyclone 
may occur in the Southern Hemisphere 
on either side of the main cyclone 
season, in May and October.

Figure 2.15: Seasonal profiles (1969/70–1998/99) of the average daily number of 
active tropical cyclones (TC) for the South Indian and the South Pacific Oceans 
(Source: Kuleshov, 2003).
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The spatial distribution of the average 
number of tropical cyclones per year in 
the Southern Hemisphere (Figure 2.16) 
shows that the most tropical cyclones 
occur in the South Pacific in the area 
between the Australian coast and the 
International Date Line, from about 
12°S to 22°S.

Figure 2.16: Average annual number of tropical cyclones per year in the Southern 
Hemisphere in an area 2° x 2° over the period, 1969/70 to 2005/06. 
Source: http://www.bom.gov.au/jsp/ncc/climate_averages/tropical-cyclones.

values of an index representing 
the potential for cyclone genesis 
(based on relative humidity, vertical 
wind shear, vorticity, sea-surface 
temperature and convective available 
potential energy; Camargo et al., 
2007a). Cyclones in this region can 
form at any time throughout the 
year, with August having the highest 
frequency and January-March having 

the lowest frequency (Chan, 2005). 
There is also considerable interannual 
and inter-decadal variation in the 
number of tropical cyclones that 
occur in this region (Chan, 1985; 
Chan and Shi, 1996) and in the 
South Pacific (Callaghan and Power, 
2010; Section 3.5.4). In the western 
North Pacific cyclones are referred to 
as typhoons.

In the western North Pacific, the high 
number of tropical cyclones is due 
to the high frequency of favourable 
conditions for their development 
(Gray, 1979). For example, of all 
of the world’s ocean basins, the 
western North Pacific has the highest 

http://www.bom.gov.au/jsp/ncc/climate_averages/tropical
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2.7.2 Extreme 
Sea Levels
Extreme sea levels can cause 
significant coastal impacts, including 
inundation of low-lying coastal terrain, 
erosion of beaches, ecosystem loss, 
damage or destruction of coastal 
infrastructure, damage to crops and 
water supplies, and injury or loss of 
life. They are caused by a combination 
of three components: tides; seasonal 
or longer-term fluctuations due to 
changing wind, pressure and ocean 
temperature patterns such as ENSO; 
and short-term events due to weather, 
such as storm surge, ocean waves 
and tsunamis. Although tsunamis can 
cause the most devastating extreme 
sea-level events, they are not affected 
by climate and so will not be discussed 
further here. The contributions of 
tides, storm surge and ocean waves 
to sea-level extremes are illustrated in 
Figure 2.17. The forces that influence 
these different components of extreme 
sea level vary and will be discussed in 
turn in this section.

Figure 2.18a). In addition to variations 
on monthly time scales, there is also 
yearly variation in tidal heights, such 
that the highest spring tides tend to 
occur around the same time each year. 
Although the motions of the sun and 
moon cause different tides in different 
locations and no two years, even at 
the same location, are exactly the 
same, in most case the highest tides 
each year tend to occur either when 
the sun and the moon are closest 
to the equator (at the equinoxes, in 
March and October; Figure 2.18b) or 
when the declination of the sun is at its 
greatest (at the solstices, in December 
and June).

As discussed in detail in Chapter 3 
(Section 3.6.3.2), ENSO has a major 
influence on sea levels across the 
Pacific and this can influence the 
occurrence of extreme sea levels. 
During La Niña events, strengthened 
trade winds cause higher than normal 
sea levels in the western tropical 
Pacific, and lower than normal levels 
in the east. Conversely, during El Niño 
events, weakened trade winds are 
unable to maintain the normal gradient 
of sea level across the tropical Pacific, 
leading to a drop in sea level in the 
west and a rise in the east. Pacific 
islands within about 10° of the 
equator are most strongly affected by 
ENSO-related sea-level variations.

Tropical cyclones can cause severe 
short-term sea-level extremes in the 
Pacific due to storm surges and/or 
ocean waves. Falling atmospheric 
pressures associated with cyclones 
draw the ocean surface upwards at 
a rate of 1 cm for each hPa drop in 
pressure, and onshore winds can 
build up water levels against the coast 
(wind setup). While cyclone intensity 
(measured by the minimum central 
pressure or maximum wind speed) 
strongly influences the severity of 
waves and storm surge, other tropical 
cyclone attributes such as size, 
direction and speed of movement also 
play an important role, as does the 
geomorphology of the coast itself.

Tropical cyclone-induced storm surges 
tend to be localised, and concentrated 
in the region of maximum onshore 
winds close to the cyclone centre. 
Whilst their impacts are potentially 
devastating, they are rare at any given 
location. On the other hand, ocean 
waves produced by such systems 
can propagate long distances in the 
deep ocean as swell, with little loss 
of energy, and can therefore impact 
a larger number of more distant 
coastlines. As the waves encounter 
shallow coastal waters, they steepen 
and break, progressively losing energy 
and producing an increase in coastal 
sea levels known as wave setup. 
Atolls with steep shelf margins may 
be particularly affected by remotely 
generated swell causing wave setup 
in lagoons, thereby contributing to 
sea-level extremes (Callaghan et al., 
2006). As a wave breaks at the coast 
the maximum vertical extent of the 
wave uprush on a beach or structure 
above the still water level is known as 
wave runup (Figure 2.17).
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Figure 2.17: Diagram illustrating the contributions to sea-level extremes due to tides, 
ENSO, storm surge and wind-generated waves. The maximum sea level from the first 
three of these contributions is given by the thin black line at the top. Also shown are 
wave height (blue line) and wave set-up (red line).

Astronomical tides are predictable 
events that are caused by the 
gravitational forces that arise from the 
movement of the Moon, Sun and other 
planetary bodies relative to the Earth. 
These motions cause the daily rise and 
fall of waters and the monthly variation 
in tidal heights (spring and neap tides; 
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Figure 2.18: A tidal prediction for Tarawa, Kiribati using the five largest astronomic constituents to illustrate (a) spring and neap tides 
and (b) the semi-annual range in tides; (a) is over a one-month period centered on the March 2006 equinox, indicating times of spring 
and neap tides and (b) shows the entire year of 2006, indicating the times of the equinoxes and the solstices. In (a) and (b) the green 
lines indicate the maximum daily tidal range envelope and in (b) the red lines indicate the maximum fortnightly (two-week) tidal range.

The coastal impacts resulting from the 
cyclone-induced storm surges and 
waves are also a function of various 
coastal attributes, such as the shape 
of the sea bed (bathymetry), the 
shape of the coastline in relation to 
the cyclone path, and the landform 
(geomorphology). Wide and shallow 
continental shelves amplify the storm 
surge while bays and channels can 
funnel and increase the storm surge 
height. The presence of reefs will 
cause waves to break and lose energy 
before they reach coastal areas.

In summary, while weather events 
such as tropical cyclones may cause 
short-term sea-level extremes due 
to storm surges and/or high waves, 
it should be noted that the impacts 
of these events can be strongly 
moderated by other factors such as 
tides, seasonal variations in sea level 
and ENSO (Figure 2.17). The tidal 
range can experience large variations 
throughout the year so that the 
potential for a short-term extreme 
event coinciding with higher than 
normal background sea level is greater 
in some months in the year compared 

to others. Seasonal variations in sea 
level arise in some locations from 
variations in atmospheric circulation 
patterns and/or ocean currents. 
On interannual time scales, ENSO 
variability can affect both the weather 
events that cause short-term sea-level 
extremes and the background mean 
sea level (Chapter 3). The relative roles 
of these factors are investigated for 
PCCSP countries in Volume 2.
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The IPCC Fourth Assessment Report 
(Hergerl et al., 2007) concluded 
that “anthropogenic warming of the 
climate system can be detected in 
temperature observations taken at the 
surface, in the troposphere and in the 
oceans”, and that “greenhouse gas 
forcing has very likely caused most of 
the observed global warming over the 
last 50 years”.

Studies also show that zonal average 
warming in the tropics and sub-tropics 
over the period 1901–2005 (Hergerl et 
al., 2007) is not reproduced in climate 
models with natural variability alone, 
but can be reproduced in climate 
models that include anthropogenic 
forcing incorporating increases in 
greenhouse gases.

•	 Collectively, the observed climate 
record of the PCCSP region 
indicates a climate in transition, 
driven by both natural and 
human influences.

•	 Palaeoclimate records indicate the 
Pacific is characterised by climate 
variability on a wide variety of time 
scales. Changes in the frequency 
and intensity of El Niño-Southern 
Oscillation (ENSO) activity over the 
past 12 000 years have been linked 
to widespread changes in climate 
impacts.

•	 Natural climate oscillations, 
e.g. ENSO, the Pacific Decadal 
Oscillation (PDO), the Interdecadal 
Pacific Oscillation (IPO), Southern 
Annular Mode (SAM), the 
Indian Ocean Dipole (IOD), and 
fluctuations in the key climatological 
features of the region (Intertropical 
Convergence Zone (ITCZ), South 
Pacific Convergence Zone (SPCZ), 
and West Pacific Monsoon (WPM)) 
are responsible for much of the 
variability in the atmosphere 
and ocean on seasonal to 
multi-decadal timescales.

Summary

•	 Temperature records from Pacific 
Island observation stations show 
a clear signal of warming over the 
past 50 years, with most stations 
warming at a rate between +0.08 
and +0.20°C per decade over this 
time, consistent with global trends.

•	 Rainfall across the region has 
increased and decreased in 
response to natural climate 
variability. Over the past 50 years, 
rainfall totals increased to the 
north-east of the SPCZ, and 
declined to the south.

•	 There are no significant trends 
in the overall number of tropical 
cyclones, or in the number of 
intense tropical cyclones, in the 
South Pacific Ocean over the period 
1981–2007. The number of severe 
tropical cyclones making landfall 
over eastern Australia has declined 
since the late 19th century, though 
this result is significant at the 
90% level only.

•	 Sea-surface temperatures in the 
region have generally warmed 
since 1950. This warming has 
been partially attributed to 
increases in the concentration 
of greenhouse gases. However, 
temperature variations associated 
with the IPO/PDO also substantially 
influence the background trend.

•	 The western tropical Pacific Ocean 
has become significantly less salty 
over recent decades. Conversely, 
regions to the east have generally 
become saltier. Together, these 
changes suggest an intensification 
of the hydrological cycle.

•	 A distinctive pattern of intensified 
surface warming and sub-surface 
cooling, centred near a depth 
of 200 m is evident over the 
past 50 years in the Pacific 
Ocean. Climate models suggest 
this pattern is consistent with 
human-induced change.

•	 The Hadley Circulation has 
expanded poleward and the Walker 
Circulation has weakened. The 
weakening of the Walker Circulation 
over the past century is due to 
a combination of both natural 
changes and human-induced 
change.

•	 Sea level has risen globally and 
in the PCCSP region over recent 
decades. Extreme sea levels are 
also increasing, primarily as a result 
of increases in mean sea level.

•	 There is significant interannual 
variability of sea level in the 
region related to the ENSO cycle. 
Consequently, the pattern of trends 
in the altimeter record (since the 
start of satellite measurements 
in 1993) is not representative of 
longer-term trends.

•	 The acidity level of surface ocean 
waters is increasing (i.e. pH is 
reducing) due to the increased 
uptake of carbon dioxide due 
to the higher atmospheric 
concentrations that have resulted 
from human activities.

Anecdotally, people in the region are 
reporting climate change impacts, 
including more salt-water intrusions, 
changes in seasonal climate cycles, 
and more frequent occurrence of 
drought, fires, mudslides and coral 
bleaching (Box 3.1). However, little 
research has been conducted to 
quantify the relative importance of 
human-induced change and natural 
variability as causes of the observed 
trends in the PCCSP region.
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Climate variability in the PCCSP 
region occurs on interannual, decadal, 
centennial and longer time scales. 
Palaeoclimate records indicate 
that during the millennia before the 
Industrial Revolution (around 1750), the 
climate of the Pacific underwent large 
variations, primarily associated with 
changes in the intensity and frequency 
of the El Niño-Southern Oscillation 
(ENSO) (Cobb et al., 2003; Gergis and 
Fowler, 2009). However, in the past 
climate shifts were driven by natural 
mechanisms; it is now likely that 
they are also being driven by human 
influences (Trenberth et al., 2007).

The current way of life in the PCCSP 
region is based on the patterns of 
climate experienced over the past few 
centuries. The flora and fauna of the 
region have evolved within the climatic 
bounds exhibited over much longer 
time scales. If the mean climate shifts 
beyond these bounds, or changes 
more rapidly than seen before, many 
aspects of life may change. Many 
Pacific Islanders believe they have 
already seen the impacts of climate 
change (Box 3.1). Consequently, it is 
important to understand the range of 
climate variability experienced in the 
past in order to provide a context in 
which to interpret projections of future 
climate change. Understanding past 
variability also contributes to assessing 
the likely causes of climate change 
(discussed in Chapter 4).

3.1 Introduction

This chapter summarises previous 
studies of observed climate variability 
and change in the region and 
describes the contributions made to 
this understanding by the PCCSP. 
The assessment of observed climate 
variability and change presented here 
is based on updated and improved 
meteorological and oceanographic 
datasets. This ‘data rehabilitation’ 
has involved significant collaboration 
with Partner Countries and resulted in 
improved data access and security, 
and enhanced scientific and technical 
capacity in the region. It is hoped that 
the increased knowledge and tools 
developed by the PCCSP will lead 
to improvements in the way Partner 
Countries manage and analyse the 
observational data required to detect 
and document climate variability and 
change in their respective countries.
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The evidence for global climate change 
is broad and compelling (Trenberth 
et al., 2007). Global mean surface air 
temperature, as determined by the 
HadCRUT3v global gridded dataset 
(Brohan et al., 2006) is estimated 
to have increased by 0.74°C from 
1910–2010, with a trend of around 
0.14°C per decade over the past 
50 years (Figure 3.1). Global warming 
is confirmed by natural indicators 
such as melting glaciers and sea-ice, 
sea-level rise, earlier flowering and 
ripening dates, longer growing 
seasons, coral bleaching and poleward 
migration of plants and animals 
(Rosenzweig et al., 2007).

3.2 Global Context

tree rings and corals. When modern 
instrumental temperature records are 
placed in the context of reconstructed 
temperature records over the past 
2000 years, it is apparent that the 
Northern Hemisphere (where sufficient 
palaeoclimate records exist) is currently 
experiencing a rapid and unusual 
warming (Mann et al., 2009).

A lack of data makes it difficult to 
reconstruct a similar long record 
for the Southern Hemisphere. 
However, global datasets based on 
instrumental records clearly indicate 
that the PCCSP region has also 
warmed significantly since the early 
20th century (Figure 3.1). Most of 
the region’s warmest years in the 
instrumental record have occurred 
over the past two decades. The rate of 
warming in the PCCSP region appears 

Annual and 11 year mean temperature anomalies 
for Globe and PCCSP region
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Figure 3.1: Annual mean surface air 
temperature anomalies from 1910–2010 
for the globe and PCCSP region 
(120°E–210°E; 25°S–20°N), relative to 
the 1961–1990 mean. Solid lines indicate 
11-year running means. (Based on 
HadCRUT3v dataset: Brohan et al., 2006).

to be slightly less than the global 
mean, with an increase of 0.60°C 
over the past century and a trend of 
0.10°C per decade over the past 50 
years (based on HadCRUT3v dataset; 
Brohan et al., 2006). The regional rate 
of increase is lower than the global rate 
because the region is dominated by 
ocean, and ocean temperatures are 
known to be increasing more slowly 
than land temperatures. Warming 
across the PCCSP region has not 
been uniform, with some datasets 
suggesting that data-sparse parts 
of the central equatorial Pacific have 
actually cooled over the past 50 years 
(Figure 3.2). It is unclear whether this 
cooling is real or an artefact of the 
analysis technique.

Figure 3.2: Trend in annual mean 
temperature (°C per decade) over 
1960--2010, as determined by the 
HadCRUT3v global gridded temperature 
dataset (Brohan et al., 2006).

Further evidence of changes in 
the global climate comes from 
palaeoclimatic records reconstructed 
from sources such as ice cores, 
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Box 3.1: Local Perceptions of a Changing Climate

There is general agreement amongst the 
communities of the Pacific Islands and East 
Timor that changes in weather and climate are 
occurring in their region. More change is believed 
to have occurred over the past decade than at 
any other time in human memory. Partner Country 
representatives have described local perceptions of 
climate change in their countries. These include:

•	 Shifts in seasonal patterns of rainfall and tropical 
cyclones.

•	 More frequent and extreme rainfall causing 
flooding and mudslides.

•	 More drought and fires.

•	 More hot days.

•	 Lower crop productivity.

•	 Spread of weeds, pest and diseases.

•	 More coral bleaching.

•	 More storm surges, coastal erosion and salt 
water contamination of freshwater springs and 
taro swamps.

Partner Country representatives have also reported 
that many Pacific Islanders believe that the 
impacts of climate change are being exacerbated 
by increased population and development, poor 
waste management and land degradation. Also, 
perceptions of vulnerability to climate change 
appear to differ between age, gender, religion, 
and socio-economic groups, with some studies 

indicating that urban and wealthier people generally 
feel less vulnerable to the impacts of climate change 
(Wongbusarakum, 2009).

While some of the climate changes noted by Pacific 
Island people are consistent with anthropogenic 
global warming, human memory can be quite 
subjective regarding extreme weather and 
climate events. It is also difficult to scientifically 
confirm many of these changes due to a lack of 
sufficient data, highlighting the need for improved 
observation networks in the region. Detection 
and attribution of climate changes in the Pacific 
is further complicated by large changes in ENSO 
activity over the past century (Power and Smith, 
2007). Consequently, it can be difficult to distinguish 
between natural interdecadal changes and those due 
to anthropogenic climate change, particularly at the 
local scale.

Some regional-scale changes in the Pacific have 
been partly attributed to human activities, e.g. 
weakening of the Walker Circulation (Power and 
Kociuba, 2011), and warming in the Pacific mean 
surface temperature (Stott et al., 2010). However, 
little research has been conducted to determine 
whether the changes perceived by people in the 
islands are real, and if so, to quantify the relative 
contributions from human and natural climate 
influences. The PCCSP represents a coordinated 
effort to begin to address these knowledge gaps.

Participants from 
PCCSP Partner 
Countries and other 
countries came 
together at a PCCSP 
workshop in June 2010 
to discuss perceptions 
of climate change in 
their countries.
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3.3.1 Changes in 
Climate over the 
Holocene
The period from approximately 12 000 
years ago to the present is known as 
the Holocene. It was preceded by a 
cold, glacial period that peaked around 
21 000 years ago at the Last Glacial 
Maximum. Global average sea level 
at that time was around 120 m lower 
than that of today, due to the vast 
amounts of water that were locked up 
in expanded (Northern Hemisphere) ice 
sheets. The climate of the Holocene 
has been relatively warm and stable, 
allowing humans to develop agriculture 
and permanent settlements. People 
migrated across much of the Pacific 
Basin during this time (Nunn, 2007), 
with significant societal changes 
possibly linked to ENSO-driven 
environmental variability (Allen, 2006) 
and long-distance travel potentially 
assisted by reversals in the direction of 
the trade winds during El Niño events 
(Anderson et al., 2006).

There have been a number of 
large-scale changes in Pacific climate 
during the Holocene. Evidence from 
marine sediment records suggests 
that the Intertropical Convergence 
Zone (ITCZ) was located further north 
during the early Holocene (Haug et 
al., 2001), which may have led to 
drier and more saline conditions in 
the West Pacific Warm Pool (Stott 
et al., 2004). The ITCZ is thought to 

have moved in response to shifts in 
seasonal solar radiation caused by 
changes in the Earth’s orbit, with 
the changing position of the ITCZ 
driving variations in both the location 
and extent of the Indo-Pacific Warm 
Pool (Abram et al., 2009). The Asian 
monsoon is thought to have been 
stronger around 10 000 years ago and 
gradually weakened in response to 
the change in seasonal solar radiation 
(Wang et al., 2005). Lake level records 
from northern Australia suggest the 
Australian monsoon was stronger 
in the early Holocene (Wyrwoll and 
Miller, 2001). Stalagmites from 
Indonesia also suggest an increase 
in monsoon rainfall around 11 000 to 
7000 years ago in association with 
rising global sea levels at this time 
(Griffiths et al., 2009).

During the past 10 000 years, 
ENSO variability is believed to have 
increased to its modern strength 
from a relatively weak level in the 
early Holocene (Tudhope et al., 
2001). Proxy ENSO measures, such 
as charcoal evidence from northern 
Australia (Gagan et al., 2004); coral 
records (McGregor and Gagan, 
2004); lake sediment records from 
Ecuador (Rodbell et al., 1999); and 
pollen records from northern Australia 
(Shulmeister and Lees, 1995), suggest 
that ENSO became stronger around 
5000 years ago, with some evidence 
of a peak in activity around 2000 
years ago (Woodroffe et al., 2003). 

These changes would have had 
widespread impacts across the 
Pacific region, with likely increases 
in the frequency of extreme events 
such as droughts, floods, fires and 
tropical cyclones. Climate models 
suggest that the changes in ENSO 
activity during the Holocene were 
driven by changes in the seasonal 
incoming solar radiation associated 
with the precessional cycle of Earth’s 
orbit (Brown et al., 2008; Phipps and 
Brown, 2010).

In New Zealand, the extent of Southern 
Alps ice has largely decreased over 
the Holocene (Schaefer et al., 2009), 
despite evidence that ice margin 
fluctuations and glacier re-advance 
episodes were numerous in the mid-
to-late Holocene. Regional circulation 
dictates Southern Alps glacial activity 
and helps to modulate Southern 
Alps ice volume through changing 
precipitation and temperature 
regimes. Thus, ENSO, the Southern 
Annular Mode (Kidston et al., 2009; 
Ummenhofer et al., 2009), as well as 
the Interdecadal Pacific Oscillation, 
have probably combined to cause the 
glaciers to advance and retreat (Lorrey 
et al., 2010; 2011). Some of the past 
ice advances during the late Holocene 
occurred during Northern Hemisphere 
warm periods, indicating that Northern 
and Southern Hemisphere temperature 
changes have not always been 
in phase.

3.3 Climate of the Pacific over the 
Past 12 000 Years
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3.3.2 Changes in 
Climate over the Past 
1000 Years
Variations in the global climate over 
the 1000-year period preceding the 
Industrial Revolution were driven by 
natural internal processes (e.g. ENSO) 
and natural external forcing factors 
(e.g. variations in solar output and 
stratospheric aerosols associated 
with major volcanic eruptions). 
Northern Hemisphere temperature 
reconstructions have identified a 
period of relatively warm temperatures 
(the Medieval Warm Period or Medieval 
Climate Anomaly) and a cooler period 
(the Little Ice Age). It is not clear 
if the Pacific region experienced 
the same climate variability 
(cf. Jansen et al., 2007).

The Medieval Climate Anomaly 
occurred around 1000–1300 A.D., 
and was associated with relatively 
high solar irradiance and low tropical 
volcanism. The warming found 
in reconstructions of Northern 
Hemisphere climate may not 
necessarily have been global. For 
example, a reconstruction using over 
1000 different proxy records shows 
regions of both warming and cooling, 
with evidence for cool tropical eastern 
Pacific sea-surface temperatures 

(Mann et al., 2009). An 1100 year tree 
ring record from New Zealand (Cook et 
al., 2002) implies the local climate was 
around 0.3 to 0.5°C warmer than the 
20th century mean during the period 
1000–1300 A.D., while a coral record 
from Palmyra, in the central Pacific, 
indicates local temperatures may have 
been cooler than present at the time of 
the Medieval Climate Anomaly (Cobb 
et al., 2003).

A synoptic palaeoclimate approach 
(Lorrey et al., 2007) was used to 
reconstruct atmospheric circulation 
patterns over New Zealand from a 
network of proxy records. While the 
late Holocene circulation has been 
variable (Lorrey et al., 2008), the 
frequency of blocking (stagnant) 
pressure patterns over the south-west 
Pacific increased during the Medieval 
Climate Anomaly (Lorrey et al., 2011), 
and has a different signature than the 
Northern Hemisphere.

The Northern Hemisphere Little 
Ice Age (ca. 1400–1850 A.D.) was 
associated with reduced solar 
irradiance and increased volcanic 
activity. Again, there is some evidence 
that the Little Ice Age was not 
experienced globally. For example, 
the Palmyra coral record (Cobb 
et al., 2003) suggests that the central 
tropical Pacific was relatively warm at 
that time.

The Palmyra coral record also 
provides information about changes 
in ENSO over the past 1100 years. 
The record suggests that during 
the mid-17th century ENSO events 
were stronger and more frequent 
than modern events, whereas 
during periods in the 12th and 14th 
centuries, ENSO activity was greatly 
reduced (Cobb et al., 2003). A tree 
ring reconstruction of ENSO over a six 
century period using North American 
tree ring records (D’Arrigo et al., 2005) 
found reduced ENSO amplitude 
in the late 17th to 18th centuries. 
Reconstructions based on multiple 
climate proxies have also shown that 
ENSO activity during the 20th century 
was unusual in that a high proportion 
of extreme and protracted El Niño 
and La Niña events occurred during 
this time (Gergis and Fowler 2009; 
McGregor et al., 2010). The Palmyra 
coral record implies that changes in 
ENSO over the last millennium may 
have arisen from natural internal 
variability (Cobb et al., 2003).
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3.4.1 El Niño-Southern 
Oscillation and the 
Walker Circulation
ENSO is a major feature of interannual 
(year-to-year) climate variability in 
the Pacific. ENSO is a natural cycle 
of the climate system, characterised 
by distinct patterns of change in 
winds, surface pressure, surface and 
sub-surface ocean temperatures, 
precipitation, cloudiness and 
convection across the tropical Pacific. 
Consequently, ENSO has a powerful 
influence on the climate of the region. 
All PCCSP Partner Countries are 
affected by ENSO in some way, 
although the magnitude and timing of 
this influence varies between countries.

The ENSO cycle is irregular, and most 
of its variability has periods of two to 
seven years. The two extreme phases 
of the ENSO cycle are El Niño and La 
Niña. An El Niño is characterised by 
warming of waters in the central and 
eastern Pacific Ocean and cooling in 
a ‘horse-shoe’ pattern in the western 
Pacific Ocean, extending to the north-
east and south-west (Figure 3.3a). This 
is known as the ‘canonical’ El Niño 
pattern and results in a reduction in the 
east to west sea-surface temperature 
gradient, which drives the Walker 
Circulation. Consequently, the surface 
trade winds forming the lower branch 
of the Walker Circulation weaken 
during El Niño. This  reduces the east 

to west sea-surface temperature 
difference, so the winds weaken 
further still. This completes a positive 
or self-reinforcing feedback loop. 
The existence of this feedback loop 
helps to make the tropical climate 
system unstable and this instability is 
partially responsible for the existence 
of ENSO. These changes in the 
atmosphere and ocean during El 
Niño also result in a displacement 
of the main area of convection from 
the western Pacific to east of the 
International Date Line. Opposite 
changes tend to occur during La Niña 
events, i.e. the central and eastern 
Pacific cools, trade winds strengthen 
and the main area of convection 
intensifies and moves further west 
than normal.

There are no universally agreed criteria 
to define El Niño or La Niña years. 
However, approximately one quarter of 
all years are usually defined as El Niño 
years, approximately one quarter as La 
Niña years and approximately one half 
as neutral years in which the anomalies 
described above are not apparent 
(Power and Smith, 2007).

El Niño and La Niña events usually 
begin to develop around May or 
June and last until the following 
March-May. However, while such 
events tend to follow a typical pattern 
of development, the strength and 
timing of each event is different, as 
is the exact pattern of sea-surface 

temperature, wind and convection 
changes, and hence impacts.

A variation on the traditional canonical 
sea-surface temperature pattern of 
El Niño events involves the maximum 
warming occurring in the central 
tropical Pacific, rather than in the east 
(Figure 3.3b). This modified pattern is 
known as a ‘central Pacific El Niño’, 
or an ‘El Niño Modoki’ (Ashok and 
Yamagata, 2009). Whereas a canonical 
El Niño has anomalous ascending air 
over a large area covering the central 
to eastern Pacific overlying warmer 
sea-surface temperatures, during an 
El Niño Modoki the ascending branch 
occurs only in the central Pacific. 
El Niño Modoki is associated with 
distinct climate impacts compared to 
canonical El Niño events (Kumar et 
al., 2006; Wang and Hendon, 2007; 
Ashok et al., 2007; Weng et al., 
2007; Taschetto and England, 2009). 
For example, in some seasons the 
impacts over regions such as New 
Zealand and the western coast of 
United States are opposite to those of 
a canonical El Niño.

3.4 Major Features of Climate Variability

Figure 3.3: Sea-surface temperature anomalies (differences from average conditions) associated with (a) Canonical El Niño and 
(b) El Niño Modoki. (Source: Andrea Taschetto). Boxes show areas over which the (a) NINO 3.4 and (b) El Niño Modoki indices 
are calculated.
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ENSO is associated with large rainfall 
variations in many Partner Countries 
(Figure 3.4). Generally, countries east 
of about longitude 160ºE and close to 
the equator experience above-average 
rainfall during an El Niño, while other 
countries, those west of longitude 
160ºE or more than about 10º from 
the equator, experience drier than 
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normal conditions. For most countries 
the average response in wet season 
rainfall is in the same direction for 
both canonical and El Niño Modoki 
events (Figure 3.4). However, in some 
places the response is weaker for 
El Niño Modoki, particularly for Partner 
Countries furthest to the south-east. 
Two exceptions are Nauru and Tarawa 
(Kirabati), due to these sites lying close 
to the centre of the largest sea-surface 
temperature anomalies that occur in 
Modoki events, and hence the greater 
response for El Niño Modoki.

ENSO is also associated with large 
year-to-year changes in the risks of 
drought, flood, tropical cyclones and 
coral bleaching throughout the region. 
Consequently, ENSO has significant 
impacts on agriculture, ecosystems, 
water resources, emergency 
management and disease (Philander, 
1990, 2006; Power and Smith, 2007).

Figure 3.5: Monthly (a) SOI and (b) Niño3.4 values since 1950. Curves denote 12-month 
moving averages. (Source: SOI: http://www.bom.gov.au/climate/current/soihtm1.shtml; 
Niño3.4: ftp.cpc.ncep.noaa.gov/wd52dg/data/indices/sstoi.indices).

Figure 3.4: For sites in each Partner Country, differences between normal November to 
April rainfall and average rainfall during (red) Canonical El Niño events (years 1965, 1972, 
1977, 1982, 1997, 2006, 2009) and (blue) Modoki El Niño events (years 1986, 1990, 
1991, 1992, 1994, 2002, 2004).
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Numerous measures are used to 
monitor the status of ENSO. The 
Southern Oscillation Index (SOI) is an 
important example (Figure 3.5a). The 
SOI is calculated using the barometric 
pressure difference between Tahiti and 
Darwin, and is used as an indicator of 
the strength of the equatorial Walker 
Circulation and the Pacific trade winds 
(Power and Kociuba, 2010). A strong, 
persistently negative SOI is typical of 
El Niño conditions, while a strong and 
persistently positive SOI is indicative of 
La Niña.

Being a coupled ocean-atmosphere 
phenomenon, several measures of 
sea-surface temperature are used in 
conjunction with the SOI to monitor 
the oceanic component of ENSO. 
The Niño3.4 index (Figure 3.5b) 
measures the sea-surface temperature 
anomaly in the central and eastern 
Pacific between 170°W to 120°W 
and 5°S to 5°N (See Figure 3.3a). 
A strong, persistently positive Niño3.4 
index (i.e. a warm central Pacific 
sea-surface temperature) corresponds 
to an El Niño event. Niño3.4 and 
the SOI are almost mirror images 
of each other, demonstrating the 
strong coupling between ocean and 
atmospheric changes.

http://www.bom.gov.au/climate/current/soihtm1.shtml
ftp.cpc.ncep.noaa.gov/wd52dg/data/indices/sstoi.indices
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El Niño Modoki is measured by an 
El Niño Modoki Index (Ashok et al. 
2007). Like the Niño3.4 index, it is 
calculated from average sea-surface 
temperature anomalies, but over three 
boxes: A: 165ºE–140ºW, 10ºS–10ºN; 
B: 110ºW–70ºW, 15ºS–5ºN; and C: 
125º-145ºE, 10ºS–20ºN, so that this 
index is equal to A – 0.5*B – 0.5*C 
(See Figure 3.3b). Consequently, 
the index measures sea-surface 
temperature variations in the central 
equatorial Pacific Ocean against out-
of-phase variations in the far eastern 
and far western Pacific Ocean.

Since the late 1970s the Modoki form 
of El Niño has become more frequent 
than the traditional El Niño (Ashok 
et al., 2007; Lee and McPhaden, 
2010), with some scientists 
hypothesising that this might be related 
to anthropogenic global warming (Yeh 
et al., 2009). If so, this would suggest 
that this form of El Niño may become 
the dominant type in future.

In the past 100 years there have 
been interdecadal phases of strong 
and weak ENSO related to decadal 
variability from natural causes (Power 
et al. 2006; Collins et al. 2010). Along 
with the warming of the tropical Pacific 
in recent decades, there appears to 
have been a weakening of the Walker 
Circulation (Tanaka et al., 2004; 
Vecchi et al., 2006; Power and Smith, 
2007; Collins et al., 2010; Power and 
Kociuba, 2010, in press). Theoretical 
arguments (Held and Soden, 2006) 
and model experiments (Vecchi et al., 
2006) suggest that these changes are 
partly due to anthropogenic global 
warming. However, the changes 
can also be partially attributed to 
an increase in the frequency of El 
Niño events and a decrease in the 
frequency of La Niña events since 
1975 (Fedorov and Philander, 2000; 
Power and Kociuba, 2010). Therefore 
the observed weakening of the Walker 
Circulation appears to have been 
driven both by global warming and 
random changes in the frequency of 
ENSO events.

Power and Kocuiba (in press) 
examined the weakening of the 
Walker Circulation in response to 
internally generated natural variability 
and external climate forcing by 
examining simulations from global 
climate models with different natural 
and anthropogenic forcing. Internally 
generated natural variability is 
variability arising from instabilities 
in the atmosphere-ocean system 
such as ENSO and the Interdecadal 
Pacific Oscillation. External forcing 
is the term climate scientists use to 
cover forcing due to anthropogenic 
changes in greenhouse gases and 
aerosols, and forcing arising from 
natural changes in insolation (solar 
radiation) and volcanic activity. Most 
of the response to external forcing 
over the 20th century typically comes 
from the anthropogenic forcing. Power 
and Kociuba (in press) concluded 
that both internally generated natural 
variability and external forcing is 
needed to explain the observed 20th 
century weakening of the Walker 
Circulation, and that the magnitude of 
weakening caused by external forcing 
is similar to that of natural climate 
variability. This highlights the fact 
that trends in the region will typically 
have both an anthropogenic and a 
natural contribution.

3.4.2 Pacific Decadal 
Oscillation and 
Interdecadal Pacific 
Oscillation
Climate in and around the Pacific 
Ocean varies substantially on decadal 
time scales (Power et al., 1999a,b; 
Mann et al., 2000; Hasegawa and 
Hanawa, 2003; Kiem et al., 2003; 
Verdon et al., 2004; Power and 
Smith, 2007; Callaghan and Power, 
2010). Much of this variability has 
been linked to natural ENSO-like 
patterns of variability operating at 
decadal and interdecadal time scales 
called the Pacific Decadal Oscillation 
(PDO) (Figure 3.16; Mantua et al., 
1997) and the Interdecadal Pacific 
Oscillation (IPO, Power et al., 1999a). 

The interdecadal variability in IPO 
and PDO indices are very similar 
(Power et al., 1999b). In fact the PDO 
can be regarded as the North Pacific 
manifestation of the Pacific-wide 
IPO (Folland et al., 2002). Countries 
influenced by the IPO are the same as 
the countries influenced by ENSO.

ENSO-like patterns of decadal 
variability can, in theory, arise from 
random changes in ENSO activity 
from decade to decade (Power 
and Colman, 2006). For example, a 
decade dominated by El Niño (e.g. a 
decade with two El Niño events and 
no La Niña events) will tend to have an 
El Niño-like sea-surface temperature 
pattern, whereas a decade dominated 
by La Niña (e.g. a decade with 
three La Niña events and only one 
El Niño event) will tend to have a 
La Niña-like decadal sea-surface 
temperature pattern.

While random changes in ENSO 
activity from decade to decade help 
explain the observed IPO and the 
PDO, such random changes alone 
cannot fully explain the spatial patterns 
and spectral properties of the IPO or 
the PDO (Power and Colman, 2006; 
Newman et al., 2003). For example, 
the unsmoothed PDO index has a 
lower frequency character than indices 
used to track ENSO (Newman et al., 
2003), and the spatial pattern of the 
IPO has a broader meridional (north-
south) structure near the equator in 
the eastern Pacific than ENSO in both 
observations and models (cf. Figure 
3.3a and Figure 3.16, top; Power 
and Colman, 2006). The differences 
arise because the PDO and the IPO 
indices are influenced by slow oceanic 
processes (e.g. the storage of heat in 
the upper ocean and its evolution) and 
low-frequency oceanic Rossby waves 
(very large disturbances in ocean 
circulation that propagate across 
ocean basins).
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Changes in the phase of the IPO have 
been linked to significant changes in 
climate regimes across the Pacific. 
For example, the rapid transition from 
a negative to a positive IPO phase 
during the mid-1970s was associated 
with a shift to an El Niño dominated 
period (Figure 3.6). The IPO switched 
to a negative phase around the year 
2000, and the past decade has been 
dominated by La Niña.

The involvement of slow, natural 
oceanic processes can make some of 
the multi-year and decadal variability 
linked to the IPO and PDO more 
predictable than for ENSO (Power and 
Colman, 2006; McGregor et al., 2007, 
2008, 2010; Mochizuki et al., 2010). 
However, the extent to which this 
translates into predictability of surface 
variables such as rainfall is unclear, 
though likely small (Power et al., 2006). 
This is the subject of ongoing research 
(Collins et al., 2010).

3.4.3 Intertropical 
Convergence Zone
The mean state of the ITCZ is 
described in Chapter 2. Seasonal and 
interannual variability in the position 
and intensity of the ITCZ can have 
significant impacts on low latitude 
Pacific nations due to its meridional 
narrowness and large rainfall gradients. 
As the mean seasonal shift of the 
ITCZ is relatively small, at only around 
2° of latitude in the central Pacific, 
even small shifts in overall location 
can result in large impacts. As noted 
in Chapter 2, the PCCSP Partner 
Countries affected by the ITCZ are 
Palau, the Marshall Islands and the 
Federated States of Micronesia 
(see Table 2.4 and country reports in 
Volume 2 for further details).

Interannually, the ITCZ latitudinal 
location varies more in the 
December-February season than 
in June-August, with standard 
deviations of 1.5° and 0.6° of 
latitude respectively (Figure 3.7). 
Correlations with concurrent Niño3.4 
temperatures are extremely high 
during both seasons (-0.94 and -0.85 
respectively) indicating a strong link 
between ITCZ position and ENSO. 

Figure 3.7: Observed meridional (north-south) variation of average precipitation 
for (top panels) December-February and (bottom panels) June-August for all years 
1980--1999 (left panels) and for El Niño and La Niña years (right panels).
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Figure 3.6: Time series of the Interdecadal Pacific Oscillation. (Data source: UKMO; 
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3.4.4 Western Pacific 
Monsoon
The Western Pacific Monsoon is 
associated with a seasonal reversal 
of wind direction that brings heavy 
rainfall to the region north of Australia, 
extending from East Timor to the 
Solomon Islands. Variations in the 
timing, position, intensity, longevity 
and extent of the monsoon account 
for much of the rainfall variability in 
this region. As noted in Chapter 2, 
the PCCSP countries affected by the 
Western Pacific Monsoon are East 
Timor, Papua New Guinea and the 
Solomon Islands (see Table 2.4 and 
Volume 2 for further details).

The seasonal reversal of low-level 
winds is one measure of the regional 
extent of the monsoon (Wang, 2006). 
The extent of the westerly wind domain 
for each January during 1980–1999, 
as well the average extent for January 
during the same period, is shown in 
Figure 3.9. East Timor, Papua New 
Guinea and the Solomon Islands 
are within the monsoon region for all 
or most years. Vanuatu, Tuvalu and 
parts of Kiribati lie outside the average 
monsoon domain but nonetheless are 
affected by the monsoon during some 
years. In the Northern Hemisphere, 
Palau lies within the westerly domain 
during most years, while parts of the 
Federated States of Micronesia and 
Marshall Islands are only affected by 
the monsoon in some years.

Year-to-year variability in the extent 
of the monsoon-affected region is 
significant, especially on the eastern 
edge, where it varies by more than 
5000 km between maximum and 
minimum extent. The north-south 
variability of the westerly wind domain 
is much less pronounced (Figure 3.9).

The time series of the position of the 
eastern edge of the westerly wind 
domain for December-February shows 
no long-term trend in the eastern 
extension of the monsoon domain 
during 1980–1999 for any of the three 
months (Figure 3.10). However, there 
is significant variability in the eastern 
edge within a single season, with the 
eastern edge moving on average by 
~2500 km in every season. Between 
two different monsoon seasons, the 
variability in the position of the eastern 
edge of the monsoon domain is also 
large. The differences between the 
maximum and minimum extents are 
2000 km for December, 1800 km for 
January and 2200 km for February. 
ENSO causes some of this variability. 
In fact, the two most extreme 
maximum eastern extents of the 
monsoon domain occurred during the 
strong El Niño years of 1983/84 and 
1997/98 (Figure 3.10).

Over the 1979--1999 period the 
ITCZ, on average, was positioned 
around 3° closer to the equator during 
El Niño conditions than La Niña 
conditions; a difference larger than 
its mean seasonal variation. Rainfall 
amounts (again defined within the 
region 160°E–120°W, 0°–15°N) 
are also strongly correlated with 
Niño3.4 at around 0.74 in both the 
December-February and June-August 
seasons. A small downward trend 
in total rainfall is apparent over 
the 1979–1999 period for this 
region, and the trend is stronger in 
December-February than June-August.

The year-to-year variability in rainfall 
for December-February averaged 
over Southern Hemisphere box-1 
(Figure 2.10) and June-August 
averaged over the Northern Hemisphere 
box (Figure 2.10) shows a downward 
trend during the 1980–1999 period 
(~90 mm per decade) for the Northern 
Hemisphere monsoon area, but 
only a weak downward trend for 
the Southern Hemisphere section 
(Figure 3.8). A strong correlation 
exists between rainfall in these regions 
and ENSO (shown in Figure 3.8 as 
seasonal mean Oceanic Niño3.4 
Index, ONI), being -0.65 for the 
Northern Hemisphere box and -0.83 
for Southern Hemisphere box-1.
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Figure 3.10: The most easterly position of 
the eastern edge of the monsoon westerly 
wind domain in December (blue), January 
(green) and February (orange) between 
1980 and 1999. The December-February 
seasonal mean Oceanic Niño3.4 Index 
(ONI) is also shown (grey), with the major 
El Niños of 1983/84 and 1997/98 denoted 
by red arrows. 
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per day) averaged over Northern and 
Southern Hemisphere boxes (Northern 
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Figure 3.9: Interannual variability of the extent of the monsoon westerly wind domain during January. The extent for each individual 
January during 1980–1999 is shown in grey, with mean January extent during 1980–1999 shown in red. (Based on ERA-40 zonal winds 
at the 925 hPa level).
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3.4.6 Hadley Circulation
The Hadley Circulation is the dominant 
meridional circulation in the tropical 
atmosphere. Recent studies have 
suggested a poleward expansion 
of this circulation from the late 
1970s using multiple datasets and 
methodologies (Birner, 2010; Hu 
and Fu, 2007; Siedel and Randel, 
2007; Seidel et al., 2008). Many 
of these studies suggest that the 
observed expansion is larger in 
the Southern Hemisphere than the 
Northern Hemisphere. Lu et al. (2009) 
hypothesise that the expansion is a 
consequence of the radiative forcing 
associated with increased levels of 
greenhouse gases in the atmosphere 
and stratospheric ozone depletion. 
Changes to the intensity of the Hadley 
Circulation have been suggested 
(Mitas and Clement, 2005), although 
the magnitude of any such changes is 
unclear (Mitas and Clement, 2006).

As a whole, global climate models 
indicate a general meridional 
expansion and weakening of the 
Hadley Circulation in response to 
increased greenhouse gas forcing. 
This is hypothesised to be a result of 
increasing tropical static stability, which 
slows and weakens the overturning 
circulation. However, Johanson and Fu 
(2009) noted that the observed tropical 
expansion has proceeded more 
quickly than predicted by the models. 
They attribute this result to the role of 
stratospheric ozone depletion in driving 
the observed trends. The impacts of 
the expansion of the Hadley Circulation 
on Partner Countries remains poorly 
understood, but may turn out to 
be a significant consequence of 
global warming.
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Figure 3.11: Index of the position of the South Pacific Convergence Zone during 
November-April (1891–2007). (Relative to the base period 1933–1992). Data courtesy 
of Jim Salinger.

3.4.5 South Pacific 
Convergence Zone
The mean features of the SPCZ are 
described in Chapter 2. Fluctuations in 
the position of the SPCZ are a major 
cause of seasonal changes in rainfall, 
winds and tropical cyclone risk in 
many South Pacific Partner Countries. 
As noted in Chapter 2, the PCCSP 
countries affected by the SPCZ are 
the Cook Islands, Fiji, Kiribati, Nauru, 
Niue, Samoa, Solomon Islands, 
Tonga, Tuvalu and Vanuatu (Table 2.4 
and Volume 2). The SPCZ Position 
Index is a measure of SPCZ location 
and is calculated as the normalised 
November-April difference at 9 am 
(local time) in mean sea-level pressure 
between Suva and Apia. It defines 
the latitude of the SPCZ between 
longitudes 180°W and 170°W (Folland 
et al., 2002).

The location of the SPCZ is closely 
linked with the phase of ENSO and the 
IPO/PDO (Folland et al., 2002). From 
the mid-1940s to the late 1970s, the 
SPCZ Position Index was more often 
negative than positive (Figure 3.11), 
indicating a tendency for the SPCZ 
to lie to the south-west of its mean 
position. Around 1980, the SPCZ 
Position Index underwent a rapid shift 
to more positive values, indicating 
a northward shift of the diagonal 
portion of the SPCZ, and a stronger 
sub-tropical high pressure belt (Griffiths 
et al., 2003). Since the late 1980s, the 
position of the SPCZ has oscillated 
around its long-term mean position.
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3.4.7 Southern 
Annular Mode
In the Southern Hemisphere 
extra-tropics the atmospheric 
circulation is dominated by strong 
mid-latitude westerly winds. There are 
important variations in the strength and 
the position of these winds: they tend 
to oscillate between being stronger 
and more poleward, or weaker and 
more equatorward. This characteristic 
pattern of variability in the westerlies 
is known as the Southern Annular 
Mode (SAM; Thompson and Wallace, 
2000). While this feature primarily 
affects higher latitude land masses 
(Gillet et al., 2006; Hendon et al., 
2007) and oceans (Sen Gupta and 
England, 2006), it may directly impact 
southern parts of the PCCSP region 
(south of about 20ºS) via changes in 
the atmospheric circulation. The SAM 
may also indirectly affect the wave 
climate of the region by modifying the 
large swell waves generated by storm 
activity in the Southern Ocean that can 
travel into the tropical Pacific and affect 
wave height (Hemer et al., 2008).

The SAM can be represented by 
an index based on the difference in 
pressure between 40ºS and 65ºS 
(Marshall, 2003). A positive SAM is 
associated with both a strengthening 
and poleward shift of the westerlies, 
and an intensification of storm activity. 
As a result, the sub-tropical high 
pressure systems that migrate from 
west to east at around latitude 30º 
(Section 2.3.1) move away from the 
equator as well, affecting local weather 
conditions. The reverse occurs during 
the negative phase of the SAM: the 
band of westerly winds are weaker 
and situated closer to the equator, with 
weaker storm activity and cold fronts 
located closer to the sub-tropics. The 
SAM may therefore affect the climate 
of all PCCSP countries in the South 
Pacific sub-tropics.

Since the mid-1960s the SAM has 
undergone a robust change towards 
its more positive phase (Thompson 
and Wallace, 2000; Marshall, 2003). 
Observational and modelling studies 
have demonstrated that these trends 
are consistent with a combination of 
recent stratospheric ozone depletion 
and enhanced greenhouse gas 
forcing (Fyfe et al., 1999; Thompson 
and Solomon, 2002; Gillett and 
Thompson, 2003; Cai and Cowan, 
2007). The increase in storm intensity 
associated with the positive phase 
of the SAM could be expected to 
increase swell magnitudes in southern 
parts of the South Pacific (Hemer et 
al., 2008), but the southward shift in 
the location of the storm tracks may 
act to counteract the effect of this 
increased intensity.

Long-term changes in the SAM can 
also drive changes in the sub-tropical 
ocean circulation. Observational 
evidence suggests an increase in 
the strength of the South Pacific 
sub-tropical gyre since 1993, and an 
associated warming of the Tasman 
Sea (Roemmich et al., 2007).

3.4.8 Indian Ocean 
Dipole
The Indian Ocean Dipole (IOD) is 
a pattern of interannual variability 
in the tropical Indian Ocean basin 
that involves ocean-atmosphere 
interactions in the east-west direction 
(Saji et al., 1999; Webster et al., 1999; 
Yu and Rienecker 1999). A positive 
IOD event refers to a pattern of sea-
surface temperature variability in which 
ocean-surface conditions are cool 
relative to the long-term average in the 
east equatorial Indian Ocean and warm 
in the west. A negative IOD event has 
the opposite pattern. Similar to ENSO, 
the IOD is associated with a positive 

feedback process involving winds 
that result in a shallower thermocline, 
influencing zonal sea-surface 
temperature gradients, which in turn 
reinforce the winds. An IOD event 
usually starts to develop in June and 
peaks in September-November.

The IOD influences climate both locally 
and in remote regions. For example, 
a positive IOD event is associated 
with droughts in East Asia (Guan and 
Yamagata, 2003), south-east Australia 
(Cai et al., 2005; Meyers et al., 2007; 
Cai et al., 2009a), Indonesia and East 
Timor (D’Arrigo and Smerdon, 2008), 
and flooding in parts of India and 
East Africa (short rains; Black et al., 
2003). It also affects the Indian and 
Australian monsoons (Ashok et al., 
2001). However, the IOD is a much 
weaker source of climate variability 
for the Pacific region than ENSO 
and its independence from ENSO 
remains a subject of scientific debate 
(Dommenget, 2010). Its influence 
on PCCSP Partner Countries other 
than East Timor is uncertain. Some 
evidence suggests a trend towards an 
increasing frequency of positive IOD 
events and decreasing frequency of 
negative IOD events (Cai et al., 2009b).
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3.5.1 Temperature
Previous studies of temperature trends 
in the Pacific used data recorded by 
the respective national meteorological 
services to show that temperatures 
generally increased throughout the 
Pacific Islands during the 20th century 
(Salinger, 1995; Folland et al., 2003). 
However, these trends have not 
been spatially uniform. Changes in 
temperature extremes have tended to 
follow those of mean temperatures, 
with most stations showing an 
increase in the occurrence of hot days 
and warm nights, and a decline in 
the number of milder days and cooler 
nights over the last four decades of 
the 20th century (Manton et al., 2001; 
Griffths et al., 2005).

Long-term temperature trends in the 
Pacific have been updated here by 
the PCCSP through collaboration with 
the national meteorological services in 
Partner Countries. These temperature 
records have undergone homogeneity 
assessment and adjustment (Wang, 
2009) where appropriate to produce 
reliable analyses of temperature trends. 
Unfortunately only limited data could 
be sourced for East Timor and Nauru, 
preventing the calculation of trends for 
these Partner Countries.

The updated PCCSP region 
temperature records show clear and 
consistent warming over the past 
50 years (Figure 3.12), with most 
stations recording trends around 
+0.08–0.20°C per decade over this 
time. The strongest warming is found 
in Papua New Guinea and French 
Polynesia. Trends in maximum and 
minimum temperatures are generally 
similar to those of mean temperature 
at most stations, apart from in Fiji, 
Tonga and Niue where there is a 
tendency for greater warming in the 
daytime. The amount of warming in 
the wet and dry seasons is also similar 
at most stations. The magnitude 
of background warming in PCCSP 
region temperature records over the 
past half-century is consistent with 
that expected from human-induced 
global warming.

3.5.2 Rainfall
Much of the variability in Pacific Island 
rainfall records is closely linked to 
ENSO and the IPO (Salinger et al., 
2001), and directly attributable to 
shifts in the SPCZ or ITCZ (McCarthy 
et al., 2001; Folland et al., 2002). The 
effects of SPCZ movement on mean 
rainfall regimes in much of the South 
Pacific have been large in the past 
century. Increases of mean annual 
rainfall of 30% or more occurred 
north-east of the SPCZ between the 
most recent positive phase of the 
IPO (1978–1998), and the previous 
negative phase (1946–1977; Salinger 
et al., 2001). Decreases in mean 
annual rainfall to the south-west of the 
SPCZ were smaller, but both changes 
were consistent with a movement in 
the mean location of the SPCZ to the 
north-east.

Previous studies of rainfall trends 
show that over the 1961–2000 period, 
locations to the north-east of the SPCZ 
became wetter, with the largest trends 
occurring in the eastern Pacific Ocean 
(east of 160°W), while locations to the 
south-west of the SPCZ became drier 
(Griffiths et al., 2003). Trends in the 
frequency of rain days were generally 
similar to those of total annual rainfall, 

with more (less) rain days typically 
associated with more (less) total 
rainfall (Manton et al., 2001; Griffiths 
et al., 2003). Overall, rainfall changes 
determined by previous studies are 
consistent with the SPCZ having 
moved north-east over the 1960–2000 
period (Figure 3.11).

Changes in extreme rainfall in the 
Pacific have been analysed by defining 
indices to measure extreme frequency, 
intensity, proportion of total rain and 
dry spell length (Manton et al., 2001; 
Griffiths et al., 2003). Trends in these 
indices have tended to mirror those 
of total rainfall. Changes in extreme 
rainfall during the last four decades 
of the 20th century are thus also 
consistent with the SPCZ having 
moved north-east.

Due to the paucity of rainfall station 
data in the Pacific, many of the global 
gridded precipitation datasets show 
large voids in the region. Consequently, 
rainfall trends are best analysed using 
station data. Rainfall series from land 
based stations have been updated 
and adjusted for homogeneity where 
appropriate, in collaboration with 
national meteorological services 
and other agencies in Pacific Island 
countries and East Timor.

3.5 Variability and Change in the Atmosphere
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Figure 3.12: Sign and magnitude of trends in annual mean temperatures at Pacific Island 
meteorological stations for 1960–2009. Australian stations included for comparison. 
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The updated rainfall series clearly 
show the large interannual variability 
experienced in the tropical Pacific. 
This variability is large compared with 
the magnitude of long-term rainfall 
trends, making them less spatially 
coherent than those for temperature. 
Trends in total annual rainfall for the 
longest available rainfall records, 
indicate a general increase in rainfall 
totals north-east of the SPCZ over 
the past 50 years (Figure 3.13a), with 
mainly declines to the south-west 
of the SPCZ, and north of the ITCZ 
just west of the International Date 
Line. This pattern of change is 
generally reflected in both wet and 
dry seasons. However, the pattern of 
trends has changed markedly in the 
south-west Pacific over the past two 
decades (Figure 3.13b), consistent 
with a shift of the SPCZ back to its 
climatological position since 1990 
(Figure 3.11).

Unlike changes in temperature, 
which are dominated by background 
global warming, the lack of a 
sustained trend in rainfall suggests 
that Pacific rainfall patterns continue 
to be strongly influenced by natural 
climate variability.

Figure 3.14: Locations where tropical cyclones formed over the South Pacific Ocean in 
neutral (grey), El Niño (red) and La Niña (blue) years during 1969–2006. Genesis location 
is defined as the point where tropical cyclone central pressure is estimated to have 
dropped to 1000 hPa or lower (Source: Kuleshov et al., 2009).
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Figure 3.13: Trends in annual total rainfall at Pacific meteorological stations for 
(a) 1960--2010 and (b) 1990–2010. Note different scales on plots. Refer to Volume 2 of 
this report for individual station time series.

3.5.3 Tropical Cyclones
ENSO plays a role in modifying 
tropical cyclone risk throughout the 
tropical Pacific. When the western 
equatorial Pacific warms relative to 
the eastern equatorial Pacific during 
the La Niña phase, cyclones occur 
with greater frequency in the western 
Pacific, close to Australia (Figure 3.14). 
Conversely, during the El Niño phase, 
when the western equatorial Pacific 
is anomalously cool, the region of 
greatest cyclone occurrence is found 
further east.

The analysis of trends in the historical 
tropical cyclone record has been 
difficult. Some studies (Webster et 
al., 2005) describe trends towards 
more intense tropical cyclones in 
parts of the world, e.g. the North 
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Atlantic Ocean and the north-west 
Pacific region, while other studies 
(Chan, 2006; Landsea et al., 2006; 
Curry et al., 2006) dispute these 
findings on the basis that changes in 
observation technology and analysis 
techniques over time have created 
spurious trends in the observational 
record. Using three different tropical 
cyclone archives, Song et al. (2010) 
found contrary trends in the proportion 
of intense tropical cyclones in the 
western North Pacific over the 
past few decades. They concluded 
that different algorithms used in 
determining tropical cyclone intensity 
in each of the archives may account 
for these discrepancies.

A rigorous analysis of the South Pacific 
tropical cyclone archive indicates no 
significant trends in the total number 
of tropical cyclones over 1981–2007, 
nor in the overall number of intense 
tropical cyclones in the South Pacific 
Ocean (Figure 3.15; Kuleshov et al., 
2010). However, this is a very short 
period over which to examine trends in 

extreme events. As complete records 
of estimated tropical cyclone intensity 
are only available from 1981, studies 
of tropical cyclone numbers are limited 
to this time. It is important to note that 
the absence of overall trends for the 
South Pacific does not discount the 
possibility of local trends. However, 
as shown in the country summaries 
in Volume 2 of this publication, 
tropical cyclone numbers show large 
interannual variability at the local 
level, making it virtually impossible to 
identify long-term trends at local and 
national scales.

Australian landfalling tropical cyclones, 
highlighting the need for caution in 
making inferences about trends based 
on short time spans, such as the 
satellite era (from the 1970s). While the 
number of landfalls fell over the period 
1872–2010, the declining trend is only 
significant at the 90% level. Callaghan 
and Power (2010) also concluded 
that prudent planning should reflect 
the possibility of a rapid return to the 
much higher landfall rates seen earlier 
in the record.

3.5.4 Other Variables
Studies of changes in atmospheric 
variables other than temperature, 
rainfall and tropical cyclones are rare 
for the Pacific region, reflecting a lack 
of available data. One study showed 
that trends in sunshine hours and 9 am 
cloud amount in the Pacific region 
over the 1951–1990 period were 
weak and mixed throughout the region 
(Salinger et al., 2001).

20

10

0<
 9

55
 h

P
a

10

5

0<
 9

70
 h

P
a

TC
 N

um
b

er
s

10

5

0<
 9

50
 h

P
a

1981 1986 1991 1996 2001 2006
Year

Figure 3.15: Number of tropical cyclones 
per year over the South Pacific Ocean for 
the 1981–2007 period. Series represent 
numbers of tropical cyclones with 
minimum central pressure of 995 hPa 
or lower (top), 970 hPa or lower (middle) 
and 950 hPa or lower (bottom). (Source: 
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An analysis of published case studies, 
seasonal summaries, newspaper 
archives and historical society records 
dating back to the late 19th century 
(Callaghan and Power, 2010) indicates 
that the frequency of severe tropical 
cyclones making landfall over north-
eastern Australia varies substantially 
on interannual, decadal and longer 
time scales. The sign and magnitude 
of trends calculated over 30-year 
periods varies greatly for these 
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The ocean dominates the PCCSP 
region. Changes to ocean 
characteristics affect marine biological 
systems and, in turn, the vital regional 
fisheries. In addition, interactions 
between the ocean and atmosphere 
mean that changes in the atmosphere, 
and on the islands, are strongly 
influenced by the state of the ocean. 
For example, ENSO owes its existence 
to oscillations in the location of warm 
water in the western Pacific Ocean 
and the resulting feedback this causes 
in the atmosphere. On longer time 
scales, the predominance of ocean 
in the region means that the regional 
mean temperature has risen more 
slowly than the global mean over 
recent decades.

3.6.1 Sea-Surface 
Temperature and 
Salinity
At tropical latitudes, year-to-year 
variability is often larger than seasonal 
changes. The predominant pattern 
of interannual change in the ocean is 
associated with ENSO (Section 3.4.1). 
On longer time scales, the PDO/IPO 
(Section 3.4.2) are associated with 
important modulations in large-scale 
ocean temperature and circulation. 
As already discussed, the pattern of 
sea-surface temperature changes 
associated with the PDO (Figure 
3.16, top) are similar to those during 
ENSO, although the pattern extends 
further away from the equator, and 
the oscillation between positive and 
negative phases can take decades, 
rather than a few seasons (Figure 3.16, 
bottom). The existence of natural 
variability with such long time scales 
complicates the attribution of trends 
in ocean temperatures by making it 
difficult to determine what is related to 
global warming and what is simply part 
of natural variability.

3.6 Variability and Change in the Ocean
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Figure 3.16: (Top) Pattern of sea-surface temperature associated with a positive, warm 
phase (+1 standard deviation) Pacific Decadal Oscillation (PDO) event. (Bottom) Time 
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1979–2008 and 1965–1985 superimposed (Data source: HadISST).

There are a number of different 
sea-surface temperature datasets 
that, while based on essentially the 
same set of observations, use different 
interpolation methods to account 
for missing data. Based on two of 
these datasets the 50-year trends 
reveal broad-scale warming in most 
areas (Figure 3.17). However, as a 
consequence of data scarcity across 
parts of the tropical Pacific region, 
there is disagreement in the sign of the 
trends in some locations. This is further 
discussed in Deser et al. (2010). 
Cravatte et al. (2009) found that most 
datasets show a consistent long-term 
warming in the western Pacific, up to 
0.75°C over 1959–2008, while there 
is less consistency in the central and 
eastern equatorial Pacific.

A further difficulty with trend calculation 
is related to the ‘noise’ associated 
with natural variability on interdecadal 
and longer time scales. The pattern of 
change varies considerably, depending 
on the time period over which the 
trend is computed. For example, over 

the 1979–2008 period, sea-surface 
temperatures show broad cooling 
in the eastern equatorial Pacific and 
warming in the west, while over 
1965–1985 this pattern is essentially 
reversed (irrespective of the dataset 
used). While warming in the mean 
Pacific surface temperature has been 
partially attributed to human-induced 
global warming (Stott et al., 2010), 
part of the slowly varying changes 
evident can also be attributed to 
natural variability, e.g. IPO/PDO (see 
trend lines on Figure 3.16, bottom). 
Large swings in the IPO/PDO indices 
are often termed regime shifts in 
the climate dynamics (Mantua and 
Hare, 2002) and are associated with 
major biological and climate shifts. 
The extent to which these shifts 
are actually predictable on decadal 
time scales is the subject of ongoing 
research (Newman, 2003; Power et 
al., 2006; Power and Colman, 2006; 
Collins et al., 2010) and will be a major 
focus for the next IPCC Assessment 
Report (Taylor et al., 2009).
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Salinity measurements in the equatorial 
Pacific Ocean are much sparser 
than temperature measurements, 
making the identification of trends 
even more difficult. Nevertheless, a 
significant freshening seems to have 
occurred over the western tropical 
Pacific, extending eastward under the 
low salinity ITCZ and SPCZ regions 
(Figure 3.18; Durack and Wijffels, 
2010). Conversely, regions to the east 
have generally become saltier. These 
observations suggest that there has 
been an increase in rainfall relative to 
evaporation in the western tropical 
Pacific and an increase in evaporation 
relative to rainfall in the east, i.e. an 
intensification of the hydrological cycle 
across the equatorial Pacific over 
recent decades.

As the west equatorial Pacific Warm 
Pool has warmed and freshened 
during recent decades, the extent 
of the Warm Pool has grown 
considerably. For example, the area 
of water with temperatures exceeding 
29.5°C has increased by 400–600% 
(Cravatte et al., 2009).

3.6.2 Sub-Surface 
Temperature and 
Salinity
To examine changes in temperatures 
below the ocean surface, a new 
observational dataset based on over 
2.6 million historical temperature 
profiles has been developed. 
The analysis explicitly accounts 
for the effects of global and 

regional natural climate fluctuations 
(including ENSO, PDO, SAM and 
the North Atlantic Oscillation) and 
climate drivers (including increased 
greenhouse gases, stratospheric 
volcanic aerosols and total solar 
irradiance). A new salinity dataset 
has also been developed using over 
1.6 million profiles of salinity, potential 
temperature and neutral density from 
historical archives and the international 
Argo project (Durack and Wijffels, 
2010). The dataset extends from 
1950–2008, which minimises bias 
in the trend calculation associated 
with ENSO.

A distinctive pattern of intensified 
surface warming and sub-surface 
cooling centred near a depth of 
200 m is evident for the 1950–2008 
period (Figure 3.19). The sub-surface 
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cooling is probably a result of 
changes in the overlying wind field 
that causes the thermocline to be 
shallower (Han et al., 2006). A similar 
pattern of change, albeit with weaker 
magnitude, is evident in many of the 
climate model simulations of historical 
change (Chapter 4). As this change 
in the climate model simulations is 
due to increased concentrations 
of atmospheric greenhouse gases 
(and not natural climate variability) it 
suggests that the observed pattern is 
a result of human-induced changes, 
rather than natural variability.

The linear trend in sub-surface ocean 
temperature is larger than anything that 
can be explained by solar and volcanic 
activity, or by the natural fluctuations 
associated with the North Atlantic 
Oscillation, SAM and PDO. Only ENSO 
could potentially result in signals of this 
magnitude, but this is only true within 
the tropics. The temperature trend 
is statistically significant over most 
of the Pacific Ocean, however, and 
so cannot be fully explained without 
human-induced warming.

intensifying ocean stratification and 
suppressing vertical mixing, making it 
harder to bring sub-surface nutrients 
into the upper ocean (where they are 
used in primary production).

3.6.3 Sea Level, Waves 
and Surges

3.6.3.1 Past Sea-Level 
Change

Information on how sea level has 
changed through Earth’s history 
provides valuable insight as to what 
sea levels might be possible in the 
future and what rates of change are 
feasible. The last time the Earth was 
essentially free of major ice sheets was 
about 35 million years ago. At that 
time the atmospheric carbon dioxide 
concentration was 1250 ± 250 ppm, 
the Earth was warmer as a result of 
larger atmospheric greenhouse gas 
concentration and sea level was about 
70 m above present-day values (Alley 
et al., 2005). As greenhouse gas 
concentrations fell after this period, the 
Earth cooled and the major ice sheets 
formed, first in the Antarctic and then 
later in the Northern Hemisphere. 
Over the glacial cycles of the past 
500 000 years, sea level has vacillated 
by more than 100 m as the great ice 
sheets, particularly those of northern 
Europe and North America, waxed and 
waned (Rohling et al., 2009). 

During the last interglacial period 
(about 125 000 years ago) 
temperatures were about 3°C warmer 
than today due to a natural variation 
in the Earth’s orbital parameters. 
These temperatures are similar to 
what could be expected late in the 
21st century if greenhouse gas 
emissions continue to rise at the 
rate of the past decade. Analysis 
of geological records indicates a 
95% probability that global sea 
level peaked at least 6.6 m higher 
than today but was unlikely (33% 
probability) to have exceeded 9.4 m 
(Kopp et al., 2009). About the time 
when global sea level was close to its 
current level or higher, the millennial 
average rate of global sea-level rise 
is very likely to have exceeded 5.6 m 
per millennium but is unlikely to have 
exceeded 9.2 m per millennium 
(Kopp et al., 2009). A record in the 
Red Sea indicates higher rates of 
1.6 ± 0.8 m per century (Rohling et 
al., 2008). Higher rates of rise may 
have occurred over shorter periods 
but it is not yet possible to definitively 
quantify these from the available data. 
It may take some time for the ice 
sheet contributions to sea-level rise 
to accelerate to these rates but the 
palaeo-data highlight the long-term 
vulnerability of ice sheets to sustained 
global warming.
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Large, significant and spatially 
coherent multi-decadal trends in 
salinity, down to a depth of 2000 m, 
are also evident in the Pacific. 
Much of the sub-surface change is 
consistent with an upward movement 
of the thermocline. Intensified surface 
warming and freshening both act to 
reduce upper ocean density, thus 
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From the last interglacial period to the 
last glacial maximum about 20 000 
years ago, sea level fell by over 
120 m as major ice sheets formed 
over northern America, Europe and 
Asia, and the Antarctic ice sheet 
grew (Lambeck and Chappell, 2001). 
From about 20 000 years ago until 
about 7 000 years ago, sea level rose 
rapidly at average rates of about 1 m 
per century for many millennia. Recent 
estimates (Stanford et al., 2011) 
suggest the highest rates during this 
period were probably less than 2.6 m 
per century (99% confidence limits), 
although Clark et al. (2002) have 
estimated rates of as large as 4 m per 
century. However, these conditions are 
probably not analogous to the 21st 
century sea-level change because 
of the much larger and lower latitude 
ice sheets present at that time. From 
about 7000 years ago, sea level rose 
much more slowly. Over the last two 
millennia up until the 19th century, 
the little available evidence indicates 
the rate of global sea-level rise was 
less than a few tenths of a millimetre 
per year (Lambeck et al., 2004; 
Kemp et al., 2009). 

From the 19th century to the present, 
the few available long-term tide gauge 
records (Woodworth, 1990), evidence 
from salt marshes (Kemp et al., 2009; 
Donelly et al., 2004; Gerhels et al., 
2005, 2006, 2008), and the available 
global sea-level estimates (Church and 
White, 2006, in press; Jevrejeva et al., 

2006, 2008; Woodworth et al., 2009, 
2011) all indicate an increase in the 
rate of rise.

3.6.3.2 Current Sea Level 
Variability and Change

ENSO has a major influence on sea 
levels across the Pacific, as illustrated 
in Figure 3.20. During La Niña events, 
strengthened trade winds push more 
water toward the west resulting in 
a higher than normal sea surface 
in the western tropical Pacific, and 
lower than normal levels in the east. 
Conversely, during El Niño events, 
weakened trade winds are unable to 
maintain the normal gradient of sea 
level across the tropical Pacific, leading 
to a drop in sea level in the west and a 
rise in the east.

The influence of ENSO can be 
seen at individual island locations 
in the PCCSP region. The in situ 
and satellite observations of sea 
level indicate interannual variations 
of over 200 mm. These observed 
sea levels have been plotted along 
with reconstructed sea levels over 
the period from 1950 to 2009 in 
Figure 3.21. (Reconstructed sea level 
uses advanced statistical techniques 
to combine contemporary tide gauge 
and satellite sea-level measurements 
to estimate pre-satellite sea level from 
tide gauge measurements alone. 
Section 2.2; Church et al. 2004, 2006). 
In this equatorial region, the in situ 
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Figure 3.20: Sea-surface height variations relative to the long-term average (mm) across the Pacific during the December 1997 El Niño 
and January 1999 La Niña events. These are monthly averages from the satellite altimeter observations from 1993 to the present.

and satellite observations of sea level 
agree well with each other and the 
reconstructed sea levels. 

As well as the influence of ENSO and 
other natural variability, sea level is also 
rising globally (Figure 3.22) and in the 
PCCSP region. The satellite altimeter 
record from 1993 to the present 
indicates that global averaged sea 
level has been rising at 3.2 ± 0.4 mm 
per year (Cazenave and Llovel, 2010; 
Church and White, in press). While in 
situ sea-level measurements do not 
have the same spatial coverage as 
the altimeter data, they can be used 
to make estimates of global averaged 
and regional sea-level variability and 
rise (Church and White, 2006, in press; 
Jevrejeva et al., 2006, 2008; Church 
et al. 2004, 2006). These estimates 
confirm the satellite altimeter record 
and indicate that global averaged 
sea level has been rising at about 
1.7 ± 0.2 mm per year since 1900 
(Church and White, in press). Together 
with other data, they also indicate the 
rate of rise has increased from the 
19th to the 20th century (Bindoff et 
al., 2007) and during the 20th century 
(Church and White, 2006, in press; 
Jevrejeva et al., 2006). 

Woodworth et al. (2009) considered 
the estimates of global averaged 
sea level and also the distribution of 
individual records around the globe. 
The two most prominent features 
were an increase in the rate of rise 
around the 1930s, and a decrease 
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Figure 3.21: Time series of monthly tide gauge data (blue) from the South Pacific Sea Level and Climate Monitoring Project (where 
available), satellite-altimeter data (green, from 1993) and reconstructed (red) sea levels using both sources of data, for PCCSP Partner 
Countries (based on methods in Church et al., 2006).
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in the 1960s, which Houston and 
Dean (2011) considered in a subset 
of the global data. Major volcanic 
eruptions result in additional aerosol 
loading in the stratosphere and as 
a result some of the incoming solar 
radiation is reflected back to space 
leading to a short-term (a few years 
for the atmosphere) cooling of the 
Earth. The oceans also cool but have 
a substantially longer recovery time. 
The net effect is that the rate of rise 

since the 1960s would most likely 
have been larger if it were not for the 
impact of major volcanic eruptions 
in 1963, 1982 and 1991 (Church et 
al., 2005; Gregory et al., 2006). Also, 
the additional storage of water in 
dams (Chao et al., 2008) has slowed 
the rate of sea-level rise, although 
this has been partly offset by the 
depletion of ground water. It is not 
yet known whether the faster rate of 
increase since 1993 is due to decadal 

variability or a further acceleration in 
the long-term trend. Models indicate 
the recovery of the ocean from the 
eruption of Mount Pinatubo in 1991 
would increase the rate of sea-level 
rise by about 0.6 mm per year. 
There is increasing evidence that the 
contribution to sea level due to mass 
loss from Greenland and Antarctica 
has increased over the past two 
decades (Velicogna, 2009; Rignot 
et al., 2011). 
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Figure 3.22: Annual global averaged sea level from 1880 to 2009 estimated from 
coastal and island sea-level data (blue) and from the satellite-altimeter data since 1993 
(red). The one standard deviation uncertainty estimates plotted about the low passed 
(smoothed) sea level are indicated by the shading. The sea level estimated from the 
coastal and island data has an arbitrary datum and for convenience is set to zero in 
1990. The altimeter data is set to the same value as the in situ data at the start of the 
satellite record in 1993 (following Church and White, in press).

Over the short period from 1993 to 
2009, both the altimeter and in situ 
data indicate a higher than global 
average rate of rise in the western 
Pacific and eastern Indian Oceans, 
up to about three times the global 
average (Figure 3.23). However, 
because of the strong influence of 
ENSO and decadal variability on sea 
level in the region, this higher rate of 
rise is not necessarily representative 
of a longer time span. Merrifield 
(2011) argues that the high rates of 
sea-level rise in the western Pacific 
are a result of an intensification of 
the easterly trade winds across 
the tropical Pacific Ocean. For a 
longer time span, Church et al. 
(2006) examined the tide gauge 
records in the region and found 
the rate of relative sea-level rise 
(ocean relative to the land) was in 
the range -0.6 ± 0.5 mm per year to 
6.7 ± 0.8 mm per year over varying 
time spans. Some of these records 
are likely to be affected by poorly 
known vertical land motions and 
poorly determined decadal variability.
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Figure 3.23: The regional distribution of sea-level rise measured by satellite altimeters from January 1993 through December 2009.
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Trends in extreme sea level were 
analysed by Woodworth and 
Blackman (2004) at 141 tide gauges 
across the globe since 1975, including 
around 20 gauges in the tropical 
Pacific. By modifying the background 
state, rising sea levels and ENSO have 
a strong influence on the occurrence 
of extreme sea levels. Woodworth 
and Blackman (2004) showed that 
extreme sea levels are positively 
correlated with the SOI at tide gauges 
in the western tropical Pacific west 
of 180°, while gauges on the equator 
to the east of this are negatively 
correlated with the SOI. Menendez 
and Woodworth (2010) used sea-level 
records from 258 tide gauges across 
the globe, including over two dozen 
in the tropical Pacific, and found 
similar results. Hence, extreme high 
sea levels are more probable in the 
western Pacific (approximately to the 
west of 180°) during La Niña events, 
while to the east of 180° they are more 
probable during El Niño events. These 
relationships have been investigated 
in detail for the US-affiliated states 
(Guam, Palau, the Northern Mariana 
Islands, the Marshall Islands, the 
Federated States of Micronesia, and 
American Samoa) by Chowdhury et al. 
(2007, 2010) who noted that prediction 
of ENSO events can be used in 
early warning systems for sea-level 
extremes in the region.

For the highest 1% of sea levels, 
there are positive trends over decadal 
periods in most tide gauge records 
analysed (Woodworth and Blackman, 
2004). These trends are similar to 
trends in mean sea level, leading to the 
conclusion that changes in mean sea 
level, and not changes in storminess, 
are driving current trends in extreme 
sea levels. Using two metrics for 
extreme sea levels, the 99th percentile 
sea level and the 50-year return 
period, Menendez and Woodworth 
(2010) also found that there has 
been an increasing trend in extreme 
sea levels globally, including in the 
PCCSP region, which has been more 
pronounced since the 1970s, and this 
trend is consistent with trends in mean 
sea level.

3.6.4 Ocean Circulation
A number of multi-decadal changes in 
ocean circulation have been observed 
in the Pacific region. As discussed 
in Section 3.4.6, there has been a 
poleward movement and acceleration 
of the sub-tropical westerlies over 
recent decades, associated with a 
more positive Southern Annular Mode. 
Dynamical arguments suggest that 
these wind changes should result in an 
increase in the strength of the South 
Pacific oceanic sub-tropical gyre. Such 
changes have indeed been identified 
in recent decades, via both in situ 
observations of ocean currents and 

satellite altimetry, which can be used 
to infer large-scale circulation patterns 
(Roemmich et al., 2007). However, the 
observational record is short, making 
trends sensitive to natural variability. 
These changes have also been found 
in 20th century simulations from most 
climate models that include interactive 
atmosphere and ocean components 
(Cai et al., 2005; Saenko et al., 2005).

As noted earlier, there appears 
to have been a weakening of the 
Walker Circulation and associated 
equatorial trade winds since 1975 
(Vecchi et al., 2006; Zhang and 
Song, 2006; Power and Smith, 2007; 
Power and Kocuiba, 2010, in press), 
which might be expected to have 
had some influence on equatorial 
currents. Time series of currents are 
available from the array of instruments 
moored in discrete locations along 
the equatorial Pacific Tropical 
Atmosphere Ocean moorings (Hayes 
et al., 1991). These data confirm that 
large year-to-year variations in the 
strength of the sub-surface Equatorial 
Undercurrent (Figure. 2.13) is closely 
linked with changes in the overlying 
trade winds (Izumo, 2005). However, 
a discernable long-term trend is yet to 
be detected. At 110°W there is a small 
but statistically significant decrease 
in the strength of the surface South 
Equatorial Current but no significant 
trend is seen further west at 140°W.
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3.6.5 Ocean 
Acidification
The ocean is a major sink for 
anthropogenic carbon dioxide (CO2) 
and takes up about one quarter of 
the annual CO2 emissions that result 
from human activities (Sabine et al., 
2004; Le Quere et al., 2009). The CO2 
taken up by the ocean reacts in 
water and causes a decrease in the 
pH of the seawater that is referred 
to as ocean acidification. The pH 
change is accompanied by an 
increase in the concentration of total 
dissolved inorganic carbon, and a 
decrease in the dissolved carbonate 
ion concentration of the seawater 
(Feely et al., 2004). The decrease in 
dissolved carbonate ion concentrations 
causes a lowering of the seawater 
saturation states of the biogenic forms 
of calcium carbonate (aragonite, 
calcite and high magnesium calcite) 
that are secreted as shells or skeletal 
material by many key species in marine 
ecosystems (Feely et al., 2004).

The changes in the carbonate 
saturation states and in the pH of 
seawater predicted to occur this 
century have the potential to severely 
disrupt the health and sustainability 
of reef ecosystems (Guinotte and 
Fabry, 2008). While only a small 
number of species have been grown 
experimentally under high CO2 
conditions to mimic the acidification 
effects expected this century, evidence 
indicates that changes in carbonate 
saturation states may eventually lead 
to a condition where processes that 
act to degrade reefs (bioerosion, 
dissolution, storm damage) overcome 
the capacity of corals and other 
calcifiers to grow and maintain a 
healthy reef ecosystem (Manzello 
et al., 2008; Silverman et al., 2009). 
The reduction in seawater pH may 
also influence the lifecycle of marine 
organisms by altering long-term 

metabolic function, reproduction 
and growth, although the sensitivity 
to these changes is not well known 
(Fabry et al., 2008; Guinotte and Fabry, 
2008; Munday et al., 2009; Munday 
et al 2010). Other stressors, like ocean 
warming, are likely to add to the 
ecosystem response (Anthony et al., 
2008; Hoegh-Guldberg et al., 2007).

Since pre-industrial times, the pH of 
global surface waters is estimated 
to have declined by about 0.1 units, 
representing about a 30% increase 
in the hydrogen ion concentration 
(Feely et al., 2009). Observations 
made since the early 1990s in the 

sub-tropical North Pacific Ocean 
(Figure 3.24) show surface water pH 
decreases as the partial pressure 
of CO2 (pCO2) in the surface water 
increases as a result of CO2 uptake 
driven by increasing concentrations 
of atmospheric CO2. The same data 
also show a long-term decline in the 
seawater saturation states of the 
biogenic carbonates, aragonite and 
calcite. The saturation states are 
the product of the concentrations of 
dissolved calcium and carbonate ion 
concentrations in seawater, divided by 
the solubility products for calcite and 
aragonite, respectively.
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Figure 3.24: (Top) Atmospheric CO2 measured at Mauna Loa Observatory (ppmv), 
and surface ocean pH and pCO2 (μatm) at the Hawaii Ocean Time Series site, Station 
Aloha, in the sub-tropical North Pacific Ocean. (Bottom) Seawater calcite and aragonite 
saturation state data for surface waters at Station Aloha (Adapted from: Dore et al., 2009 
and Feely et al., 2009).
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Tropical reef-building corals secrete 
calcium carbonate as aragonite 
and tend to show a reduction in 
calcification at lower seawater 
aragonite saturation states 
(Langdon and Atkinson, 2005). 
Aragonite saturation states above 
about 4 are considered optimal 
conditions for healthy coral reef 
ecosystems, with values below 3.5 
becoming increasingly marginal for 
supporting healthy coral reef growth 
(Guinotte et al., 2003).

Data collected in the Pacific region 
as a part of the Joint Global Ocean 
Flux Study/World Ocean Circulation 
Experiment CO2 survey allow 
estimates to be made of the aragonite 
saturation states of seawater in the 
pre-industrial era and in the 1990s. 
In pre-industrial times, the saturation 
state values were above 4 throughout 
most of the sub-tropical and tropical 
Pacific Island region, apart from a 
small equatorial band east of 150°W 
(Figure 3.25, top). By the mid 1990s, 
the uptake of anthropogenic CO2 had 
resulted in a widespread decline in the 
aragonite saturation state, with values 
slightly above 4 only found in the 
region of the South Equatorial Current 
and in the western Pacific (Figure 3.25, 
bottom). Values of aragonite and other 
carbonate saturation states have 
continued to decline since the 1990s 
and only the surface waters of the 
South Equatorial Current now have 
aragonite saturation states that remain 
at or slightly above values of 4.

Figure 3.25: (Top) Seawater aragonite saturation state values calculated for the 
pre-industrial period (about 1765) using GLODAP data on dissolved inorganic 
carbon parameters (Lamb et al., 2002), including estimates of anthropogenic CO2 
(Sabine et al., 2004). (Bottom) The seawater aragonite saturation state calculated 
for JGOFS/WOCE CO2 survey data collected in the 1990s (Data source: GLODAP 
data base, Carbon Dioxide Information Analysis Center, Oak Ridge, Tennessee, 
http://cdiac.ornl.gov/oceans/glodap/). 
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In general, the Pacific Climate Change 
Science Program (PCCSP) climate 
projections were derived using output 
from global climate model simulations 
of the future climate, performed as 
part of the international Coupled 
Model Intercomparison Project 
(CMIP3). The projections focused on 
simulations corresponding to three 
Intergovernmental Panel on Climate 
Change (IPCC) future scenarios 
representing B1 (low), A1B (medium) 
and A2 (high) greenhouse gas 
emissions respectively, for three 
20-year time periods (centred on 
2030, 2055 and 2090). Since the skill 
of global climate models decreases 
at smaller spatial scales (e.g. at the 
scale of an individual country or island), 
a number of methods were used to 
enhance the resolution of the CMIP3 
output locally (known as downscaling):

•	 Dynamical downscaling was 
conducted at 60 km horizontal 
resolution for the entire PCCSP 
region, using a high resolution 
atmospheric model driven by the 
changes in sea-surface temperature 
simulated by six CMIP3 models 
under the A2 (high) emissions 
scenario, with a focus on two 
20-year future time periods (centred 
on 2055 and 2090).

Summary

•	 Dynamical downscaling was 
conducted at 8 km horizontal 
resolution for seven PCCSP Partner 
Country regions (each measuring 
approximately 1000 km x 1000 km), 
using a high resolution atmospheric 
model driven by the changes in 
sea-surface temperature simulated 
by three CMIP3 models under the 
A2 (high) emissions scenario, for 
two 20-year future time periods 
(centred on 2055 and 2090).

•	 Statistical downscaling was 
conducted for selected sites, using 
a statistical model that combines 
information regarding observed 
trends over recent decades with 
projected changes from the 60 km 
dynamical downscaling. Projections 
were calculated out to either 
2040 or 2065 under the A2 (high) 
emissions scenario, depending on 
the quality and length of time that 
observational data is available.

Substantial and additional analysis of 
CMIP3 and/or dynamical downscaled 
output was required in order to provide 
sea-level, tropical cyclone and ocean 
acidification projections.
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The complexity of the climate 
system means that we cannot 
simply extrapolate past trends to 
forecast future conditions. Instead, 
mathematical representations of the 
Earth’s climate system, called global 
climate models (Section 4.3), are used 
to simulate the fundamental processes 
driving weather and climate. These 
models are very complex and require 
substantial supercomputer resources. 
Over recent decades, global climate 
models have been developed and 
utilised extensively not only to project 
future climate change, but also to help 
better understand the present and 
past climate.

One of the key conclusions of the 
Intergovernmental Panel on Climate 
Change (IPCC) Fourth Assessment 
Report was that most of the global 
warming since the mid-20th century 
is very likely due to increases in 
greenhouse gas emissions from 
human activities (IPCC, 2007). 
Given the important role that these 
emissions have played in the climate 
of the past century, estimates of 
the evolution of these emissions 
over the coming decades are 
needed to simulate future climate 

4.1 Introduction

change using climate models. Such 
estimates were provided by the 
IPCC Special Report on Emissions 
Scenarios (SRES), for use in climate 
research (Section 4.2). A number 
of research groups participated in a 
recent international climate model 
intercomparison project, for which 
they were required to apply a selection 
of the IPCC emissions scenarios to 
global climate model simulations of 
the future climate (Section 4.3.1). 
In this publication, climate projections 
for the broad PCCSP region were 
calculated from the output of 
this project (Section 4.4.1), while 
projection information at the country 
and/or individual island scale was 
obtained by further processing the 
output, using techniques known as 
dynamical downscaling and statistical 
downscaling (Sections 4.4.2, 4.5 
and 4.6). For projections of sea 
level, tropical cyclones and ocean 
acidification, substantial additional 
analysis of the intercomparison project 
output and/or dynamically downscaled 
results was undertaken (Sections 4.7, 
4.8 and 4.9).
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Greenhouse gases such as water 
vapour, carbon dioxide (CO2), methane 
and nitrous oxide are a vital feature 
of the Earth’s climate, because they 
are able to trap long-wave radiation 
emitted from the Earth and therefore 
act to warm the lower atmosphere. 
In fact, in the absence of atmospheric 
greenhouse gases, the average 
temperature on Earth would be below 
freezing. However, the atmospheric 
concentration of these gases has been 
increasing since 1750, due to a rise 

4.2 Emissions Scenarios

Box 4.1: Intergovernmental Panel on Climate Change 
Emissions Scenarios

in emissions from human activities. 
Most of the global warming since the 
mid-20th century is very likely due 
to this increase in human-related 
greenhouse gas emissions 
(IPCC, 2007).

To assist in modelling the future 
climate, the IPCC prepared 
40 greenhouse gas and sulphate 
aerosol emissions scenarios for 
the 21st century that combine a 
variety of plausible assumptions 

about demographic, economic and 
technological factors likely to influence 
future emissions (IPCC, 2000). 
These include assumptions regarding 
population growth, energy generation 
and transport using fossil fuels, 
agriculture, land-clearing, industrial 
processes and waste. Each future 
scenario represents a variation within 
one of four storylines: A1, A2, B1 and 
B2 (Box 4.1), leading to a range of 
projected CO2, methane, nitrous oxide, 
and sulphate aerosol emissions.

The IPCC Special Report on Emissions Scenarios 
(SRES) developed 40 plausible futures based on 
various assumptions about demographic change, 
economic development and technological change 
(IPCC, 2000). These were grouped into four 
‘storylines’ (A1, A2, B1 and B2).

A1. The A1 storyline describes a future world of 
very rapid economic growth, a global population 
that peaks in mid-century and declines thereafter, 
and the rapid introduction of new and more 
efficient technologies. Major underlying themes 
are convergence among regions, capacity building 
and increased cultural and social interactions, with 
a substantial reduction in regional differences with 
respect to per capita income. The A1 storyline 
develops into three scenario groups that describe 
alternative directions of technological change 
in the energy system. They are distinguished 
by their technological emphasis: fossil intensive 
(A1FI); non-fossil intensive energy sources and 
technologies (A1T); or a balance across all sources 
(A1B) (where balance is defined as not relying too 
heavily on one particular energy source, on the 
assumption that similar improvement rates apply to 
all energy supply and end use technologies).

A2. The A2 storyline describes a very heterogeneous 
world. The underlying theme is self-reliance and 
preservation of local identities. Fertility patterns 
across regions converge very slowly, resulting in a 
continuously increasing global population. Economic 
development is primarily regionally oriented and 
per capita economic growth and technological 

change is more fragmented and slower than for the 
other storylines.

B1. The B1 storyline describes a convergent 
world with the same global population as in the A1 
storyline (one that peaks in mid-century and declines 
thereafter) but with rapid change in economic 
structures toward a service and information 
economy, with reductions in material intensity and 
the introduction of clean and resource efficient 
technologies. The emphasis is on global solutions to 
economic, social and environmental sustainability, 
including improved equity, but without additional 
climate initiatives.

B2. The B2 storyline describes a world in which 
the emphasis is on local solutions to economic, 
social and environmental sustainability. It is a world 
with a continuously increasing global population 
at a rate lower than A2, intermediate levels of 
economic development, and less rapid, and more 
diverse technological change than in the B1 and 
A1 storylines. Whilst the scenario is also oriented 
towards environmental protection and social equity, 
it is focused on local and regional levels.

Rather than consider all 40 future emissions 
scenarios, climate projection studies typically focus 
on a maximum of six scenarios: four so-called 
marker scenarios (A1B, A2, B1 and B2) and two 
additional illustrative scenarios (A1FI and A1T). 
For the purposes of the PCCSP, it was considered 
sufficient to consider only the B1, A1B and A2 
scenarios, as these represent a low, medium and 
high emissions future respectively (Figure 4.1).
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The final greenhouse gas 
concentration in the atmosphere 
depends not only on the rate of 
anthropogenic emissions, but also 
on the lifetime of the gases in the 
atmosphere and the ability of the 
biosphere and oceans to withdraw 
them from the atmosphere. For 
instance, CO2 is continuously cycled 
between the atmosphere, ocean 
and land, which involves a range of 
processes with different time scales. 
Around half of the emitted CO2 is 
removed from the atmosphere on a 
time scale of 30 years, a further 30% 
is removed within a few centuries, 
and the remaining 20% may stay 
in the atmosphere for thousands 
of years (Denman et al., 2007). 

Due to its relatively high atmospheric 
concentration and potency as an 
absorber of long-wave radiation, CO2 
is often discussed alone, without 
reference to greenhouse gases that 
have a lesser cumulative influence 
on the temperature of the lower 
atmosphere (such as methane and 
nitrous oxide).

Carbon cycle models are used to 
calculate the atmospheric greenhouse 
gas concentrations that will arise 
from a given emissions scenario. 
These models include the uptake of 
emissions by the land and ocean, 
relevant climate feedbacks, and the 
gas transport and chemical reactions 
occurring in the atmosphere. For the 
40 SRES emissions scenarios, 

Figure 4.1: Global average carbon dioxide 
emissions in gigatonnes (thousand million 
tonnes) of carbon per year (GtC/yr) for 
the four marker (A1B, A2, B1 and B2) 
and two illustrative (A1FI and A1T) SRES 
future emissions scenarios (left), and the 
estimated resulting atmospheric carbon 
dioxide concentration in parts per million 
(ppmv; right). Projected changes in other 
greenhouse gases and aerosols can be 
found in Figure 10.26 of the IPCC Fourth 
Assessment Report (IPCC, 2007).E
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carbon cycle models give estimates 
of atmospheric CO2 concentrations 
for the year 2100 ranging from 500 
to 1200 parts per million (ppmv) 
(Figure 4.1; Meehl et al., 2007b), 
compared to the 2010 concentration 
of 390 ppmv and the pre-industrial 
value of 280 ppmv (http://www.csiro.
au/greenhouse-gases/; Meure et al., 
2006; Etheridge et al., 1996). Since 
the release of the SRES report in 2000, 
observed greenhouse gas emissions 
have been tracking near the high end 
of the emissions scenarios (between 
A1B and A1FI), although there was 
a drop in 2008 due to the global 
financial crisis (Manning et al., 2010; 
Friedlingstein et al., 2010; Raupach 
and Canadell, 2010).

http://www.csiro.au/greenhouse
http://www.csiro.au/greenhouse
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Global climate models are used 
to simulate the behaviour of the 
atmosphere, oceans, land surface 
and cryosphere (ice covered areas) 
over the entire planet. Variables such 
as temperature, rainfall and wind are 
calculated over a three-dimensional 
array of grid cells covering the globe 
and spaced typically 100–400 km 
apart, with around 40 layers through 
the depth of the ocean and around 
40 layers through the height of the 
atmosphere, depending on the model 
(Figure 4.2). Typically, the time step 
is about half an hour, so climate 
models can simulate hourly to daily 
weather (the average weather over 
30 years or more is called climate; 
Section 1.1). Weather conditions 
in the model change according to 
a set of mathematical rules based 

on the laws of physics, such as 
conservation of mass, energy and 
momentum. Processes that occur at 
spatial scales smaller than the model 
grid spacing, such as water droplet 
formation in clouds and turbulence in 
near-surface winds, are represented 
by parameterising the influence of 
these processes on the larger scale. 
Parameterisation is basically a complex 
method of estimation, which typically 
combines well-established laws of 
physics with observational data.

parameterisation schemes and 
model sub-components (e.g. some 
models include a representation of 
atmospheric chemistry, while others 
do not), which means that climate 
simulations arising from these models 
differ. In an attempt to coordinate the 
analysis of these differences, a number 
of international model intercomparison 
projects have been conducted in 
recent decades (Meehl et al., 2000). 
The most recent is known as the 
Coupled Model Intercomparison 
Project Phase 3 (CMIP3; Meehl et 
al., 2007a), and the output from this 
project formed the basis for many of 
the climate projections presented in 
both this publication (Section 4.4) and 
the IPCC Fourth Assessment Report 
(IPCC, 2007).

4.3 Global Climate Models

Figure 4.2: Schematic illustrating how the Earth is represented by a series of grid cells in global climate models. Some of the 
physical processes simulated in a typical global climate model are shown inset. (Source: Centre for Multiscale Modelling of 
Atmospheric Processes1). 

1  http://www.cmmap.org/learn/modeling/whatIs2.html
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Many research institutions around 
the world develop and maintain 
their own global climate models. 
While these models are similar in 
many ways, subtle variations exist 
with respect to factors such as grid 
characteristics (e.g. spatial resolution), 

http://www.cmmap.org/learn/modeling/whatIs2.html
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4.3.1 Coupled Model 
Intercomparison 
Project Phase 3
A total of 24 global climate models 
contributed model output to the 
CMIP3 project (Table 4.1), which is 
freely available from the Program 
for Climate Model Diagnosis and 
Intercomparison at Lawrence 
Livermore National Laboratory 
(www-pcmdi.llnl.gov). Participating 
institutions were required to perform 
a number of model simulations, 
each differing in terms of the external 
forcing applied to the climate 
system. External climate forcings 
are factors that can alter the energy 
balance of the Earth system (and 
thus the climate), and can be either 
natural (e.g. volcanic activity) or 
human-related (e.g. greenhouse 
gas and aerosol emissions). 

The CMIP3 simulations relevant to the 
PCCSP include:

•	 Pre-industrial control simulation 
(PIcntrl). Incorporates a seasonally 
varying but annually unchanging 
external forcing indicative of the late 
19th century (usually corresponding 
to 1870 conditions).

•	 Climate of the 20th century 
simulation (20c3m). Modelling 
groups initiated their global climate 
model from the PIcntrl (circa 1870) 
simulation and then imposed 
the natural and human-related 
forcing thought to be important for 
simulating the climate of the 20th 
and late 19th centuries.

•	 Climate of the 21st century 
simulations. Modelling groups 
initiated their global climate model 
from the 20c3m (circa 2000) 
simulation and then imposed the 
human-related forcing associated 

with one or more of the B1, A1B 
or A2 SRES emissions scenarios 
(Section 4.2). None of the modelling 
groups used the A1FI emissions 
scenario. These simulations were run 
until the end of the 21st century (and 
sometimes beyond). 

Output from the PIcntrl and 20c3m 
simulations was used extensively in 
evaluating the CMIP3 models over the 
PCCSP region (Chapter 5), while a 
number of SRES emissions scenario 
simulations were used in determining 
PCCSP climate projections (Section 4.4). 
It should be noted that many institutions 
did not provide output for all the variables 
and SRES emissions scenarios requested 
by the CMIP3 organisers. In addition, the 
availability of monthly output is greater 
than for daily output, due to the extra 
data storage requirements associated 
with the latter. The availability of CMIP3 
output relevant to this publication is 
outlined in Appendix 1.

Table 4.1: Participating CMIP3 climate models. For additional details see www-pcmdi.llnl.gov, Randall et al. (2007) and Santer et al. (2009).

Model name Institute (country) Forcingsa

1 BCCR-BCM2.0 Bjerknes Centre for Climate Research (Norway) G,SD

2 CCSM3 National Center for Atmospheric Research (USA) G,O,SD,BC,OC,SO,U

3 CGCM3.1(T47)b Canadian Centre for Climate Modelling & Analysis (Canada) G,SD

4 CGCM3.1(T63)b Canadian Centre for Climate Modelling & Analysis (Canada) G,SD

5 CNRM-CM3 Centre National de Recherches Météorologiques (France) G,O,SD,BC

6 CSIRO-Mk3.0 CSIRO Marine and Atmospheric Research (Australia) G,O,SD

7 CSIRO-Mk3.5 CSIRO Marine and Atmospheric Research (Australia) G,O,SD

8 ECHAM5/MPI-OM Max Planck Institute for Meteorology (Germany) G,O,SD,SI

9 ECHO-Gb Meteorological Institute of the University of Bonn and Korea 
Meteorological Administration (Germany/Korea)

G,SD,SI

10 FGOALS-g1.0 Institute of Atmospheric Physics (China) G,SD

11 GFDL-CM2.0 Geophysical Fluid Dynamics Laboratory (USA) G,O,SD,BC,OC, LU,SO,V

12 GFDL-CM2.1 Geophysical Fluid Dynamics Laboratory (USA) G,O,SD,BC,OC, LU,SO,V

13 GISS-AOM Goddard Institute for Space Studies (USA) G,SD,SS

14 GISS-EH Goddard Institute for Space Studies (USA) G,O,SD,SI,BC,OC,MD,SS,LU,SO,V

15 GISS-ER Goddard Institute for Space Studies (USA) G,O,SD,SI,BC,OC,MD,SS,LU,SO,V

16 INGV-SXG Instituto Nazionale di Geofisica e Vulcanologia (Italy) G,O,SD

17 INM-CM3.0b Institute for Numerical Mathematics (Russia) G,SD,SO

18 IPSL-CM4 Institut Pierre Simon Laplace (France) G,SD,SI

19 MIROC3.2 (hires) Center for Climate System Research (Japan) G,O,SD,BC,OC,MD,SS,LU,SO,V

20 MIROC3.2 (medres) Center for Climate System (Japan) G,O,SD,BC,OC,MD,SS,LU,SO,V

21 MRI-CGCM2.3.2b Meteorological Research Institute (Japan) G,SD,SO

22 PCM National Center for Atmospheric Research (USA) G,O,SD,SO,V

23 UKMO-HadCM3 Hadley Centre for Climate Prediction and Research (UK) G,O,SD,SI

24 UKMO-HadGEM1 Hadley Centre for Climate Prediction and Research (UK) G,O,SD,SI,BC,OC,LU,SO,V

a The climate forcing factors are G: Well-mixed greenhouse gases; O: Ozone; SD: Sulphate direct effect; SI: Sulphate indirect effect; 
BC: Black carbon; OC: Organic carbon: MD: Mineral dust; SS: Sea salt; LU: Land use; SO: Solar irradiance; and V: Volcanic aerosol.

b Model adds artificial fluxes of heat (and in some cases fresh water and momentum) at the air-sea interface in order to prevent the model 
drifting towards an unrealistic state over long climate simulations. This process is known as flux adjustment and attracts concern because of 
its inherently non-physical nature, and because flux adjustments based on the present climate may not be valid in future climate simulations.

www-pcmdi.llnl.gov
www-pcmdi.llnl.gov
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Climate models generate output for 
a wide range of variables, including 
temperature, rainfall, wind, humidity, 
evaporation, ocean salinity and 
solar radiation. The determination of 
climate projections for these variables 
therefore involves the direct analysis of 
climate model output. In particular, the 
CMIP3 archive of climate model output 
was used to determine the PCCSP 
large-scale climate variable projections 
(i.e. at the scale of the entire PCCSP 
region; Section 4.4.1). 

While global climate models are 
useful for making large-scale climate 
projections, their skill decreases at 
finer temporal and spatial scales 
(Chapter 5). For instance, these 
models typically have insufficient 
horizontal grid resolution to explicitly 
represent small islands (i.e. the 
model just sees an area of ocean). 
This means that while they can 
simulate the large-scale climate 
conditions, they cannot account for 
some important local climate effects 
resulting from island shape and 
topography. A number of methods 
have been developed to try and 
overcome this limitation by enhancing 
the resolution of model output locally 
(Section 4.4.2). Of these methods, 
dynamical and statistical downscaling 
techniques were used to provide 
small-scale (i.e. country- and/or 
individual island-scale) PCCSP climate 
projections (Sections 4.5 and 4.6).

Unlike for typical climate variable 
projections, the PCCSP sea level, 
tropical cyclone and ocean acidity 
projections required substantial and 
additional analysis of CMIP3 and/or 
downscaled output, which sometimes 
incorporated other sources of 
information (see Sections 4.7, 4.8 and 
4.9 respectively).

4.4.1 Large-Scale 
Projections
Large-scale ocean and atmosphere 
projections for the PCCSP region were 
calculated from CMIP3 climate model 
output for a B1 (low), A1B (medium) 
and A2 (high) SRES emissions 
scenarios (Box 4.1). Projections were 
given for three 20-year time periods 
centred on 2030 (2020–2039), 2055 
(2046–2065) and 2090 (2080–2099), 
relative to 1990 (1980–1999) 
(Figure 4.3). 

When formulating climate projections 
based on results from a number 
of different global climate models, 
a pragmatic and well-accepted 
approach is to combine the output 
and calculate a multi-model average 
(Knutti et al., 2010). However, while 
the practice of reporting multi-model 
average projections is well established, 
there are many variations on the 
precise methods used to formulate 
this average (Tebaldi and Knutti, 
2007). These variations are typically 
associated with issues surrounding 
model skill in simulating the current 
climate, or the differing availability of 
data across emissions scenarios.

4.4 Climate Projection Methods
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Figure 4.3: Large-scale projections for the PCCSP region were calculated from CMIP3 
global climate model output for three 20-year periods centred on 2030, 2055 and 2090, 
relative to 1990 (shaded bars). These projections were determined for a low  (B1), 
medium (A1B) and high (A2) future greenhouse gas emissions scenario (corresponding 
carbon dioxide concentrations are shown as blue, green and orange lines, respectively).

With respect to model skill, a number 
of CMIP3 models were found to 
simulate various key aspects of the 
Indo-Pacific climate less skilfully 
than other models (Section 5.5.1). 
For associated climate projections 
in this publication, these models 
were eliminated when calculating the 
multi-model average. Besides this 
skill-based elimination, all available 
CMIP3 models were typically included 
in calculating multi-model average 
projections, regardless of how many 
emissions scenarios they provided 
data for (see Appendix 1 for CMIP3 
data availability). This approach is 
advantageous in terms of maintaining 
the largest possible sample size, 
however inconsistencies may arise 
in comparing projections between 
different variables and emissions 
scenarios. All included models were 
assigned equal weight in determining 
average projections, as opposed to 
an individual weight reflecting their 
respective skill, in accordance with 
recently published recommendations 
(Weigel et al., 2010). Unless otherwise 
stated, only the first model run 
was used for those models where 
multiple simulations are archived, for 
consistency with models that have only 
one simulation in the CMIP3 archive.
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4.4.2 Small-Scale 
Projections
Given the relatively coarse spatial 
resolution of global climate model 
output, a variety of different methods 
have been developed to produce 
regional-scale projections for use in 
risk assessments (e.g. at the scale 
of an individual country or island). 
The choice of method must be 
matched to the intended application, 
taking into account local constraints of 
time, resources, human capacity and 
supporting infrastructure (Wilby et al., 
2009). Options include:

•	 Sensitivity analysis. This entails 
running a climate impact model with 
observed climate data to establish 
a baseline level of risk, then 
re-running the model with the same 
input data, modified by selected 
changes in climate (e.g. a warming 
of 1, 2 or 3oC).

•	 Change factors. The changes in 
mean climate between a present 
and future period, as simulated 
by a climate model, are applied 
to observed climate data (e.g. the 
warming pattern from a CMIP3 
model could be applied to observed 
data from the meteorological station 
in Rarotonga, Cook Islands).

•	 Climate analogues. Past climate 
data are used as an analogue for 
the future (e.g. the warming and 
sea level that occurred during the 
last interglacial period, 125,000 
years ago).

•	 Trend extrapolation. Extension of 
recent climate trends into the future.

•	 Weather generation. Involves 
the use of a model that simulates 
time series of weather data, 
with statistical properties similar 
to observed weather data. 
These statistical properties can be 
modified for future climates using 
information from climate models.

•	 Dynamical downscaling. Involves 
the use of a finer resolution 
atmospheric climate model, driven 
by output from a global climate 
model. This provides better 
representation of topography and 
associated effects on local climate, 
such as rainfall in mountainous 
regions, as well as the potential to 
better simulate extreme weather 
features, such as tropical cyclones. 
This method is computationally 
intensive and the results are 
strongly dependent on the choice of 
both global climate model and fine 
resolution atmospheric model. In 
some cases, the projected changes 
can be applied directly to observed 
data, or statistically downscaled 
using observed data, for use in 
risk assessment.

•	 Statistical downscaling. This can 
be as simple as interpolating 
climate model output to a particular 
location, or as complex as 
constructing a statistical model that 
relates large-scale atmospheric 
variables and local-scale surface 
variables. Models of intermediate 
complexity are also popular. 
High-quality observed data are 
required for a number of decades to 
calibrate the statistical model, and 
results are strongly dependent on 
the choice of climate model.

The first five methods (sensitivity 
analysis, change factors, climate 
analogues, trend extrapolation and 
weather generation) are relatively easy 
to use, with low resource demands, 
but have significant disadvantages 
(Table 4.2). The remaining two 
methods (dynamical downscaling 
and statistical downscaling) are 
considered to have the most merit, 
despite increased complexity and 
higher demands on resources, and 
have been used to provide information 
regarding small-scale (i.e. country- 
and/or individual island-scale) climate 
change projections in the PCCSP 
(Sections 4.5 and 4.6).
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Table 4.2: Options for creating regional climate projections, in order of increasing complexity and resource demands (modified from 
Table VI in Wilby et al. (2009)).

Method Advantages Disadvantages
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1. Easy to apply

2. Requires no future climate change information

3. Shows most important variables/system 
thresholds

4. Allows comparisons between studies

1. Provides no insight into the plausibility/likelihood of associated impacts 
unless benchmarked to other scenarios

2. Impact model uncertainty seldom reported or unknown

C
ha
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e 

fa
ct

o
rs 1. Easy to apply to observed data, assuming 

data from global climate models (GCMs) 
are available

1. Only changes baseline mean of the observed data, so changes in 
variability and sequencing of events remain unchanged

2. Limited applicability where changes in extreme events are important
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s

1. Easy to apply

2. Requires no future climate change information

3. Reveals multi-sector impacts/vulnerability to 
past climate conditions or extreme events, 
such as a flood or drought episode

1. Assumes that the same socio-economic or environmental responses 
recur under similar climate conditions

2. Requires data on confounding factors such as population growth, 
technological advance, conflict
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1. Easy to apply

2. Reflects local conditions

3. Uses recent patterns of climate variability 
and change

4. Tools freely available

1. Typically assumes linear change

2. Trends (sign and magnitude) are sensitive to the choice/length of record

3. Assumes recent trend will persist, despite evidence for abrupt changes 
in the past

4. Needs high quality observational data for calibration

W
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er
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1. Modest computational demand

2. Provides daily or sub-daily weather variables

3. Preserves relationships between 
weather variables

4. Already in widespread use for simulating 
present climate

5. Tools freely available

1. Needs high quality observational data for calibration and verification

2. Assumes a constant relationship between large-scale circulation patterns 
and local weather

3. Scenarios are sensitive to choice of predictors and quality of GCM output

4. Scenarios are typically timeslice rather than transient

5. Difficulty reproducing interannual variability (e.g. due to ENSO) and tropical 
weather phenomena such as monsoons and tropical cyclones
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1. Maps regional climate scenarios at 
10–60 km resolution

2. Reflects underlying land-surface controls 
and feedbacks

3. Preserves relationships between 
weather variables

4. Often gives a better representation of 
coastal and mountain effects, and extreme 
weather events

5. Simulations with bias-corrected sea-surface 
temperatures should make the present 
climate simulation more realistic than the 
host GCM

6. Potentially can apply projected changes to 
observed data for risk assessments

1. Has a high computational and technical demand, which limits the number 
of GCMs, emissions scenarios and time periods that can be downscaled, 
so the range of uncertainty in projections tends to be sub-sampled

2. Projections are sensitive to choice of host GCM and high-resolution 
atmospheric model

3. Requires high quality observational data for model verification

4. Some biases potentially remain in the present climate simulation (e.g. too 
wet/dry), so caution is needed in using data directly in risk assessments

5. Need to assess model reliability before using in risk assessment

6. It should not be assumed that the dynamically downscaled projections 
are necessarily more reliable than projections based on the host model
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1. Modest computational demand

2. Site specific time series and other statistics, 
e.g. extreme event frequencies

3. Reduces biases in climate model data

4. Tools freely available

1. Requires high quality observational data over a number of decades for 
calibration and verification

2. Assumes a constant relationship between large-scale circulation 
patterns and local weather

3. Scenarios are sensitive to choice of forcing factors and host GCM or 
dynamical downscaling model

4. Choice of host GCM or dynamical downscaling model constrained 
by archived outputs

5. Hard to choose from the large variety of methods, each with pros 
and cons
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In dynamical downscaling, large-scale 
climate information from a global 
climate model is used as input to a 
finer resolution atmospheric model 
with more detailed topography, land 
use and coastal boundaries (the global 
climate model information is said 
to drive the finer resolution model). 
This allows atmospheric processes 
to be simulated with greater detail, 
possibly resulting in an improved 
representation of weather events 
(particularly extremes). However, 
finer resolution comes at the cost of 
increased computer time and data 
storage. This constrains the number of 
global climate models and emissions 
scenarios that can be downscaled, as 
well as the duration and geographic 
area of downscaled simulations. 
Therefore, dynamical downscaling 
tends to sub-sample the broader 
range of possible future climates 
simulated by global climate models.

4.5.1 Downscaling 
Methods
As for global climate models, there are 
many scientific institutions around the 
world that are involved in dynamical 
downscaling. There are a number of 
different approaches taken by these 
institutions, which can be summarised 
into three types:

•	 Limited time slice experiments 
with fine-resolution global 
atmospheric models.

•	 Fine-resolution atmospheric models 
embedded within global climate 
model output over a limited area 
(known as limited-area models). 

•	 Stretched-grid atmospheric models 
with finer resolution over a region of 
interest and coarser resolution over 
the rest of the globe.

Given the computationally expensive 
nature of fine resolution atmospheric 
simulations over the entire globe, 
time slice simulations of only 20 or 30 
years duration are run, as opposed 
to an entire climate run of 100 years 
or more. These simulations provide 
the most comprehensive depiction 
of the climate, at the expense of full 
temporal coverage.

Fine resolution, limited-area models are 
less computationally demanding, as 
they only simulate a restricted region 
of the globe. They are therefore able 
to provide much greater temporal 
coverage, but require significant 
amounts of input data from a 
host global climate model at their 
lateral boundaries (the limited-area 
model is said to be nested in the 
host model). Problems can arise at 
these boundaries due to differences 
in resolution, model physics and 
evolution of weather events between 
the global climate model and 
limited-area model. 

Stretched-grid models provide a 
compromise between the global high 
resolution and limited-area approaches 
by providing finer resolution over the 
area of interest, while maintaining a 
coarser resolution for the remainder of 
the globe. Although a stretched-grid 
model simulates the atmosphere of 
the entire globe, the resolution can 
vary from approximately 60 km in 
the region of interest up to 400 km in 
other areas. This approach allows for 
better representation of local climate 
factors (e.g. topography), however 
it may compromise the simulation 
of distant factors that influence 
the regional climate of interest 
(e.g. the El Niño-Southern Oscillation 
influences regions located thousands 
of kilometres from the tropical 
Pacific Ocean). 

4.5.2 Downscaling in 
the Pacific Climate 
Change Science 
Program
The dynamical downscaling conducted 
in the PCCSP consisted of a primary 
set of simulations from which climate 
projections were derived, as well 
as a series of additional simulations 
designed to assess the uncertainty 
associated with those projections. 
All primary simulations were completed 
using CSIRO’s global stretched-grid, 
Conformal Cubic Atmospheric Model 
(CCAM; McGregor and Dix, 2008) run 
at 60 km horizontal resolution over the 
entire globe, while further downscaling 
to 8 km was conducted for selected 
Partner Countries. The additional 
simulations involved repeating the 
primary CCAM simulations with 
an alternative configuration for 
atmosphere/ocean interaction, as well 
as a series of simulations using five 
different limited-area models, in order 
to assess the influence of the selection 
of downscaling method on regional 
climate projections.

The CCAM model was chosen for 
the downscaling because it is a 
global atmospheric model, so it was 
possible to bias-adjust the sea-surface 
temperature in order to improve 
upon large-scale circulation patterns 
(Section 4.5.2.1). In addition, the use 
of a stretched grid eliminates the 
problems caused by lateral boundary 
conditions in limited-area models. 
The model has been well tested 
in various model intercomparisons 
and in downscaling projects over 
the Australasian region (Corney 
et al., 2010).

4.5 Dynamical Downscaling
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4.5.2.1 CCAM 60 km 
Global Simulations

These simulations were performed 
for six host global climate models 
(CSIRO-Mk3.5, ECHAM5/MPI-OM, 
GFDL-CM2.0, GFDL-CM2.1, 
MIROC3.2 (medres) and 
UKMO-HadCM3) that were deemed 
to have acceptable skill in simulating 
the climate of the PCCSP region 
(Section 5.5.1). For these simulations:

•	 The period 1961–2099 was 
simulated using the equivalent 
CO2, direct aerosol effect and 
ozone distribution for the A2 
(high) emissions scenario (except 
in simulating the current climate, 
which used 20c3m equivalents). 

•	 Monthly, bias adjusted sea-surface 
temperature and sea-ice fraction 
output from the host global 
climate models was used. Bias 
adjustment refers to the removal 
of model errors in the present day, 
mean state climate. In this case, 
the sea-surface temperature bias 
adjustment was calculated by 
computing the monthly average 
biases of the global models for 
the 1971–2000 period, relative to 
the observed climatology, based 
upon the method of Reynolds 
(1988). These monthly biases were 
then subtracted from the global 
climate model monthly sea-surface 
temperature output throughout the 
simulation. This approach preserves 
the inter- and intra-annual variability 
and the climate change signal of the 
host global climate models (Nguyen 
et al., in press).

•	 No atmospheric input from the 
global climate models was used, 
as the bias adjusted sea-surface 
temperature is considered sufficient 
information to drive CCAM. 
In addition, the bias adjustment 
makes the global climate model 
atmospheric fields incompatible 
with the sea-surface temperature 

distributions. This procedure may 
be viewed as somewhat akin to 
the flux adjustment used in some 
global models (Table 4.1), however 
because no attempts are made to 
predict the ocean temperatures, 
only to downscale the atmosphere, 
the technique is acceptable in 
this context. It is assumed that 
the fixed, monthly adjustment is 
appropriate over the entire course 
of the simulation, which may 
be a disadvantage/limitation of 
the approach.

•	 The period 1961–2099 was 
simulated for the A2 (high) 
emissions scenario only. 

4.5.2.2 CCAM 8 km 
Regional Simulations

The GFDL-CM2.1, UKMO-HadCM3 
and ECHAM5 60 km CCAM global 
simulations were selected for further 
downscaling to 8 km. Of the six host 
models, these show a low, middle 
and high amount of global warming 
into the future, respectively. Due to 
the very high demand for computer 
resources when downscaling at 
8 km resolution, the temporal and 
spatial extent of the simulations 
was limited. Only the 1980–1999, 
2046–2065 and 2080–2099 time 
periods were simulated for seven 
1000 km x 1000 km regions, including 
Papua New Guinea, East Timor, Fiji, 
Solomon Islands, Vanuatu, Samoa and 
the Federated States of Micronesia. 
These country regions were selected 
on the basis of five criteria:

1. Likely impact of model resolution 
on weather characteristics.

2. The desire to capture a range 
of climate regimes across the 
selected regions. 

3. Mountainous terrain.

4. Population.

5. Discussion with Partner Countries.

4.5.2.3 Additional CCAM 
Simulations Using 
Alternative Settings

The primary 60 km CCAM and 
regional 8 km CCAM simulations 
were repeated with the inclusion of a 
20-level mixed-layer ocean model and 
a thermodynamic sea-ice model, to 
allow for a more realistic interaction 
of the atmosphere, ocean and ice. 
A digital filter (Thatcher and McGregor, 
2009) was used for the top 200 m of 
the mixed-layer ocean in order to keep 
the ocean simulation similar to the host 
global climate model.

4.5.2.4 Additional 
Limited-Area Model 
Simulations

Simulations at 50 km resolution 
were completed with five different 
limited-area models: PRECIS model 
(Jones et al., 2004), WRF model 
(Skamarock et al., 2008), Zetac model 
(Pauluis & Garner, 2006), MM5 model 
(Grell et al., 1994; Chen and Dudhia, 
2001) and the RegCM3 model (Pal et 
al., 2007). The domain chosen was 
145°E–170°W, 25°S–10°N and three 
sets of simulations were completed:

1. A simulation nested within the 
NCEP/DOE R-2 reanalyses 
dataset (Section 2.2) for the period 
1981–2000, in order to evaluate the 
ability of the limited-area models to 
simulate the present day climate. 

2. Simulations for the periods 
1981–2000 and 2045–2065 nested 
in the output from the CCAM 
60 km simulation driven by the 
GFDL-CM2.1 model, in order to 
evaluate projections arising from the 
limited-area models. 

3. Additional simulations for some 
of the limited-area models using 
finer resolution and different 
model settings.

A summary of the downscaled 
simulations conducted for the PCCSP 
is given in Figure 4.4.
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Figure 4.4: Summary of dynamical downscaling conducted in the PCCSP. All future time periods were simulated using the high (A2) 
emissions scenario.
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Engagement with Partner Countries 
and other stakeholders has repeatedly 
emphasised that for strategic decision 
making there is often a preference for 
location-specific climate information 
over the large-scale information 
generally provided by global climate 
models (cf. Fowler et al., 2007; Murphy 
et al., 2009; Crimp et al., 2009; Kokic 
et al., 2007; Cao et al., 2003). This can 
be provided by statistical downscaling.

A recent IPCC guidance paper (Knutti 
et al., 2010) stated that four factors 
should be considered in assessing the 
likely future climate change in a region: 
historical change, process change 
(e.g. changes in the driving circulation), 
global climate change projected by 
global climate models and downscaled 
projected change. In the PCCSP, a 
statistical downscaling approach was 
developed and used that is consistent 
with these objectives. By establishing 
empirical relationships between coarse 
resolution climate variables and the 
local climate, the technique maintains 
important information regarding locally 
observed historic trends and variability, 
but also introduces important drivers 
of change from global climate 
models. Known as Linear Mixed 
Effect State-Space Modelling (Kokic 
et al., 2011), this technique was used 
in conjunction with a bootstrap (i.e. 
repeat sampling) simulation procedure 
based on quantile matching (Li et al., 
2010) to simulate future daily climate. 
Compared to alternative approaches 
(Fowler et al., 2007), this technique 
has several advantages:

•	 The modelling and simulation 
accounts for seasonality and 
temporal and cross-variable 
dependencies in the locally 
observed data. The simulated daily 
data therefore exhibit quite realistic 
behaviour, which is important for 
subsequent application in research 
and risk assessments.

•	 The method forecasts the joint 
distribution of the climate variables, 
so the local climate variability as 
well as the change in the mean 
is projected.

•	 Time series can be generated 
continuously from past to future, 
which are suitable for direct use in 
risk assessments.

The Linear Mixed Effect State-Space 
method was used to downscale daily 
maximum temperature, minimum 
temperature and rainfall projections for 
17 locations in seven Partner Countries 
(Table 4.3). Daily climate data archived 
by the US National Oceanic and 
Atmospheric Agency were used to 
build the statistical models, with the 
exception of Vanuatu, where high 
quality daily climate records from four 
climate stations were provided by the 
Vanuatu Meteorology and Geo-hazard 
Department. The selection of locations 
in each Partner Country was based on 
the length and quality of data available. 
In cases where data quality was 
severely compromised, these parts of 
the time series were removed. 

4.6 Statistical Downscaling

Some specific aspects of the 
methodology are:

•	 Projections for a range of monthly 
summary statistics were made out 
to 2040 at all 17 locations, while for 
12 locations the observational data 
were of sufficient length and quality 
to allow projections to be extended 
out to 2065 (Table 4.3).

•	 Daily time series were generated 
at all 17 locations for the period 
1981–2000 and 2021–2040, and at 
12 locations for 2046–2065. 

•	 The projections were based on 
large-scale changes simulated 
by the CCAM 60 km simulations 
driven by the GFDL-CM2.1, 
UKMO-HadCM3 and ECHAM5 
models, under the high (A2) 
emissions scenario.

Table 4.3: Climate station sites used for statistical downscaling. Locations where 
projections were made out to 2065 (as opposed to 2040) are indicated with an asterisk.

Country Station names

Cook Islands Rarotonga*

Federated States of Micronesia Pohnpei*

Fiji Matuku

Nabouwalu

Nadi airport*

Nasouri*

Vunisea*

Marshall Islands Kwajalein Missle

Majuro*

Samoa Apia*

Faleolo airport

Solomon Islands Auki

Honiara*

Vanuatu Aneityum*

Lamap*

Pekoa*

Sola*
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Many factors need to be considered 
when making projections of future 
global sea level. These include:

•	 Expansion / contraction of sea 
water (i.e. steric effects). The 
ocean will expand if heated, and 
contract if cooled (known as the 
‘thermosteric’ component of 
sea level). 

•	 Antarctic and Greenland ice 
sheets. The melting and sliding 
into the ocean of these large ice 
sheets acts to raise sea level, while 
water is taken from the ocean 
and deposited on ice sheets (via 
evaporation and rainfall) when 
they grow.

•	 Glaciers and ice caps. These 
comprise all land ice except for 
the ice sheets of Greenland and 
Antarctica. While relatively small in 
comparison to the ice sheets, they 
have contributed more to sea-level 
rise during the 20th century than 
the ice sheets and are likely to 
provide a significant contribution to 
21st century sea-level rise.

•	 Terrestrial storage of water. 
The storage of water on land 
by the building of dams and the 
depletion of ground water can 
act to lower and raise global sea 
level, respectively.

When considering regional sea level 
projections, there are two additional 
factors to consider:

•	 Ocean dynamics. Changes in 
ocean currents (often associated 
with changes in the surface winds) 
can alter the sea level of a given 
region. This is reflected in changes 
in ocean temperatures and salinity 
and changes in bottom pressure.

•	 Mass distribution. The 
redistribution of mass in response 
to changes in ice sheets, terrestrial 
reservoirs and glaciers and ice 
caps alters the loading of the Earth 
(resulting in vertical crustal motion) 
and the gravitational field, leading to 
a regional distribution in the amount 
of sea-level rise.

The CMIP3 models are only able to 
provide projections regarding the steric 

and ocean dynamics components 
of sea level (termed the modelled 
components of the projection). 
To obtain information regarding the 
Antarctic and Greenland ice sheets, 
glaciers and ice caps, terrestrial water 
storage or mass distribution, additional 
modelling techniques are required 
(i.e. the CMIP3 models do not include 
a representation of processes such 
as ice-sheet dynamics or terrestrial 
water storage).

Projections for the PCCSP region were 
calculated using essentially the same 
techniques as in the IPCC Fourth 
Assessment Report (Meehl et al., 
2007b). The only difference was that 
unlike in that report, which provided 
no total sea-level rise projections on a 
regional scale, the regional distribution 
(including the mass distribution 
component) was calculated so that 
all the sea-level components could 
be summed regionally (Table 4.4; see 
Church et al. (2011) for more details). 
See Appendix 1 for a listing of the 
CMIP3 models used to formulate 
these projections.

4.7 Sea Level

Table 4.4: Summary of sea level projection methods used in the PCCSP. See Meehl et al. (2007b) and Church et al. (2011) for details.

Component Method

Steric & ocean 
dynamic effects

Calculated using output from the CMIP3 models.

Ice sheets Calculated using an empirical calibration scheme for surface mass balance as a function of temperature change, 
using the ice sheet mass balance temperature sensitivities reported by Gregory and Huybrechts (2006) and the 
temperature changes simulated by the CMIP3 models. As these sensitivities do not account for the possibility 
of further mass loss from a rapid dynamic response of the ice sheets (e.g. the discharge of ice into the ocean as 
icebergs), an additional component related to surface temperature change and the current estimated dynamic 
response of the ice sheets was also included. This additional component is known as the rapid ice contribution.

Glaciers & ice caps Calculated using the CMIP3 projected temperature changes with respect to a climate in which glaciers were 
estimated to be in a steady state (somewhat cooler than the late 19th century), an estimate of the present volume 
of the world’s glacier and ice caps, and an estimate of the sensitivity to temperature of the global glacier surface 
mass balance (Kaser et al., 2006).

Terrestrial storage Recent research suggests that the global rate of dam building has slowed and reservoir storage is likely to be 
approximately stable to 2025, as sedimentation offsets any building of new dams (Lettenmaier and Milly, 2009). 
The depletion of ground water has increased over the last two decades and was likely greater than increases in 
reservoir storage by up to a few tenths of a millimetre per year (Konikow and Kendy, 2005; Wada et al., 2010). 
Continuation of recent trends would therefore suggest an additional sea-level rise of a few centimetres at most, 
however there are no formal projections of how this depletion will evolve through to 2100. Due to this lack of 
formal projections and the fact that recent trends suggest that sea level change associated with terrestrial storage 
is likely to be relatively small, this component was not included in the PCCSP projections.

Mass distribution The changes in vertical land motion and the gravitational field resulting from changes in the mass balances of 
glaciers, ice caps and ice sheets were estimated, using the calculated projected changes in the ice sheets and by 
assuming that the spatial pattern of glacial and ice cap mass loss to the ocean in the 21st century would have a 
similar pattern to that observed from 1993 to 2007 (Cogley, 2009).

Other vertical land 
motion

Other than the response to changing glacier and ice sheet mass, no estimates of vertical land motion from the 
ongoing response of the Earth to changes in ice sheets since the last glacial maximum (or other local issues) 
were included in the projections.
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The current generation of global 
climate models have difficulty in 
adequately simulating the features of 
the current climate known to strongly 
influence tropical cyclone numbers 
and intensity, (e.g. regional patterns of 
sea-surface temperature, ENSO, the 
West Pacific Monsoon and the SPCZ), 
and they have insufficient temporal 
and spatial resolution to capture the 
high wind speeds and other small-
scale features associated with these 
systems. Despite these limitations, a 
number of methods exist for making 
projections of the frequency and 
location of tropical cyclone activity 
from global climate model output 
(Knutson et al., 2010). In general 
terms, these methods seek to either 
identify and utilise relationships 
between tropical cyclones and the 
large-scale environmental conditions 
that are known to affect their 
development, or to identify weather 
features that have the characteristics 
of a tropical cyclone (i.e. a closed low 
pressure system accompanied by 
strong winds and a warm core through 
the depth of the atmosphere) directly 
from climate model output (known as 
direct detection schemes).

The PCCSP projections of tropical 
cyclone frequency and location were 
derived using methods falling under 
both of these general categories:

•	 A method for inferring tropical 
cyclone activity from the large-scale 
environmental conditions, known 
as the Genesis Potential Index, 
was used to determine projections 
from CMIP3 model output 
(Section 4.8.1).

•	 The CSIRO Direct Detection 
scheme was applied to both CMIP3 
and CCAM 60 km model output 
(Section 4.8.2).

•	 A new tropical cyclone detection 
method known as the Curvature 
Vorticity Parameter scheme 
was developed, which was 
applied to CMIP3 model output 
(Section 4.8.3).

In addition, the cyclonic wind hazard 
for both the current climate and for 
the future climate was assessed 
using Geoscience Australia’s Tropical 
Cyclone Risk Model (Section 4.8.4).

4.8.1 Genesis 
Potential Index
Approaches that use the mean 
characteristics of the large-scale 
environment to build empirical indices 
that replicate the key features of 
tropical cyclone formation are all 
essentially updates of the Yearly 
Genesis Parameter (Gray, 1979). 
For instance, Royer et al. (1998) 
showed that the Yearly Genesis 
Parameter could not be used to 
address climate change and therefore 
refined this index by modifying the 
thermal component. More recently, 
Emanuel and Nolan (2004) have 
proposed the Genesis Potential 
Index (GPI), which uses the concept 
of Potential Intensity (Bister and 
Emanuel, 1998) to account for thermal 
conditions. The GPI was developed 
and tuned using the large-scale 
environmental conditions of the 
NCEP/ DOE R-2 reanalyses and 
has since been used in a number 
of studies to infer tropical cyclone 
formation from global climate model 
output (Camargo et al., 2007b). In 
this study, the GPI was calculated 
for CMIP3 models deemed to have 
acceptable skill in simulating the 
Indo-Pacific climate (Section 5.5.1) and 
for which relevant daily model output 
was available (Appendix 1).

4.8.2 CSIRO Direct 
Detection Scheme
A number of approaches exist for 
the direct detection and tracking of 
tropical cyclone-like vortices in global 
climate model and downscaled model 
simulations (Bengtsson et al., 1982; 
Broccoli and Manabe, 1990; Walsh 
and Watterson, 1997; Camargo 
and Zebiak, 2002). However, due to 
the low resolution of global climate 
models and possible model biases 
and other deficiencies, tropical cyclone 
detection procedures invariably need 
to be adjusted to reproduce observed 
climatologies. Subjective adjustment 
can lead to model-specific and even 
basin-specific detection criteria 
(Camargo and Zebiak, 2002) which 
is less than ideal because model 
deficiencies are compensated for by 
the detection procedure, and the same 
model deficiencies are assumed to be 
present in the projected future climate. 
An effort to objectively determine 
detection criteria was proposed by 
Walsh et al. (2007), which incorporated 
a resolution-dependent wind 
speed threshold. While arguably an 
improvement because of its increased 
objectivity, it effectively retains 
model-dependent thresholds for all 
models of differing grid resolution.

The PCCSP approach to the direct 
detection of tropical cyclone-like 
vortices used a modified version 
of the Nguyen and Walsh (2001) 
detection scheme, coupled with the 
tracking scheme of Hart (2003), and 
is hereafter referred to as the CSIRO 
Direct Detection (CDD) method. 
The CDD method uses a wind 
speed threshold set at 70% of the 
value recommended by Walsh et al. 
(2007) and was tested on 20-years of 
ERA-Interim reanalysis data and tuned 

4.8 Tropical Cyclones
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to best reproduce the International 
Best Track Archive for Climate 
Stewardship (IBTrACS) observed 
database (see Section 2.2 for details 
of reanalysis and observational data). 
It was applied to outputs from the six 
CCAM 60 km simulations and CMIP3 
models deemed to have acceptable 
skill in simulating the Indo-Pacific 
climate (Section 5.5.1) and for which 
suitable model output was available 
(Appendix 1).

4.8.3 Curvature Vorticity 
Parameter Scheme
An independent and objectively 
determined detection method (based 
on a Curvature Vorticity Parameter, 
CVP) was developed for use in the 
PCCSP. It draws on the large-scale 
processes known to be essential to 
tropical cyclone formation, which 
should be resolvable even in the 
output generated by relatively coarse 
resolution global climate models. In 
particular, recent studies (Dunkerton et 
al., 2009; Nolan, 2007) have identified 
the importance of high curvature 
vorticity and low- to mid-tropospheric 
relative humidity immediately prior 
to tropical cyclone formation. Thus, 
elevated curvature vorticity and relative 
humidity, as well as minimal vertical 
wind shear, have been incorporated 
into the detection algorithm.

As for the CDD method, the CVP 
scheme was tested on 20 years 
of ERA-Interim reanalysis data and 
tuned to best reproduce the IBTrACS 
observed database. No additional 
tuning or adjustments were made 
prior to applying the method to global 
climate model output, which provides 
greater confidence that future changes 
in tropical cyclone frequency actually 
represent changes in the frequency of 
tropical cyclone-like circulations that 
develop in the global models. The CVP 
scheme was applied to a subset of 
four CMIP3 models deemed to have 
acceptable skill in simulating the Indo-
Pacific climate (Section 5.5.1) and 
for which suitable model output was 
available (Appendix 1).

4.8.4 Tropical Cyclone 
Wind Hazard
Geoscience Australia’s Tropical 
Cyclone Risk Model (TCRM) is a 
statistical parametric model of tropical 
cyclone behaviour, enabling users 
to generate synthetic records of 
tropical cyclones representing many 
thousands of years of activity. It uses 
an auto-regressive model, similar to 
the model developed by Hall and 
Jewson (2007), to create synthetic 
tracks of tropical cyclone events 
based on the characteristics (speed, 
intensity, bearing, size and genesis 

location) of a record of tropical cyclone 
events. Once a set of synthetic tropical 
cyclone events has been created, a 
parametric wind field (Powell et al., 
2005) and boundary layer model 
(Kepert, 2001) is applied to each track, 
and the maximum wind speed over 
the life of each event is captured. A 
generalised extreme value distribution 
is then fitted to the maximum wind 
speed values for each location 
(Hosking, 1990).

The wind hazard associated with 
current climate tropical cyclone activity 
was estimated by applying TCRM 
to the historical cyclone track record 
(from IBTrACS) over the PCCSP 
region. For future projections of wind 
hazard, TCRM was applied to tracks of 
tropical cyclone-like vortices detected 
in the CCAM 60 km simulations (using 
the CDD method).
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4.9 Ocean Acidification

Ocean acidification describes the 
decrease in both seawater pH and 
carbonate ion concentration that 
occurs as CO2 is absorbed from the 
atmosphere and reacts in seawater. 
One of the key carbon parameters 
to describe the change in carbonate 
ion concentration is the aragonite 
saturation state (Mucci, 1983). 
Projected changes in aragonite 
saturation and carbonate chemistry 
for the PCCSP region were calculated 
using an offline carbonate chemistry 
model. Three inputs were used to drive 
this model: 

1. Projections of future ocean 
carbon uptake.

2. Empirical relationships between 
ocean carbonate chemistry 
and salinity.

3. Projections of temperature and 
salinity from the CMIP3 models. 

The fields of temperature and salinity 
were derived by combining anomalies 
from model projections with observations 
(Antonov et al., 2006; Locarnini et al., 
2006), while future oceanic carbon 
uptake was estimated using projected 
atmospheric CO2 concentrations under 
different SRES emissions scenarios, 
observed seasonality (Takahashi et 
al., 2009) and future trends in uptake 
from the IPSL CM4-LOOP coupled 
climate carbon model (Marti et al., 
2010). Projections were calculated for 
CMIP3 models for which sea-surface 
temperature and salinity output was 
available (Appendix 1).
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•	 Global climate models can 
simulate many aspects of climate, 
and generally give a reasonable 
representation of seasonal and 
interannual climate in the PCCSP 
region. Most models, however, 
show biases, such as a tendency 
for sea-surface temperatures 
along the equator to be too cold. 
Such biases must be taken into 
consideration when using the 
models for climate projections.

•	 The representation of the 
El Niño-Southern Oscillation 
(ENSO) in climate models has 
improved over the years but 
remains a challenge at the regional 
scale. For example, sea-surface 
temperature variability associated 
with ENSO tends to be too narrowly 
focused on the equator, too far to 
the west and variability away from 
the equator in the sub-tropical 
Pacific tends to be too small.

•	 Global climate models reproduce 
the observed pattern of the regional 
distribution of sea level reasonably 
well. Global climate models that 
include all factors that influence the 
climate generate similar temporal 
variability in global-averaged 
ocean thermal expansion to the 
observations, but a slightly smaller 
rate of rise over recent decades. 
Observations indicate sea level is 
currently rising at near the upper 
end of the projected range.

Summary

•	 The CSIRO Direct Detection, 
Genesis Potential Index and 
Curvature Vorticity Parameter 
projection methods generally 
performed well in reproducing 
the observed tropical cyclone 
climatology when applied to global 
climate models. 

•	 An evaluation of the performance 
of 24 global climate models has 
identified a set of 18 models which 
provide a reasonable representation 
of climate over the PCCSP 
region. These models are used for 
constructing projections of future 
climate for the PCCSP region and 
for individual Partner Countries in 
Chapters 6 and 7.

•	 Dynamical downscaling models 
have finer resolution and can be 
used to obtain information at 
regional scales, including over 
topography or where coastal effects 
are important. Since this is very 
computer-intensive, the output from 
only six global models has been 
downscaled and used to provide 
additional projections information in 
Chapter 7.

•	 Bias-adjustment of the sea-surface 
temperatures and increased 
atmospheric model resolution 
improves the representation of 
some aspects of the current climate 
in the downscaled simulations. 
Moreover, downscaled projections 
can provide useful complementary 
information to projections from 
coarser global climate models. 
However, there is no guarantee 
that the downscaled projections 
are actually more reliable than 
the projections from the coarser 
global models.
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To make scientifically robust and 
confident projections of the future 
climate, it first has to be demonstrated 
that global or downscaled climate 
models are sufficiently realistic in 
simulating the present climate. 
Whether a model is skilful in simulating 
the present climate will depend on 
its ability to represent the long-term 
average and seasonal cycle of 
various atmosphere and ocean fields 
(e.g. temperature, rainfall, wind, salinity 
and sea level); important regional 
large-scale climate features (e.g. 
Intertropical Convergence Zone (ITCZ), 
South Pacific Convergence Zone 
(SPCZ) and West Pacific Monsoon); 
the major components of climate 
variability on various timescales (e.g. 
the El Niño-Southern Oscillation 
(ENSO), Pacific decadal variability); 
extreme weather events (e.g. heat 
waves, heavy rain, tropical cyclones); 
and long-term trends. In addition, 
climate models should be stable and 
not exhibit substantial model drift 
(model drift refers to spurious trends 
in climate simulations that occur in the 
absence of any change in factors that 
might be expected to induce change).

5.1 Introduction

The level of agreement between 
model simulations and observations 
of the present climate is used as a 
method of assessing model reliability. 
It is assumed that a model which 
adequately simulates the present 
climate will provide more reliable 
projections of the future. As shown in 
this chapter, no one model is the best 
in representing all aspects of climate, 
and a range of models should be 
considered when making projections 
of future climate.

Because of the complexity of climate 
systems, and the wide range of 
climate change factors of interest to 
stakeholders, it is important that model 
evaluation considers a broad range 
of features, fields and processes – 
with a corresponding requirement for 
high quality observations. For some 
features (e.g. global gridded rainfall) 
more than one dataset is available, 
which can provide a useful measure of 
observational uncertainty. The various 
observational datasets used in this 
chapter (and publication) are described 
in Chapter 2 and listed (along with 
their abbreviations) in Table 2.2 for the 
atmosphere variables and Table 2.3 for 
the ocean variables.

The global climate models (CMIP3 
models) assessed in this chapter are 
listed in Table 4.1, along with model 
numbers and names used throughout 
this publication. Features of global 
climate models, such as resolution 
and representation of physical 
processes, are discussed in general 
in Section 4.3, along with details of 
the CMIP3 suite of experiments. Most 
analysis in this chapter is carried out 
with respect to the climate of the 
20th century experiments described 
in Section 4.3.1. Also described in 
Chapter 4 are the techniques used for 
dynamical and statistical downscaling 
and for the calculation of tropical 
cyclones and sea-level changes based 
on climate model output.

The performance of global climate 
models is evaluated for atmosphere 
variables, ocean variables, major 
climate features and patterns of 
variability and extremes in Section 5.2. 
The performance of dynamical and 
statistical downscaling is evaluated 
in Section 5.3. The simulation of 
tropical cyclones in climate models is 
evaluated in Section 5.4. A summary 
of the suitability of models for use 
in climate projections in the PCCSP 
region is provided in Section 5.5.
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Box 5.1: Summary of Intergovernmental Panel on 
Climate Change Comments on Model Strengths 
and Weaknesses

Climate models are based on the laws of physics and can reproduce many observed 
features of the current climate and past climate changes. Confidence in model 
simulations is higher for some climate variables (e.g. temperature) than for others 
(e.g. rainfall). Confidence is also generally higher for changes on continental or larger 
scales than for sub-continental and island scales.

Confidence in the reliability of global climate models for climate projections has 
improved, based on tests of their ability to represent:

•	 Present day average climate and year-to-year variability.

•	 Observed climate trends in the recent past.

•	 Extreme events, such as storms and heatwaves.

•	 Climates from thousands of years ago.

Models show significant and increasing skill in representing many important mean 
climate features, such as the large-scale distributions of atmospheric temperature, 
rainfall, radiation and wind, and of oceanic temperatures, currents and sea-ice cover. 
Patterns of climate variability that are generally well-simulated include the advance 
and retreat of the major monsoon systems, the seasonal shifts of temperatures, 
storm tracks and rain belts. Simulations that include estimates of natural and human 
influences can reproduce the observed large-scale changes in surface temperature 
over the 20th century, including the global warming that has occurred during the 
past 50 years.

However, there remain significant deficiencies in models, stemming largely from 
the need to represent in approximate form (parameterise) some small-scale but 
key physical processes, such as cloud physics, radiation and rainfall processes. 
Importantly, errors or biases remain in a number of aspects of the simulation of 
tropical rainfall, ENSO and the Madden-Julian Oscillation, and tropical ocean 
temperatures. Relatively small-scale events such as tropical cyclones and 
thunderstorms are less skilfully reproduced. Finer resolution models tend to produce 
more realistic simulations, although increased resolution alone does not reduce some 
important biases.

In summary, climate models provide credible quantitative estimates of future climate 
change, particularly at larger scales. Some deficiencies remain at smaller scales. 
There will always be a range of uncertainty in climate projections. People doing 
impact assessments based on climate model projections need to understand and 
incorporate this uncertainty.

(Summary based on information in Chapter 8 of the Working Group 1 contribution to 
the IPCC Fourth Assessment Report (2007)).
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In this section, the seasonal and annual mean climatology of the 24 CMIP3 models is 
compared with observations. First, key atmospheric variables are examined, then model 
ocean climatology is compared with observed ocean variables. The key features of mean 
climate and climate variability in the models are compared with observations, and finally 
the simulation of climate extremes is compared with the observed distribution of extremes.

5.2 Evaluation of CMIP3 Climate Models

5.2.1 Atmosphere 
Variables
In simulating the current climate, the 
CMIP3 models should ideally capture 
the observed mean state of the 
climate, the timing and strength of 
the seasonal cycle, and the location 
and magnitude of any spatial features. 
A number of statistics relevant to 
these aspects of a model simulation 
have been calculated (Table 5.1). 
Unless otherwise stated, the results 
presented for these statistics refer to 
the multi-model mean (plus/minus the 
inter-model standard deviation) of the 
all-observation test scores (i.e. the 
value obtained by averaging across the 
scores from all relevant observational 
datasets). These observational 
datasets include CMAP and GPCP for 
the rainfall analysis, and the ERA-40, 
NCEP/DOE R-2 and JRA25 datasets 
for surface temperature and wind 
(Table 2.2). A complete listing of the 
CMIP3 models that were assessed 
for each variable (i.e. the models that 
have monthly time scale data available 
for the climate of the 20th century 
simulation) is given in Appendix 1.

Table 5.1: Definition of the statistics used to assess the ability of the CMIP3 models to simulate surface air temperature, rainfall and 
the surface wind. Each statistic was calculated over the PCCSP region (as defined in Section 1.3) after interpolation to a common 
2.5° latitude/longitude grid.

Aspect assessed Statistical test Data required

Mean state (bias)
Bias (or difference - model minus observed) in the spatial 
average value (Ebias) 1980–1999 annual mean field

Mean state (error)
Grid point average of the magnitude of the difference 
between the model and observed field (Eabs)

Seasonal cycle (phase) Grid point average temporal correlation (rt) Spatial field containing 12-step time series 
of the1980–1999 mean value for each 
monthSeasonal cycle (amplitude)

Grid point average temporal standard deviation ratio 
(model/observed; σratio,t)

Spatial features (location) Monthly time step average spatial (or pattern) correlation (rp)

1980–1999 mean field for each month
Spatial features (amplitude)

Monthly time step average spatial standard deviation ratio 
(model/observed; σratio,x)

5.2.1.1 Surface Air 
Temperature

The vast majority of the CMIP3 
models show a cold bias throughout 
much the PCCSP region (Figure 5.1; 
Ebias= -0.8 ± 0.8°C), which is largely 
responsible for the multi-model 
mean grid-point error magnitude of 
Eabs = 1.0 ± 0.5°C. The models are 
able to capture the general surface 
air temperature spatial pattern, 
however they tend to exaggerate the 
intensity and westward extent of the 
cool equatorial surface air associated 
with the oceanic cold tongue 
(rp = 0.9 ± 0.1; σratio,x = 1.1 ± 0.1). 
The models also tend to slightly 
overestimate the amplitude of the 
seasonal cycle (σratio,t = 1.2 ± 0.3), 
however the phase of this cycle is 
relatively well represented (rt = 0.8 ± 0.1).

5.2.1.2 Rainfall

The main large-scale features of the 
climatological rainfall in the PCCSP 
region, including the high rainfall 
areas associated with the tropical 
convergence zones and West Pacific 

Monsoon, are clearly present in most 
CMIP3 model simulations (Figure 5.2 
and Section 5.2.3). However, 
discrepancies in the precise location 
of these simulated features generally 
lead to relatively large grid-point 
errors in the 1980–1999 annual 
mean rainfall field (Eabs = 1.8 ± 0.5 
mm per day) and are reflected in the 
spatial correlation values obtained 
for each month (rp = 0.7 ± 0.2). 
Given the pronounced differences 
between the CMAP and GPCP 
datasets with respect to the intensity 
of tropical rainfall (Yin et al., 2004; 
also see Figure 5.2 and discussion in 
Section 2.2.1), it is interesting to note 
that the amplitude of both the modelled 
seasonal cycle and spatial distribution 
of rainfall in the PCCSP region tends 
to compare more favourably with 
CMAP (σratio,t  = 1.1 ± 0.3 and 
σratio,x = 1.1 ± 0.2) than GPCP 
(σratio,t = 1.5 ± 0.4 and σratio,x = 1.5 ± 0.3). 
The models compare similarly to CMAP 
and GPCP with respect to their ability 
to capture the phase of the seasonal 
cycle (rt = 0.6 ± 0.1).
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Figure 5.1: Climatological (1980–1999) annual mean 
surface air temperature (°C) for the multi-model mean 
(top left) and the ERA-40 reanalysis dataset (bottom 
left). The NCEP/DOE R-2 and JRA25 reanalyses are 
not shown, as they closely resemble ERA-40. Also 
shown is the difference (or anomaly): models minus 
ERA-40 (bottom right).

Figure 5.2: Climatological (1980–1999) annual mean 
rainfall (mm per day) for the multi-model mean (top) and 
for observational datasets GPCP (middle left) and CMAP 
(bottom left). Also shown is the difference (or anomaly): 
models minus GPCP (middle right) and models minus 
CMAP (bottom right).
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The multi-model grid point error 
magnitude for wind direction is 
Eabs = 14.7 ± 4.3°, however on a 
sub-regional scale errors larger than 
10° are typically confined to the region 
in and around Indonesia and Papua 
New Guinea. These directional errors 
may also arise from deficiencies in 
the simulation of the West Pacific 
Monsoon, however any mismatch 
between the model and reanalysis 
topography in the region would 
also be a factor. The models tend 
to underestimate the magnitude of 
the seasonal cycle in wind direction 
across the entire PCCSP region 
(σratio,t = 0.9 ± 0.2) and also show 
some difficulty in capturing the phase 
(rt = 0.7 ± 0.1) and spatial pattern 
(rp = 0.5 ± 0.1) of the seasonal cycle 
in wind direction. 

5.2.1.4 Summary: 
Atmosphere Variables

In summary, the CMIP3 models are 
able to capture the broad-scale 
characteristics of the 1980–1999 
average surface air temperature, 
rainfall and surface wind climatology. 
However they display some important 
deficiencies in simulating the finer 
details. In particular, the cold tongue 
bias influences the model simulated 
climate of Kiribati and Nauru, while 
many other Partner Countries are 
influenced by biases in the location of 
the tropical convergence zones (SPCZ 
and ITCZ) and the representation of 
seasonal wind reversals associated 
with the West Pacific Monsoon. 
The INM-CM3.0 and PCM models 
provide consistently poor simulations 
of the average climate across all 
atmospheric variables examined (Irving 
et al., in press). It is recommended 
that these models are not used 
for projections of future climate in 
Chapters 6 and 7 (Section 5.5).

5.2.1.3 Near-Surface Wind

The CMIP3 models tend to closely 
agree with observed climatological 
wind surface speed data (at 10 m 
above the ground) throughout most 
of the PCCSP region, except for the 
area immediately to the north and 
east of Papua New Guinea and the 
Solomon Islands (Figure 5.3). Over 
this area, the model tendency to 
overestimate the annual mean wind 
speed relates to model deficiencies in 
capturing the seasonal wind reversal 
associated with the West Pacific 
Monsoon (Section 5.2.3). Further, 
these sub-regional errors contribute 
greatly to the overall PCCSP region 
multi-model mean grid point error 
magnitude of Eabs = 0.9 ± 0.3 metres 
per second. The models have some 
difficulty in capturing the phase 
(rt = 0.7 ± 0.1) and spatial pattern 
(rp = 0.8 ± 0.1) of the seasonal cycle 
in wind speed.
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resemble ERA-40. Arrows indicate wind direction, with length 
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5.2.2 Ocean Variables

5.2.2.1 Sea-Surface 
Temperature

Comparison of observed and 
multi-model mean sea-surface 
temperature (Figure 5.4) shows 
that important large-scale features 
are generally captured with some 
degree of fidelity in the simulations. 
These include: (1) the West Pacific 
Warm Pool, (2) the warm bands 
straddling the equator and (3) the 
cold tongue in the eastern Pacific. 
However, systematic errors are also 

Figure 5.4: Climatological (1980–1999) annual mean sea-surface temperature (°C) for the 
observed HadISST dataset (top) and the multi-model mean (middle). Also shown is the 
difference, i.e. models minus observations (bottom).
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5.2.2.2 Sea-Surface Salinity

The large-scale observed features in 
sea-surface salinity are captured in 
the multi-model mean of the PCCSP 
region (Figure 5.6), in particular, the 
low salinity under the convergence 
zones, where high rainfall levels dilute 
the salinity concentration, and the high 
salinity in the south-eastern Pacific 
where there is low rainfall and high 
rates of evaporation. Examination of 
individual models shows very different 
sea-surface salinity patterns and a 
large spread in regional averages 
(Figure 5.5). While the majority of 
models have average salinities 
between 34.3 and 35.2 practical 
salinity units (psu) in the PCCSP 
region, three models (CSIRO-Mk3.5, 
UKMO-HadCM3 and PCM) have 
average salinities below 33.9 psu 
(Figure 5.5). The multi-model root 
mean square error for sea-surface 
salinity in the region is ~0.48 psu.

evident. The difference between the 
multi-model mean and observations 
of sea-surface temperature is ~0.7°C 
on average at any given location (root 
mean square error is 0.73°C). Across 
the equatorial region, this error is 
considerably larger, as the sea-surface 
temperature is too cool in the majority 
of models. Despite a zonal (east-west) 
sea-surface temperature difference 
that is close to observations in many of 
the models, the cold tongue extends 
too far into the western Pacific, 
thereby reducing the extent of the 
Warm Pool and making it generally 
too cold. This bias is also manifest in 

Considerable differences in 
sea-surface temperature distribution 
are evident across the models 
(Figure 5.5). Two models (GISS-ER 
and GISS-AOM) show little evidence 
of an equatorial cold tongue and 
consequently a lack of distinct 
convergence zones. This indicates 
a significant failing in their ability to 
properly capture tropical processes. 
In a few models (in particular 
INM-CM3.0 and BCCR-BCM2.0) 
the cold tongue reaches well into the 
western basin – a bias that adversely 
affects mean rainfall in the western 
Pacific region. Average sea-surface 
temperatures over the Pacific region 
are systematically too low, which 
also affects surface air temperatures 
(Figure 5.1). While two models are 
about 0.5°C too warm, the majority 
(including three of the flux-adjusted 
models) are more than 0.5°C too 
cold. Both the BCCR-BCM2.0 and 
CNRM-CM3.0 models are more than 
1.8°C too cold.

air temperatures and has implications 
for the wind distribution, the location 
of the atmospheric convergence, and 
hence rainfall.
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Figure 5.5: Average (1980–1999) 
PCCSP region sea-surface temperature 
and sea-surface salinity for individual 
CMIP3 models (numbered circles, see 
Table 4.1 for model numbers). The 
observed range (black box) spans two 
sea-surface temperature (SST) (HadISST 
and ERSSTv3) and two sea-surface 
salinity (SSS) (CARS06 and WOA05) 
observational datasets. Purple circles 
indicate flux-adjusted models 
(see the Glossary).

Figure 5.6: Climatological (1980–1999) 
annual mean sea-surface salinity (psu) 
for observed CARS06 dataset (top) and 
multi-model mean (middle). Also shown 
is the difference, i.e. models minus 
observations (bottom).
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5.2.2.3 Trends and Variability

An important test for climate models 
is how well they are able to simulate 
known climate variability on interannual 
time scales, and how well they can 
reproduce historical trends. Such an 
assessment is complicated by the fact 
that observations are often sparse 
(particularly prior to the mid-20th 
century) and often come from multiple 
sources, making it difficult to combine 
observations into a consistent record.

A comparison of observed PCCSP 
region sea-surface temperature 
trends with individual climate models 
shows that all the models simulate a 
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warming over the latter half of the 20th 
century (Figure 5.7). However, there 
is considerable spread, with some 
models producing more than double 
the observed warming, and others 
showing a very weak warming. Despite 
this, the multi-model mean compares 
well with observations. This does 
not imply that the multi-model mean 
is necessarily the best predictor of 
future climate.

The Pacific Decadal Oscillation 
is important (Chapter 3) as it can 
enhance or suppress ENSO impacts 
on decadal time scales. While most 
models simulate a Pacific Decadal 
Oscillation reasonably well, a number 

of models underestimate its strength, 
and three models (BCCR-BCM2.0, 
GISS-AOM and GISS-ER) give a 
sea-surface temperature response to 
the Pacific Decadal Oscillation that is 
of the wrong sign (Figure 5.7).

In addition to appropriately simulating 
natural variability such as ENSO and 
the Pacific Decadal Oscillation, models 
should be able to respond realistically 
to changes in insolation and to major 
volcanic eruptions. All models (except 
MIROC3.2 (medres)) that include the 
effect of volcanoes correctly simulate 
a cooling in the PCCSP region 
associated with increased volcanic 
activity, although the response is 
generally considerably larger than 
observed (Figure 5.7). In addition, all 
models, (except for GFDL-CM2.1) that 
include changes in insolation, simulate 
a warming in the PCCSP region 
associated with increased insolation.

Figure 5.7: Sea-surface temperature 
trend (1950–2000) and the strength 
of sea-surface temperature variability 
associated with ENSO, Pacific Decadal 
Oscillation, volcanic and solar forcing 
for three observational datasets 
(HadISST, ERSSTv3b and Kaplanv2), 
the multi-model mean, and the CMIP3 
models. ENSO and Pacific Decadal 
Oscillation strength relate to the 
sea-surface temperature response in the 
Niño3.4 region, 5°N–5°S, 120°W–170°W 
(as both of these phenomena have 
very different regional responses) while 
other forcing and the sea-surface 
temperature trend relates to the full 
PCCSP region (as changes are regionally 
homogeneous). X indicates models that 
do not incorporate solar and/or volcanic 
forcing in the 20th century simulation. 
See Table 4.1 for model numbers.
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5.2.2.4 Sub-Surface Trends

Understanding what goes on beneath 
the ocean surface is fundamental to 
fully understanding climate variability 
and change. The ocean has absorbed 
about 90% of the total additional heat 
from global warming and about half of 
the CO2 emitted since industrialisation 
(Sabine et al., 2004). Its huge inertia 
means that changes are less subject 
to the short-term fluctuations that 
are ubiquitous for atmospheric 
properties. Hence ocean heat content 
and sea-level change is often a more 
reliable indicator of climate change. 
The ocean plays a central role in ENSO 
and longer-term variability and takes 
part in important feedback processes 
that modulate the rate of long-term 
atmospheric warming. Physical ocean 
processes such as mixing are also 
vital for bringing essential nutrients into 
the surface ocean. These nutrients 
maintain biological productivity and 
ultimately the fisheries that are so 
important for the region.

The sub-surface temperature 
trend (1950–2000) shows a 
surface-intensified warming in 
both the models and observations 
consistent with increased greenhouse 
gas concentrations (Figure 5.8). 
Counter-intuitively, there is also a 
region of cooling centred near the 
equator at about 200 m depth. This 
cooling is consistent with a weakening 
in the equatorial trade winds that 
(through ocean processes) cause 
the thermocline to become shallower 
(Han et al., 2006) lifting the deeper 
cold water upwards. While the 
observed warming-cooling pattern 
could be caused by natural variability 
(McPhaden and Zhang, 2004), the 
fact that it is reproduced in the climate 
models (albeit with reduced intensity) 
suggests that the pattern is, in part, 
related to increased greenhouse gas 
concentrations. This is consistent with 
atmospheric studies that attribute the 
weakening of the Walker Circulation 
and the associated Pacific trade 
winds to both natural variability and 
the influence of greenhouse gases 
(Power and Kociuba, in press).

5.2.2.5 Climate Model Drift

Climate models that include 
historical or projected increases 
in atmospheric greenhouse gas 
concentrations would be expected to 
exhibit a global warming trend, with 
associated changes in other climate 
characteristics (e.g. rainfall, circulation). 
Conversely, climate simulations with 
greenhouse gas concentrations held 
fixed (i.e. control simulations) would 
be expected not to exhibit long-term 
trends. Many models do, however, 
have trends in their control simulations 
as a result of imperfections in the 
representation of physical processes 
in the models. Such spurious trends 
are referred to as climate model drift 
(Power, 1995). This is problematic, 
as a model that exhibits drift within 
the control simulation will also exhibit 
similar drift in the historical and 
projection simulations. The model drift 
therefore erroneously affects any global 
warming signal in the model output. 
Drift must therefore be accounted for 
when it is large.

−20 −10 0 10 20

0

50

100

150

200

250

300

350

400

Latitude
−20 −10 0 10 20

0

50

100

150

200

250

300

350

400

Latitude

 

 

−1

−0. 8

−0. 6

−0. 4

−0. 2

0

0.2

0.4

0.6

0.8

1

D
ep

th
 (m

)

Figure 5.8: Linear trend across the equator at 165°E in sub-surface ocean temperatures based on the multi-model mean (right) and an 
observational reconstruction (left; Durack and Wijffels, 2010). Units are °C per 50 years; black contours every 0.2°C per 50 years.
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The typical error introduced by 
model drift (if not accounted for) in 
the simulated trend for the PCCSP 
region is shown in Figure 5.9. For 
most models, the trend associated 
with model drift is less than 20% of 
the simulated 1950–2000 sea-surface 
temperature trend. In one model 
(INGV-SXG) the drift error is particularly 
pronounced, exceeding 40%. Model 
drift introduces a greater error in 
rainfall, with most models showing 
an error of 10 to 40%. Two models, 
MRI-CGCM2.3.2 and INGV-SXG, have 
rainfall drift errors that exceed 60%. 
In general, INGV-SXG shows high 
levels of drift in all climate variables. 
In addition, it is not possible to 
correct for model drift for this model 
as a concurrent control simulation 
is unavailable.

Model drift becomes relatively less 
important for projections as the 
anthropogenic climate signal become 

larger. In addition, model drift tends 
to be randomly distributed across 
models (i.e. it will make a trend 
larger in some models and smaller in 
others). As a result, model drift tends 
to be negligible when considering 
multi-model means. Model drift is 
often most important in the ocean, 
particularly at greater depth. As a 
result, ocean model fields used in 
projections of ocean variables (other 
than sea level) have been corrected 
for model drift by subtracting the 
drift in the control experiment from 
corresponding projection simulations.

Globally, the modelled sea level 
reproduces the large-scale features 
of the observed pattern but some 
models have a higher correlation 
with the observations and a smaller 
root mean square error than others 
(not shown). For the tropical and 
sub-tropical Pacific basin, there is a 
similar level of agreement but some 
models have closer agreement with 
the observations (Figure 5.10). There is 
a smaller root mean square error 
and larger spatial correlation for the 
multi-model mean sea-level distribution 
(for the 17 models available) than 
the individual models (Table 5.2, 
Figure 5.10 and Figure 5.11), where 
larger inter-model differences of 
regional sea-level patterns can be 
seen (Figure 5.10). The root mean 
square error between the mult-model 
mean and the observations is 0.09 m 
(Table 5.2 and Figure 5.11) over the 
region (120°E–70°W, 45°S–45°N) and 
the spatial correlation is very high at 
0.97 (Table 5.2).
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Figure 5.9: Relative size of climate drift in the CMIP3 models (based on their respective simulation with fixed greenhouse gases 
concentrations: the control run) versus the simulated 1950–2000 trend (where greenhouse gases concentrations follow historical levels) 
for surface air temperature (left) and rainfall (right). Model numbers are defined in Table 4.1 (Model 16 is INGV-SXG). Red dots indicate 
models that use flux adjustment (a correction made to some models to reduce the effect of model drift, see Glossary).

5.2.2.6 Sea Level

Mean Sea-Level Pattern

The observed sea-level pattern was 
presented in Section 2.6.4 (see 
Chapter 4 and Gregory et al. (2001) 
for a description of techniques to 
calculate sea level from the models). 
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Figure 5.10: Tropical and sub-tropical Pacific basin mean sea level (in metres) from each climate model and observations for the period 
1993–2000. The first number in brackets above each panel is the spatial correlation of mean sea level between each climate model 
and the observations for the tropical and sub-tropical Pacific basin (120°E–70°W, 45°S–45°N), while the second number is root mean 
square error. The global mean, averaged over the same period, is removed from each panel.
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Figure 5.11: Tropical and sub-tropical Pacific basin mean sea level (in metres) based 
on (a) observations and (b) the multi-model mean for the period 1993–2000. The spatial 
correlation between (a) and (b) is 0.97, while the root mean square error is 0.09 m. 
The global mean is removed from each panel.
 

Table 5.2: Spatial correlation and root mean square (RMS) error of mean sea level 
(in metres) between each climate model and observation for the period 1993–2000 
over the tropical and sub-tropical Pacific basin (120°E–70°W, 45°S–45°N).

Climate model Spatial correlation RMS error (m)

BCCR-BCM2.0 0.89 0.11

CCSM3 0.93 0.13

ECHAM5/MPI-OM 0.91 0.18

ECHO-G 0.85 0.19

FGOALS-g1.0 0.91 0.10

GFDL-CM2.0 0.94 0.13

GFDL-CM2.1 0.93 0.12

GISS-AOM 0.81 0.18

GISS-EH 0.85 0.22

GISS-ER 0.81 0.24

IPSL-CM4 0.92 0.10

MIROC3.2(hires) 0.94 0.12

MIROC3.2(medres) 0.94 0.21

MRI-CGCM2.3.2 0.95 0.18

PCM 0.82 0.21

UKMO-HadCM3 0.77 0.17

UKMO-HadGEM1 0.92 0.15

Multi-model mean 0.97 0.09

Sea-Level Trends

Robust projections of sea-level rise 
depend critically on understanding 
the ability to adequately represent 
past sea-level changes in model 
simulations. In the IPCC Fourth 
Assessment Report (Bindoff et al., 
2007) it was pointed out that the 
inability to satisfactorily explain the 
observed sea-level rise over decades 
has been a significant limitation in all 
of the IPCC assessments to date and 
a barrier to narrowing projections of 
sea-level rise.

Consistent with these results, 
Rahmstorf et al. (2007) showed that 
the observed sea level from tide 
gauges (1990–2001) and from satellite 
altimeter data (1993–2006) was rising 
at the upper limit of the projections 
from the IPCC (2001). Church et 
al. (2011) have also compared the 
observed sea-level rise derived from 
an improved sea-level reconstruction 
(Church and White, in press) and a 
longer altimeter time series, with the 
projected sea-level rise based on 
the IPCC projections (2007). By the 
end of the observational time series, 
both the reconstructed and altimeter 
sea-level datasets are close to the top 
of the projections.

Climate model simulations that only 
included the impact of greenhouse 
gases (and not the natural 
climate-influencing factors such as 
solar variability and stratospheric 
aerosols from large volcanic eruptions) 
have significantly larger trends and 
significantly less variability (Domingues 
et al., 2008) than simulations with 
improved upper-ocean heat content 
and steric sea-level trends (Domingues 
et al., 2008; Ishii and Kimoto, 2009; 
Levitus et al., 2009). In contrast, the 
variability in models that do include 
these natural climate-influencing 
factors is similar to the observed 
ocean variability but the trend in both 
ocean heat content and thermosteric 
sea-level rise is slightly smaller than the 
observations (Domingues et al., 2008). 
Model simulations which include 
natural factors also suggest that steric 
sea level would have fallen by several 

(a) Altimeter obervations

(b) Multi-model mean (0.97, 0.09)
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millimetres following the eruption of 
Mount Pinatubo in 1991 and that the 
ocean recovery from this cooling could 
add about 0.5 mm per year to the 
rate of steric sea-level rise over the 
decade from 1993, coincident with 
the first decade of high quality satellite 
altimeter observations (Church et al., 
2005; Gregory et al., 2006).

There have been updated glacier 
and ice cap mass inventories (Radic 
and Hock, 2010) resulting in a larger 
ice volume estimate, and permitting 
the mass changes of Greenland and 
Antarctica to be explicitly included 
in projections. The dataset of glacier 
mass balance has been expanded 
by using the ‘geodetic’ observations 
of glacier volume change in addition 
to the surface mass-balance 
observations (Cogley, 2009). Radic 
and Hock (2011) have allowed for 
glacier and ice cap hypsometry 
(changing area with altitude) in recent 
projections. Most recently, LeClercq 
et al. (2011) have used glacier length 
observations together with the surface 
mass balance observations compiled 
by Cogley (2009) to estimate glacier 
and ice cap contributions to sea 
level since 1800. Current methods 
reproduce these observations but 
significant uncertainty in parameters 
used for projections remain and the 
methods used in the IPCC (2007) 
report do not allow glacier and ice 
cap contributions to come to a new 
equilibrium in a warmer climate.

In the IPCC (2007) report, the ice sheet 
projections were completed using 
empirically calibrated schemes for 
melting as a function of temperature 
change. More recent work employs 
climate models at high resolution in 
the ice sheet regions and incorporates 
detailed physical models of the 
surface energy balance, melting and 
runoff, and snow accumulation, both 
for Greenland (Fettweis, 2007) and 
Antarctica (Krinner, 2007). In the IPCC 
(2007) report, it was recognised that 
the current suite of ice sheet models 
was not capable of adequately 
simulating a potential rapid response 
of the ice sheets to global warming. 

Much attention has been directed in 
recent years to developing improved 
models of ice sheet dynamics, and 
some first results are now available 
(Joughin et al., 2010). More are 
expected as an outcome of two 
large ongoing activities, the SeaRISE 
project supported by NASA, and the 
EU-funded ice2sea project.

5.2.2.7 Summary: 
Ocean Variables

In summary, while climate models 
are able to reproduce most of the 
important oceanic features, natural 
variability in the ocean, and the 
direction of historical changes, there 
are still significant biases that must 
be considered when applying these 
models to projections. The INGV-SXG 
model displays a large climate drift 
in all variables, and does not provide 
a corresponding control simulation 
to correct for climate drift. It is 
recommended that this model is not 
used for projections of future climate in 
Chapters 6 and 7 (Section 5.5).

Global climate models reproduce 
the observed pattern of the regional 
distribution of sea level with a fair 
degree of realism. Models that include 
natural and human emissions as 
climatic factors have similar temporal 
variability in global-averaged ocean 
thermal expansion as the observations, 
but a slightly smaller rate of rise over 
recent decades.

5.2.3 Climate Features 
and Patterns of 
Variability
In this section, the ability of models 
to simulate the major features and 
patterns of variability of climate in the 
PCCSP region is evaluated. A detailed 
description of the observed climate 
features (the SPCZ, ITCZ and West 
Pacific Monsoon) and components of 
climate variability (ENSO and the Indian 
Ocean Dipole) is given in Chapters 2 
and 3.

5.2.3.1 El Niño-Southern 
Oscillation 

As ENSO is a major component of 
climate variability in the PCCSP region, 
it is essential that it is well simulated 
in climate models. To simulate 
ENSO, a climate model needs to 
accurately simulate atmosphere-ocean 
interactions on all relevant time and 
space scales. In particular, a model 
requires a realistic mean climate, 
including the Walker Circulation and 
zonal and vertical ocean temperature 
gradients; realistic daily to weekly wind 
variability that helps trigger ENSO 
events; variations in the thermocline 
depth and slope; and appropriate 
ocean-atmosphere interactions. A key 
factor in successfully simulating all 
these features is sufficient spatial 
and temporal resolution to represent 
small-scale processes, such as 
ocean eddies. Other important 
model characteristics include realistic 
convection processes, representation 
of clouds and the feedbacks between 
clouds and radiation.

The adequate simulation of all these 
features contributes to a more realistic 
representation of the spatial pattern 
and strength of ENSO events, the 
frequency of events, the characteristics 
of different types of events, and the 
link between ENSO and climate 
variables such as rainfall. Reproducing 
ENSO-like behaviour in climate models 
is a very complex task and it is a 
significant achievement that, unlike two 
decades ago, most climate models 
simulate an ENSO-like phenomenon. 
The climate models involved in the 
CMIP3 comparisons (Section 4.3.1) 
perform much more realistically than 
previous generations of models 
because resolution, model formulation 
and representation of sub-grid scale 
processes (parameterisations) have 
been improved. Thus, many models 
are extremely useful tools for studying 
ENSO and its impacts (Guilyardi et al., 
2009; Collins et al., 2010).

Challenges in simulating ENSO 
behaviour still remain. Of the 
CMIP3 models, a small minority 
fail to adequately reproduce ENSO 
variability, probably due to coarse 
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ocean resolution (van Oldenborgh et 
al., 2005). Two models in particular 
(GISS-AOM and GISS-ER) show 
virtually no ENSO-like variability. 
The remaining models have a pattern 
of El Niño warming that extends too far 
into the western Pacific (Figure 5.12). 
This means that in some models, 
some Pacific Islands experience 
sea-surface temperature anomalies 
of the wrong sign and therefore the 
opposite impact of the El Niño event 
to what is observed. This bias also 
explains most of the error in the 
sea-surface temperature pattern 
correlations for canonical ENSO.

Every El Niño and La Niña event 
is different, but they have been 
observed to fall into two types based 
on the spatial patterns of sea-surface 
temperature anomalies that occur: 
the canonical ENSO and the El Niño 
Modoki (Section 3.4.1). The El Niño 
Modoki is thought to have become 
more prevalent in recent decades. 
It remains an ongoing topic of 
research whether this is due to natural 
variability or anthropogenic factors 
(Yeh et al., 2009).

CMIP3 models show varying degrees 
of skill in reproducing the strength 
and frequency of ENSO events. 
Observed ENSO events undergo 
a highly irregular two to seven year 
oscillation, but in some models ENSO 
events occur too often and too 
regularly, e.g. an El Niño or La Niña 
every two years (Randall et al., 2007), 
or too seldom (Joseph and Nigam, 
2006). The variability of the strength 
of canonical and Modoki events 
(measured by standard deviation of 
Niño3.4 and El Niño Modoki Index 
respectively, Figure 5.13 left), vary 
substantially from very weak to overly 
strong. In general, models with 
excessively strong canonical ENSO 
variability also have excessively strong 
Modoki variability, or too weak for 
both, reflecting general sea-surface 
temperature variability in the tropics.

The Modoki pattern was identified 
in observations as the second most 
important pattern in explaining monthly 
variability of sea-surface temperature 
in the tropical Pacific region (Ashok 

et al., 2007). The first pattern is 
the canonical El Niño pattern of 
sea-surface temperature variability, 
which accounts for 45% of tropical 
sea-surface temperature variability, 
compared to 12% for El Niño Modoki. 
The observed spatial patterns of the 
two modes are very similar to the 
patterns in Figure 3.4. In order to 
determine whether the spatial patterns 
of these forms of variability in the 
CMIP3 models correspond to those 
observed, they have been calculated 
for all models and for observations 
(HadISST) from their linearly 
de-trended monthly sea-surface 
temperatures from 1975–1999, using 
Empirical Orthogonal Function analysis 
(von Storch and Zwiers, 2000). Pattern 
correlations between the observed 
and model patterns (Figure 5.13 
right) show that most of the CMIP3 
models do not successfully distinguish 
the canonical and Modoki types of 
ENSO variability. The canonical ENSO 
pattern is reasonably well reproduced 
by most models (pattern correlation, 
rp is above 0.6 for most models), but 
in general they do not reproduce the 
Modoki pattern well (rp is below 0.6 for 
most models). Only a small number 

30°N

20°N

10°N

0°

10°S

20°S

30°S

120°E                     140°E                    160°E                    180°                    160°W                 140°W

Figure 5.12: Zero-line for sea-surface temperature response to ENSO for individual 
model (thin lines), multi-model mean (thick red) and observed (HadISST, thick black). 
During an El Niño event, warming (cooling) occurs to the east (west) of this line. Clearly 
evident is the large systematic bias in the model sea-surface temperature response over 
the equatorial western Pacific. This has important implications for the rainfall response 
to ENSO, which tends to increase (decrease) over warmer (cooler) waters.

of models produce a second mode of 
variability that is recognisably similar 
to the observed Modoki pattern. From 
the results shown here it also is clear 
that several models do not reproduce 
realistic variability for either canonical 
or Modoki ENSO.

The overly westward extension of 
sea-surface warming during El Niño 
events in most models has important 
implications for the rainfall response 
to ENSO, which tends to increase 
over warmer waters and decrease 
over cooler waters. This is evident 
from model rainfall maps (Figure 5.14, 
models 2 and 3), particularly in 
the region east of Papua New 
Guinea. Almost all models have an 
ENSO-related rainfall response in the 
wrong direction in parts of the western 
Pacific. Also, those models with weak 
sea-surface temperature variability 
tend to have a weak rainfall response 
(Figure 5.14, model 1), and those 
with excessively strong sea-surface 
temperature variability have a strong 
rainfall response (model 2). Models with 
realistic ENSO sea-surface temperature 
variability show a more realistic rainfall 
response (model 3).
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Many models simulate errors in the 
ENSO related changes in temperature 
or rainfall that influence particular 
Partner Countries. As the line between 
regions of warmer and cooler water 
during ENSO events is shifted too far 
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simulations (model numbers given in Table 4.1). The black square shows the observed standard deviations. (Right) Pattern correlations 
of canonical (Mode 1) and Modoki ENSO (Mode 2) spatial patterns of sea-surface temperature variability for each model with the 
observed patterns.

Model 2 Model 3

Observations Model 1

30°N

0°

30°S

30°N

0°

30°S

30°N

0°

30°S

30°N

0°

30°S

120°E 150°E 180° 150°W 120°W 90°W 120°E 150°E 180° 150°W 120°W 90°W

120°E 150°E 180° 150°W 120°W 90°W 120°E 150°E 180° 150°W 120°W 90°W

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

west in many models (Figure 5.12), 
countries may have the wrong 
sea-surface temperature anomaly 
during El Niño and La Niña events. The 
pattern of rainfall response to ENSO 
events is also shifted too far west in 

many models, and is too strong or too 
weak in some models (Figure 5.14). 
Therefore, models may not simulate 
the correct changes in rainfall during 
El Niño and La Niña events for some 
Partner Countries.

Figure 5.14: Observed (top left) and model (top right and bottom panels) rainfall response to a canonical El Niño event for three models. 
Contours represent the correlation coefficient between monthly Niño3.4 and rainfall. Positive correlations (blue) show where rainfall 
typically increases during El Niño events, and negative correlations (red) show where rainfall typically decreases during El Niño events.
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5.2.3.2 Indian Ocean Dipole

The simulation of the Indian Ocean 
Dipole (IOD, Section 3.4.7) in CMIP3 
models may be relevant to climate 
projection for regions affected by 
the IOD, including East Timor. Most 
CMIP3 models show some skill in 
reproducing the spatial pattern of 
surface temperatures that corresponds 
to the observed IOD. However 
the multi-model mean IOD pattern 
has a stronger east-west gradient 
than observed (Cai et al., 2009c). 
In five CMIP3 models (ECHO-G, 
IPSL-CM4, GISS-AOM, GISS-ER and 
INM-CM3.0), the IOD sea-surface 
temperature pattern is unrealistic, 
with a weak or negative correlation 
between the observed pattern and the 
model patterns (Cai et al., 2009c).

5.2.3.3 South Pacific 
Convergence Zone

The observed SPCZ is described in 
detail in Chapter 2. The simulation 
of the SPCZ in the CMIP3 global 
climate models is examined using 
December-February and June-August 
mean rainfall from the last two 

decades of the 20th century climate 
simulations compared with CMAP 
observed rainfall (Table 2.2). The SPCZ 
position is identified from the line of 
maximum rainfall in the South Pacific, 
extending from around 150°E towards 
the south-east.

The observed CMAP and 
multi-model mean rainfall for the 
December-February and June-August 
seasons (Figure 5.15) show that 
the observed SPCZ is more intense 
during December-February, and 
extends further into the south-east 
Pacific. During June-August, the ITCZ 
is more intense than the SPCZ, and 
the SPCZ breaks into distinct tropical 
and sub-tropical components. The 
multi-model mean rainfall also shows 
a distinct SPCZ band, which is most 
intense during December-February. 
The multi-model mean SPCZ has 
an orientation that is too zonal 
(east-west), rather than sloping to the 
south-east, and does not extend far 
enough into the sub-tropics in the 
eastern Pacific. In June-August, the 
multi-model mean rainfall does not 
show the sub-tropical section of the 
SPCZ located at around 30°S.

(a) DJF CMAP precipitation and NCEP wind mm/day (b) JJA CMAP precipitation and NCEP wind mm/day

(c) DJF Model Mean precipitation and wind mm/day (d) JJA Model Mean precipitation and wind mm/day
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Figure 5.15: (Top left): Observed December-February seasonal mean rainfall (from CMAP; see Table 2.2) and near-surface wind 
(from NCEP). (Top right): As for top left panel but for June-August. (Bottom left): Multi-model mean December-February seasonal mean 
rainfall and near-surface wind. (Bottom right): As for bottom left panel but for June-August.

While most models are able to 
simulate a separate ITCZ and SPCZ, 
a small number of models do not 
show a distinct SPCZ (for individual 
model performance, see Brown et al., 
in press). GISS-AOM and GISS-ER 
simulate a single rainfall band over the 
equator, while MIROC3.2 (medres) 
and MIROC3.2 (hires) simulate an 
SPCZ that does not extend east of the 
International Date Line.

Observations show that the SPCZ 
tends to move north-east during 
El Niño years and south-west during 
La Niña years (Folland et al., 2002; 
Vincent et al., 2011). The majority of 
models reproduce this movement of 
the SPCZ in response to ENSO. This 
underpins the ability of the models 
to simulate the influence of ENSO on 
rainfall and atmospheric circulation 
in the South Pacific (Brown et al., in 
press) because ENSO impacts on 
rainfall and circulation are largely linked 
to shifts in the SPCZ in this region.
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5.2.3.4 Intertropical 
Convergence Zone

Climate models typically simulate 
a narrow, zonal rainfall maximum 
corresponding to the ITCZ, with the 
exception of three models (GISS-AOM, 
GISS-ER and MIROC3.2(hires)) which 
show no Northern Hemisphere ITCZ 
branch in the western Pacific. These 
three models should therefore not be 
used for regional projections in that 
area. In the central and eastern Pacific, 
many models display a double ITCZ, 
with a Southern Hemisphere branch 
that is not found in the observations. 
In the multi-model mean there is too 
much rain in the south-eastern Pacific, 
with associated December-February 
northerly wind anomalies over the 
equator (in the observations this is a 
region of persistent southerlies).

broad maximum of the northern 
extent between July and September 
(Waliser and Gautier, 1993). Models 
represent the December-February 
location well on average, but show 
an excessive northward displacement 
in July-September (Figure 5.16); a 
bias that occurs in almost all models. 
Models on average reproduce 
the seasonal cycle of ITCZ rainfall 
amounts reasonably well, although 
uncertainties in the observations 
are large in this region, precluding 
stronger conclusions. On interannual 
time scales, most models are able to 
reproduce the equatorward shift under 
El Niño conditions and the poleward 
shift under La Niña conditions found 
in the observations (Chapter 3), 
except for those models not showing 
significant ENSO variability.

5.2.3.5 West Pacific 
Monsoon

In the Southern Hemisphere the 
West Pacific Monsoon consists 
of the seasonal reversal of wind 
direction over the region to the 
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Figure 5.16: Zonal average rainfall for (a) December-February, and (b) June-August, across the Pacific (160°E–120°W). CMAP 
(Table 2.2) observations and multi-model means are shown as solid and dashed lines, with the inter-model range as blue shading.

north of Australia, extending from 
East Timor to the Solomon Islands. 
The observed December-February 
monsoon winds are north-westerly, 
and bring convection and heavy 
rainfall predominantly to East Timor, 
Indonesia, Papua New Guinea and 
the Solomon Islands (Figure 5.15 (a) 
and (b)). In the Northern Hemisphere, 
corresponding seasonal reversals 
affect Palau and the Federated States 
of Micronesia. The spatial pattern of 
rainfall and winds associated with the 
monsoon is reasonably well simulated 
by the multi-model mean (Figure 5.15 
(c) and (d)).

Over the Southern Hemisphere 
box-1 region (Figure 2.10), all models 
simulate easterly winds that prevail 
during June-August and most models 
also simulate either a weakening 
or a reversal of the zonal wind 
component during December-February 
(Figure 5.17). Four models 
(GISS-AOM, GISS-EH, IPSL-CM4 and 
MIROC3.2(medres)) fail to simulate a 
reversal in wind direction.

The observed seasonal variation 
of the position of the ITCZ has an 
amplitude of approximately 2° of 
latitude, with maximum southward 
extent (although still in the Northern 
Hemisphere) in February, and a 
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When the seasonal rainfall contrast 
is expressed as the ratio of the 
December-February rainfall total 
divided by the June-August rainfall 
total over the Southern Hemisphere 
box-1 region (Figure 2.10), the 
observed ratio is close to two 
according to the CMAP data 
(Figure 5.18). Almost all the models 
simulate a ratio greater than one, with 
the exception of GISS-EH, which fails 
to simulate an enhancement of rainfall 
during the monsoon season.
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Figure 5.17: Seasonal surface zonal (easterly) winds as simulated by CMIP3 models 
for the Southern Hemisphere box-1 region (Figure 2.10) in December-February 
(light grey) and June-August (dark grey). Observed (NCEP, Table 2.2) zonal winds for 
December-February (blue) and June-August (red). Note that surface winds are only 
available for 20 CMIP3 models.

Figure 5.18: The ratio of December-February to June-August rainfall as simulated 
by CMIP3 models for the Southern Hemisphere box-1 region (Figure 2.10) (purple). 
The observed rainfall ratio (CMAP, Table 2.2) is indicated in blue. The black lines 
encompass the multi-model mean plus and minus one standard deviation.

Overall, with only a few exceptions, 
the CMIP3 climate models capture 
the major climatic features of the 
monsoon, including the seasonal 
reversal of the surface winds and 
the dominance of summer rainfall 
over winter rainfall. Of the four 
models without wind reversal, one, 
IPSL-CM4, has a reasonable rainfall 
seasonality, and the wind reversal 
failure is marginal. Consequently, three 
models (GISS-AOM, GISS-ER and 
MIROC3.2(medres)) do not adequately 
simulate the West Pacific Monsoon 
wind reversal and rainfall seasonality.

5.2.3.6 Summary: 
Climate Features and 
Patterns of Variability

Most of the 24 CMIP3 global climate 
models are able to reproduce the 
major climate features (SPCZ, 
ITCZ and West Pacific Monsoon) 
and modes of variability (ENSO, 
Interdecadal Pacific Oscillation and 
Pacific Decadal Oscillation). Two 
models (GISS-AOM and GISS-ER) 
show virtually no ENSO-like variability. 
These two models also fail to 
simulate a distinct SPCZ and ITCZ. 
In addition, MIROC3.2(medres) and 
MIROC3.2(hires) simulate an SPCZ 
that does not extend to the east of 
the International Date Line. Three 
models fail to simulate the West Pacific 
Monsoon wind reversal and rainfall 
seasonality (GISS-AOM, GISS-ER and 
MIROC3.2(medres)).
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5.2.4 Extremes
As a first step in assessing extreme 
events, an overview of the ability of the 
models to simulate the full spectrum 
of daily maximum temperature, 
minimum temperature and rainfall over 
the period 1980–1999 was obtained 
by calculating the Probability Density 
Function (PDF) overlap skill score 
(Perkins et al., 2007; Figure 5.19). 
In the context of daily maximum 
surface air temperature, for example, 
the PDF overlap skill score determines 
the degree to which a model simulates 
the correct number of cold, mild and 
hot days. Scores can range from 0.0 
(no skill) to 1.0 (highest possible skill). 
The test is performed on the empirical 
distributions of the observed and 
model data, rather than a parametric 
distribution fitted to each dataset.

Table 5.3: Definition of the statistics used to assess the ability of the models to capture 
the magnitude and frequency of extreme events.

Test Description Variables

1-in-20-year return 
value bias (BRV20)

a

Difference (model minus observed) in the 
magnitude of the event that occurs on 
average only once every 20 years

Maximum temperature 
Minimum temperature 
Rainfall

90th percentile bias 
(B90pctl)

Difference in the value that is exceeded 
on only 10% of days

Maximum temperature 
Minimum temperature 
Rainfall

10th percentile bias 
(B10pctl)

Difference in the value that is exceeded 
on all but 10% of days

Maximum temperature 
Minimum temperature 
Rainfall

Heat wave duration 
index bias (BHWDI)

b,c

Difference in the average length of a heat 
wave (defined as five or more consecutive 
days with a maximum temperature above 
(μ + 2σ)oC of the observational data)

Maximum temperature

Warm nights (WN)b Percentage of days where the minimum 
temperature is ≥ 90th percentile of the 
observational data (i.e. a perfect score 
is 10%)

Minimum temperature

Highest 5-day 
rainfall total bias 
(BRX5)

b

Difference in the magnitude of the highest 
5-day rainfall total 

Rainfall

Extreme rainfall 
contribution index 
bias (BR95pT)

b

Difference in the percentage of total 
annual rainfall that comes from intense 
rainfall events (defined as more intense 
than the 95th percentile)

Rainfall

μ = mean; σ = standard deviation
aCalculated using the Generalised Extreme Value distribution (Coles, 2001; Kharin et al., 2005)
bSee http://cccma.seos.uvic.ca/ETCCDMI/ for details
cThreshold was modified from the original ETCCDMI definition, to better reflect the 
Indo-Pacific climate.
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Figure 5.19: Schematic diagram illustrating the information contained in a Probability 
Density Function (PDF) and the PDF overlap skill score. A PDF provides information on the 
frequency of an event in a given sample. For example, for the red PDF a daily maximum 
temperature of 25oC occurs on 8% of days (a relative frequency of 0.08). As indicated by 
the grey shading, the PDF overlap skill score measures the degree of commonality (or 
overlap) between modelled (e.g. red PDF) and observed (e.g. black PDF) daily data.

While the PDF overlap skill score is 
useful in gaining an overview of the 
ability of climate models to simulate 
the full spectrum of daily climate, it is 
not very useful for capturing rare and 
extreme events (e.g. the hottest day 
of the year has a relative frequency of 
0.003, and is therefore barely visible on 
a PDF of daily maximum temperature). 
For this reason, the model bias was 
calculated for a number of commonly 
used statistics that capture the 
magnitude and frequency of extreme 
daily maximum temperature, minimum 
temperature and rainfall events 
(Table 5.3).

Unless otherwise stated, the results 
presented for all bias statistics refer to 
the multi-model mean (plus/minus the 
inter-model standard deviation) of the 
all observation test scores (the value 
obtained by averaging across the 
scores from the ERA-40, NCEP/DOE 
R-2 and JRA25 datasets). Only limited 
amounts of daily data are available for 
CMAP and GPCP, so these datasets 
could not be used for the rainfall 
analysis. A list of the CMIP3 models for 
which daily data are available is given 
in Appendix 1. The only exception to 
this listing is for the rainfall statistics, 
where GISS-ER and GISS-EH 
were excluded due to their outlying 
poor performance.

http://cccma.seos.uvic.ca/ETCCDMI
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5.2.4.1 Surface Air 
Temperature

The ability of the CMIP3 models to 
reproduce the full spectrum of daily 
maximum and daily minimum surface 
air temperature is very similar. Both 
variables are particularly well simulated 
in the South Pacific, with ensemble 
average PDF overlap skill scores 
of up to 0.8 achieved in the vicinity 
of Vanuatu, Fiji and Tonga (Figure 
5.20, inset). However, the equatorial 
Pacific is less well simulated, with 
scores as low as 0.3 near Kiribati 
and Nauru. These low equatorial 
scores can be explained by a general 
underestimation of the mean and 
overestimation of the variance in daily 
temperature (Figure 5.20) which may 
be related to the aforementioned cold 
bias and tendency of the models 
to overestimate the amplitude of 
the seasonal temperature cycle 
(Section 5.2.1.1).

With respect to the magnitude of rare 
and extreme temperature events, 
the 1-in-20-year maximum daily 
temperature tends to be slightly 
underestimated by the models 
throughout most of the PCCSP 
region (BRV20 = -1.0 ± 0.8°C), while 
the 1-in-20-year minimum daily 
temperature is either slightly over- or 
underestimated, depending on 
the location and particular model. 
The models tend to overestimate 
the maximum heat wave duration 
throughout the PCCSP region 
(BHWDI = 6.4 ± 4.7 days) and 
the number of warm nights 
(WN = 17 ± 12%).

5.2.4.2 Rainfall

The CMIP3 models have a similar 
ability in simulating the full spectrum 
of daily rainfall throughout the PCCSP 
region, with multi-model average 
spatial PDF overlap skill scores all 
within the narrow range of 0.6 to 0.8 
(Figure 5.21, inset). The nature of 
the differences between the model 
and observed PDF, however, differs 
depending on location (Figure 5.21). 
Throughout most of the PCCSP 
region, the models generally 
underestimate the number of days 
at both ends of the observed daily 
rainfall distribution (i.e. the number 
of days of both heavy rain and little 
to no rain). In contrast, the models 
tend to overestimate the number of 
days of little or no rain in the vicinity 
of Kiribati and Nauru. This contrasting 
performance may be related to the 
influence of the cold tongue bias 
(Section 5.2.2.1 and Box 5.2).

Consistent with this underestimation 
of the frequency of extreme 
rainfall events, the CMIP3 models 
also generally underestimate the 
intensity. This is evident from a 
tendency to underestimate the 
intensity of the 1-in-20-year event 
(B20RV = -54 ± 28 mm per day), 
the contribution of heavy rainfall 
events to the annual rainfall total 
(BR95pT = -3.1 ± 2.2%) and the 
highest 5-day rainfall total 
(BRX5 = -109 ± 67 mm). These model 
deficiencies in representing the 
frequency and intensity of extreme 
rainfall events may be partly explained 
by the failure of coarse resolution 
climate models to fully represent 
intense, localised rainfall features.

5.2.4.3 Summary: Extremes

In summary, although the CMIP3 
models show some skill in representing 
the broad PDF of temperature and 
rainfall (as evidenced by the overlap 
statistic) they tend to underestimate 
the frequency and intensity of present 
day extreme (high) temperature and 
rainfall events. This finding may be 
related in part to the relatively coarse 
resolution of these models. Biases 
tend to be most pronounced in the 
vicinity of Kiribati and Nauru, which is 
likely due to the influence of the cold 
tongue bias. The PCM model provides 
a relatively poor simulation of present 
day temperature extremes, while the 
GISS-ER and GISS-EH models provide 
a poor simulation of present day rainfall 
extremes (see Perkins, in press for 
details). It is recommended that these 
models are not used for projections 
of future climate in Chapters 6 and 7 
(Section 5.5).
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Figure 5.21: Multi-model mean (GISS-EH 
and GISS-ER excluded) and observed 
mean (ERA-40, NCEP/DOE R-2 and 
JRA25) 1980–1999 daily rainfall PDFs for 
two locations: south (170°W, 20°S) and 
equator (175°E, 0°). Inset: Multi-model 
mean PDF overlap skill score for the 
1980–1999 daily rainfall, averaged over 
the observational datasets.
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Figure 5.20: Multi-model mean 
and observed mean (ERA-40, 
NCEP/ DOE R-2 and JRA25 average) 
1980–1999 maximum daily surface air 
temperature PDFs for two locations: 
south (170°W, 20°S) and equator 
(175°E, 0°). Inset: Multi-model mean 
PDF overlap skill score for the 
1980–1999 daily maximum surface 
air temperature, averaged over the 
observational datasets.
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Box 5.2: CMIP3 Model Biases in the 
PCCSP Region

In general, the CMIP3 global climate models are able to represent essential aspects 
of the most important large-scale climate features of the Pacific region. These include 
representing the geographic and temporal patterns of sea-surface temperature and 
wind speed and direction, and the approximate shape, location and seasonality 
of the major convergence regions, e.g. SPCZ, ITCZ, and their associated rainfall. 
This provides confidence in the use of models for regional climate projections.

However, a number of common model biases and errors are apparent which lead to 
important limits in this confidence. Perhaps the most significant of these arise from a 
tendency for models to extend the Pacific equatorial cold tongue too far to the west, 
resulting in western and central equatorial Pacific sea-surface temperatures which 
are too cold (Figure 5.4). Maximum temperature biases occur in the vicinity of Nauru 
and Kiribati, however other countries are also affected, as this bias affects large-scale 
patterns of wind and rainfall, and thereby many aspects of broader Pacific climate 
and climate variability.

Both model sea-surface temperatures and surface air temperatures are lower than 
observed in this region, with resultant rainfall totals significantly too low, particularly 
near the equator. This manifests as an artificial split between the ITCZ and SPCZ, 
the latter of which is too east-west orientated (Figure 5.15). The ITCZ is also located 
too far off the equator in December-February. In addition, winds are consistently 
too strong here, with direction errors (at over 10°) being largest in the Pacific basin 
(Figure 5.3). The cold tongue bias also affects ENSO variability, in particular pushing 
the pattern of response too far to the west, with consequences for the interannual 
variation of surface temperatures and rainfall at low latitudes in the western Pacific 
(Figure 5.12).

It is critical that such biases and shortcomings are borne in mind when interpreting 
model output for practical applications within the region. They also provide some of 
the most significant challenges for ongoing research (Chapter 8).

Flux adjustment in global climate models may reduce some of these biases, but leads 
to uncertainty over their ability to simulate climate variability and the response to 
climate forcing.
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In evaluating the dynamical 
downscaling performed with the 
CCAM model (Section 4.5.2), 
a number of comparisons have 
been made:

•	 A comparison of the large-scale 
PCCSP region present day climate 
simulated by CCAM (i.e. the 
60 km resolution simulations) with 
observations and the six host global 
climate models (Section 5.3.1.1). 
Note that the six models chosen 
for downscaling here were not the 
top six performing members in 
the previous global climate model 
evaluation. They were selected 
based upon the research of Smith 
and Chandler (2010) because 
they generally scored high in this 
study and tended to have good 
interannual variability, such as 
ENSO. However, as the sea-surface 
temperature biases were corrected 
before being used by CCAM, and 
no atmospheric data from the global 
model was used, the performance 
of the global climate model does 
not directly relate to the accuracy of 
the downscaled simulations.

•	 A comparison of the small-scale 
present day climate simulated by 
CCAM (i.e. the 8 km resolution 
simulations) with relevant 
high resolution observations 
(Section 5.3.1.2). This analysis was 
conducted for two regions: Papua 
New Guinea and Fiji.

•	 A comparison of the performance 
of CCAM with additional dynamical 
downscaling simulations 
(Section 5.3.3).

5.3.1 CCAM Large-
Scale (60 km) Climate
Using the same statistics and 
observational datasets as in 
Section 5.2.1, the CCAM 60 km 
simulations were upscaled to a 
common 2.5° latitude/longitude 
grid. This allowed for large-scale 
temperature, rainfall and extreme 
weather comparisons to be made 
against observations and the six host 
global climate models.

5.3.1.1 Surface Air 
Temperature

The evaluation of present day 
surface air temperature (Table 5.4) 
shows general improvement in the 
downscaled simulations versus the 
host global models. In particular, the 
downscaled simulations provide an:

•	 Improved mean state  
(Eabs = 0.55 vs. 1.03°C).

•	 Improved phase (rt = 0.93 vs. 0.77) 
and amplitude (σratio,t = 1.07 vs. 1.21) 
of the seasonal cycle.

5.3 Evaluation of Dynamical and 
Statistical Downscaling

•	 Improved location (rp = 0.97 vs. 0.90) 
and amplitude (σratio,x = 1.05 vs. 1.17) 
of spatial features.

The absence of any pronounced 
cold tongue bias appears to be the 
main factor behind improvements 
in the mean state and spatial 
pattern (Figure 5.22). This is due to 
the sea-surface temperature bias 
adjustment in the CCAM method. Also 
note the improved representation of 
the temperature over the land masses 
due to better resolved topography in 
the CCAM 60 km simulations, as for 

Figure 5.22: Annual mean surface air temperature for 1980–1999 ERA-40 reanalysis 
dataset (top), for the global climate model multi-model mean (middle) and CCAM 60 km 
six-model mean (bottom).
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Papua New Guinea and Fiji, for example. 
The warm bias in the CCAM simulations 
is the result of a parameterisation of the 
sea-surface temperature enhancement 
when there are light winds and sunny 
skies. It appears as though this effect 
may be too large in these simulations. 
This can be seen in the evaluation 
statistics of the individual downscaled 
simulations (Table 5.4).

5.3.1.2 Rainfall

The evaluation of recent historical rainfall 
(Table 5.5) shows general improvement 
in the downscaled simulations versus 
the host global climate model. In 
particular, the downscaled simulations 
provide:

•	 Improved mean state 
(Eabs = 1.33 vs. 1.88 mm per day).

•	 Improved spatial pattern 
(rp = 0.76 vs. 0.68).

•	 Slightly poorer seasonal cycle 
(rt = 0.51 vs. 0.59).

It is difficult to comment on the amplitude 
of the seasonal cycle or the spatial 
features of the region, due the large 
differences between the amplitude of 
CMAP and GPCP (Yin et al., 2004; also 
see Figure 5.2 and discussion in Section 
2.2.1.4). However, it is interesting to 
note that the outputs of global climate 
models compared more favourably 
with CMAP, while the downscaled runs 
compared more favourably with GPCP. 
An improved orientation of the SPCZ 
and the absence of excessive rainfall 
in the far west of the PCCSP region 
(i.e. the region influenced by the West 
Pacific Monsoon) appear to be the main 
factors behind improvements in the 
mean state and spatial pattern in CCAM 
(Figure 5.23). Note that for the CCAM 
simulations, the statistics for the various 
simulations are fairly similar, while the 
statistics for the global climate models 
vary significantly. Although the biases in 
the CCAM simulations (around 1 mm per 
day) are worse than the outputs of global 
climate models, the mean absolute 
errors are less. Evidently, the global 
climate models have both positive and 
negative errors in various regions which 
cancel out to give a smaller bias, but 
larger mean absolute errors.
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Figure 5.23: 1980–1999 annual mean rainfall (mm per day) for GPCP data (top), 
CMAP data (middle top), multi-model mean of the six global climate models that 
were downscaled (middle bottom) and multi-model mean of six CCAM 60 km 
models (bottom).
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Table 5.4: Combined statistics for global climate multi-model mean and CCAM 60 km multi-model mean simulations for surface air 
temperature against ERA-40, NCEP2 and JRA25 reanalysis. Bold values show better results for multi-model means (top) and also for 
pairs of global climate model-CCAM simulations (middle and bottom sections). For comparison, statistics for the multi-model means 
of the 23 global climate models and for the six individual host global climate models and CCAM 60 km simulations are also given (top). 
Statistics are defined in Table 5.1.

Surface air temperature (entire PCCSP region) Bias (˚C) Eabs (˚C) rt rp σratio,t σratio x

Multi-model means

Average (all 23 global climate models) -0.76 1.02 0.74 0.89 1.18 1.08

Average of 6 global climate models -0.40 1.03 0.77 0.90 1.21 1.17

Average of 6 downscaled models 0.50 0.55 0.93 0.97 1.07 1.05

Individual global model simulations

CSIRO-Mk3.5 1.01 1.04 0.80 0.89 1.13 1.18

GFDL-CM2.0 -1.33 1.35 0.77 0.93 1.44 1.28

GFDL-CM2.1 -0.94 0.98 0.73 0.93 1.44 1.22

ECHAM5/MPI-OM 0.16 0.46 0.81 0.93 1.05 1.04

MIROC3.2 (medres) -1.46 1.51 0.71 0.89 1.19 1.04

UKMO-HadCM3 0.14 0.86 0.83 0.85 1.00 1.25

Individual CCAM simulations

CCAM (CSIRO-Mk3.5) 0.54 0.58 0.94 0.97 1.06 1.06

CCAM (GFDL-CM2.0) 0.49 0.54 0.93 0.98 1.07 1.05

CCAM (GFDL-CM2.1) 0.52 0.57 0.93 0.97 1.08 1.05

CCAM (ECHAM5/MPI-OM) 0.52 0.56 0.94 0.98 1.08 1.06

CCAM (MIROC3.2 (medres)) 0.43 0.49 0.93 0.97 1.09 1.04

CCAM (UKMO-HadCM3) 0.53 0.57 0.94 0.97 1.06 1.05

Table 5.5: As for Table  5.4, but for rainfall. Observational data is from CMAP and GPCP.

Rainfall (entire PCCSP region) Bias (mm/day) Eabs (mm/day) rt rp σratio,t σratio x

Multi-model means

Average (all 23 global climate models) 0.39 1.77 0.55 0.63 1.25 1.27

Average of 6 global climate models 0.62 1.88 0.59 0.68 1.31 1.40

Average of 6 downscaled models 1.00 1.33 0.51 0.76 0.92 0.90

Individual global model simulations

CSIRO-Mk3.5 0.75 1.86 0.66 0.73 1.37 1.41

GFDL-CM2.0 0.55 1.60 0.67 0.76 1.49 1.50

GFDL-CM2.1 1.04 1.75 0.62 0.67 1.40 1.27

ECHAM5/MPI-OM 0.95 2.46 0.50 0.57 1.35 1.45

MIROC3.2 (medres) -0.13 1.23 0.53 0.70 1.02 1.10

UKMO-HadCM3 0.56 2.39 0.55 0.67 1.23 1.68

Individual CCAM simulations

CCAM (CSIRO-Mk3.5) 1.10 1.37 0.52 0.78 0.97 0.97

CCAM (GFDL-CM2.0) 0.94 1.31 0.54 0.76 0.91 0.85

CCAM (GFDL-CM2.1) 1.11 1.44 0.50 0.75 0.91 0.89

CCAM (ECHAM5/MPI-OM) 1.04 1.31 0.55 0.78 0.93 0.93

CCAM (MIROC3.2 (medres) 0.82 1.20 0.43 0.73 0.89 0.88

CCAM (UKMO-HadCM3) 0.97 1.35 0.55 0.76 0.92 0.87
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5.3.1.3 Extremes

Evaluation of the 1-in-20-year 
maximum daily air temperature (Figure 
5.24) shows large values of over 44°C 
in the reanalyses over Australia and 
fairly uniform values of around 30°C 
over the Pacific Ocean, with slightly 
lower values in the north-eastern and 
southern regions. The global climate 
models capture this pattern, but have 
higher values than the reanalyses. The 
upscaled CCAM 60 km simulations 
have even larger values over the 
ocean, but are closer to the reanalyses 
over Australia. The raw CCAM 60 km 
simulations have slightly higher values 
than the upscaled results, indicating 
that upscaling tends to slightly dampen 
the extremes.

The CCAM 8 km results for Fiji are 
fairly uniform, with lower temperatures 
to the south, similar to the CCAM 
60 km results. In addition, some 
variation is seen across the islands, 
with lower values in the mountains 
and higher values in the lowlands 
for the southern island and generally 
lower values for the northern island. 
For Papua New Guinea, the 8 km 
variations are much more pronounced, 
with lower extremes clearly evident 
over the high mountains and higher 
values over the lowlands. This 
pattern was also partially captured 
in the CCAM 60 km simulations 
(not upscaled).

Evaluation of the percentage of days 
with heavy rainfall (20–50 mm) shows 
agreement between the mean of the 
five global climate models for which 
daily data were available and that were 
used to downscale, and the mean of 
the CCAM 60 km simulations (Figure 
5.25), while the combined global 
climate model values appear to be too 
large, i.e. many of the global models 
appear to be simulating too many 
heavy rain days.

The CCAM 8 km percentage of heavy 
rain days for Fiji and Papua New 
Guinea (bottom row of Figure 5.25) 
shows a complex pattern, with higher 
values (greater than 20% of days 
with heavy rainfall) along the eastern 
edges of the Fiji Islands and lower 
values (around 2% of days with heavy 
rainfall) over western portions of the 
islands. Over Papua New Guinea, the 
largest percentage of heavy rain days 
is along mountain slopes and over the 
Solomon Sea, with fewer days over 
the Coral Sea and most inland areas. 
The lack of available quality-controlled, 
high-resolution gridded daily rainfall 
observational data prevents validation 
of these values.

The PDF overlap statistic used in 
the global climate models evaluation 
(Section 5.2.4) is also applied here to 
evaluate the extremes in the CCAM 
60 km simulations. Evaluation scores 
in Figure 5.26 are for multi-model 
means for all CMIP3 models with 
available daily data (top), the five global 
climate models with daily data used to 
drive the CCAM (middle), and the six 
CCAM 60 km downscaled simulations 
(bottom). The PDF statistic for daily 
rainfall shows general agreement for 
all three, with some improvement in 
using CCAM compared to the global 
climate models. For daily maximum 
temperature, improvement is not 
evident. This is potentially related to 
the CCAM simulations having a greater 
temperature spread (wider PDF) than 
the reanalyses, giving a smaller PDF 
statistic score.
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Figure 5.24: 1980–1999 1-in-20-year return maximum daily air temperature. Multi-model mean of (a) three reanalyses (NCEP2, 
ERA-40 and JMA25), (b) five global climate models, (c) six CCAM 60 km simulations upscaled to a 2.5 degree resolution grid, 
(d) six CCAM 60 km simulations on a 0.5 degree grid, (e) three CCAM 8 km simulations for Fiji, (f) three CCAM 8 km simulations for 
Papua New Guinea.
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Figure 5.25: 1980–1999 percentage days with heavy rainfall (20–50 mm). Multi-model mean of three reanalyses (NCEP2, ERA40 and 
JMA25) (top left), average of all global climate models (top right), average of five global climate models (middle left), average of six 
CCAM 60 km simulations (middle right), average of three CCAM 8 km simulations for Fiji (bottom left) and average of three CCAM 8 km 
simulations for Papua New Guinea (bottom right).
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5.3.2 CCAM Small-
Scale (8 km) Climate
As demonstrated in the previous 
section, the CCAM 60 km multi-model 
mean rainfall simulations show a 
general statistical improvement over 
the mean values for all global climate 
models. By further downscaling to 
8 km, the rainfall pattern can be 
better resolved and the effects of 
topographical and other local features 
can be incorporated. See, for example, 
the study by Lal et al. (2008) which 
showed the benefits of high resolution 
by using CCAM with 8 km resolution 
to downscale NCEP reanalyses 
over Fiji for 10 years. As explained 
previously, due to computational and 
time constraints, only three of the six 
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Figure 5.26: PDF statistic for annual rainfall (left) and maximum temperature (right). Multi-model mean for all global climate models 
(top), for five global climate models (middle), and six CCAM 60 km simulations averaged to 2.5 degree grid for validation (bottom).

CCAM 60 km simulations were further 
downscaled to 8 km. In this section, 
validation for Papua New Guinea and 
Fiji is presented. A more complete 
validation for these and other 8 km 
downscaled regions will be presented 
in a future technical report.

One of the issues in evaluating rainfall 
for the 8 km CCAM simulations is 
the lack of high-resolution gridded 
datasets to compare against. The 
TRMM satellite-based dataset chosen 
is available at 25 km resolution for 
the period 1998–2010 only, while the 
CRU dataset is at 50 km and is based 
upon station data (hence land only 
(Section 2.2.1)). 

Evaluation of the downscaled annual 
rainfall for Papua New Guinea is 

presented in Figure 5.27. The top 
row in Figure 5.27 shows the 
rainfall pattern at 200 km resolution, 
approximately the resolution of the 
global climate models. Although the 
overall pattern in the various models 
is similar to the TRMM data, the 
magnitude is slightly better captured 
by the 8 km simulation. However, the 
key reason for the higher resolution 
simulations is to give more detail than 
is available from the coarse resolution 
global climate models. In particular, 
the pattern of higher rainfall along 
the slopes of the mountains is better 
captured by the 60 km simulations, 
and in even more detail in the 8 km 
simulations, though the observational 
dataset is not fine enough to evaluate 
if all the added detail is realistic. 
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Comparison of the upper row with the 
lower row demonstrates the added 
information at the higher resolutions. 
The validity of the technique has been 
shown in a previous study by Lal et 
al. (2008) using the same model for 
regional climate simulations over Fiji.

5.3.2.1 Rainfall and 
Temperature Validation for 
Nadi, Fiji

As indicated in the previous section, 
as finer resolution downscaled 
simulations are run, more detail in 
the simulations is provided than is 
available in gridded observational 
datasets. An alternative method of 
validation is to compare model grid 
point data with station observations. 
In this section, the simulations from 
global climate models and CCAM 
simulations are evaluated for Nadi, 
Fiji. The observed rainfall climatology 
from various datasets for 1980–1999 
is shown in Figure 5.29 (left). There is 
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Figure 5.27: Papua New Guinea 1980–1999 annual rainfall climatology (mm per day) for TRMM satellite data (left); CRU data set 
(middle left); six global climate models multi-model mean (middle); six CCAM 60 km multi-model mean (middle right); and three CCAM 
8 km multi-model mean (right). Top row all re-gridded to 200 km grid, bottom row all on the original grid for each dataset.

A similar comparison of rainfall for Fiji 
is shown in Figure 5.28. Fiji is made 
up of smaller islands than Papua New 
Guinea, with less complex topography. 
Again, the top row shows that all 
models capture the large-scale pattern 
reasonably well, with more rainfall to 
the north and less to the south. At the 
full resolution of the various datasets 
(bottom row), the topographic effect 
on the rainfall begins to show, with 
more rainfall on the eastern side of the 
main islands and less on the western 
sides (Lal et al., 2008). This is mainly 
a result of the easterly trade winds 

greater rainfall in November-April, 
with less rainfall in the other months. 
All datasets have generally similar 
seasonal cycles, though some 
differences are evident, especially in 
February, March and December.

Comparisons of rainfall for the 
global climate models, CCAM 
60 km simulations and CCAM 8 km 
simulations are shown in Figure 5.29 
(right). The larger spread of the 
global climate models (shown by the 
green dashed lines) is evident, with 
a tendency to underestimate the 
seasonal cycle of rainfall. The CCAM 
60 km simulations of the seasonal 
rainfall cycle are closer to the station 
observations than those of the global 
climate model. The 8 km simulations 
tend to best capture the rainfall cycle, 
though they tend to overestimate 
rainfall amounts.

flowing over mountains on the island, 
rising on the eastern side, resulting in 
more rainfall, and descending on the 
downwind side, causing less rainfall.
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Figure 5.28: Fiji 1980–1999 annual rainfall climatology (mm per day) for TRMM satellite data (left); CRU (middle left); six global climate 
models model mean (middle); six CCAM 60 km multi-model mean (middle right); and three CCAM 8 km multi-model mean (right). Top 
row all re-gridded to 200 km grid, bottom row all on the original grid for each dataset.
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Figure 5.29: Evaluation of 1980–1999 rainfall (mm per day) for Nadi, Fiji. (Left) Monthly plot from various observational data sources: 
Nadi observations (black line), CMAP (red line), CRU (blue line), GPCP (green line) and TRMM (cyan line). (Right) Monthly plots for Nadi 
observations (black line), average of the global climate models (solid green line with +/- two standard deviations dashed green lines), 
CCAM 60 km (solid blue line with +/- two standard deviations dashed blue lines) and CCAM 8 km (solid red line with +/- two standard 
deviations dashed red lines). 
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The validation of daily temperature for 
Nadi, Fiji is presented in Figure 5.30. 
The multi-model means for the global 
climate models and the CCAM 
60 km simulations show quite 
good agreement with the station 
observations, although the global 
climate models tend to be warmer 
by around 1°C from February to July. 
The CCAM 60 km simulations also 
have a cold bias of about 1°C for 
most of the year. The CCAM 8 km 
simulations are closest to the observed 
seasonal cycle of temperature. The 

seasonal cycle of maximum and 
minimum surface air temperature 
(Figure 5.31) indicates a cold bias in 
maximum temperatures and warm 
bias for minimum temperatures in the 
CCAM 60 km simulations. The CCAM 
8 km simulations are very close to the 
observed maximum temperatures, 
with a 1°C cold bias in minimum 
temperatures.
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Figure 5.30: Evaluation of 1980–1999 monthly average temperature (mm per day) for Nadi, Fiji. (Left) Monthly plots for Nadi 
observations (black line), global climate models (solid green line with +/- two standard deviations dashed), CCAM 60 km (solid blue 
line with +/- two standard deviations dashed) and CCAM 8 km (solid red line with +/- two standard deviations). (Right) Frequency 
distribution plots for surface air temperature using same colour scheme as in the left hand figure.

Figure 5.31: Monthly plots of surface 
air maximum (Tmax) and minimum 
(Tmin) temperatures (°C) for the grid 
point representing Nadi, Fiji for the 
period 1980–1999. Nadi observed Tmax 
and Tmin are thick black line; CRU 
observed values at nearest grid point 
are dashed black line, individual CCAM 
60 km simulated Tmax are red and Tmin 
are blue; while individual CCAM 8 km 
simulated Tmax are green and Tmin 
are cyan. 

general, all simulations capture the 
observed distribution reasonably well, 
though the global climate models 
tend to have a flatter peak to the 
distribution (green line), while the 
CCAM 60 km (blue line) and 8 km 
(blue line) simulations capture the 
peak more accurately, though with a 
probability slightly too high. In general, 
the global climate models have 
too broad a distribution, while the 
CCAM simulations have too narrow 
a distribution. 

Probability plots of the daily 
temperature for the various runs are 
also shown in Figure 5.30 (right). In 
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5.3.3 Additional 
Regional Climate Model 
Simulations
In this section, validation of the various 
additional regional climate model 
simulations which were completed 
for the PCCSP is summarised briefly. 
As was noted in Chapter 4, there 
were three sets of runs completed: 
one set nested directly within NCEP2 
for 1980–2000, and two sets nested 
within the CCAM 60 km simulations 
driven by GFDL-CM2.1 GCM 
sea-surface temperatures, one for the 
period 1980–2000 and the other for 
the period 2045–2065 (Figure 4.4). 
Results for the first two sets of regional 

climate simulations are presented in 
this section, while those of the third are 
presented in Chapter 7.

Comparison of the annual rainfall for 
the various regional climate models 
nested in the NCEP2 reanalyses 
(Figure 5.32) shows a large range 
of results. A key element of regional 
climate modelling is the level of impact 
provided by the lateral boundary 
conditions. Some of the models used 
some large-scale forcing (CCAM - top 
right centre, WRF - middle left, and 
Zetac - middle right) which provides an 
additional constraint on the simulation 
in the interior of the domain. However, 
this does not seem to have made 
significant impact on the quality of the 

simulations. CCAM has too strong 
an ITCZ, while most other models 
are too weak, apart from PRECIS, 
which is the best at capturing the 
ITCZ. For the southern portion of the 
domain, all models have difficulty 
correctly capturing the position and 
intensity of the SPCZ, with WRF 
probably the best. The impact on the 
simulation of using different convection 
parameterisation schemes can be 
seen by comparing the four examples 
for RegCM in the bottom row of 
Figure 5.32. Significant variation can 
be seen between the various runs. The 
way the models treat convection can 
have a very large impact on the quality 
of the simulation results, especially in 
this region.
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Figure 5.32: Annual rainfall (mm per day) for observed datasets and additional regional climate model simulations nested within 
the NCEP2 reanalyses. (Top): Observed datasets CMAP (left) and GPCP (centre left). CCAM at 60 km run with spectral nudging of 
large-scale fields of temperature, winds and surface pressure (centre right) and CCAM 60 km multi-model mean of runs using GCM 
sea-surface temperatures (right). (Middle): Various regional climate models nested directly within 6-hourly NCEP2 reanalyses. Note that 
the Zetac model is only for January-March, not annual. (Bottom): RegCM model run with four different convection schemes: Emanuel 
(left), Grell with Fritsch-Chappell (centre left), Anthes-Kuo (centre right) and Grell with Arakawa-Schubert (right).
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Validation statistics, similar to those 
presented for global climate models 
and CCAM 60 km simulations 
(Table 5.5) are presented in Table 5.6 
for runs nested within NCEP2 for the 
period 1980–1999. The statistics are 
computed over the simulation domain, 
excluding some boundary rows where 
the limited-area models have problems 
(Section 4.5.1). The PRECIS model 
has the lowest bias and mean absolute 
error, while CCAM has the lowest root 
mean square error and correlation, 
i.e. it captures the pattern best. 
The results support the discussion of 
Figure 5.32.

In summary, the MM5 regional model 
did not perform satisfactorily, with 
large error statistics and poor pattern 
correlation, and will not be used in the 
downscaled projections in Chapter 7.

5.3.4 Evaluation of 
Statistical Downscaling
To evaluate the statistical downscaling 
methodology used in this project 
(Section 4.7), an example comparison 
between the simulated temperature 
and rainfall data and the observed data 
at Nadi, Fiji is presented (Figure 5.33).

Table 5.6: Validation of annual rainfall for various regional climate models nested within 
the NCEP2 reanalyses for the period 1980–1999. The verifying dataset is the CMAP 
dataset. Equivalent comparison of GPCP rainfall analysis with CMAP is shown in last 
row. Bold numbers show best performance of the models.

Annual rainfall (mm per day) 
(Nested within NCEP2)

Bias Eabs RMS error rp

CCAM60 1.05 1.13 1.38 0.93

WRF -1.14 1.26 1.49 0.92

PRECIS 0.46 1.05 1.41 0.86

MM5 -2.67 2.95 3.64 0.46

REGCM_E -2.27 2.58 3.14 0.57

REGCM_FC -2.58 2.65 3.06 0.75

REGCM_AS -3.78 3.84 4.30 0.51

REGCM_AK -3.88 3.93 4.35 0.57

GPCP -1.10 1.21 1.38 0.96

For the second set of climate change 
simulations, the regional models 
were nested within a global climate 
model. Here, the data from the CCAM 
60 km simulations with bias-corrected 
sea-surface temperatures from the 
GFDLCM2.1 global climate model 
were used to drive the lateral boundary 
conditions of the limited-area models. 
In order to assess the impact of this 
technique, the validation statistics 
were recomputed for 1980–2000 from 
these simulations (Table 5.7). Again, 
the PRECIS model bias is the lowest, 
though the CCAM 60 km simulation 

has the lowest mean absolute 
error and root mean square error. 
Interestingly, although there is some 
decrease in quality of the simulations, 
the statistics do not show large 
changes when compared with the runs 
nested within NCEP. This suggests 
that the lateral boundary data were not 
causing significant negative impact on 
the limited area models’ climatology.

Table 5.7: Validation of annual rainfall for various regional climate models nested within 
the CCAM 60 km simulations using GFDL-CM2.1 sea-surface temperatures for the 
period 1980–1999. Verifying dataset is the CMAP dataset. Bold numbers show best 
performance of the models.

Annual rainfall (mm per day) 
(Nested within CCAM 60 km 
GFDLCM2.1)

Bias Eabs RMS error rp

CCAM60 0.29 0.91 1.30 0.85

WRF -1.42 1.68 1.90 0.85

PRECIS 0.23 1.41 1.72 0.84

MM5 1.27 5.52 7.20 0.58

REGCM_E -0.68 1.60 2.34 0.67

This figure shows that the statistical 
downscaling and bootstrap simulation 
procedure is capable of representing 
the year on year variation of standard 
deviations of temperature (top panel), 
and also is able to accurately represent 
the short-term autocorrelation 
structure of the temperature and 
rainfall data (four subplots on the 
lower panels). Further validation at 
this specific location is shown in 
Figure 5.34. The Linear Mixed Effect 
State-Space Model (Section 4.6) 
predicts minimum and maximum 
temperature and proportion of rain 
days well, but median rainfall on 
rain days is less well predicted. This 
is not unexpected and is similar to 
experience from dynamic models. 
Similar plots were obtained for all 
other locations for which statistical 
downscaling was performed. These 
also indicated that temperature was 
predicted quite accurately by the 
model and that rainfall was less well 
predicted. Further out of sample 
validation results of the Linear Mixed 
Effect State-Space Model can be 
found in Kokic et al. (2011).
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Figure 5.33: (Top) Box plots of multiple 
simulations of the standard deviation of daily 
maximum temperature in July compared to the 
observed standard deviation. (Bottom) Partial 
autocorrelation plots of observed and simulated 
maximum temperature and rainfall over the time 
period that observed data are available. All plots 
are for Nadi, Fiji.
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Model. All plots are for Nadi, Fiji.
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5.3.5 Summary: 
Dynamical and 
Statistical Downscaling
The dynamically downscaled 
simulations provide an improved, 
more detailed representation of most 
aspects of the current climate. At 
higher resolutions, the simulations 
are able to capture more detailed 
topographic and coastal effects of 
the islands on the atmospheric flow. 
One issue is the lack of suitable 
observational datasets to validate 
the downscaled simulations. Gridded 
datasets are of generally coarser 
resolution than the simulations. 
Comparing downscaled results against 
stations is also not totally appropriate, 
since the model simulations give a grid 
box average rather than the point value 
of a station.

The utility of validating the statistical 
downscaled results is less clear 
since the model is trained on the 
observational data. Care must be 
used not to interpret the accuracy of 
the statistical downscaled results for 
the current climate as an indication 
of the reliability of the technique for 
future climates.

In summary, although better 
performance of the downscaled results 
for most aspects of the current climate 
does build confidence in their use in 
projecting future climates, there is still 
some uncertainty that the downscaled 
models will perform accurately in a 
future climate, and the results must be 
used with a degree of caution, as with 
global climate model simulations.
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5.4.1 Introduction
It is difficult to make climate change 
projections of tropical cyclone activity. 
There are two fundamental reasons 
for this. The first is that the features 
of a tropical cyclone that cause 
damage occur at a spatial scale 
smaller than can be resolved by the 
climate models, particularly global 
climate models. These include the 
eye wall, the zone of high winds, 
heavy rainfall, wave action and storm 
surge. A consequence of this is 
that the models do not adequately 
simulate tropical cyclone behaviour 
when applied to current climate. 
Conventional wisdom suggests that 
without developing appropriate scale 
reduction or downscaling techniques, 
the models cannot be used to project 
future behaviour of tropical cyclones 
with any confidence (Knutson et al., 
2010). However, the direct application 
to climate models of the Curvature 
Vorticity Parameter (CVP) method 
(Section 5.4.3.1) and a modified 
CSIRO Tropical Cyclone detector 
and tracker (modified using insight 
developed in this project) has yielded 
promising results.

5.4 Tropical Cyclones in Global and 
Downscaled Models

The second reason for the difficulty in 
making projections of tropical cyclone 
behaviour is that the features of current 
climate that strongly influence tropical 
cyclone numbers and intensity have 
some systematic biases in climate 
models. These include the regional 
patterns of sea-surface temperature 
as well as the major climate features 
and patterns of variability in the 
PCCSP region, including ENSO, the 
ITCZ, West Pacific Monsoon and the 
SPCZ. The tropical cyclone research 
carried out for the PCCSP mainly 
addressed the first of these issues: the 
horizontal resolution or downscaling 
problem. The methods used are 
those described in Section 4.8 of 
this publication.

5.4.2 Tropical Cyclones 
in Downscaled Models
The CCAM modelling system used in 
this study includes bias-corrected sea-
surface temperature as a boundary 
condition inherited from the host global 
climate model, and thus is expected 
to have significantly different regional 
circulation features to the host. 
Theoretically, the 60 km horizontal 
resolution enables more realistic 
cyclone circulations to develop than in 
the host global climate model. These 
circulations are detected using the 
CSIRO Direct Detection (CDD) method 
described in Section 4.8.

The spatial distribution of tropical 
cyclone genesis locations, detected 
from CCAM using the six different 
host global climate models for the late 
20th century (1981–2000) compare 
well with each other and with the 
observed climatology derived from 
the IBTrACS data (Figure 5.35). 
Overall, the late 20th century cyclone 
climatology is well reproduced in the 
Southern Hemisphere. However, it 
underestimates cyclone frequency 
in the Northern Hemisphere in the 
eastern North Pacific and the North 
Atlantic. The performance is more 
apparent in Figure 5.36 which shows 
the observed and downscaled annual 
cyclone numbers for four of the six 
models, globally, by hemisphere and in 
three PCCSP sub-basins.
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Over the PCCSP region, results show 
that CCAM is able to reproduce 
the climatology of tropical cyclone 
numbers well in the south-west Pacific 
sub-basin (0–35ºS; 130–170ºE; 
Figure 5.36d) and the north Pacific 
sub-basin (0–15ºN; 130º–180ºE; Figure 
5.36f). However, the spatial distribution 
of tropical cyclones detected in the 
South Pacific shows fewer tropical 
cyclones east of 180º longitude, which 
explains the lower number of cyclones 
detected in the south-east Pacific 
sub-basin (0–35ºS; 170ºE–130ºW) 
compared to the observed climatology 
(Figure 5.36e). One needs to be aware 
of the greater uncertainty in cyclone 
frequency projections in this sub-basin 
due to the weaker performance of 
the downscaled models, which has 
implications for country specific 
projections for the PCCSP Partner 

5.4.3 Tropical Cyclones 
in Global Climate Models
Three analysis methods have been 
applied to the outputs from global 
climate models. These methods are 
(1) the Curvature Vorticity Parameter 
method, (2) the CSIRO Direct 
Detection method and (3) the Genesis 
Potential Index. These are described 
in detail in Section 4.8. Assessment of 
the late 20th century tropical cyclones 
in global models based on these 
methods is discussed in this section, 
and the results are compared with the 
observed tropical cyclone climatology.
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Figure 5.35: Spatial distribution of annual tropical cyclone genesis (a) in IBTrACS data, (b) detected in ERA-Interim using the CSIRO 
Direct Detection method and (c-h) detected in CCAM simulations for different host global climate models. Occurrence is expressed as 
the number of cyclone formations per year within a 5 x 5 degree grid cell.

Countries that reside in that sub-basin 
(which include Fiji, Tuvalu, Samoa, 
Tonga, Niue and Cook Islands, as well 
as eastern parts of Vanuatu and the 
Solomon Islands).

5.4.3.1 Curvature Vorticity 
Parameter Method

The performance of the objective 
Curvature Vorticity Parameter (CVP) 
detection technique (Section 4.8.3) 
developed in this study has been assessed 
and applied directly to global climate 
models. This approach complements the 
CCAM-based downscaling method and 
provides an independent assessment of 
the ability of global models to generate 
tropical cyclone-like structures. A 
comparison of Figure 5.37(a) and (b) 
shows the detection method reproduces 
the observed spatial distribution of tropical 
cyclones and tropical cyclone numbers 
well. Figure 5.38 also shows that the 
observed annual tropical cyclone numbers 
(red bars) and those detected using the 
CVP approach (green bars) also compare 
well globally, in the two hemispheres, and 
in the three PCCSP sub-basins.
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Figure 5.36: Annual number of tropical cyclones simulated using the CCAM downscaling methodology for different host models, and 
that observed in the IBTrACS data, in different hemispheres (left) and in the PCCSP region (right). Bars indicate distribution in annual 
mean number of tropical cyclones (at the 95% significance level) obtained via a statistical technique known as bootstrap sampling (i.e. 
repeat sampling).

Figure 5.37: Spatial distribution of annual tropical cyclone genesis (a) in IBTrACS data, (b) detected in ERA-Interim and (c-f) detected 
in different global climate models using the Curvature Vorticity Parameter method. Occurrence is expressed as the number of cyclone 
formations per year within a 5 x 5 degree grid cell.
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The global climate models (excluding 
GFDL-CM2.01) reproduce the 
observed spatial distribution of 
tropical cyclones well (Figure 5.37), 
although the mean annual tropical 
cyclone numbers show some 
variation between the models 
(blue bars in Figure 5.38). Like the 
downscaled results, too few cyclones 
are detected in the North Atlantic. 
The healthier cyclone numbers in 
the north-east Pacific compared to 
the downscaled results (excluding 
1  The Curvature Vorticity Parameter technique 
uses humidity as a detection criterion. Due to a 
dry bias in the GFDL 2.0 model many circulations 
were not detected. The CSIRO Direct Detection 
technique does not use humidity and is thus not 
negatively affected by the dry bias.

into different basins, differences 
between the observed and detected 
tropical cyclone numbers become 
more apparent (Figure 5.38d-e). 
For example, ECHAM5/MPI-OM 
and CSIRO-Mk3.5, in the 
south-east (Figure 5.38e) and 
northern sub-basin (Figure 5.38f), 
respectively, deviate substantially 
from climatology. The overestimation 
in ECHAM5/ MPI-OM is due to more 
tropical cyclones detected east of 180º 
(Figure 5.37d) than those observed.

1  The Curvature Vorticity Parameter technique uses humidity as a detection criterion. Due to a dry bias in the GFDL-CM2.0 model many circulations 
were not detected. The CSIRO Direct Detection technique does not use humidity and is thus not negatively affected by the dry bias.

GFDL-CM2.0), contribute to the 
overall better reproduction of the 
Northern Hemisphere cyclone 
climatology (compare Figure 5.36c 
and Figure 5.38c).

In the PCCSP region using the CVP 
technique, two global climate models 
(ECHAM5/MPI-OM and GFDL-CM2.1) 
reproduce the total number of tropical 
cyclones very well (i.e. errors of 
only 5% and 7% respectively, not 
shown). However, when divided 
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Figure 5.38: Annual number of tropical cyclones detected in different global climate models using the Curvature Vorticity Parameter 
scheme, and that observed in the IBTrACS data, in different hemispheres (left) and in the PCCSP region (right). Bars indicate 
distribution in annual mean number of tropical cyclones (at the 95% significance level) obtained via a statistical technique known as 
bootstrap sampling (i.e. repeat sampling).
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5.4.3.2 CSIRO Direct 
Detection Method

The CSIRO Direct Detection (CDD) 
method (Section 4.8.2) has been 
applied to nine global climate models 
for which appropriate data are 
available (Figure 5.39). The average 
spatial distribution of tropical 
cyclones compares favourably with 
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(e) GFDL-CM2.1 (f) MIROC3.2 (medres)

60˚E 120˚E 180˚ 120˚W 60˚W 60˚W60˚E 120˚E 180˚ 120˚W

30°N

0°

30°S

Figure 5.39: Spatial distribution of annual tropical cyclone genesis numbers using the CDD method applied to the CMIP3 global 
models. (a) is the average climatology based on the results from 8 global models with realistic cyclone climatology and (b-f) are 
individual results for a subset of the global models considered. Occurrence is expressed as the number of cyclone formations per year 
within a 5 x 5 degree grid cell.

the observed climatology although 
there is significant variation between 
the models in the details of this 
distribution. For example, there are 
no tropical cyclone-like vortices 
detected in the PCCSP region in the 
MIROC3.2 (medres) model. Thus the 
MIROC3.2 (medres) model was not 
used in further analysis using the 

CDD and results are based upon the 
eight models that produce realistic 
cyclone climatologies over the study 
region. In common with the methods 
described above, the CDD method 
applied to global models detects few 
cyclones in the North Atlantic.
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5.4.3.3 Genesis Potential 
Index Method

The Genesis Potential Index (GPI, 
Section 4.8.1) of Emanuel and 
Nolan (2004) was calculated for the 
17 CMIP3 global models for which 
daily data are available. A subset 
of 14 models2 that were found to 
satisfactorily represent the large-scale 
climate features of the region is used 
in the analysis shown in Figure 5.40. 
The GPI method, a measure of the 
large-scale environmental conditions 
conducive to cyclone formation, was 
developed and calibrated using the 
NCEP reanalyses. When applied 
to the outputs of global models or 
other reanalyses, there can be large 
differences in results, as illustrated in 
Figure 5.40(b) and (c). When averaged 
over the 14 models, the more intense 
values of the index represent the 
observed genesis regions reasonably 
well (Figure 5.40(a)), although the 
spatial extent of the main genesis 
regions is too large.

2  The unsatisfactory global climate models 
that were removed from this analysis are those 
identified in Section 5.5.1
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2  The unsatisfactory global climate models that were removed from this analysis are those identified in Section 5.5.1

Figure 5.40: Spatial distribution of annual tropical cyclone genesis numbers using the GPI method applied to the CMIP3 global climate 
models, (a) is the average climatology based on the results from 14 global models and (b) and (c) are results for the GFDL-CM2.1 and 
CSIRO-Mk3.5 models respectively. Occurrence is expressed as the number of cyclone formations per year within a 5 x 5 degree grid 
cell. Note that the scale in this figure differs from Figure 5.35.

5.4.4 Tropical Cyclone 
Wind Risk Hazard
Tropical cyclones present a significant 
hazard to countries situated in the 
warm tropical waters of the western 
Pacific. The hazards posed by these 
severe storms include extreme winds, 
storm surge inundation, salt water 
intrusion into ground water supplies, 
and flooding and landslides caused 
by the intense rainfall. Despite high 
exposure to tropical cyclones, there 
have been few studies attempting 
to quantify the hazard posed by 
these severe storms to this region. 
An exception is a limited number of 
detailed case studies that have been 
performed in support of developing a 
regional disaster insurance scheme 
similar to that implemented in the 
Caribbean (Shorten et al., 2003; 
Shorten et al., 2005). This study aims 
to address the limited understanding of 
the extreme wind hazard in this region 
by evaluating the wind hazard from 
tropical cyclones using a combination 

of historical tracks and downscaled 
climate models with Geoscience 
Australia’s Tropical Cyclone Risk Model 
(TCRM, Section 4.8.4).

Historical track data from the IBTrACS 
tropical cyclone database for the 
period 1981–2008 were fed into 
TCRM to generate estimates of 
the maximum 3-second gust wind 
speed from tropical cyclones for a 
given return period. The 500-year 
return period wind speed is used 
as the primary measure of wind 
hazard for the following analysis 
since it is suitable for considering the 
design loads on residential buildings 
(AS/ NZS 1170.0:2002). It should 
be noted that these estimates are 
of regional wind speed and do not 
account for local factors such as 
terrain roughness, wind shielding 
effects and topographic acceleration.

The results are presented in Table 
5.8 for each of the 15 PCCSP 
Partner Countries. Where available, 
the 500-year return period wind 
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loading standard for each of the 
countries (HB 212-2002) is provided 
as a reference. The 500-year return 
period wind speed estimated from 
TCRM is found to exceed the design 
wind speeds by between 15% and 
30%. These results may not be 
unreasonable, however, given that 
there is evidence that the current wind 
loading standards may underestimate 
the cyclonic wind hazard (Rattan and 
Sharma, 2005). Spatial maps of the 
500-year return period cyclonic winds 
are shown in Figure 5.41.

Table 5.8: Cyclonic wind hazard (metres per second) for the PCCSP Partner Countries. 
Values are taken as the median wind hazard found in a 2 degree x 2 degree region 
centred on each country’s capital city.

Country
Return period wind hazard Standard

25yr 50yr 100yr 500yr 500yr

Cook Islands 68 77 84 95 -

East Timor 44 55 62 75 -

Federated States of Micronesia 50 58 64 74 -

Fiji 58 64 69 76 66

Kiribati - - - - -

Marshall Islands 54 64 71 82 -

Nauru - - - - -

Niue 63 71 77 86 -

Palau 57 65 71 80 -

Papua New Guinea 33 42 48 58 45

Samoa 62 69 75 84 66

Solomon Islands 34 41 46 53 45

Tonga 64 70 75 82 66

Tuvalu 35 41 46 53 -

Vanuatu 69 75 79 86 66

Figure 5.41: The 500-year return period 
wind speeds for (a) north-west Pacific, 
(b) East Timor and (c) south-west Pacific 
based on the historical track record.
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5.4.5 Summary: 
Simulation of Tropical 
Cyclones
The CDD and CVP projection methods 
have provided realistic late 20th century 
tropical-cyclone climatologies and are 
suitable for cyclone detection of the 
late 21st century climate simulations 
introduced in Chapter 7. These 
are subsequently used to produce 
projected changes in tropical cyclone 
frequency and wind hazard by the late 
21st century for the PCCSP region.
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option of eliminating any models that 
display unsatisfactory performance 
in simulating key aspects of the 
Pacific climate (see Section 4.4.1 for 
justification of this approach).

To assist in the identification of poor 
performing models, much of the model 
evaluation summarised in Sections 
5.2.1, 5.2.2 and 5.2.3 (or slight 
variations thereof) was combined in 
order to calculate a normalised skill 
score for each model, with respect 
to the simulation of surface air 
temperature, rainfall, surface wind, 
SPCZ, ITCZ, West Pacific Monsoon, 
ENSO, model drift and long-term 
sea-surface temperature trends over 
the PCCSP region (Irving et al., in 
press; Figure 5.42).

From the results of Irving et al. 
(in press) and additional analysis 
presented in the individual sections of 
this chapter, the following models were 
eliminated in calculating all PCCSP 
climate projections, for the reasons 
outlined (see also Table 5.9):

•	 GISS-EH, INM-CM3.0 and PCM: 
These models perform particularly 
poorly with respect to the simulation 
of many aspects of the present 
day climate over the PCCSP region 
(Sections 5.2.1 and 5.2.4).

•	 INGV-SXG: This model has a large 
climate drift (Section 5.2.2.5) and 
does not provide the required 
control simulation data to remove 
this drift from projected changes.

•	 GISS-AOM and GISS-ER: These 
models perform particularly poorly 
with respect to their simulation of 
the present day ENSO (Section 
5.2.3.1), which was considered to 
be a critical aspect of the PCCSP 
region climate.

In addition, the following models were 
eliminated for specific projections, 
due to critical deficiencies relating to 
isolated climate features:

•	 MIROC3.2(hires) and 
MIROC3.2(medres): These models 
were eliminated in determining 
projections of future SPCZ activity, 
as they perform particularly poorly 
in simulating the present day 
characteristics of the SPCZ (Section 
5.2.3.3; Brown et al., in press).

•	 MIROC3.2(hires): This model 
was eliminated in determining 
projections of future ITCZ activity, 
as it performs particularly poorly 
in simulating the present day 
characteristics of the ITCZ 
(Section 5.2.3.4).

•	 MIROC3.2(medres): This model 
was eliminated in determining 
projections of future West Pacific 
Monsoon activity, as it performs 
particularly poorly in simulating the 
present day characteristics of the 
monsoon (Section 5.2.3.5).

5.5 Model Reliability and Implications 
for Projections

5.5.1 Use of Global 
Models for Climate 
Projections
As demonstrated throughout this 
chapter, the ability of individual CMIP3 
models to simulate the western 
Pacific climate can vary depending on 
which aspect of a model simulation is 
considered. While this makes it difficult 
to identify a group of best performing 
models, it is possible to identify a 
small subset of models that perform 
consistently poorly across many 
aspects of a climate model simulation, 
or that perform poorly on critical 
aspects of a simulation. The approach 
adopted for determining climate 
change projections for the PCCSP 
region has been to equally weight all 
participating CMIP3 models, with the 
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Figure 5.42: Summary of the normalised CMIP3 model skill scores for surface air 
temperature (tas), rainfall (pr), surface wind (speed and direction combined), SPCZ, 
ITCZ, West Pacific Monsoon, ENSO, drift and long-term sea-surface temperature 
trends (see Irving et al., in press for details). The connected solid black dots represent 
the average skill score across all categories. Increasingly negative scores indicate better 
model performance.
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Table 5.9: CMIP3 models eliminated for the purposes of determining climate projections, based on an evaluation of their present day 
climate simulation.

Type of projection Eliminated models Reason for elimination

All projections GISS-AOM

GISS-ER

Very weak or no ENSO (both models) and a poor simulation of 
extreme events (GISS-ER)

INGV-SXG Model drift too large

GISS-EH 
INM-CM3.0 
PCM

Overall poor performance (all three models) and a poor simulation of 
extreme events (GISS-EH, PCM) 

SPCZ projections MIROC3.2(hires) 
MIROC3.2(medres)

SPCZ poorly simulated

ITCZ projections MIROC3.2(hires) ITCZ poorly simulated

West Pacific Monsoon projections MIROC3.2(medres) West Pacific Monsoon poorly simulated

5.5.2 Use of 
Downscaled Models for 
Climate Projections
The large-scale climate of the CCAM 
global simulations was found to 
be closer to observations than the 
corresponding CMIP3 climate models 
in some aspects but less in other 
respects. These simulations do not 
fully incorporate atmosphere-ocean 
feedbacks which have been shown 
to be important for capturing some 
features, such as monsoon processes 

(cf. Wang et al., 2005). For these 
reasons, downscaled projections of 
changes in these climate features need 
to be treated with caution.

Further, due to the computational 
cost, only a limited number of the 
global climate models and emissions 
scenarios have been downscaled, so 
the full range of possible projections 
has not been sampled. While not all 
aspects of the large-scale CCAM 
climate represent an improvement 
over the CMIP3 global climate models, 
the 8 km resolution simulations 

substantially improve the simulation 
of local climate influences associated 
with factors such as topography and 
coastline. As with all projections, it is 
necessary to assess and understand 
the physical mechanisms associated 
with the various changes. In light of 
these findings, the level of confidence 
associated with downscaled climate 
projections is not uniform across the 
PCCSP region.
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•	 The climate change projections 
in this chapter are based on 
simulations from up to 18 global 
climate models for three emissions 
scenarios: B1 (low), A1B (medium) 
and A2 (high). Results are given for 
three future 20-year periods centred 
on 2030, 2055 and 2090, relative to 
a 20-year period centred on 1990.

•	 The projected warming over the 
PCCSP region is about 70% as 
large as the global average warming 
for all emissions scenarios. Regional 
warming is expected to be greatest 
near the equator. Large increases in 
the incidence of extremely hot days 
and warm nights are also projected.

•	 Increases in annual mean rainfall 
are projected to be most prominent 
near the South Pacific Convergence 
Zone (SPCZ) and Intertropical 
Convergence Zone (ITCZ), while the 
remainder of the region is generally 
expected to experience little 
change. Little change is projected 
in the annual number of rainy days, 
except for increases near the 
equator. A widespread increase in 
the number of heavy and extreme 
rain days is projected.

•	 Increases in potential 
evapotranspiration are expected. 
The ratio of annual average rainfall 
to potential evapotranspiration 
decreases in most regions 
(increased aridity), except near 
the equator where the relatively 
large projected rainfall increases 
exceed the smaller changes in 
potential evapotranspiration.

Summary

•	 Surface wind speed generally 
decreases in the equatorial and 
northern parts of the region, while 
increases are indicated in the south, 
but these changes are projected to 
be relatively small in most locations. 
Changes in wind direction are 
very small.

•	 Projected changes in humidity and 
solar radiation are also relatively 
small (less than 5% by 2090).

•	 Sea-surface salinity is expected 
to decrease in the West Pacific 
Warm Pool. The regional pattern of 
change closely matches projected 
changes in net rainfall (i.e. rainfall 
minus evaporation). The intensified 
warming and freshening at the 
surface is projected to make 
the surface ocean less dense 
compared to the deep ocean, so 
the ocean becomes more stratified.

•	 Sea level is projected to rise. 
However, improved understanding 
of the processes responsible for 
ice-sheet changes are urgently 
required to improve estimates of the 
rate and timing of 21st century and 
longer-term sea-level rise. For the 
PCCSP region, total sea-level rise is 
projected to be similar to the global 
average.

•	 The projected growth in 
atmospheric carbon dioxide 
concentration is expected to cause 
further ocean acidification leading to 
increasingly marginal conditions for 
sustaining healthy coral growth and 
reef ecosystems.

•	 The El Niño-Southern Oscillation 
(ENSO) will continue to be a 
major source of climate variability. 
However the impacts of global 
warming on ENSO amplitude and 
frequency are unclear.

•	 While broad-scale patterns of 
change are physically plausible 
and relatively consistent between 
models (at least in the vicinity of the 
ITCZ and SPCZ), the small-scale 
details of these projections should 
be interpreted with caution, 
given the deficiencies in model 
simulations of the current climate 
described in Chapter 5.
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The Intergovernmental Panel on 
Climate Change (IPCC) gives 
broad-scale projections for the Pacific 
(Mimura et al., 2007). Annual mean 
temperature and rainfall projections 
are averaged over two large Pacific 
regions (the North Pacific and the 
South Pacific), for three 30-year 
periods (2010–2039, 2040–2069 and 
2070–2099), based on results from 
seven global climate models and four 
emissions scenarios. The projected 
warming is slightly greater in the 
north than the south, and rainfall 
tends to increase in the north with 
no clear direction of change in the 
south. An increase in the frequency of 
extremely high temperatures is likely, 
with more heavy rainfall and more 
intense cyclones, but the global total 
number of cyclones may decrease. 
Global average sea-level may rise 
0.18 to 0.59 m by 2080–2099, relative 
to 1980–1999, but larger increases 
cannot be ruled out.

The level of regional detail in the 
IPCC projections is limited over the 
PCCSP region. In this chapter, more 
detail is provided. The climate change 
projections developed are based 
on simulations from up to 18 global 
climate models for three emissions 
scenarios (B1, A1B and A2, which are 
low, medium and high respectively). 

Results are given for three future 
20-year periods: 2020–2039 (denoted 
2030), 2045–2064 (denoted 2055) 
and 2080–2099 (denoted 2090). 
Changes are relative to 1980–1999 
(denoted 1990) (Figure 4.3). The 
selection of years and emissions 
scenarios is limited by data availability. 
The selection of models is based on 
those considered most reliable in 
Chapter 5 (Table 5.9).

The presentation of climate projections 
for the PCCSP region in this chapter 
focuses on multi-model mean 
changes (or multi-model median for 
variables with large outliers). While 
these may be considered to represent 
central estimates, this chapter also 
refers to the spread of individual 
model projections, relevant model 
biases and deficiencies (Chapter 5), 
the consistency of the projections 
with observed changes over recent 
decades (Chapter 3) and the physical 
plausibility of each projection. For a 
more detailed discussion on the full 
range of possible futures simulated for 
each country, see Volume 2.

6.1 Introduction
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Projected surface changes in air 
temperature, rainfall, wind, solar 
radiation, relative humidity and 
potential evapotranspiration are 
presented for the entire PCCSP region. 
More detailed atmospheric projections 
for the PCCSP region are available 
in Perkins et al. (in press), and for 
individual countries in Volume 2.

6.2.1 Surface Air 
Temperature
For all time periods, seasons, 
emissions scenarios and locations 
within the PCCSP region, mean air 
temperature (1.5 m above the ground) 
is projected to increase throughout 
the 21st century. The multi-model 
mean projections indicate a 0.5–1.0°C 

rise in annual mean temperature 
under all emissions scenarios by 
2030, relative to the 1990 reference 
period (Figure 6.1). By 2055, the 
warming is generally 1.0–1.5°C with 
regional differences depending on 
the emissions scenario. By 2090, the 
warming is generally 1.5–2.0°C for B1 
(low) emissions, around 2.0–2.5°C for 
A1B (medium) emissions, and around 
2.5–3.0°C for A2 (high) emissions. 
This divergence of warming with 
time is consistent with the respective 
carbon dioxide (CO2) concentration 
paths for each emissions scenario 
(Figure 4.1). Although not shown, 
seasonal projections (May-October; 
November-April) of surface air 
temperature are very similar to 
annual projections.

6.2 Atmospheric Projections

Figure 6.1: Projected multi-model mean changes in annual mean surface air temperature for 2030, 2055 and 2090, relative to 1990, 
under the B1 (low), A1B (medium) and A2 (high) emissions scenarios. All models agree on the direction of change in all locations.
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Despite the high level of model 
agreement in the direction and 
magnitude of temperature change 
(Perkins et al., in press), it should 
be noted that the models share 
common biases in the PCCSP region 
that directly influence the surface 
temperature projections. In particular, 
the largest warming occurs in the 
vicinity of Kiribati and Nauru, where 
the models are known to display 
a cold tongue bias with respect to 
their simulation of the current climate 
(Section 5.2.1.1 and Box 5.2). 
Temperature projections in this region 
may therefore be associated with a 
lower level of confidence than other 
locations (Volume 2).
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6.2.2 Rainfall
Wetter conditions are projected over 
most of the PCCSP region in the 
future (Figure 6.3). Strong increases 
in annual mean rainfall are projected 
in the vicinity of the Intertropical 
Convergence Zone (ITCZ) and South 
Pacific Convergence Zone (SPCZ), 
associated with increased moisture 
convergence in a warmer climate 
(Sections 6.4.3 and 6.4.5). In these 
regions, at least 80% of the models 
agree on an increase in rainfall. 
The largest increases are found 
immediately to the north of Papua New 
Guinea and the Solomon Islands.

The multi-model mean projections 
indicate increases in annual rainfall of 
0–0.3 mm per day by 2030 throughout 
most of the PCCSP region, rising to 
0.3–0.6 mm per day between latitudes 
5°N and 10°S, for all emissions 
scenarios. By 2055, the increases are 
generally similar to 2030, but reach 

0.9–1.2 mm per day between latitudes 
5°N and 10°S, with decreases of 
0–0.3 mm per day between Vanuatu 
and Tonga in the B1 (low) and A1B 
(medium) emissions scenarios. By 
2090, the increases are generally 
similar to 2055, but reach 1.2–1.5 mm 
per day for B1 (low) emissions and 
1.5–1.8 mm per day for A1B (medium) 
and A2 (high) emissions between 
latitudes 5°N and 10°S (Figure 6.3).

On a seasonal basis, rainfall increases 
are widespread during November-April 
and associated with an intensification 
of the SPCZ and West Pacific 
Monsoon (Figure 6.4; Sections 6.4.4 
and 6.4.5). Rainfall increases are also 
projected during May-October in the 
deep tropics (Section 6.4.3), while 
decreases in rainfall are projected 
to the south of the SPCZ mean 
position, between Vanuatu and the 
Cook Islands.
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Figure 6.2: Projected multi-model mean changes in the spatial average global and 
PCCSP region annual mean surface air temperature for the 21st century, relative to 
1990, under the B1 (low), A1B (medium) and A2 (high) emissions scenarios.

While this broad-scale pattern of 
rainfall change is both physically 
plausible and relatively consistent 
between models (at least in the 
deep tropics and in the vicinity of the 
SPCZ), the small-scale details of these 
projections should be interpreted with 
caution, given known biases in model 
simulations of the current climate. 
In particular, the orientation of the 
SPCZ tends to be overly zonal (east-
west) in most simulations (Section 
5.2.3.3), while the seasonal migration 
of the ITCZ tends to be overestimated 
during the Northern Hemisphere 
summer (Section 5.2.3.4). The models 
also substantially underestimate 
current rainfall in the vicinity of Kiribati 
and Nauru, in association with the cold 
tongue bias (Section 5.2.1.2).

The projected warming over the 
PCCSP region is less than the 
global average for all emissions 
scenarios, with the ratio between 
the PCCSP region and global 
change approximately constant at 
0.7 throughout the 21st century 
(Figure 6.2). This phenomenon is linked 
to the fact that the global oceans have 
been warming (and are projected to 
warm into the future) at a lower rate 
than global land areas (c.f. Sections 
3.2 and 6.3). As the PCCSP region has 
a higher percentage of ocean surface 
than the global average, it follows that 
temperature increases in the region 
would be less than those seen globally. 
The physical mechanism behind this 
land-sea contrast is not just a transient 
effect due to the larger heat capacity 
of the oceans, but an inherent feature 
of the climate system related to the 
different moisture availability over the 
land and ocean (Joshi et al., 2007; 
Dommenget, 2009).
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Figure 6.4: Projected multi-model mean changes in November-April (left) and May-October (right) mean rainfall for 2090, relative to 
1990, under the A2 (high) emissions scenario. Regions where at least 80% of models agree on the direction of change are stippled.
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Figure 6.3: Projected multi-model mean changes in annual rainfall (mm per day) for 2030, 2055 and 2090, relative to 1990, under the 
B1 (low), A1B (medium) and A2 (high) emissions scenarios. Regions where at least 80% of models agree on the direction of change 
are stippled.
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6.2.3 Near-Surface 
Wind
Near-surface wind speed (10 m above 
the ground) is generally projected 
to decrease in the equatorial and 
northern parts of the PCCSP region, 
while increases are projected in the 
south (Figure 6.5). However, the 
multi-model annual and seasonal 
median changes are relatively small 
in most locations, with values of 
typically less than ±0.5 metres per 
second (± ~10%) projected for all 
emissions scenarios and time periods. 
Wind speed in the vicinity of the 
Cook Islands is an exception, where 
the May-October mean wind speed 
is projected to increase by up to 
1.5 metres per second (~40%) in 2090 
under the A2 (high) scenario. 

From a physical standpoint, these 
wind speed increases in the 
south-east of the PCCSP region have 
been linked to the relatively low rate 
of sea-surface temperature increase 
in that region (Xie et al., 2010), while 
the wind speed decline projected 
for the equatorial PCCSP region 
is consistent with a weakening of 
the Walker Circulation (Vecchi and 
Soden, 2007b; Power and Kociuba, 
in press). The models tend to closely 
agree with observed annual mean 
wind speed data throughout most of 
the PCCSP region, so the projections 
are considered robust. However, 
the models tend to overestimate the 
annual mean wind speed immediately 
to the north and east of Papua New 
Guinea and the Solomon Islands, so 
projections are considered less reliable 
there (Section 5.2.1.3).

Projected multi-model median 
changes in annual and seasonal 
wind direction are typically less than 
3° throughout much of the PCCSP 
region, for all emissions scenarios and 
time periods. As such, no large-scale, 
fundamental shift in the near-surface 
circulation is indicated.
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Figure 6.5: Projected multi-model median change in annual and seasonal mean wind 
speed (metres per second) for 2090, relative to 1990, under the A2 (high) emissions 
scenario. For reference, the multi-model median 1990 annual mean wind field is 
indicated by arrows. Projected changes for 2030 and 2055 and lower emission 
scenarios tend to be of smaller magnitude but similar spatial structure.
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6.2.4 Surface Solar 
Radiation
Given the strong link between 
changes in cloud cover and surface 
solar radiation, projected multi-model 
mean changes in annual surface solar 
radiation closely resemble those for 
rainfall. For instance, the projected 
decline in surface solar radiation in 
the deep tropics (latitudes 10°S to 
5°N) and in the vicinity of the SPCZ 
(Figure 6.6) is consistent with the 
projected increase in rainfall in these 
areas (through an associated increase 
in cloudiness; Figures 6.3 and 6.4). 
In fact, multi-model mean decreases in 
annual surface solar radiation of up to 
-14 Watts per square metre (~5%) are 
projected for 2090 under the A2 (high) 
scenario, in the region immediately to 
the north of Papua New Guinea and 
the Solomon Islands. For locations 
not influenced by the SPCZ or ITCZ, 
projected decreases in surface solar 
radiation are relatively small, with 
individual model projections tending 
to cluster relatively close to and either 
side of no change. As for rainfall, 
small-scale details in projected surface 
solar radiation need to be interpreted 
with caution, due to known biases in 
model simulations of the ITCZ and 
SPCZ (Sections 5.2.3.3 and 5.2.3.4), 
in addition to the cold tongue bias 
(Section 5.2.1.1).
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Figure 6.6: Projected multi-model mean changes in annual and seasonal mean surface 
solar radiation (Watts per square metre) for 2090, relative to 1990, under the A2 (high) 
emissions scenario. Projected changes for earlier years and less intense emissions 
scenarios tend to be of smaller magnitude but similar spatial structure. Regions where at 
least 80% of models agree on the direction of change are stippled.

6.2.5 Near-Surface 
Humidity
Relative humidity is defined as the 
amount of water vapour in the air, 
relative to the maximum amount of 
water vapour that the air is able to 
hold, without it condensing (expressed 
as a percentage). Projected changes 
in near-surface relative humidity (1.5 m 
above the ground) tend to be small, 
with spatial multi-model mean values 
ranging from changes of between 
-0.5 to +0.5% in 2030 for the B1 (low) 
scenario, to -0.5 to +1.5% in 2090 for 
the A2 (high) scenario (Figure 6.7).
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Although small in magnitude, these 
projections consistently indicate 
declining relative humidity in locations 
associated with large land masses, 
such as Papua New Guinea and East 
Timor. This is likely due to the fact that 
there is a limited supply of water over 
vast expanses of land, meaning the 
actual amount of water vapour in the 
air cannot increase at the same rate 
as the water vapour holding capacity 
of the atmosphere (which increases 
as temperature increases). Due to the 
essentially unlimited supply of water for 
evaporation from the vast expanses of 
ocean, decreases in relative humidity 
of similar magnitude are not seen 
elsewhere throughout the PCCSP 
region. A physical reason for regional 
contrasts that are not related to water 
availability, such as the presence of 
relatively high projected changes in 
the south of the PCCSP region, is an 
area of ongoing research (Sherwood 
et al., 2010).

6.2.6 Potential 
Evapotranspiration
Evapotranspiration is the sum of 
evaporation from the land surface 
(e.g. from the soil and bodies of 
water such as lakes and rivers) and 
transpiration from vegetation. Potential 
evapotranspiration is therefore defined 
as the evapotranspiration that would 
take place if there was an unlimited 
water supply (Morton, 1983). It is a 
representation of the environmental 
demand for evapotranspiration, which 
depends upon both the amount of 
energy available to evaporate water, 
and the strength of the wind available 
to transport water vapour from the 
surface up into the lower atmosphere. 
Potential evapotranspiration is 
therefore highest in hot, sunny (high 
surface solar radiation), dry (low relative 
humidity), and windy conditions.

Throughout much of the PCCSP 
region, annual mean potential 
evapotranspiration is projected to 
increase into the future (Figure 6.8). 
The spatial consistency of this finding 
suggests that the projected increase 
in annual mean temperature (which 
promotes an increase in potential 
evapotranspiration) dominates 
the future evolution of potential 
evapotranspiration, overwhelming the 
influence of changes in other related 
variables, such as solar radiation. 
An exception to this general rule is 
evident for a small region extending 
from immediately north of Papua 
New Guinea and the Solomon Islands 
eastwards beyond Nauru and Tuvalu, 
where approximately half of the 
CMIP3 models project a decrease in 
potential evapotranspiration.

It is useful to consider these projected 
changes to the environmental demand 
for evapotranspiration in the context 
of future rainfall changes. In particular, 
projected changes in the ratio of 
annual average rainfall and potential 
evapotranspiration (known as the 
aridity index; Middleton and Thomas, 
1992) can be used to infer long-term 
changes in the balance between 
these two important hydrological 
parameters. Throughout much of 
the PCCSP region, a slight decrease 
in the aridity index is projected 
into the future, indicating that the 
projected increase in environmental 
demand for moisture is not being 
matched by sufficient increases in 
rainfall (i.e. the environment becomes 
slightly more arid; Figure 6.8). 
In the vicinity of Kiribati, Nauru and 
Tuvalu however, the relatively large 
projected rainfall increases overwhelm 
the smaller changes in potential 
evapotranspiration, meaning that the 
aridity index is projected to increase 
(these regions are projected to 
become less arid).
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Figure 6.7: Projected multi-model mean change (%) in annual relative humidity for 2090, 
relative to 1990, for the A2 (high) emissions scenario. Projected changes for earlier years 
and less intense emissions scenarios tend to be of smaller magnitude but similar spatial 
structure. Regions where at least 80% of models agree on the direction of change are 
stippled.
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6.2.7 Extreme 
Temperature 
and Rainfall
Changes in the mean climate are 
almost inevitably associated with 
changes in the frequency and intensity 
of extreme events. For instance, a 
rise in mean temperature may be 
associated with an increase (decrease) 
in the number of extremely hot (cold) 
days, while a rise in mean rainfall 
may be associated with an increase 
in the number of heavy rain days, 
at the expense of light rain days 
(Figure 6.9). However, due to the 
inherent complexity of the climate 
system, changes in extremes are 

Figure 6.8: Projected multi-model median change in annual mean potential evapotranspiration (mm per day) and aridity index, 
(rainfall/ potential evaporation), for 2090, relative to 1990, for the A2 (high) emissions scenario. Note that a negative change in the aridity 
index indicates a shift towards a more arid environment. Projected changes for earlier years and less intense emissions scenarios 
tend to be of smaller magnitude but similar spatial structure. Regions where at least 80% of models agree on the direction of change 
are stippled.
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indices (Table 6.1), as well as a 
drought index. Since the availability 
of daily CMIP3 data is less than that 
for monthly data, both in terms of 
the number of contributing models 
(Appendix 1, Table A2) and the future 
time periods offered, projections are 
presented for two 20-year periods 
centred on 2055 and 2090. For those 
projections where the changes are 
relatively uniform and of the same 
direction across the PCCSP region, 
the regional average multi-model 
mean change (plus or minus twice 
the inter-model standard deviation) 
is provided only for 2090 under the 
A2 (high) scenario. 

not always consistent with changes 
in the mean, so it is generally not 
appropriate to simply extrapolate mean 
climate projections when considering 
extreme events. Instead, a number of 
descriptive indices (Frich et al., 2002; 
Alexander et al., 2006; Klein Tank et 
al., 2009) and statistical modelling 
techniques (Coles et al., 2001; Kharin 
et al., 2005; Kharin et al., 2007) 
are used to capture changes in the 
magnitude and frequency of extreme 
weather events from daily data.

In this section, daily CMIP3 data have 
been analysed to provide projected 
changes in a number of commonly 
used extreme maximum temperature, 
minimum temperature and rainfall 



155Chapter 6: Projections Based on Global Climate Models

Fr
eq

ue
nc

y 
of

 o
cc

ur
en

ce
Fr

eq
ue

nc
y 

of
 o

cc
ur

en
ce

Fr
eq

ue
nc

y 
of

 o
cc

ur
en

ce
Fr

eq
ue

nc
y 

of
 o

cc
ur

en
ce

Cold Moderate Hot Cold Moderate Hot

(a) Current temperature

Light Moderate Heavy Light Moderate Heavy

Cold 
temperature 
extremes

Hot 
temperature 
extremes

Less cold 
weather

Current 
climate

More record 
hot weather

More hot 
weather

Heavy rainfall 
extremes

Current 
climate

Future climate

Future 
climate

Less light 
rainfall

More heavy 
rainfall

(b) Future temperature

(c) Current rainfall (d) Future rainfall

Figure 6.9: Typical changes to the occurrence of extreme events in response to a hypothetical increase in mean temperature and 
rainfall. Panels (a) and (c) represent the current climate and demonstrate averages and extremes for temperature and rainfall, 
respectively. Panels (b) and (d) show the changes in extreme events arising from an increase in mean temperature and rainfall, 
respectively. Adapted from figure ES.1 of the US Climate Change Science Program, Karl et al., (2009).

Table 6.1: Statistics used to project changes in the magnitude and frequency of extreme events.

Statistic Description Variables

1-in-20-year return value a Extreme daily value that occurs on average only once every 20 years 
The change in this statistic relative to the base period (1980–1999) is 
denoted ∆P20RV

Maximum temperature 
Minimum temperature 
Rainfall

90th percentile The value that is only exceeded on 10% of days Maximum temperature 
Minimum temperature 
Rainfall

10th percentile The value that is surpassed on all but 10% of days Maximum temperature 
Minimum temperature 
Rainfall

Highest 5-day total rainfall b Magnitude of the highest 5-day rainfall total 
The change in this statistic relative to the base period (1980–1999) is 
denoted ∆PRX5

Rainfall

Extreme rainfall contribution 
index b

Percentage of total annual rainfall that comes from intense rainfall events 
(defined as more intense than the 99th percentile) 
The change in this statistic relative to the base period (1980–1999) is 
denoted ∆PR99pTOT

Rainfall

Rainy day Any day where more than 1 mm of rain falls Rainfall

Light, moderate and heavy 
rain dayc

Any day where 1–10 mm (light), 10–20 mm (moderate) or 20–50 mm (heavy) 
of rain falls

Rainfall

a Calculated using the Generalised Extreme Value distribution (Coles et al., 2001; Kharin et al., 2005)
b See http://cccma.seos.uvic.ca/ETCCDMI/ for details
c Categories defined by Dai (2006) and Sun et al. (2006).

http://cccma.seos.uvic.ca/ETCCDMI
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6.2.7.1 Surface Air 
Temperature Extremes

Projected changes in surface air 
temperature extremes, both in terms of 
their magnitude and spatial structure, 
are highly consistent with mean 
temperature projections presented 
in Section 6.2.1. The projected 
multi-model mean increase in the 
annual 10th percentile, 90th percentile 
and 1-in-20-year minimum and 
maximum daily temperature all range 
from 0.5 to 1.5°C for 2055 under the 
B1 (low) scenario, to 2.0 to 3.5°C for 
2090 under the A2 (high) scenario. 
As such, it appears that the daily 
temperature distribution is projected 
to shift to warmer values, with little 
change to the range (or spread) of 
values. This differs from projections for 
many other regions of the globe, where 
minimum temperatures are projected 
to increase at a faster rate than 
maximum temperatures, indicating a 
change in the spread of the distribution 
as well as the location (Meehl et al., 
2007b; Kharin et al., 2007).

The spatial distribution of changes 
in extreme surface air temperature is 
comparable to that of mean surface 
air temperature. For example, under 
the A2 (high) emissions scenario by 
2055, the 1-in-20-year maximum 
daily temperature event increases by 
up to 2°C over Papua New Guinea, 
and in the central and north-east of 
the PCCSP region; and by 2090 the 
area with the smallest increase of 
2.5°C is situated in the south-west 
of the region, with increases of up to 
3°C projected for the majority of the 
region (Figure 6.10). Such patterns 
and magnitudes are also projected 
for near-surface air temperature 
(Figure 6.1), however there are some 
regional differences, most notably that 
the warming in the central equatorial 
part of the region is 0.5°C less in the 
maximum 1-in-20-year event than 
for mean surface air temperature 
(Figures 6.10 and 6.1, respectively).

Over all locations, the current 
1-in-20-year maximum daily 
temperature event is projected to 
increase in frequency. Given the 
relatively narrow range of daily 
temperatures that many (particularly 
near-equatorial) PCCSP Partner 
Countries experience, the projected 
increases in frequency are significantly 
larger than what is expected over 
land based regions (Kharin et al., 
2007). Due to the shift of the overall 
temperature distribution towards 
warmer conditions, there are no 
projected occurrences of the 
current 1-in-20-year daily minimum 
temperature in 2030 and beyond.

The uncertainty associated with 
extreme temperature projections is 
higher than for mean temperature 
projections. This is due to a larger 
spread in the model projections around 
the multi-model mean value (Perkins, 
in press), in addition to the fact that the 
CMIP3 models tend to underestimate 
the magnitude of temperature extremes 
in the current climate (Section 5.2.4.1).
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Figure 6.10: Projected multi-model mean changes in the 1-in-20-year maximum daily surface air temperature (˚C) for 2055 and 2090, 
relative to 1990, under the A2 (high) emissions scenario. All models agree on the direction of change in all locations.
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6.2.7.2 Extreme Daily Rainfall

A widespread increase in the number 
of heavy rain days (20–50 mm) is 
projected by the climate models for 
the A2 (high) emissions scenario. 
The annual numbers of rain days 
(over 1 mm), light rain days (1–10 mm) 
and moderate rain days (10–20 mm) 
are projected to increase near the 
equator, with little change elsewhere in 
the region (Figure 6.11).

For the A2 (high) scenario, this shift 
towards a rainfall distribution that 
includes more heavy rain days is 
projected to be accompanied by an 
increase in the intensity of extreme 
events (∆P20RV = 25 ± 70 mm or 
35 ± 90%). Consequently, the 
maximum five-day rainfall total is 
also projected to increase in all 
locations (∆PRX5 = 55 ± 200 mm or 

30 ± 95%), and for most locations a 
greater percentage of annual rainfall 
is projected to come from intense 
rainfall events (∆PR99pTOT = 5 ± 10%). 
Extreme rainfall events that currently 
occur once every 20 years on average 
are simulated to occur four times per 
year, on average, by 2055 and seven 
times per year, on average, by 2090 
under the A2 (high) scenario. It is 
clear that these projected increases in 
extreme rainfall are more pronounced 
than for the mean rainfall projections 
(Section 6.2.2).

Due to the large spread in projections 
between the CMIP3 climate models, 
and to the fact that all models tend to 
underestimate the current intensity and 
frequency of extreme rainfall events 
(Section 5.2.4.2), these projections 
must be interpreted with caution.
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Figure 6.11: Projected multi-model mean change in the number of rainy (>1 mm), light rain (1–10 mm), moderate rain (10–20 mm) and 
heavy rain (20–50 mm) days between 1990 and 2090, for the A2 (high) emissions scenario. Regions where at least 80% of models 
agree on the direction of change are stippled.

6.2.7.3 Drought

The standardised precipitation index 
(SPI; Lloyd-Hughes and Saunders, 
2002) is a measure of drought based 
solely on rainfall (excluding the effect 
of evapotranspiration). It is computed 
by fitting a probability density function 
to the frequency distribution of rainfall 
which is summed over the timescale 
of interest (Lloyd-Hughes and 
Saunders, 2002). In this case, monthly 
precipitation is used and the timescale 
of interest is 12 months, chosen to 
reflect the time required for water 
deficit conditions to significantly affect 
various agricultural and hydrological 
systems. Each monthly value is the 
total precipitation for the previous 
12 months. The probability distribution 
is then transformed to a standardised 
normal distribution. Negative SPI 
values are indicative of drought 
conditions while positive values are 
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indicative of water surplus conditions. 
Over the 21st century, the SPI for a 
given region has a mean of zero, due 
to normalisation. In general, there is 
a trend from negative to positive SPI 
values (i.e. fewer droughts toward the 
end of the century).

For all emissions scenarios, the 
frequency of moderate droughts 
(SPI values between -2.00 and 
-2.99) are projected to decline in the 
central Pacific (Figure 6.12). Over the 
eastern equatorial cold tongue region 
(Section 5.2.1.1), moderate droughts 
occur 3-4 times every 20 years by 
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Figure 6.12: Frequency of moderate drought defined by the standardised precipitation index (SPI) under the B1 (low), A1B (medium) 
and A2 (high) scenarios for 20-year periods centred on 2030, 2055 and 2090. Frequency is defined as the number of times during the 
20-year period where the SPI is between -2.00 to -2.99 for at least three consecutive months (Lloyd-Hughes and Saunders, 2002).

2030, decreasing to 2-3 times by 
2090. Over the central western Pacific 
(including Papua New Guinea, the 
Solomon Islands and southern Palau), 
moderate droughts occur 1-2 times 
every 20 years by 2030, decreasing 
to 0-1 times by 2090, particularly 
under the A2 (high) scenario. For 
the rest of the PCCSP region, the 
occurrence of moderate droughts 
remains as 1-2 times every 20 years, 
with the exception of a decrease in the 
north (over the Marshall Islands and 
Federated States of Micronesia) under 
the A2 (high) scenario. 

Similar patterns are also evident for 
mild droughts (SPI values between 
-1.00 to -1.99) and severe droughts 
(SPI values between -3.00 to -3.99). 
Mild droughts decrease in the central 
Pacific from 9 times every 20 years 
by 2030 to 4-6 times every 20 years 
by 2090. Severe droughts decrease 
from 1-2 times every 20 years by 2030 
to 0-1 times every 20 years by 2090. 
The largest decrease is simulated 
under the A2 (high) scenario, where 
the increase in rainfall is the highest 
(Figure 6.3). Regional projections of 
drought frequency are discussed for 
each country in Volume 2.
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This section considers sea-surface 
temperature, sea-surface salinity, 
stratification and ocean circulation. 
Sea-level rise is addressed in Section 
6.5 and ocean acidification is 
covered in Section 6.6.

Projections have been derived for three 
20-year periods centred on 2030, 
2055 and 2090, relative to a 20-year 
period centred on 1990. This is based 
on all available CMIP3 climate models, 
except those deemed unsatisfactory 
in their ability to simulate the aspects 
of the current climate (Chapter 5). 
The number of available models differs 
between each variable and emissions 
scenario (Appendix 1, Table A3).

6.3.1 Ocean 
Temperature 
and Salinity
Warming and freshening in the 
western tropical Pacific Ocean have 
already been observed over recent 
decades (Section 3.6; Cravatte, 2009). 

In addition, climate models have 
consistently shown such changes 
for the 20th century and project 
acceleration into the future under 
the influence of human-induced 
global warming. For the PCCSP 
region, sea-surface temperatures are 
projected to increase by 1.4 ± 0.7oC, 
2.2 ± 0.8oC and 2.6 ± 0.6oC and 
sea-surface salinities are projected 
to decrease by 0.22 ± 0.3 psu, 
0.32 ± 0.4 psu and 0.34 ± 0.4 psu 
between 1990 and 2090 for the 
B1 (low), A1B (medium) and A2 (high) 
scenarios respectively (Figure 6.13), 
where the range is estimated as a two 
standard deviation spread over climate 
model projections. Differences in the 
rate of sea-surface temperatures rise 
between the A1B and A2 scenarios 
only emerge at the very end of the 
century because it is then that CO2 
concentrations for the A2 scenario 
start to overtake A1B (Figure 4.1). 
For the first few decades of the 
21st century, CO2 concentrations 
for A1B slightly exceed those of A2. 

6.3 Ocean Projections

Figure 6.13: Evolution of multi-model average sea-surface temperatures (˚C) (left) and sea surface salinity (psu) (right) for the PCCSP 
region for 1950–1990 (black) and three post-1990 scenarios (B1-green, A1B-blue and A2-red). The shaded envelope indicates ± two 
standard deviations. Numbers indicate mean change in sea-surface temperature or salinity (plus or minus the corresponding 
multi-model standard deviation) for three time slices (2030, 2055 and 2090) relative to 1990. The red line (left) is observational estimate 
from HadISST. Where possible de-drifting has involved the removal of any linear trend in the control simulation for 1900–2150. 
While the ECHAM5/MPI-OM model has no sea-surface temperature control run available for de-drifting, the equivalent control run for 
surface air temperature shows relatively minor drift, and the model has been included in this analysis.
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Many of the climate models 
indicate a maximum warming in 
the central equatorial Pacific, with 
the least warming occurring in the 
south-eastern Pacific (Figure 6.14). 
The pattern of equatorial warming 
has been shown to be related to a 
complicated set of factors, including 
greater cloud cover in combination 
with weaker westward surface flow 
in the eastern Pacific, and weaker 
upwelling of sub-surface water 
combined with a stronger vertical 
temperature gradient in the western 
Pacific (DiNezio et al., 2009). The weak 
warming in the south-eastern 
Pacific may be linked to the stronger 
projected winds in that region 
that will tend to cool the ocean 
(Xie et al., 2009).

The spread in future sea-surface 
salinity changes across the models 
is considerably larger than for 
sea-surface temperature, reflecting in 
part large inter-model differences in the 
representation of mean rainfall.
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Regional differences in projected 
salinity changes (Figure 6.14) closely 
match projected changes in net 
rainfall (i.e. rainfall minus evaporation). 
The largest increases in rainfall occur 
in the western equatorial Pacific, and 
on the inner flanks of the convergence 
zones, with reduced rainfall in the 
south-east. This results in a strong 
freshening in most of the PCCSP 
region (with high agreement between 
models), except in the far eastern and 
particularly south-eastern parts of the 
domain, where there is a suggestion of 
increased salinity.
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Figure 6.14: Multi-model mean change in sea-surface temperature (oC) (left) and sea-surface salinity (psu) (right) over the tropical 
Pacific region for the A2 (high) scenario, for a 20-year period centred on 2090 relative to 1990. Superimposed on the sea-surface 
temperature change is the observed (HadISST) Warm Pool extent (black contour, for waters with mean annual temperature exceeding 
29oC) and projected Warm Pool extent (red contour, computed as 1990 observed sea-surface temperature + projected warming). 
Superimposed on sea-surface salinity change is the observed (black, from CARS06) and projected (red) location of the edge of the 
‘fresh pool’ defined by the 34.8 psu contour. Stippling for sea-surface salinity represents areas where there is at least 80% agreement 
in the sign of the change across the models. Drift correction has been applied to all models.

increase in area, the changes are 
considerably less than the Warm 
Pool. This indicates that the threshold 
sea-surface temperature for convective 
activity must also be increasing over 
time so that the area of strongest 
convection does not expand with the 
29˚C isotherm (see also Johnson and 
Xie, 2010 and references therein).

The projected changes in temperature 
and salinity with depth, averaged over 
the PCCSP region (Figure 6.15), show 
that the surface intensified warming 
and freshening will cause the surface 
ocean to become considerably less 
dense compared to the deep ocean, 
i.e. the ocean becomes more stratified 
(with 100% model agreement). 
There is also a clear projected increase 
in ocean stratification (as measured 
by the buoyancy frequency squared, 
which depends on the vertical density 
gradient) between about 50 m and 
100 m depth. These depths are 
associated with the upper pycnocline, 
which marks the boundary between 
high nutrients (below) and depleted 
nutrients (above) (Chapter 2). 
This increase in stratification acts to 
inhibit mixing, thereby reducing the 
supply of nutrients from the deep to 
the surface ocean, with consequences 
for biological productivity 
(Ganachaud et al., 2011). Implications 
of the projected changes for ocean 

biology, particularly fisheries, are 
discussed in detail in Bell et al. (2011).

6.3.2 Ocean Circulation
Theoretical arguments for a surface 
warming and an intensification of the 
hydrological cycle also suggest that 
the tropical atmospheric circulation, 
including the equatorial trade winds, 
should weaken (Held and Soden, 
2006) as the troposphere warms. 
Observational evidence indicates that 
such a slowdown may have already 
occurred (Vecchi et al., 2006; Power 
and Smith, 2007; Power and Kociuba, 
2010, in press). Climate models do 
indeed project a consistent slowdown 
of the equatorial trade winds with 
a weakening of surface winds over 
much of the Northern Hemisphere 
extra-tropics and a corresponding 
strengthening in the Southern 
Hemisphere. Surface Ekman currents 
(wind driven flow that is deflected 
by the Earth’s rotation) in the upper 
few tens of metres of the ocean, are 
directly driven by surface winds. The 
direction of flow is complicated by the 
rotation of the planet, causing surface 
currents to be deflected to the right 
(left) of the direction of the wind in the 
Northern (Southern) Hemisphere. No 
deflection occurs at the equator (where 
the Coriolis effect vanishes). Thus in 

The West Pacific Warm Pool provides 
the energy to sustain western 
Pacific convection and the tropical 
atmospheric circulation. It is an 
important factor in El Niño-Southern 
Oscillation (ENSO) variability; it 
can modulate the intensification of 
tropical cyclones, and its eastern 
edge is an important indicator of the 
location of vital tuna stocks on inter 
annual time scales (Lehodey et al., 
1997). The projected changes for 
the West Pacific Warm Pool show a 
massive increase in extent (defined 
here as temperatures above 29˚C), 
with the edge of the pool moving 
many thousands of kilometres to the 
east along the equator over coming 
decades (Figure 6.14). While the fresh 
water pool also shows a substantial 
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Figure 6.15: Ocean changes with depth. (Left) PCCSP regional average multi-model 
mean potential temperature (red) and salinity (blue), for the period 1980–1999 (solid) 
and 2080–2099 (dashed) for A1B scenario. (Right) PCCSP regional average multi-model 
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full range of projected density changes based on all models used (Chapter 4, Table A3).
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regions of projected decreases 
in surface wind strength, surface 
currents will also tend to weaken. 
Just to the north and south of the 
equator, the mean equatorial trade 
winds drive a mean surface Ekman 
current with a component directed 
away from the equator. This divergent 
surface flow normally generates 
upwelling along the equator, with 
an associated convergent surface 
flow and downwelling off the 
equator, driving a shallow vertical 
circulation (the tropical overturning 
cell). The projected slow-down of 
the equatorial trade winds drives a 
weakening of the surface Ekman flow 
and consequently a slowdown of the 
tropical overturning  cell.

Model projections show the changes 
in the volume transport (measured in 
millions of cubic metres per second; 
Sv) for some of the major regional 
currents (Figure 6.16). There is a 
robust acceleration of the northern 
branch of the sub-tropical gyre, 
which forms the extra-tropical part 
of the South Equatorial Current. 
This change is part of a large-scale 
intensification of the sub-tropical gyre 
including the East Australian Current 
(Cai and Cowan, 2007; Sen Gupta 
et al., 2009). Conversely, the part of 
the South Equatorial Current close 
to the equator weakens as a direct 
response to the weakening trade 
winds. While there is a projected 
weakening in the multi-model mean, 
there exists poor agreement across 
the models. Similarly, circulation 
changes in the Northern Hemisphere 
are not very consistent across the 
models. In a number of models 
there are projected increases in the 
sub-surface Equatorial Undercurrent, 
in part related to greater flow in the 
New Guinea Coastal Undercurrent 
which feeds the Equatorial 
Undercurrent. Finally, the Indonesian 
Throughflow, which represents the 
only conduit for tropical water to pass 
from the Pacific to the Indian Ocean, 
shows a robust decrease in water 
transport, from about 9 Sv to 7 Sv in 
the multi-model mean.

Figure 6.16: Schematic showing some of the major upper ocean currents and whether 
they are projected to increase or decrease in the future. Key: Equatorial Undercurrent 
(EUC); Indonesian Throughflow (ITF); North Equatorial Current (NEC); North Equatorial 
Counter Current (NECC); New Guinea Coastal Undercurrent (NGUC); South Equatorial 
Current (SEC); South Equatorial Counter Current (SECC).
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6.4.1 El Niño-Southern 
Oscillation
ENSO events are responsible for 
significant climate variability in most 
Partner Countries. Even small changes 
to various aspects of ENSO could 
profoundly alter Pacific climate: the 
frequency and/or intensity of El Niño 
and La Niña events, and the details of 
their characteristics, such as where the 
strongest El Niño-related increase in 
sea-surface temperature occurs.

Projected changes in the average 
climate of the Pacific relevant to ENSO 
(Sections 6.2 and 6.3) are: increasing 
sea-surface and near-surface air 
temperatures, with the strongest 
warming on the equator; a flattening 
and shallowing of the thermocline 
(Yeh et al., 2009); an increase in 
ocean stratification; and a weakening 
of the Walker Circulation, with a 
decrease in the pressure gradient 

across the tropical Pacific (Vecchi et 
al., 2006; Power and Smith, 2007; 
Power and Kociuba, 2010, in press). 
As they are related to positive or 
negative feedbacks, some of these 
changes favour an intensification of 
ENSO variability and some favour 
a weakening. As a result, the exact 
nature of ENSO under conditions of 
global warming has many uncertainties 
(Collins et al., 2010).

The strength of the Niño3.4 and ENSO 
Modoki Indices for the CMIP3 climate 
model simulations for the 2078–2098 
period using the A2 (high) scenario, 
relative to 1979–1999 in the 20th 
century simulations (Figure 6.17) 
shows that changes in the two 
indices are closely related across the 
different models. This suggests that 
sea-surface temperature variability 
changes in each model are fairly 
consistent across a broad equatorial 
Pacific region. All the models indicate 

that ENSO will remain an important 
factor in year-to-year variability 
in the future. However, studies of 
palaeoclimate suggest that ENSO has 
exhibited very different behaviours in 
past climates (Chapter 3).

Global warming has very likely driven 
changes in mean rainfall, temperature 
and other important climatic variables 
(Hegerl et al., 2007; Meehl et al., 
2007b) in many countries (including 
PCCSP Partner Countries). As ENSO 
events are responsible for some of the 
variability about these means in most 
Partner Countries, climatic conditions 
experienced during ENSO events will 
very likely change if they have not 
already (Power and Smith, 2007). 
For example, if El Niño tends to warm 
a particular region then temperatures 
experienced during future El Niño 
events will tend to be higher than the 
temperatures experienced during past 
El Niño events.

6.4 Key Climate Features and Variability
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Figure 6.17: The ratio of A2 (high) scenario (2078–2098) to 20th century (1979–1999) model simulated variability (standard deviations) 
in the Niño3.4 and ENSO Modoki Indices (EMI) for 19 climate models. Numbers greater than one show increased variability in the 
future, while those less than one show decreased variability. The GISS-ER, INGV-SXG, INM-CM3.0 and PCM models are considered 
less reliable than the others (see Chapter 5).
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The sea-surface temperature pattern 
across the Pacific region associated 
with the Interdecadal Pacific Oscillation 
(IPO) shares some features of the 
pattern of warming observed over 
the 20th century (Meehl et al., 2009). 
This means that in coming decades, 
depending on the phase of the IPO, 
natural interdecadal temperature 
variability may act to either enhance 
or reduce the warming driven by 
continued increases in greenhouse 
gas concentrations in locations 
where the IPO influences sea-surface 
temperatures. This same variability 
may also act over the next few 
decades to favour more El Niño 
or more La Niña type conditions. 
However, over longer time periods 
the global warming signal will 
dominate temperatures in the region. 

Also, given the lack of evidence 
that ENSO variability will change 
significantly, over longer periods 
neither El Niño nor La Niña events 
would be expected to be significantly 
more prevalent than the other.

Therefore, while year-to-year variability 
in the PCCSP region will continue to 
be largely driven by ENSO, climate 
models do not provide consistent 
projections of changes in the 
frequency, intensity and patterns of 
future El Niño and La Niña events.

6.4.2 Indian 
Ocean Dipole
The frequency of positive Indian 
Ocean Dipole (IOD) events has 
been increasing in recent decades 
(Section 3.4.7). Climate models 
suggest that a more positive IOD-like 
mean-state will continue with easterly 
wind trends and a shallowing 
thermocline over the eastern Indian 
Ocean, associated with a weakening 
of the Walker Circulation (Vecchi 
and Soden, 2007b). A multi-model 
average shows a slower warming 
rate in the eastern Indian Ocean 
than in the western Indian Ocean 
(Cai et al., 2011), with a consistent 
rainfall response by way of lower 
rainfall over the eastern Indian 
Ocean regions, including East Timor 
(Figures 6.3 and 6.4).

However, there is no systematic 
multi-model analysis of how the 
IOD frequency and amplitude will 
change. It is anticipated that a more 
positive IOD-like mean state would 
be associated with an increase in 
the positive IOD amplitude and/
or frequency. For example, a study 
using the GFDL model showed that 
there is little change in the positive 
IOD amplitude (Zheng et al., 2010), 
although the frequency of positive IOD 
events increases. Further research 
is required to assess the degree of 
consensus amongst models regarding 
projected changes in IOD frequency 
and amplitude.

6.4.3 Intertropical 
Convergence Zone
Under conditions of anthropogenically 
induced climate change, the 
multi-model mean projections using 
16 CMIP3 models show a general 
increase in tropical rainfall, with 
increases occurring in a broad band 
(rather than confined to the ITCZ) 
extending fairly uniformly and zonally 
from around 10°S to 5°N across the 
Pacific (Figure 6.3). This pattern can 
be largely attributed to increased 
moisture convergence associated with 
warmer air temperatures (Christensen 
et al., 2007), although additional 
dynamics-related changes complicate 
the picture regionally in individual 
models (Chou et al., 2008). Changes 
in rainfall, averaged over the region 
north of the equator encompassing the 
ITCZ (160°E–120°W, 0–15°N), show a 
general increase in June-August (high 
levels of model consensus), with little 
change in December-February, thereby 
amplifying the current seasonal cycle 
(Figure 6.18a). Using the 6 mm per 
day contour to define the ITCZ, there 
is an increase in the area of the ITCZ 
in all models in June-August, and in 
all but three in December-February 
(Moise and Delage, in press). This 
corresponds to a modest expansion of 
around 5% per °C of Pacific warming, 
primarily through an increase in the 
width of the ITCZ. A 25–30% increase 
in annual mean rainfall is simulated by 
the end of the century within the ITCZ 
under the A2 (high) scenario.

It should be noted that any changes 
in ENSO variability, as seen in 
these projections, may be due 
to interdecadal variability in the 
strength of events, rather than any 
global warming signal. In the period 
2057–2077, the relative changes in 
the two ENSO indices are slightly 
different for each model, but the range 
across all models is similar to that for 
2078–2098. For some of the CMIP3 
models, the changes in variability in the 
two periods are in opposite directions, 
but in the majority only the size of 
the changes are different, suggesting 
that some of the projected change 
is due to decadal variability, with the 
remainder due to global warming.

The models are generally poor in 
reproducing the pattern of sea-surface 
temperature variability associated with 
ENSO Modoki in the 20th century, 
and so little can be ascertained on 
the probable evolution of the Modoki 
under the A2 (high) scenario. However, 
this analysis (based on the Modoki 
index calculated across three boxes 
– see Section 3.4.1) shows no large, 
or consistent, change across the 
CMIP3 simulations.
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Given the broad areal extent of the 
tropical rainfall increases exhibited 
by the CMIP3 models, only relatively 
small systematic geographical shifts 
are projected for the ITCZ location. 
Results using a line fitting method 
(Brown et al., 2011) between the 
longitudes 160°E and 120°W, show 
that the maximum shifts in particular 
models in individual seasons are 
modest, at less than 2° of latitude 
(Figure 6.18b), with the east-west 
orientation (‘slope’) of the ITCZ having 
little systematic change on average 
(not shown). In the multi-model mean, 
models show a small displacement 
(less than 0.5°) towards the equator 
in March-May and June-August 
(small compared with a mean 
location at 8°N), with a spread 
(standard deviation) much larger 
than the projected displacement, 

highlighting the significant degree of 
disagreement in these projections. 
For December-February and 
September-November, there is no 
change apparent in mean ITCZ 
location. This result is not sensitive to 
whether all CMIP3 models are used, 
or when those which show lower skill 
are excluded.

In summary, under the A2 (high) 
scenario, the ITCZ is projected to 
move equatorward in some seasons 
and broaden, but only by a very small 
amount (less than 2˚ of latitude), with 
substantial disagreement between 
individual models on the magnitude 
of the shift. A more robust projection 
is for significant rainfall increases, but 
these occur both in the ITCZ itself 
and in the surrounding (particularly 
equatorial) region.

6.4.4 West Pacific 
Monsoon
The West Pacific Monsoon region is 
rarely discussed exclusively in climate 
change scientific literature and the 
following discussion is based on 
results covering larger regions that 
either include or directly affect the 
West Pacific Monsoon. Under global 
warming, the Walker Circulation affects 
South Asian monsoon variability in 
such a way that the role of the Pacific 
Ocean dominates, and that of the 
Indian Ocean is secondary (Meehl and 
Arblaster, 2003). Climate projections 
show an increase in rainfall during the 
Asian monsoon, along with an increase 
in the interannual season-averaged 
variability. However, the uncertain role 
of aerosols in general, and carbon 
aerosols in particular, complicates 
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Figure 6.18: (a) Projected changes in average monthly rainfall (mm per day; relating to the left y-axis scale) over the ITCZ region 
(defined by 160°E–120°W, 0–15°N). The multi-model mean is shown as the thick blue line, with the shaded regions encompassing the 
spread (standard deviation) between individual model simulations. Also shown is the mean model 20th century annual cycle of monthly 
rainfall in red (mm per day; relating to the right y-axis scale) and observations from the GPCP (green) and CMAP (black) datasets 
respectively. (b) Projected changes in location (latitude; relating to the left y-axis scale) of the ITCZ. Also shown is the mean model 
and observed 20th century location of ITCZ (latitude; relating to the right y-axis scale). Line colours correspond to those in (a). Climate 
change results in both (a) and (b) show 2079–2098 A2 (high) emissions minus 1980–1999. Included are all models providing A2 (high) 
scenario results, except those listed in Table 5.9 as performing poorly.
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the monsoon rainfall projections 
(Meehl et al., 2007b). This region is 
also affected by the cold tongue bias 
present in all global climate models 
(Section 5.2.3.5).

There is no significant projected 
change in the westerly winds over 
the region, even though the results 
differ across individual models. 
There is a general tendency for an 
amplification of the seasonal cycle of 
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Figure 6.19: Projected changes in average monthly rainfall (mm per day) over the three monsoon regions (SH box-1, SH box-2 and 
NH, as defined in Section 2.5.3) for 2090, relative to 1990. The multi-model mean for the A2 (high) scenario is shown as the solid thick 
line; the shaded regions encompass the spread (standard deviation) of the individual model simulations. Also shown is the 20th century 
annual cycle in red (relating to the right y-axis).

rainfall in the West Pacific Monsoon 
region, as shown by the projected 
changes in average monthly rainfall 
over both the three monsoon regions 
(Southern Hemisphere box-1, 
Southern Hemisphere box-2 and 
Northern Hemisphere, as defined 
in Section 2.5.3), relative to the 
20th century multi-model mean 
(Figure 6.19). There is fairly strong 
model agreement on the amplification 
as indicated by the shaded areas.

Interestingly, models simulate this 
amplification only during the initial phase 
of the wet season in the Northern 
Hemisphere region while the Southern 
Hemisphere box-1 region has a 
consistent increase throughout the wet 
season, and the Southern Hemisphere 
box-2 region has a consistent increase 
for the entire year. The latter result is 
consistent with the fact that Southern 
Hemisphere box-2 lies at the eastern 
edge of the monsoon affected region and 
receives high rainfall throughout the year.
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Simulated changes in both low level 
zonal winds and rainfall in the Southern 
Hemisphere box-1 region under the 
A2 (high) emissions scenario from 
14 CMIP3 climate models are shown 
in Figure 6.20. The changes refer to 
the difference between the two periods 
(2080–2099) and (1980–1999). This 
shows that the projected changes 
favour increases in rainfall while at the 
same time there is little evidence for a 
consistent weakening or strengthening 
of the accompanying low level winds.

As noted previously, monsoon 
variability is also strongly tied to 
ENSO, with drought risk increasing 
during El Niño events, but there is little 
agreement among climate models with 
respect to how future climate change 
may alter the frequency or intensity of 
El Niño events (Section 6.4.1).

6.4.5 South Pacific 
Convergence Zone 
Future rainfall increases in Pacific 
region climate are projected to be 
greatest in the regions of the tropical 
convergence zones, due to increased 
atmospheric moisture transport, with 
the multi-model average change in 
rainfall showing an increase in the 
western and central South Pacific, 
and a decrease in the eastern South 
Pacific (Christensen et al., 2007). 
Changes in the position of the SPCZ 
have been observed in recent decades 
(Chapter 3), but there is evidence 
that these may be related to the 
Interdecadal Pacific Oscillation rather 
than anthropogenic climate warming 
(Griffiths et al., 2003).

For the PCCSP study, changes in 
the SPCZ position and intensity were 
examined for 16 global climate model 
simulations, driven by the A2 (high) 
emissions scenario (Brown et al., 
in press). The analysis focuses on 
December-February, when the SPCZ 
is most intense. The sample of models 
examined is the same as for other 
atmospheric projections, except that 
MIROC3.2(medres) is excluded as this 
model does not produce a well defined 
SPCZ (Brown et al., 2011).

Using a simple linear fit to the 
position of the SPCZ, based on 
the band of maximum rainfall, the 

Figure 6.20: Projected changes in December-February zonal (east-west) wind speed 
(metres per second) and rainfall (%) for the Southern Hemisphere box-1 region (defined 
in Section 2.5.3) from 14 CMIP3 model results for the A2 (high) emissions scenario. The 
1980–1999 mean low level zonal wind-speeds are indicated by the purple bars, while the 
wind-speed changes (2080–2099 minus 1980–1999) are indicated by the dark grey bars. 
The accompanying percentage differences in rainfall are indicated by the blue bars.

December-February seasonal mean 
position of the SPCZ is calculated 
for the last two decades of the 20th 
century, and compared with the last 
two decades of the 21st century 
(Figure 6.21). There is no systematic 
northward or southward shift in the 
mean position of the SPCZ, and no 
systematic shift in the slope of the 
SPCZ line. One model shows a large 
increase in the SPCZ slope and a 
southward shift in latitude due to a 
change in the width and eastern extent 
of the SPCZ, and another model 
shows a northward shift of the SPCZ 
(see Brown et al., (in press) for details 
of individual models).
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Using the 6 mm per day rainfall 
threshold to define the edge of 
the SPCZ, changes in the area 
and intensity of the SPCZ are also 
calculated. In December-February, 
the area of the SPCZ increases in 
the A2 (high) emissions simulations 
in all models. The majority of models 
also show an increase in the mean 
and maximum rainfall within the 
SPCZ. Overall, there is evidence 
for more intense SPCZ rainfall 
in December-February, which is 
consistent with a stronger hydrological 
cycle and increased moisture transport 
in a warmer climate.

At the eastern edge of the 
SPCZ, between around 150°W 
to 120°W, there is a decrease in 
December-February mean rainfall 
in most models (see Brown et al., 
in press) and in the multi-model 
mean (Figure 6.21). This reduction 

is associated with a relatively small 
sea-surface temperature increase in 
the region of the southern sub-tropical 
anticyclone, and strengthened surface 
trade winds in this region. The eastern 
edge of the SPCZ thus appears to 
contract westwards in the climate 
change simulations.

Therefore, during December-February, 
there is a consistent increase in mean 
and maximum SPCZ rainfall and in the 
area of the SPCZ in the wet season, 
with the SPCZ rainfall band becoming 
wider in most models. There is also a 
consistent westward contraction of the 
eastern edge of the SPCZ, associated 
with a stronger circulation and reduced 
surface wind convergence in the 
region to the east of around 150°W 
in this season. However, there is no 
consistent shift in the position or slope 
of the SPCZ in the wet season.

During May-October, the SPCZ in the 
current climate is generally weaker 
and closer to the equator than in 
December-February (Chapter 2 and 
Chapter 5). In the future, most models 
project an increase in rainfall within the 
SPCZ during May-October, with the 
largest increases on the equatorward 
side, leading to a shift in the SPCZ 
towards the equator.

Most CMIP3 models do not accurately 
simulate the observed diagonal 
orientation of the SPCZ or the 
extension of SPCZ rainfall into the 
extra-tropics in December-February or 
May-October (Chapter 5). Therefore, 
the regional-scale changes in rainfall 
and winds associated with the SPCZ 
may not be correctly located in the 
model projections.
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Figure 6.21: The 16 model mean position of the SPCZ in the late 20th and 21st centuries (A2 (high) emissions scenario), as defined by 
December-February rainfall (mm per day). The black contour shows the 6 mm per day rainfall threshold, giving the approximate edge 
of the SPCZ. The black dashed line indicates the position of maximum rainfall during 1989–1999, while the red dashed line indicates 
the position during 2080–2099 for the A2 (high) emissions scenario. See Brown et al., (2011) for details of linear fit method.
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Projections of sea-level rise require 
consideration of ocean thermal 
expansion, the melting of glaciers and 
ice caps, the surface mass balance and 
dynamic response of the ice sheets 
of Antarctica and Greenland, and any 
changes in storage of water in dams, 
(Section 4.7). Summaries of sea-level 
rise issues and recent results can be 
found in Church et al. (2001), Meehl et 
al. (2007b), Church et al. (2008, 2010), 
Milne et al. (2010), Slangen et al. (2010) 
and Church et al. (2011).

6.5.1 Intergovernmental 
Panel on Climate Change 
Projections of Global 
Averaged Sea-Level Rise 
for the 21st Century
The projections of the global average 
sea-level rise by the IPCC Fourth 
Assessment Report (IPCC 2007; 
Meehl et al., 2007b) are comprised of 
two sets of contributions and are for 
2090–2099 compared with the average 
over 1980–1999. The first set includes 
contributions from ocean thermal 
expansion, the melting of glaciers and 
ice caps, the Greenland and Antarctic 
ice sheet surface mass balances, 
and the slow dynamic response 
included in current ice sheet models 
(Table 6.2). These contributions can 
be estimated with currently available 
coupled ocean-atmosphere models and 
models used to represent the response 
of land ice to changing atmospheric 
conditions. The projected ranges given, 
for the 5% to 95% confidence limits, 
are from 18 to 38 cm for the B1 (low) 
emissions scenario to 26 to 59 cm for 
the A1FI (very high) emission scenario 
(Meehl et al., 2007b) (Section 5.2.2.6).

In addition, the IPCC Fourth Assessment 
recognised that these models did not 
include uncertainties in climate-carbon 
cycle feedbacks and that there was 
insufficient understanding to accurately 
quantify the contribution that might 
come from any rapid change in ice 
discharge from the Greenland and 
Antarctic ice sheets (termed rapid ice 
here). Using simple scaling arguments, 
they suggested that the above estimates 
could increase by up to about 20 cm 

(17 cm in Table 6.2). However, they 
recognised that larger values cannot 
be excluded but that understanding of 
the relevant processes was “too limited 
to assess their likelihood or provide a 
best estimate or an upper bound for 

Figure 6.22: Global averaged projections of sea-level rise for six IPCC greenhouse gas 
emissions scenarios to (a) 2100 and (b) 2020 with respect to 1990. The full range of 
projections without (with) any rapid ice component is shown by shaded region (outer 
light lines). The continuous coloured lines from 1990 to 2100 are the central value of the 
projections including the rapid ice contribution. The bars at the right in (a) are the range 
of projections in 2100 for the various named scenarios. The horizontal lines (diamonds) 
in the bars are the central values without (with) the rapid ice sheet contribution. The 
observational estimates of global averaged sea level estimated from tide gauges and 
the satellite altimeter data are shown in black and red respectively. The tide gauge data 
is set to zero at the start of the projections in 1990 and the altimeter data is set equal to 
the tide gauge data at the start of the record in 1993. The projections are based on the 
IPCC Fourth Assessment results. From Church et al. (2011).
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6.5 Sea-Level Rise

sea-level rise” (IPCC, 2007). The sum 
of all of these contributions to estimate 
the total sea-level rise is given in 
Figure 6.22 (see Church et al., 2011 for 
more details) with the total range across 
scenarios of about 18 to 80 cm.
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Table 6.2: The IPCC Fourth Assessment projections of global average sea-level rise during the 21st century and its components under 
six IPCC emissions scenarios. The upper row in each pair gives the 5 to 95% range (m) of the rise in sea level between 1980–1999 and 
2090–2099. The lower row in each pair gives the range of the rate of sea-level rise (mm per year) during 2090–2099. The land ice sum 
comprises glaciers and ice caps and ice sheets, including dynamics, but excludes the scaled-up ice sheet discharge (see text) which is 
given separately in line G. The sea-level rise comprises thermal expansion and the land ice sum. Note that for each scenario the lower 
(upper) bound for sea-level rise is larger (smaller) than the sum of the lower (upper) bounds of the contributions, since the uncertainties 
of the contributions are largely independent. Reproduced from Meehl et al. (2007b).

B1 B2 A1B A1T A2 A1FI

A.Thermal 
expansion

m 0.10 0.24 0.12 0.28 0.13 0.32 0.12 0.30 0.14 0.35 0.17 0.41

mm/yr 1.1 2.6 1.6 4.0 1.7 4.2 1.3 3.2 2.6 6.3 2.8 6.8

B. Glacial and 
ice cap

m 0.07 0.14 0.07 0.15 0.08 0.15 0.08 0.15 0.08 0.16 0.08 0.17

mm/yr 0.5 1.3 0.5 1.5 0.6 1.6 0.5 1.4 0.6 1.9 0.7 2.0

C. Greenland ice 
sheet surface 
mass balance

m 0.01 0.05 0.01 0.06 0.01 0.08 0.01 0.07 0.01 0.08 0.02 0.12

mm/yr 0.2 1.0 0.2 1.5 0.3 1.9 0.2 1.5 0.3 2.8 0.4 3.9

D. Antarctic ice 
sheet surface 
mass balance

m -0.10 -0.02 -0.11 -0.02 -0.12 -0.02 -0.12 -0.02 -0.12 -0.03 -0.14 -0.03

mm/yr -1.4 -0.3 -1.7 -0.3 -1.9 -0.4 -1.7 -0.3 -2.3 -0.4 -2.7 -0.5

E = B + C + D. 

Land ice sum

m 0.04 0.18 0.04 0.19 0.04 0.20 0.04 0.20 0.04 0.20 0.04 0.23

mm/yr 0.0 1.8 -0.1 2.2 -0.2 2.5 -0.1 2.1 -0.4 3.2 -0.8 4.0

F = A + E. 

Sea level rise

m 0.18 0.38 0.20 0.43 0.21 0.48 0.20 0.45 0.23 0.51 0.26 0.59

mm/yr 1.5 3.9 2.1 5.6 2.1 6.0 1.7 4.7 3.0 8.5 3.0 9.7

G. Scaled-up ice 
sheet discharge

m 0.00 0.09 0.00 0.11 -0.01 0.13 -0.01 0.13 -0.01 0.13 -0.01 0.17

mm/yr 0.0 1.7 0.0 2.3 0.0 2.6 0.0 2.3 -0.1 3.2 -0.1 3.9

6.5.2 Post-
Intergovernmental 
Panel on Climate 
Change Fourth 
Assessment Results
Recent results (since 2007) indicate 
an increased contribution over the 
past decade from glaciers and ice 
caps (Cogley, 2009) and the ice sheets 
(Velicogna, 2009; Rignot et al., 2011). 
In particular, discharge from glaciers 
and ice streams of the Greenland and 
Antarctic ice sheets are showing signs 
of a dynamic response, potentially 
leading to a more rapid rate of rise 
than can occur from surface melting 
alone. Using kinematic constraints, 
Pfeffer et al. (2008) estimated that 
sea-level rise greater than 2 m by 2100 
was physically untenable and that a 
more plausible estimate was about 
80 cm, consistent with the upper end 
of the IPCC estimates and the present 
rate of rise. This value still requires 
a significant acceleration of the ice 
sheet contributions.

The last two IPCC assessments 
and recent publications (Rahmstorf 
et al., 2007; Church et al., 2011; 
Figure 6.22b) indicate the rate of 
sea-level rise is currently near the 
upper limit of the projections (including 
the scaled-up ice discharge). 
This does not imply that sea level will 
continue to follow this upper limit. 
This observation has raised concern 
that the IPCC projections may be 
underestimates, especially given 
the current inability to adequately 
model the ice sheets’ response to 
global warming, and has led to the 
development of several semi-empirical 
models of sea-level rise (Rahmstorf, 
2007; Horton et al., 2008; Grinsted 
et al., 2009; Vermeer and Rahmstorf, 
2009). These semi-empirical models 
all give larger rates of rise during the 
21st century (upper values as high as 
1.8 m) than the Fourth Assessment 
projections. However, significant 
concerns have been raised about 
the robustness of these projections 
on several grounds (Holgate et al., 
2007; Schmith et al., 2007; Lowe 
and Gregory, 2010; Church et al., 

2011) and they should be used with 
caution until these limitations are more 
fully understood.

A recent comprehensive study 
exploring high-end climate change 
scenarios for flood protection in the 
Netherlands (Vellinga et al., 2009; 
Katsman et al., in press) did not adopt 
these semi-empirical models and 
instead suggested a global-averaged 
upper-end sea-level rise scenario of 
0.55 to 1.1 m by 2100.

Improved understanding of the 
processes responsible for ice sheet 
changes are urgently required to 
improve estimates of the rate and 
timing of 21st century and longer-term 
sea-level rise. This understanding is 
developing rapidly, and early results 
(Joughin et al., 2010) are consistent 
with the IPCC Fourth Assessment 
projections. However, there are 
not yet robust projections of the 
dynamic response of the Greenland 
and Antarctic ice sheets for the 21st 
century or beyond. The next IPCC 
report is likely to contain substantially 
improved assessment of potential ice 
sheet contributions.
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6.5.3 Regional 
Distribution of 
Sea-Level Rise During 
the 21st Century
The regional distribution of sea-level 
rise is important because it is the 
regional or local sea-level change 
and local land motion that most 
directly impacts society and the 
environment. Satellite-altimeter data 
show significant regional variations in 

the rate of sea-level rise (Figure 3.20), 
with some regions having experienced 
substantially larger rates than the 
global-averaged rate of rise since 
1993. However, this regional variation 
in the relatively short altimeter record 
is at least partly a result of climate 
variability, particularly in the equatorial 
Pacific Ocean.

During the 21st century, there will 
be two significant reasons for the 
departure of regional sea-level 

Figure 6.23: The global distribution of sea-level rise (m) in 16 models available from the CMIP3 experiment for the A1B (medium) 
scenario. The global mean sea-level rise has been subtracted from each panel and the rise is for the 2081–2100 period compared 
with the 1981–2000 period.

change from the global averaged rise 
(Figure 6.23). These are associated 
with climate and ocean variability and 
the associated ocean dynamics, and 
the changing distribution of water 
on the Earth (Section 4.7). The latter 
changes the surface loading of the 
Earth and thus the vertical motion 
of the surface of the Earth, and also 
changes the gravitational field thus 
changing the regional height of the 
ocean surface.
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The regions where global climate 
models tend to agree with each 
other on future sea-level change for 
the period 2081–2100 compared 
with 1981–2000 occupy only a small 
percentage of the globe. However, 
there are some common features 
in the model responses. Within the 
tropical Pacific, two-thirds of the 
models indicate that sea-level rise is 
lower than the global-averaged rise 
in a band running from Papua New 
Guinea to southern South America, 
i.e. most of south-easterly trade 
winds prevailing regions (Figure 6.24). 
Slightly higher sea-level change can 
be found in the region east of Australia 
and in the eastern Indian Ocean. 
Such regional patterns of sea-level 
change can be mainly attributed to 
regional wind-stress changes and 
the resultant vertical movement 
of the thermocline, especially the 
intensification of south-easterly 
trade winds. Wind stress changes 
cause a vertical movement of the 
water column (and hence changes 
in density) through Ekman dynamics 
and Rossby wave dynamics (Qiu 
and Chen, 2006; Timmermann et 
al., 2010). Wind-stress change can 
also induce gyre-circulation change, 
such as the barotropic circulation 
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Figure 6.24: The global distribution of regional sea-level change (in cm) due to ocean 
density and circulation change during 2081–2100 relative to 1981–2000, derived from 
13 available CMIP3 models subjected to the A1B (medium) scenario. The global mean 
is removed, thus positive (negative) values indicate higher (lower) local sea-level change 
than global average. Stippling denotes that regions where climate models tend to 
agree, defined as the regions where the magnitude of multi-model mean exceeds the 
inter-model standard deviation. 

The spatial standard deviation (relative 
to the global average) of multi-model 
mean of sea-level change relative to 
period 1981–2000 under the A1B 
(medium) scenario is 0.032, 0.056 
and 0.083 metres globally for the 
periods 2021–2040, 2046–2065 and 
2081--2100, respectively (refer to 
Figure 6.25 for tropical Pacific), 
which implies the spatial variability 
in the pattern of regional sea-level 
change increases over the next 
100 years (Pardeans et al., 2010; Yin 
et al., 2010).

6.5.3.1 Ocean Dynamical 
Changes

On a global scale, the response 
of sea-levels to global warming 
is not spatially uniform (Figures 
6.23 and 6.24), with some regions 
experiencing higher or lower sea-level 
change than the global average.

from Sverdrup theory (Sverdrup, 
1947), though such barotropic 
gyre-circulation change usually has 
secondary effects on sea-level change, 
especially in low-latitudes (Lowe and 
Gregory, 2006). The intensification 
of south-easterly winds is related to 
the regional patterns of sea-surface 
temperature change in the tropical 
South Pacific with maximum warming 
on the equator and minimum 
warming in the south-eastern tropical 
Pacific. Thus the regional sea-level 
change in the tropical Pacific is 
part of complex ocean-atmosphere 
interaction on climate change 
time scales, as discussed by 
Timmermann et al. (2010).
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Figure 6.25: Regional sea-level change (in cm) for the PCCSP region due to ocean 
density and circulation change during (a) 2021–2040, (b) 2046–2065 and (c) 2081–2100 
relative to 1981–2000, derived from 13 available CMIP3 models subjected to the A1B 
(medium) scenario. The global mean is removed, thus positive (negative) values indicate 
higher (lower) local sea-level change than global average. Stippling denotes regions 
where climate models tend to agree, defined as the regions where the magnitude of 
multi-model mean exceeds the inter-model standard deviation.

Regional dynamic sea-level change 
patterns simulated by CMIP3 climate 
models can be mostly explained 
by regional steric sea-level change 
calculated over the full ocean depth 
(Figure 6.26). Steric sea-level change 
is derived from the vertical integral of 
sea water density change, which can 
be further divided into a thermosteric 
component (i.e. associated with 
temperature change) and halosteric 
component (i.e. associated with 
salinity change). For global mean steric 
sea-level change, the thermosteric 
component plays a dominant role, 
while the halosteric component has 
a minor role (Church et al., 2010). 
Nonetheless, both components 
have comparable effects in regional 
sea-level change distributions, and 
tend to compensate each other in 
many regions (Figure 6.26; Yin et al., 
2010). Though thermosteric sea-level 
change is positive almost everywhere 
(Landerer et al., 2007), thermal 
expansion in the tropical Pacific is 
generally less than the global average, 
by about -4 to -6 cm (Figure 6.26). 
Both the global hydrological cycle 
change and ocean circulation change 
(especially the Atlantic Meridional 
Overturning Circulation) redistribute 
salt among different basins and thus 
lead to halosteric sea-level change 
(Yin et al., 2010). The tropical and 
North Pacific are projected to be 
fresher and have a halosteric sea-level 
change of about +4 to +6 cm 
(Figure 6.26). However, while progress 
is being made, there is still insufficient 
understanding of what controls the 
regional pattern of steric sea-level rise.

Superimposed on the long-term 
trends in sea level are interannual and 
decadal variations (as discussed in 
Chapter 3) which will continue into the 
future. Coastal communities will be 
impacted by the combination of the 
long-term sea-level rise, the natural 
variability in sea level and of course 
extreme sea-level events caused by 
storms and waves.
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6.5.3.2 Ocean Mass Changes

In addition to changes in ocean 
conditions, changes in the mass of the 
ice sheets (and glaciers and ice caps) 
also influence the regional distribution 
of sea-level rise through corresponding 
changes in the Earth’s gravitational 
field and the elastic movement of 
the Earth’s crust, called sea-level 
fingerprints (Mitrovica et al., 2001, 
2009). As a result, the contribution 
from the ice sheets implies a lower 
relative sea level near decaying ice 
sheets (Greenland and the West 
Antarctic ice sheets) and a larger 
than the globally averaged rise (up to 
about 20–30%) far from the decaying 
ice sheets. Gomez et al. (2010) 
demonstrates that these regional 
distributions may be an important 
stabilisation factor for the ice sheets 

because of a local sea-level fall. Ice 
sheet contributions to future sea-level 
rise may have a disproportionate 
impact in some far-field regions. 
Indeed, in the PCCSP region, 
contributions from the glaciers and ice 
caps, and the Greenland and Antarctic 
ice sheets are all about 20% above 
the global average rise from each of 
these contributions (Mitrovica et al., 
2001, 2009).

6.5.3.3 Total Regional Sea 
Level Change

In various studies, the global averaged 
sea-level rise has been combined 
with the ocean dynamical response 
and these regional fingerprints make 
regional projections of sea-level rise 
for particular regions (Katsman et al., 
in press) and worldwide (Kopp et al., 
2010; Slangen et al., 2010).

(a) Dynamic sea level change (2081-2100), A1B scenario (b) Steric sea level change (2081-2100), A1B scenario

(c) Thermosteric sea level change (2081-2100), A1B scenario (d) Halosteric sea level change (2081-2100), A1B scenario
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Figure 6.26: (a) Regional dynamic sea-level change (in cm) for the PCCSP region due to ocean density and circulation change during 
2081–2100 relative to 1981–2000, derived from 13 available CMIP3 models subjected to the A1B (medium) scenario. (b) Steric (c) 
thermosteric and (d) halosteric sea-level change (in cm) over full ocean depth during 2081–2100 relative to 1981–2000, derived from 
11 available CMIP3 models subjected to the A1B (medium) scenario. The global mean is removed from each panel, thus positive 
(negative) values indicate higher (lower) local sea-level change than global average. Stippling denotes that regions where climate 
models tend to agree, defined as the regions where the magnitude of multi-model mean exceeds the inter-model standard deviation.

PCCSP scientists have combined 
global averaged sea-level rise from 
coupled atmosphere-ocean models 
with the regional changes resulting 
from ocean dynamics and mass 
redistribution and regional fingerprints 
to estimate the total regional 
sea-level change for the tropical and 
sub-tropical Pacific region for the 
A1B (medium) emissions scenario. 
The small local ongoing response 
of the solid Earth to changes since 
the last glacial maximum has not 
been included (Church et al., 2011; 
Figure 6.27). The glacier and ice sheet 
fingerprint was calculated assuming 
that the spatial pattern of mass loss 
to the ocean in the 21st century had 
a similar pattern to that from 1993 
to 2007 (Cogley, 2009). The surface 
mass balance changes over Greenland 
and Antarctica were assumed uniform. 
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One-third of the rapid ice contribution 
was assumed to come from Greenland 
and two-thirds from the West Antarctic 
ice sheet. The total projections of 
sea-level change (Figure 6.27) are 
non-uniform with a slightly above 
global average rise in the western 
Pacific and Indian Oceans and in a 
band extending around the oceans at 
about latitude 40°S. For the PCCSP 

region (Figure 6.28), the less than 
global average ocean dynamical 
sea-level rise and the larger than 
average sea-level rise as a result of 
the gravitational/elastic responses 
counteract such that the total sea-level 
rise is similar to the global average. 
Similar patterns are calculated for 
other greenhouse gas scenarios and 
time frames.

In addition to the regional changes 
associated with present day changes 
in mass there are ongoing changes 
in relative sea level associated with 
changes in surface loading over the 
last glacial cycle (glacial isostatic 
adjustment) and local tectonic 
motions. The glacial isostatic 
motions are relatively small for the 
PCCSP region.
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Figure 6.27: The regional distribution of the projections of sea-level change for 2090 compared to 1990, combining the global average 
sea-level projections, the dynamic ocean departure from the global average and the regional changes associated with the changing 
mass distribution in the cryosphere for the A1B (medium) scenario. The black contour is the average value at 2090 of 38 cm dividing 
those regions with above and below average sea-level rise. From Church et al. (2011).
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6.5.4 Sea-Level Rise 
Beyond 2100
It is critically important to recognise 
that the oceans and the ice sheets 
take a long time to respond to 
changes in climate. As a result, 
sea-level rise will continue for 
centuries after 2100. 

Glaciers and ice caps (outside the 
polar regions) contain a limited mass 
of ice (less than about 50 cm of 
equivalent sea-level rise if they were 
all to melt (Radic and Hock, 2010)), 
so their contribution to sea-level 
rise is limited. However, ocean 
thermal expansion will continue for 
centuries, even after greenhouse gas 
concentrations in the atmosphere 
have been stabilised, due to the slow 

transfer of heat from the surface to the 
deep ocean. The eventual sea-level 
rise would be dependent on the 
concentration of greenhouse gases 
and atmospheric temperatures; climate 
model simulations suggest of the order 
of 0.5 m per degree Celsius of global 
warming (Meehl et al., 2007b).

The Antarctic and Greenland ice 
sheets are the biggest concerns for 
longer-term sea-level rise. The area 
and mass of melt from the Greenland 
ice sheet (which contains enough 
water to raise sea level by about 
7 m) is increasing. Model simulations 
indicate that surface melting of the 
Greenland ice sheet will increase 
more rapidly than snowfall, leading 
to a threshold in temperature above 
which there is an ongoing decay 

of the Greenland ice sheet over 
millennia. This threshold is estimated 
as a global-averaged temperature 
rise of just 3.1 ± 0.8°C (one standard 
deviation) above pre-industrial 
temperatures (Gregory and 
Huybrechts, 2006). With unmitigated 
emissions of greenhouse gases, the 
world is likely to pass this threshold 
during the 21st century, committing 
the world to metres of sea-level rise, 
although from surface melting alone 
this would take millennia. The Antarctic 
ice sheet presently experiences little 
surface melting and its contribution 
to sea level is dependent on changes 
in the surface mass balance and the 
currently uncertain dynamic response.
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Figure 6.28: The sea-level projections (in cm) for the A1B (medium) emissions scenario in the PCCSP region for 2081–2100 relative to 
1981–2000 are indicated by the shading, with the uncertainty indicated by the contours. The distribution of the projections of sea-level 
change are estimated by combining the global average sea-level projections, the dynamic ocean departure from the global average 
and the regional changes associated with the changing mass distribution in the cryosphere.
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Ocean acidification results from 
the net uptake of CO2 released to 
the atmosphere through human 
activities. The net uptake causes 
a decline in seawater pH and a 
decrease in dissolved carbonate ion 
concentrations (Feely et al., 2004). 
The decrease in carbonate ion 
concentrations leads to a lowering 
of the seawater saturation state of 
carbonate minerals (Feely et al., 2009), 
including aragonite, which is the form 
of calcium carbonate precipitated by 
reef building corals and many other 
key reef organisms (Guinotte and 
Fabry, 2008). Studies indicate that 
coral growth rates typically decline 
as the aragonite saturation state 
of waters decrease with potential 
to impact the growth of coral reef 
ecosystems (Langdon and Atkinson, 
2005). Other calcifying organisms may 
also be impacted leading to weaker 
reef structures (Manzello et al., 2008), 
greater susceptibility to external 
stresses like warming (Anthony et 
al., 2008), and shifts in ecosystems 
(Hoegh-Guldberg et al., 2008). 

Changes in the seawater aragonite 
saturation state (Figure 6.29) over 
the 21st century were estimated in 
the PCCSP region using data from 
six climate models (CGCM3.1(T47), 
CNRM-CM3, CSIRO-Mk3.5, 
GFDL-CM2.0, MIROC3.2 (medres) 
and UKMO-HadCM3), which are in 
turn used to drive an offline carbonate 

chemistry model. The six models 
are those that had the required 
projections of salinity and temperature 
change under low, medium and 
high emissions scenarios (B1, A1B 
and A2, respectively). To drive these 
models three inputs were used: 
(1) projections of future ocean carbon 
uptake, (2) empirical relationships 
between ocean carbonate chemistry 
and salinity, and (3) projections of 
temperature and salinity. The future 
oceanic carbon uptake was derived 
from projected atmospheric CO2 
concentrations under the different 
emissions scenarios, observed 
seasonality in surface partial pressure 
of CO2 (Takahashi et al., 2009), and 
future trends in uptake from the IPSL 
CM4-LOOP coupled climate carbon 
model (Marti et al., 2010).

The results show: (1) the key 
driver for ocean acidification is the 
atmospheric CO2 concentration, and 
the magnitude and rate of ocean 
acidification is proportional to this 
concentration; (2) for the first half of 
this century, the low, medium and 
high emissions scenarios (B1, A1B 
and A2, respectively) result in similar 
atmospheric CO2 concentrations, 
and the change in aragonite 
saturation state for this period is 
largely independent of the emissions 
scenario; (3) over the second half of 
this century, the aragonite saturation 
state in the entire PCCSP region will 

6.6 Ocean Acidification

continue to decline with the greatest 
changes occurring under the highest 
(A2) emission scenario; (4) the lowest 
values in this century will occur in the 
eastern equatorial Pacific, to the east 
of 160°W (the easternmost islands 
of Kiribati), with the highest values 
in the region of the South Equatorial 
Current, between approximately 
latitudes 5°S and 20°S (Cook Islands, 
Samoa, Tuvalu).

Marine environments with seawater 
values of aragonite saturation states 
greater than 4 are generally considered 
optimal for coral growth, with values 
below 3.5 becoming increasingly 
marginal for sustaining healthy coral 
growth and reefs (Kleypas et al., 
1999; Guinotte et al., 2003). Other 
calcifying organisms may also be 
impacted, leading to weaker reef 
structures (Manzello et al., 2008), 
greater susceptibility to external 
stresses like warming (Anthony et al., 
2008), and shifts in ecosystems to 
species more resilient to acidification 
(Hoegh-Guldberg et al., 2008). As 
saturation states continue to decline, 
reef ecosystems could change 
from conditions of net growth to 
net dissolution (loss) of carbonate 
(Silverman et al., 2009).
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Figure 6.29: The multi-model mean of annual maximum values of aragonite saturation state in surface waters for the present day and 
in 2030, 2055 and 2090 from six climate models. The B1 (low), A1B (medium) and A2 (high) emissions scenarios are shown.
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This synthesis of regional projections 
focuses on multi-model mean changes 
and may therefore be considered 
to represent central estimates. For 
more information at the country-scale 
regarding the spread of individual 
model projections, the impact of 
relevant model deficiencies, physical 
plausibility, and the consistency of the 
projections with observed changes 
over recent decades, see Volume 2. 
Uncertainties in climate projections are 
summarised in Box 6.1.

6.7.1 Summary 
of Atmospheric 
Projections
Temperature: The projected warming 
over the PCCSP region is about 
70% as large as the global average 
warming for all emissions scenarios. 
The projected regional warming is 
around 0.5–1.0°C by 2030, regardless 
of the emissions scenario. By 2055, 
the warming is generally 1.0–1.5°C 
with regional differences depending on 
the emissions scenario. By 2090, the 
warming is generally 1.5–2.0°C for B1 
(low) emissions, around 2.0–2.5°C for 
A1B (medium) emissions, and around 
2.5–3.0°C for A2 (high) emissions. 
Large increases in the incidence of 
heat waves, extremely hot days and 
warm nights are also projected.

Rainfall: In the PCCSP region, 
increases in annual mean rainfall are 
projected to be most prominent near 
the SPCZ (affecting the Cook Islands, 
Fiji, Nauru, Niue, Samoa, the Solomon 
Islands, Tonga, Tuvalu, Vanuatu and 
Kiribati) and ITCZ (affecting Federated 
States of Micronesia, Kiribati, Marshall 
Islands, Nauru, Palau and Papua 
New Guinea), with little change in 
the remainder of the region. The 
annual numbers of rain days (over 
1 mm), light rain days (1–10 mm) 
and moderate rain days (10–20 mm) 
are projected to increase near the 
equator, with little change elsewhere 
in the region. There is a widespread 
increase in the number of heavy rain 
days (20–50 mm). Extreme rainfall 
events that currently occur once every 
20 years on average are generally 

6.7 Synthesis of Projections

simulated to occur four times every 
year by 2055 and seven times every 
year by 2090 under the A2 (high) 
scenario. Droughts are expected to 
occur less often.

Solar radiation: Consistent with the 
projected rise in annual mean rainfall 
throughout much of the PCCSP 
region, solar radiation is projected to 
decline due to increased cloudiness. 
The largest decreases in solar radiation 
occur near the ITCZ and SPCZ.

Humidity: Little change in relative 
humidity is projected through most of 
the PCCSP region. This is because 
while a warmer atmosphere can 
hold more water vapour, the amount 
of water vapour in the air can also 
be expected to increase due to the 
essentially unlimited supply of moisture 
from the vast expanses of ocean in 
the region.

Wind: Surface wind speed generally 
decreases in the equatorial and 
northern parts of the PCCSP region, 
while increases are indicated in 
the south, but these changes are 
projected to be relatively small in most 
locations. Projected changes in wind 
direction are very small.

Potential evapotranspiration: 
Increases in potential 
evapotranspiration are expected. 
The ratio of annual average rainfall 
to potential evapotranspiration 
decreases in most regions (increased 
aridity), except near Kiribati, Nauru 
and Tuvalu where the relatively 
large projected rainfall increases 
overwhelm the smaller changes in 
potential evapotranspiration.

6.7.2 Summary of 
Ocean Projections
Sea-surface temperature: Increases 
are expected with maximum warming 
in the central equatorial Pacific and 
least warming in the south-eastern 
Pacific. The West Pacific Warm 
Pool (defined here as temperatures 
above 29˚C) increases in extent, with 
the edge of the pool moving many 
thousands of kilometres east along the 
equator over coming decades.

Sea-surface salinity: Decreases are 
expected with regional differences 
closely matching projected changes in 
rainfall and evaporation. The intensified 
warming and freshening at the surface 
is projected to make the surface 
ocean become less dense compared 
to the deep ocean, so the ocean 
becomes more stratified. This increase 
in stratification acts to inhibit mixing, 
thereby reducing the supply of nutrients 
from the deep to the surface ocean, with 
consequences for biological productivity.

Sea level: Projections of sea-level rise 
require consideration of ocean thermal 
expansion, the melting of glaciers and 
ice caps, the surface mass balance and 
dynamic response of the ice sheets 
of Antarctica and Greenland, and 
changes in terrestrial water storage. 
Recent results indicate that global-mean 
sea-level rise greater than 2 m by 
2100 is physically untenable and that 
a more plausible estimate is about 
80 cm, consistent with the upper end 
of the IPCC estimates and the present 
rate of rise. Other results suggest a 
global-averaged upper-end sea-level 
rise scenario of 0.55 to 1.1 m by 2100. 
However, improved understanding 
of the processes responsible for ice 
sheet changes is urgently required 
to improve estimates of the rate and 
timing of 21st century and longer-term 
sea-level rise. For the PCCSP region, 
the less than global average ocean 
dynamical sea-level rise and the larger 
than average sea-level rise as a result 
of the gravitational/elastic responses, 
counteract such that the total 
sea-level rise is slightly larger than the 
global average.

Ocean acidification: The projected 
growth in atmospheric CO2 
concentration is expected to cause 
further ocean acidification. Aragonite 
saturation values below 3.5 are 
projected to become more widespread 
and increasingly marginal for sustaining 
healthy coral growth and reefs. 
The lowest values are projected to occur 
in the eastern equatorial Pacific to the 
east of 160°W (the easternmost islands 
of Kiribati), with the highest values in the 
region of the South Equatorial Current, 
between approximately latitudes 5°S 
and 20°S (Cook Islands, Samoa, Tuvalu).
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6.7.3 Summary of 
Projected Changes in 
Key Climate Features 
and Variability
El Niño-Southern Oscillation (ENSO): 
Year-to-year variability in the region 
will continue to be largely driven by 
ENSO. Unfortunately, climate models 
do not provide consistent projections 
of changes in the frequency, intensity 
and patterns of future El Niño and La 
Niña events. As the climate changes, 
however, some aspects of the climate 
experienced in some regions during 
El Niño and La Niña events may differ 
from what was experienced in the past. 
For example, if El Niño tends to warm 
a particular region, then future El Niño 
events will tend to be warmer than 
El Niño events experienced in the past.

Indian Ocean Dipole (IOD): Climate 
models suggest that a more positive 
IOD-like mean-state will continue with 
easterly wind trends and a shallowing 
thermocline over the eastern Indian 
Ocean, associated with a weakening of 
the Walker Circulation. Further research 
is required to assess the degree of 
consensus amongst models regarding 
projected changes in IOD frequency 
and amplitude.

South Pacific Convergence 
Zone (SPCZ): In the wet season 
(November-April), the SPCZ is not 
expected to shift position, but there 
is some evidence of an equatorward 
shift in the dry season (May-October). 
Increased rainfall is projected within the 
SPCZ in the wet season in particular, 
due to increased atmospheric moisture 
content in a warmer climate. Many 
models also suggest that the eastern 
edge of the SPCZ will become drier in 
the wet season as the trade winds in the 
south-east Pacific become stronger.

Intertropical Convergence Zone 
(ITCZ): Changes in rainfall averaged 
over the ITCZ show a general increase 
in June-August, with little change in 
December-February, thereby amplifying 
the current seasonal cycle. There is 
an increase in the area of the ITCZ 
in all models in June-August, and in 
all but three in December-February. 

Models suggest the ITCZ may shift 
equatorward in March-May and 
June-August, although displacement 
is small.

West Pacific Monsoon: There is a 
general tendency for an amplification 
of the seasonal cycle of rainfall in 

Box 6.1: Climate Projection Uncertainties

•	 Since it is uncertain how society will evolve over this century, it is 
difficult to know exactly how anthropogenic emissions of greenhouse 
gases and aerosols will change. Each of the 40 emission scenarios 
produced by the IPCC is considered plausible, with the range of 
uncertainty increasing over the 21st century.

•	 There are subtle differences between models associated with the 
representation of key physical processes. These important differences 
result in a range of climate projections for a given emission scenario.

•	 While climate models are all based on the same physical laws, they are 
not perfect representations of the real world. Climate models are not 
equally skilful in simulating the climate of the Pacific. A rigorous evaluation 
of the ability of the models to simulate the present climate revealed that 
while most models are able to capture the broad-scale climate features 
of the region, a number of deficiencies exist, particularly for tropical 
rainfall. When a country is located in a region with model deficiencies, 
less confidence can be placed on climate projections.

•	 Models differ in their estimates of the strength of different feedbacks in 
the climate system, particularly cloud feedbacks, oceanic heat uptake 
and carbon cycle feedbacks.

•	 Direct and indirect aerosol impacts on the magnitude of the 
temperature response, on clouds and on precipitation remain uncertain.

•	 Future changes in the Greenland and Antarctic ice sheet mass are a 
major source of uncertainty that affect sea-level rise projections.

•	 Confidence in projections is higher for some variables (e.g. temperature) 
than for others (e.g. precipitation), and it is higher for larger spatial 
scales and longer averaging periods.

•	 Some of the most difficult aspects of understanding and projecting 
changes in regional climate relate to possible changes in the circulation 
of the atmosphere and oceans, and their patterns of variability.

•	 Many important small-scale processes cannot be represented explicitly 
in models, and so must be included in approximate form as they interact 
with larger-scale features. This is partly due to limitations in computing 
power, but also results from limitations in scientific understanding or in 
the availability of detailed observations of some physical processes.

•	 Downscaling methods have been specifically developed for the study 
of regional- and local-scale climate change, but these have advantages 
and disadvantages.

•	 When interpreting projected changes in the mean climate, it is 
important to remember that natural climate variability (e.g. the state of 
the El Niño-Southern Oscillation) will be superimposed and can cause 
conditions to vary substantially from the long-term mean from one year 
to the next, and sometimes from one decade to the next.

the West Pacific Monsoon region. 
Westerly winds over the region 
show a relatively weak enhancement 
in December-February, while in 
June-August there are enhanced 
westerlies in the Northern Hemisphere 
contrasting with weaker westerlies in 
the Southern Hemisphere.
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Chapter 7 
Projections Based on Downscaling

Damage caused by Tropical Cyclone Pat, Cook Islands, February 2010.  
Photo: National Environment Service, Government of the Cook Islands
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•	 Downscaled projections are 
provided that complement, but 
do not replace, the projections 
discussed in Chapter 6.

•	 The Conformal Cubic Atmospheric 
Model (CCAM) 60 km downscaled 
projections for the Pacific Climate 
Change Science Program region 
are broadly consistent with those of 
the global climate models presented 
in Chapter 6. However, some 
differences between these and the 
CCAM projections are noted, such 
as bands of rainfall decrease around 
latitudes 8°N and 8°S. These 
projections are also supported by 
the additional downscaling results 
using a variety of other regional 
climate models.

•	 The CCAM 8 km downscaled 
projections show regional-scale 
variations of the climate change 
signal, largely related to the 
topography of Partner Countries.

•	 Statistical downscaling 
shows slightly less warming, 
more consistent with the 
observed trends.

•	 Tropical cyclone frequency in the 
PCCSP region is likely to decrease 
by the late 21st century. There is 
a moderate level of confidence 
in these projections, with little 
consistency found in the magnitude 
of the projected changes between 
either the models or the three 
analysis methods.

Summary

•	 Most simulations project an 
increase in the proportion of the 
most severe storms in the south-
west Pacific and a southward 
movement in the latitude at which 
maximum intensity occurs.

•	 Most simulations project an 
increase in the proportion of storms 
occurring in the weaker categories 
in the Northern basin.

•	 Theory and high-resolution 
modelling also suggest that climate 
change may lead to a global 
increase in tropical cyclone intensity 
of about 2–11%.

•	 For the South Pacific, most models 
indicate a reduction in cyclonic 
wind hazard north of 20°S and 
regions of increased hazard south 
of 20°S. This coincides with the 
projected increase in the number of 
tropical cyclones occurring south 
of 20°S and with a poleward shift 
in the latitude at which storms are 
most intense.

•	 For the North Pacific region 
(between the equator and 15°N), 
there is a general reduction in 
cyclonic wind hazard between 
the current and future climate 
simulations as a result of a 
decrease in storm frequency close 
to the equator.



183Chapter 7: Projections Based on Downscaling

This chapter deals with climate 
projections, including projections 
for extreme events such as tropical 
cyclones, based on dynamical 
and statistical downscaling. The 
methodologies are described in 
Chapter 4. Dynamically downscaled 
projections are presented for the 
CCAM 60 km simulations. This is 
followed by projections for Fiji and 
Papua New Guinea based upon two of 
the seven CCAM 8 km simulations. In 
Section 7.3, projections are presented 
for seven of the 17 sites that were 
statistically downscaled. Projected 
changes in tropical cyclones are 
presented using various techniques 
in Section 7.4. The results are 
summarised in Section 7.5.

•	 Downscaled PCCSP projections 
are generated using both dynamical 
and statistical downscaling.

•	 Dynamically downscaled 
atmospheric projections are 
provided at 60 km resolution 
using changes in sea-surface 
temperatures from six global climate 
models (Sections 4.1.2 and 4.3), 
driven by the A2 (high) emission 
scenario. Projections for two time 
periods centred on 2055 and 2090 
are provided.

•	 Additional dynamically downscaled 
atmospheric projections are 
provided at 8 km resolution over 
seven PCCSP country regions 
each measuring 1000 x 1000 km2 
using CCAM, including changes 
in sea-surface temperatures from 
three global climate models, 
driven by the A2 high emissions 
scenario (Section 4.3). Projections 
are provided for two time periods 
centred on 2055 and 2090.

•	 Statistically downscaled projections 
for a total of 17 sites in seven 
Partner Countries for 2030 are 
provided. Projections out to 2055 
are provided in some instances 
where observational data are 
of sufficient quality and length 
(approximately 40 years).

•	 Projected changes in tropical 
cyclones for the PCCSP region are 
obtained using several methods.

•	 Details of the methods underpinning 
the projections presented in this 
chapter were provided in Chapter 4.

7.1 Introduction
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Dynamical downscaling is a 
methodology for providing 
more detailed climate projection 
information for a specific region. 
The technique uses broad-scale 
climate data from global climate 
models as input data for a finer 
resolution atmospheric model (see 
detailed discussion in Chapter 4). 
The main advantage of dynamical 
downscaling methods is that they 
rely on physically based modelling 
techniques similar to those used 
by the global models, but applied 
to regional scales (10–100 km). 
Dynamical downscaling is a 
process-based approach to how 
the rainfall, winds and temperatures 
change as global air temperatures 
increase. Dynamical methods can 
also be useful for studying extreme 
events (e.g. tropical cyclones).

7.2.1 CCAM 
Downscaling at 60 km 
Resolution
The first step in dynamical downscaling 
in this study was to run CCAM with 
a global grid of 60 km resolution 
using bias-adjusted sea-surface 
temperatures from six global climate 
models for the period 1961–2099. 
Projections based upon these 
simulations are presented here and 
compared with those from the host 
global models.

7.2.1.1 Surface Air 
Temperature

The projected changes in near-
surface maximum and minimum air 
temperature (Figure 7.1) are similar 
to those from the host global models 

since the changes in the sea-surface 
temperatures in the simulations using 
CCAM are the same as those for the 
global models. In general, the warming 
across the region is 2–3oC by the end 
of the 21st century for the A2 (high) 
emissions scenario, although some 
regions warm by more than 3oC. 
Although not shown, the simulation 
using sea-surface temperatures from 
the UKMO-HadCM3 model warms the 
least (around 2.5oC). The simulation 
using sea-surface temperatures 
from CSIRO-Mk3.5 warms the most 
(closer to 3.5oC). The mean maximum 
temperature change based on the 
average of all six models shows 
generally greater warming along the 
equator in the central and eastern 
Pacific, as well as over Australia and 
surrounding oceans, whilst the least 
warming occurs over the south-eastern 

7.2 Dynamical Downscaling
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Figure 7.1: Increases in annual maximum near-surface air temperature (oC) (left) and minimum temperature (right) in 2055 (top) and 
2090 (bottom) relative to 1990 for the CCAM 60 km multi-model simulations using the A2 (high) emissions scenario.
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7.2.1.2 Rainfall

Simulations driven by the six host 
sea-surface temperatures downscaling 
to 60 km with CCAM (Figure 7.2 
for November-April and Figure 7.3 
for May-October) show that the 
broad-scale changes in rainfall are 
generally similar to those of the 
host models, with increases along 
the equator and smaller changes 
elsewhere. These results suggest a 
significant influence of the sea-surface 
temperature changes on the rainfall 

changes. There is an increase in 
rainfall of approximately 2–3 mm 
per day along the equator, with a 
decrease in rainfall of up to 2 mm per 
day for latitudes around 8o north and 
south of the equator. The location 
and intensity of these changes are 
different in the host models and the 
downscaling model. In general, the 
largest increases in rainfall in the 
CCAM simulations are closer to the 
equator, while the greatest increases in 
the global models tend to be located 
at about latitude 5oS, especially in the 
central and eastern portions of the 
domain. These differences could be 
related to the downscaling method 
chosen, which corrects some of the 
sea-surface temperatures biases in 
the global models (see discussions 
in Chapter 4 and Chapter 5). 
The decreases in rainfall in the 
downscaled simulations north and 

south of the equatorial region also 
tend to be somewhat larger and 
cover a much broader area than in 
the global models, particularly in the 
period November-April. A possible 
explanation for the rainfall differences 
in CCAM and the global models relates 
to changes in the Hadley Circulation, 
since with enhanced convection along 
the equator, there is greater ascent of 
air. Compensating subsidence to the 
north and south will tend to suppress 
the rainfall. In the finer-resolution 
CCAM simulations, this compensating 
subsidence appears to be stronger 
than in the global models. As will be 
shown later, some of the additional 
downscaled simulations also show 
similar rainfall decreases on either side 
of the equatorial region, which suggest 
this is related to resolution. This is an 
area for further research.
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Figure 7.2: Multi-model mean change in November-April rainfall (mm per day) in global climate models (left) and CCAM 60 km 
simulations (right), each consisting of the same six models, for the period centred on 2055 (top) and 2090 (bottom), relative to 1990, 
using the A2 (high) emissions scenario.

Pacific. Minimum temperature 
changes show a similar spatial pattern 
(see Figure 6.2 for comparison with 
mean surface-temperature changes 
in the global models). Also note 
the increased warming over the 
better resolved land areas in the 
downscaled results.
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In order to check the consistency of 
these rainfall changes among the six 
downscaled simulations, the annual 
rainfall changes from 2055 and 2090 
were compared (Figure 7.4). As 
indicated earlier, results show that 
the largest increases are along the 
equator, with greater increases by 
2090. Bands of rainfall decreases 
around latitudes 8°N and 8°S are also 
evident. The six CCAM simulations 
all agree on the equatorial increase in 
rainfall due to the greater warming of 
the sea-surface temperatures along 
the equator. Most simulations (five out 
of six) also show a decrease in rainfall 
in bands to the north and south of 
this increase. While the global models 
show a similar equatorial increase, they 

tend not to show the decreases to the 
north and south (Chapter 6).

The changes in rainfall along the South 
Pacific Convergence Zone (SPCZ) are 
small, though there is some agreement 
in decreases around Vanuatu and 
over the south central Pacific. Rainfall 
decreases are evident over the oceans 
north of Australia and East Timor, 
and are very consistent across all the 
downscaled results.
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Figure 7.3: Multi-model mean change in May-October rainfall (mm per day) in global climate models (left) and CCAM 60 km 
simulations (right), each consisting of the six models, for the periods centred on 2055 (top) and 2090 (bottom), relative to 1990, using 
the A2 (high) emissions scenario.

7.2.1.3 Surface Wind Speed

CCAM simulations of the projected 
change in wind speed (at 10 m 
above the surface) over the PCCSP 
region (Figure 7.5) do not indicate 
a major change in wind speed by 

the end of the 21st century, with a 
projected reduction in wind speed 
of less than 1 metre per second on 
average. The magnitude of wind speed 
decreases is 0.5 metre per second in 
south-western regions. The MIROC3.2 
(medres)-based CCAM simulation 
shows the greatest increases, but 
this model is considered unreliable in 
the SPCZ and West Pacific Monsoon 
regions. The general pattern of wind 
speed change is similar to the global 
climate models (Figure 6.5), although 
increases south of the equator are 
slightly less than for the global models.



187Chapter 7: Projections Based on Downscaling

Figure 7.4: Annual change in rainfall (mm per day) between the periods centred on 2055 (top left) and 2090 (bottom left) relative to 
1990, and the agreement on an increase in the six CCAM simulations for the same two periods (right top and bottom). 0 means all 
models show a decrease, 6 means all show an increase.

Figure 7.5: Mean change in annual 10 m wind speed (metres per second) between the periods centred on 2055 (left) and 2090 (right) 
relative to 1990 (from the multi-model mean of the six CCAM 60 km simulations, for the A2 (high) emissions scenario).

Annual Rainfall Change Agreement

20
55

20
90

10°N

0°

10°S

20°S

10°N

0°

10°S

20°S

130°E 150°E 170°E 170°W 150°W 130°E 150°E 170°E 170°W 150°W

–4 –2 0 2 4 0 1 2 3 4 5 6 

(mm per day)

2055 2090

10°N

0°

10°S

20°S

130°E 150°E 170°E 170°W 130°E 150°E 170°E 170°W 

–0.8 –0.4 0.0 0.4 0.8 

(mm per second)



188 Climate Change in the Pacific: Scientific Assessment and New Research | Volume 1: Regional Overview

7.2.1.4 Heavy Rainfall

Projected changes in number of 
days per year with heavy rainfall (that 
is, days with daily rainfall between 
20 and 50 mm) by 2090 are given in 
Figure 7.6. There are increases along 
the equator in the multi-model means 
of all of the global climate models, 
as well as for the five global models 
with daily data that were downscaled 
and the six CCAM 60 km simulations. 
The mean of all global climate models 
shows increases of 5-10 days per 
year, while the 5-global model mean 
has increases of up to 20 days per 
year near Vanuatu and Papua New 
Guinea. The pattern of change is 
similar for the two sets of global model 
simulations, with one band of increase 
south of the equator near 5°S and 

another band near 5°N. The CCAM 
60 km simulations show much larger 
increases in number of heavy rainfall 
days (more than 35 days per year 
in some areas), and the locations 
are more centred on the equator. In 
addition, there are decreases (more 
than 10 days per year) near Vanuatu 
and north of Australia.

further downscaled to 8 km resolution 
over seven regions, each measuring 
approximately 1000 x 1000 km2. This 
was conducted to assess the impact 
of the finer resolution downscaled 
results on the projected changes. 
Two 20-year time periods were 
completed, centred respectively on 
2055 and 2090, and compared to 
the 20-year period centred on 1990. 
The seven regions selected were 
Papua New Guinea, East Timor, 
Fiji, Solomon Islands, Vanuatu, 
Samoa and the Federated States 
of Micronesia. In the next section, 
summary results for two regions 
are examined; more detailed 
assessment and results for the other 
regions will be presented in a future 
technical report.
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Figure 7.6: Change in number of heavy rain days between 2090 and 1990 using multi-model means of all global climate models (top 
left), five global models used for downscaling with daily data (top right) and CCAM 60 km simulations. Upscaled (bottom left) and on 
original grid (bottom right).

7.2.2 CCAM Projections 
Downscaled to 8 km 
Resolution
Three of the CCAM 60 km simulations 
(driven by sea-surface temperatures 
from host global climate models 
ECHAM5, HADCM3, and GFDL2.1) for 
the A2 (high) emissions scenario were 
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7.2.2.1 Detailed Analysis 
of Two Regions at 8 km 
Resolution

In this section, two regions are 
analysed in order to explore any 
improvement in the detail of local 
projections, particularly over 
mountainous areas (Section 4.5.2). 
Papua New Guinea was chosen 
since this region has the most varied 
and mountainous topography. Fiji 
was also selected since it has some 
mountainous topography and is of 
moderate size for a Pacific Island 
nation. In addition, two stations on 
Fiji with observational data available 
are further analysed. The following 
results need to be treated with 
caution because they are based on a 
very limited sample of global climate 
models and only one dynamical 
downscaling model.

Over Fiji, the downscaled 8 km 
simulations show maximum 
temperature increases of 2–2.5°C over 
the ocean (Figure 7.7), with greater 
warming over the land (up to 3–3.5°C 
over the western side of Viti Levu, the 
south-west island) in May-October. 
In November-April, the maximum 
temperature increase is 2.5–3°C. 
Minimum temperatures increase 
similarly (2–2.5°C in May-October 
and 2.5–3°C in November-April), with 
around 0.5°C greater warming evident 
over the land.

The projected rainfall changes show 
increases of 0.5–1 mm per day in 
May-October (Figure 7.7), with greater 
increases (up to 1.5 mm per day) along 
the eastern side of the islands. Rainfall 
decreases of 0.5–1 mm per day are 
evident in November-April, especially 
along the southern and eastern side of 
the islands. In addition, there is some 
increase in rainfall over the north-west 
side of Viti Levu.

Over Papua New Guinea during 
May-October, the maximum 
temperature increase is around 2.5°C 
over the ocean (Figure 7.8) and 3–4°C 
over the land. In November-April, 
the ocean warms 2.5°C while the 
land warms 3.5–4°C. Minimum 
temperatures increase around 2.5°C 
over the oceans and around 3°C over 
land in May-October and 2.5–3°C over 
the oceans and 3–3.5°C over land in 
November-April.

The projected rainfall changes for 
Papua New Guinea (Figure 7.8) 
show a complicated pattern related 
to the topography. There are rainfall 
increases over the ocean to the north 
and south of Papua New Guinea, and 
some decreases between Papua New 
Guinea and New Britain. Over land, the 
projected rainfall increases are along 
the northern slopes of the mountain 
ranges, with some decreases on the 
southern sides. There are general 
projected decreases of rainfall across 
the region in May-October, apart 
from some increases along the 
mountain ranges.

These results demonstrate the 
added information that dynamical 
downscaling provides. The high 
resolution (8 km) simulations can 
capture some of the effects of the 
topography and land-sea contrast 
on the climate projections. As seen 
in the temperature projections, the 
greater warming over land versus the 
oceans is captured. Spatial variations 
in the projected rainfall changes are 
also evident. (For further discussion 
of how downscaling can add value 
to coarser resolution models, see 
Corney et al., 2010; Frauke et. al., 
2011; Kanamitsu and DeHann, 2011; 
Rockel et. al., 2008.)
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Figure 7.7: Projected temperature and rainfall changes for Fiji in 2090 relative to 1990 from CCAM 8 km multi-model mean simulations, 
for the A2 (high) emissions scenario. Left panels are May-October and right panels are November-April. Top row is changes in 
maximum surface air temperature (°C), middle row is changes in minimum surface air temperature (°C) and bottom row is changes in 
mean rainfall (mm per day).
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Figure 7.8: Projected changes in temperature and rainfall for Papua New Guinea in 2090 relative to 1990 from CCAM 8 km multi-model 
mean simulations, for the A2 (high) emissions scenario. Left panels are May-October and right panels are November-April. Top row is 
changes in maximum surface air temperature (°C), middle row is changes in minimum surface air temperature (°C) and bottom row is 
changes in rainfall (mm per day).
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7.2.2.2 Seasonal Temperature 
and Rainfall Changes at 
Selected Locations

Changes in seasonal rainfall and 
temperature can also be significant. 
The comparison of changes in 
temperature and rainfall for Nadi, Fiji 
for the global climate models, CCAM 
60 km simulations, and CCAM 8 km 
simulations are presented in Figure 7.9. 
As was indicated in Figure 7.7, which 
covers all of Fiji, the temperature 
increases about 1.5°C by 2055 and 
by 2.5–3°C by 2090. There are slightly 
greater temperature increases in the 
middle of the year, most noticeably in 
the 8 km simulations, where increases 
are around 3.5°C.

There are only slight rainfall changes by 
2055 in the global climate models and 
the CCAM 60 km results. The 8 km 
simulations show small increases at 
Nadi throughout most of the year. By 
the end of the century, all simulations 
show rainfall increases in the first half 
of the year, with greater increases 
in the 8 km simulations than in the 
60 km simulations. The second half of 
the year shows little change in rainfall 
(Figure 7.9, lower right).
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Figure 7.9: Monthly changes in surface air temperature (left, ˚C) and rainfall (right, mm 
per day) for Nadi, Fiji, showing changes in 2055 (top) and 2090 (bottom) relative to 1990, 
for the A2 (high) emissions scenario. Green lines are changes for global climate models, 
blue are changes for CCAM 60 km, red are changes for CCAM 8 km simulations.

The seasonal changes in temperature 
and rainfall for Nausori, Fiji are 
presented in Figure 7.10. As 
was indicated in Figure 7.7, the 
temperature warms about 1.5°C by 
2055 and by 2.5–3°C by 2090. There 
is slightly greater warming in the first 
half of the year (nearing 3°C) while 
warming is only 2.5°C later in the 
year. Note that the changes for the 
global models are similar for Nadi and 
Nausori, since they are separated by 
just over 100 km, less than the grid 
spacing of the models.

Figure 7.10: Monthly changes in 
temperature (left, ˚C) and rainfall (right, 
mm per day) for Nausori, Fiji, showing 
changes in 2055 (top) and 2090 (bottom) 
relative to 1990, for the A2 (high) 
emissions scenario. Green lines are 
changes for global climate models, blue 
are changes for CCAM 60 km, red are 
changes for CCAM 8 km.
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Rainfall generally increases throughout 
the year for Nausori, though the 
changes in the global models are very 
small (and show some decreases 
in second half of the year). In the 
CCAM 60 km and 8 km downscaled 
projections, the rainfall increases are 
greatest in April and May.

7.2.2.3 Changes in 
Probability Density 
Functions of Temperature 
and Rainfall at Selected 
Locations

In order to assess the changes in 
the frequency of various daily rainfall 
amounts and to compare the various 
projected changes, the frequency 
distribution or probability density 
functions (PDF) of temperature and 
rainfall changes for two locations in Fiji 
are analysed. Fiji was selected since 
it is a relatively small, mountainous 
island, not resolved by the global 
climate models, has only one grid 
point at 60 km, and is reasonably 
well resolved at 8 km grid spacing. 
It is expected that the benefits of 
downscaling will be more evident at 
finer resolution. It should be noted 
that looking at only selected locations 
can be misleading as an indication 
of broader changes, since as was 
shown previously, there can be 
significant gradients of change over 
small distances related to local effects 
such as topography.

Changes in the PDFs of temperature 
and rainfall for Nadi are shown in 
Figure 7.11. As expected with global 
warming, there is a decrease in 
frequency of cooler temperatures and 
an increase in frequency of warmer 
temperatures. There is a slightly 
greater shift to warmer temperatures 
in the 8 km results because of the 
greater warming of the better-resolved 
land mass.

The projected changes in the rainfall 
PDF are generally small, with changes 
of only 1–2% in frequency. By 2055, 
the global climate models show little 

change in the frequency of rainfall, 
although there are slight decreases 
in light rainfall and slight increases 
in heavy rainfall. The CCAM 60 km 
and 8 km results show decreases in 
frequency of no rain days. The 60 km 
results show about 1% increase in 
frequency of the 4–10 mm per day rain 
days and decreases in frequencies for 
rain days greater than 10 mm per day. 
The 8 km results show increases in 
frequency of the 6–16 mm per day 
rain days. By 2090, the changes in 
frequency are generally similar to those 
for 2055.

Figure 7.11: Changes in probability density functions for temperature (left, °C) and 
rainfall (right, mm per day) for Nadi, Fiji. Top row shows changes in 2055 relative to 
1990, and bottom shows changes in 2090 relative to 1990, for the A2 (high) emissions 
scenario. Green lines are changes for global climate models, blue are changes for CCAM 
60 km, red are changes for CCAM 8 km.
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Changes in the PDFs of temperature 
and rainfall for Nausori are shown 
in Figure 7.12. There is a decrease 
in frequency of cooler temperatures 
and an increase in frequency of 
warmer temperatures, as for Nadi. 
The changes in the 8 km results show 
less of an increase than the 60 km 
simulations. The likely cause of this 
is related to the ocean influence on 
land. For the 60 km grid, a land point 
is 60 km away from the ocean, so 
coastal land points will have only 
minimal oceanic influence. For the 
8 km grid, coastal land points are 
closer to ocean grid points, and 

hence the ocean will have a much 
greater influence, especially when 
there is onshore flow. For Nausori 
on the upwind side of Fiji, the effect 
of the weaker warming of the ocean 
relative to the land will be greater in 
the 8 km grid than in the 60 km grid. 
In the global models, Fiji is an ocean 
point. As a result, for Nausori, the 
8 km projected temperature changes 
are closer to the global models than 
the 60 km results. Note this is not the 
case for Nadi, since Nadi is on the 
leeward side of the island and will be 
less influenced by the ocean.

The changes in rainfall PDF are very 
small by 2055, though all models 
tend to show a decrease in no or light 
rain days. By 2090, the global climate 
model changes are still small, but the 
60 km projections show increases 
in no rain days, and decreases in 
other rainfall days. However, the 8 km 
results show a continued decrease 
in the frequency of no rain days, and 
an increase in frequency of moderate 
rain days with 8–12 mm per day.

7.2.2.4 Extremes

Changes in the frequency of the 
1-in-20-year daily maximum air 
temperature for Fiji at 2055 and 2090 
are shown in Figure 7.13. Increases 
in extreme maximum temperatures 
are mostly less than 2°C by 2055, but 
they increase to over 4°C by 2090 
over land. Over the ocean, changes 
are around 3°C. For rainfall, the 
projected change in the number of 
heavy rainfall days (annual frequency 
of daily rainfall between 20 mm and 
50 mm) are presented in Figure 7.14 
for 20-year periods centred at 2055 
and 2090. By 2055, the number of 
heavy rainfall days increases only 
slightly to the east and north of 
Fiji, and decreases slightly to the 
south-west. By 2090, the increases 
to the north of Fiji are greater than 
five days per year, while there are 
some decreases along the eastern 
side of Viti Levu. There are also some 
increases of over five days over 
central parts of the island. Note that 
Fiji lies in a region of small changes in 
the global climate models and CCAM 
60 km simulations (Figure 7.6).
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Figure 7.12: Changes in probability density functions for temperature (left, °C) and 
rainfall (right, mm per day) for Nausori, Fiji. Top row shows changes in 2055 relative 
to 1990; bottom shows changes in 2090 relative to 1990, for the A2 (high) emissions 
scenario. Green lines are changes for global climate models, blue are changes for CCAM 
60 km, red are changes for CCAM 8 km.
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Figure 7.13: Change in magnitude of 1-in-20-year daily maximum air temperature events (˚C) for Fiji, showing changes between the 
periods (a) 2055 and (b) 2090 relative to 1990, for the CCAM 8 km multi-model mean with the A2 (high) emissions scenario.

Figure 7.14: Change in the number of days with heavy daily rainfall for Fiji, showing changes between the periods 2055 (a) and 2090 
(b) relative to 1990, for the CCAM 8 km multi-model mean with the A2 (high) emissions scenario.
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Changes in the 1-in-20-year daily 
maximum air temperature for Papua 
New Guinea are shown in Figure 7.15. 
Increases in extreme maximum 
temperatures are projected to be mostly 
less than 2°C by 2055, except for the 
higher mountains where changes of 
over 2°C are evident. However, by 

2090, the extreme daily temperatures 
increase over the mountains by more 
than 5°C. Over the ocean, increases 
are around 2.5°C. The number of 
heavy rain days per year (Figure 7.16) 
increases by more than five days 
to the north of Papua New Guinea, 
as well as over some mountainous 
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regions and over the Gulf of Papua by 
2055. There are also decreases of more 
than five days in heavy rain days along 
the north of New Britain, the Solomon 
and Coral Seas and in a band extending 
inland from the Gulf of Papua. By 2090, 
the general pattern is similar, but the 
changes are slightly larger.

Figure 7.15: Change in magnitude of 1-in-20-year daily maximum air temperature (oC) events, showing projected changes for Papua 
New Guinea between the periods (a) 2055 and (b) 2090 relative to 1990, for the CCAM 8 km multi-model mean with the A2 (high) 
emissions scenario.

Figure 7.16: Change in the projected number of days with heavy daily rainfall for Papua New Guinea, showing changes between the 
periods (a) 2055 and (b) 2090 relative to 1990, for the CCAM 8 km multi-model mean with the A2 (high) emissions scenario.
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7.2.3 Additional 
Regional Climate 
Model Results
Rainfall projections from the additional 
downscaling simulations are 
presented in Figure 7.17. The host 
global climate model is GFDL2.1, 
which was downscaled to 60 km with 
CCAM before providing data to the 
additional downscaled simulations. 
All simulations except the MM5 
simulation, which was excluded 
due to its poor representation of 
the current climate (Section 5.3.3), 
show increases in rainfall along the 
equator of 1 to 3 mm per day. To 
the north and south of this increase, 
there tend to be bands of decrease, 
similar to the CCAM 60 km results. 
These bands of decreased rainfall are 
not as evident in the global models 
(Figure 6.4). There is less consistency 
in the results in the western portion 
of the domain. It is possible that the 
increased rainfall along the equator 

gives rise to greater upward motion, 
with compensating subsidence 
to the north and south causing 
an associated decrease in rainfall. 
These results may also be a result 
of the finer resolution, but the 
processes causing these changes 
need further investigation.

These results are some of the first 
multi-model dynamically downscaled 
simulations for the equatorial Pacific. 
Although there are some differences 
in the projected rainfall changes 
between the models, the differences 
are much less than among the 
various global models. This is 
possibly due to all models having 
the same bias-corrected sea-surface 
temperatures. In addition, all models 
used the same CCAM 60 km 
atmospheric conditions as lateral 
boundary conditions. However, the 
downscaled simulations all used 
different model dynamics, physics 
and model set-ups.
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Figure 7.17: Change in projected 
annual rainfall (mm per day) from 
additional downscaling simulations 
for period 2055 relative to 1990, for 
the A2 (high) emissions scenario. Note 
that the changes for the Zetac model 
are for the January-March period only. 
The host global climate model was 
GFDL2.1.

7.2.4 Dynamical 
Downscaling Summary
Dynamical downscaling at 50 to 60 km 
resolution indicates increased rainfall near 
the equator, between about 10oN and 
10oS. Projected drying outside this band is 
likely as a result of the more intense rainfall 
along the equator. The models used in this 
study have very different dynamics, physics 
and set-up. The fact that they produce 
similar results adds confidence to the 
projections. In addition, the 8 km dynamical 
downscaling results are able to capture 
the significant effects of the mountainous 
topography on projected changes in 
temperature and rainfall across islands, as 
well as the seasonal variations of rainfall 
rate and location, and the greater warming 
of the islands than the surrounding oceans. 
Although it must be remembered that 
high-resolution dynamically downscaled 
models do not provide conclusive evidence 
of future climate, they are able to suggest 
trends that cannot be captured by models 
with coarser grids, where the islands are 
not resolved.
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Despite the significant improvement 
in spatial detail achieved via dynamic 
downscaling, this approach still 
has some limitations regarding 
accurately resolving all physical and 
synoptic-scale features, as well 
as predicting trends in climate at 
specific locations (Section 7.2). This is 
where statistical downscaling may 
play an important bridging role by 
empirical modelling of the relationship 
between carefully selected covariates 
from CCAM 60 km simulations 
and observed climate at specific 
locations over the observation period. 
The statistical approach selects 
the best set of covariates for each 
location which include the variable 
being downscaled, e.g. rainfall or 
temperature, as well as others such 
as sea-level pressure, total cloud and  
water mixing ratio.

The relationships between 
these covariates and the station 
observations are then used by the 
statistical model to make projections. 
Future changes in the CCAM 
covariates are used to produce 
station-scale future projections. This 
implies that the observed trends 
of climate at a specific location will 
influence the future projected value 
at that location. For this reason only 
locations with high quality data and 
long observational histories were 
chosen for downscaling. 

7.3.1 Statistical 
Downscaling Results
The results of statistical downscaling 
(Table 7.1) based on output from 
three of the CCAM 60 km simulations 
(Section 4.6) show a projected increase 
in average daily rainfall in most locations 
for most host models, except for the 
Marshall Islands, where average daily 
rainfall is projected to decline in two out 
of the three cases. In some locations, 
the range of rainfall projections is quite 
wide, e.g. in the Federated States of 
Micronesia and the Marshall Islands, 
which indicates that rainfall is projected 
with less certainty in these locations. 
Average maximum and minimum 
temperature are consistently projected 
to increase in all locations regardless of 
which CCAM simulation is used to drive 
the statistical downscaling.

7.3 Statistical Downscaling

Table 7.1: Change in statistically downscaled climatic statistics projected for seven 
locations in the Pacific between 1981–2000 and 2021–2040. The statistical downscaling 
projections are based on output from three CCAM simulations (Section 4.6) under the A2 
(high) emissions scenario. Values are sorted in ascending order.

Location
Change in 

average rainfall 
(mm per day)

Change in 
median maximum 
temperature (°C)

Change in 
median minimum 
temperature (°C)

Rarotonga, Cook Islands 0.0 0.3 0.3 0.3 0.8 0.9 0.3 0.6 0.8

Pohnpei, Federated 
States of Micronesia 

-0.1 0.1 1.1 0.3 0.3 0.6 0.1 0.2 0.2

Nadi, Fiji 0.1 0.2 0.2 0.3 0.7 0.7 0.5 0.7 0.8

Majuro, Marshall Islands -0.7 -0.2 0.2 0.3 0.4 0.4 0.2 0.3 0.3

Apia, Samoa -0.1 0.1 0.1 0.3 0.4 0.4 0.2 0.4 0.5

Honiara, Solomon 
Islands

0.0 0.5 0.6 0.1 0.2 0.4 0.2 0.3 0.5

Lamap, Vanuatu 0.2 0.3 0.9 0.4 0.7 0.9 0.2 0.5 0.5

A comparison of median historical 
changes in temperature and rainfall 
between station observations and 
CCAM downscaled simulation data 
(not shown) revealed that results from 
the ECHAM5/MPI-OM model were 
most  closely aligned with station 
changes across the Pacific. For this 
reason, the discussion and tables 
that follow focus on results from the 
ECHAM5/MPI-OM model. In most 
locations and seasons, rainfall is 
projected to increase (Table 7.2). 
A decline in daily rainfall across all 

seasons is projected in the Marshall 
Islands and a somewhat smaller decline 
across all seasons is projected for 
Samoa. In the case of the Marshall 
Islands, this is due to reductions in 
the intensity of rain, coupled with the 
increase in rain days, whereas for Samoa 
no decline in rain days is projected. 
The findings for these two locations are 
supported by the observed trends in 
the climate data at these locations. For 
example, for Majuro, Marshall Islands, 
the trend in median rainfall on rain days 
is -0.12 ± 0.02 mm per year, and the 
trend in rain days is +0.4 ± 0.06 % per 
year over the time period that data have 
been observed. Given the length of this 
observation time period (1973–2009) we 
can be quite confident that these trend 
estimates are not overly influenced by 
short-term effects.

For Nadi, Fiji, the number of rain days 
is projected to have little change by 
2021--2040 (Table 7.2). However the 
median and 90th percentiles of rainfall 
are projected to increase, suggesting 
that events may decline in frequency 
but increase in severity. Again, this result 
is supported by trends in the observed 
data: the median rainfall on rain days 
increases at the rate of 0.08 ± 0.02 mm 
per year and the number of rain days 
decreases by 0.3 ± 0.1% per year over 
the observation period (1961–2009).

A comparison of the average change 
in rainfall projected by the dynamically 
downscaled ECHAM5/MPI-OM 
model compared to the statistical 
downscaled projections shows 
some differences (Table 7.2). These 
differences may be due to statistically 
significant differences in the trend of 
observed climate data and dynamically 
downscaled ECHAM5/ MPI-OM data 
at the specific locations (highlighted 
by * in Table 7.2). For example, 
at Lamap in Vanuatu the trend in 
observed rainfall is 0.06 mm per 
year whereas for the dynamically 
downscaled ECHAM5/MPI-OM data 
over the same time period it is a very 
small decline. The statistical model 
not only uses dynamically downscaled 
ECHAM5/ MPI-OM rainfall to project the 
future changes, but other variables such 
as sea-level pressure, temperature, and 
total cloud as well.
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Table 7.2: Change in statistically downscaled rainfall statistics projected for seven locations in the Pacific between 1981–2000 and 
2021–2040. The statistical downscaling projections are driven by output from the dynamically downscaled ECHAM5/MPI-OM model 
under an A2 (high) emissions scenario.

Location Season
Mean rainfall 
(mm per day) 
1981–2000a

Percent of 
rain days 

1981–2000

Change in 
percentage of 

rain days

Change in rainfall (mm per day)

On rain days only Overall 
average 
change

CCAM 
(ECHAM5/
MPI-OM)Median 90th pctl

Rarotonga, 
Cook Islands*

Oct-Mar 4.4 45 6 0.3 6.2 0.3 0.0

Apr-Sep 3.6 39 5 0.1 -3.1 0.2 -0.1

All 4.0 42 5 0.2 1.6 0.3 0.0

Pohnpei, 
Federated States 
of Micronesia* 

Oct-Mar 11.8 81 4 -0.1 0.3 0.2 -0.5

Apr-Sep 13.9 85 4 -0.3 0.4 0.1 -0.6

All 12.8 83 4 -0.2 0.3 0.1 -0.5

Nadi, Fiji* Oct-Mar 6.7 46 -1 0.6 1.2 0.3 0.0

Apr-Sep 2.6 24 -1 0.3 0.6 0.1 -0.1

All 4.6 35 -1 0.5 0.9 0.2 0.0

Majuro, 
Marshall Islands

Oct-Mar 8.8 73 3 -0.3 -0.7 -0.1 -0.5

Apr-Sep 9.5 79 2 -0.5 -1.4 -0.3 -0.2

All 9.1 76 2 -0.4 -1.0 -0.2 -0.3

Apia, Samoa Oct-Mar 7.5 53 0 -0.3 -0.7 -0.1 0.0

Apr-Sep 4.3 39 0 -0.2 -1.1 -0.1 -0.1

All 6.0 46 0 -0.2 -0.9 -0.1 0.0

Honiara, 
Solomon Islands*

Oct-Mar 5.1 42 -1 0.0 -1.8 -0.1 -0.5

Apr-Sep 3.0 37 -1 0.0 -1.1 0.0 -0.6

All 4.0 39 -1 0.0 -1.5 0.0 -0.5

Lamap, Vanuatu* Oct-Mar 8.0 63 2 0.4 2.0 0.4 -0.1

Apr-Sep 4.9 51 2 0.4 1.8 0.3 -0.3

All 6.5 57 2 0.4 1.9 0.3 -0.2

a where observed data are available during reference period
* Statistically significant different trends observed between the climate station and dynamically downscaled data

In terms of temperature, a consistent 
pattern of warming is projected at all 
locations, ranging between 0.1 and 
0.5°C by 2021–2040 (Tables 7.3 a,b). 
Generally, the increases projected 
by statistical downscaling are 
slightly less than those predicted 
from the dynamically downscaled 
ECHAM5/ MPI-OM model. As noted in 
the tables there are some significant 
differences between the observed 
climate at a particular station location 
and the dynamically downscaled 
climate over a comparable period. 
These differences in climatic means as 
well as trends result in the differences 
in the projections between the 
statistical and dynamic approaches. 

The statistically downscaled results 
are partly influenced by the observed 
trend (within the data used to train the 
statistical model), which includes both 
global warming trends and changes 
in natural variability, as well as other 
effects not necessarily captured 
by the downscaled simulations. 
The dynamically downscaled results, 
while including long-term effects of 
global warming, may not accurately 
capture all the local synoptic changes 
occurring and this may result in the 
divergence between trends over the 
historical period. 

Hence, some of the differences 
between the dynamically and 
statistically downscaled results may be 

the result of the relative importance of 
localised changes and how consistent 
they are with broader regional and 
global anthropogenic change (Timm 
and Diaz, 2009). This is an area of 
further research.

The projected increase in minimum 
temperatures appears greater than 
maximum temperatures in most 
locations (Tables 7.3 a,b). The pattern 
of warming for both maximum and 
minimum temperatures is greatest for 
both the 10th percentile and median 
temperatures and less so for the 
90th percentile temperatures. This is 
consistent with predictions derived 
directly from both global climate 
models and dynamical downscaling.
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Table 7.3a: Change in statistically downscaled maximum temperature statistics projected for seven locations in the Pacific between 
1981–2000 and 2021–2040. The statistical downscaling projections are driven by output from the dynamically downscaled ECHAM5 
model under an A2 (high) emissions scenario.

Location Season
Mean maximum 
temperature (°C) 

1981–2000

Change in maximum temperature (°C)
CCAM 

(ECHAM5): 
change in mean 
temperature (°C)10th percentile Median 90th percentile

Rarotonga, 
Cook Islands*

Oct-Mar 28.8 0.4 0.3 0.4 0.5

Apr-Sep 26.8 0.3 0.3 0.4 0.5

All 27.8 0.3 0.3 0.4 0.5

Pohnpei, Federated 
States of Micronesia*

 

Oct-Mar 31.2 0.5 0.2 0.3 0.4

Apr-Sep 31.8 0.4 0.4 0.3 0.5

All 31.5 0.4 0.3 0.3 0.4

Nadi, Fiji Oct-Mar 31.1 0.4 0.3 0.2 0.5

Apr-Sep 29.5 0.4 0.3 0.2 0.5

All 30.3 0.4 0.3 0.2 0.5

Majuro, 
Marshall Islands

Oct-Mar 30.3 0.2 0.3 0.3 0.4

Apr-Sep 30.6 0.3 0.3 0.3 0.4

All 30.4 0.3 0.3 0.3 0.4

Apia, Samoa* Oct-Mar 30.6 0.3 0.3 0.2 0.5

Apr-Sep 30.1 0.3 0.2 0.2 0.5

All 30.3 0.3 0.3 0.2 0.5

Honiara, 
Solomon Islands*

Oct-Mar 31.1 0.3 0.1 0.1 0.4

Apr-Sep 30.8 0.2 0.1 0.1 0.5

All 31.0 0.3 0.1 0.1 0.4

Lamap, Vanuatu* Oct-Mar 30.1 0.4 0.4 0.4 0.6

Apr-Sep 28.6 0.5 0.5 0.5 0.7

All 29.4 0.5 0.4 0.5 0.6

* Statistically significant different trends observed between the climate station and dynamically downscaled data
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Table 7.3b: Change in statistically downscaled minimum temperature statistics projected for seven locations in the Pacific between 
1981–2000 and 2021–2040. The statistical downscaling projections are driven by output from the dynamically downscaled ECHAM5 
model under the A2 (high) emissions scenario.

Location Season
Mean minimum 
temperature (°C) 

1981–2000

Change in minimum temperature (°C)
CCAM 

(ECHAM5): 
change in mean 
temperature (°C)10th percentile Median 90th percentile

Rarotonga, 
Cook Islands*

Oct-Mar 22.9 0.5 0.3 0.2 0.5

Apr-Sep 20.8 0.4 0.3 0.2 0.5

All 21.9 0.4 0.3 0.2 0.5

Pohnpei, 
Micronesia*

 

Oct-Mar 23.7 0.2 0.1 0.2 0.4

Apr-Sep 23.3 0.0 0.1 0.0 0.5

All 23.5 0.1 0.1 0.0 0.4

Nadi, Fiji* Oct-Mar 22.8 0.6 0.5 0.1 0.5

Apr-Sep 20.7 0.6 0.5 0.3 0.5

All 21.7 0.6 0.5 0.2 0.5

Majuro, 
Marshall Islands*

Oct-Mar 26.0 0.1 0.4 0.2 0.4

Apr-Sep 25.7 0.2 0.1 0.2 0.4

All 25.8 0.2 0.3 0.2 0.4

Apia, Samoa Oct-Mar 24.3 0.2 0.2 0.0 0.5

Apr-Sep 23.7 0.1 0.1 0.0 0.5

All 24.0 0.2 0.2 0.0 0.5

Honiara, Solomon 
Islands

Oct-Mar 23.1 0.1 0.2 0.4 0.4

Apr-Sep 22.6 0.2 0.2 0.0 0.5

All 22.9 0.2 0.2 0.1 0.4

Lamap, Vanuatu* Oct-Mar 22.9 0.4 0.2 0.1 0.6

Apr-Sep 22.2 0.5 0.3 0.2 0.7

All 22.5 0.4 0.2 0.2 0.6

* Statistically significant different trends observed between the climate station and dynamically downscaled data
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Time series information has also been 
generated as part of the statistical 
downscaling activities for the 
17 locations (Table 4.3). An example 
has been provided of some monthly 
statistics for Lamap in Vanuatu 
(Figure 7.18). The figure shows 
that there is, as expected, strong 
within-season variation and interannual 
variation of the data as well as a 
slightly increasing rate over time of the 
upward trend of some variables. There 
is also a slight increase projected over 
time of the variation of median monthly 
rainfall on rain days.
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Figure 7.18: Statistically downscaled time series projections to 2065 for Lamap, Vanuatu. The statistical downscaling projections are 
driven by output from the dynamically downscaled ECHAM5/MPI-OM model under an A2 (high) emissions scenario.

7.3.2 Statistical 
Downscaling Summary
Statistical downscaling projections 
are somewhat different to those 
based upon global and dynamically 
downscaled models. In part, this is 
a result of the statistical model being 
based upon both observed local 
trends and large-scale dynamically 
downscaled outputs. In addition, 
statistical downscaling is designed to 
deliver information at a given station, 
and thus takes into consideration local 
influences on climate and weather. 

Dynamical models produce information 
across a grid of varying resolution and 
thus may not account for all these 
local effects. The differences between 
dynamical and statistically derived 
projections are being examined and 
are the basis of future research.
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7.4.1 Introduction
Tropical cyclones are among the most 
destructive weather phenomena on 
Earth. The associated strong winds 
coupled with heavy rainfall and 
possible storm surges often have 
devastating consequences for life and 
property in various tropical regions 
of the world. In the tropical Pacific, 
small island developing States such 
as those in the PCCSP region are very 
vulnerable to catastrophic impacts 
of tropical cyclones. Determining 
realistic future changes in tropical 
cyclone activity (such as frequency 
and intensity) is therefore important 
for these areas. However, projection 
of realistic future changes in tropical 
cyclone activity at a regional spatial 
scale is still an unresolved issue; partly 
due to large variations in modelling 
results (Knutson et al., 2010) and 
partly due to model deficiencies 
in representing the large-scale 
environmental conditions that are 
known to influence tropical cyclones, 
including patterns of variability such as 
the El Niño-Southern Oscillation and 
large-scale climate features such as 
the South Pacific Convergence Zone 
(Brown et al., 2011).

Despite the global climate models’ 
inadequacies in representing regional 
scales, the reproduction of current 
climate of tropical cyclones on larger 
scales was shown in Chapter 5 to 
be quite promising, due to the use 
of the multiple projection methods. 
These results provide some confidence 
in the projections of future changes 
in tropical cyclone frequency for the 
PCCSP region. Here the projected 
change in tropical cyclone frequency 
is defined in terms of the percentage 
change between the current climate 
(1980–1999) and the future climate for 
the A2 (high) scenario (2080–2099).

At the global scale, modelling studies 
consistently project a decrease in 
mean tropical cyclone frequency 
ranging from 6 to 34% by the late 
21st century (Knutson et al., 2010). 
This decrease is more robust in the 
Southern Hemisphere than in the 
Northern Hemisphere, and may be 
due to a combination of increased 
vertical wind shear in the Southern 
Hemisphere, and smaller increases in 
sea-surface temperature compared 
with the Northern Hemisphere. 

In individual basins, projected 21st 
century changes are highly variable, 
with both increases and decreases in 
frequency of more than 50%. Theory 
and high-resolution modelling also 
suggest that climate change may lead 
to an increase in cyclone intensity by 
about 2–11%.

In an attempt to provide more 
specific projections of tropical 
cyclone frequency for individual 
countries, the PCCSP region is 
divided into three sub-basins. These 
are the south-west basin (0–40ºS; 
130–170ºE), the south-east basin 
(0–40ºS; 170ºE-130ºW) and the north 
basin (0–15ºN; 130–180ºE). The results 
of the cyclone frequency projections 
for the three basins from the different 
methods described in Section 4.8 
are presented in Table 7.4 and 
Figure 7.19 (for a subset of the models 
and methods). Projected changes in 
cyclone intensity are also described. 
Changes in wind risk hazard are 
evaluated for the study region by 
applying the Tropical Cyclone Risk 
Model to tracks of tropical cyclone-like 
vortices detected in downscaled global 
climate models.

7.4 Tropical cyclone projections
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Figure 7.19: Average of all models of 
the late 21st century projected annual 
tropical cyclone frequency for the three 
sub-basins of the PCCSP region using 
the CCAM downscaling technique 
(thin black) and the Curvature Vorticity 
Parameter (CVP) method (thin blue). Also 
shown are the annual cyclone frequencies 
for the current climate for the CCAM 
downscaling technique (thick black) and 
the CVP method (thick blue). Red lines 
indicate observed mean tropical cyclone 
frequency. Bars denote 95% confidence 
interval. A change is considered likely if 
there is no overlap between current and 
future climate bars. Results are based 
on outputs from the CSIRO-Mk3.5, 
ECHAM5/MPI-OM, GFDL-CM2.0 and 
GFDL-CM2.1 global climate models (CVP) 
and CCAM simulations based on these 
global models.

Table 7.4: Projected percentage change in tropical cyclone frequency between the current climate (1980–1999) and the late 21st 
century (2080–2099). Blue (red) shading indicates a statistically significant decrease (increase) in projected tropical cyclone frequency 
at the 95% confidence interval. Blue (red) numbers indicate projected decreases (increases) in tropical cyclone frequency that are not 
statistically significant. CCAM refers to the 60 km dynamically downscaled simulations. The CVP, CDD and GPI methods are described 
in Section 4.8. Significance level testing is not available for the GPI method.

 South-east basin South-west basin North basin

Model
Projection method

CCAM CVP CDD GPI CCAM CVP CDD GPI CCAM CVP CDD GPI

CSIRO-Mk3.5 -65 +10 +10 -60 -45 +50 +20 -70 0 +10 0 -80

ECHAM5/MPI-OM -50 -20 +25 -35 -80 -30 +15 -25 -80 -25 +5 -30

GFDL-CM2.0 -70 -30 -20 -60 -35 -5 -45 0 +5

GFDL-CM2.1 -50 -10 -30 -25 -70 -20 -25 -5 -50 -10 -30 -5

MIROC3.2 (medres) -90 -75 -80 -85 -50 -85

UKMO-HadCM3 -55 -30 -55 +10 -30 +15

BCCR-BCM2.0 -90 -5 -90 +10 -100 +15

CGCM3.1 +30 -20 +30 -10 -5 -10

CNRM-CM3 -20 -35 +10 -20 -5 -30

MRI-CGCM2.3.2 0 -25 -15 -5 0 0

CSIRO-Mk3.0 -50 -55 -65

UKMO-HadGEM1 -5 +5 +15

IPSL-CM4 -20 -15 -20

ECHO-G -35 -25 -25

ENSEMBLE -60 -6 -13 -30 -65 0 -11 -20 -45 -5 -17 -20
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7.4.2 Tropical Cyclone 
Frequency Projections 
in Downscaled Models
Overall, the CCAM results project 
a likely decrease in tropical cyclone 
frequency for all three sub-basins by 
the late 21st century (Figure 7.19). 
These decreases in frequency range 
from 50–70% for the south-east basin, 
45–80% for the south-west basin and 
0–80% for the north basin (Table 7.4).

In the south-east basin, the decrease 
in the CCAM multi-model average 
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Figure 7.20: Multi-model mean distribution of tropical cyclone frequency (in 5º × 5º boxes) obtained using the CSIRO Direct Detection 
technique applied to the 65 km CCAM model for (a) current climate, (1980–1999, labelled 20C3m) and (b) late 21st century using the 
A2 high emissions scenario (2080–2099, labelled SRESA2). Cyclone frequency distributions are also shown in 5º (c) longitudinal and (d) 
latitudinal bands for the South Pacific and (e) longitudinal band for the north-west Pacific south of 20ºN. The dashed line at 170ºE in (c) 
separates the eastern and western basins of the South Pacific.

cyclone frequency as determined by 
the CSIRO Direct Detection technique, 
is clearly evident when comparing 
Figures 7.20a and 7.20b, with greatest 
decrease in the longitude band of 
170–180ºE (Figures 7.20c, 7.20d), 
and near the latitude of 15ºS. Similarly, 
the greatest projected decrease in 
frequency for the south-west basin 
occurs mainly in the Coral Sea region 
(15ºS; 150–170ºE), where tropical 
cyclones are frequently spawned. 
For the north basin, the projected 
decrease occurs mainly in the region 
10ºN; 130–150ºE (Figure 7.20e).

The location of cyclone genesis is just 
one component in the cyclone risk 
for a region. The risk for a region is 
also determined by the track, duration 
and intensity of storms traversing 
the region. The changes in cyclone 
numbers and days from the six CCAM 
simulations have been calculated (not 
shown). Most models show a small 
increase in the number of tropical 
cyclones occurring south of 20°S 
although there is little consistency 
between the models in the spatial 
pattern of the projected change. 
The change in intensity is discussed in 
detail later in this chapter.
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7.4.3 Cyclone 
Frequency Projections in 
Global Climate Models
In general, the Curvature Vorticity 
Parameter (CVP) approach discussed 
in Section 4.8 is based on output from 
three global climate models. It projects 
a small decrease in tropical cyclone 
frequency for the PCCSP region by the 
late 21st century (Figure 7.19). In the 
south-east basin, the projected change 
ranges from a 20% decrease for the 
ECHAM5/MPI-OM model to a 10% 
increase for the CSIRO-Mk3.5 model 
(Table 7.4). However, these changes 
are not statistically significant at the 
95% level. The spatial distribution of 
tropical cyclone formation locations 
determined by taking the multi-model 
mean of the three global models 
shows no substantial change between 
the current (Figure 7.21a) and future 
(Figure 7.21b) distributions.

7.4.4 Cyclone 
Frequency Projections 
from the Genesis 
Potential Index
The Genesis Potential Index (GPI) 
methodology has the advantage that 
more models (14) can be considered 
in the development of projections for 
changes in cyclone frequency.
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Figure 7.21: Multi-model mean distribution of tropical cyclone frequency (in 5º × 5º boxes) obtained using the CVP approach for (a) 
current climate (labelled 20C3m) and (b) late 21st century using the A2 (high) emissions scenario (labelled SRESA2). Cyclone frequency 
distributions are also shown in 5º (c) longitudinal and (d) latitudinal bands for the South Pacific and (e) longitudinal band for the north-west 
Pacific south of 20ºN. The dashed line at 170ºE in (c) separates the eastern and western basins of the South Pacific.

ECHAM5/MPI-OM) project a decrease 
in tropical cyclone numbers by about 
20–30%. The CSIRO-Mk3.5 model, on 
the other hand, projects a likely increase 
of about 50%. A small decrease 
in tropical cyclone numbers is also 
projected for the north basin. However, 
this decrease is not statistically 
significant at the 95% level. 

On average, the CSIRO Direct Detection 
(CDD) method discussed in Section 4.8 
projects a multi-model average decrease 
in tropical cyclone genesis frequency 
for the PCCSP region by the late 21st 
century (Table 7.4 and Figure 7.22). 
However, there is little confidence in this 
projected change for the southern Pacific 
as in both the south-east basin and in 
the south-west basin, four out of eight 
models project a likely increase in tropical 
cyclone frequency and four out of eight 
models project a likely decrease in tropical 
cyclone frequency. In the northern basin 
there is greater confidence in the change 
as only one model projects a likely 
increase in tropical cyclone frequency.

The GPI method projects decreases 
of between 20% and 30% for the 
three basins (Figure 7.23). In the 
south-east basin, all models project a 
decrease in frequency with projected 
changes ranging from 5% to 70%. 
In the south-west basin, 11 out of 
14 models project a decrease in the 
frequency with projected changes 
ranging from an increase of 10% 
to a decrease of 85%. In the north 
basin, the changes range from an 
increase of 15% to a decrease of 
80%. Ten out of 14 models project a 
decrease in frequency for this basin.For the south-west basin, two global 

climate models (GFDL-CM2.1 and 
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Figure 7.22: Multi-model mean distribution of tropical cyclone frequency (in 5º × 5º boxes) obtained using the CDD method on global 
climate model data for (a) current climate (labelled 20C3m) and (b) late 21st century using the A2 (high) emissions scenario (labelled 
SRESA2). Cyclone frequency distributions are also shown in 5º (c) longitudinal and (d) latitudinal bands for the South Pacific and 
(e) longitudinal band for the north-west Pacific south of 20ºN. The dashed line at 170ºE in (c) separates the eastern and western basins 
of the South Pacific.
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Figure 7.23: Multi-model mean distribution of tropical cyclone frequency (in 5º × 5º boxes) obtained using the GPI method for 
(a) current climate (labelled 20C3m) and (b) late 21st century using the A2 (high) emissions scenario (labelled SRESA2).
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7.4.5 Cyclone Intensity 
Projections
The development of projections for 
changes in cyclone intensity requires 
that features such as the bands of 
heavy precipitation that accompany 
a cyclone and the eye wall (the zone 
of high winds that causes damage) 
are resolved by a model. However, 
these features occur at a spatial scale 
smaller than can be resolved by either 
global or regional climate models and 
thus the development of projections of 
changes in tropical cyclone intensity 
is difficult. However, a number of 

Table 7.5: A summary of the projections of tropical cyclone intensity in the South Pacific, extracted from global modelling studies 
for a warmer climate under the A1B (medium) emissions scenarios or a three times carbon dioxide concentration. Bold text in the 
Technique column indicates type of analysis used. The projections of changes are in either the average intensity or the maximum 
intensity of cyclones in the South Pacific. In the far right column, projected decreases in frequency are in bold. (Adapted from Knutson 
et al., 2010).

Tropical 
cyclone 
intensity 
changes (%)

Model Technique Emissions 
scenario

Measure 
of cyclone 
intensity

Projection time 
period

Change in 
maximum wind 
speed in the 
South Pacific 
(percentage change 
or frequency 
change, as noted)

Vecchi and 
Soden, (2007a)

CMIP3  
18-model

Potential Intensity 
calculations from the 
output of global models 

Statistical 
downscaling

A1B Max wind 
speed 

100yr trend + 1%

Emanuel et al. 
(2008)

CMIP3  
7-model

Statistical 
downscaling 

A1B Max wind 
speed 

2181–2200 minus 
1981–2000

-1%

Oouchi et al. 
(2006)

MRI/JMA  
time slice 
experiment with 
global model 
TL959 L60 
(~20km)

Dynamical 
downscaling

A1B Average 
intensity (wind 
speed)

1982–1993 minus 
2080–2099

-2%

Oouchi et al. 
(2006)

 

MRI/JMA  
time slice 
experiment with 
global model 
TL959 L60 
(~20km)

Dynamical 
downscaling

A1B Average annual 
maximum 
intensity (wind 
speed)

1982–1993 minus 
2080–2099

-22%

Walsh et al. 
(2004)

Australia 
CSIRO DARLAM 
regional model 

Dynamical 
downscaling 

3xCO2 Central 
pressure

2061–2090 minus 
1961–1990

+26%

P<970 mb

Leslie et al. 
(2007)

USA OU-CGCM 
with high-res. 
window.

Dynamical 
downscaling

IPCC estimated 
CO2 from 
1970–1999, and 
IS92a increasing 
concentration 
from 2000–2050

Wind speed 2000 to 2050 
control and IS92a 
(6 members)

+100% #>30m/s 
by 2050

The PCCSP has used three methods 
to estimate projected changes in 
intensity. The first of these uses the 
Maximum Potential Intensity (MPI) 
component of the GPI, the second 
method uses the storm maximum wind 
speed simulated in the cyclone-like 
vortices detected in the CCAM 
simulations, and the third method 

Most models project a decrease in 
the MPI across the PCCSP region. 
The projected decrease is largest in 
the models that project the greatest 
decrease in the frequency. Models that 
project either a moderate decrease 
or slight increase in frequency also 
project small increases in the MPI.

research groups have attempted 
to provide such projections and 
the results of those studies that are 
applicable to the South Pacific are 
summarised in Table 7.5. Note that the 
A1B, not the A2 emissions scenario, 
has been used here.

scales the CCAM projections for use 
in the Tropical Cyclone Risk Model. 
The results using the MPI method 
are summarised in Table 7.6. In this 
analysis no attempt has been made to 
provide basin-specific projections – the 
projected changes apply to the full 
PCCSP study region.
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Table 7.6: Projected changes in GPI for each of the sub-basins and projected changes 
in Maximum Potential Intensity (MPI) for the PCCSP region for the late 21st century 
using the A2 (high) emissions scenario.

GPI change MPI change 
(%)

Model SW SE N

CSIRO-Mk3.5 -60 -70 -80 -59

ECHAM5/MPI-OM -35 -25 -30 -13

GFDL-CM2.0 -20 -5 +5 1

GFDL-CM2.1 -25 -5 -5 1

MIROC3.2 (medres) -75 -85 -85 -50

UKMO-HadCM3 -30 +10 +15 5

BCCR-BCM2.0 -5 +10 +15 6

CGCM3.1 -20 -10 -10 -9

CNRM-CM3 -35 -20 -30 -5

MRI-CGCM2.3.2 -25 -5 0 -2

CSIRO-Mk3.0 -50 -55 -65 -37

UKMO-HadGEM1 -5 +5 +15 13

IPSL-CM4 -20 -15 -20 -10

ECHO-G -35 -25 -25 -7

The results based on the storm 
maximum wind speed from the 
cyclone-like vortices detected in the 
CCAM simulations are presented in 
Figure 7.24. This analysis includes 
calculations of the proportion of 
storms in the late 21st century climate 
(2080–2099) that are stronger than 
the current climate 50th percentile, 
75th percentile and 90th percentile 
wind speeds and the proportion of 
storms that are weaker than the 25th 
and 10th percentile wind speeds. If 
the proportion of storms in the late 
21st century lies above the current 
climate curve, then there is an 
increase in the proportion of storms 
that are stronger (or weaker) than in 
the current climate. The analysis has 
been conducted for the north basin 
and the southern Pacific (south-east 
basin and south-west basin combined) 
and shows different behaviour in 
intensity changes for the two basins. 
In the north basin, only one CCAM 
simulation (based on CSIRO-Mk3.5) 
projects an increase in the proportion 
of storms that will occur in the stronger 
categories. Most simulations project 
an increase in the proportion of storms 
occurring in the weaker categories.
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Figure 7.24: The proportion of projected storms in the late 21st century climate (2080–2099) that are stronger than the current climate 
(1980–1999) 50th percentile, 75th percentile and 90th percentile wind speeds and the proportion of storms that are weaker than the 
25th and 10th percentile wind speeds in the CCAM simulations for (a) the southern Pacific and (b) the north basin.

In the southern Pacific, five of the 
six simulations show an increase in 
the proportion of the most severe 
storms (those stronger than the 
current climate 90th percentile storm 
maximum wind speed). The latitude 

of maximum intensity in the southern 
Pacific is projected to move south by 
5˚ of latitude from approximately 18°S 
in the current climate to approximately 
23°S in the late 21st century.

The results of Figure 7.24 are 
consistent with finer resolution 
modelling studies such as those of 
Bender et al. (2011). They show that 
models that are able to realistically 
simulate the intensity of cyclones show 

an increase in the proportion of storms 
occurring in the strongest categories. 
These results should, however, be 
used with caution. The resolution of 
the models considered in this analysis 
is not fine enough to quantify changes 
in the intensity of tropical cyclones. 
Projections of changes in tropical 
cyclone intensity require the use of 
specialised models that are run with 
horizontal grid spacing of 5 km or less.
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7.4.6 Cyclonic Wind 
Hazard Projections
The Tropical Cyclone Risk Model 
used tracks of tropical cyclone-like 
vortices detected in the CCAM model 
as proxies for tropical cyclones. These 
were then used in the Tropical Cyclone 
Risk Model to produce estimates of 
the cyclonic wind hazard for both the 
current climate and late 21st century 
for the South Pacific (130°E–150°W, 
30°S–0°) and the north-west Pacific 
(130°E–180°, 0°-15°N).

As described earlier and in Chapter 5, 
the CCAM simulations produce 
storms that are both less frequent 
and less intense than the real world. 
To overcome this, the frequency 
and intensity of the current climate 
simulations were re-scaled to match 
the historical record. This scaling was 
then held fixed for each future climate 
simulation. The resulting change in 

wind hazard between the current and 
future climate reflects the combined 
effect of changes to the frequency, 
intensity and track locations of 
the tropical cyclone-like vortices.

Maps of the relative change in the 
500-year return period wind hazard 
between the current climate and the 
20-year period centred on 2090 were 
created for each simulation. There 
is not a high degree of consistency 
between the spatial patterns of the 
projected change in wind hazard 
between the six simulations. 
This is illustrated by Figure 7.25, 
which shows the projected hazard 
change for the GFDL-CM2.1 and 
CSIRO-Mk3.5-based simulations. 
There were, however, some common 
trends shown in each of the model 
simulations. For the South Pacific, 
most models indicate a reduction in 
cyclonic wind hazard north of latitude 
20ºS and some regions of increased 

hazard south of latitude 20ºS. Note, 
however, that the spatial patterns of 
these regions of increased wind hazard 
differs between models (c.f. Figures 
7.25a and 7.25c). This increase 
in wind hazard coincides with the 
projected increase in the number of 
tropical cyclones occurring south of 
20°S that was noted earlier. Similar 
increases have previously been found 
in the modelling study of Leslie et al. 
(2007). The poleward shift in cyclone 
frequency was found to also coincide 
with a poleward shift in the more 
intense storms. For the North Pacific 
region (between the equator and 
15°N), there is a general reduction 
in cyclonic wind hazard between the 
current and future climate simulations 
as a result of a decrease in storm 
frequency close to the equator.
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Figure 7.25: Percentage change in 500-year return period cyclonic wind speeds projected for the South Pacific (a and c) and the 
north-west Pacific (b and d) based on GFDL-CM2.1 (a and b) and CSIRO-Mk3.5 (c and d) for the late 21st century using the A2 (high) 
emissions scenario.
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The CCAM 60 km downscaled 
projections for the PCCSP region are 
broadly consistent with those of the 
global climate models presented in 
Chapter 6. However, some differences 
between global models and CCAM 
projections are noted, such as bands 
of rainfall decrease around latitudes 
8°N and 8°S. These projections are 
also supported by the additional 
downscaling results using a variety 
of other regional climate models. 
The CCAM 8 km downscaled 
projections show regional-scale 
variations of the climate change signal, 
largely related to the topography of the 
Pacific Islands. Statistical downscaling 
shows slightly less warming, more 
consistent with the observed trends.

Projections of changes in tropical 
cyclone frequency based upon 
CMIP3 global climate models and 
CCAM show a number of important 
differences. The analysis of the global 
models using the CVP and CDD 
techniques shows that they are able to 
reproduce the climatology of tropical 
cyclones for the current climate. 
However, when these techniques are 
applied to the outputs from these 
models to provide projections of 
changes in frequency for the late 21st 
century, there is considerable variability 

7.5 Downscaling Summary

in the projected changes between 
both the global models and the two 
techniques. Similarly, application of 
the GPI technique to the global model 
outputs also shows considerable 
variability between the models in 
projected changes in the occurrence 
of tropical cyclones affecting the 
study region.

In contrast, when the CDD technique 
is applied to CCAM outputs the 
projected changes show little 
variability between the six simulations 
considered. This may be due to the 
use of a single modelling system 
for the downscaled runs analysed. 
Importantly, the CCAM simulations 
underestimate the occurrence of 
tropical cyclones occurring east 
of 180°E. This deficiency should 
be considered when using tropical 
cyclone projections based upon 
these simulations.

Projections based upon these different 
modelling systems and analysis 
techniques show that tropical cyclone 
frequency in the PCCSP region is 
likely to decrease by the late 21st 
century. There is a moderate level of 
confidence in this projection, with little 
consistency found in the magnitude of 
the projected changes between either 
the models or the analysis methods. 

Most simulations project an increase 
in the proportion of the most severe 
storms in the south-west Pacific and 
a southward movement in the latitude 
at which maximum intensity occurs. In 
the northern basin, most simulations 
project an increase in the proportion 
of storms occurring in the weaker 
categories. For the South Pacific, most 
models indicate a reduction in cyclonic 
wind hazard north of 20°S and regions 
of increased wind hazard south of 
20°S. This coincides with the projected 
increase in the number of tropical 
cyclones occurring south of 20°S and 
with a poleward shift in the latitude at 
which storms are most intense. For the 
North Pacific region, there is a general 
reduction in cyclonic wind hazard 
between the current and future climate 
simulations as a result of a decrease in 
storm frequency close to the equator.
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While there has been progress on 
many fronts to monitor, document, 
understand and project climate 
change relevant to the Pacific Climate 
Change Science Program’s (PCCSP) 
Partner Countries, there are still 
many challenges. Further work to 
strengthen the scientific understanding 
of Pacific climate change is required 
to inform adaptation and mitigation 
strategies. Ongoing research in the 
following areas can contribute to the 
advancement of climate science in the 
PCCSP region.

8.1.1 Expand Ocean 
and Atmosphere 
Measurements in 
the Pacific Climate 
Change Science 
Program Region
There has been a marked decline in 
the total number of land based climate 
observation (measurement) stations 
in Partner Countries over the past few 
decades. These climate measurement 
stations need to be re-opened and 
upgraded, and the network needs to 
be expanded. The increased exchange 
of data between nations of the region 
will strengthen the ability of Partner 
Countries to monitor climate.

There is also a need to increase 
and recover meteorological and 
oceanographic data in the PCCSP 
region. The quality of historical climate 
observations in some countries is not 
high enough to reliably document 
variability or trends, and, despite 
improvements in ocean and satellite 
observations of the Pacific over the 
past few decades, the longer climate 
record of the Pacific region is generally 
sparse compared to other parts of 
the globe. 

8.1 Introduction

To this end, the rescue and 
rehabilitation of observational climate 
data, including the identification of new 
data sources and digitisation of hard 
copy data, is expanding the availability 
of climate data in Partner Countries, 
but requires continuing effort. The 
collation of other forms of historical 
data such as photographs, newspaper 
records and anecdotal evidence of 
change, is required to complement 
the instrumental monitoring of climate 
change. Given the relatively short 
duration of the instrumental records, 
palaeoclimate data also have an 
important role in extending the climate 
and sea-level records of this region.

Apart from the regional sea-level 
network, data documenting ocean 
changes are sparse, particularly 
regarding the sub-surface properties 
of the ocean, ocean chemistry and 
biological productivity changes. 
Greater use of ships of opportunity 
(volunteer merchant ships which 
routinely transit strategic shipping 
routes and carry instruments to 
measure ocean variables), or ocean 
gliders (remotely operated underwater 
vehicles, also carrying sensors to 
measure ocean characteristics) in the 
region will be beneficial. Expanded 
monitoring of ocean chemistry 
including acidification is urgent. 
Further analysis of historical sea-level 
observations is also required to provide 
a more continuous record of sea-level 
change.

A greater understanding of the role 
of tides, storm surges and waves 
in sea-level extremes would be 
facilitated by the addition of in situ 
wave observations throughout the 
region. This would include strategically 
located wave buoys and tide gauges. 
In quantifying the impacts of climate 
change on the coast in terms of 
both inundation and erosion, more 
comprehensive monitoring of shoreline 
changes and high resolution elevation 
surveys are needed throughout 
the region.

8.1.2 Advance the 
Understanding of 
Current Climate, 
Climate Variability and 
Climate Trends
A better understanding of climate 
features and patterns of variability 
in the PCCSP region is needed. For 
example, despite the key role of the 
South Pacific Convergence Zone in 
the climate of many Partner Countries, 
the processes governing it are still 
not fully understood. Issues such 
as this can be addressed through 
the continued use of observations 
and climate models. The imminent 
arrival of many new climate models 
through the international Coupled 
Model Intercomparison Project 
Phase 5 (CMIP5), and use of the 
Australian Climate Community 
Earth-System Simulator (ACCESS) 
for experimentation specifically 
targeted to issues of importance to the 
PCCSP region, provide exciting new 
opportunities on this front.

Trends in climate are evident over 
the Pacific as a whole, including the 
PCCSP region, however the extent 
to which these trends are attributable 
to natural variability and to human 
activities is not yet well understood. 
Greater clarity on this issue, and more 
reliable estimates of past variability 
in the atmosphere and the ocean 
– including extreme events – will 
help strengthen the credibility and 
communication of future climate 
projections in the region.
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8.1.3 Improve Climate 
Models and Climate 
Change Projections
Models from the Coupled Model 
Intercomparison Project Phase 3 
(CMIP3) have several limitations 
that restrict a full understanding 
of the past and projection of the 
future climate. The new set of global 
model projections from CMIP5 
and the Intergovernmental Panel 
on Climate Change (IPCC) Fifth 
Assessment Report (due 2014) will 
provide new information about past 
and future climate, with a wider 
range of emissions scenarios and 
improved models.

CMIP5 will provide a standard set of 
model simulations to: (1) evaluate how 
realistic the models are in simulating 
the recent past, (2) provide projections 
of future climate change on two time 
scales, near-term (out to about 2035) 
and long-term (out to 2100 and 
beyond), and (3) explore the role of 
different factors and feedbacks such 
as clouds and the carbon cycle.

The ability of these next generation 
climate models to simulate climate 
in the PCCSP region needs to be 
assessed, and ongoing work to 
improve climate models needs to 
continue. Future model evaluation 
should also take advantage of the new 
enhanced regional climate dataset 
obtained from station records through 
the PCCSP.

Updating future climate projections 
for the PCCSP region using these 
new CMIP5 climate models is a 
priority. These projections need to 
be integrated more closely in specific 
case studies examining the impacts 
of climate change and developing 
adaptation strategies.

Greater attention needs to be 
given to assessing how statistical 
and dynamical downscaling can 
complement the global climate models. 
Downscaling of ocean projections is 
also required to understand changes 
to biological systems and impacts on 
fisheries and aquaculture.

One of the greatest sources of 
uncertainty in climate projections is 
the lack of consistency in projected 
El Niño-Southern Oscillation changes. 
Uncertainty can be better quantified 
and possibly reduced through closer 
study of systematic biases in the 
climate models associated with the 
El Niño-Southern Oscillation, the 
cold tongue and the South Pacific 
Convergence Zone. These model 
issues are likely to be interrelated 
and will require improvements to 
cloud physics, increased ocean 
resolution, and better representation of 
sub-annual atmospheric variability.

Uncertainty in sea-level projections 
is dominated by the future dynamic 
response of the Greenland and 
Antarctic ice sheets. Reducing 
uncertainty will require ongoing 
in situ and satellite observations, 
process studies and improved ice 
sheet (cryosphere) models, and the 
evaluation of climate models and their 
ability to simulate steric sea-level rise, 
as well as glacial and ice cap changes.

More detailed and rigorous 
testing of sea level and ocean 
heat content simulated by climate 
models is required, including the 
inter comparison of models and 
understanding the reasons for the 
differences between them. The models 
need to be critically compared with 
the available historical observations 
so as to improve understanding of 
interannual and decadal variability.

Regional projections of ocean 
acidification are based on coarse 
resolution climate models, so they 
do not represent localised changes 
in carbonate chemistry that result 
from net calcification and production 
within reefs, which can feedback to 
the acidification response. In order 
to reduce uncertainties of how reef 
systems will respond to acidification, a 
hierarchy of models and observations 
at reef and regional scales will be 
required. These models will also 
need to include ecological responses 
to other stressors including coral 
bleaching and pollution.

Climate models provide credible 
quantitative estimates of future 
climate change, particularly at larger 
scale, however some deficiencies 
remain at smaller scales. There will 
always be a range of uncertainty in 
climate projections. It is important 
that this uncertainty is understood 
and incorporated into any future 
impact assessments based on climate 
model projections.

8.1.4 Improve 
Understanding of 
Tropical Cyclones and 
Extreme Events
Continued use of climate models to 
make projections of tropical cyclone 
behaviour including frequency, 
location, intensity, rainfall and 
movement remains a high priority for 
the PCCSP region. Projections of 
changes in tropical cyclone intensity 
and extreme rainfall require the use 
of fine-resolution (less than 5 km) 
non-hydrostatic models which are 
able to represent small-scale features 
of the cyclone eye wall. The current 
methods used to predict the number 
of cyclones often provide conflicting 
results, reflecting a poor understanding 
of the relationship between cyclone 
activity and the surrounding large-scale 
circulation. A better understanding 
of the reasons why tropical cyclone 
activity varies from year to year will 
improve understanding and possibly 
lead to more robust projections. 
Projections of tropical cyclone activity 
in the future would also be more 
robust if the theoretical understanding 
of cyclone formation, intensity and 
frequency is enhanced.

To date there has been no systematic 
documentation of the effects of tropical 
cyclones in the PCCSP region. Daily 
time series of rainfall, sea level and 
wind need to be examined in order to 
document the contribution of tropical 
cyclones to extreme events in the 
current climate.
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The IPCC Fourth Assessment Report 
(2007) concluded that a renewed 
international agenda to assess the 
vulnerability of small islands is needed, 
based on the most recent projections 
and newly available tools, to provide 
small islands with a firmer basis for 
future planning. The work of the 
PCCSP has addressed some of the 
key areas identified in the IPCC report 
as they relate to the Pacific islands and 
East Timor and has sought to enhance 
the capacity of the Partner Countries 
to collaborate in this research.

While some shortcomings, primarily 
in data availability and resolution 
of regional models, still remain, the 
PCCSP represents a coordinated, 
regionally focused research effort to 
directly address these issues.

8.2 Conclusions

There are many important steps to 
be taken on the way to implementing 
sound adaptation measures. An 
understanding of past and future 
climate change is fundamental, but 
it is only one step. This information 
has to be applied in impact models, 
vulnerability assessments, and 
ultimately long-term planning and 
decision support services.

Scientific research and capacity 
building have to proceed hand in hand. 
A long-term, inter-agency coordinated 
effort is required to further understand 
climate change science in the PCCSP 
region and to deliver the information 
in a manner that can inform and help 
shape adaptation strategies. This will 
assist the region in implementing 
the Pacific Islands Framework for 
Action on Climate Change and 
subsequent policies, and contribute 
to the sustainable development of the 
Partner Countries.
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For many of the climate projections 
presented in Chapters 6 and 7, CMIP3 
data were either analysed directly 
(e.g. temperature, rainfall) or used 
to calculate a climate variable (e.g. 
surface relative humidity, potential 
evapotranspiration) or diagnostic (e.g. 
Genesis Potential Index, aragonite 
saturation state) of interest (Table A1). 
However, many research institutions 
participating in CMIP3 did not provide 
data for all the model variables and 
SRES emission scenarios requested 
by the project organisers. As such, 
data availability is inconsistent for 
different variables, emission scenarios 
(i.e. A2, A1B and B1) and output 
frequencies (i.e. daily or monthly). 

Table A1. CMIP3 model variables required to provide information on each PCCSP variable / climate diagnostic.

PCCSP variable / climate diagnostic Required model output (CMIP3 naming convention)

Surface air temperature Surface air temperature (tas)

Daily maximum surface air temperature Daily maximum surface air temperature (tasmax)

Daily minimum surface air temperature Daily minimum surface air temperature (tasmin)

Rainfall Precipitation (pr)

Surface wind Calculated from zonal surface wind speed (uas) and meridional surface wind speed (vas)

Solar radiation Surface downwelling shortwave radiation (rsds)

Surface relative humidity Calculated from surface specific humidity (huss), sea level pressure (psl), surface altitude (orog) 
and surface air temperature (tas) data

Potential evapotranspiration Calculated from surface downwelling shortwave radiation (rsds), surface air temperature (tas), 
surface altitude (orog), (calculated) surface relative humidity and precipitation (pr) data (Morton, 
1983)

Sea surface temperature Sea surface temperature (tos)

Sea surface salinity Salinity (so)

Ocean temperature Sea water potential temperature (thetao)

Ocean salinity Salinity (so)

Ocean density Calculated from potential temperature (thetao) and salinity (so) data

Ocean circulation Calculated from eastward seawater velocity (uo) and northward seawater velocity (vo)

Buoyancy frequency squared Calculated from potential temperature (thetao) and salinity (so) data

Steric sea level Calculated from potential temperature (thetao) and salinity (so) data

Dynamic component of sea level Sea surface elevation (zos)

Genesis potential index Calculated from sea surface temperature (tos), sea level pressure (psl), air temperature (ta), 
specific humidity (hus), zonal wind speed (ua) and meridional wind speed (va) data

Curvature vorticity parameter Calculated from air temperature (ta), specific humidity (hus), zonal wind speed (ua) and 
meridional wind speed (va) data

CSIRO direct detection method Requires sea level pressure (psl), air temperature (ta), zonal wind speed (ua), meridional wind 
speed (va) data

Aragonite saturation state (Ωar) Requires sea surface temperature (tos) and sea surface salinity (so) data

Information on the CMIP3 model data 
used in providing information on each 
PCCSP climate variable / diagnostic 
is therefore provided here (Table A2, 
Table A3, Table A4). It should be 
noted that:

•	 For any given variable and 
timescale, where data are available 
for one or more of the A2, A1B 
or B1 scenarios, data are also 
available for the corresponding 
‘Climate of the Twentieth Century’ 
(20c3m) simulation. 

•	 Due to high data archiving costs, 
daily GCM data are typically 
only available for the periods 
1980–1999, 2046–2065 and 
2080–2099. No such limitations 
apply for monthly data. 

•	 For certain variables and 
emission scenarios, modelling 
groups provided data for multiple 
simulations of the same model, 
using slightly different initial 
conditions. The information outlined 
here indicates the models for which 
at least one simulation is available.  

•	 The CMIP3 data are freely available, 
along with detailed documentation, 
from the Program for Climate Model 
Diagnosis and Intercomparison 
at Lawrence Livermore National 
Laboratory (www-pcmdi.llnl.gov).

www-pcmdi.llnl.gov
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Table A2. CMIP3 models used in calculating atmospheric projections requiring daily timescale data.

Temperaturea Rainfall Tropical cyclonesb

A2 A1B B1 A2 A1B B1 CVP CDD GPI

1 BCCR-BCM2.0

2 CCSM3

3 CGCM3.1 (T47)

4 CGCM3.1 (T63)

5 CNRM-CM3

6 CSIRO-Mk3.0

7 CSIRO-Mk3.5

8 ECHAM5/MPI-OM

9 ECHO-G

10 FGOALS-g1.0

11 GFDL-CM2.0

12 GFDL-CM2.1

13 GISS-AOM

14 GISS-EH

15 GISS-ER

16 INGV-SXG

17 INM-CM3.0

18 IPSL-CM4

19 MIROC3.2 (hires)

20 MIROC3.2 (medres)

21 MRI-CGCM2.3.2

22 PCM

23 UKMO-HadCM3

24 UKMO-HadGEM1

Total models used 11 15 15 14 16 16 4 10 14

Pale blue cells denote those models and scenarios used in calculating projections. Italicised model names indicate those models excluded 
due to unacceptable performance in simulating the current climate (Section 5.5.1)
aRefers to both the daily maximum and minimum surface air temperature
bThe Curvature Vorticity Parameter (CVP), CSIRO Direct Detection (CCD) scheme and Genesis Potential Index (GPI) were only calculated for 
the A2 emission scenario.
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Table A3. CMIP3 models used in calculating atmospheric projections requiring monthly timescale data.

Model name
Surface air 

temperature, rainfall
Surface wind Solar radiation

Surface relative 
humidity, potential 
evapotranspiration

A2 A1B B1 A2 A1B B1 A2 A1B B1 A2 A1B B1

1 BCCR-BCM2.0

2 CCSM3

3 CGCM3.1 (T47)

4 CGCM3.1 (T63)

5 CNRM-CM3

6 CSIRO-Mk3.0

7 CSIRO-Mk3.5

8 ECHAM5/MPI-OM

9 ECHO-G

10 FGOALS-g1.0

11 GFDL-CM2.0

12 GFDL-CM2.1

13 GISS-AOM

14 GISS-EH

15 GISS-ER

16 INGV-SXG

17 INM-CM3.0

18 IPSL-CM4

19 MIROC3.2 (hires)

20 MIROC3.2 (medres)

21 MRI-CGCM2.3.2

22 PCM

23 UKMO-HadCM3

24 UKMO-HadGEM1

Total models used 15 18 17 13 16 15 15 18 16 9 11 10

Pale blue cells denote those models and scenarios used in calculating projections. Italicised model names indicate those models excluded 
due to unacceptable performance in simulating the current climate (Section 5.5.1).
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A

Anthropogenic

Resulting from or produced 
by human beings.

Anthropogenic emissions

Emissions of greenhouse gases, 
greenhouse gas precursors, and 
aerosols associated with human 
activities, including the burning of 
fossil fuels, deforestation, land-use 
changes, livestock, fertilisation, etc.

Anthropogenic forcing 
– see also Forcing

A forcing that is caused by human 
activities including changes in 
greenhouse gas and aerosol 
concentrations and land-use changes.

Anomaly

In climate science, a deviation 
from the normal value of a variable. 
It is usually the deviation of a 
variable from the average value 
at a specific place and time.

Aragonite saturation state – see 
also Ocean acidification

Aragonite is a form of calcium 
carbonate that makes up the shells 
and skeletons of key organisms in 
reef ecosystems, including reef-
building corals. The saturation state 
of aragonite in seawater (known as 
Ω) is a measure of the potential for 
the mineral to form or to dissolve. 
When the Ω = 1, the seawater is in 
equilibrium with respect to aragonite, 
so aragonite does not dissolve or 
precipitate. When Ω > 1 seawater 
is supersaturated with respect 
to aragonite and aragonite will 
precipitate, and when Ω < 1 aragonite 
will dissolve. Aragonite saturations 
states above about 4 are considered 
optimal conditions for healthy coral 
reef ecosystems, with values below 
3.5 becoming increasingly marginal for 
supporting healthy coral reef growth.

Attribution

Attribution is the process of identifying 
the most likely causes for the 
detected changes in the climate.

B

Bias – see Model bias

C

Carbon cycle

The term used to describe the 
flow of carbon (in various forms, 
e.g. as carbon dioxide) through 
the atmosphere, ocean, terrestrial 
biosphere and lithosphere.

Climate

Climate in a wider sense is the state, 
including a statistical description, 
of the climate system. Climate in a 
narrow sense is usually defined as the 
average weather, (or more rigorously, 
as the statistical description in terms 
of the mean and variability of relevant 
quantities), over a period of time 
ranging from months to thousands 
or millions of years. The relevant 
quantities are most often surface 
variables such as temperature, 
precipitation and wind. The classical 
period for averaging these variables 
is 30 years, as defined by the World 
Meteorological Organization. In 
various parts of this publication 
different averaging periods, such as 
a period of 20 years, are also used.

Climate change – see also 
Climate variability

Climate change refers to a change 
in the state of the climate that can 
be identified (e.g., by using statistical 
tests) by changes in the mean and/
or the variability of its properties, and 
that persists for an extended period, 
typically decades or longer. Climate 
change may be due to natural internal 
processes or external forcings, 
or to persistent anthropogenic 
changes in the composition of 
the atmosphere or in land use.

This definition is the same as the 
one used by the Intergovernmental 
Panel on Climate Change and 
differs from that used by the United 
Nations Framework Convention 
on Climate Change which makes 
a distinction between climate 
change attributable to human 
activities and climate variability 
attributable to natural causes.

Climate model – see 
Global climate model

Climate model drift – see Model drift

Climate projection

A projection of the response of 
the climate system to emission 
or concentration scenarios of 
greenhouse gases and aerosols, 
or radiative forcing scenarios, 
often based upon simulations by 
climate models. Climate projections 
are distinguished from climate 
predictions in order to emphasise 
that climate projections depend 
upon the emission/concentration/
radiative forcing scenario used, 
which are based on assumptions 
concerning, for example, future 
socioeconomic and technological 
developments that may or may 
not be realised and are therefore 
subject to substantial uncertainty.



245Glossary

Climate variability – see also 
Patterns of variability

Climate variability refers to variations 
in the mean state and other statistics 
(such as standard deviations, the 
occurrence of extremes, etc.) of the 
climate on all spatial and temporal 
scales beyond that of individual 
weather events. Variability may be 
due to natural internal processes 
within the climate system (internal 
variability), or to variations in 
natural or anthropogenic external 
forcing (external variability).

Climatology

The description and scientific 
study of climate.

CMIP3

Coupled Model Intercomparison 
Project (Phase 3) is a set of climate 
model experiments from 17 groups 
in 12 countries with 24 models. 
Climate model output from simulations 
of the past, present and future 
climate was collected by Program 
for Climate Model Diagnosis and 
Intercomparison at Lawrence 
Livermore National Laboratory in 
the US, during 2005 and 2006. The 
resulting CMIP3 dataset was used 
to inform the Fourth Assessment 
Report of the Intergovernmental 
Panel on Climate Change.

CMIP5

The fifth phase of the Coupled Model 
Intercomparison Project (CMIP5). In 
September 2008, 20 climate modelling 
groups from around the world, agreed 
to develop a new set of coordinated 
climate model experiments which will 
provide a wider range of emissions 
scenarios, and improved models and 
simulations for the 5th Assessment 
Report of the Intergovernmental 
Panel on Climate Change.

Cold Tongue – see 
Equatorial Cold Tongue

Convection

Vertical motion driven by buoyancy 
forces arising from static instability, 
usually caused by near surface 
warming in the case of the 
atmosphere, and by near-surface 
cooling or increases in salinity 
in the case of the ocean.

Convergence

In meteorology where winds flow from 
different directions toward each other, 
thus meeting at one point or along 
one line. Similarly, in oceanography, 
where water currents flow toward 
each other and meet. Horizontal 
convergence usually forces vertical 
motion to occur, such as convection.

Coriolis Effect

Air or water that is in motion is 
deflected to the right (of the direction 
of flow) in the Northern Hemisphere 
and to the left (of the direction of flow) 
in the Southern Hemisphere as a 
result of the rotation of the Earth. The 
Coriolis Effect is largest at the poles 
and diminishes to zero at the equator.

D

Downscaling

Downscaling refers to techniques 
that derive small-scale (at a single 
location or region) information from 
data on larger spatial scales, such as 
Global Climate Model output. Two 
main methods are generally applied: 
dynamical downscaling (using fine-
resolution global or regional climate 
models) and statistical downscaling 
(using statistical relationships).

Dynamical downscaling

Dynamical downscaling uses 
a finer resolution atmospheric 
climate model, driven by 
large-scale data from a global 
climate model to derive local or 
regional scale information. The fine 
resolution model provides better 
representation of topography 
and land/sea boundaries. This 
method is computationally 
intensive and the results are 

strongly dependent on the choice 
of both the global climate model 
and the atmospheric model.

Statistical downscaling

Statistical downscaling techniques 
develop statistical relationships 
that link the large-scale climate 
variables with local-scale or 
regional climate variables. This 
technique maintains important 
information regarding locally 
observed historical trends and 
variability, while also introducing 
important aspects of change from 
the global climate models.

Driver (of climate change)

Any natural or human-induced 
factor that directly or indirectly 
causes a change.

Dynamic response (of ice sheets)

Rapid disintegration of ice sheets 
through dynamic processes.

E

Ekman Currents

Wind driven currents in the upper 
few tens of metres of the ocean 
that flow at 90 degrees to the 
right of the wind direction in the 
Northern Hemisphere and to the 
left in the Southern Hemisphere.

El Niño – see also El Niño-Southern 
Oscillation, La Niña

This is the warm phase of the 
El Niño-Southern Oscillation. 
El Niño events occur on average once 
every two to seven years. They are 
associated with basin-wide warming 
of the tropical Pacific Ocean east 
of the dateline and a weakening 
of the Walker Circulation.

Canonical El Niño – see also 
El Niño, La Niña, El Niño Modoki

This is characterised by warming 
of waters in the central and 
eastern Pacific Ocean and 
cooling in a horse-shoe pattern 
in the western Pacific Ocean.
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El Niño Modoki

El Niño Modoki, also called 
the Central Pacific El Niño, is a 
recurring pattern of variability in 
the tropical Pacific, in which the 
maximum warming occurs in the 
central tropical Pacific rather than 
in the east. This represents a 
variation on the Canonical El Niño.

ENSO Modoki Index (EMI)

This is the difference between 
the sea-surface temperature 
anomalies averaged over the 
central equatorial Pacific and the 
out-of-phase variations in the far 
eastern and far western Pacific.

El Niño-Southern Oscillation 
(ENSO) – see also El Niño, La Niña

The term El Niño was initially used to 
describe a warm-water current that 
periodically flows along the coast of 
Ecuador and Perú, disrupting the 
local fishery. It has since become 
identified with a basin-wide warming 
of the tropical Pacific Ocean east 
of the dateline. This oceanic event 
is associated with a fluctuation of a 
global-scale tropical and subtropical 
surface pressure pattern called the 
Southern Oscillation. This naturally 
occurring coupled atmosphere-ocean 
phenomenon, with time scales of 
approximately two to seven years, 
is known as the El Niño-Southern 
Oscillation (ENSO). The state of ENSO 
is often measured by the Southern 
Oscillation Index (SOI) and sea-
surface temperatures in the central 
and eastern equatorial Pacific.

During an ENSO event, the prevailing 
trade winds weaken, reducing 
upwelling and altering ocean 
currents such that the sea-surface 
temperatures warm, further weakening 
the trade winds. This event has a 
great impact on the wind, sea-surface 
temperature and precipitation 
patterns in the tropical Pacific. It 
has climatic effects throughout the 
Pacific region and in many other 
parts of the world. The cold phase 
of ENSO is called La Niña.

Ensemble

An ensemble refers to a group of 
model simulations used for climate 
projections. It may refer either to a 
group of simulations from different 
models; or to a group of simulations 
run on the same model but using 
slightly different starting conditions.

Equatorial Cold Tongue

This is a region of relatively cool 
surface water in the equatorial 
eastern Pacific Ocean and along 
the west coast of South America.

Equinox

The times of the year when the 
Sun crosses the plane of the 
Earth’s equator, occurring around 
March 21 and September 22 and 
making the length of night and day 
approximately equal all over the Earth.

Evapotranspiration – see 
Potential evapotranspiration

External forcing – see Forcing

Extreme weather event

An event that is rare at a particular 
place and time of year. Definitions 
of rare vary, but an extreme 
weather event would normally be 
as rare as or rarer than the 10th 
or 90th percentile of the observed 
probability density function.

F

Flux adjustment

In order to prevent drift in climate 
simulations older climate models and a 
minority of the CMIP3 models use flux 
adjustment. Flux adjustment involves 
making small corrections to heat, 
freshwater and momentum transfers 
between ocean and atmosphere 
models, in order to make sure that 
the climate remains relatively stable.

Forcing – see also Anthropogenic 
forcing, Natural forcing

An agent that causes a change 
in the climate system. External 
forcing refers to agents outside the 
climate system, such as changes 
in greenhouse gases or solar 
variations. Internal forcing refers to 
natural climate variations, such as 
the Interdecadal Pacific Oscillation. 
Radiative forcing refers specifically 
to external forcings that change the 
net radiation at the tropopause.

G

Global Climate Model (GCM)

This is a numerical representation 
of the climate system based on the 
physical, chemical and biological 
properties of its components, 
their interactions and feedback 
processes, and accounting for all 
or some of its known properties. 
Coupled Atmosphere-Ocean 
General Circulation Models provide a 
representation of the climate system 
that is near the most comprehensive 
end of the spectrum currently 
available. There is an evolution 
towards more complex models with 
interactive chemistry and biology.

Global surface temperature

The global surface temperature 
is an estimate of the global mean 
surface air temperature. However, for 
changes over time, only anomalies, 
as departures from a climatology, are 
used, most commonly based on the 
area-weighted global average of the 
sea-surface temperature anomaly and 
land surface air temperature anomaly.

Gridded data – see also Reanalysis

A set of climate data that are given for 
the same time or average period on a 
regular grid in space. Data at each grid 
point represent the average value over 
a grid box whose size is determined 
by the spacing between the grid 
points (also called the grid resolution). 
Global climate model and reanalysis 
data are produced as gridded data.
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H

Hadley Circulation

The major vertical movement 
of heated equatorial air and its 
north-south transfer into the mid 
latitudes, first proposed by George 
Hadley in 1735 as an explanation for 
the trade winds. It consists of the 
equatorward movement of the trade 
winds between about latitude 30° 
and the equator in each hemisphere, 
with rising wind components near 
the equator, poleward flow aloft, 
and, finally, descending components 
at about latitude 30° again.

Halosteric – see also Steric

Sea-level changes induced by 
changes in water density are called 
steric. Density changes induced by 
salinity changes are called halosteric.

Holocene

The last 12 000 years of 
geological time.

Homogenisation

Observed climate variables sometimes 
show sudden shifts in the average 
values or variability. Not all of these 
shifts are caused by real changes 
in climate. Non-climate related 
shifts can be due to changes in 
instrumentation, observation site, 
surrounding environment and 
observation practices, or other factors.

Homogenous – see also 
Homogenisation

Climate data homogenisation aims 
to adjust data if necessary, so that 
all variations in the data series are 
caused by real changes in the climate, 
and not due to changes in the way 
the data have been recorded.

Humidity – see Relative humidity

I

Ice discharge (dynamical)

Discharge of ice from ice sheets or ice 
caps caused by the dynamics of the 
ice sheet or ice cap (e.g. in the form 
of glacier flow, ice streams and calving 
icebergs) rather than by melt or runoff.

Ice sheet mass balance 
– see Mass balance

Indian Ocean Dipole (IOD)

The Indian Ocean Dipole (IOD) is 
a coupled ocean and atmosphere 
phenomenon in the equatorial Indian 
Ocean that affects the climate of 
countries that surround the Indian 
Ocean basin, particularly rainfall. The 
IOD is commonly measured by the 
Indian Ocean Dipole (IOD) Index.

Indian Ocean Dipole (IOD) Index

The IOD index measures the difference 
in sea-surface temperatures between 
the western tropical Indian Ocean 
(50°E to 70°E and 10°S to 10°N) and 
the eastern tropical Indian Ocean 
(90°E to 110°E and 10°S to 0°S).

Index

A number representing a measure of a 
particular feature of the climate system 
at a given time, varying with time and 
used as some measure of variability.

Indices – see Index

Insolation

The amount of solar radiation 
reaching the Earth at a given 
location in a given time.

Interannual

From year to year.

Interdecadal Pacific Oscillation 
(IPO) – see also Pacific 
Decadal Oscillation (PDO)

The Interdecadal Pacific Oscillation 
(IPO) is a natural recurring pattern 
of variability in tropical Pacific 
Ocean sea-surface temperatures 
occurring on periods of about 
15 years and longer. While defined 
differently the IPO and PDO (Pacific 
Decadal Oscillation) describe 
essentially the same variability.

Interdecadal Pacific 
Oscillation (IPO) Index

A measure of the strength and 
phase of the Interdecadal 
Pacific Oscillation pattern.

Internal forcing – see Forcing

Intertropical Convergence 
Zone (ITCZ)

An east-west band of low-level wind 
convergence near the equator 
where the Southeast trade winds 
of the Southern Hemisphere meet 
the Northeast trade winds of 
the Northern Hemisphere. It is 
co-located with the ascending 
branch of the Hadley Circulation 
and has a associated band of 
heavy rainfall as the winds converge 
and moist air is forced upward.

L

La Niña – see also El Niño, 
El Niño–Southern Oscillation

The most common of several 
names given to cold phase of the 
El Niño–Southern Oscillation. 
La Niña is the counterpart to the 
El Niño warm event, although La 
Niña events tend to be somewhat 
less regular in their behaviour and 
duration. La Niña is associated with 
large-scale cooling of the surface 
waters of the eastern tropical 
Pacific Ocean and a strengthening 
of the Walker Circulation.
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M

Madden Julian Oscillation

The Madden Julian Oscillation (MJO) 
is a global-scale feature of the tropical 
atmosphere that is characterized 
as an eastward moving pulse of 
cloud and rainfall near the equator 
that typically recurs every 30 to 60 
days, but it is not always present.

Maritime Continent

The Maritime Continent consists of 
parts of Southeast Asia and the islands 
of Indonesia and the Philippines on 
the western equatorial edge of the 
Pacific, and includes large areas 
of ocean as well as the islands.

Mass balance (of ice sheets)

The mass balance is the net gain 
or loss of ice and snow for an ice 
sheet. It is related to difference 
between snow accumulation versus 
melt, runoff and iceberg calving.

Mean High Water (MHW)

The average of all high 
waters observed over a 
sufficiently long period.

Mean Higher High Water (MHHW)

The mean of the higher of the two daily 
high waters over a period of time.

Mean sea level – see also Relative 
sea level, Sea level change/rise

Mean sea level is normally defined 
as the average relative sea level 
over a period, such as a month or 
a year, long enough to average out 
transients such as waves and tides.

Meridional – see also Zonal

In meteorology, a flow in a direction 
that is parallel to a line of longitude; 
along a meridian; northerly or 
southerly; as opposed to zonal.

Model bias

Model biases are spurious 
differences between climate model 
simulations and observations. These 
may be caused by a number of 
factors including a lack of model 
resolution or an insufficiently realistic 
representation of certain physical 
processes. Systematic biases 
are errors that are common to a 
majority the climate models.

Model drift

Model drift refers to spurious trends 
in climate simulations that are not 
caused by changing external drivers 
(such as increased greenhouse gases 
or changes in solar radiation). Instead 
these spurious trends arise as a result 
of the way that models are initialised 
or imperfections in the representation 
of physical processes. Under many 
circumstances drift only introduces 
a small error in the estimation of 
climate trends however it must be 
accounted for where it is large.

Model skill

Model skill is a measure of how well 
a climate model can realistically 
represent the climate system.

Multivariate ENSO Index (MEI)

A measure used to describe ENSO 
combining six observed variables 
over the tropical Pacific. These six 
variables are: sea-level pressure, 
zonal and meridional components 
of the surface wind, sea-surface 
temperature, surface-air temperature, 
and total cloudiness fraction of the sky.

N

Natural forcing – see also Forcing

A forcing in the climate system 
due to natural causes as opposed 
to anthropogenic forcing, 
Natural forcing includes changes 
in solar output, the Earth’s orbit 
and volcanic eruptions.

NINO3 index

An average of sea-surface temperature 
anomalies in the Pacific Ocean over 
the area 5°N to 5°S, 150°W to 90°W.

NINO3.4 index

An average sea-surface 
temperature anomaly in the 
central Pacific (latitude 5°N to 5°S; 
longitude 170°W to 120°W).

NINO4 index

An average of sea-surface temperature 
anomalies in the Pacific Ocean over 
the area 5°N to 5°S, 160°E to 150°W.

O

Ocean acidification – see also 
Aragonite saturation state

Ocean acidification is the name 
given to the ongoing decrease in the 
pH of the Earth’s oceans, caused 
by their uptake of anthropogenic 
carbon dioxide from the atmosphere. 
When carbon dioxide dissolves 
in the ocean it lowers the pH, 
making the ocean more acidic.

Oceanic NINO3.4 Index (ONI)

An average of sea-surface 
temperatures anomalies in the 
Niño 3.4 region (latitude 5oN to 
5oS; longitude 120o to 170oW).

P

Pacific Climate Change 
Science Program (PCCSP)

A collaborative research partnership 
between Australian Government 
agencies, 14 Pacific island countries 
and East Timor, and regional and 
international organisations.

Pacific Climate Change Science 
Program (PCCSP) Region

The region defined by the coordinates: 
25°S–20°N and 120°E–150°W 
(excluding the Australian region 
south of 10°S and west of 155°E).
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Pacific Decadal Oscillation (PDO)

A naturally recurring pattern of 
variability in the tropical and northern 
Pacific characterised by  warming 
and cooling sea-surface temperature, 
similar to that of ENSO, although 
broader in a north-south direction. 
Oscillations in the PDO take multiple 
decades usually 20–30 years.

Parameterisation

Representing in an approximate 
form processes that cannot be 
explicitly resolved at the spatial or 
temporal resolution of the model 
(e.g. cloud formation, ocean eddies).

Patterns of variability – see 
also Climate variability

Natural variability of the climate 
system, in particular on seasonal and 
longer time scales, predominantly 
occurs with preferred spatial 
patterns and time scales, through 
the dynamical characteristics of the 
atmospheric circulation and through 
interactions with the land and sea 
surfaces. Examples include the 
El Niño-Southern Oscillation.

pH

A measure of the acidity or alkalinity 
of a solution, numerically equal to 
7 for neutral solutions, increasing 
with increasing alkalinity and 
decreasing with increasing acidity. 
The pH scale ranges from 0 to 14.

Potential evapotranspiration

Evapotranspiration is the sum of 
evaporation from the land surface 
(e.g. from the soil and bodies of 
water such as lakes and rivers) 
and transpiration from vegetation. 
Potential evapotranspiration is 
defined as the evapotranspiration 
that would take place if there was 
an unlimited water supply. It is a 
representation of the environmental 
demand for evapotranspiration.

Probability Distribution 
Function (PDF)

A PDF describes the likelihood that 
a certain event or outcome will 
occur based on prior experience. 
For example a PDF of daily 
temperatures would provide 
information on how likely it is to have 
an extremely hot or cold temperature.

Pycnocline

Moving downward through the ocean, 
the pycnocline is the region where 
there is a rapid increase in density with 
depth. It acts as a barrier to mixing 
between deep and surface waters.

R

Radiative forcing – see Forcing

Reanalysis – see also Gridded data

An analysis combining many irregular 
meteorological or oceanographic 
observations from close to the same 
time into a physically consistent, 
complete gridded data set for a given 
time and usually for the whole globe.

Relative humidity

Relative humidity is defined as the 
amount of water vapour in the air, 
relative to the maximum amount 
of water vapour that the air is able 
to hold, without it condensing 
(expressed as a percentage).

Relative sea level is sea level 
measured by a tide gauge with respect 
to the land upon which it is situated.

Relative sea-level rise – 
see also Mean sea level, 
Sea level change/rise

Relative sea level rise occurs where 
there is a local increase in the level 
of the ocean relative to the land, 
which might be due to ocean rise 
and/or land level subsidence.

Rossby wave

Also known as a planetary wave, it is 
a large, slow-moving, planetary-scale 
wave generated in the troposphere 
by ocean-land temperature contrasts 
and topographic forcing (winds 
flowing over mountains), and affected 
by the Coriolis Effect due to the 
earth’s rotation. Rossby waves 
are also observed in the ocean.

S

Sea level change/rise – see also 
Mean sea level, Relative sea-level 
rise, Thermal expansion

Sea level can change, both globally 
and locally, due to; (1) changes in 
the shape of the ocean basins; (2) 
changes in the total mass of water 
and, (3) changes in water density.

Factors leading to sea level rise 
under global warming include both 
increases in the total mass of water 
from the melting of land-based snow 
and ice, and changes in water density 
from an increase in ocean water 
temperatures and salinity changes.

Sea-surface temperature

The temperature of the ocean surface. 
The term sea-surface temperature 
is generally representative of the 
upper few metres of the ocean as 
opposed to the skin temperature, 
which is the temperature of 
the upper few centimetres.

Solstice

The times of the year when the 
Sun is at its greatest distance from 
the equator, occurring around 
June 21, when the Sun reaches its 
northernmost point on the celestial 
sphere, or around December 22, when 
it reaches its southernmost point.

Southern Annular Mode (SAM)

The Southern Annular Mode (SAM) is 
the most important recurring pattern 
of natural variability in the Southern 
Hemisphere outside of the tropics. 
Oscillations in the SAM are associated 
with shifts in the position and strength 
of the mid-latitude westerly winds.
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Southern Annual Mode (SAM) Index

Index measuring the difference in 
surface pressure between latitudes 
40ºS and 65ºS. A positive SAM 
index corresponds to a southward 
movement and intensification of 
the sub-tropical westerly winds.

Southern Oscillation – see also 
El Niño-Southern Oscillation

Fluctuation of a global-scale 
tropical and subtropical 
surface pressure pattern.

Southern Oscillation Index (SOI)

The Southern Oscillation Index 
(SOI) is calculated from the 
monthly or seasonal fluctuations 
in the air pressure difference 
between Tahiti and Darwin.

South Pacific Convergence 
Zone (SPCZ)

A persistent and greatly elongated 
zone of low-level convergence 
extending from approximately 140°E 
near the equator to approximately 
120°W at 30°S. The zone is not quite 
linear, but is oriented more west to 
east near the equator and has a 
more diagonal orientation (northwest 
to southeast) at higher latitudes.

SPCZ Position Index

The SPCZ Position Index is a measure 
of SPCZ location and is calculated 
as the normalised November-April 
difference in 9am (local time) in mean 
sea-level pressure between Suva and 
Apia. The SPCZ Position Index defines 
the latitude of the SPCZ between 
longitudes 180°W and 170°W.

Standardised Precipitation 
Index (SPI)

The Standardised Precipitation 
Index (SPI) is an index based 
on the probability of recording a 
given amount of precipitation. The 
probabilities are standardized so 
that an index of zero indicates 
the median precipitation amount. 
The index is negative for drought, 
and positive for wet conditions.

Statistical downscaling 
– see Downscaling

Steric – see also Halosteric, 
Thermosteric

Steric effects refer to the expansion 
and contraction of sea water.

Storm surge

The temporary increased height of 
the sea above the level expected 
from tidal variation alone at that 
time and place due to extreme 
meteorological conditions.

Stratosphere

The region of the atmosphere 
extending from the top of the 
troposphere at heights of roughly 
10–17 km, to the base of 
the mesosphere at a height 
of roughly 50 km.

Sub-tropical High Pressure System

Areas of raised surface pressure 
between latitudes 20° and 40°.

T

Thermal Expansion – see also Sea 
level change/rise, Mean sea level

The increase in volume (and 
decrease in density) that results 
from warming water.

Thermocline

Moving downward through the ocean, 
the region where there is a rapid 
reduction in temperature with depth. 
The thermocline separates warm 
surface waters from cold deep waters.

Thermosteric – see also Steric

The expansion or contraction of sea 
water due to heating or cooling.

Time-series

The values of a variable generated 
successively in time. Graphically, a 
time series is usually plotted with 
time on the horizontal axis (x-axis), 
and the values of the variable 
on the vertical axis (y-axis).

Trade winds

The wind system, occupying 
most of the tropics that blow from 
the subtropical high pressure 
areas toward the equator.

Tropical cyclone

A tropical cyclone is a tropical 
depression of sufficient intensity to 
produce sustained gale force winds 
(at least 63 km per hour). A severe 
tropical cyclone produces sustained 
hurricane force winds (at least 118 km 
per hour). Severe tropical cyclones 
correspond to the hurricanes or 
typhoons of other parts of the world.

Troposphere

The lowest part of the atmosphere 
from the surface to about 10 km in 
altitude in mid-latitudes (ranging from 
9 km in high latitudes to 16 km in the 
tropics on average), where clouds 
and weather phenomena occur.

Trough

An elongated region of low 
atmospheric pressure.

W

Walker Circulation

The Walker Circulation is the east-west 
circulation of air, oriented along the 
Equator, across the Pacific region.

Warm Pool (also known as 
West Pacific Warm Pool and 
Indo-Pacific Warm Pool)

An extensive pool of the world’s 
warmest water, with temperatures 
exceeding 28–29°C extending 
from the central Pacific to the far 
eastern Indian Ocean. The PCCSP 
focuses on the region of the Warm 
Pool to the east of 120°E.
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West Pacific Monsoon

A monsoon is a tropical and 
subtropical seasonal reversal of 
both surface winds and associated 
rainfall, caused by differential heating 
between a continental scale land 
mass and the adjacent ocean. 
The Western Pacific Monsoon is the 
eastern edge of the Indonesian or 
Maritime Continent Monsoon, and 
the southern extension of the larger 
Asian-Australian Monsoon system.

Z

Zonal – see also Meridional

In meteorology, latitudinal, 
that is, easterly or westerly; 
opposed to meridional.



252 Climate Change in the Pacific: Scientific Assessment and New Research | Volume 1: Regional Overview



253

Index   

Market, Vanuatu



254 Climate Change in the Pacific: Scientific Assessment and New Research | Volume 1: Regional Overview

acidification, ocean  3, 5, 9, 12, 20, 
21, 76–77, 80, 81, 96, 146, 159, 
176–177, 178, 214, 215, 248

anthropogenic emissions  
11, 83, 179, 244

aragonite saturation state  5, 9, 76–77, 
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circulation, atmospheric

atmospheric data  
datasets, global/regional 

grids  20, 28–30
homogenised observed 
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past 1000 years  57

climate data see atmospheric 
data and see ocean data
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convection  4, 34, 35, 38, 40, 
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Currents see ocean currents

Curvature Vorticity Parameter 
(CVP)  94, 95, 98, 135, 136, 
137, 138, 204, 206, 218, 219

cyclones see tropical cyclones

data record  see atmospheric 
data and see  ocean data
downscaling  
dynamical  10, 80, 81, 87, 

88, 89–91, 98, 121–134, 
183, 184–197, 215
methods  89–91

projections  10, 181–211
statistical  10, 21, 80, 81, 87, 88, 

92, 99, 121, 132, 134, 182, 
183, 198–202, 208, 211, 245

drought  4, 8, 52, 55, 56, 59, 
65, 88, 154, 157–158, 211, 
245, 158, 166, 178

dynamic response (ice sheets)  9, 93, 
168, 169, 175, 178, 215, 245

dynamical downscaling see 
downscaling, dynamical

East Timor  2, 3, 4, 7, 10, 14, 15, 16, 
17, 18, 20, 23, 26, 27, 36,39, 40, 
41, 42, 62, 65, 66, 73, 74, 90, 114, 
115, 141, 153, 163, 178, 186, 188

Ekman currents  43, 45, 160, 245

El Niño see El Niño-Southern 
Oscillation (ENSO)

El Niño–Southern Oscillation (ENSO)  
5, 7, 19, 31, 53, 58, 99, 111, 
146, 160, 162, 179, 203, 215
canonical El Niño  58, 59, 

112, 113, 245
El Niño Modoki  58, 59, 

60, 112, 113
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El Niño Modoki Index 
(EMI)  60, 112, 113

Southern Oscillation 
Index (SOI)  59, 75

emissions scenarios  6, 7, 7, 9, 11, 
14, 20, 21, 81, 82, 83, 85, 86, 88, 
89, 96, 143, 146, 147, 148, 149, 
150, 151, 152, 153, 154, 158, 168, 
169, 176, 177, 178, 208, 215

Equatorial Cold Tongue  33, 
34, 44, 104, 120, 158

European Centre for Median-Range 
Weather Forecast (ECMWF)  29

evaporation see potential 
evapotranspiration

evapotranspiration see potential 
evapotranspiration

extreme events 2, 3, 4, 5, 12, 
20, 24, 25, 56, 68, 71–75, 88, 
100, 117–120, 143, 154, 155, 
157, 183, 184, 214, 215

downscaling  194–196, 203–210
projections  154–158, 215
rainfall  8,47,55, 66, 117, 

118, 155,157, 178, 215
sea level  48, 52, 71–75, 172
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flux adjustment  85, 90, 108, 120, 246

forcing
anthropogenic  52, 60
external  57, 60, 85, 244
radiative  64, 244, 246

Genesis Potential Index (GPI)  94, 
98, 136, 140, 206, 218, 219

global climate models (GCM) 
see climate models

Global Precipitation Climatology 
Project (GPCP)  29, 30, 39, 
101, 102, 117, 122, 123, 
129, 131, 132, 164

greenhouse gases  5, 6, 11, 52, 
60, 64, 70, 71, 82–83, 85, 107, 
108, 110, 175, 179, 244

Hadley Circulation  34, 35, 
38, 52, 64, 185

Holocene  56, 57

humidity see relative humidity

ice discharge  168, 169

ice sheet mass balance  93

Indian Ocean Dipole (IOD)  7, 52, 
65, 111, 114, 163, 179
model reliability  114
projections  7, 114, 163, 179

indigenous weather and 
climate terminology  36

insolation see solar radiation

Interdecadal Pacific Oscillation (IPO)  
5, 52, 56, 60–61, 116, 163, 166

Intergovernmental Panel on Climate 
Change (IPCC)  7,9,11, 14, 16,19, 
20, 21, 52, 81, 82, 100, 110, 111, 
147, 168, 169, 178, 179, 208, 215
Special Report on Emissions 

Scenarios (SRES)  20, 
81, 82, 83, 85,

International Climate Change 
Adaptation Initiative  2, 14, 15, 16

Intertropical Convergence Zone 
(ITCZ)  4, 7, 19, 24, 25, 35, 
37, 38, 44, 45, 52, 56, 61, 99, 
115, 146, 149, 163, 179

Kiribati  2, 3, 4, 9, 10, 14, 18, 26, 
27, 36, 38, 41, 42, 49, 62, 73, 
74, 103, 118, 120, 141, 148, 
149, 153, 175, 176, 178

La Niña  5, 7, 35, 38, 48, 57, 58, 
59, 60, 61, 62, 67, 72, 75, 112, 
113, 114, 115, 162, 163, 179

Madden–Julian Oscillation 
(MJO)  40, 41, 100

Marshall Islands  2, 3, 4, 10, 14, 
18, 20, 26, 27, 36, 38, 39, 41, 
61, 62, 73, 74, 75, 92, 141, 158, 
175, 178, 198, 199, 200, 201

National Institute of Water and 
Atmospheric Research (NIWA)  26

National Oceanic and 
Atmospheric Administration 
(NOAA)  26, 27, 31, 32

Nauru  2, 3, 4, 9, 10, 14, 18, 26, 
27, 36, 38,41, 42, 59, 64, 
66,73, 74, 103, 118, 120, 
141,148, 149, 153, 175, 178
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Niue  2, 3, 4, 9, 10, 14, 18, 26, 
27, 36, 38, 42, 64, 66, 73, 
74, 136, 141, 175, 178

ocean
acidification  3, 5, 9, 12, 20, 21, 

76–77, 80, 81, 96, 146, 159, 
176–177, 178, 214, 215, 248

circulation  33, 34, 43, 45, 46, 
60, 65, 77, 160, 161

currents  4, 24, 45–46, 
49, 75, 93, 161

data 30–32
mass changes  173
measurements  214
salinity  6, 8, 21, 30, 31, 32, 43, 

44, 45, 69–70, 71, 86, 93, 96, 
99, 104, 105, 146, 159, 160, 
161, 172, 176, 178, 218, 221

temperature  31, 33, 35, 36, 41, 
48, 54, 58, 69, 71, 90, 93, 
100, 107, 111, 159, 218

thermal expansion  9, 98, 111, 
168, 169, 172, 175, 178, 249

ocean projections  8–10, 159–161, 
170–175, 178, 215
acidification  9, 80, 176–177, 178
circulation  75, 160–161
salinity  8, 159–160, 178
sea level  9, 10, 93, 

173–5, 178, 215
stratification  8, 159, 160, 162, 178
temperature  90, 100, 159, 178

Pacific Climate Change Data Portal  28

Pacific Climate Change Science 
Program (PCCSP)  2, 5, 14, 15, 
16, 17, 20–21, 24, 27, 80, 214

Pacific Decadal Oscillation (PDO)  
5, 52, 60–61, 69, 106, 116

Pacific Islands Framework for Action 
on Climate Change  2, 14, 16, 216

Palau  2, 3, 4, 9, 10, 14, 18, 26, 27, 
36, 38, 39, 41, 42, 61, 62, 73, 
74, 75, 115, 141, 158, 175, 179

Papua New Guinea 2, 3, 4, 9, 10, 14, 
18, 26, 27, 36, 38, 39, 40, 41, 62, 
66, 73, 74, 90, 103, 112, 115, 121, 
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149, 151, 152, 153, 156, 158, 171, 
175, 178, 183, 188, 189, 191, 196

parameterisation  84, 111, 
122, 131, 249

pH  5, 19, 66, 76, 96, 176, 248

potential evapotranspiration  8, 
21, 146, 148, 153, 154, 
178, 218, 220, 246 
projections  8, 153, 178

precipitation see rainfall

Probability Density Function (PDF)  
117, 118, 119, 124, 127, 193–194
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