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Foreword

The 1992 Rio Declaration, emerging from the UN Conference on Environment and
Development, stated that: “Human beings are at the centre of concerns for sustainable
development. They are entitled to a healthy and productive life in harmony with
nature.” Twenty years later, Heads of State and Government renewed their commit-
ment to sustainable development at the Rio+20 UN Conference on Sustainable
Development, with an outcome document titled The Future We Want. It noted
that “to ensure the promotion of an economically, socially, and environmentally
sustainable future for our planet, and for present and future generations” will require
concrete and urgent action.

Advancing sustainable human development becomes very difficult as the world
moves towards the edges of its planetary boundaries: the need for urgent action is
real. This can be most clearly demonstrated with respect to climate change, where
experts warn that the world must stay under a 2 °C increase in temperature threshold
above pre-industrial levels — beyond which it is believed there would be catastrophic
and irreversible change to our climate.

The impacts of global warming are already being felt through the depletion of
natural resources; more frequent natural disasters, from flooding to heat waves and
droughts; and changes in ecosystem dynamics.

The Executive Secretary of the UN Framework Convention on Climate Change,
Christina Figueres, has said that “climate change has become the amplifier and
multiplier of every crisis we are facing — be it human heath, population growth,
the strain on water, food and other resources, or energy insecurity.”

What is unfair is that the world’s poorest countries, including Small Island
Developing States, which have contributed little to greenhouse gas emissions, are
among the most vulnerable to the consequences of climate change. Within
countries, the poor rely disproportionately on natural resources for their livelihoods,
and in urban settings often live in hazard-prone slums or remote locations.
Their economic and overall well-being stands to be more directly impacted by the
changing climate.
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The costs of inaction on climate change are increasingly clear as extreme weather
inflicts loss of life and livelihoods and the destruction of property and infrastructure
around the world. The Asia-Pacific has suffered disproportionately in recent years,
with 45 % of the world’s natural disasters in the last three decades occurring in the
region, leading to significant losses in human life and GDP.

Climate in Asia and the Pacific: Security, Society, and Sustainability, reviews
the current understanding of trends around climate change in the Asia-Pacific, the
impact on natural and human systems across the region, and strategies to mitigate
and adapt to these impacts. It looks at the relationship between climate change and
urbanization — highlighting the vulnerabilities of mega-cities and of unsustainable
urbanisation practices. It explores the impact on human security, with a particular
focus on food and water security; disaster risk; broader societal concerns — from
human health to the needs of vulnerable remote communities; and looks at sustainable
energy options for the region and future directions for climate research.

As the Asia-Pacific has not only many of the world’s most climate-exposed
territories, but also hosts more than half of the world’s population, including nearly
900 million of those who are extremely poor, this report is relevant for all those
interested in how our changing climate impacts on development.

UNDP’s 2012 Asia-Pacific Human Development Report, One Planet to Share:
Sustaining Human Progress in a Changing Climate, argued that while growth in
Asia is important for the world economy and has contributed to poverty reduction
in the region, the challenge now is to reduce the emissions intensity of that growth
while simultaneously improving the lives of people — including through access to
clean energy, and meeting unfinished development agendas.

This publication can provide valuable input into the discussion on how the region
can follow a sustainable development path, which fulfils the urgent human needs
of today while preserving a habitable planet for future generations. The diverse
expertise of the various contributors and the broad scope of issues addressed are
valuable for academic and practitioner communities alike.

The goal is clear: to reduce poverty while staying within the boundaries set by
nature. To do that we need knowledge and evidence to support better policies, and
we need political leadership willing to act.

United Nations Development Programme Helen Clark
New York, USA
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Actionable Climate Information for Regional
and Global Development

It is only in the last 10,000 years that we have moved to our modern society with its
critical dependence on mechanized agriculture and exploitation of natural resources
at an ever increasing rate using modern technology to improve the quality of
humans’ life on Earth. Every day climate and weather variability and changes
shape the global commerce and development, including the natural environment
and its biodiversity on which society depends for water, food and other ecosystem
services for our comfort and well being.

Earth’s climate and weather not only influence food and water supplies but they
also have major impacts on human health, tourism, energy and transport, thus the
global economy and society at large. While our increasing mastery of technology
and exploitation of energy reserves has given us some ability to adapt to climate
variations, the burgeoning global population, increasing urbanisation and the
increasing demand on Earth’s natural resources means that we are also becoming
increasingly vulnerable to changes in climate/weather, particularly through extreme
events such as floods, droughts, high heat waves, and other climate phenomena.
These impacts are felt by all nations around the world, but the ability to respond
to them and the resiliency to recover from their adverse impacts is very limited in
most developing regions and nations. There is a growing demand by public and
private sectors for timely access to reliable science-based information about
climate variability and change, and their potential impacts on people, and natural
and managed ecosystems.

The national and international global environmental research and development
programmes established during the past several decades (e.g. Earth System
Science Partnership, ESSP) have made great strides towards understanding the
functioning of Earth’s climate system, its natural variability, and human induced
changes. Sustained observations of the atmosphere, oceans, terrestrial ecosystems
and the polar regions together with development of computer-based models

vii
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have played a major role in these efforts. Indeed, the revolutionary progress in
computation and telecommunication technologies during the recent decades have
been instrumental in representing realistically the natural processes in the Earth
system models, and to increase the resolution of smallest grid cells represented
in these models while we have continued to improve the complexity of Earth’s
climate system for longer periods (multiple decades to centuries) into the future.
Another major success during this period has been the establishment of coordinated
international mechanisms for synthesis and translation of best available scientific
knowledge about the state of Earth’s climate system in a form that is useful
to policy decision makers through the Intergovernmental Panel on Climate
Change (IPCC) and other similar bodies for atmospheric ozone, biodiversity, water
resources, energy, etc. In short, we have managed to make progress on advancing
the science of climate change together with an effective approach to using the
resulting knowledge for environmental policy decisions and a wide range of other
applications around the world.

The need for climate information is now growing rapidly beyond the environ-
mental policy domains by all sectors of the world economy that must consider
both the risks and opportunities associated with climate change and variability on
seasonal, decadal and longer time scales for day-to-day management activities
(e.g. transport and tourism) and long-range planning (e.g. investments in infra-
structure) for national, regional and global development. This implies a greater
need for more sophisticated models that mimic realistically the behaviour of the
entire Earth system at greater time and space resolutions, hence a demand for
coordination of research activities across multiple scientific disciplines, more
powerful computers, and greater capacity for translation and communication
of the resulting information and knowledge to a wide range of users. The tasks of
coordination, integration, synthesis of scientific information and effective commu-
nication of the results to managers and decision makers have to be carried out
by entities at the national, regional and global level. Development and dissemina-
tion of “actionable” science-based climate information requires a symbiotic
relationship between producers and users of this information. Such a partnership
will ensure integration of users’ need into the research agenda together with
timely and effective access to the research results for decision makers. The
international initiatives such as the Global Framework for Climate Services
(GFCS) sponsored by the United Nations system and their partners and the Future
Earth: Research for Global Development coordinated by the International Council
for Science (ICSU) and its Alliance partners are intended to promote a more effec-
tive dialogue between providers and users of science-based climate/environment
information. The regional organizations such as the Asia-Pacific Network for
Global Change Research (APN), development banks and non-governmental orga-
nizations are expected to play a major role in implementation of these global
initiatives, especially in the development of scientific and technical capabilities
and networks that are essential for their success. The papers presented in this
monograph describe excellent examples, case studies and projects on how to
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forge such alliances between providers and users of science-based information for
development purposes. Lessons learned from such efforts that are captured in
these papers will be invaluable for successful implementation of the GFCS and
Future Earth in the ensuing decades.

World Climate Research Program, Ghassem R. Asrar
Geneva, Switzerland
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Climate in Asia and the Pacific: Security, Society and Sustainability provides a
comprehensive description and discussion of the complex and interactive phenomena
of climate related global change in the Asia Pacific region. Its chapters address the
current state of knowledge from the fields of climate science, environmental science,
sociology, technology development, public health, and security policy with an
insightful look at issues of governance that are central to managing the impacts of
climate change on human and national security. It draws upon these multiple fields
of knowledge to consider strategies for mitigating and adapting to those impacts.

This phenomenon of climate related global change is unprecedented in human
history in its complexity and in its potential threat to sustainable and secure
living on planet Earth. Global warming and its impacts are interactive with other
twenty-first century trends including population growth; urbanization; economic
development and resource demands; and the generation of waste products and their
release into the air, water, seas, and landscapes. Another layer of complexity is
added by the political context, where developed and developing nations perceive
different and sometimes conflicting interests in a dynamic regional security
environment. The present volume does an excellent job of unfolding many of the
layers of that complexity.

Climate change is an issue of the global commons because the green house
gases, which are the anthropogenic contribution to global warming spread across
the atmosphere and the oceans, whatever their point of origin. It is a regional issue
because its environmental impacts on water and food supplies, on coastal infrastruc-
ture, or on biodiversity are not contained by national boundaries. It is a national
issue because mitigation and adaptation must be managed by the executive agencies
of sovereign nations, and it is a local issue because its impacts are felt locally.

Because our institutions for governance are the product of our past experience,
they are often better reflections of past needs for managing human affairs than of
emerging needs. Complex problems are by their nature unpredictable, subject to
unexpected consequences and possible tipping points. As Stewart Brand is reported to
have said, “Dealing with climate change...involves a level of global cooperation that
has never happened, and the mechanisms for that are not in sight” (Achenbach 2012).

xi
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Climate change is a slow motion crisis. First recognized by the climate science
and meteorological communities about 50 years ago, awareness of the emerging
problem slowly spread among environmental research and policy communities,
until the 4th Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC) brought a shared Nobel Peace Prize for “for their efforts to build up and
disseminate greater knowledge about man-made climate change, and to lay the
foundations for the measures that are needed to counteract such change”

Those measures are the domain of governance, and the goal of good governance
must be a secure and sustainable society for peoples and nations across the Asia
Pacific region and around the globe. Climate change is a challenge — perhaps
an existential challenge — to the people of our region. But it also represents an oppor-
tunity to work together across scientific and traditional knowledge communities,
across government agencies, across public and private sectors, and through regional
organizations for security and for economic development. It represents an opportunity
to share knowledge and to collaborate across all of these groups and perspectives to
manage the complex problems of climate related global change, to ensure a secure
and sustainable environment for our children and posterity. The authors of this book
have provided us with a good platform to work from.

Asia Pacific Center for Security Studies J. Scott Hauger
Honolulu, USA
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Preface

Following a mandate from its governing body, the Intergovernmental Meeting
(IGM), the Asia-Pacific Network for Global Change Research (APN) produced a
synthesis report of all of the activities it had conducted under one of its four broad
themes of global environmental change - climate change and climate variability.
The Synthesis Report — Climate in Asia and the Pacific: A Synthesis of APN Activities,
summarised more than 55 regional research and capacity building projects that the
APN had conducted under this theme since 1998.

Positive feedback following wide distribution of the synthesis report prompted
the need, and decision, to complement the report with a book explaining the current
status of climate change and climate variability in the Asia-Pacific region; future
directions in the area and overarching issues. It was agreed among the authors
that the foci of the book be security (food, water and energy); society (urban and
remote communities; human health and governance) and sustainability (low carbon
development and ecosystem services).

The first chapter of the book addresses a number of key questions that relate to
our current understanding of the interactions between climate, natural ecosystems
and human communities across Asia and the Pacific. The analysis presented in
subsequent chapters addresses these questions and provides recommendations for a
number of future directions in research needed to better understand and manage the
risks associated with climate change and variability in the region. The final chapter
summarises the findings presented in the book and provides an overall picture
of future needs for climate research in Asia and the Pacific. Finally, we suggest a
number of overarching issues that should be taken into account in future consider-
ations of climate interactions across the region.

Immediately following the publication of the Synthesis Report, an authors’
workshop for the present book convened in October 2011 kick-starting a gathering
and 16-month coordination of the work of 31 authors from broad backgrounds in
global environmental change.

We are immensely grateful to the contributing authors, who are not only leaders
in their field but most are contributing authors to the Fifth Assessment Report of the

Xiii
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Intergovernmental Panel on Climate Change (IPCC ARS5). We also acknowledge
and appreciate comments by Francisco Werner in the preparation of the manuscript.
Finally, there are four people that deserve special acknowledgement and who
worked particularly hard in the background to realise the timely publication of the
book. I would like to thank Ratisya Radzi, my right arm through the entire process,
as well as fellow Editor, Michael J. Manton; Lead Author, Michael James Salinger;
and APN Communications & Development Officer, Xiaojun Deng. All of you went
above and beyond the call of duty in your work towards this book and the fruits
of your labour, I am sure, will not go unnoticed.

Asia-Pacific Network for Linda Anne Stevenson
Global Change Research
Kobe, Japan
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Chapter 1
Introduction

Michael J. Manton

Abstract Variations in climate in the Asia-Pacific region play a major role in the
development of natural ecosystems and of human societies. Furthermore, human
activities place additional stresses on natural and societal systems and climate
change is now considered a significant factor in these increases. The book documents
the climate of the region and interactions of the climate with both the environment
and societies in the region. The book emphasizes the impacts of climate change as
well as strategies to mitigate and adapt to those impacts. A number of aspects of
climate in the region that capture interactions between climate and natural and human
systems are considered and include climate variability and change, climate and urbaniza-
tion, climate and security, climate and society, and climate and sustainability.

The book draws on published results in the scientific literature and the analysis
presented highlights key climate-related issues for Asia and the Pacific. Subsequent
chapters of the book include important issues such as: Climate variability and change
— large-scale climate systems, trends in mean climate, trends in extreme climate events
across Asia and the Pacific, challenges and opportunities for modeling the climate, current
projections for future climate under climate change; Society and urbanization — trends
in urbanization, interactions between urban areas and climate, climate hazards and
vulnerabilities for urban areas, climate change mitigation and adaptation strategies for
urban areas; Food, water and energy security — meeting future needs for rice and wheat
across Asia, food from fisheries, water security, and balancing energy demands with
reduced GHG emissions; Governance and sustainability — institutional arrangements
to address the impacts of climate change, prospects for remote communities under
climate change, effects of climate change on human health, low carbon development
pathways, and ecosystem services to enhance the adaptive capacity of communities.

Keywords Asia-Pacific * Climate change and variability ¢ Climate research
* Sustainability

M.J. Manton (<)
School of Mathematical Sciences, Monash University, Clayton, VIC 38000, Australia
e-mail: michael.manton @monash.edu

M.J. Manton and L.A. Stevenson (eds.), Climate in Asia and the Pacific: 1
Security, Society and Sustainability, Advances in Global Change Research 56,
DOI 10.1007/978-94-007-7338-7_1, © Springer Science+Business Media Dordrecht 2014



2 M.J. Manton

1.1 Climate in Asia and the Pacific

Asia and the Pacific is the major region of the world for rapid economic and social
development in the twenty-first century. For this development to be sustainable, the
growth needs to account for the effects of climate variability and change, as well as
various socio-economic factors. This book aims to review the current understanding
of the climate of Asia and the Pacific, its impact on natural and human systems
across the region, and strategies adopted to mitigate and adapt to these impacts.
From this analysis, we are able to identify significant research and development issues
that need to be considered in the future. This book complements the report ‘Climate
in Asia and the Pacific: A Synthesis of APN Activities’ (Manton et al. 2011) prepared
by the Asia-Pacific Network for Global Change Research (APN), which draws
together the climate-related work supported by the APN over the last 15 years.

The region of interest is focused on monsoon Asia and the western Pacific Ocean
(Fig. 1.1). It extends from Pakistan in the west to Hawaii and French Polynesia in
the east. The latitudinal extent is broadly defined by the influence of the Asian-Australian
monsoon, but some issues extend into the more temperate areas of northern Asia.
The topographical features of the region vary from the mountains of the Himalayas
to the small islands of the Pacific. The variation in climate regime across the region
is correspondingly vast, with tropical climates in the Pacific and deserts in continental
Asia. The local climate has a significant impact on human and natural systems of each
region. For example, both natural ecosystems and human communities have adapted
to the seasonal cycle of the monsoon across much of Asia. Similarly the sea-surface
temperature (SST) patterns of the Pacific, associated with the El Nifio — Southern
Oscillation (ENSO), lead to interannual climate variations that affect the lives of
many communities, especially in Pacific islands. Other SST patterns in the Indian
Ocean, associated with the Indian Ocean Dipole (IOD), impact the climates of Asia.

Fig. 1.1 World map highlighting member countries of the APN (Source: APN)
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In addition to the large geographical variations across Asia and the Pacific, there
are major differences in the cultures and socio-economic features of the communities
of the region. The communities of monsoon Asia include remote mountain groups
and mega-cities. All these communities have vulnerabilities to climate variability
and change. While many communities have adapted over centuries to the natural
variations of climate, the phenomenon of global climate change often brings new
hazards about which we have limited knowledge. The time scale for mitigating and
adapting to these hazards is short, and so new policy frameworks are being developed
to understand and manage the associated risks.

1.2 Scope of Analysis

In this book we consider five broad aspects of climate in Asia and the Pacific that
capture the interactions between climate and both natural and human systems.
These are:

— Climate variability and change
— Climate and urbanization

— Climate and security

— Climate and society

— Climate and sustainability.

To focus the analysis, which draws on published results in the scientific literature,
we first highlight some of the key climate-related issues for Asia and the Pacific.
More detailed discussions of each of these issues are presented in the subsequent
chapters of the book.

1.2.1 Large-Scale Climate Systems of Asia and the Pacific

The Asian-Australian monsoon influences the lives of about 60 % of the world’s
population through its major seasonal variations. The movement of the monsoon is
essentially a result of the seasonal migration of the sun and the temperature contrast
between the oceans and continental land masses. These interactions lead not only to
large spatial variations in the monsoon across Asia but also to substantial temporal
variability on scales from sub-seasonal to decadal. Indeed, the natural variability of
the monsoon makes it difficult to detect significant trends in its characteristics.

The onset of the Indian monsoon is characterized by the transition of the zone of
high precipitation (inter-tropical convergence zone — ICTZ) from the equator to about
15 °N at the end of May. This transition is followed by a more gradual progression
north, with subsequent return southward in September. The initial onset of the East
Asian monsoon is characterized by the establishment of the Meiyu-Baiu-Changma
front in May, with further development in June (Goswami et al. 2006).
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Since the early studies of (Walker 1924), it has been recognized that the behavior
of the monsoon is affected by the east-west circulation across the Pacific of the
Walker cell, which is in turn associated with the ENSO phenomenon. This relationship
leads to inter-annual and longer-term variability in the monsoon.

The climate of the Pacific is dominated by the easterly trade winds that are driven
by the meridional Hadley cell. The upward arm of the Hadley cell is delineated by
the rain clouds of the ICTZ. These clouds form as the warm moist air in the Hadley
cell is lifted before flowing in the upper troposphere to higher latitudes and subse-
quently sinking in the dry belts of the sub-tropics. In the South Pacific, the rising
arm of the Hadley cell is also apparent from the clouds of the South Pacific
Convergence Zone (SPCZ), which is associated with the interaction between the
trade winds and mid-latitude disturbances in the prevailing westerly winds.

The seasonal variations in the ICTZ and SPCZ generate the annual cycle of the
climate of the Pacific. Inter-annual variability in the climate is greatly affected by
the interaction of the Walker cell with the upper ocean that produces the ENSO
phenomenon. In the Indian Ocean, some distinct patterns in the sea-surface tempera-
ture are known as the Indian Ocean Dipole (IOD), which is correlated with inter-annual
variations in climate in parts of Asia and Australia. Correlations are also found
between inter-decadal variations in climate of the region and a sea-surface temperature
pattern of the Pacific Ocean known as the Inter-decadal Pacific Oscillation (IPO).
The IPO is also known as the Decadal Pacific Oscillation, or DPO.

In Sect. 2.1, we investigate the nature of the climate of Asia and the Pacific in
more detail, and identify some evidence of longer-term variability and change in
these large-scale features of the climate. A particular question is whether identified
changes can be attributed to human activities, and there is continuing research to
clarify this issue.

1.2.2 Trends in the Mean Climate Across Asia and the Pacific

Analysis of the surface climate records from around the world has clearly established
that the world is warming, with similar trends in the sea-surface temperature and in
the land temperature. Identifying trends in precipitation is much more difficult,
partly because its natural variability is high and its spatial and temporal coherence
is low. The basic measurement of precipitation over the Indian and Pacific Oceans
is limited by the lack of in situ observations, and so there is great dependence on
indirect satellite-based instruments.

The Himalayas and Tibetan Plateau (HTP) are of particular interest because
the region includes a large number of glaciers. The mass balance of a glacier is
determined by the combined impacts of precipitation and temperature, which can
vary locally. Nonetheless, it is found that in Asia (and globally) glaciers have been
retreating for some decades. The remoteness of the HTP region together with
the large number of small glaciers means that comprehensive monitoring is very
difficult (Sect. 2.1).
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1.2.3 Trends in Extreme Climate Events Across
Asia and the Pacific

While there is interest in identifying trends in the mean climate, many natural
ecosystems (as well as humans) respond dramatically to extremes in temperature
and rainfall. For example, heat waves where the over-night minimum temperature
does not fall below about 24 °C can lead to substantial increases in human mortality
in Melbourne, Australia (Nicholls et al. 2008b). Several studies have been carried
out in the Asia-Pacific region to prepare systematic analyses of current trends in
climate extremes (for example, Choi et al. 2009). Given the range in orography
across the region from the HTP to small islands in the Pacific, it is useful to consider
whether trends are different in the high mountain areas, but analysis of temperatures
across South Asia suggests that trends at high altitudes are often affected by local
features (Revadekar et al. 2012).

As with mean climate trends, we expect trends in precipitation extremes to be
more difficult to detect. In Sect. 2.1, we report on the findings from recent studies
of temperature and precipitation extremes across Asia and the Pacific. In general,
the indicators are based on percentiles so that meaningful comparisons can be made
across different climate regimes.

1.2.4 Challenges and Opportunities for Modeling
the Climate of Asia and the Pacific

Climate modeling involves the use of computers to solve the complex equations
that describe the physical basis of variations in the atmosphere and ocean; these
models also take into account the interactions between the atmosphere and the
land surface. Indeed, modeling provides an effective means to assimilate observa-
tions to improve our understanding of climate variations on a range of time and
space scales. Together modeling and monitoring of climate provide the foundation
for analysis of the interactions between climate, natural ecosystems and human
socio-economic systems.

In recent decades there has been much use of global climate models (GCMs) to
provide projections of future climate under the effects of enhanced emissions
of greenhouse gases (GHGs). Similar models are also used routinely for weather
forecasting and for seasonal outlooks of climate variability. While global climate
models generally provide information on scales of 100 km or so, regional climate
models (RCMs) are used to give details at much finer scales. Statistical methods can
also be used to relate the output of climate models to local-scale features, such as
the temperature and rainfall at a specific location.

Climate modeling for the Asia and the Pacific has particular challenges because
of the complexities in the topography. Over the Pacific there are many small islands
with extensive coastlines that generate small-scale weather features such as sea
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breezes. Over Asia the steep and rugged orography of the HTP region is difficult
to resolve in most numerical climate models. Progress in modeling for Asia and the
Pacific is discussed in Sect. 2.2.

1.2.5 Current Projections for the Future Climate Across
Asia and the Pacific Under Climate Change

Projections of future climate in Asia are dependent upon the ability of climate models
to represent the Asia monsoon, which dominates the seasonal variability of the
region. Tropical cyclones, which are relatively small-scale features to be represented
in climate models, also have significant impacts on the climate of Asia and the
Pacific. Nonetheless, a number of studies have been carried out to assess the likely
variations in the monsoon under climate change scenarios developed through the
international Climate Model Intercomparison Project Phase 3 (CMIP3). There are
also some early results from the more recent CMIP5, which uses updated emission
scenarios and climate models.

In Sect. 2.2, we also consider the results of studies carried out using regional
climate models, focused on specific subregions of Asia and the Pacific. The
Regional Model Intercomparison Project (RMIP) is a collaborative study by about
ten groups from the region aimed at providing climate projections to support the
impact and adaptation community (Fu et al. 2005) across Asia. The Pacific Climate
Change Science Program (PCCSP) provides detailed projections for 15 island
states in the Pacific (Power et al. 2011) to support impact and adaptation studies.
The World Climate Research Programme (WCRP) has established a new programme,
the Coordinated Regional Downscaling Experiment (CORDEX), to produce
climate information at regional scales across the globe (Giorgi et al. 2009), and
there are CORDEX projects focused on South Asia, East Asia and Southeast Asia.
These projects are collaborating to generate consistent and useful projections
across monsoon Asia.

1.2.6 Climate: Society, Security and Sustainability

The climate of the Asia-Pacific region clearly plays an essential role in the function-
ing of the environments and societies across the region. Chapters 3, 4, 5 and 6 of the
book consider the complex interactions between these features of the region, with
an emphasis on the impacts of climate variability and change and on the responses
of human and environmental systems to climate. Chapter 3 considers the interac-
tions between urbanization and climate, while Chap. 4 discusses the relationships
between climate and the security of societies for food, water and energy, as well as
the need for the management of climate-related natural disasters. In Chap. 5 we
consider societal issues of governance, remote communities, and human health in
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relation to climate variability and change. The interactions between climate and
sustainability are discussed in Chap. 6, with a focus on integrated assessments and
the management of natural ecosystems.

1.2.7 Trends in Urbanization Across Asia and the Pacific

The move of rural populations to towns and cities has been the basis of economic
progress for thousands of years around the world. In Sect. 3.2, trends in urbanization
since 1950 across Asia and the Pacific are documented and the expected trends to
2050 are discussed. The fraction of urban population in Asia increased from about
15 % in 1950 to 30 % by 1990, and to 40 % by 2010. The rapid increase in urbanization
has been accompanied with significant economic growth across the region.

A noticeable trend in Asia has been the growth of mega-cities, which have popu-
lations greater than ten million. Urbanization is expected to continue in the coming
decades with about three billion people in urban areas by 2050. However, while the
number of mega-cities will continue to increase, the majority of urban residents
(about 60 % of the total urban population) will live in cities of less than one million
people. The increase in urbanization has profound implications on the interactions
between climate, land and energy use on scales varying from global to local. The
expected concentration of people in smaller urban areas means that there should be
greater focus on mitigation and adaptation planning for these areas.

1.2.8 Interactions Between Urban Areas and Climate

The urban heat island effect is a well-known feature of a significant impact of cities
on climate (Oke 1973), and the effect has been documented in the cities of Asia.
Once a heat island effect is established, there is evidence that the urban trends in
temperature become similar to those in neighboring rural areas, so that the effect is
not seen in hemispheric or global temperature trends (Peterson 2003).

In Sect. 3.3 we also consider the impacts of urban areas on precipitation and air
quality. While it is clear that the land-use change associated with urban areas affects
local precipitation patterns, the details can vary from place to place and from season
to season. On the other hand urban activity, especially those associated with fossil
fuels, leads to reductions in air quality in urban areas. Aerosols emitted from the
burning of fossil fuel are a major problem for human health and for their impacts on
local and regional climate across Asia.

Urban areas are the main source of greenhouse gases (GHGs) associated with
global warming. Indeed, the provision of food, water and energy for cities is the
main driver of the increasing emissions of GHGs in Asia and the world. The handling
of waste from urban areas is also a significant source of GHGs. Recognizing that
some of these functions (especially the production of energy and food) tend to take
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place in the areas around rather than within cities, it is important to include the
peri-urban areas when considering the total impact of cities on GHG emissions.

While the largest cities are the highest emitters of GHGs across Asia, the per
capita emission rate depends upon a range of factors, such as local climate, community
wealth and population density. Higher emission rates per capita tend to be in lower
density cities in colder climates and with greater wealth. There is evidence that low
density urban areas (and rural areas) are less energy efficient than areas with higher
population densities (Marcotullio et al. 2012). Such observations imply that mitigation
policies should not unintentionally promote anti-urban outcomes.

1.2.9 Climate Hazards and Vulnerabilities for Urban Areas

Climate change is manifested through changes in local features such as temperature,
sea level (storm surges), air quality, precipitation and hydrology. All these features
are impacting on urban communities across Asia, often resulting in weather-related
disasters. In Sect. 3.4, it is noted that about 40 % of the reported flooding events
across the globe from 2000 to 2009 occurred in Asia, with cities of China, India and
Thailand seen as most vulnerable to future coastal flooding (Nicholls et al. 2008a).

Urban infrastructure is vulnerable to climate variability and change in Asia and
the Pacific. Vulnerabilities are seen in transportation, water supply and sanitation,
food production and distribution, energy production and distribution, and manufac-
turing industries. Within communities, there are sections with higher vulnerability
to the hazards of climate because of their lower capacity for adaptation: these groups
include the poor, the elderly and the very young.

1.2.10 Climate Change Mitigation and Adaptation
Strategies for Urban Areas

The significance of climate variability and change is recognized in most regions of
Asia and the Pacific and Sect. 3.5 describes a range of mitigation and adaptation
strategies that are being developed and implemented. The wide variation in the
nature of urban areas across the region means that different strategies are being
applied. Cities are generally encouraged to use their local knowledge in developing
optimal strategies, taking into account their local biophysical and socio-economic
conditions.

The policy emphasis in Asia tends to be on mitigation rather than adaptation
strategies at present (Satterthwaite et al. 2007). However, some mitigation policies,
such as those to reduce GHG emissions from transportation, also assist the process
of adaptation to climate change through, for example, improved air quality. Urban
design is a key area for innovative strategies to both reduce GHG emissions and
adapt to climate variability and change. For example, the reclaimed Cheonggyecheon
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River in the middle of Seoul has provided benefits for tourism, recreation and
reductions in heat island effects (Cho 2010). The development of acceptable and
effective policies for mitigation and adaptation will require enhanced understanding
of urban governance, particularly of the power relationships that influence outcomes
at the local level.

1.2.11 Meeting Future Needs for Rice and Wheat Across Asia

It is anticipated that global food production will need to double by 2050 to feed a
world population of 9.2 billion. There are now 450 million small-farm holders
largely across Asia whose livelihoods are vulnerable to climate variability and
change. Increasingly, food producers are also susceptible to market forces at regional
or even global scales, as the interactions between markets become more complex.
Section 4.1 considers the interactions between the range of hazards and vulnerabilities
for farmers in Asia and the Pacific.

Rice is the dominant staple food across most of Asia. Indeed, it feeds about half
the world population, and about 750 million of the poorest people depend on rice.
Rice is therefore the focus of Sect. 4.1. The production of a kilogram of rice requires
2,500 1 of water. The production of rice is clearly susceptible to the availability of
water and land and to the impacts of climate change. The impacts of climate change
are compounded with the continuing impacts of inter-annual climate variability,
generally driven by the El Nifio phenomenon. In parts of Asia there are additional
pressures on food production from the competitive generation of biofuels, based on
uncertain attempts at the mitigation of GHG emissions.

Wheat is also an important crop in parts of Asia, especially in India, Pakistan and
China. The issues associated with the production of wheat are similar to those of
rice. Strategies are being developed in Asia for both the mitigation of climate change
and the adaptation to its impacts. Because of the continuing challenges of seasonal
to inter-annual climate variability, many strategies are based on the management of
these issues.

1.2.12 Meeting Future Needs for Food from Fisheries
Across Asia and the Pacific

The fisheries of the Pacific and Indian Oceans are an essential source of food for
Asia and the Pacific. These fisheries are under stress not only from climate change
and variability, but also from direct human activities such as pollution from
industries along coastal areas and increased fishing due to population growth.
In Sect. 4.1 we consider the impacts of these pressures, which have led to significant
changes in the diversity and biomass of marine ecosystems (Fig. 1.2).
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Fig. 1.2 Local fisheries in Ha Long Bay, Viet Nam (Source: APN)

While the concentration of GHGs has increased in the atmosphere leading to
global warming, the oceans have absorbed about 40 % of the carbon dioxide emitted
from anthropogenic activities and 80 % of the heat associated with global warming.
These additional loadings have caused the acidity of the ocean to increase by about
30 % and the temperature of the upper ocean to increase by a fraction of a degree.
Changes in evaporation and precipitation lead to changes in salinity near the surface.
Marine ecosystems are susceptible to all these changes; for example, (Takasuka et al.
2004) suggests that shifts in the ‘warm’ and ‘cool’ anchovy regimes in the North
Pacific Ocean are due to temperature variations in the ocean.

Fisheries management for the future needs to be built on an ecosystems approach,
where marine, climate and human influences are taken into account. The life span
of marine species varies considerably, and so management measures should be
developed and implemented early in order to account for the time lags in the growth
of stocks to sustainable levels.

1.2.13 Future Prospects for Water Security Across
Asia and the Pacific

For many countries of Asia and the Pacific, water security is a critical issue due to
growing populations and economies matched against the finite availability of water in
any one nation. Climate change intensifies the issue with its enhanced uncertainties in
the annual cycle of rainfall in many regions. These issues are discussed in Sect. 4.2.
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Fig. 1.3 Himalayas from Kathmandu Valley (Source: APN)

The “water tower” for Asia is the HTP region, which covers about seven million
square kilometers and includes the largest and highest glaciers in the world
(see Fig. 1.3). This region provides water for about 20 % of the world population,
principally through the annual melting of snow and ice into the major rivers that
then flow through several countries to the sea. Trans-border issues are therefore
special challenges that require multi-national agreements to ensure water security
for all countries along each river.

The HTP region is especially sensitive to climate change, with higher temperatures
promoting increased melting of glaciers. The rate of glacier retreat is, however, a
complex function of local conditions (Fujita and Nuimura 2011). The relationship
between glacier melt and river stream flow is further complicated by the varying
hydrology along each river. Glacier melt not only provides vital water resources for
downstream communities and natural ecosystems, but they also bring the threat of
natural disasters such as glacier lake outburst floods (GLOF).

The rivers of the HTP provide hydro-electric power at an increasing number of
locations. There are plans to build a further 100 dams to generate about 150 gigawatts
of power across the region. The local and regional impacts of the infrastructure
associated with these generators are not fully understood at this time. Their con-
struction does emphasize the need for multi-national agreements on flows along the
relevant river systems.

Water security for Pacific Islands tends to be a national issue. The supply of fresh
water and the disposal of waste are critical for many island communities, owing to
both natural and human factors. Population growth and climate change exacerbate
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the challenges. The variations in climate, topography and culture across the 30,000
islands of the region mean that a range of strategies will need to be developed to
ensure water security into the future.

1.2.14 Balancing Energy Demands Across Asia
and the Pacific with Reduced GHG Emissions

As the economies of Asia and the Pacific grow to support and enhance the wellbeing
of communities, the demand for energy increases. Fossil fuels have been the main
source of the required energy. The challenge for the region and the world is to main-
tain the increase in community wellbeing while limiting the emission of carbon
dioxide from the combustion of fossil fuels. The factors associated with this balance
are considered in Sect. 4.3.

The demand for energy can be reduced by improving energy efficiency, so that
there is no longer a linear relationship between energy use and national economic
indicators. The emission of GHGs can be reduced by increasing the effectiveness of
energy generation, through the use of non-fossil fuels or increasing the efficiency of
traditional generators. In Sect. 4.3, the policy options being taken by the major
economies of Asia (namely China, India and Japan) are analyzed and compared.

1.2.15 Institutional Arrangements in Asia and the Pacific
to Manage and Mitigate the Impacts of Climate Change

The development and implementation of strategies to secure food, water and energy
for the communities of Asia and the Pacific are essentially dependent on the gover-
nance processes in operation across the region. Section 5.1 considers the governance
processes that allow the societies of the region to function effectively. National and
regional institutional arrangements have been developed, sometimes over centuries,
to ensure safe and stable environments for each community. Climate change is
imposing new stresses on these institutional arrangements.

Mitigation of climate change and adaptation to climate change impacts require
distinct governance mechanisms, with mitigation tending to be a longer term issue
compared with adaptation. Indeed, human societies have a propensity to develop ad
hoc solutions in adapting to environmental changes. There has been concerted, if
not altogether successful, efforts at the international level for the development of
policies to mitigate the emission of GHGs, and this is complemented by work
at national and regional levels. Adaptation policies are generally taken up at local or
national levels, but for parts of Asia and the Pacific international cooperation is
likely to play a significant role.

The acceptance and implementation of policy strategies by communities require
public education and communication. These efforts are needed especially for strategies
that involve demand management for resources such as energy or water.
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Fig. 1.4 Community village in the Himalayas (Source: APN)

1.2.16 Future Prospects for Remote Communities
Under Climate Change

There is a particular challenge for governance in ensuring that the remote communities
of Asia and the Pacific are not disadvantaged by climate change. In Sect. 5.2 we
consider the vulnerabilities of these communities. More than 30 million people live
in the HTP region. They are seen as one of the groups most vulnerable to climate
change impacts, as their natural environment is very harsh and they are always at
risk from a range of natural disasters. There is increasing evidence of climate change
affecting their environment, with loss of biodiversity and tree-line shifts as tempera-
tures rise. As noted earlier, there is also an increased risk of natural disasters, such
as GLOFs. Changes in the seasonal stream flow of rivers, due to changes in the
times of snow and glacier melt, are impacting on their water security for agriculture
and domestic uses (Fig. 1.4).

As with remote mountain communities, the small island communities of the
Pacific and Indian Oceans are recognized as being especially vulnerable to climate
change impacts. There are thousands of small islands across the Pacific supporting
more than two million people in small island developing states (SIDS). There is
great cultural and social diversity between these communities, which have adapted
to their natural environments over many years. The impacts of climate change,
together with the modern social and economic pressures associated with growth,
increase their risks. The environmental hazards come from sea level arise, as well as
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from the direct effects of increasing temperatures and changes in extreme climate
events. A particular challenge is associated with the maintenance of water resources.

SIDS make small contributions to the global emission of GHGs, but are particu-
larly susceptible to the impacts of those emissions. Thus, they have been very active
in the international negotiations on mitigation. There has also been some work on
the development of adaptation strategies for SIDS, but migration remains a possible
option for many of these states in the future.

1.2.17 Mitigating the Effects of Climate Change on Human
Health Across Asia and the Pacific

Climate change poses a major threat to human health for many societies of Asia and
the Pacific. In Sect. 5.3, we discuss these threats and strategies to alleviate them. For
many communities of the region, the natural variability of climate already poses
risks from natural hazards such as typhoons and heat waves. Poor design in urbaniza-
tion and industrialization can lead to additional stresses from air pollution and
the urban heat island effect. These hazards are being increased by climate change,
especially by increases in temperatures and their associated extremes.

There is evidence of vector-borne diseases, such as malaria and dengue, spreading
to new areas as the climate changes. A range of public health programs are being
developed at local, national and international levels to mitigate the impacts of climate
change on human health in Asia and the Pacific.

1.2.18 Adoption of Low Carbon Development Pathways Across
Asia and the Pacific

The management of the societal risks from climate change has become a key aspect
of the broader goal of sustainable development at national, regional and global
levels. An essential component of sustainable development is the move towards low
carbon societies, which aim to reduce carbon dioxide emissions while promoting
economic development and community wellbeing. The issues associated with low
carbon development are discussed in Sect. 6.1.

Countries across Asia and the Pacific have adopted GHG emission targets in
order to reduce their dependence on carbon-based economies. National, regional
and international mechanisms are being developed to support these voluntary
objectives. The best means of investigating low carbon strategies and their imple-
mentation is through integrated assessment models (IAMs). Low carbon investiga-
tions using IAMs (for example, Nordhaus 1979) now incorporate all the relevant
aspects of the economy to allow studies of the effectiveness of policy strategies,
and they have been applied to a range of case studies across Asia and the Pacific.
Both national and regional approaches are being investigated.
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1.2.19 Ecosystem Services to Support Mitigation of GHG
Emissions and to Enhance the Adaptive Capacity
of Commupnities Across the Asia and the Pacific

The 1987 World Commission on Environment and Development provides a milestone
in attempting to reconcile economic development and protection of the environment
through sustainable development. Thus, natural ecosystems are seen as a part of
sustainable development through the delivery of ecosystem services. These concepts,
which are discussed in Sect. 6.2, can be applied in Asia and the Pacific to assess the
sustainability of natural ecosystems (such as forest and fresh water resources)
that support a range of human industries. Coastal communities are dependent upon
the sustainability of fisheries and marine ecosystems.

Climate change is imposing additional challenges for management policies by
increasing the environmental stresses on natural ecosystems. However, careful analysis
shows that the natural ecosystems of Asia and the Pacific have an essential role in
the mitigation of climate change. For example, forests in the Philippines (Lasco and
Pulhin 2001) and other countries of the region have the potential to contribute to
climate change mitigation. Such analyses need to take into account the interactions
between climate, natural ecosystems and human communities. They can lead to
strategies to better manage the risks associated with climate variability and change.

1.3 Conclusions

The climate of Asia and the Pacific varies greatly, and these variations have played
a major role in the development of natural ecosystems and of human societies.
Human activities, principally the growth of populations and economies across the
region, are placing additional stresses on both natural and societal systems.
Anthropogenic climate change is a significant factor in these increases in stress. In
the chapters of this book, we document the climate of the region and the interactions
of the climate with the environment and the societies of Asia and the Pacific.
There is a particular focus on the impacts of climate change and on strategies aimed
at both mitigating and adapting to those impacts.
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Chapter 2
Climate in Asia and the Pacific: Climate
Variability and Change

Michael James Salinger, Madan Lall Shrestha, Ailikun, Wenjie Dong,
John L. McGregor, and Shuyu Wang

Abstract The geographic extent of Asia and the Pacific leads to great variation in
the climate of the region. Major influences on global climate arise from the scale
and elevation of the Himalayan Tibetan Plateau (HTP), and from the air-sea inter-
actions in the Pacific associated with the El Nifio—Southern Oscillation (ENSO).
The monsoon has a profound effect on the climate of Asia, with its strong seasonal
cycle. Variability is also caused by ENSO, the Indian Ocean Dipole (IOD) and
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Pacific Decadal Oscillation (PDO). ENSO is the principal source of inter-annual
global climate variability. ENSO has significant climate and societal impacts on
both regional and global scales. The climate effects of ENSO are modulated on
decadal time scales by the PDO. IOD affects the climate in the Indian Ocean and
Australasia. Climate observations show significant warming trends in temperature
across Asia and the Pacific; not only is there an increase in mean temperature, but
there is more warming in North Asia and less in the Pacific during the twentieth
century. Observed trends in precipitation are more variable, with some evidence of
increasing intensity of storms. Glacier mass balance studies show dramatic decline
in ice mass in the Himalayas and New Zealand, with monitored ice mass losses of
0.3-0.5 km?/year, in the last three decades. Temperature extremes have changed
region wide: cool nights, cold days have very significantly decreased universally,
and the frequency of hot days has increased. Projections of future climate change for
the region suggest longer summer heat waves in South and East Asia and Australia,
and increases in precipitation in several areas. Regional downscaling techniques
are used to project future climate: warming is projected to be largest in high latitude
(Northern Asia, Central Asia) and high altitude (Tibetan Plateau) regions; with a
suppression of the south Asian summer monsoon, along with a delay of monsoon
onset and increase of monsoon break periods. Monsoon precipitation is projected
to increase over South Asia.

Keywords Monsoon Asia ¢ Pacific * Climate variability trends ¢ Climate change
trends

2.1 Observed Climate Variability and Trends

2.1.1 Introduction

Asia-Pacific surface climates span a wide range of latitudes from sub-polar regimes
in the Russian Federation, monsoon Asia, which dominates a large proportion of
Asia, into the Pacific Ocean, which extends from temperate to equatorial latitudes.
Altitude range is extreme, spanning from sea-level to more than 8,500 m in the
Himalayas, with the average altitude of the Himalayan Tibetan Plateau (HTP)
being 4,500 m. This provides the most continental climates on the planet. In
contrast, the Pacific Basin is the largest oceanic basin extending from the Arctic in
the north to the Southern Ocean (or, depending on definition, to Antarctica) in the
south, bounded by Asia and Australia in the west, and the Americas in the east.
The climates of small Pacific Islands are the most oceanic in the world. The Asian
highland massif contains numerous glaciers. The Himalayan range alone has a
total snow and ice cover of 35,110 km? containing 3,735 km® of permanent snow
and ice (Qin et al. 2006).
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Division of Asia-Pacific Monsoon
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Fig. 2.1 Schematic diagram of the Asian monsoon region: blue — the east Asian summer monsoon
(EASM), purple — the Indian summer monsoon (ISM), green — northwest pacific summer monsoon
(WNPSM), yellow — monsoon bufter, red — Qinghai-Tibet Plateau (Reprinted with permission from
“Rainy Season of the Asian—Pacific Summer Monsoon,” by B. Wang and H. Lin, 2002, Journal of
Climate, 15, p. 392. Copyright 2002 by American Meteorological Society. Modified from source)

2.1.2 Large Scale Circulation and the Monsoon System

2.1.2.1 Asia

Monsoon circulation is described as seasonal reversing of wind along with a change
of precipitation caused by the asymmetric heating between land and ocean. The
Asian monsoon is a most significant component of the global climate system,
influencing lifestyles and livelihoods, and providing water resources to nearly 60 %
of the world’s population. Usually, the summer monsoon season in Asia starts from
mid or late May and ends in late September. The Asian monsoon can be classified
into some sub-systems, such as south Asian monsoon, east Asian monsoon, south-
east Asian monsoon and western north Pacific monsoon (Wang and Lin 2002), but
South Asia (India) and East Asia are the two main monsoon areas that have been
studied extensively (Fig. 2.1). Besides the strong annual cycle, the Asian monsoon
has a wide range of variability from the intra-seasonal, inter-annual to inter-decadal
time scales. The intra-seasonal oscillation, with time scales from weeks to months,
determines the “active raining period” and “break dry period” of the monsoon,
which highlights the importance of intra-seasonal monsoon variability to annual
prediction (Webster et al. 1998).

The Asian monsoon is characterized by seasonal migration (northward and
withdrawal) of a precipitation belt or the inter-tropical convergence zone (ITCZ) in
summer (Gadgil 2003). As shown by Goswami et al. (2006a), the onset of the Indian
monsoon starts with a rapid transition of the high precipitation zone from near
the equator to about 15°N toward the end of May or beginning of June. Another
characteristic is the splitting of the ITCZ into a primary branch over the continental
region between 20°N and 25°N, and a secondary branch between the equator and



20 M.J. Salinger et al.

The East Asian Summer Monsoon Index (EASMI)
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Fig. 2.2 The east Asian summer monsoon index (EASMI). Normalized time series (JJA) for
1948-2012 (Source: After Li et al. 2010)

10°S. The monsoon tends to withdraw in late September. The northward propagation
of the Indian monsoon onset has slowed during the past decade compared with
prior decades, and this is consistent with the observed weakening of the May—June
mean easterly vertical shear in the region and weakening of the north—south
gradient of low-level humidity across the equator. There is evidence to support the
hypothesis that the weakening of the easterly shear is due to an eastward shift of
the Walker circulation, associated with strengthening of the El Nifio phenomenon
(Goswami et al. 2010).

The long term trend of the Indian monsoon can be monitored from the observed
historical daily precipitation record over India from 1951 to 2001. Goswami et al.
(2006a) found rising trends in the frequency and the magnitude of extreme rain
events and a significant decreasing trend in the frequency of moderate events
over central India during the monsoon seasons. Moreover, a substantial increase in
hazards related to heavy rain is expected over central India in the future.

The seasonal migration of the east Asian summer monsoon (EASM) has two
stages. The first onset happens in mid-May with the rapid establishment of the Meiyu-
Baiu-Changma front. The second onset takes place in early June with the southern
ITCZ moving rapidly to about 20°N and establishing dry conditions south of the
equator (Goswami et al. 2006a). Many studies have shown weakening of the EASM
in recent decades, especially precipitation decreasing from the 1980s in northern
China. At the same time, Li et al. (2010) noted a southward shift of the main
components of the EASM (the subtropical westerly jet stream, the western Pacific
ocean subtropical high, the subtropical Meiyu-Baiu-Changma front, and the tropical
monsoon trough) from 1958 to 2008 (Fig. 2.2). Such a southward shift may be due
to meridional asymmetries in the regional response to global warming.

The inter-annual variability of the south Asian monsoon and southeast Asian
monsoon is strongly related to the El Nifio Southern Oscillation (ENSO) phenom-
enon, with heavy monsoon rainfall in La Nifia years and a weak monsoon in El Nifio
years (for example, Parthasarathy et al. 1994). This interaction is primarily through
changes in the equatorial Walker circulation influencing the regional Hadley
Circulation (HC) associated with the Asian monsoon (Lau and Nath 2000). Feng
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et al. (2011a) show a significant weakening of the northern part of the summer HC
and a reverse see-saw relationship of the zonal-mean updraft over 10°N to 20°N
and around the equator. This transition is accompanied by the southward retreat
of the HC core and is well correlated with the weakening of tropical summer Asian
monsoons.

2.1.2.2 Pacific

Surface climates of the tropical Pacific islands are dominated by the vast surrounding
ocean and the large-scale atmospheric and oceanic circulations (Streten and Zillman
1984; Terada and Hanzawa 1984). The major atmospheric circulation features
include the northeast and southeast trade wind regimes, which originate in the sub-
tropical high pressure belts of each hemisphere where air sinks and dries. These
tropical easterly flows are characterized by their constancy in speed and direction,
although they tend to be strongest in the respective hemispheric winter season and
extend further poleward in the respective hemispheric summer season. The trade
winds from the two hemispheres converge in the ITCZ and South Pacific Convergence
Zone (SPCZ), where rising air forms the ascending branch of the Hadley Circulation.
The HC represents the main north to south component of the Pacific atmospheric
circulation. In addition, the Walker Circulation operates in the east to west plane of
the tropical Pacific with normally rising air over Indonesia and sinking air in the
southeast tropical Pacific. This circulation is intimately linked with the major source
of inter-annual tropical climate variability, ENSO.

The SPCZ is one of the most significant features of subtropical southern
hemisphere climate (Kiladis et al. 1989; Vincent 1994). It is characterized by low-
level convergence of air flow leading to uplift and a band of cloudiness and rainfall
stretching from the ‘Warm Pool” in the western Pacific south-eastwards towards
French Polynesia (Streten and Troup 1973; Kiladis et al. 1989; Vincent 1994).
It shares some characteristics with the ITCZ, which lies just north of the Equator, but
is more extra tropical in nature, especially east of the Date Line (Trenberth 1976).
To the west, it is linked to the ITCZ over the Warm Pool. To the east, it is maintained
by the interaction of the trade winds and transient disturbances in the mid-latitude
westerly winds propagating from the Australasian region. It tends to lie over a
region of large sea surface temperature (SST) gradient, rather than the maximum
of SST, and is most active in the Austral (southern hemisphere) summer period
(November-April). The location of the convergence maximum of the SPCZ shows
considerable variability between seasons, varying by 10—-15° of latitude. This causes
large variability in rainfall throughout the southwest Pacific.

The Pacific North American (PNA) oscillation (Wallace and Gutzler 1981)
describes large-scale features over the North Pacific Ocean and the North American
continent, and it has a significant influence on the weather of the Pacific. In its
positive phase, the PNA is associated with enhanced ridging of the pressure
over western North America and deeper troughs over the central north Pacific
and southeastern USA. Variations in the PNA oscillation on time scales of days to
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months can be predicted with some skill (Johansson 2007), and there is some
evidence of links between the PNA oscillation pattern and variations in the large-
scale ENSO (Straus and Shukla 2002).

2.1.3 Drivers of Climate Variability and Trends Across
Asia-Pacific

Superimposed on the average seasonal cycles of surface climate and observed trends
in Asia-Pacific surface climate are various sources of natural climate variability that
modulate atmospheric and oceanic climate on time scales from weeks to decades.

2.1.3.1 El Niiio-Southern Oscillation (ENSO)

The ENSO phenomenon is the principle source of inter-annual global climate vari-
ability. This highly coupled ocean—atmosphere phenomenon is centered in the
tropical Pacific. ENSO has significant climate and societal impacts both within
the region and, through teleconnections (Fig. 2.3), to many distant parts of the world
(Troup 1965; Trenberth 1991, 1997; McPhaden et al. 2006; Trenberth et al. 2007).
ENSO fluctuates between two phases, which change the normal Asia-Pacific atmo-
spheric and oceanic circulations. During El Nifio events, the easterly trade winds
weaken along the equatorial Pacific and a large part of the equatorial Pacific experi-
ences unusually warm SSTs, and warmer than normal SSTs in a large part of the
Indian Ocean and warmer than normal surface temperatures over south and south east
Asia. At the same time, SSTs are cooler than normal in the subtropical southwest
and northwest Pacific and Papua-New Guinea. This is associated with a weakening
of the horizontal Walker Circulation and strengthening of the meridional HC. The centre
of intense tropical convection shifts eastward towards the Date Line and the ITCZ
and SPCZ move closer to the equator. As a result, precipitation is higher than normal
in the equatorial Pacific, but lower than normal over South and Southeast Asia,
Indonesia, eastern Australia, and the Southwest Pacific with some regions experiencing
drought conditions. There are also shifts in the preferred location of tropical cyclone
activity. The slope of the thermocline (separating warmer surface and cooler deeper
waters) flattens across the Pacific Ocean, and the Warm Pool shifts eastwards.

>
>

Fig. 2.3 (continued) for 1958-2004, and GPCP precipitation for 1979-2003 (bottom left), updated
from Trenberth and Caron (2000). The Darwin-based SOI, in normalized units of standard devia-
tion, from 1866 to 2005 (Konnen et al. 1988; lower right) features monthly values with an 11-point
low-pass filter, which effectively removes fluctuations with periods of less than 8 months (Trenberth
1984). The smooth black curve shows decadal variations. Red values indicate positive sea level
pressure anomalies at Darwin and thus El Nifio conditions (Source: Trenberth et al. 2007)
(Reprinted with permission from “Climate Change 2007: The Physical Science Basis. Working
Group I Contribution to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change,” Cambridge University Press, Figure 3.27, p. 288)
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Fig. 2.3 Correlations with the SOI, based on normalised Tahiti minus Darwin sea level pressures,
for annual (May to April) means for sea level pressure (fop left) and surface temperature (fop right)
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Climate anomalies during La Nifia events are typically opposite to those of El
Nifo events, with stronger trade winds and large parts of the Pacific, as well as the
Indian Ocean and south Asia, experiencing cooler than normal SSTs. Higher than
normal temperatures and SSTs occur in the southwest and northwest Pacific. There
are changes in the usual locations of tropical cyclones and a shift of the heaviest
rainfall zone to the far western tropical Pacific, East Australia, Indonesia and South
and Southeast Asia. The depth of the thermocline also increases from east to west
across the Pacific for La Nifia; this difference is reduced during EI Nifio.

Both phases of ENSO typically evolve over a period of 12—18 months and have
some predictability once they have started to develop. Seasonal outlooks of ENSO
conditions have improved significantly in reliability and are based on being able to
successfully observe and model the development of SST anomalies in the tropical
Pacific up to a year in advance of an event (McPhaden 2004). Two commonly
used indices of ENSO activity are (1) the Southern Oscillation Index (SOI), which
measures the atmospheric component and represents the anomalous sea level
pressure difference between Tahiti in the southwest Pacific and Darwin in northern
Australia, and (2) the Nifio 3.4 region (5°N to 5°S, 170°W to 120°W) average SST
anomaly, which captures the oceanic component of ENSO. These indices are very
similar, indicating the highly-coupled ocean—atmosphere nature of ENSO but also
show differences in the timing and magnitude of individual events, which typically
recur every 3—7 years.

Although each ENSO event evolves slightly differently, there are common fea-
tures to these different ‘“flavours’ (Trenberth and Stepaniak 2001) and features typical
of the two phases can be determined by averaging the surface climate anomalies
across several events. The traditional El Nifo, also called Eastern Pacific (EP) El
Nifo, involves temperature anomalies in the eastern Pacific. However, in the last
two decades of the twentieth century non-traditional El Nifio patterns are observed,
in which the usual place of the temperature anomaly (Nifio 1 and 2) is not affected,
but an anomaly arises in the central Pacific (Nifio 3.4). The phenomenon is called
Central Pacific (CP) El Nifo, “Date Line” El Nifio or El Nifio “Modoki” (Larkin
and Harrison 2005). Depending on the season, the impacts over regions such as East
Asia, New Zealand, and the western coast of USA can be different from those of the
traditional ENSO.

ENSO events also affect the spatial occurrence of tropical cyclone activity in the
southwest Pacific. During El Nifio episodes, the overall number of tropical cyclones
tends to be lower, with highest occurrences between Vanuatu and Fiji, and chances
of occurrence higher further east in Samoa, southern Cook Islands and French
Polynesia. During La Nifia events, tropical cyclones are more frequent in the Coral
Sea, with highest occurrence around New Caledonia, and higher occurrence between
the coast of Queensland and Vanuatu. During these seasons, there is an absence of
tropical cyclones from the Cook Islands eastwards. The location of the SPCZ also
varies systematically with ENSO-related expansion and contraction of the Warm
Pool (Folland et al. 2002). Such movements can result in very large precipitation
anomalies on either side of the mean location of the SPCZ (Salinger et al. 1995), as
it moves northeast during El Nifio events and southwest during La Nifia events.



2 Climate in Asia and the Pacific: Climate Variability and Change 25

A recent modeling study simulated the effects of climate change on ENSO over
the twenty-first century. The study found no significant changes in its extent or
frequency, but the warmer and moister atmosphere of the future could make ENSO
events more extreme (Stevenson et al. 2011). However, there remains considerable
uncertainty in the future behavior of ENSO under climate change conditions.

2.1.3.2 Indian Ocean Dipole

ENSO is found to be associated with inter-annual variability of the Indian summer
monsoon (for example, Webster et al. 1998), but this relationship may be weakening in
recent decades (Kinter et al. 2002). The linkage between the Indian monsoon and
Indian Ocean Dipole (IOD) has been the subject of many investigations, such as Saji
etal. (1999) and Webster et al. (1999). The IOD manifests through an east—west gradi-
ent of tropical SST, which in one extreme phase in boreal autumn shows cooling and
drying off Sumatra and warming off Somalia in the west, combined with anomalous
easterlies along the Equator. In a negative dipole year, the reverse occurs, with Indonesia
much warmer and wetter. Several recent IOD events have occurred simultaneously
with ENSO events. The strongest IOD episode ever observed occurred in 1997-1998.
Trenberth et al. (2002) showed that Indian Ocean SSTs tend to rise about 5 months
after the peak of ENSO in the Pacific. Monsoon variability (Lau and Nath 2004) is also
likely to play a role in triggering or intensifying IOD events. Decadal variability in cor-
relations between SST-based indices of the IOD and ENSO has been documented
(Clark et al. 2003). At interdecadal time scales, the SST patterns associated with the
variability of ENSO indices are very similar to the SST patterns associated with the
Indian monsoon rainfall (Krishnamurthy and Goswami 2000) and with the North
Pacific inter-decadal variability (Deser et al. 2004), raising the issue of coupled
mechanisms modulating both ENSO-monsoon system and IOD variability (Terray
et al. 2005). It has been shown that a positive IOD index can reduce the effect of
ENSO, resulting in increased monsoon rains in some ENSO years such as 1983, 1994
and 1997. Further, it has been shown that the two poles of the IOD — the eastern pole
(around Indonesia) and the western pole (off the African coast) — can independently
and cumulatively affect the rainfall for the monsoon in the Indian subcontinent.

2.1.3.3 Pacific Decadal Oscillation (PDO)/Interdecadal
Pacific Oscillation (IPO)

The inter-annual variability of ENSO and the strength of its climate teleconnections are
modulated on decadal time scales by a long-lived pattern of Pacific climate vari-
ability known as the Pacific Decadal Oscillation (PDO) (Mantua et al. 1997; Zhang
et al. 1997) or the Interdecadal Pacific Oscillation (IPO) (Power et al. 1999). The PDO
is the North Pacific part of a Pacific basin-wide pattern encompassed by the IPO and is
described by an “El Nifio-like” pattern of Pacific SST anomalies and appears to persist
in either a warm or cool phase for several decades (Fig. 2.4). Warm phases
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Fig. 2.4 Pacific Decadal Oscillation: (fop) SST based on the leading EOF SST pattern for the
Pacific basin north of 20°N for 1901-2004 (updated; see Mantua et al. 1997; Power et al. 1999)
and projected for the global ocean (units are non-dimensional); and (botfom) annual time series
(Updated from Mantua et al. 1997) (Reprinted with permission from “Climate Change 2007: The
Physical Science Basis. Working Group I Contribution to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change,” Cambridge University Press, Figure 3.28, p. 289)
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Fig. 2.5 Linear trend of annual temperatures for 1901-2005 (left; °C per century) and 1979-2005
(right; °C per decade). Areas in grey have insufficient data to produce reliable trends. The minimum
number of years needed to calculate a trend value is 66 years for 1901-2005 and 18 years for
1979-2005. An annual value is available if there are 10 valid monthly temperature anomaly values.
The data set used was produced by NCDC from Smith and Reynolds (2005). Trends significant at
the 5 % level are indicated by white + marks (Reprinted with permission from “Climate Change
2007: The Physical Science Basis. Working Group I Contribution to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change,” Cambridge University Press, Figure 3.9, p. 250)

characterized the 1920s—1940s and from the mid-1970s to the late 1990s. In these
periods, ENSO was a weaker source of inter-annual climate variability. The warm
phases were preceded and separated by IPO and PDO cool phases from the 1900s to
1920s and 1940s to 1970s, when ENSO was a major source of inter-annual climate
variability (Deser et al. 2004). Decadal variability in the SST field of the Pacific is
associated with decadal variability in atmospheric variables, such as sea-level pressure,
winds and precipitation (Deser et al. 2004; Burgman et al. 2008). The nature of ENSO
has varied considerably over time. The 1976-1977 PDO/IPO climate shift (Trenberth
1990) was associated with marked changes in El Nifo evolution (Trenberth and
Stepaniak 2001), a shift to generally above-normal SSTs in the eastern and central
equatorial Pacific and a tendency towards more prolonged and stronger El Nifios.
This tendency reversed in 1998/1999 with the latest negative phase of the PDO.

2.1.4 Trends and Extremes

2.1.4.1 Surface Temperature and Precipitation

Warming in mean surface air temperature over the period 1901-2005 (Fig. 2.5)
range from as high as 1.5 °C over Siberia, and at least 1.0 °C/century over northern
Asia (Trenberth et al. 2007). Over the remainder of the Asian continent the rate has
been 0.8-1.0 °C/century as well as in northern Australia. This compares with a warm-
ing rate of 0.5-0.8 °C/century for the Pacific and remainder of Oceania. Higher
latitude regions in Asia are experiencing a faster rate of warming than temperate
regions. For example, winter temperatures in Mongolia have increased on average
by 3.6 °C over the past 60 years (Bohannon 2008). A number of Asian countries
have found that winter temperatures are changing faster than summer, and that heat
waves are lasting longer (Cruz et al. 2007).
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For the period 1979-2005 the warming trend per decade reflects a similar pattern
with rates in excess of 0.5 °C/decade over much of the entire Asian continent.
In South Asia and Oceania warming rates are between 0.1 °C and 0.3 °C/decade,
with the least warming in the tropical and eastern Pacific Ocean (0.1 °C/decade).

Land-based records of accurate trends in precipitation for the Asia-Pacific region
can only be gleaned from a much sparser network of observing stations. For the period
1901-2005 (Fig. 2.6) most stations over Asia and Australia record a precipitation
increase of between 20 % and 40 % per century. Increases from 10 % to 30 % per
decade have occurred over northwest Asia and northwest Australia, western New
Zealand and parts of the western tropical Pacific. Over India, eastern precipitation has
decreased from 5 % to 15 % per decade (Trenberth et al. 2007).

Over much of Asia the regional climate has been affected not only by the effects
of enhanced levels of greenhouse gases (GHGs), but also by high levels of aerosols
produced mainly from biomass burning and the consumption of fossil fuels
(Ramanathan et al. 2007). The resulting atmospheric brown cloud (ABC) affects the
radiation budget of the atmosphere (through both the scattering and absorption of
radiation) and the properties of clouds. There is both observational and modeling
evidence of ABC impacts on both temperature and precipitation in Asia (Nakajima
et al. 2007). There is considerable evidence (Wild 2009a) that the scattering effect
of aerosols reduced solar radiation reaching the surface (‘global dimming’) for some
decades in the last half of the twentieth century, and hence masked some of the warm-
ing effects of enhanced levels of GHGs. While this dimming effect has been reduced
in some parts of the world over the last decade or so, there has been a continuing
decline in surface solar radiation in China and India (Wild et al. 2009).

2.1.4.2 Tropical Cyclones

At the global level there are no clear trends in the intensity and frequency of tropical
cyclones over the last half of the twentieth century (Knutson et al. 2010). However,
there are some indications of trends at the regional level. For Asia and the Pacific there
is evidence of increases in the intensity and frequency of tropical cyclones as well as
intense rainfall, tornadoes and thunderstorms (Cruz et al. 2007). Analysis of Pacific
Ocean extra-tropical cyclones over the past 50 years suggests that, while the overall
frequency of storms has not changed, the frequency of intense storms has increased.
Moreover, both observational studies and modeling projections indicate that the inten-
sity of cyclones in the North Pacific is increasing (Lambert and Fyfe 2006).

2.1.4.3 Glaciers

(a) Glacier mass balance studies
There have been few field studies on glaciers in Asia, and there is not a clear
picture of how the region is expected to change in the coming decades. The main
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Fig. 2.6 Trend of annual land precipitation amounts for 1901-2005 (top, % per century) and
1979-2005 (bottom, % per decade), using the GHCN precipitation data set from NCDC. The
percentage is based on the means for the 1961-1990 period. Areas in grey have insufficient data to
produce reliable trends. The minimum number of years required to calculate a trend value is 66 for
1901-2005 and 18 for 1979-2005. An annual value is complete for a given year if all 12 monthly
percentage anomaly values are present. Note the different colour bars and units in each plot. Trends
significant at the 5 % level are indicated by black + marks (Reprinted with permission from
“Climate Change 2007: The Physical Science Basis. Working Group I Contribution to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change,” Cambridge University
Press, Figure 3.13, p. 256)
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difficulty is the accessibility of glaciers because of the steep topography with
rugged terrain. Moreover, large costs are incurred in carrying out studies in
such hard-to-reach places. Assessment of mass balance of the glaciers of the
region has been carried out by evaluating each succeeding year’s glacier surface
vis-a-vis its position in the previous year, or by evaluating the respective glacier
surface at the end of the accumulation and ablation season. From these trends
the glacier mass balance can be evaluated.

Since the glacier inventory work carried out by Muller (1970) in the Mount
Everest region, Glaciological Expedition to Nepal (GEN), a Nepal-Japan joint
venture, undertook the task of making a glacier inventory of Nepal early in the
1970s (Higuchi et al. 1976; Watanabe 1976). Most of the works were carried
out with the help of aircraft observations and ground field surveys. The advance-
ment of remote sensing technology facilitated this survey work of making an
inventory of glaciers in other parts of the Himalaya-Tibetan Plateau (HTP)
region. The Hindu Kush-Himalaya (HKH) is an extensive area, which alone
contains more than 15,000 glaciers and snow fields (Ives et al. 2010).

Field studies
In order to understand the dynamics of glaciers, field studies become an impor-
tant activity and some examples are presented from the Asia and Pacific region.

Nepal

The Nepal Himalayas contain around 3,252 glaciers. Field studies are con-
strained by the rugged terrain and remoteness. However, some studies have
been carried out in the central and eastern Himalaya regions of Nepal. The
mass balance studies of the glaciers were carried out in Hidden Valley located
in the northern side of the central Himalaya during the monsoon season of
1974 (Nakawo et al. 1976; Fujii et al. 1976) and such activities are beginning
in Nepal. There have been few studies of the glaciers on the northern side of
the Nepal Himalayas; Watanabe et al. (1967) is an exception. The Hidden
Valley work therefore has special significance. Among the studied glaciers in
the Hidden Valley, Rikha Samba glacier is the largest with an area of 4.81 km?
and an altitude span from 5,245 to 5,985 m. For the glaciers of Nepal, accu-
mulation and ablation occur mainly in the boreal summer. Although the
Hidden Valley is situated on the northern side of the Himalayas with low pre-
cipitation totals, it is still influenced by the Asia monsoon (Shrestha et al.
1976). Glaciers in the Hidden Valley have shown considerable retreat during
the period 1974-1994 (Fujii et al. 1996).

Figure 2.7 shows the evolution of the Rikha Samba Glacier from 1974 to
2010. It clearly shows the depletion of the snout of the glacier. The rate at which
Himalayan glaciers are shrinking generally remains poorly constrained because
ground-based observations are limited by the high altitude and remoteness of
the region.

Fujita and Nuimura (2011) looked at the mass wastage of the Himalayan
glaciers and they selected three benchmark glaciers in the Nepal Himalayas on
which observations have been made since the 1970s. Based on in situ measurements,
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Evolution of Rikha Samba Glacier, Hidden Valley

Fig. 2.7 Time sequence of Rikha Samba glacier, Hidden Valley (Source: Madan L. Shrestha, Koji
Fujita, Glaciological Expedition of Nepal (GEN), and Department of Hydrology and Meteorology
(DHM) Nepal)

the wastage rate of the glaciers is equivalent to the global mean during the
recent decade (2000-2010), but is higher than the global mean during the previous
two decades. This study also indicates that some glaciers at lower altitudes
may disappear sooner than those at higher altitudes (Fig. 2.8). However, the
heterogeneous distribution of the Equilibrium Line Altitudes (ELAs) trends
suggest that it is unwarranted to draw conclusions regarding the fate of the
Himalayan glaciers based on such a small number of examples, especially
when the benchmark glaciers are chosen partly because of their small size,
small elevation range, and simple geometry. In addition, other variables like
nature, intensity and quantity of precipitation along with temperature, cloud
cover, wind and radiation play an important role and respond in a complex
manner through their impact on glacier fluctuations.

India

In the India Himalayas, all available sources illustrate that almost all the
glaciers are in a state of depletion. As an example, the Gangotri glacier has been
in a continuous state of retreat and fragmentation during the past century. The
length of the glacier has been computed for different years based on available
data, showing that the length of the glacier has reduced by about 0.59 km in 33
years, from 1976 to 2009, with an average retreat rate of 17.59 m/year. The
analysis shows that the glacier is not only receding in length but also in terms of
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Fig. 2.8 Location of the three benchmark glaciers in Nepal (a), temporal changes in the area-averaged
mass balances of the glaciers compared with the pentadal global mean (grey line) (Cogley et al.
2010) (b), and mass balances compared with annual precipitation (c). Colour shading in b and vertical
bars in ¢ denote measurement errors of mass balance. Horizontal bars in ¢ denote variability of
annual precipitation (Source: Fujita and Nuimura 2011) (Reprinted from “Spatially heterogeneous
wastage of Himalayan glaciers,” by K. Fujita and T. Nuimura, 2011, PNAS, 108(34), Figure 1, p. 2)

glaciated area from all sides. Analysis shows that between 1976 and 2006, the
glacier area has reduced by 15.5 km?, with an average loss of 0.51 km? per year.
With a reduction in the area and length of the Gangotri glacier, there has also
been a retreat in the snout position. Similar reductions have also been observed
in most of the other glaciers (Kumar et al. 2009) indicating a significant change
in the glaciers in the India Himalayas.

New Zealand

There are few places in the Pacific region with glaciers. New Zealand has gla-
ciers with a long, continuous record of annual end-of-summer-snowline measure-
ments for a set of Southern Alps ‘index glaciers’ from 1977 to present. Chinn
et al. (2012) used these index glaciers to estimate annual mass balance and
volume water equivalent changes to the over 3,000 glaciers on the Southern
Alps. Results show that estimated ice volume in water equivalents for the
Southern Alps has decreased from 54.5 km?® in 1976 to 46.1 km? by 2008. This
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equates to a loss rate of 0.3 km?*a~! over the last three decades, but this is con-
siderably less than the rate of ice volume loss estimated for the previous 100
years. Results show that there are significant correlations with an index of
southwest/northeast circulation over New Zealand in the ablation season. El
Nifio years are associated with mass balance gains and La Nifa years with
mass balance losses. There are also significant correlations with the Southern
Annular Mode, also known as the Antarctic Oscillation (Kidson 1999).

2.1.4.4 Extreme Events

Manton et al. (2001) and Kwon (2007) analyzed trends in climate extremes in the
Asia-Pacific region using 20 extreme temperature indices and 10 extreme precipita-
tion indices classified into three groups: percentile-based indices, fixed-threshold-
based indices, and others. Percentile-based extreme temperature indices include
cool/warm nights/days (upper and lower 10th percentiles). Similarly, percentile-
based extreme precipitation indices include very wet days (95th percentile). Other
indices included the number of consecutive dry/wet days. Thirty-year (1971-2000)
average values were used to calculate each extreme index from daily maximum/
minimum or precipitation data at individual weather stations. A linear regression
was fitted to the time series of extreme climate indices for each weather station over
the period 1955-2007, and significant levels of the slope values are calculated using
the RClimDex software (Zhang and Yang 2004).

Figures 2.9, 2.10 and 2.11 show spatial patterns of linear trends of extreme climate
indices over the period 1955-2007 across the region. Among the fifth upper or
lower percentile-based indices including cool/warm days/nights, the magnitude of
changes in cool nights are greatest at both low- and mid-latitude regions. As shown
in Fig. 2.9, cool nights have decreased most in Southeast Asia at the rate of 20 days/
decade or more. In the mid-latitude regions above 30°N, cool nights have decreased
at the rate of 0-10 days/decade. In central Australia, the trends are not statistically
significant and also show reversed signs.

The magnitude of trends in cool days lies within the range of 0—10 days/decade
in most of the Asia-Pacific land areas (Fig. 2.10). In India (Kothawale et al. 2009)
the frequency of hot days and warm nights shows a widespread increase from 1970
to 2005, especially over southern India. Cool days and cold nights have a widespread
decrease. Trends in Nepal (Baidya et al. 2008) show an increase in hot days and
warm nights. Most of the temperature extreme indices show a consistently different
pattern in the mountainous and southern plains of Nepal (Terai belt). The trend has
relatively higher magnitude in mountainous regions where permanent snow and
glaciers occur.

Frost days do not occur in the tropical regions between 30°N and 30°S. Regions
where frost days do not occur extend more southward in the Southern Hemisphere
compared with the northern limit of no frost days. For instance, the southern limit
of no frost days occurs in New Zealand (mid-latitude), while the northern limit is
located in southern China (subtropical region). In many regions in the mid-latitude
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of the Southern Hemisphere, frost days are relatively rare. In contrast, over the
continents including China and Mongolia, the number of frost days has decreased
in the range of 0-8 days/decade. Compared with frost days, significant trends of
summer days are observed in both 50°N and 40°S.

Spatial patterns of linear trends of annual total precipitation amount (prcptot) are
illustrated in Fig. 2.11. Overall, the trends vary from one location to another. It is
difficult to identify regionally-coherent significant trends. However, if insignificant
trends are also considered, the overall decreasing trends of annual total precipitation
amount are observed in northern China and south eastern Australia, while the
increasing trends are found in the Tibetan plateau, Southeast Asia, Republic of
Korea and north-western Australia, implying that the summer monsoon system may
be intensified in these regions.

As shown in Fig. 2.12, similar patterns are observed for trends in very wet days.
For India (Joshi and Rajeevan 2006), for the period 1901-2000, positive trends are
seen over the west coast and north western parts of the Indian peninsula. In contrast



2 Climate in Asia and the Pacific: Climate Variability and Change

37

-
60° N -~ te0° N
30° N - Y L30° N
\ / 3
\ 5 /‘g ,
uh\rary wet days (ﬂk’ &l - 0
bk Bk o
(mm/decade) . SSamggs A S
v -54--40 Y % v o
v -39--20 red 75 o
30° S v A9.:0 \ sl } Vo Thaecs
s 1-20 X2g 00 g "
A 21-40 ~t? by
A 41-60 R .
~A 61-80 ;
A 81-100
60° S £ ; r F60° S
90°E 120°E 150° E
60° N “teocN
30° N4~ -30° N
04 NE, ; En . o -0
Max 5 day precip \L‘{mﬁf?;h:‘\_t? My
(rx5day) : o =S
(mm/decade) at ";)\auh“- % 4
v 22--20 f 3 .- \}( e
0] ¥ -19--10 \' . d P,
v 9-0 LR v
a 1-10 “r“?:,‘ :
A 11-20 G
~a 21-30 .
31-40
60° S- A . . . -60° S
90°E 120°E 150° E

Fig. 2.12 Trends for very wet days (r95p) and consecutive dry days (cdd) over the 1955-2007
period across ten Asia-Pacific countries. Colour-filled symbols indicate that the linear trend is
significant at the 95 % level (Source: Kwon 2007)



38 M.J. Salinger et al.

to extreme rainfall events, a decrease is seen in the frequency of moderate rainfall
events over central India during the monsoon season from 1950 to 2000 (Goswami
et al. 2006b). Strong increasing trends of the very wet day index are observed in
Southeast Asia and Republic of Korea, where heavy rainfall events occur during the
monsoon period. In contrast, there are decreasing trends in northern China and
south-eastern Australia. There is no noticeable regionally-coherent pattern in trends
in consecutive dry days. The magnitude and sign of the trends vary substantially
from place to place.

Recently, Liu et al. (2009) obtained some interesting results through a series of
analyses on how the intensity of precipitation reacts to global warming. Starting
with observations from Taiwan, they found that the 90th percentile of precipitation
intensity increases by about 95 % for each degree C increase in global mean tem-
perature; the global average precipitation intensity increases by about 23 % per
degree C. Their study clearly showed the linkage between increasing extreme events
and global warming.

2.1.5 Attribution of Change

[PCC (2007b) notes that anthropogenic change has been detected in global surface
temperature with very high significance levels (at least the 1 % level). This conclusion
is strengthened by the detection of changes in the upper ocean with high significance
level. Upper ocean warming argues against the surface warming being due to natural
internal processes. The observed change is very large relative to climate model-
simulated internal variability. Surface temperature variability simulated by models
is consistent with the variability estimated from the instrumental record. These
conclusions apply to observed temperature change over Asia and the Pacific.

It can also be concluded that anthropogenic forcing has contributed to widespread
glacier retreat during the twentieth century in Central Asia, the Himalayan plateau
and the Southern Alps of New Zealand.

A range of observational evidence indicates that temperature extremes are changing.
An anthropogenic influence on warm and cold nights is consistent with that expected
from global warming, as is the increase in high intensity rainfall events. The detec-
tion of changes in temperature extremes is supported by other comparisons between
models and observations. Model uncertainties in changes in temperature extremes
are greater than for mean temperatures and there is limited observational coverage
and substantial observational uncertainty (IPCC 2012).

The current understanding of climate change in the monsoon regions remains
considerably uncertain with respect to circulation and precipitation. IPCC (2007a)
records that the Asian monsoon circulation is likely to decrease by 15 % by the late
twenty-first century under the SRES A1B scenario (Tanaka et al. 2005). These
results are consistent with simulations (Ramanathan et al. 2005; Tanaka et al. 2005)
of weakening monsoons due to anthropogenic factors, but further model and
empirical studies are required to confirm this.
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Observations indicate that the HC has widened by about 2—5° since 1979 (Johanson
and Fu 2009). This widening and the concomitant poleward displacement of the
subtropical dry zones may be accompanied by large-scale drying near 30°N and 30°S.
Simple and comprehensive global climate models (GCMs) indicate that the HC may
widen in response to global warming, warming of the western Pacific, or polar strato-
spheric cooling. Observational and modeling evidence has been found of changes in
the HC affecting the rainfall of south eastern Australia (Lucas et al. 2012; Timbal and
Drosdowsky 2012). The observed HC widening cannot be explained by natural
variability alone, and it is also significantly larger than in simulations of the twentieth
and twenty-first centuries (Kent et al. 2011). These results illustrate the need for
further investigation into the nature and causes of the widening of the HC.

2.2 Modeling Projections and Regional Downscaling

2.2.1 Introduction

Climate modeling over the Asian region involves some significant complexities.
The topography of the region includes many small islands with extensive coastlines,
producing many complicated sea-breeze and land-breeze effects. There is also much
significant orography, including the Himalayas and Tibetan plateau where there are
extra effects from snow and snow melt. Monsoon behavior in the region is still
difficult to capture well in global climate models (GCMs); this is partly due to a lack
of horizontal resolution in GCMs, and so various topographic interactions with
the atmospheric flow are not adequately captured. The complex topography also
affects the ability to properly represent relevant physical processes within the
models. A particular problem occurs with handling moist convective processes,
which require complex diurnally-varying triggering of the convection, and an associated
detailed treatment of the atmospheric boundary layer, in order to adequately represent
the sea- and land-breeze effects.

As a result, there is a requirement for quite fine resolution over the Asian region
to resolve the complex topographic features. One approach, called dynamical
downscaling, is to use high-resolution models formulated with the same dynamical
equations of motion as the GCMs, driven in some manner by the GCM simulations,
which typically have a horizontal resolution of 100-200 km. The dynamical
downscaling technique has been available for about 20 years, and the models have
come to be called regional climate models (RCMs). Some early studies were those
of Giorgi and Bates (1989) over northern America, McGregor and Walsh (1993)
over Australia, and Kida et al. (1991) over Japan. The resolution of RCMs is often
around 50 km, but in recent years some studies have been performed at 10 km
resolution or finer.

Another method for obtaining finer resolution climate change information is to
use some form of statistical downscaling from dynamical climate models, typically
from coupled atmosphere—ocean GCMs, though the technique may also be applied
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to further downscaling RCM simulations. A feature of this type of methodology
is that some error-correction (for present-day climate) may be incorporated. Both
dynamical and statistical downscaling methods are discussed in the following sub-
sections, and examples of their use over the Asian region are presented.

2.2.2 Regional Model Downscaling

2.2.2.1 Dynamical Downscaling

As mentioned, dynamical downscaling methodologies were first developed about
20 years ago. The original technique involved the use of limited-area models “nested”
within outputs from a GCM. Over the last decade, an increasing number of researchers
are also using variable-resolution global atmospheric models for dynamical down-
scaling purposes. The dynamical downscaling techniques may be broadly arranged
into four groups, and all may be referred to as RCMs.

(a)

(b)

©

Limited-area models with lateral boundary forcing

Climate simulations with this technique commenced about 20 years ago, and
the technique continues to be widely used. The technique is a natural evolution
from limited-area numerical weather prediction (NWP) models, which have
been used for operational forecasting for some decades. Although NWP models
are usually only run for forecasts of a few days, they are well-suited to longer
simulations if there is a reasonable flow through the domain, and the domain is
not so large as to allow undesired internal circulations to develop. Where there is
some incompatibility between the internal flow, and the prescribed lateral
boundary conditions, some unwanted reflections may occur, with associated spu-
rious rainfall effects. It is common in such models to include a lateral boundary
zone, with flow progressively damped near the boundaries, to suppress artificial
reflections. Reviews of this type of model are provided by Giorgi and Mearns
(1991) and McGregor (1997).

Limited-area model with internal forcing (or nudging)

A development for limited-area models was proposed by Kida et al. (1991), to
provide internal forcing (within the limited-area domain) of larger-length scale
features, such that they remain consistent with flow features of similar scale in
the host GCM. Lateral boundary forcing is usually also included in such mod-
els. This type of dynamical downscaling permits rather larger downscaled
domains than (a), because the flow will be broadly consistent with that of the
host model over the whole domain.

Stand-alone variable-resolution global models, run in time slice mode

Application of variable-resolution global atmospheric models was first
described by Déqué and Piedlievre (1995), using ARPEGE, an adaptation of the
ECMWF IFS NWP model to regional climate modeling. A time-slice approach
is often used, where initial conditions are taken from analyses or a host GCM, and
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(d)

the simulation is “free-standing”, forced only by sea surface temperatures
(SSTs) and sea-ice from the host GCM. By correcting the monthly biases of the
SSTs of the host GCM (as compared to present-day observed SSTs) and apply-
ing these same monthly SST bias corrections for the duration of the climate
simulation, it is possible in principle to avoid replicating the circulation biases
of the host GCM. This type of simulation is usually only modestly stretched,
in order to avoid significant refraction effects of waves passing through regions of
varying resolution (Caian and Geleyn 1997). An intercomparison by Fox-
Rabinovitz et al. (2006) of four such models over northern America at 50 km
resolution demonstrated the efficacy of the methodology.

Under this category can be included high-uniform-resolution atmospheric
GCMs run in time-slice mode. A notable example is provided by the 20 km
climate simulations of the MRI-AGCM3.2 (Mizuki et al. 2012). The Meteoro-
logical Research Institute of Japan (MRI) have also performed 60 km global
time-slice simulations, as have CSIRO with conformal-cubic atmospheric
model, or CCAM, (Nguyen et al. 201 1a, b); the latter for an ensemble driven by
IPCC AR4 bias-corrected SSTs.

Strongly-stretched variable-resolution global models

It is possible to downscale the time-slice variable-resolution simulations of (c)
to even finer resolution. The CSIRO group running CCAM have adopted this
dynamical downscaling methodology. A long time-slice simulation is first
performed as in (c). The larger-scale atmospheric variables of this simulation
may then be applied periodically (for example, every 6 h) to drive a more
strongly-stretched simulation. The forcing by the larger-scale variables may be
conveniently performed by means of a digital filter (Thatcher and McGregor
2009). The technique may be repeated successively to obtain even finer-resolu-
tion dynamically-downscaled simulation.

Dynamical downscaling over Asia and the Pacific Islands is being carried out
by many groups, using one or more of the above methods. Table 2.1 lists a num-
ber of the groups, arranged according to the four downscaling methodologies.
The various models are listed, and the typical resolution being used.

2.2.2.2 Areas Needing Improvements in RCMs

The impacts and adaptation communities require estimates of the uncertainty of
regional climate simulations. Even for a given GHG emissions scenario, the 23
models of the IPCC Fourth Assessment produced a wide range of regional climate
outcomes. One may be able to reduce this range by considering the “most credible’ of
the coupled GCMs, for example by the quality of their present-day climate simula-
tion, or their climatological performance for indices such as ENSO. This desirability
to produce ensembles of simulations also applies to dynamical downscaling. It may
variously be addressed by a multi-RCM approach (for example model intercomparisons
such as RMIP and CORDEX), by using a single RCM to downscale a variety of host
GCMs, or by using a variety of RCMs driven by a variety of host GCMs.
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Table 2.1 Some examples of dynamical downscaling methods used in the Asia-Pacific region

Typical resolution

Downscaling method Institute and duration Modeled regions
Limited-area — boundary forced
RIEMS, WRF CAS 50 km China
WRF Nat. Univ. Sing. 50, 12.5 km, 150y Singapore
RegCM3 CMA 20 km; 2x 30y China
Kyungpook Nat. U. 50 km 2x 75y CORDEX-EA
PRECIS IMHEN 25 km; 20y, Vietnam
2x 10y
Univ. Keb. Malaysia 25 km 2x 30y Malaysia
HadGEM3-RA KMA/Met Office 50 km CORDEX-EA
Limited-area — internally forced
MMS5/SNURCM, WRF Seoul Nat.Univ 50 km 2x 75y CORDEX-EA
RSM Yonsei Univ. 50 km 2x 75y CORDEX-EA
NHRCM MRI 5 km; 3 x20y Japan
Global variable res. — time slice
CCAM CSIRO 60 km 140y Global
LMDZ IIMT (Pune) 35 km India
CSIR-CMMACS 35 km India
MRI-AGCM3.2 MRI 60 km, 20 km Global
2x25y
HadGEM2A KMA 60 km, 2x30y Global
Global highly-variable res.
CCAM CSIRO 60, 50, 14,8 km  RMIP/CORDEX,
140y Indonesia, Pacific Is.

Within individual RCMs, there is a need to improve the representation and param-
eterization of physical processes. The following lists some of the more important
issues for the Asian region:

— Land-cover change (LCC) needs improved treatments and methodologies are
needed for estimating the future evolution of LCC;

— Improvements of the land surface to consider urban effects, river routing, and
other related processes;

— Improvements to deep and shallow convection, to improve the diurnal convective
behavior, and improve the distribution of convective heating throughout the
depth of the atmosphere;

— Possible use of convective super-parameterizations (Grabowski 2001) though
as model resolution gets very fine (around 2 km), there should then be no need
for any convective parameterization, as the processes are explicitly resolved;

— Improved aerosol schemes for both direct and indirect effects;

— Simulation of the carbon cycle, source and sinks of nutrients for both land and ocean;

— Refined resolution, to better represent small islands and the Maritime Continent; and

— Coupling to a mixed-layer ocean or, ideally, a regional ocean model.
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2.2.2.3 Statistical Downscaling

There are broadly three common statistical downscaling methodologies:

(a) Perfect Prognosis approach
In this methodology, statistical relationships are sought from observations for
variables in which there is high confidence, whilst ignoring those in which there
is low confidence. The assumption is that the model simulation of the large-
scale predictors is “perfect.” Some of these models include a noise component
to help capture variability and extremes.

(b) Model Output Statistics approach
Model Output Statistics (MOS) methods develop statistical relationships
between simulated predictors and observed predictands. They are most often
applied to climate-model simulated fields of the same variable being predicted.
At their simplest, MOS methods provide a bias correction of the present-day
simulated field to match the observations.

(c) Weather Generator approach
Weather generators are statistical models that produce random sequences of
climate variables with statistical properties that match those of the observed
variables.

The above categorization and the various approaches are described in some
detail by Evans et al. (2012). When comparing outputs of dynamical and statis-
tical downscaling for present-day climate, the statistical methods tend to be
closer to observed station data and present-day climate (for example, Frost et al.
2011; lizumi et al. 2011). This is to be expected from the nature of the statistical
methods, which are derived by strongly taking into account the observed
values. A major difficulty with statistical downscaling is that the future validity
is not known of the present-day correlations upon which the techniques are
based. A recommended downscaling approach is to use dynamical downscaling
to reach as fine a resolution as can be achieved with available computing
resources, then proceed to still-finer scales (for example, catchment or station
scale) by means of statistical downscaling. Note that the final statistical down-
scaling step is able to remove the various biases of the dynamically-downscaled
simulations (for example, Corney et al. 2010).

2.2.3 Asian Climate Change Projections

2.2.3.1 Projection of Asian Climate by GCMs

Generally, for the Asia-Pacific region, the IPCC Fourth Assessment Report (AR4)
finds that future warming may lead to summer heat waves of longer duration and
greater intensity frequency in East Asia with fewer very cold days in East Asia and
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South Asia. It is also possible that precipitation will increase in northern areas and
the Tibetan Plateau, as well as in eastern Asia and the southern parts of Southeast
Asia (Christensen et al. 2007).

However, the climate across Asia is different from that in other areas because it
is dominated by the most significant monsoon in the world. Traditionally, the Asian
monsoon was separated into the south Asian monsoon, east Asian monsoon, western
north Pacific monsoon and southeast Asian monsoon, depending on the different
physical monsoon processes. Besides the heating contrast between land and ocean,
ENSO is one of the key processes affecting the intensity of the southeast Asian
monsoon and south Asian monsoon. At the same time, tropical cyclones bring mois-
ture to Asian monsoon areas. The east Asian monsoon is thought to be influenced
by the heat conditions over the Tibetan Plateau and the temperature gradient along
the east coast, which means the western Pacific Ocean is important to the east Asian
monsoon.

The east Asian summer monsoon shows typical characteristics of a rainy season
in June and July, which is called Meiyu in China, Baiu in Japan and Changma in
Korea. This Meiyu-Baiu-Changma front can be well represented in high resolution
GCMs. Kitoh and Uchiyama (2006) found that the withdrawal of the Meiyu-Baiu-
Changma rainy season may be delayed under climate change conditions; they
used 15 GCM outputs under the [PCC A1B emissions scenario. By using a 20-km
resolution atmospheric GCM, Kusunoki and Mizuta (2008) found increasing
rainfall over the Yangtze River valley and western Japan may occur in the future.
By checking CMIP3 modeling ensemble products under the A1B scenario, Ninomiya
(2011) showed the northward shift of both Meiyu and Baiu fronts, and that the rainfall
decreased slightly in twenty-first century projections.

It is noted in Sect. 2.1.4 that aerosols have a significant impact on climate across
Asia owing to emissions from biomass burning and fossil fuel consumption. Wild’s
(2009b) study of Climate Model Intercomparison Project Phase 3 (CMIP3) models
suggests that, while the models capture many features of the climate of the last 50
years, their decadal-scale variability is less than observed partly because they do not
account for the variability of aerosols in the atmosphere.

CMIP3 remains an important source of model output to support a wide range of
applications. However, recognizing that there is now an increased emphasis both on
long-term projections to support mitigation scenarios and on short-term climate
change a couple of decades ahead, the World Climate Research Programme (WCRP)
has commenced a much broader set of model experiments as Phase 5 of CMIP (CMIP5).
Taylor et al. (2012) provide a summary of the aims and plans for CMIP5, which will
involve research institutes around the world including the Asia-Pacific region.

By analyzing outputs from eight CMIP5 models under the new scenarios (RCP
2.6, 4.5, 8.5 indicating low, middle, high emission scenarios), a study in China has
found that the increase in global temperature over the present century (2006-2099)
under the new scenarios is lower and the uncertainty range is less than for the
corresponding AR4 scenarios. For example, the increase in global temperature is
found to be around 1.4-2.2 °C over this century under RCP4.5 in CMIP5, while it
is 1.7-4.4 °C in A1B scenario in CMIP4.
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2.2.3.2 Projection of Asia-Pacific Climate by RCMs

Much information on climate projections for Asia can be found in the [PCC AR4
(2007a). In Chap. 11 (regional climate projection) of the Working Group 1 report,
Asia is separated into six sub-areas, which are northern Asia (50-70°N, 40—180°E),
Central Asia (30-50°N, 50-100°E), Tibetan Plateau (30-75°N, 50-100°E), East
Asia (20-50°N, 100-145°E), South Asia (5-50°N, 64—-100°E) and Southeast Asia
(11°S=20°N, 95-115°E). Regarding the twenty-first century Asian climate projec-
tion for the A1B scenario in [IPCC AR4, warming is found to be largest in high lati-
tude (northern Asia, central Asia) and high altitude (Tibetan Plateau) regions; East
Asia and South Asia are higher than the global mean, and southeast Asia is similar
to the global mean. In most of the sub-areas of Asia, winter (December-February
(DJF)) warming contributes more than other seasons; an exception is summer (June-
August (JJA)) in Central Asia.

For precipitation changes due to enhanced GHG effects, a suppression of the
south Asian summer monsoon, along with a delay of monsoon onset and increase of
monsoon break periods are indicated by Ashfaq et al. (2009). In the research of
Kumar et al. (2011) by analyzing the outputs from the PRECIS model, the model
projections indicate significant warming over India towards the end of the twenty-
first century. The summer monsoon precipitation over India is expected to be
9-16 % more in the 2080s compared to the baseline 1970s (1961-1990) under
global warming conditions. Also, rainy days are projected to be less frequent and
more intense over central India.

By using the ensemble results of five GCMs, Immerzeel et al. (2010) analyzed
the impact of global warming on the water resources of the Himalayan river basins
in the mid twenty-first century (2046-2065) under the A1B scenario. The Indus and
Brahmaputra basins are found to be more influenced by climate warming than the
Ganges, Yangtze and Yellow rivers, because the large population and large-scale
irrigation heavily rely on melting water in these two areas. By using the CMIP3 and
CMIP4 outputs, Wang and Zhang (2010) found that if there is extensive ice-melt in
the Arctic under global warming then it is likely to result in stronger east Asian summer
monsoons and more rainfall in northern China, north west China and the Maritime
continent of Indonesia.

A recent study included running CCAM in time-slice mode at 60 km global reso-
lution for the A2 emissions scenario, forced by the bias-corrected SSTs from an
ensemble of six coupled GCMs from AR4 (Nguyen and McGregor 2009; Nguyen
et al. 2011a, b). The pattern of warming of surface air temperature from the simula-
tions is shown in Fig. 2.13 with largest oceanic increases over the equatorial region,
showing similarities over the Pacific to the observed increases in recent decades as
shown in Fig. 2.14. An analysis of the six CCAM ensemble members and their host
GCMs suggests that the horizontal gradient of the surface sea-level pressure across
the tropical Pacific will weaken under the warm future climate condition. This is
consistent with a weakening of large-scale vertical circulations. The model simu-
lations project indicates that the Pacific annual mean rainfall will significantly
increase along the ITCZ, with weak changes elsewhere. For the southern
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Fig. 2.13 Change in annual maximum near-surface air temperature (°C) 2080-2099 and 1980—
1999 for the CCAM 60 km multi-model simulations using the A2 emission scenario (Created by
J.M. McGregor with data from Nguyen et al. 2011a, b)
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Fig. 2.14 Simulated annual change in rainfall (mm/day) between 2080 and 2099 and 1980-1999
(left) and amount of agreement of increase (right, 0 means all show decrease, 6 indicates all 6
model runs show increase). Results are for CCAM 60 km simulations for the A2 scenario, driven
by SST changes of 6 AR4 coupled GCMs (Created by J.M. McGregor with data from Nguyen
etal. 2011a, b)

hemisphere, rainfall is projected to decrease, with the largest reduction seen over the
subtropical high. On the other hand, an increase in annual mean rainfall is projected for
the northern hemisphere Pacific and over most land areas.

The situation appears somewhat different over the maritime continent
region, with its complicated convective rainfall behavior, related to its many islands.
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Fig. 2.15 Simulated average annual rainfall changes (changed mm/year amounts) in (2080-2100)
compared to (1961-1990) from an ensemble of 60 km CCAM simulations over Indonesia (left,
McGregor et al. 2009), and the six host GCMs (right) (Created by J.M. McGregor with data from
Nguyen et al. 2011a, b)

In a downscaling study over the region using an ensemble of 60 km CCAM
simulations driven by six of the AR4 coupled GCMs (McGregor et al. 2009), the
ensemble of downscaled simulations, and also the host GCM ensemble, indicate a
future reduction in annual rainfall (Fig. 2.15) for most of the larger islands of the
maritime continent.

2.2.4 Coordinated Projects on Regional Modeling

Many research groups now run either global or regional climate models for climate
research or for the support of climate impact studies. Through regional collaboration
such groups have developed inter-comparison programs that compare the results of
an individual model with those of all other models as well as with region climate
observations (Wang 2012). These coordinated projects allow the uncertainties in
model results to be quantified and hence develop confidence in the application of
models to climate impact studies.

2.2.4.1 Regional Model Intercomparison Project (RMIP)

The Regional Climate Model Intercomparison Project (RMIP) involves long-term
regional coordination on Asian climate change studies (Fu et al. 2005). It has three
phases, each focusing on different scientific objectives. Phases I and II were designed
to assess the ability of models to simulate the seasonal cycle, climate extremes, and
general climatology across Asia (Fu et al. 2005; Lee et al. 2007; Feng et al. 2011b;
Feng and Fu 2006).

In 2009, RMIP III on “Building Asian Climate Change Scenarios by Multi-Regional
Climate Models Ensemble” was established and, at the time of writing, is continuing
with financial support from the APN (Wang and Zhang 2010). The objective of
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Fig. 2.16 CORDEX domains for West Asia and East Asia; each have about 50 km grid resolution
(Plotted using the domain specifications available at http://wcrp-cordex.ipsl.jussieu.fr)

RMIP Ill is to generate robust climate change scenarios for the impact and adapta-
tion research communities, including detailed evaluation and assessment of the
source and magnitude of uncertainties. The project also aims to increase the under-
standing of variability of the east Asia monsoon system in future climate and its
impact on regional climate.

Ten RCMs and two GCMs from seven regional climate modeling groups across
the Asia-Pacific region are participating in RMIP III. The CORDEX East Asia domain
is adopted for the study, and two time slices are composed of present-day conditions
(1900-2000) and future climate (2000-2070).

2.24.2 Coordinated Regional Downscaling Experiment (CORDEX)

A WCRP initiative in partnership with START and other key institutions, CORDEX
aims to produce climate information at regional to local scales to help and support
local decision makers respond to potential climate change. Even though there
exist several successful intercomparison programs for each continent (for example,
ENSEMBLE over Europe, PIRCS and NARCAPP over North America, RMIP over
Asia), the strength of CORDEX compared to previous projects is to provide a common
framework in a global-wide perspective for regional climate projections in order to
understand their uncertainties as well as provide model evaluation (Giorgi et al.
2009). The domain size for East Asia (Fig. 2.16) is the largest among the 12 domains
of CORDEX. This large domain may lead to problems both scientifically and
practically. Nevertheless, the benefit of this domain is that the CORDEX-East Asia
domain covers the maritime continent in the western Pacific, which is a somewhat
vulnerable area with respect to climate change. South Asia has its own large CORDEX
domain, with coordination of the simulations and analyses being undertaken at
the Indian Institute of Tropical Meteorology (IITM). II'TM has a particular interest
in long-term monsoon change and modeling of the south Asian monsoon.
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The Korea Meteorological Administration (KMA) is participating in CORDEX,
in collaboration with the UK Met Office Hadley Centre. Four dynamical regional
climate models and one statistical model are involved in this collaborative research.
Phase I (2010-2011) focuses on the CORDEX-East Asia domain with 50 km
resolution and Phase II (2012~) focuses on the area of the Korean peninsula but
with resolution 12.5 km or finer. The strategy of CORDEX includes current climate
simulations and regional projections forced by CMIP5 global projections based on
Representative Concentration Pathways (RCP) emission scenarios.

2.2.5 Applications and Case Studies

This sub-section introduces some successful cases of regional climate projection.

2.25.1 RMIP

Based on the evaluation of the ability of RCMs to simulate Asian climate on different
time scales in RMIP I and II (Fu et al. 2005; Feng and Fu 2006; Lee, et al. 2007;
Feng et al. 2011c), RMIP III considers projections of Asian climate change for the
period 2040-2070. Compared with the present-day climate (1980-2000), initial
results from nine RCMs suggest that annual Asian surface air temperature will
increase by 2.0 °C around 2050, with more warming in the winter season (DJF) of
2.1 °C. Precipitation is expected to increase by about 2.4 % annually, with a greater
increase over land.

2.2.5.2 Adapting Climate Change in China (ACCC) project

The Adapting Climate Change in China (ACCC) project is an international project
focused on understanding the impact of climate change on Chinese agriculture,
such as the risk of droughts, extreme weather events, increasing temperatures and
changes in water availability. The ACCC project expects to promote and enhance
climate change adaptation capacity of local policy makers and the general public.
These aims are achieved through improving climate science and impact assess-
ments, and incorporating the views of local communities and decision-makers on
potential adaptation responses to climate impacts. The UK Meteorological Office’s
use of their PRECIS modeling system has produced high-resolution downscaled
future scenarios in a dryland area of China (Ningxia Province, China) to be used in
an assessment study of agricultural production and water management. Vulnerability
indicators for dryland, water and agriculture sectors were developed and the vulner-
ability assessment methodology was used by scientists and local policy makers in
the Adapting to Climate Change in China Project (see http://www.ccadaptation.org.
cn/en/index.aspx).
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2.2.5.3 Pacific Climate Change Science Program

The Pacific Climate Change Science Program (PCCSP) was initiated and funded by
the Government of Australia. Under this program, the Australian Bureau of
Meteorology and Commonwealth Scientific and Industrial Research Organisation
(2011) conducted a comprehensive modeling and impacts study for 15 of the Pacific’s
island countries. Projects under the PCCSP included both dynamical and statistical
downscaling, and produced impacts and adaptation advice for these countries to
facilitate effective adaptation planning and implementation (Power et al. 2011).

2.3 Conclusions

The geographic extent of Asia and the Pacific leads to great variation in the climate of
the region. Major influences on global climate arise from the scale and elevation of the
Himalayas Tibetan Plateau (HTP), and from the air-sea interactions in the Pacific asso-
ciated with the El Nifio—Southern Oscillation (ENSO). The monsoon has a profound
effect on the climate of Asia, with its strong seasonal cycle driving a range of human
activities, especially agriculture, as well as the life-cycles of natural ecosystems.

Climate observations show significant trends in temperature across Asia and the
Pacific; not only is there an increase in mean temperature but also in extremes such
as the frequency of hot days. Observed trends in precipitation are more variable, but
there is some evidence of increasing intensity of storms. Projections of future
climate change for the region suggest longer summer heat waves in East Asia and
increases in precipitation in several areas.

Our understanding of the climate of the region is critically dependent on the
availability and quality of observations of the atmosphere, ocean and land surface,
and so it is essential for such data to be collected and analyzed routinely and care-
fully. Because of the complex interactions of the climate system, these data cannot
be usefully studies in isolation and so there needs to be sharing of climate data and
associated expertise across the whole region.

Even collecting climate data in some parts of the region is challenging. For
example, the isolation of some islands of the Pacific makes routine observation
difficult, while the terrain and climate of the Himalayas give rise to an unfriendly
environment for routine measurement. Cooperation at regional and international
levels needs to be promoted to ensure that an effective record of the climate of the
region is maintained.

Numerical modeling provides a means for assimilating observations in a dynamically
consistent manner and for then making predictions of future weather and climate.
A number of major centers in Asia and the Pacific maintain complex climate modeling
systems, and these groups generally collaborate with similar agencies around the
world through projects such as the Coupled Model Intercomparison Project (CMIP).
Such projects are important in ensuring the quality of model output, and in promoting
the development of model improvements.
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However, modeling as a tool for the support of climate impact and adaptation
studies is of interest to many groups across the region. Regional climate models can
be used for this purpose, and these models can be used by a wide range of groups to
‘downscale’ the output of global models to local scales. Downscaling can also be
achieved through statistical methods, which are readily accessible to the broad sci-
ence community. Projects like the Coordinated Regional Downscaling Experiment
(CORDEX) provide a means to promote cooperation across the modeling and
climate applications communities.
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Chapter 3
Climate and Urbanization

Peter Marcotullio, Richard Cooper, and Louis Lebel

Abstract Urbanization is a major factor across Asia and the Pacific, and so the
scope of this chapter is somewhat restricted. There is a focus on larger urban
areas, as the small communities of rural areas are discussed in other chapters.
The breadth of the topic of urbanization also means that reports by government
agencies and NGOs (grey literature) are cited, as well as the formal academic
literature. The six sections of the present Chapter systematically review literature
in the field. In the first section we overview urbanization trends in the region. In
the second section we review the history of urbanization in the region. The third
section examines urbanization and climate in Asia and the Pacific. The fourth
section describes the risks in urban areas due to climate change-related hazards.
The fifth section overviews mitigation and adaptation measures in the region.
The final section concludes with the needs for resilient cities and addresses
uncertainties, research gaps and policy measures.

Future predictions suggest that large cities will not hold most of the region’s total
urban population. In 1990, cities of larger than one million held almost 35.1 % of
the total urban population and by 2025 the UN predicts that cities of one million or
more will hold 41.2 % of the total urban population. The share of those living in
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mega-cities is expected to increase from 8.9 % of the total urban population to
12.8 % during the same period. While expectations are for an increase in share,
there still remains 58.2 % of the urban population living in settlements smaller than
one million. This fact is all the more impressive given the large population that is
expected to move into cities in the region between 2010 and 2025 (over 549 million
in 15 years, or over 36 million people a year).

Climate resilient cities are those that can withstand climate effects and not
change dramatically. They include biophysical and socio-economic sub-systems
that can withstand various climate impacts and continue to develop in a fairly
predictable manner. Cities that are not resilient change dramatically to new states
with new relationships emerging both within the socio-economic sub-system and
between the socio-economic and biophysical sub-systems. Resilient cities are sus-
tainable cities. Resilience can be achieved when urban areas move along a more
sustainable pathway. The goal of policy makers and stakeholders for their individual
urban centres, urban regions as well as nations in the face of climate change is to
enhance resilience. In the present review of cities in the Asia-Pacific region, we
identify some important aspects that impinge on this goal. Addressing uncertainties,
research gaps and policy needs related to climate change and urbanization will help
make cities in the region more resilient.

Keywords GHG emissions ¢ Climate hazards ¢ Mega-cities * Urbanization
Climate vulnerabilities

3.1 Introduction

The present chapter reviews literature on trends of urban development and their
relationships between this development and climate at the local, regional and global
levels in Asia and the Pacific. It includes an examination of the vulnerabilities of
urban cities and its residents to climate-related hazards. We also briefly outline and
sample urban mitigation and adaptation strategies currently being formulated or
implemented.

Chapter 3 has six sections that systematically review literature in the field. In
the first section we overview urbanization trends in the region. In the second sec-
tion we review the history of urbanization in the region. The third section exam-
ines urbanization and climate in Asia and the Pacific. The fourth section describes
the risks in urban areas due to climate change-related hazards. The fifth section
overviews mitigation and adaptation measures in the region. The final section
concludes with the needs for resilient cities and addresses uncertainties, research
gaps and policy measures.

Urbanization is a major factor across Asia and the Pacific, and so the scope of
this chapter must be somewhat restricted; for example, information on cities of
small island developing states on the Pacific is covered elsewhere in the present
volume. Moreover, there is a focus on larger urban areas, as the small communities



3 Climate and Urbanization 61

of rural areas are discussed in other chapters. The breadth of the topic of urbanization
also means that reports by government agencies and NGOs (grey literature) are
cited, as well as the formal academic literature.

3.2 Urbanization Trends in Asia and the Pacific

The story of contemporary Asia and the Pacific urbanization is underpinned by the
growing strength and complexity of globalization processes operating in the region.
During the second half of the twentieth century, Japanese-led growth gave way to an
increasing development of the international division of labour, trade, foreign direct
investment (FDI) flows, and movements of people, information and resources into
and between the four Tigers, the ASEAN-4, and most recently in China, India and
Viet Nam. The “flying geese” model of development with Japan as the lead goose
(Akamatsu 1962; Bernard and Ravenhill 1995; Hatch and Yamamura 1996; Kojima
2000) complemented by institutional and regulatory policies (Amsden 1989; Rowan
1998) that influence economic forces (Dicken 1992) set the context for changes that
are now manifested across the region.

Given the strength and importance of regional urban integration processes operating
across Asia and the Pacific, some have predicted convergence in form and function
(Cohen 1996; Dick and Rimmer 1998; Hack 2000). This notion has not proven true as
cities across the region continue diverging in important characteristics. For example,
different transportation-related development trajectories have been identified for
Asian cities. This is also true of the relationship between cities and climate. For example,
current estimates of greenhouse gas (GHG) emissions from urban areas across the region
suggest that they vary with population size, density, wealth and climate, implicating
diversity in mitigation and adaptation strategies (Marcotullio et al. 2012). Diversity
among uniqueness is an important aspect of urbanization within the region.

Another notable aspect of urbanization in the region is the emergence of mega-
cities (populations over ten million). Much research has focused on these cities
(Douglass 2000; McGee and Robinson 1995; Laquian 2005; Stubbs and Clarke
1996; UN-Habitat 2011a). The emphasis on these cities (Tokyo, Shanghai,
Jabotabek, Manila, Bangkok, Jakarta, Mumbali, etc.) is understandable given their
rise in number and economic importance.

Future predictions suggest that large cities, while increasing in importance, will
not hold most of the region’s total urban population. In 1990, cities of larger than
one million held almost 35.1 % of the total urban population and by 2025 the UN
predicts that cities of one million or more with hold 41.2 % of the total urban popu-
lation. The share of those living in mega-cities is expected to increase from 8.9 % of
the total urban population to 12.8 % during the same period. While expectations are
for an increase in share, there still remains 58.2 % of the urban population living in
settlements smaller than one million. This fact is all the more impressive given the
large population that is expected to move into cities in the region between 2010 and
2025 (over 549 million in 15 years, or over 36 million people a year).
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3.2.1 Contemporary History and Future Predictions

The trends in urbanization in Asia and the Pacific follow uneven growth over both
time and space and, in the present section, we divide the history of urbanization into
three eras: 1950-1990, 19902010 and 2010-2050.

3.2.1.1  1950-1990 Trends

The early post-War period finds much of the region largely rural, but urbanizing
rapidly. This apparent contradiction was due to rapidly increasing rural and urban
populations (Drakakis-Smith 1992). Underpinning this dynamic was a changing
age structure of the population. During 1960-2007, the proportion of Asia’s popula-
tion in the 15-24 age bracket increased from 17 % in 1960 to 21 % in 1985, before
beginning to decline (18 % in 2007) (UN-Habitat 2011a).

Besides the city-states and developed countries in Oceania, most nations had
shares of urban populations of a third or less of the total populations (Table 3.1).
The urban share for all of Asia increased from approximately 16 % in 1950 to
29.5 % in 1990. The economies that urbanized the most rapidly include the four
Tigers of East Asia (Hong Kong, Singapore, Taiwan and Republic of Korea) and the
Association of Southeast Asian Nations (ASEAN)-4 (Malaysia, Indonesia,
Philippines and Thailand). For example, during this 40-year period, the Republic of
Korea urbanization level increased from 21.4 % to 74 %.

Rapid urbanization led to dense settlements in the period 1950-1990. In the
region the population increases ranged from 211 million to over 870 million, aver-
aging 3.6 % per year. The four Tigers experienced an average growth rate of 4.6 %
while ASEAN-4 urban population grew by 4.4 %. Other rapid urbanization in this
period occurred in Mongolia, Bhutan, Bangladesh, Nepal, Lao People’s Democratic
Republic and some of the small island states in the Pacific, but these were related to
population growth and not economic growth. The populous economies of South
Asia also retained strong population growth, particularly in India and Pakistan, each
growing by 3.2 % and 4.1 %, respectively (Table 3.2).

For many developing economies, the 1980s was an era of economic slow-down,
particularly, as the world economy responded to a global recession. During the
1980s, urbanization in the region continued and, in fact, urban growth rates increased
across much of the region. In some countries, such as India and the Philippines,
growth slowed during the decade, but urbanization and urban growth continued.

During the 1980s, China began to enter a phase of rapid urban growth, particu-
larly around coastal areas. At this time, Chinese national development policy priori-
tized the implementation of six special economic zones, which were later expanded
to include another 14 cities all of which were along the eastern coast. This shift to a
more open market-based policy changed the country. In South Asia, urban popula-
tion growth was strong (2.4 % per year), but the sub-region remained largely rural.
By 1990, most developing nations in the Asia-Pacific region were less than 30 %
urban (Table 3.2).
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Table 3.1 Asia and the Pacific urbanization levels, 1950-1990 (percent)

Average

Absolute Annual

Percent Percent

Change Change

1950 1970 1990  (1950-1990)  (1950-1990)
World 28.83 36.08 42.62 13.78 0.981
Asia and the Pacific 15.99 21.58 2947 13.48 1.540
Eastern Asia 15.51 22.88 32.21 16.70 1.843
China 11.80 1740 2644 14.64 2.037
China, Hong Kong SAR 85.20 87.73  99.52 14.32 0.389
China, Macao SAR 96.89 97.03 99.76  2.87 0.073
Dem. People’s Republic of Korea 31.00 5420 5838 27.38 1.595
Japan 34.85 53.20 63.09 28.24 1.495
Mongolia 20.00 45.05 57.03 37.03 2.654
Republic of Korea 21.35 40.70  73.84 52.49 3.150
Taiwan® - 60.19 75.76 15.57 1.545
Southern Asia 15.94 18.88 25.14  6.26 1.929
Bangladesh 4.28 7.59 19.81 15.53 3.904
Bhutan 2.10 6.09 16.39 14.29 5.271
India 17.04 19.76 2555 851 1.017
Maldives 10.61 11.89 25.84 15.23 2.250
Nepal 2.68 396  8.85 6.18 3.036
Pakistan 17.52 24.82  30.58 13.06 1.402
Sri Lanka 15.33 21.89  18.61 3.28 0.486
South-Eastern Asia 15.48 21.50 31.62 16.14 1.802
Brunei Darussalam 26.76 61.68 65.83 39.08 2.276
Cambodia 10.20 1597 12.60 2.40 0.530
Indonesia 12.40 17.07  30.58 18.18 2.283
Lao People’s Democratic 7.24 9.63 1544  8.20 1.911
Republic

Malaysia 20.36 3345 49.79 2943 2.261
Myanmar 16.16 22.83 2471 8.5 1.068
Philippines 27.14 3298 48.59 21.46 1.467
Singapore 99.45 100.00 100.00 0.56 0.014
Thailand 16.48 20.89 2942 12.95 1.460
Timor-Leste 9.89 12.89  20.84 10.95 1.881
Viet Nam 11.64 18.30 20.26 8.61 1.394
Oceania 62.00 70.80 70.70 8.70 0.329
Australia/New Zealand 76.16 84.51 8529 9.3 0.284
Australia 77.00 8527 8540 840 0.259
New Zealand 72.52 81.11 8474 1222 0.390
Melanesia 5.44 14.88 19.92 14.48 3.299
Fiji 24.35 3476  41.61 17.26 1.348
New Caledonia 24.59 51.23  59.54 3495 2.235
Papua New Guinea 1.70 9.80 1499 13.29 5.593
Solomon Islands 3.80 892 13.68 9.88 3.254
Vanuatu 875 1233 1872 996 1.918

(continued)
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Table 3.1 (continued)

Average
Absolute Annual
Percent Percent
Change Change
1950 1970 1990 (1950-1990)  (1950-1990)
Micronesia 31.62 46.28 62.60 30.98 1.722
Guam 41.30  61.92 90.80 49.50 1.989
Kiribati 11.00  24.09 3499 23.99 2.935
Marshall Islands 2334 5349 65.05 41.72 2.596
Micronesia (Fed. States of) 20.00 24.81 2582 5.82 0.640
Nauru 100.00 100.00 100.00 - 0.000
Northern Mariana Islands 42.00 70.06 89.73 47.73 1.916
Palau 53.88 59.72 69.59 15.71 0.642
Polynesia 23.24 33.89 40.07 16.83 1.372
American Samoa 61.77 7038 8095 19.18 0.678
Cook Islands 38.03 5329 57.72 19.69 1.048
French Polynesia 3409 5525 5586 21.78 1.243
Niue 21.50 21.10 3090 9.40 0.910
Pitcairn - - - - -
Samoa 12.89 20.35 21.20 8.31 1.252
Tokelau - - - - -
Tonga 12.89 20.19 2270 9.82 1.426
Tuvalu 11.19 22.08 40.66 29.47 3.278

Wallis and Futuna Islands - - - - -
Source: Data from UN DESA 2009 World Urbanization Prospects: The 2009 Revision, File 2
Percentage of Population Residing in Urban Areas by Major Area, Region and Country, 1950-2050,
POP/DB/WUP/Rev.2009/1/F2
“Taiwan: CEPD, 1975-2011, Urban and Regional Development Statistics, Taiwan, 1970 data are
for 1975

One striking feature of Asian urbanization is the concentration of the urban pop-
ulation in large cities, in particular, mega-cities. In 1950, there was one mega-city in
Asia (Tokyo), compared to five mega-cities in 1990 (Tokyo, Mumbai, Osaka-Kobe,
Kolkata and Seoul) in the region (Table 3.2). Moreover, during this period, the share
of the urban population residing in cities of over one million increased from 27.3 %
to 35.1 %. The number of those living in mega-cities increased from 11.2 million to
77.3 million. By 1990, 8.9 % of the total urban population resided in mega-cities.

3.2.1.2 1990-2010 Trends

During the first half of this era, economic expansion and urbanization continued.
Rapid and prolonged wealth creation for nations prompted some to call Asian
development a “miracle” (World Bank 1993). Economic indicators alone, how-
ever, did not capture the social transformations experienced in the region. It was
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Table 3.2 Asia and the Pacific distribution of urban population and urban agglomeration by size,
1950-1990 (population in thousands)

Asia and the Pacific distribution of urban population and urban agglomeration by size,
1950-1990 (population in thousands)

Percent
Percent Absolute Total
Total ~ Change Change

Urban agglomeration size 1950 1970 1990 1990 (1950-1990) (1950-1990)

Ten million and larger
Number 1 1 5 52 4 5.7
Population 11,275 23,298 77,306 8.9 66,032 10.0
Five million to less
than ten million
Number 0 5 10 10.3 10 14.3
Population 0 33493 71,156 8.2 71,156 10.8
One million to less
than five million

Number 26 43 82 84.5 56 80.0
Population 46,453 87,954 157,827 18.1 111,374 16.9
Less than one million
Population 153,711 285,479 565,900 64.9 412,189 62.4
Total number urban 27 49 97 70
agglomeration
over one million
Total urban population 211,439 430,224 872,189 660,750

Source: Data from World Urbanization Prospects: The 2009 Revision, File 12
Population of Urban Agglomerations with 750,000 Inhabitants or More in 2009, by Country,
1950-2025, POP/DB/WUP/Rev.2009/2/F12

not only wealth that increased, but also the quality of life dramatically improved
with reductions in poverty levels, longer life expectancy, reductions in birth mor-
tality, increases in access to basic services and greater literacy (Deolalikar et al.
2002; UN-Habitat 2011a).

During the later 1990s, as economic development spread to more locations,
global patterns shifted and the numbers of those in poverty dropped worldwide.
The world total number of those in poverty (less than US$ 1 a day) decreased
from 1.248 billion in 1990 to 969 million in 2004. Asia and the Pacific’s share
of the global poor, however, shrunk faster than that for the world. In 1990, there
were approximately 955.4 million in poverty throughout the region accounting
for 77 % of the global poverty. By 2004, this number shrank to 615.3 million,
which accounted for 64 % of the total. Most of those escaping poverty were
from East and Southeast Asia, but numbers in South Asia also decreased.
Moreover, Asia and the Pacific’s share of the ultra-poor (living on less than
US$0.5 a day) dropped even more dramatically. In 1990, of the 1.248 billion
that were poor, 193 million were ultra-poor. During this year Asia and the Pacific
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housed 93.4 million (48 % of the world’s ultra-poor population). By 2005, the
number of ultra-poor throughout the world dropped to 162 million. In the Asia-
Pacific region, however, the number dropped to 28.5 million, i.e. 17 % of the
world’s ultra-poor (Ahmed et al. 2007). One of the main features of Asia’s suc-
cess was the social transformation and poverty reduction that accompanied the
region’s rapid economic growth and urbanization (Deolalikar et al. 2002;
UN-Habitat 2011c).

During this period, the region has undergone rapid demographic transition. The
United Nations Development Programme’s (UNDP) “human development index”
trends confirmed that there have been significant social and economic advances over
the last three to four decades. While these figures portray the aggregate human
development experienced in some countries within the region, there is great diver-
sity in, among and within nations. Initial conditions, before rapid growth, may be
primarily responsible for the more egalitarian experience of Northeast Asia, and
there is less clear evidence that growth has been directed to more equitable income
distributions elsewhere (Jomo 1998).

From late 1997 and most of 1998, several countries in Asia suffered severe eco-
nomic contractions and the region as a whole suffered dwarfing what was experi-
enced in the 1980s. The speed and intensity with which the crisis mounted within
country after country surprised the world. Some commented that during this period,
globalization took a step backwards (Asian Development Bank 1999). However, at
the end of 1998, the crises were contained in most countries.

The reprieve of rapid growth facilitated the examination of its costs. The crisis
itself intensified and re-focused attention on social tensions (Daniere 1996;
Schmidt 1998). Concerns also emerged over environmental conditions including
pollution levels that have increased faster than GDP even during the most rapid
growth periods (Asian Development Bank 1997; Dua and Esty 1997; Brandon
1994; Setchell 1995). These trends facilitated a questioning of the future viability
of globalization-driven growth strategies. By the end of the era, sustainable urban
development, pro-poor growth and green buildings, economies and cities had
become buzzwords.

Over the 20 years between 1990 and 2010, the urban residential population
in Asia and the Pacific expanded by 670 million growing from 872 million to
1.54 billion people compared to the pervious era’s increase of 449 million over
40 years (Table 3.3). Asian urbanization continued to include the growth of
large cities. During this era large cities become the predominant form of urban-
ization throughout the region. The number of mega-cities increased from five to
ten, including Tokyo, Delhi, Mumbai, Shanghai, Kolkata, Dhaka, Karachi,
Beijing, Manila and Osaka-Kobe. Moreover the share of the urban population
living in cities over one million increased from 35.1 % to 40.6 %. The popula-
tion in mega-cities reached approximately 174 million or 11.3 % of the total
dwellers in urban areas.

At the end of this era, there remained places with low urbanization levels; Sri
Lanka, Bangladesh, Bhutan, Nepal, Papua New Guinea and some of the Small
Island States. Most economies, however, reached levels of 30 % or more.
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Table 3.3 Asia and the Pacific urbanization levels, 1990-2010 (percent)
Average
Absolute Annual
Percent Percent
Change Change
Major area, region, economy 1990 2000 2010 (1990-2010) (1990-2010)
World 42.62 4640 5046 7.85 0.849
Asia and the Pacific 2947 34.81 40.56 11.09 1.610
East Asia 3221 4039 50.17 17.96 2.241
China 2644 3576  46.96 20.51 2913
China, Hong Kong SAR 99.52 100.00 100.00 0.48 0.024
China, Macao SAR 99.76 100.00 100.00 0.24 0.012
Dem. People’s Republic of Korea 58.38 5941 60.22 1.83 0.155
Japan 63.09 6522 66.83 3.74 0.288
Mongolia 57.03 56.86 62.03 4.99 0.420
Republic of Korea 73.84  79.62 8296 9.11 0.584
Taiwan 7576 7771 79.80  4.04 0.260
South Asia 21.54 30.38
Bangladesh 19.81 23.59 28.07 8.26 1.757
Bhutan 16.39 2542 3471 18.32 3.823
India 25.55 27.67 30.01 4.46 0.808
Maldives 25.84 27771 40.10 14.26 2.222
Nepal 8.85 1343 18.62 9.77 3.787
Pakistan 30.58 33.14 3590 532 0.805
Sri Lanka 18.61 1583 1431 -4.30 -1.304
Southeast Asia 31.62 38.16 41.84 10.22 1.410
Brunei Darussalam 65.83 71.15 75.65 9.82 0.698
Cambodia 12.60 1691  20.11 7.51 2.365
Indonesia 30.58 42.00 44.28 13.70 1.868
Lao People’s Democratic Republic 1544 2198 33.18 17.75 3.901
Malaysia 49.79 6198 72.17 22.38 1.873
Myanmar 2471  27.80 33.65 8.94 1.556
Philippines 48.59 4799 4890 0.31 0.032
Singapore 100.00 100.00 100.00 - 0.000
Thailand 2942 31.14 3396 4.54 0.720
Timor-Leste 20.84 2426 28.12 7.28 1.509
Viet Nam 20.26 2449  30.38 10.12 2.047
Oceania 70.70 70.39 70.22 -0.48 -0.034
Australia/New Zealand 8529 8691 88.62 3.33 0.192
Australia 8540 87.17 89.11 3.71 0.213
New Zealand 84.74 85.68 86.20 1.46 0.085
Melanesia 19.92 1896 18.38 -1.53 -0.400
Fiji 41.61 4791 51.86 10.25 1.107
New Caledonia 59.54 5920 57.36 -2.18 -0.186
Papua New Guinea 1499 1320 1253 -2.47 -0.895
Solomon Islands 13.68 15.71 18.55 4.87 1.536
Vanuatu 18.72  21.70 2556  6.85 1.571

(continued)
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Table 3.3 (continued)

Average
Absolute Annual
Percent Percent
Change Change
Major area, region, economy 1990 2000 2010 (1990-2010) (1990-2010)
Micronesia 62.60 65.60 68.06 5.46 0.419
Guam 90.80 93.10 93.17 237 0.129
Kiribati 3499 4296 4390 891 1.141
Marshall Islands 65.05 6836 71.76  6.71 0.492
Micronesia (Fed. States of) 25.82 2233 22,66 -3.16 -0.650
Nauru 100.00 100.00 100.00 - 0.000
Northern Mariana Islands 89.73 90.16 91.34 1.61 0.089
Palau 69.59 69.96 8339 13.79 0.908
Polynesia 40.07 41.16 4240 233 0.283
American Samoa 80.95 88.77 9297 12.03 0.695
Cook Islands 5772  65.19 7531 17.59 1.339
French Polynesia 55.86 5238 5144 -442 —0.411
Niue 3090 33.07 37.54 6.65 0.979
Pitcairn - - - - -
Samoa 21.20 2198 20.23 -0.97 -0.234
Tokelau - - - - -
Tonga 2270  23.01 2343  0.72 0.157
Tuvalu 40.66 46.02 5039 9.73 1.079

Wallis and Futuna Islands -

Source: Data from UN DESA 2009 World Urbanization Prospects: The 2009 Revision, File 2
Percentage of Population Residing in Urban Areas by Major Area, Region and Country, 1950—
2050, POP/DB/WUP/Rev.2009/1/F2

3.2.1.3 2010-2050 and Beyond

In the future we expect globalization-driven growth to continue as the region’s urban-
ization and urban population growth rates continue to decrease, but we also expect a
doubling of the already large urban population size. The urban share for Asia will
grow from 42.2 % in 2010 to 64.6 % in 2050 (Table 3.4). During this period, the
Asia-Pacific urban population will grow from 1.54 billion to 2.9 billion people (ref-
erence from table). By 2050, urban populations in India, Pakistan and Bangladesh
combined (1.2 billion) will become 15 % larger than that of China (1.03 billion).
We will see almost all nations in the region reaching urbanization levels of over
50 % with the average for the region at 64.9 %. The most urbanized regions are
expected to be in East Asia (over 74 %), Australia and New Zealand (over 93 %) and
Micronesia (over 80 %). South Asia is predicted to reach an urbanized level of more
than 55 % and for Southeast Asia more than 65 % will live in dense settlements.
The growth of large cities is expected to continue, although the percentage of pop-
ulations living in these cities is expected to decrease. From 2010 to 2025, the number
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Table 3.4 Asia and the Pacific urbanization levels, 2010-2050 (percent)

Average
Absolute Annual
Percent Percent
Change Change
Major area, region, economy 2010 2030 2050 (2010-2050)  (2010-2050)
World 50.46 5897 68.70 18.24 0.774
Asia and the Pacific 40.56 52.02 6493 24.37 1.183
East Asia 50.17 63.73 7434  24.16 0.988
China 4696 6191 7323  26.28 1.117
China, Hong Kong SAR 100.00 100.00 100.00 - 0.000
China, Macao SAR 100.00 100.00 100.00 - 0.000
Dem. People’s Republic of Korea  60.22  65.74  74.53 14.32 0.535
Japan 66.83 7298  80.08 13.24 0.453
Mongolia 62.03 71.56  79.53 17.50 0.623
Republic of Korea 8296  87.67 90.83 7.88 0.227
Taiwan - - — - -
South Asia 30.38 40.55 55.14  24.75 1.501
Bangladesh 28.07 41.04 56.41 28.34 1.760
Bhutan 3471 4997  64.17 2946 1.548
India 30.01 39.75 5423 2422 1.490
Maldives 40.10  60.06  73.12  33.01 1.513
Nepal 18.62 31.74 4756 2894 2.372
Pakistan 3590 4562 5937 2348 1.266
Sri Lanka 14.31 19.55 31.34 17.03 1.979
Southeast Asia 41.84 5285 6544  23.59 1.124
Brunei Darussalam 75.65 82.33  87.21 11.56 0.356
Cambodia 20.11 2920 43.83 23.72 1.967
Indonesia 4428 5370 6595 @ 21.67 1.001
Lao People’s Democratic 33.18 53.07 68.03 34.85 1.811
Republic
Malaysia 72.17 8221  87.85 15.68 0.493
Myanmar 33.65 48.09 62.87 29.22 1.575
Philippines 4890 5833 6936  20.46 0.877
Singapore 100.00 100.00 100.00 - 0.000
Thailand 3396 4577 59.96  25.99 1.431
Timor-Leste 28.12 39.89 5492  26.80 1.687
Viet Nam 30.38  44.18 5899  28.61 1.673
Oceania 70.22 7138 74.81 4.58 0.158
Australia/New Zealand 88.62 9125 9337 4.75 0.131
Australia 89.11 91.86 9384 473 0.129
New Zealand 86.20 88.14 90.88  4.68 0.132
Melanesia 18.38 23.81 34.87 1649 1.613
Fiji 51.86 61.66 7220  20.34 0.831
New Caledonia 5736  62.68 7195 14.59 0.568
Papua New Guinea 12.53 18.18  29.75 17.23 2.186
Solomon Islands 1855 29.20 44.31 25.76 2.200
Vanuatu 2556  38.01 5348 2792 1.863

(continued)
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Table 3.4 (continued)

Average
Absolute Annual
Percent Percent
Change Change
Major area, region, economy 2010 2030 2050 (2010-2050) (2010-2050)
Micronesia 68.06 73.27 80.03 11.97 0.406
Guam 93.17 9420 9545 2.28 0.061
Kiribati 4390 51.66 6391 20.01 0.943
Marshall Islands 7176 78.77 84.62 12.86 0.413
Micronesia (Fed. States of) 22.66  30.27 4443 21.77 1.697
Nauru 100.00 100.00 100.00 - 0.000
Northern Mariana Islands 91.34 9333 9489 3.55 0.095
Palau 83.39  92.01 9449 11.11 0.313
Polynesia 4240 48.82 5990 17.49 0.867
American Samoa 9297 95.62 96.81 3.83 0.101
Cook Islands 7531 8494 89.32 14.02 0.428
French Polynesia 5144 56.62 6742 1598 0.678
Niue 37.54 4943 63.06 2552 1.305
Pitcairn - - - - -
Samoa 20.23 2396 36.64 16.41 1.496
Tokelau - - - - -
Tonga 2343 3040 4450 21.07 1.617
Tuvalu 5039 6148 7245 22.05 0.912

Wallis and Futuna Islands — - — _ _

Source: Data from UN DESA 2009 World Urbanization Prospects: The 2009 Revision, File 2
Percentage of Population Residing in Urban Areas by Major Area, Region and Country, 1950-
2050, POP/DB/WUP/Rev.2009/1/F2

There are no predictions for urban population increases for these periods

of mega-cities will increase to 15 (Table 3.5), however, the share of the total urban
population living in large cities will increase only slightly from 40.6 % to 41.2 %. By
2025, approximately 58.8 % of the region’s urban population will live in cities of less
than one million. Approximately 12.8 % of the total urban population will live in
mega-cities. This trend is important as currently much research and policy attention is
devoted to the larger cities, but those that are less than one million will be the locations
where the lion’s share of the Asia-Pacific urban population is predicted to live.

3.3 Urbanization and Climate in Asia and the Pacific

The growth of cities in Asia and the Pacific has implications for land and energy
use, and climate. Generally, the trends include greater urban land usage, more
energy and changes in local and region climates. While these are negative trends
as measured against a sustainable trajectory, final conclusions must include two
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Table 3.5 Asia and the Pacific distribution of urban population and urban agglomeration by size,
2010-2025 (population in thousands)

Percent
Percent Absolute Total
Total  Change Change

Urban agglomeration size 2010 2020 2025 2025  (2010-2025) (2010-2025)
Ten million and larger
Number 10 14 15 59 5 7.9
Population 174,117 241,151 266,889 12.8 92,772 16.9

Larger than five
million and less
than ten million
Number 18 22 22 8.7 4 6.3
Population 131,930 156,950 163,402 7.8 31,472 5.7
Larger than one
million and less
than five million

Number 163 210 217 854 54 85.7
Population 320,134 432,193 432,193 20.7 112,059 20.4
Less than one million
Population 916,154 1,072,254 1,229,178 58.8 313,024 57.0
Total number urban 191 246 254 63
agglomeration over one
million
Total urban population 1,542,335 1,902,548 2,091,662 549,327

Source: Data from World Urbanization Prospects: The 2009 Revision, File 12
Population of Urban Agglomerations with 750,000 Inhabitants or More in 2009, by Country,
1950-2025, POP/DB/WUP/Rev.2009/2/F12

qualifications. First, the trends we present would potentially be worse if the popu-
lations were not concentrated in dense settlements. That is, land use change would
be more dramatic, energy use higher and contributions to global climate change
more spectacular if the same populations were spread out evenly over the land-
scape. Second, the trends observed need not necessarily continue. Given more
sensitive urban design and other mitigation measures, evidence suggests that the
climate impacts of urban living can be lowered.

3.3.1 Urbanization and Land and Energy Use

According to a recent estimate the combined trends of increasing populations in
dense settlements along with decreasing densities indicates that the developing
world will triple the urban land taken by cities with more than 100,000 by 2030
(Angel et al. 2005). Of these, urban land use changes in China and India are growing
at the fastest rates (Seto et al. 2011).
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Fig. 3.1 Examples of growth in Chinese cities, 1970s—2008 (Source: Zhang et al. 2012)

Examples of rapidly expanding individual urban areas have been identified in
China. Between 1973 and 2008, the average increase in urban land in a sample of
60 cities (4 municipalities, 28 provincial capitals, 2 special administrative regions
and 26 other well-known cities) throughout the country was approximately 2.5
times (Wen 2010). Some cities (such as Shenzhen & Houkou) underwent spectacu-
lar growth multiplying their land area by more than a factor of 20. From the 1980s
to 2005, the urban lands of Beijing-Tianjin-Tangshan Region, Yangtze River Delta
City Region and the Pearl River Delta City Region grew by factors of 1.15, 1.04 and
2.63, respectively (Liu 2011) (Fig. 3.1).

The development of land use and building changes has accompanied increases in
energy consumption. To meet this need, total energy production in Asia increased
by 125 % from 1971 to 1990 and by 90 % from 1990 to 2007. These increases were
higher than any other region. Energy production has been largely driven by growth
in China, which was approximately 125 % and 105 % during the above periods,
respectively. By 2007, China was producing 1.8 billion tonnes oil equivalent, while
the rest of Asia was producing 1.2 billion tonnes oil equivalent (OECD 2010).
Moreover, energy production in China exceeded that of the Middle East and the
Former Soviet Union.

Much of this energy is related to urbanization. As cities grow in size and com-
plexity the energy demands to keep them running smoothly increase. Many large
cities appropriate energy in the form of electricity. The growth of urban Asia and the
Pacific accompanied growth in electricity consumption. In 2009, Asia included two
of the four highest non-OECD consumers of electricity; China and India. Among
these four nations, China held the largest share of electricity consumption at 39.4 %.
This share reflects rapid increases in electricity provisioning in the country. Between
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1973 and 2009, electricity consumption in China increased at an average annual
growth rate of 9 % (IEA 2011). Most electricity consumption, particularly in devel-
oping countries, occurs in cities. For example, in India, the country’s urban resi-
dents consume 87 % of the nation’s electricity (Sawin and Hughes 2007).

Moreover, urban areas also facilitate the use of motor vehicles. Vehicle usage has
increased dramatically in Asia, but not equally amongst nations. East, South and
Southeast Asia’s share of global automobiles on the road increased from 12.7 % in
1985 to 21.8 % in 2009 (an increase from 62.1 to 210.4 billion vehicles). Car owner-
ship rates in China have been growing at 12 % per annum and in India at 9 % per
annum; and include two- and three-wheeled vehicles. Asia produces 95 % of global
two- and three-wheeled vehicles, which constitutes 75 % of the world’s stocks and
China is the fastest growing market for these vehicles (World Energy Council 2011).

Transportation fuel consumption patterns over time suggest that different Asian
nations are following distinctive paths (Barter 1999) with Hong Kong, Singapore
and Japan on a low consumption path, Republic of Korea and Taiwan at the inter-
mediate level, and Thailand and Malaysia following a more Western, high transport
fuel consumption, trajectory (Marcotullio and Marshall 2007).

The largest and most recent industrializing nations to embrace the automobile
may follow the high transport fuel consumption trend. From 2005 to 2009, India
increased the number of cars on the road by 25 % and the number of motor vehicles
in China doubled. In 2009, car sales in China exceeded those in the USA (Ward’s
2010). Some estimates suggest that by 2040, future automobile consumption in
India and China alone will double the total number of vehicles currently on the
road, i.e., adding an additional 800 million automobiles to the global car popula-
tion (The Economist 2006; Wilson et al. 2004).

3.3.2 Urban Climate

Changes in land to urban uses and increases in energy demand help to change
local climate. Atmospheric scientists, such as Landsberg (1981), observed that
urban climatic conditions include lower radiation, more cloudiness, higher precipi-
tation, higher temperatures and more particulates, gaseous admixtures and other
contaminants than non-urban climates. These characteristics arguably make urban
climates unique. Three important characteristics of urban climates include the
emergence of urban heat islands, changes in precipitation and changes in ambient
air quality. Examples of these specific urban climates are evident in the Asia and the
Pacific region.

3.3.2.1 Urban Heat Island

Inhabitants of urban areas are subject to climatic conditions that represent a signifi-
cant modification of the pre-urban climatic state including the well-known urban
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heat island (UHI) phenomenon (Oke 1973), arising from the modification of
radiation, energy and momentum exchanges resulting from the built form of the
city, together with the emission of heat, moisture and pollutants from human activities.
Urban temperatures are typically 3—4 °C higher than surrounding areas due to UHI
(Oke 1997), but can be as high as 11 °C warmer in urban “hotspots” (Aniello et al.
1995). Dark surfaces such as asphalt roads or rooftops, however, can reach tempera-
tures 30—40 °C higher than surrounding air (Frumkin 2002). The UHI effect is one
of the major problems of the twenty-first century (for a review see McKendry 2003;
Landsberg 1981; Rizwan et al. 2008).

The UHI phenomenon has been studied in many places in the Asia-Pacific
region; for example, Osaka and Bangkok (Taniguchi et al. 2009), Nanjing (Zeng
et al. 2009), Shanghai (Tan et al. 2010) and Beijing and Wuhan (Ren et al. 2007).
For the purpose of estimating the effect of urban warming over the past 100 years,
Seoul, Tokyo, Osaka, Taipei, Manila, Bangkok, and Jakarta were selected as target
cities. UHI was calculated by subtracting the temperature data of the four grids
around the city from the observational temperature data in the city. In doing so, all
urban areas demonstrated an increasing UHI effect with Osaka demonstrating the
largest increase from approximately 2.4 °C in 1901 to almost 3 °C after 1981. The
increases in Seoul, Tokyo, and Taipei were approximately between 1 °C and 2 °C.
Jakarta and Bangkok exhibited smaller increases and Manila and Bangkok experi-
enced rapid increases after 1961 (Kataoka et al. 2009). The point stressed here is
that not only does the UHI effect exist but it is increasing in cities across the region.

UHI effects have not been identified as contributing to global warming (Parker
2004; Peterson 2003; Alcoforado and Andrade 2008). These and other studies indicate
that effects of urbanization and land use change on land-based temperature records are
negligible (0.006 °C per decade) as far as hemispheric- and continental-scale averages
are concerned (Trenberth et al. 2007). At the same time, as cities increase in size and
number, the UHI effect may play a role in regional climate (Kaufmann et al. 2007).

A further study presented evidence for a significant urbanization effect on the
regional climate in southeast China. In this case, the region experienced rapid
urbanization and estimates suggest a warming of mean surface temperature of
0.05 °C per decade. The spatial pattern and magnitude of estimates are consistent
with those of urbanization characterized by changes in the percentage of urban pop-
ulation and in satellite-measured greenness (Zhou et al. 2004).

Another study examined the trends of urban heat island effects in east China and
finds a significant influence of urbanization on surface warming over the region. Overall,
UHI effects contribute 24.2 % to regional average warming trends (Yang et al. 2011).
These results are consistent with a recent 50 year study that found most temperature
time series in China affected by UHI (Li et al. 2004). Evidence, although only recently
emerging, suggests that UHI in the region contributes to regional climate change.

3.3.2.2 Changes in Precipitation

Urbanization affects humidity, clouds, storms and precipitation. Studies have
described shifts in precipitation patterns in and around cities compared to less
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densely populated areas (for a review see Souch and Grimmond 2006; Shepherd
2005). The exact mechanisms by which these urban precipitation patterns emerge
are poorly understood (Lowry 1998). Unique aspects of urban areas that might
affect precipitation levels include high surface roughness that enhances conver-
gence; UHI effects on boundary layers and the resulting downstream generation
of convective clouds; generation of high levels of aerosols that act as cloud con-
densation nuclei sources; and urban canopy creation and maintenance processes
that affect precipitation systems.

No matter what the mechanism, urban areas are seen as cloudier and wetter, with
heavier and more frequent precipitation within metropolitan areas than those out-
side, but within the same region (Lei 2011; Changnon 1979). Average increases of
28 % in monthly rainfall rates have been identified within 30-60 km downwind of
cities (Shephard et al. 2002).

While most studies on urban precipitation have focused on the USA and Europe,
several analyses have been conducted in Asia and the Pacific. Meng et al. (2007)
identified increased strength in thunderstorms associated with tropical cyclones as
they moved over Guanghzhou City, China. Inamura et al. (2011) simulated the
effects of Tokyo on heavy rainfall indicating precipitation increases. These studies
have confirmed trends found in other locations. On the other hand, researchers have
also found anomalies in regional urban rainfall patterns. For example, Wang et al.
(2009a) identified changes in the patterns of rainfall within Beijing associated with
rapid urbanization. These changes, however, were restricted to the winter months,
when rainfall increased in those areas undergoing the most rapid growth. During
other seasons, rainfall patterns did not change significantly. Another study that
examined rainfall data in the Pearl River Delta of China from 1988 to 1996 indi-
cated a negative correlation with urbanization, causing an “urban precipitation defi-
cit” during the dry season (Kaufmann et al. 2007). These authors hypothesize that
given the Pearl River Delta’s extreme urbanization rates the negative effects of built-
up areas on precipitation may overwhelm effects, which could boost precipitation.
These studies indicate that while urban climates in the Asia-Pacific region may
demonstrate patterns similar to those of the now developed world, they may also
provide for unique conditions that affect climate in new ways.

3.3.2.3 Air Pollution

The composition of the atmosphere over urban areas differs from undeveloped areas
(Pataki et al. 2006). Importantly, urban air contains pollutants. Ambient air pollution
refers to gases, aerosols and particles that harm human well-being and the environ-
ment. Cities have been seen as sources of air pollution, but upon closer examination
air pollution is primarily a function of fuel consumption and land use changes. The
impacts of air pollution on human health are discussed further in Sect. 5.3.

Once emitted the dispersion and dilution of air pollutants are strongly influenced
by meteorological conditions, especially by wind direction, wind speed, turbulence
and atmospheric stability. Topographical conditions and urban structures, like street
canyons for example, have a great effect on these parameters. Cities that develop in
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valleys often undergo atmospheric inversions, which trap pollution and enhance
effects. Air pollution has multiple health, infrastructure, ecosystem and climate
impacts (Molina and Molina 2004).

While urban air pollution is a ubiquitous problem, trends vary by development
status. In industrialized countries the ‘classic’ air pollutants, such as carbon monox-
ide, sulphur dioxide and total suspended particulates are decreasing dramatically,
while nitrogen oxides and non-methane volatile organic compounds have reached a
plateau or demonstrate weakly decreasing trends (Holdren and Smith 2000). In the
developing world, air pollutants are increasing (UNEP/WHO 1993). However, the
greatest problems with air pollution are often associated with cities in middle
income countries (McGranahan and Murray 2003).

Increasingly, motor vehicle traffic is a major air pollution source (Mage et al.
1996). Motor vehicles emit carbon monoxide, hydrocarbons, nitrogen oxides and
toxic substances including fine particles and lead. Secondary pollution, such as
ozone, is a product of these primary pollutants, which react together in the atmo-
sphere under the sun’s energy. Given the trends in automobile usage, even in devel-
oping countries, automobiles are a source of air pollutants (Walsh 2003).

Most urban air pollution attention has focused on mega-cities (Mayer 1999;
Molina and Molina 2004; Gurjar et al. 2004, 2008; Butler et al. 2007). High levels
of air pollution emissions are associated with energy production and fuel consump-
tion in mega-cities in China (He et al. 2002) and India (Kandlikar and Ramachandran
2000). These studies indicate that, in the 1990s, Chinese mega-cities such as Beijing,
Shenyang, Xian, Shanghai, and Guangzhou; and Indian mega-cities cities such as
Delhi and Mumbai were among the most polluted cities in the world (UNEP/WHO
1993). In a recent study using a multi-pollutant index (for total suspended particles,
sulphur dioxide and nitrogen dioxide) researchers ranked the top ten mega-cities
with the lowest air quality level. The ranking includes seven Asia-Pacific cities of
Dhaka (1), Beijing (2), Karachi (4), Jakarta (5), Delhi (7), Shanghai (8) and Kolkata
(9) (Gurjar et al. 2008).

It isn’t the largest cities in the world that have the worst pollution levels, how-
ever. A recent global study that examined air pollution trends in over 8,000 cities
suggests that urban nitrogen oxides, non-methane volatile organic compounds,
carbon monoxide and sulphur dioxide emission levels were highest in Asia
(Sarzynski 2012). When ranked by the largest total contribution of emissions, the
top emitters of various compounds included Tokyo, Taipei, Seoul, Shanghai,
Jakarta, Shenzhen, Ulsan and Tianjin. When examining the largest emitters per
capita, however, several smaller, less well known, cities such as Anugul and Sidhi,
India; Chengguan, Fengzhen Luzhai and Wulumuqi China; Dumai, Indonesia;
Port Dickson, Malaysia; Pohang, Republic of Korea; and Rayong, Thailand
ranked among the highest for different compounds. This suggests, as some have
argued, that some of the smaller cities in the region suffer from some of the worst
environmental challenges (Hardoy et al. 2001).

Urban air pollution can have regional effects. Emissions from cities may play a
role in regional climate impacts as high levels of fine particulate matter can scatter
and/or absorb solar radiation (Molina and Molina 2004). The visible manifestation
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of this regional air pollution is a brownish layer or haze pervading many areas of
Asia (UNEP and C4 2002; Ramanathan and Crutzen 2002). Hotspots for this
phenomenon, commonly known as atmospheric brown clouds, in Asia include
South Asia, East Asia and the Indonesian region. Through the examination of tem-
perature records in urbanized regions of China and India affected by the haze,
researchers have demonstrated a significant cooling effect since the 1950s (Kaiser
and Qian 2002; Menon et al. 2002). These effects are consistent with the predicted
effects of elevated soot levels and fine particulate matter, despite general warming
observed for most for the globe. Recent research suggests that the carbonaceous
aerosols are from both biomass burning (slash-and-burn land clearance; waste burn-
ing in agriculture and forestry; and residential wood combustion for heating and
cooking) and from urban fossil fuel combustion, establishing a role for urban activi-
ties in the source of these clouds (Gustafsson et al. 2009). The persistence of the
haze has significant implications to the regional and global water and energy budget
and health (see Chaps. 4 and 5).

3.3.3 Urbanization and Global Climate

Urban areas are major contributors of GHGs (Dhakal 2010). Estimates vary
(Dodman 2009; Satterthwaite 2008), but the general consensus is that urban areas
are responsible for approximately 72 % of global anthropogenic GHG emissions
(IEA 2008). Given the recognition of cities as important contributors to these trends,
research has developed that attempts to isolate the urban role in regional and global
climate change (Bader and Bleischwitz 2009; Lebel et al. 2007).

An important distinction in understanding GHG emissions from urban areas
includes “direct” and “indirect” emissions. More often, local inventories include
estimations of GHGs related to activities of government, businesses and residents
emitted from within the urban area, known as “direct” emissions. Measurements
may also include emissions from activities located outside local jurisdictions but
closely related to economic activities that are conducted within jurisdictions,
known variously as “indirect” emissions (US EPA 2011). For example, power
production and waste disposal may be conducted outside of cities, but relate to the
energy and waste disposal needs of urban residents, businesses and governments.
Traditional emissions inventories count only emissions that are produced within
the study area, regardless of where the related good or service is ultimately con-
sumed, thus placing the full responsibility for emissions reduction within the site
of emission production.

More recent work attempts to include a consumption component. As such, urban
protocol research has appropriated the term “scope” used for corporate emissions
inventories (WRI 2002). Various scopes define the location of embodied energy-related
emissions; for example, Scope 1 emissions are directly emitted from within an urban
area, while Scope 2 includes emissions that are related to urban activities, particularly
energy consumption, but emitted outside urban areas (in thermal power plants).
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Several attempts have been made to estimate GHGs and standardize emission
protocols across a number of cities (Kennedy et al. 2009a, b; Hillman and
Ramaswami 2010; Sovacool and Brown 2010; Hoornweg et al. 2011). A number
of GHG emission studies have been performed on cities in the region (Schulz
2010; Phdungsilp 2010; Dhakal 2009; Dhakal and Imura 2004; Marcotullio et al.
2011, 2012).

There have been studies that examined GHG emissions across the region using
gridded GHG emission data, urban boundaries and thermal power plant locations to
estimate, at the regional scale, urban contributions of GHGs (Marcotullio et al.
2011, 2012). The analysts found that amongst sources identified, energy production
is the dominant source of GHG emissions; with evidence that peri-urban areas are
significant sources of GHG emissions. Finally, as demonstrated by studies in air
pollution, the largest emitting urban areas are not the highest per capita emitters.

3.3.3.1 Urban GHGs by Source

For calculating the GHG emissions from urban areas Kennedy et al. (2009b) fol-
lowing the Intergovernmental Panel on Climate Change (IPCC), identify a set of
standardized sources including energy (stationary combustion, mobile combust and
fugitive sources); waste; industrial processes and product use; and Agriculture,
Forestry and other Land uses (AFOLU). We follow this format and present data on
GHG emissions from cities in the region by source.

(a) Energy production
The energy sector typically includes stationary combustion, mobile combustion
and fugitive sources. The energy source category includes emissions of all
GHGs resulting from these activities. We separate mobile combustion and con-
centrate emissions from emissions for stationary sources including electricity
and district heating.

Studies of urban GHGs in the Asia and Pacific region emphasize energy. For
example, Mitra et al. (2003) emphasized the importance of the energy sector for
Delhi and Calcutta. Ajero (2002) included GHG emissions from energy produc-
tion in a study of Metro Manila. Sovacool and Brown (2010) examined energy
use in buildings and industry across several cities in Asia. Dhakal (2009) sepa-
rated energy production and transport in an analysis of emissions from four
Chinese cities (Beijing, Shanghai, Tianjin and Chongquin).

Evidence supports the notion that energy consumption is an important con-
tribution to GHG emissions from cities in the Asia and Pacific region. For four
cities in China, electricity production alone accounted for between 34 % and
41 % of emissions (Dhakal 2009). In Metro Manila, electricity consumption
accounted for 40 % of total emissions (Sovacool and Brown 2010). In 2000,
urban Asia energy production and GHG emissions released directly from within
urban areas accounted for 61.7 % of all emissions from urban areas (Table 3.6).
This conservative figure (which doesn’t account for all thermal power plant
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Table 3.6 Asia total and urban GHG emissions by sector, 2000

Asia total and urban GHG emission by sector, 2000 (million metric tons)

Total GHG emissions Urban GHG emissions Urban share of total
Sector (amount) (percent) (amount) (percent) (percent)
Agriculture 2,460 17.49 145 3.37 5.88
Energy 6,743 47.94 2,648 61.71 39.27
Industry 1,564 11.12 492 11.46 31.46
Transportation 1,238 8.80 432 10.06 34.89
Residential 1,293 9.20 321 7.48 24.84
Waste 766 5.45 253 5.89 33.00
Total 14,065 100.00 4,292 100.00 30.51

Source: Marcotullio et al. (2012). A geography of urban greenhouse gas emission in Asia. Global
Environmental Change, 22(4), 944-958

emissions), strongly suggests that energy production is a dominant source of
emissions for Asian cities. That is, only 71 % of all thermal power plants in the
region were located within urban areas, leaving emission from 29 % outside
cities and not accounted for even though, the electricity consumption may be
within urban areas.
(b) Transportation
GHG emissions from mobile sources are both important contributions to total
emission levels and challenging to estimate. Generally, analysts have observed
an inverse relationship between urban ground transportation energy use and
population density (Newman and Kenworthy 1989, 1999). On the other hand,
air transport GHG emissions are sometimes ignored by urban GHG analysts.
Aviation emissions, however, are an increasingly important contribution to
total GHG emissions, particularly in the Asia-Pacific region.
Transportation-related GHG emissions are a low but growing portion of
total GHG emissions for Asia (Table 3.6). In 2000, for the entire region,
transportation accounted for 8.8 % of total GHG emissions. In 2000,
transportation-related emissions in urban Asia accounted for a higher per-
centage of total urban GHG emissions than for the region; approximately
10.6 %. This level is similar to that found by analysts for individual cities. For
example, transport accounted for 8 % of total energy consumption in Beijing
and 10 % in Shanghai (APERC 2007). Others have identified higher levels for
individual cities. For example, transportation accounted for 37 % of Tokyo’s
energy consumption and 25 % of Seoul’s energy consumption in 1998 (Dhakal
and Imura 2004). According to Phdungsilp (2010), in 2005 Bangkok’s trans-
portation sector accounted for 60 % of energy demand. Estimates suggest that
for Dhaka, transportation accounts for 25-30 % of total emissions (Alam and
Rabbani 2007).
As mentioned earlier, urbanization is bound up with automobile usage and
hence energy consumption and GHG emissions. In general, as nations urbanize,
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their citizens increasingly shift from non-motorized transport such as bicycling
and walking to motorized passenger transport. With increasing urban expan-
sion, more urban dwellers move to the city outskirts and employment areas also
shift. Within this peri-urbanization, travel distance tends to lengthen, which has
been noted in Asia and the Pacific (APERC 2007). Moreover, in rapidly devel-
oping countries, demand for private transportation far outstrips infrastructure
supply, creating congestion, high levels of accidents and increasing pollution
and GHG emissions (Vasconcellos 2001). With increasing infrastructure provi-
sion, we expect transportation GHG emissions in the region to rise rapidly
(Marcotullio and Marshall 2007).

Industrial processes and product use

The industrial processes and product use category includes GHG emissions
from industrial products that are not primarily for energy purposes. A wide
range of industrial processes and products emits GHGs that are not the result of
combustion. Three broad categories for non-energy industrial use include: (i)
feedstock, (ii) reducing agents, and (iii) non-energy products such as lubricants,
greases, waxes, bitumen and solvents.

In 2000, for all of Asia, industrial processing and product use accounted for
approximately 11.2 % of total anthropogenic GHG emissions. Importantly,
these emissions varied across the region as identified by locations of manufac-
turing. Urban Asia industrial processes and product use GHG emissions
accounted for 11.5 % of all urban emissions (Table 3.6). Researchers identified
selected industrial cities with high-energy use. For example, in Bangkok in
2005, industry accounted for 31 % of total energy consumption (Phdungsilp
2010) and 25 % of Thailand’s carbon dioxide emissions came from manufactur-
ing and construction (Corfield 2008a), dominated by industries in the Bangkok
Metropolitan Region. Industry dominated carbon dioxide emissions in Beijing,
Shanghai, Tianjin and Chongqing, although industrial emissions have been
declining in share for Beijing (from 65 % to 43 %) and Shanghai (from 75 % to
64 %) over the past 20 years (Dhakal 2009).

Waste and wastewater

Waste GHG emissions are those from waste management activities (Kennedy
et al. 2009b). Much of these emissions are in the form of methane from
landfills, dumps and wastewater treatment. Global methane emissions from
wastewater treatment under anaerobic conditions and from municipal solid
waste landfills are estimated to range from 8 % to 11 % and 3-19 % of
global anthropogenic methane emissions, respectively (Wunch et al. 2009;
IPCC 1996). The waste sector as a whole accounts for just under 4 % of
global GHG output. In the future a large proportion of the GHG emission
from urban wastewater is expected to be from cities in developing countries,
although researchers note that much will depend upon whether a methane
recovery system in place or not .

In 2000, for all of Asia, waste accounted for approximately 5.6 % of total
GHG emissions. During that year, in urban Asia, waste accounted for approxi-
mately 5.9 % of all GHG emissions (Table 3.6). In individual cities the share of
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GHG emissions from the waste sector can be higher. Bangkok waste-related
GHG emissions, for example, accounted for approximately 11.