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Foreword by WMO

The Fifth Assessment Report (2013) by the Intergovernmental Panel on Climate
Change (IPCC), adopted by 110 governments, provides conclusive new scientific
evidence that human activities are causing unprecedented changes in the Earth’s
climate. The report confirms that it is extremely likely (95-100 % probability) that
most of the warming since 1950 has been due to human influence.

The new report further states that greenhouse gas emissions at or above current
rates would induce changes in the oceans, ice caps, glaciers, the biosphere and other
components of the climate system. Some of these changes would very likely be
unprecedented over decades to thousands of years. Limiting climate change would
require substantial and sustained reductions in emissions of carbon dioxide (CO2)
and other greenhouse gases.

In a changing climate, our valuable water resources will be one of those areas
most impacted. For example, there is very high confidence that glaciers have
continued to shrink and lose mass worldwide, with very few exceptions. By 2100,
global glacial volume could, under one scenario, decline further by as much as
35-85 %. Meanwhile, the extent of Northern Hemisphere snow cover has decreased
since the mid-twentieth century, especially in spring, and this decline, too, will
continue.

It is likely that human influences have affected the global water cycle and its
patterns since 1960. For example, in recent decades, precipitation has increased in
the mid-latitude land areas of the Northern Hemisphere.

The UN-wide Global Framework on Climate Services (GFCS) led by the World
Meteorological Organization (WMO), with a wide range of partners, assists gov-
ernments to produce and use climate information and predictions for adapting to
and mitigating climate change while transitioning to a green economy. Climate
services can empower decision-makers, making water resources management
decisions more climate resilient. The Integrated Flood Management and Integrated
Drought Management approaches, adopted by the WMO in partnership with the
Global Water Partnership are just two risk-based, resilience building methodologies
that will improve the coordination and collaboration between the climate and water
communities as part of the GFCS User Interface Platform.



vi Foreword by WMO

This book contains a collection of individually authored chapters, which provide
increased knowledge of the impacts of climate change on the water cycle and
identify practices and procedures that can assist in adaptation to a changing and
variable climate. I commend the authors of these chapters for their contributions
and the Editors for bringing the material together and urge readers to critically
examine, review and make use of the material in the most relevant and practical
manner.

Michel Jarraud
Secretary-General of WMO



Foreword by UNESCO

Water—the basic ingredient of life and a fundamental human right—holds the key
to global sustainability. The UN International Year of Water Cooperation, 2013,
emphasised that cooperation around water, for water and through water must
happen everywhere—between states and within states. While we talk about water,
we are really talking about human rights, about the sustainable development of our
societies, about sustainability of ecosystems. This publication constitutes a joint
effort between scientists and other experts from around the world, and is testament
to the spirit of the UN International Year of Water Cooperation, during which the
preparations for the book started.

UNESCQ’s International Hydrological Programme (IHP) is the only intergov-
ernmental water science programme of the United Nations. Over the past 12 years,
The Netherlands, through the Secretariat of its National [HP Committee, has been
one of the most active countries worldwide contributing to the Programme. The
Secretary personally has also been instrumental in supporting many water profes-
sionals from developing countries and countries in transition. In addition, the Asian
Institute of Technology (AIT) has indeed a long history of working together with
the United Nations, in research, education and capacity-building, at a high level.

The IHP is an intergovernmental programme that is implemented in phases. IHP
operates in accordance with the needs of its Member States, and thrives thanks to
their support and contributions. In 2014, the eighth phase of IHP began, focused on
six themes along three axes:

e Mobilizing international cooperation to improve knowledge and innovation to
address water security challenges;

e Strengthening the science—policy interface to reach water security at local,
national regional and global levels;

e Developing institutional and human capacities for water security and
sustainability.

Despite the intergovernmental nature of IHP, the essential contributions to the
Programme have always been the work of dedicated individuals with their hearts in
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viii Foreword by UNESCO

the right place. They are the ones who deliver the substance and tangible results that
advance humanity. This book is an excellent contribution to the Programme that
highlights these achievements. East and West come together: water cooperation and
science diplomacy in the true meaning.

It is also due to my personal involvement in the Intergovernmental Panel on
Climate Change (IPCC) that I am delighted to see this publication ‘Managing
Water Resources under Climate Uncertainty’, addressing one of the most important
current issues globally in water resources management. I sincerely hope that it will
raise awareness of sensitive and urgent questions related to water resources man-
agement and climate uncertainty, in order to ensure that ecological principles,
including hydrology, are at the heart of economic development and decision-
making. In this regard, I would like to thank the editors of the publication for their
excellent work. It reflects the rich expertise of participants from various geo-
graphical and cultural backgrounds, and thus the true spirit of water cooperation!

Blanca Elena Jiménez Cisneros
Director, Division of Water Sciences
Secretary, International Hydrological Programme, UNESCO

\y
>

—

IEL

United Nations International
Educational, Scientific and Hydrological
Cultural Organization _ Programme
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Foreword by SEA-EU-NET

The availability of safe water is a major global challenge for the future owing to a
rapidly growing population and unsustainable consumption pattern, increasingly
urbanised populations, rapid shifts in land use and climate change. Global water
demand has tripled in the past 50 years." and just 2.5 % of the world’s water resources
are freshwater of which only 0.4 % are available and accessible for use. Water is
intrinsically linked to the most pressing challenges we face today, including food
security and safety, health, climate change, economic growth and poverty alleviation.

The United Nations projects that by 2025, half of all countries worldwide will
face water stress or outright shortages. By 2050, three out of four people around the
globe could be affected by water scarcity. Water problems in Asia today are severe—
one out of five people (700 million) does not have access to safe drinking water and
half of the region’s population (1.8 billion people) lacks access to basic sanitation.
Although Asia is home to more than half of the world’s population, it has less
freshwater, i.e. 3,920 cubic meters per person per year, than any other continent. As
population growth and urbanization rates in the region rise, the stress on Asia’s water
resources is rapidly intensifying. Climate change is expected to worsen the situation.
According to the Intergovernmental Panel on Climate Change (IPCC), by 2050,
more than one billion people in Asia alone are projected to experience negative
impacts on water resources as a result of climate change. Experts agree that reduced
access to freshwater will lead to a cascading set of consequences, including impaired
food production, the loss of livelihood security, large-scale migration within and
across borders, and increased economic and geopolitical tensions and instabilities.

Within ASEAN, overall water demand is expected to increase by one-third by
2015.% Although most Southeast Asian countries do not experience physical water

! UNEP - A Tale of Two Trends: providing information and knowledge for decision-making in
water-scare regions through water assessments — http://www.unwater.org/downloads/www.Singh.
pdf.

2 ASEAN (2005) ASEAN Strategic Plan of Action on Water Resources Management. Accessed
http://environment.asean.org/files/ ASEAN %20Strategic%20Plan%200f%20Action%200n%
20Water%20Resources%20Management.pdf 27 May 2011.
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scarcity, seasonal water scarcity can be an issue, e.g. in Cambodia and Vietnam.
High rates of development put pressure on the sustainable water supply and sani-
tation, and increase competition for water resources. Some ASEAN member states
are unlikely to meet the Millennium Development Goals relating to drinking water
and sanitation. The key water challenges for the ASEAN region have already been
set out in the ASEAN Strategic Plan of Action of Water Resources and Manage-
ment.” They plan includes aspects such as collecting and maintaining high quality
data, mitigating the effects of extreme events on water resources (especially to
subsistence farmers and the poor), sustaining and improving water quality,
improving governance systems and acquiring financing for the development of new
water infrastructure.”

To address these challenges, we have initiated the project ‘SEA-EU-NET 2—
EU-ASEAN S&T cooperation to jointly tackle societal challenges’. The SEA-EU-
NET 2 project aims at strengthening the bi-regional dialogue on international S&T
cooperation between Europe and Southeast Asia, particularly by tackling societal
challenges, creating direct linkages to the policy dialogue, development of addi-
tional funding sources and improved dissemination of project results to the inter-
ested public. The SEA-EU-NET 2 project is working within the framework of the
official EU-SEA cooperation in Science, Technology and Innovation. Cooperation
between EU and ASEAN, which has been ongoing for 30 years, has gained sig-
nificant momentum over the last decade.

One of the primary aims of the project is to stimulate deeper and more productive
cooperation in three global societal challenges: health, food and water. The rationale
for the selection of the three societal challenges was recognition that these are areas in
which the EU and Southeast Asia have strong and complementary interests. In health,
Southeast Asia is increasingly coming to resemble Europe, with non-communicable
diseases burdening health systems and taking over from infectious disease as the
leading cause of death. Yet the region still suffers from high incidences of infectious
diseases which Europe—though climate change and global connectedness—is also
exposed to. Southeast Asia is a major exporter of food to Europe, providing a strong
rationale to work with the region to ensure the security and safety or Europe’s food
supply. Disruption caused by flooding in Southeast Asia affects the production
facilities of European companies and disrupts the plans of holidaymakers, and ten-
sions over transboundary water resources threatens the stability of the region. These
challenges are also interlinked; extreme weather events could threaten food supplies
while also spreading waterborne diseases. These societal challenges also reflect the
areas in which much EU-ASEAN collaboration already takes place.

3 ASEAN (2005) ASEAN Strategic Plan of Action on Water Resources Management. Accessed
http://environment.asean.org/files’/ ASEAN%20Strategic %20Plan%200f%20Action%200n%
20Water%20Resources%20Management.pdf 27 May 2011.

* ASEAN (2005) ASEAN Strategic Plan of Action on Water Resources Management. Accessed
http://environment.asean.org/files/ ASEAN %20Strategic%20Plan%200f%20Action%200n%
20Water%20Resources%20Management.pdf 27 May 2011.
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International exchange and collaboration is necessary to tackle these complex
and interrelated issues. This book is proving that there is much international
knowledge and expertise which should help develop innovative solutions.

Christoph Elineau

SEA-EU-NET Coordinator

International Bureau of the German Federal Ministry
of Education and Research (DLR)

4 SH-HU-HET
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Introduction

The Intergovernmental Panel on Climate Change (IPCC)’s Fifth Assessment
Report (ARS) provides an overview of what is known about climate change. The
global average surface temperature for 2081-2100 is likely to be 0.3 °C in the most
optimistic scenario and 4.8 °C in the most pessimistic, above the average of
1986-2005. Precipitation changes will vary from region to region. Under RCPS.5,
mid-latitude wet regions are likely to see increases in precipitation, while many
mid-latitude and sub-tropical dry regions are likely to experience decreases.
Similarly, the IPCC reported that the loss in glacier volume outside Greenland and
Antarctica since the 1960s is equivalent to an average of 0.76 mm/year sea level
rise during 1993-2009 and even 0.83 mm/year for the period 2005-2009 (IPCC
2013).

Climate change will have a significant impact on the hydrological cycle.
Shorter wet seasons with more intense rainfall and extended dry seasons will affect
water availability, water distribution, and agricultural planning and management
(Seiller and Anctil 2013; Kang and Khan 2009). Delta areas, where the ecosystem
is highly threatened, will not only be affected by climatic factors, but also by the
indirect implications of the sea level rise, upstream flow of sea water and salt-
water intrusion. Climate change will also affect agriculture through higher
temperatures and more variable rainfall, with substantial reductions in precipita-
tion likely in the mid-latitudes, where agriculture is already precarious and often
dependent on irrigation. Historical observations of agricultural productivity on a
global scale reflect higher productivity in higher latitudes and a relatively lower
yield for regions closer to the equator. This difference is expected to grow with
climate change progression (Ray et al. 2012).

Several research studies have been carried out to forecast climate change on a
global scale. The sign and magnitude of projected changes in future climates vary
between different GCMs, leading to substantial uncertainty in precipitation or
temperature projections (IPCC 2008). Projections of future precipitation changes
are more robust for some regions than for others. As precipitation is the key driver
of the hydrological cycle, the uncertainty in precipitation projection leads to an
accumulation of uncertainties during impact studies on a local or regional scale.
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The climate model studies suggest that the observed trends in mean precipitation
are due to changes in radiative forcing. The uncertainties in predicting extreme
events such as floods and droughts are a major concern for planners and policy
makers.

As climate change is unavoidable, there is no alternative other than to follow
the proper adaptive measures. It is the only available solution to the problems we
are going to face in the coming decades (Dessai and Sluijs 2007). Implementation
of adaptation policies, however, needs to be combined with major investment, and
is unsustainable for developing countries and some countries in transition. For the
poorer countries facing problems with hydrological variability, it will be even
more difficult to achieve water security.

Documentation and dissemination of the impacts of climate change on water
resources and water use sectors is a very important step towards managing the
water resources in a sustainable manner. Therefore, this book aims to provide
information to water managers and decision makers about climate change and its
impacts on water resources and selected water use sectors and how to adapt to
these changes, taking examples from various countries in Asia and Europe. The
chapters are arranged in two parts.

The first part, with 10 chapters, discusses the impact of climate change on water
resources and different water sectors. The potential impacts of climate change on
hydrology and water resources are illustrated, including urban drainage and waste
water treatment plants. Uncertainties associated with climate change projections
derived from different GCMs downscaled with different techniques are also
discussed.

The second part depicts adaptation strategies to reduce or offset the negative
impacts of climate change on water resources and water use sectors. It illustrates
how different water use sectors, such as hydropower, water supply, and agriculture
can adapt to climate change in an attempt to reduce its impacts. A review on
transboundary water and disaster risk reduction is also presented with special
reference to countries in Asia.

‘Impact of Climate Change on the Water Cycle’ focusses on the link between
climate and the water cycle and how changes in climate are impacting on the water
cycle creating a converse impact on water quality and availability, health, agri-
culture (food security), biodiversity and water security.

In ‘Uncertainty Assessment of Climate Change Impacts on Hydrology: A Case
Study for the Central Highlands of Vietnam’, the uncertainty of the impact of
climate change on the streamflow was analysed in the Srepok watershed in
Vietnam through the application of climate scenarios to the SWAT hydrological
model. The results from seven CMIP3/IPCC-AR4 GCMs and four emission sce-
narios in the study show an increase in mean temperature for the future. It also
states that the GCM structure is the key to uncertainty in the impact of climate
change on streamflow. Therefore, the multi-model is suggested to evaluate climate
change impacts on streamflow.
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‘Assessment of the Impact of Climate Change on Water Availability in the
Citarum River Basin, Indonesia: The Use of Statistical Downscaling and Water
Planning Tools’ examines the impact of future climate change on water avail-
ability using a combination of the downscaling technique and water planning tools
in the Citarum River Basin in Indonesia. The streamflow and evapotranspiration
were projected for three future periods: 2010-2039, 2040-2069 and 2070-2099.
The results show an increase in precipitation and run-off, as well as potential
evapotranspiration losses in the sub-catchment of the study area.

‘Impact of the Uncertainty of Future Climates on Discharge in the Nam Ou
River Basin, Lao PDR’ investigates the uncertainty of climate change impact on
discharge in the Nam Ou River Basin in Lao PDR. LARS-WG was used to project
the future climate under two GHGES A1B and A2 scenarios for the 2020s, 2055s,
and 2090s. Furthermore, the Soil and Assessment Water Tool (SWAT) model was
used to simulate present and future changes in discharge in the river basin. The
results show that both increases and decreases in discharge can be expected in
future periods.

The significance of the integrated modelling approach was emphasised in
‘Integrated Modelling of Climate Change and Urban Drainage’ to assess the direct
implications of climate change on hydraulic performance in urban drainage and
the need to update the urban drainage design criteria. Adaptation measures are
required together with a reassessment of the storm water management design and
planning process.

The impacts of climate change on hydrology of the Koshi River Basin in Nepal
using a multi-model, multi-scenario approach is presented in ‘Estimating the
Impacts and Uncertainty of Climate Change on the Hydrology and Water
Resources of the Koshi River Basin’. Multiple GCM projections for each of the
three SRES scenarios (B1, A1B, and A2) were used. A statistical downscaling
model (LARS-WG) was selected to downscale the global scale projections to basin
scale. Furthermore, the SWAT was used to analyse the impacts of climate change
on hydrology. In future, the Koshi River Basin may become warmer as projected
by all GCMs under three SRES scenarios.

‘Uncertainty Analysis of Statistically and Dynamically Downscaled
Precipitation Data: A Study of the Chaliyar River Basin, Kerala, India’ exam-
ines the assessment of uncertainty analysis on statistically and dynamically
downscaled monthly precipitation data in the Chaliyar River Basin, in Kerala,
India. Several tests were performed such as the Wilcoxon signed rank test, Le-
vene’s test, Brown-Forsythe test, and the non-parametric Levene’s to evaluate
errors in the mean data. Results shows that the error is not significant in the case of
the statistically downscaled data using predictors generated from the reanalysis
data. It also highlights the necessity for performing an uncertainty analysis of the
downscaled data.

In ‘Assessment of the Impact of Projected Climate Change on Streamflow and
Groundwater Recharge in a River Basin’, the impact of climate change on
streamflow and groundwater recharge in the Chaliyar River Basin was


http://dx.doi.org/10.1007/978-3-319-10467-6_3
http://dx.doi.org/10.1007/978-3-319-10467-6_3
http://dx.doi.org/10.1007/978-3-319-10467-6_3
http://dx.doi.org/10.1007/978-3-319-10467-6_4
http://dx.doi.org/10.1007/978-3-319-10467-6_4
http://dx.doi.org/10.1007/978-3-319-10467-6_5
http://dx.doi.org/10.1007/978-3-319-10467-6_6
http://dx.doi.org/10.1007/978-3-319-10467-6_6
http://dx.doi.org/10.1007/978-3-319-10467-6_6
http://dx.doi.org/10.1007/978-3-319-10467-6_7
http://dx.doi.org/10.1007/978-3-319-10467-6_7
http://dx.doi.org/10.1007/978-3-319-10467-6_8
http://dx.doi.org/10.1007/978-3-319-10467-6_8

x1 Introduction

investigated. The SWAT hydrological model was used to evaluate the impact of
projected climate change on streamflow in the river. Results show an average
increase in temperature (2 °C) and decrease in rainfall (11.5 %) in the southwest
monsoon period for the A2 scenario, whereas, there is an average increase in
temperature of 1 °C and a decrease in rainfall of 8.79 % for the B2 scenario. In the
A2 scenario, the SWAT analysis shows an increase in potential evapotranspiration
and a decrease in streamflow. In the B2 scenario, SWAT predictions show an
increase in potential evapotranspiration of 1.12 % and a decrease in streamflow of
4.62 %. Similar trends are predicted for the northeast monsoon period also.

‘Assessment of the Impact of Projected Climate Change on Streamflow and
Groundwater Recharge in a River Basin’ discusses the link between climatic
change on Mediterranean society and the environment through two case studies in
Southern Italy and Lebanon. This chapter also highlights the snow-dominated
hydrological system, the combined effect of changes in temperature, and precip-
itation. It emphasises the suitability of the methodological approach used in the
Mediterranean area for regions in Southeast Asia in order to undertake similar
impact studies.

A comprehensive review of climate change, wastewater treatment and the
solutions is presented in ‘Effect of Climate Change in Wastewater Treatment
Plants: Reviewing the Problems and Solutions’. This chapter emphasises the need
to develope future adaptation strategies and knowledge to manage emissions,
together with a vulnerability climate assessment to interact with the adaptive
responses to address emission sources.

‘Managing Hydropower Under Climate Change in the Mekong Tributaries’
examines how projected climate change scenarios affect the flow regimes in the 3S
basin compared to flow alterations induced by hydropower development. It further
investigates the cumulative impacts on flows within the 3S basin by using the
combined scenarios of climate change and hydropower development.

‘Managing Water Resources Under Climate Uncertainty: Opportunities and
Challenges for Cambodia’ provides a review of the link between climate and water
issues in relation to the hydrological cycle and water resource, as well as the
effects of climate change and potential ways of managing water resources.

Based on their research in Bhutan for the improvement of policies and
management, Katel et al. (‘Transboundary Water Resources Management in the
Context of Global Environmental Change: The Case of Bhutan Himalaya’)
emphasise the need for a multidisciplinary approach when dealing with trans-
boundary water issues, the need for a better framework for scientific cooperation
on adaptation, and the need for models with a higher spatial and temporal reso-
lution than that currently available in the Himalayas.

‘Addressing Climate Change Impacts through Community-Level Water
Management: Case Studies from the South-Eastern Coastal Region of India’
presents an assessment of climate change impacts on the east of India followed by
a methodology based on the community participation processes to address the
aforementioned key impacts manifesting in the area. An example is provided as
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part of the project ‘Strengthening Adaptation Capacities and Minimizing Risks of
Vulnerable Coastal Communities in India’.

‘Climate Adaptation and Governance and Small-Scale Farmers’ Vulnerability
through Artificial Glacier Technology: Experiences from the Cold Desert of Leh in
North-West Himalaya, India’ examines the vulnerability and livelihood interac-
tions, use of the artificial glacier technology to adapt to climate variability by small
farmers in Leh (Ladakh), and the need for a multidisciplinary approach to improve
the climate adaptations and governance among different stakeholders.

‘Governing Disaster Risk Reduction in Nepal’ emphasises the expansion of
private sector participation in disaster risk governance, summarises the endoge-
nous and exogenous drivers of water-induced disaster risk and recent international
mitigation efforts in the case of Nepal.

‘Role of Sustainability Policy Entrepreneurs in Building Water-sensitive Cities
to Respond to Climate Change: A Case Study in Adelaide, Australia’ describes the
challenges and strategies used by policy entrepreneurs to encourage sustainable
water management by designing innovative water management initiatives, and
further illustrates the key role of policy entrepreneurs in shaping policy outcomes.

‘Managing Water Resources in Mexico in the Context of Climate Change’
addresses problems such as how countries severely affected by global environment
and climate change can cope with the present unequal access of water without
destroying the already precarious water and food security and how small-scale
farmers in rain fed agriculture can contribute to food security, thus also improving
the livelihood of extremely marginal people.

A case study on rainwater harvesting applications as effective climate change
adaptation strategies in rural and urban settings to increase human resilience is
presented in ‘Rainwater Harvesting as an Effective Climate Change Adaptation
Strategy in Rural and Urban Settings’.

Finally, ‘Coevolving Water Infrastructures for Adaptation to Climate Change’
presents a coevolution theoretical approach to understand how in London people
can adapt their water infrastructures and practices in extreme water conditions as
anticipated by climate change, with suggestions for more sustainable water
resources in the future.
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Part 1
Understanding the Impacts



Impact of Climate Change on the Water
Cycle

Velma I. Grover

Abstract Global warming has accelerated in recent years with an increase of about
0.75 °C during the past 100 years. The rate of temperature increase in the past
25 years has been over 0.18 °C per decade. Global warming has been observed
more over land than over the ocean. This rise in temperature is leading to a rise in
sea levels, glacier melt, and changes in precipitation patterns. In addition to
urbanisation where roads and buildings impact on the amount of groundwater
percolation, large infrastructures such as dams are impacting on the microclimate
cycle, which changes the evapotranspiration rate in the region leading to a change
in the amount of precipitation. The focus of this chapter is on the impact of climate
change on the water cycle, particularly in relation to freshwater, including how a
change in the climate cycle is impacting on the water cycle, followed by the impacts
of change on water quality and availability, health, agriculture (food security),
biodiversity, and water security.

Keywords Climate change - Water cycle - Health - Malaria - Great lakes

1 Background

Climate change is happening. No one is debating that fact anymore, even though
the reasons for the change in climate (i.e. natural or anthropogenic) might still be
debatable. Natural hazards are increasing as can be observed from the increased
intensity and frequency of floods, typhoons, hurricanes, and increased famine
(especially in Africa) (Dasgupta et al. 2009). Water, which is so important for

This chapter is based on the book, Grover (2012) “Impact of climate change on water cycle and
health”.
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human survival, can also cause a lot of damage. For example, the beginning of 2011
was marked by climate-related disasters with serious implications for human well-
being: In Queensland, Australia, floods surged through the region, setting Brisbane,
Australia’s third largest city, under water, and killing at least 19 people. In Brazil,
more than 500 people perished when mudslides caused by heavy rain covered and
destroyed homes, making it the worst natural disaster for several decades (Webersik
2012). In 2011, Thailand witnessed the worst flooding in at least five decades,
displacing millions of residents and killing 884 people. Out of 77 provinces, 65
were affected and the World Bank estimated the damage to be about U.S. $45.7
billion making it one of the five costliest natural disasters in modern history (Aon
Benfield 2011). IPCC reports predict that there will be an 80 % chance of increased
mortality and morbidity due to climate change-related extreme weather events
(EWESs) (Parry et al. 2007). In 2007 alone, 95 % of the 16,000 global fatalities from
EWEs can be directly attributable to climate change. Because of the change in
temperature and precipitation patterns, EWEs have changed in frequency and
intensity. This is not only causing loss of property, but is also increasing diseases
(in the affected areas) and adding an economic burden.

Some of the recent EWEs have crossed all the historical records. Heavy rainfall
within 24 h, glacial melt, cloud burst, and lake burst caused havoc in the state of
Uttarakand in India in June 2013, stranding thousands of pilgrims, killing thou-
sands, and causing severe damage to the infrastructures, e.g. destroying about 150
bridges, washing out most of the roads, and wiping out houses and hotels in some
regions (with an estimated cost of U.S. $867 million in infrastructure damage alone,
not including losses due to non-electricity generation, loss in tourist revenue, and
manufacturing).! Typhoon Haiyan, in the Philippines in November 2013, has been
recorded as the strongest storm on land so far and unofficially is also recorded as the
strongest typhoon in terms of wind speed.” This was by far one of the deadliest
typhoons in the Philippines affecting 7 million people, killing about 6,155 persons,
leaving 600,000 homeless® and causing agricultural and fisheries a loss of about U.
S. $225 million* and U.S. $1.5 billion in non-life insurance payments.’

Floods in Toronto, Canada (caused by 126 mm of rain in 2 h), in summer 2013,
left many homes with property damage, flights cancelled, and thousands stranded
on commuter trains submerged in water; it has been one of most expensive natural
disasters in the history of Ontario with about $850 million paid out in insurance as
at August 2013°). The snowstorm in December 2013 again stranded a lot of air

! http://www.downtoearth.org.in/content/heavens-rage and http://www.downtoearth.org.in/content/
what-really-happened-uttarakhand.

2 Fischetti, Mark (November 27, 2013). “Was Typhoon Haiyan a Record Storm?". Scientific
American.

3 http://www.businessinsider.com/typhoon-haiyan-damage-is-worse-than-hell-2013-11.

* http://blogs.wsj.com/economics/2013/11/19/typhoon-haiyan-caused-225-million-in-
agricultural-damage/.

5 http://www .businessinsurance.com/article/20131226/NEWS09/131229953.
S http://www.cbc.ca/news/business/toronto-s-july-storm-cost-insurers-850m-1.1363051.
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travellers, left many people in darkness, and caused a lot of property and infra-
structure damage (where the post-storm crisis has caused CAN $8-10 million
damage to the city so far, ’ and it will be a while before the total damage is known).

Global warming has accelerated in recent years. While the past 100 years saw an
increase of about 0.75 °C, the rate of temperature increase in the past 25 years has
been over 0.18 °C per decade. Global warming has been observed more over land
than ocean. This rise in temperature is leading to a rise in sea levels, glacier melt,
and changes in precipitation patterns (for example, from 1900 to 2005, precipitation
has increased in eastern parts of North America, Northern Europe, Northern and
Central Asia, and Southern Europe while it has declined in Southern Africa, parts of
Southern Asia, the Sahel, and the Mediterranean) (WHO 2008).

Melting ice and thermal expansion of oceans are causing sea levels to rise. In
addition to exposing coastlines, where the majority of the human population lives,
greater erosion and flooding pressures, together with rising sea levels, might also
lead to salt water contamination of groundwater supplies. The quality and quantity
of climate change and water resources threaten freshwater access to a large per-
centage of the population. According to Water Aid 2007, a one metre rise in sea
level will displace 80 % of the population of Guyana.

Climate change is not only impacting on sea level rise and availability of water
but also both freshwater resources and oceans in terms of acidification and coral
reef bleaching. A change in ocean acidity is likely to reduce the ocean’s capacity to
absorb CO, from the atmosphere, thus compounding the effects of climate change,
and will affect the entire marine food chain. Also, large-scale, irreversible system
disruption and the destabilisation of the Antarctic ice sheets are serious risks:
changes to polar ice, glaciers, and rainfall regimes have already occurred.

The focus of this chapter is mainly on the impact of climate change on the water
cycle, mainly freshwater. Freshwater is important because of its related challenges:
too much water, too little water, or the quality of water (pollution) are all exacer-
bated by climate change (Bates et al. 2008a, b). The chapter provides a global
picture and includes some country or community level case studies. As explained
by Gupta (Grover 2012), “... the problem of climate change is about the economy,
our production, and consumption system. Climate change is about society; our
lifestyles, our jobs, our food, our recreation. Climate change is about the envi-
ronment, about how land use changes affect the climate, and how climate change
affects species and ecosystems. Climate change is about so many issues and can be
defined in so many different ways, that we often forget that climate change is also
about water; water that makes our planet quite unique; water that makes life pos-
sible; water that makes the economy flourish. The link between climate and water is
very critical”. The next section of the chapter looks at the climate and water cycle
and the impact of climate change on water quality and availability, health,

7 http://www.thestar.com/news/gta/2013/12/29/ice_storm_7400_in_toronto_still_without_power.
html.
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agriculture (food security), biodiversity, and water security followed by a con-
cluding section. This chapter relies heavily on secondary sources and is a synthesis
of the data therefrom.

2 Climate Change and the Water Cycle

The climate system and the water/hydrological cycle are driven by solar radiation.
As described in the IPCC report (2007), the climate system is a complex interactive
system that consists of the atmosphere, land, water (in the form of oceans, lakes,
rivers, snow, and ice etc.), and living things (including humans). The climate
system is affected by changes in greenhouse gas compositions, some natural phe-
nomenon (i.e. volcanic eruptions), and anthropogenic factors (e.g. change in land
use etc.). All these changes have an impact on the absorption of solar radiation and
their reflections in the atmosphere, causing changes in the earth’s temperature thus
impacting on the climate.

In the natural water cycle, solar energy enters the earth’s system leading to the
process of evaporation, formation of clouds, and then precipitation in the form of
rain, hail, or snow. Once precipitation has occurred, water evaporates or transpires
back into the atmosphere, or it can be a run-off (in the form of a river, etc., going
into lakes or oceans). It can also penetrate the surface to become part of ground-
water. This means that water remains within the water cycle and is considered as a
renewable resource. However, in some locations, water takes a much longer time to
cycle, virtually making it a non-renewable resource.”

The water cycle is changing due to a few reasons: firstly, because of unlimited
withdrawal of water for drinking, agriculture, industries, extracting groundwater,
and in certain places at a rate more than it can replenish itself. Secondly, in other
places, we are building dams or diverting river water; this essentially means that the
amount of water present in a particular location has changed (increasing where a
dam is built and decreasing where water is diverted), thus altering both the local
water cycle (changing evapotranspiration rate and precipitation) and the microcli-
mate of the place. This also alters the water cycle at deltas because the amount of
water present there is less than before since it is being used for other purposes or
stored in dams (see Box 1.1). Run-off from agriculture, industrial, and municipal
waste deteriorates the quality of water.

Box 1 Impact of urbanisation and large infrastructures on the water
cycle Urbanisation has led to changes in land cover, concrete houses,
buildings, asphalt roads, etc., which has led to changes in groundwater per-
colation and evaporation. Studies have shown that urban mega centres have

8 https://www.ec.gc.caleau-water/default.asp?lang=En&n=1C100657-1.
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an impact on local precipitation patterns (Shepherd 2005). For example,
studies of precipitation in major urban centres such as Kolkata, India (Mitra
et al. 2011), the Pearl River Delta in China (Kaufmann et al. 2007), and
Atlanta, USA (Shem and Shepherd 2009), have all noted a significant
increase in precipitation. Shem and Shepherd (2009) estimate the increase to
be as much as 10-13 % for areas less than 50 km downwind of the urban
centre. Though there remains some controversy over the size and even
direction of the urban rainfall effect (URE), it is generally accepted in the
literature that for large urban centres, the URE is identifiable (Hossain et al.
2012). Large infrastructures such as dams also change the water cycle and
contribute to local climate change. Research by Degu et al. (2011), using
30 years of North American reanalysis data of 92 large dams in various
climate regions of the USA, has identified three primary and relevant
parameters impacting mesoscale precipitation patterns: convective available
potential energy, specific humidity, and surface evaporation to elucidate
climate and precipitation patterns. Their findings also show that the increased
frequency and intensity of rainfall in mesoscale is due to increased evapo-
ration, changes in land use, and/or land cover (LULC). Increased deforesta-
tion for dams can impose significant changes to the local climate and weather.
It may also lead to increased saline soil resulting in decreased agriculture
productivity (IPCC 2008). Similar observations have been made by Degu
et al. (2011) for Mediterranean and semi-arid regions. Dams, particularly
shallow dams, are believed to be emitters of GHGs due to evaporation and
decomposition of aquatic organisms, and UNFCCC has struck major hydro
projects from its Clean Development Mechanism list (IPCC 2008).

Thirdly, changes in the climate also affect the hydrologic cycle (World Bank
2009). As discussed in the IPCC report, water is part of all components of the
climate system, i.e. atmosphere, hydrosphere, cryosphere, land surface, and bio-
sphere. Essentially, this means that any change in the climate impacts on the water
(cycle) through different means. Climate change has been associated with changes
in the hydrological systems such as change in precipitation patterns, melting of
snow and ice, increased evaporation, increased atmospheric water vapour, and
changes in soil moisture and run-off. (Bates et al. 2008a, b). As the temperature
increases, saturation of vapour pressure in air increases, and it is expected that with
a warming climate (increasing temperature), the amount of water vapour suspended
in the air will increase (IPCC 2013). Increase in the water vapour has also been
noted in the IPCC Fifth Assessment Report, “Observations from surface stations,
radiosondes, global positioning systems, and satellite measurements indicate
increases in tropospheric water vapour at large spatial scales. It is very likely that
tropospheric specific humidity has increased since the 1970s. The magnitude of the
observed global change in water vapour of about 3.5 % in the past 40 years is
consistent with the observed temperature change of about 0.5 °C during the same



8 V.I. Grover

period, and the relative humidity has stayed approximately constant” (IPCC 2013,
p. 13).

As discussed in the IPCC report (2013), it is not always easy to establish a direct
link between precipitation and evaporation, but some trends can be concluded based
on the observed oceanic surface salinity, which is strongly dependent on the dif-
ference between evaporation and precipitation. “The spatial patterns of the salinity
trends since 1950, the mean salinity, and the mean distribution of evaporation and
precipitation are similar to each other: regions of high salinity where evaporation
dominates have become more saline, while regions of low salinity where rainfall
dominates have become fresher. This provides indirect evidence that the pattern of
evaporation and precipitation over the oceans has been enhanced since the 1950s
(medium confidence). The inferred changes in evaporation minus precipitation are
consistent with the observed increased water vapour content of the warmer air”
(IPCC 2013).

Whenever there is a discussion on different greenhouse gases, the greenhouse
gases that are often mentioned (and discussed) are carbon dioxide and methane.
Water vapour is hardly ever discussed, and the role of water vapour in both its
natural and anthropogenic aspects remains unmentioned (Gupta 2012). Yet water
vapour not only holds the pole position concerning the natural greenhouse effect,
but also participates in the additional absorption of heat in the atmosphere.

The main concern with water vapour is because of “secondary effects”.
Essentially, it means that if the average temperature of the atmospheric layers near
to the ground is rising (either naturally or as a consequence of anthropogenic CO,
and methane emissions), then the evaporation of water increases. Hence, more
water vapours will get into the atmosphere, and this additional increase of water
vapour will also absorb more heat. Since most of the solar energy received by the
earth is used by the hydrological cycle, higher levels of solar energy trapped in the
atmosphere will lead to an intensification of this cycle, resulting in changes in
precipitation patterns. These changes will result in increased floods and drought,
which will have a significant impact on the availability of freshwater. These impacts
on freshwater will be further compounded by rising sea levels and melting glaciers
(Gupta 2012).

“Observational records and climate projections provide abundant evidence that
freshwater resources are vulnerable and have the potential to be strongly impacted by
climate change, with wide ranging consequences on human societies and ecosys-
tems” (Bates et al. 2008a, b, p. 4). “However, observed changes in the hydrologic
cycle at the sub-continental scale have consistently been associated with climate
warming over the past several decades. These changes are often referred to as
intensification and acceleration of the hydrologic cycle. These changes include
increasing atmospheric water vapour content; changing precipitation patterns,
intensity, and extreme events; reduced snow cover and faster and widespread melting
of ice; and changes in soil moisture and run-off. It is projected that many of these
phenomena will become more pronounced with climate change” (World Bank 2009).

Essentially, warmer average global temperatures will result in higher evapora-
tion because a warmer atmosphere will be able to hold more moisture aloft which
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will come back as precipitation, more moisture leading to more precipitation thus
increasing the potential for flooding. However, in drier regions, even a slight rise in
temperature leads to a greater loss of moisture, exacerbating drought and deserti-
fication. Drought will not only lead to decreased water availability but also poor
water quality in water-scarce regions,9 such as Southern and Northern Africa,
Central America, and Central Asia. In sub-Saharan Africa, for example, there have
been reoccurring incidences of long periods of drought which are predicted to
become more widespread. While some farmers have been able to survive these long
periods of drought by selecting seed varieties for the changing conditions, it has
been difficult for poorer farmers to adapt (Water Aid 2007).

3 Global Predictions for Changes in the Hydrological Cycle

As discussed below, the IPCC Fourth Assessment Report findings (as quoted in the
World Bank, 2009) report some changes in the hydrological cycle because of
climate change (some of these findings of the IPCC fourth report are also compared
with the results in the IPCC Fifth Assessment Report 2013), for example, in the
points 1.f and 2.e. In some cases, these findings are also followed by an example:

1. Precipitation (including extreme events) and water vapour:

a. The average atmospheric “water vapour” content has increased since the
1980s.

b. Over the twentieth century, on the one hand, the mean precipitation has
increased over land in high northern latitudes between 1901 and 2005, while
on the other hand, since the 1970s, mean precipitation has decreased between
10° S and 30° N.

c. There has been an increase in heavy precipitation events in the mid-latitude
regions.

d. Soil moisture has decreased and droughts are more intense and longer,
especially in the tropics and sub-tropics.

e. Intense tropical cyclone activity has increased in some regions.

f. According to the IPCC Fifth Assessment Report (2013), “Confidence in
precipitation change averaged over global land areas is low prior to 1950 and
medium afterwards because of insufficient data, particularly in the earlier
part of the record ... Northern hemisphere mid-latitude land areas do show a

° Low precipitation will exacerbate many types of water pollution problems such as increased
sediments, nutrients, dissolved organic carbon, pathogens, pesticides, salt, and thermal pollution
(because concentration of these elements will increase) leading to higher algal blooms, increase of
bacterial and fungal content and maybe reduced oxygen concentrations. This will obviously have
an impact on human health, ecosystems, and on operating costs of water systems. (Bates, et al.
2008).
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likely overall increase in precipitation (medium confidence'® prior to 1950,
but high confidence afterwards) ...: (page 11).”11

g. Case Study. Changes in temperature and precipitation in Bangladesh: A
preliminary investigation on the impacts of climate change on small isolated
wetlands (ponds) in the Satkhira district (located in Southern Bangladesh) in
late 2010 was reported by Rabbani et al. (2012). The district is surrounded
by a complex river network consisting of Kobadak, Sonai, Kholpatua,
Morischap, Raimangal, Hariabhanga, Ichamati, Betrabati, and Kalindi-
Jamuna. Satkhira is one of the most vulnerable coastal districts of the country
and the hot spot for any type of climate-induced hazards. The most recent
cyclone events, e.g. Cyclone Sidr and Cyclone Aila, hit most parts of the
district. The long-term trend in average maximum temperature shows a
decline between 1976 and 2005. It has, on average, decreased by 0.009 °C
per annum over the period. Similarly, the average annual minimum tem-
perature has also declined, on average, by 0.001 °C over the same time
period. In contrast, the annual rainfall in the region has increased by 9.5 mm
over the period 1990-2005. The pattern of total rainfall for different years of
the last decade was quite irregular: while pre-monsoon rainfall followed a
decreasing pattern (sharp and gradual) from 1997 to 2005, the monsoon of
2002 received the highest (1271 mm) rainfall as compared to other years in
the last decade. A gradually decreasing pattern of pre-monsoon rainfall has
been observed from 1997 to 2005, while the total post-monsoon rainfall
shows an increasing pattern from 2002 to 2005. Apart from the observed
data, a survey of the people in the region also confirms the changes observed:
on average, about 70 % responded that winters are getting shorter while
summers are getting longer, rainfall is late and at times there is a lack of
rainfall. More than 50 % of people mentioned that the frequency and
intensity of cyclone and storm surge have increased in the last decade. It
revealed that 95 % of people think that the temperature has increased,
especially during the pre-monsoon period.

As noted by the IPCC (2013, p. 14), “Global-scale precipitation is projected to
gradually increase in the twenty-first century. It is virtually certain, that

10 «Confidence in the validity of a finding, based on the type, amount, quality, consistency of
evidence (e.g., mechanistic understanding, theory, data, models, expert judgment), and the degree
of agreement. Confidence is expressed qualitatively.” (Mastrandrea 2010, p. 2). “A level of
confidence is expressed using five qualifiers: “very low,” “low,” “medium,” “high,” and “very
high.” It synthesises the author teams’ judgments about the validity of findings as determined
through evaluation of evidence and agreement.” (Mastrandrea 2010, p. 4).

"' There are uncertainties in projections of the impact of climate change on water resources
because of internal variability of the climate system, uncertainty in future emissions, translation of
these emissions into climate change by global climate models, its mismatch with hydrological
models, and other factors such as estimating impacts on ground water recharge, water quality, or
flooding/drought as translation of climate into response is less well understood. (World Bank
2009).
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precipitation increase will be much smaller, approximately 2 % K ', than the rate of
lower tropospheric water vapour increase (~7 % K '), due to global energetic
constraints. It is virtually certain that changes of average precipitation in a much
warmer world will not be uniform, with some regions experiencing increases, and
others with decreases or not much change at all. The high latitudes are likely to
experience greater amounts of precipitation due to the additional water carrying
capacity of the warmer troposphere. Many mid-latitude arid and semi-arid regions
are likely to experience less precipitation. The largest precipitation changes over
Northern Eurasia and North America are projected to occur during the winter”.
Table 1 compares the observed trends and projects for the twenty-first century for
the changes in the hydrological cycle.

Table 1 Changes in key hydrologic variables (Source World Bank 2009)

Key Observed trends Projections for twenty-first century
variables
Total Trend is unclear and generally Increase (about 2 %/°C) in total

precipitation increases in precipitation over land precipitation. High-latitude areas
from 30° N to 85° N. Notable generally projected to increase.
decreases from 10° S to 30° N High/low to mid-latitude areas pro-
jected to decrease. Changes at the
regional scale vary
Atmospheric Increasing in lower atmosphere Increasing
water vapour (lower troposphere; a tout 1 %/
content decade) in specific humidity; little

change in relative humidity

Intensity of
precipitation

Disproportionate increase in volume
of precipitation in heavy or extreme
precipitation events

Increasing (about 7 %/°C)

Droughts Drought, as measured by the Palmer | Increasing in many areas, particu-
Drought Severity Index, increased in | larly lower latitudes. Decreasing in
the twentieth century, although some | many high-latitude areas. Patterns
areas became wetter are complex

Tropical Increases in intensity, particularly in | Increase in intensity. Changes in

cyclones North Pacific, Indian Ocean, and frequency and track are uncertain

south-west Pacific

Glaciers and

Decrease in mass of glaciers, but not

Continued decrease in glacial mass

SNOW cover in all regions. Decrease in snow and snow cover
cover in regions in the Northern
Hemisphere. Earlier peak run-off
from glacier and snowmelt
Sea level Increased about 0.2 m over the IPCC projects 0.2-0.6 m by 2100,
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2. Snow and land ice: Just as the precipitation (rainfall) pattern is changing,
changes in snowfall events have also been observed. Due to an increase in the
winter temperatures, a significant reduction in snow cover in the Northern
Hemisphere over the past 90 years has been observed (most reduction occurred
in 1980s). Due to earlier spring snowmelt, the duration of snow season in the
Northern Hemisphere has declined by 5.3 days per decade since 1972/73 winter
(IPCC 2013).

a. There has been a considerable loss of ice/snow on the majority of ice caps
and glaciers.

b. Snow cover has decreased in most of the regions, especially in spring and
summer seasons.

c. Degradation of permafrost and seasonally frozen ground has occurred in
many areas.

d. Freeze-up and break-up dates for river and lake ice have been delayed and
taken place earlier, respectively, especially in the Northern Hemisphere
where data are available (World Bank 2009. Although the Great Lakes in the
Northern Hemisphere have experienced a heavy snow fall between
December 2013 and March 2014 (setting a record for most ice cover on Lake
Michigan in 41 years'?), there had been a significant loss of ice cover
between 1973 and 2012 (The Great Lakes have lost about 71 % of ice cover
since 1973'?). The loss in ice cover, mainly due to increasing air and water
temperatures, causes more water to evaporate in the winter season leading to
lower lake levels and heavier snow in some areas along the lake shore. In
addition, the Great Lakes are also thawing a little earlier each spring. Studies
have shown that the trend of earlier thawing has been observed since 1846,
but the rate of change has become three times greater since 1975 (Tip of the
Mitt Watershed Council 2014).

e. According to the IPCC Fifth Assessment Report (2013), the arctic sea ice has
also decreased over the period 1979-2012 (with an annual decrease between
3.5 and 4.1 % per decade). According to the report, for most of the regions,
overall glaciers have continued to shrink (shown by time series measure-
ments of glacier length, area, volume, and mass). Also during the last dec-
ade, about 80 % of ice loss can be attributed to the loss of ice from glaciers in
Alaska, the Canadian Arctic, the periphery of the Greenland ice sheet, the
Southern Andes, and the Asian mountains. “There is high confidence that
current glacier extents are out of balance with current climatic conditions,
indicating that glaciers will continue to shrink in the future even without
further temperature increase” (IPCC 2013, p. 12).

12 http://www.washingtonpost.com/blogs/capital-weather-gang/wp/2014/03/10/lake-michigan-
sets-41-year-record-for-most-ice-cover/.

13 http://www.watershedcouncil.org/water%20resources/great%20lakes/threats-to-the-great-lakes/
great-lakes-water-levels/other-opinions-on-low-water-levels/.
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3. River flows:

a. Milly et al. (2005) showed the total (global) annual river run-off is projected to
increase, although there is a considerable variability across regions with a sig-
nificant decrease in mid-latitudes and some parts of the dry tropics and a sig-
nificant increase in high latitudes and wet tropics.

b. In areas fed by glacier melt, in the short term, there will be an increase in river
flow which will decline as glaciers recede.

c. Box 2 describes the impact observed in the Kumaon region in India.

Box 2 Impact of climate change on the Kumaon region in India India is a
vast country and its water cycle is impacted by climate change in addition to
other drivers, such as population increase and rise in demands from the
agriculture and industrial sectors. This section of the chapter is based on a
smaller case study area (as discussed by Tiwari and Joshi 2012): Kosi is one
of the major rivers of the West Ramganga system of Kumaon Himalaya
which ultimately drains into the Ganges system. The headwater of the Kosi
River (upstream Someshwer), which encompasses an area of 39.9 km’
(3,990 ha) and lies between 1,405 and 2,720 m altitude above mean sea level
in the Kumaon Lesser Himalaya, is one of the critical rain-fed headwaters
identified for priority conservation of water and other natural resources in
Kumaon Lesser Himalaya (Tiwari 2008).

Rainfall pattern is governed by the south-west monsoon, and nearly 80 %
of the total annual rainfall occurs during the monsoon season, normally
between 15 June and 15 September. The maximum proportion of rainfall
flows out from the headwater through overland flow. It has been observed
that rainfall is gradually decreasing due to continuously changing climatic
conditions. The interpretation of hydro-meteorological data shows that the
numbers of annual rainy days have declined from an average of 60 days to
nearly 50 days with a few exceptions. During 2003 to 2009, the number of
rainy days fluctuated between 58 and 59, whereas in 2010, the number of
rainy days increased abruptly to as many as 65 and devastated the entire
region with extreme weather conditions, such as several cloud bursts and
flash floods during the peak monsoon month of September 2010. The con-
tinued decline in the number of rainy days has also adversely affected the
availability of annual rainfall and its distribution over time, particularly
affecting the precipitation pattern during the winter and summer months,
creating drought conditions. Consequently, the amount of annual rainfall has
decreased from an average 135 cm to approximately 112 cm during the last
20 years with the exception of the years 1999 and 2010 when the region
recorded an average annual rainfall amounting, respectively, to 138 and
140 cm which was comparatively very high.

These above-mentioned observed changes in rainfall pattern over the last
20 years have also disrupted the hydrological system of the watershed and
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contributed significantly towards depletion of water resources in the head-
water region. The hydrological imbalances have been observed in the forms
of (i) decline in groundwater reserve, (ii) drying of natural springs, (iii)
decrease in the water discharge in streams and springs, and (iv) drying of
stream heads. Recent hydrological investigations carried out in Central
Himalaya reported that the average groundwater storage level in the region
was nearly 12 % (Rawat 2009) as against the recommended norm of mini-
mum 31 % (Hewelet 1985). The decreasing rainfall has played a very
important role in drastically reducing the recharge of groundwater in the
region. The present study revealed that out of a total of 107 springs in the
Kosi headwater, nearly 39 have completely dried up and more than 20 %
have become seasonal during the last 20 years. As mentioned above, besides
changes in rainfall pattern and erratic rainfall, several other factors, particu-
larly the land use changes, are also responsible for the drying of springs in the
region (Sharma et al. 2007).

Hydrological investigations carried out in other parts of the catchment also
revealed that perennial streams are disappearing at a rate of 4.5 km per year
(Rawat 2009). It was observed that the discharge of the Kosi River in its
headwater region declined from 550 m’ per second in 2001 to as low as
220 m® per second in 2007 thus bringing a total decline of 60 % during a
short period of 7 years. However, the water discharge of the river recorded an
increasing trend during 2007-2009, but this was mainly due to erratic high-
intensity rainfall during the peak monsoon time in the entire Kumaon
Himalaya. Further, strikingly, the lean period discharge of the Kosi River
reduced by as many as 9 times between 1998 and 2009, and the river was
found to be completely dry at several places during the dry summer months
since 2003 (Rawat 2009).

These hydrological changes and resultant decrease in the flow of water in
streams and springs have considerably reduced the availability of water for
domestic purposes and irrigation, undermining the food and health of rural
communities in the entire region

4. Groundwater: Impacts of climate change on groundwater have not been
studied much, but a few imminent threats to groundwater because of
climate change have been observed:

a. Reduced groundwater recharge: for example, studies suggest that by 2050,
there may be a significant decrease in recharge (up to 70 % less) in North-
Eastern Brazil, Western Southern Africa, and along the southern rim of the
Mediterranean Sea (references).

b. Increased use of groundwater in some regions, especially if there is a
decrease in surface water because of climate change.

c. Contamination of coastal aquifers due to salt water intrusion as sea water
level rises in addition to contamination by storm surges.
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5. Sea level: As discussed by Briggs (2012), “Changes in sea level will
expose infrastructure similar to Fukushima to storm surges, flooding and
other natural events. Although the IPCC Fourth Assessment Report
(2007) only predicted 18—59 cm rise in sea level by 2100, other scientists
have criticised their approach as too conservative and only taking account
of thermal expansion and not ice sheet melt. Other studies say that the
upper bounds of sea level will rise and approach 2-3 m by 2100, which
can flood large areas of coastal regions worldwide (Hansen 2007). This
would flood transport networks, energy systems (reactors and refineries
are always placed near water), and force millions of people from their
homes. The indirect health effects of such displacement are highly sig-
nificant, including decreased health form refugee status, decreased econ-
omy output from flooded infrastructure, and food security risks from
flooded agriculture lands (Renaud et al. 2007). Low lying areas in Ban-
gladesh and Vietnam are at obvious risk, but modern industrial societies
may also be unable to withstand rapid changes, especially if combined
with increasing severity of tropical storms”.

4 Regional Impacts: Examples of North America
and Africa

4.1 Impact in North America

Usually, predictions in temperature rises are global averages; essentially, the tem-
perature will increase in some regions more than in others. Even a one degree
temperature rise will have an impact on water systems, small glaciers, ecosystems,
and crops (affecting food security). Regional impacts of climate change at places
will be more than the global average.'* For example, some models of climate

4 There are some uncertainties inherent in modelling. However, in this case, trying to fit
hydrological projections within climate change models also leads to further uncertainties (since the
spatial scale for both global climate models and hydrological models varies). However, to begin
with, there are uncertainties in projected changes in the hydrological system itself because of
internal variability of the climate system, uncertainty in future greenhouse gas and aerosol
emissions, the translation of these emissions into climate change by global climate models, and
hydrological model uncertainty. Another source of uncertainty in hydrological projects is due to
the structure of current climate models, since they generally exclude things such as feedbacks from
vegetation change to climate change and anthropogenic changes in land cover. Despite these
uncertainties, some robust results of change in precipitation with change in temperature are
available (Bates et al. 2008).
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change predict that in the US annual mean temperatures might rise by 2-3 °C over
the next 100 years. However, northern regions will experience a greater increase of
up to 5 °C, and some places such as Northern Alaska might also see an increase of
up to 10 °C. In relation to this increase in temperature, other changes are also
expected, for example, in the USA precipitation is predicted to continue to increase
overall. Some GCMs predict a 20 % increase for the northernmost part of North
America, a 15 % increase in the winter precipitation for the north-western regions,
and a general increase in winter precipitation for the central and eastern regions.
Models predict a 20 % decrease in summer precipitation, especially for the south-
western regions, and a general decrease in the summer precipitation is projected for
the southern areas. Although there are predictions that precipitation will increase in
most regions of the USA, there will be a net decrease in water availability in those
areas due to offsetting increases in evaporation (Adams and Peck 2008).

According to Angel and Kunkel (2009), temperature and precipitation in the
Great Lakes region will increase. Merely for the Great Lakes region, 1.5-4 °C
increase above the 1970-1999 average is predicted by the end of the twenty-first
century. The change values for the A1B emission scenario (slightly larger) range
from 2-5 °C as compared to the A2 high emission scenario where the range is from
3.5to 7 °C, by the end of the twenty-first century. The annual temperature in these
GCM simulations is sensitive to the level of emissions. Although the three sce-
narios yield different results for temperatures, they have similar results for pre-
cipitation; the majority of cases showed wetter conditions. Results based on the A2
emission scenario yielded a slightly larger range in precipitation changes, from a
5 cm drop to a 20 cm increase in annual precipitation. Although there is an
uncertainty about the Great Lake levels over a period of time, the studies indicate a
drop in those levels.

4.2 How Is Africa’s Climate Changing and How Does This
Impact on the Water Cycle?

As discussed by Cruickshank and Grover (2012): according to the IPCC’s Fourth
Assessment Report, Africa’s warming trend will be 1.5 times the global mean
(Eriksen et al. 2008). Climate models project an increase in global temperatures of
between 1.4 and 5.8 °C by 2100 and between 3 and 4 °C for Africa compared to
1980-1999 (IPCC 2007). Evidence of Africa’s changing climate already exists;
during the last century, the continent as a whole warmed by 0.7 °C and the max-
imum temperature experienced in some regions increased by as much as 3.5 °C
(Magrath 2006). Temperature increases can also be seen through melting glaciers
and shifting ecosystems.
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Global warming will alter the water cycle by increasing rates of evaporation and
causing fluctuating precipitation levels and patterns, and changes in run-off. The
number and severity of extreme events will also rise (Bates et al. 2008a, b). At its
most basic, predictions state that “areas that already get a lot of rainfall will get
more and areas that get little will get less” (Fields 2005). For Africa, the IPCC
(2007) predicts that the Northern Sahara, Mediterranean Africa, and Southern
Africa will experience a decrease in rainfall, whereas East Africa is likely to have an
increase. The global models do not consider vegetation and dust aerosol feedbacks,
nor is El Nino Southern Oscillation (ENSO), deemed one of the key controlling
factors for rainfall in Africa, adequately represented (Hulme et al. 2001). These
discrepancies create a level of uncertainty, and in the cases of the Sahel, the
Guinean Coast, and Southern Sahara, the models have produced particularly con-
flicting results. Climatic changes are not uniform and are strongly influenced by
localised variables, climatic zones, and elevation across the continent.

Overall, the impact of climate change on freshwater resources across Africa is
expected to be negative. More areas will be under water stress due to net reductions
in rainfall and higher temperatures causing melting glaciers and increased evapo-
ration of surface water. By the 2020s and 2050s, an additional 75-250 million and
350-600 million Africans, respectively, are expected to live in areas of water stress
(Arnell 2004 as quoted in Bates et al. 2008a, b). Even areas experiencing increased
rainfall will contend with higher evaporation rates, more intense events, and an
increased variability in the timing of onset and distribution of rains. The drier
ground and high evaporation mean that less run-off will reach rivers, and surface
water will have little time to replenish aquifers. In Southern Africa, climate models
predict a 30 % reduction in run-off for a 2 °C increase in global temperatures and
40-50 % reduction for a 4 °C increase (Stern 2007). At the same time, warmer
ocean temperatures will result in more intense rainfall events. In areas where soil
becomes quickly saturated, run-off will create flash floods. While the net increase
would likely improve water security in developed countries, most African countries
lack the necessary infrastructure to harvest and store water from these events for use
during the dry periods.

Incidences of extreme events are not limited to the increased frequency of floods
and droughts. Sea level rises will be accompanied by increased storm surges, salt
water intrusion, coastal erosion, and flooding (Dasgupta et al. 2009). The IPCC
(2007) predicts that storms and cyclones will change their paths and become more
intense with higher wind speed and heavier rainfall. Coastal ecosystems, such as
coral reefs and mangroves, which are vital for coastal protection and fisheries, are
being impacted by salt water intrusion, sedimentation, and increased wave action.
The TPCC (1998) estimated that 60 % of mangrove areas in Senegal have been lost
due to a combination of factors including increased water and soil salinity.
According to the Stern Report (2007), inundation and coastal erosion are expected
to place millions at risk around the African coastline.
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5 Impact of Changes in the Hydrological Cycle

Changes in the climate and hydrological cycle will impact on water quality, water
availability, health, movement of people (increasing climate change refugees'” ),
agriculture (food security), energy, and industries (because of variation in avail-
ability of water). The direct supply side effects of climate change outlined previ-
ously, including increased water scarcity, flooding, accelerated glacial melting, and
rising sea levels, have the potential to accelerate human migration.

5.1 Impact on Water Quality and Availability

The following changes will be observed on the water quality because of changes in
the water cycle (World Bank 2009):

e Increase in the water temperatures in lakes and reservoirs will have an impact on
certain properties such as oxygen solubility, stratification, and mixing, in
addition to other biochemical processes.

e Increased water temperatures will also impact on the assimilative capacities of
rivers to breakdown organic waste.

e Increased precipitation intensity on the one hand will increase dilution, but on
the other hand, it can also increase the erosion, thus potentially increasing
sediment loads, nutrients, pathogens, and toxins transported to downstream
water bodies.

e Decrease in rainfall or longer periods of low flows can reduce the dilution
capacity of the water bodies. It will also reduce dissolved oxygen, increase algal
blooms, and magnify the impact of water pollution affecting human health,
ecosystems, and water supplies.

e Reduced lake levels may also lead to resuspension of bottom sediments and
nutrient cycling.

e Rise in the sea level can increase salt water intrusion in estuaries and coastal
aquifers. It may also interfere with storm water drainage and sewage disposal.

5.2 Impact on Availability of Water

The impact of climate change on water availability will vary from region to region.
Some areas will see a decrease in precipitation and increase in water stress, while
some other areas face a risk of submergence due to floods or a rise in sea level.

15 Studies have shown that climate change refugees will range from 250 million to about 1 billion
between now and 2050.
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Taken together, the potential changes in water availability and use may aggravate
global water stresses. Most studies have found that the levels of water stress will
increase, although there are significant differences in estimates across studies
(Arnell 2004). Arnell (2004), who accounts for population growth and the impact of
climate change, has noted that the number of people projected to experience an
increase in water stress is between 0.4 and 1.7 billion in the 2020s and between 1
and 2.7 billion in the 2050s (using the A2 population scenario for the 2050s). When
environmental flow needs are incorporated, that is, the amount of water required for
sustaining a functioning ecosystem, the degree of water stress is projected by some
to increase further (Smakhtin et al. 2003). Based on these and other studies, the
IPCC concluded with a high degree of confidence that, globally, the negative
impacts of future climate change on freshwater systems and ecosystems are
expected to outweigh the benefits (World Bank, 2009). Box 3 discusses the change
in water availability in Nepal.

Box 3 Emerging narratives of climate change impacts in Nepal So far, the
chapter has given scientific facts based on literature establishing linkages
between climate change and the hydrological cycle, and Dixit et al. (2012)
also looks at print media. Some conclusions can be drawn based on what the
local population in Nepal is observing and saying about water availability in
the regions. For example, popular writer Jagadish Ghimire [as quoted in Dixit
et al. (2012)] captures the plight of residents of the Ramechhaap District in
the mid-eastern hills, where he helped build drinking water systems. He
recounts the difficulties faced by women now that those systems yield much
less water than they once did:

“The Southern Ramechhaap District is experiencing the worst drought it
has seen in the last century. No rain has fallen for the last seven years. As a
result, neither streams nor springs have received any run-off water, nor have
there been any floods. The people in the village of Bhangeri, which is 2 kosh
[about 3 km] away from the district headquarters Manthali, faces severe water
scarcity”.

Another example from the East about water shortages in Sindhuli DIstrict,
as discussed by Jagadish Chandra Baral and Shanker Adhikary (2010), and
quoted in Dixit et al. (2012):

“For the past three decades, the area in and around the village of Ghokshila
has experienced erratic monsoon precipitation: sometimes there is rain during
the pre-monsoon season while other times there is none and the monsoon is
often late. According to the villagers, major flood events have damaged large
sections of agricultural land. Since 2060 B.S. [2002 A.D.], drinking water has
been scarce, agriculture yields have declined, and biodiversity has been
adversely impacted, all due to insufficient rainfall...”

As discussed further by Dixit et al. (2012), a study conducted in 2007
suggests that while an erratic climate is one reason behind source depletion,
there are other factors in play, e.g. social and institutional factors. Also, a
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study examined 50 springs in Nepal’s mid-hills, where people did remark in
general that the discharge of sources has declined, but the degree of decline
and indeed whether or not there was a decline at all depended on local
characteristics of rainfall. The interdependence of springs, rural drinking
water systems, and climate change is clear, though its exact nature cannot be
precisely defined.

6 Impact on Health

Climate change not only affects the availability of water and its quality, but also
poses a direct challenge to human health: waterborne, water wash, and vector-
related diseases are spreading to wider geographical areas posing challenges to the
existing health systems. People living in the southern countries and vulnerable (also
poor) people in the industrialised countries have been the main victims, suffering
the most from both the climate-induced physical impacts (temperature and sea level
rise, precipitation change, increase in the number and intensity of natural hazards
such as drought, heat waves, storms, and floods) and the societal effects (famine,
food protests, diseases, migration) (UNESCO-WWAP 2009). However, the greatest
health impact of climate change will be borne by the poor (mainly in developing
countries, but also in developed countries) who are already facing a host of health-
related problems due to their socio-economic conditions. Kofi Annan (President,
Global Humanitarian Forum) introduced the Human Impact Report Anatomy of a
Silent Crisis (GHF 2009) by noting that, “The first hit and worst affected by
climate change are the world’s poorest groups. 99 % of all casualties occur in
developing countries. A stark contrast to the 1 % of global emissions attrib-
utable to some 50 of the least developed nations”.

As shown in Fig. 1, climate change will impact on us in different ways: it will
change the regional weather and create more extreme weather conditions, i.e. too
much or too little rainfall will lead to floods and droughts, higher temperatures will
cause heat waves resulting in illness and death because of the heat (especially in
vulnerable people), smog will worsen air quality, and the incidence of water and
food borne diseases will increase.

The IPCC report shows that the impact of climate change on health issues will be
mainly negative (Fig. 2).

With the change in temperature and precipitation pattern, the spread of malaria
will vary (since the spread of disease is directly related to the amount of precipi-
tation and temperature for mosquitoes to thrive). In some areas, the geographical
range of the disease will contract, while in the other areas, it will expand and even
the season when it is transmitted might change. There is a direct co-relation
between higher minimum temperatures and incidences of malaria outbreaks, which
has been shown in case of Ethiopia. Malaria is expected to spread to more regions
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including higher altitudes because of favourable conditions due to change in climate
(also shown in Fig. 3). However, countries such as Senegal have seen a 60 % drop
in malaria cases in the past 30 years because of reduced precipitation. However, in
areas where temperatures are rising, in the traditionally cool climates and higher
latitudes, these areas will become more suitable reproductive habitats for the
mosquitoes spreading malaria. In other places, already warm zones may also see an
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Fig. 3 Climate change and malaria (Source Accenture 2011)

increase in mosquito populations. Although countries such as Senegal have seen a
decrease in malaria incidences, it has returned to some places such as central and
northern South America, much of Asia, some Mediterranean countries, and much of
the former USSR. Study estimates show that by 2080, approximately 260-320
million more people are likely to be affected by malaria (Water Aid 2007).

Box 4 Impact of climate change on the water cycle and health in Swe-
den Based on the regional climate scenario models for Sweden, the pre-
diction is an increase in mean annual temperatures with 35 °C by 2071-2100
compared to 1961-1990 (Jones et al. 2004; Kjellstrom et al. 2005). Also, the
amount of precipitation is projected to increase during the autumn, winter,
and spring seasons in the whole country. Summer seasons are expected to be
wetter in the north and drier in central and southern parts. It is expected that
heavy precipitation events will increase in intensity and frequency in the
whole country during all four seasons. Winter temperatures are expected to
increase, with a shorter snow season probably making winters markedly
shorter. This might decrease the risk of early spring floods from snow melting
(Lindgren 2012).

According to the models developed by the Rossby Research Centre at the
Swedish Meteorological and Hydrological Institute, run-off will increase in
most parts of the country, and the so-called 100-year flows will occur more
frequently in the western regions of Sweden. Flood and landslide events are
projected to become more common in risk prone areas. As the precipitation
and heavy rainfall events increase in combination with an increase in water
temperature, at times, it also leads to reduced water quality. Trends of
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increasing humus concentrations in surface water sources have been observed
in Sweden. Increased turbidity often occurs after heavy rain with increased
run-off and has in some studies been shown to be correlated with outbreaks of
gastroenteritis. Increased turbidity and changes in water colour make people
drink less tap water, which can have implications for risk groups like the
elderly during heat waves. Increased temperature and heavy rains will also
lead to contamination of recreational water. Higher sea water temperatures
will stimulate growth of pathogens such as Vibrio vulnificus and in some
cases also lead to algal bloom (Lindgren 2012).

Also, as discussed by Lindgren (2012), still-standing flood waters are also
acting as breeding sites for mosquitoes and an emerging problem in Sweden.
Essentially, milder winters, increased spring precipitation, and floods have
contributed to standing still water leading to extreme numbers of mosquitoes.
“These insects are not transmitting disease but due to their extreme abun-
dance they are becoming an environmental hazard. Extreme invasion of the
floodwater mosquito species Ochlerotatus sticticus after heavy rain is an
emerging threat, in particular, in the lowland near the River Dalélvenin,
Central Sweden (Schifer et al. 2008). The mosquitoes are so abundant that
people and cattle are forced to stay indoors” (Lindgren 2012).

Box 4 shows the impact of climate change in Sweden. Clearly, the health
implications of changes to water supply are far-reaching; in some cases, it is dis-
ease-causing mosquitoes, and in other situations as discussed in the case of Sweden,
just the number of mosquitoes can cause nuisance. Currently, more than 3 million
people die each year from avoidable water-related diseases, and most of whom are
in developing countries. The effects of climate change on water will exacerbate the
existing implications of water shortages on human health as follows:

e Waterborne diseases: resulting from the contamination of water, chances of
which are more likely to occur during periods of flood and therefore intensify
with the projected increases in natural disasters under climate change. Diseases
are transmitted directly with water consumption or in food preparation.

e Water-washed diseases: resulting from inadequate personal hygiene because of
scarcity or inaccessibility of clean safe water.

e Water-dispersed diseases: infections for which the agents proliferate in fresh
water and enter the human body through the respiratory tract (e.g. legionella).
(Water Aid 2007)
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7 Impact on Agriculture

Agriculture is by far the largest consumer of freshwater. Globally, about 70 % of
freshwater is used in irrigated farming, and far greater volumes of water are used in
rain-fed agriculture (references Accenture 2011). Although average temperatures
are predicted to increase more dramatically in the northern hemisphere, the changes
in temperature dependent agriculture will be felt more significantly in the devel-
oping regions because of their heavy reliance on small-scale farming, dependence
on rain-fed agriculture, a fragile infrastructure, and a limited capacity to respond to
emergencies. Many African communities will be at risk, particularly subsistence
farmers with low incomes in sub-Saharan Africa. This will essentially impact on the
income of these small farmers, as increased droughts may exacerbate poverty levels
and increase the vulnerability of these people. The United Nations’ scientists
warned in 2005 that one in six countries are facing food shortages because of severe
droughts that could become semi-permanent. National communications report that
climate change will cause a general decline in many subsistence crops, for example,
sorghum in Sudan, Ethiopia, Eritrea and Zambia; maize in Ghana; millet in Sudan;
and groundnuts in Gambia. Africa already accounts for a large proportion of the
total additional people at risk of hunger as a result of climate change; by the 2080s,
it may account for the majority. As discussed by Webersik (2012), rising mean
temperatures will also have socio-economic consequences. The impact of higher
temperatures on agricultural yields is well documented, as discussed above. With
rising temperatures, overall productivity of agricultural crops will decline (Battisti
and Naylor 2009), for example, Maize in the sub-Saharan Africa (since it is also
less receptive to carbon fertilisation when CO, concentration increases). The same
effect is, however, less clear in Asia where rice is the main staple diet (Xiangzheng
et al. 2010). Higher temperatures also foster evaporation of water before it can reach
soil, posing a challenge to rain-fed agriculture, the dominant form of agriculture in
the sub-Saharan Africa. Still, there are uncertainties in predicting changes in
growing season temperatures and precipitation (Lobell and Burke 2008).

As can be seen in Fig. 4, as the temperature rises, the impact gets more severe.
For example, in the case of food, a slight or one degree rise might raise yield in
some places at higher altitudes while any further rise will actually lead to failed
crops in many areas with a more drastic impact in developing countries.

Also, changing temperature, precipitation, humidity, rainfall, and extreme
weather-related incidents will make food security more complex. For example,
studies in countries such as Mali and Nepal suggest that by 2050, 72 % of the
population could face serious food shortages (Accenture 2011). Current climate
variability already presents serious challenges for food security in many developing
countries. Rural-based populations in countries that rely on rain-fed agriculture and
primarily depend on subsistence farming systems are especially vulnerable. In
general, water scarcity can limit food production and supply, putting pressure on
food prices and increasing countries’ dependence on food imports.
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Fig. 4 Projected impacts of climate change (Source Stern Report)

IPCC report (Parry et al 2007) also predicts that malnutrition will be negatively
impacted by the change in climate (Fig. 2), which is expected if agriculture is
affected by a change in precipitation thus threatening food security. Even today,
malnutrition is one of the most serious global health problems (FAO and WHO);
about 178 million children globally are stunted and 1.5 million die annually from
wasting, both important indicators of malnutrition. According to the IPCC report
(Parry et al. 2007), there is an 80 % chance that climate change will increase
malnutrition and consequent disorders (Accenture 2011).

8 Impact on Biodiversity: A Case Study from Brazil

The regional (downscaled) climate scenarios for Brazil indicate that, during the
current century, most regions of the country will experience an increase in tem-
perature ranging from 2 to 8 °C (Ulisses et al. 2012). Also, average precipitation is
projected to decrease in most regions, but there will be an increase in the frequency
and intensity of extreme weather events (especially storms) in the southern and
south-eastern regions. As discussed by Ulisses (in Grover 2012), “In the Amazon, a
temperature increase and a projected 20 % reduction in precipitation could change
the forest cover, which would be transformed into a savanna. A decrease in
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atmospheric humidity would facilitate forest fires, and reductions in the stream flow
of large rivers could affect subsistence fishing. A temperature increase and an
associated 15 % reduction in rainfall at the semi-arid northeastern region would
reduce water availability and affect subsistence agriculture, an activity on which
millions of families depend. In the central-western part of the country, the projected
rainfall concentration, followed by dry spells, shall affect agricultural production
and increase the risks of biodiversity loss, especially in the large wetland area. In
the southern region, weather events and changes in the average climatic conditions
should affect grain production, water resources, and major human settlements. The
same scenario is expected for the southeastern region, which would also have the
hydroelectricity generation affected. It is important to remember that a recently
created global “Climate Change Index”, that has pointed out which areas of the
planet would have its climate changed more intensely, has indicated that, for Brazil,
the northern and northeastern regions are expected to change more significantly”.

9 Impact on Water Security

Although water, food, and energy security are linked and need full discussion, this
section focuses on the water security issues arising due to climate change. Webersik
(in Grover 2012) discusses the impact of climate change on water and human health
and its relevance for human security. There is little evidence that water stress or
health risks will lead to armed confrontation or “water wars”, but there is com-
pelling evidence that water stress and health risks accelerated by climate change
will affect human security. By focusing on human security, the threats of a warmer
and more variable climate become more tangible. With growing populations, the
challenge will be the provision of safe and clean drinking water while avoiding
water pollution. Sustainable water management is key here. As the US President
Barack Obama stated in his Nobel Lecture, “... the world must come together to
confront climate change. There is little scientific dispute that if we do nothing, we
will face more drought, more famine, more mass displacement; all of which will
fuel more conflict for decades. For this reason, it is not merely scientists and
environmental activists who call for swift and forceful action; it’s military leaders in
my own country and others who understand our common security hangs in the
balance” (Obama 2009).

10 Conclusion

Understanding any global environmental change necessitates identifying and
measuring the impact of human activity in the environment. Since water is so
central to climate and environmental change, both as a catalyst and as a vulnerable
resource, much emphasis needs to be placed on how humans interact with the water
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cycle. The discussion above shows that climate change, urbanisation, etc., are
changing the water cycle.

There are several human—environment interactions that affect water, weather,
and climate. These include dams, diversions, irrigation, deforestation, wetlands
drainage, and the production of impermeable surfaces such as concrete. Though
humans have been “pushing water” around since early civilisation, the twentieth
century has seen a rapid acceleration in the scope, scale, and intensity of these
interventions (Conca 2006). Before heavy industrialisation, the greatest anthropo-
genic transformation of natural ecosystems was due to agricultural expansion.
During the twentieth century, the balance shifted and urban expansion has played
an increasingly important role. As discussed above, urbanisation is leading to urban
heat islands as well as entailing significant changes to the hydrological cycle. The
growth of impermeable surfaces changes run-off, erosion, and soil moisture pat-
terns, as well as degrading water quality when pollutants from road surfaces are
carried to lakes and streams. Recent studies have also shown that urban mega
centres have an impact on local precipitation patterns as well (Shepherd 2005).
Shem and Shepherd (2009) estimate the increase to be as much as 10-13 % for
areas less than 50 km downwind of the urban centre. Dams and large infrastructures
are also changing the microclimate and the local hydrological cycle at the locations
where water is stored and also in the delta region. As discussed in the chapter
above, studies in the USA have shown that in the Mediterranean and semi-arid
regions, large dams contribute to increased frequency and intensity of rainfall in the
mesoscale.

The change in climate change and the water cycle is also leading to extreme
weather events (i.e. heavy floods or persistent droughts) that are impacting on the
availability of safe drinking water, agriculture (and food security), health, biodi-
versity, and increasing water stress in many regions.

Changes in the water cycle will mean adapting policies for better irrigation
systems and better health systems and will also require changes in infrastructure.
(For example, capacity of dams can be a challenge, waste water or rainwater
infrastructure might need to be changed if the 100-year event becomes more fre-
quent, and pipes to drain rain water might need to be changed, etc.). Climate change
is usually referred to as the “supply driver” since it will determine the amount of
water available in different places/regions. This essentially also means there is a
need to manage interactions between human needs (demand-side drivers such as
economic, social, and demographic pressures) of water consumption/supply and the
changes in climate patterns (Source: Water in a Changing World, UNWWAP
project). All these demand drivers will affect climate change, so we need better
policies for water management at municipal, national, and federal levels. There
needs to be a paradigm shift towards a more integrated and holistic approach to
balance all the competing needs of water.
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Uncertainty Assessment of Climate
Change Impacts on Hydrology: A Case
Study for the Central Highlands

of Vietnam

Dao Nguyen Khoi and Phan Thi Thanh Hang

Abstract This paper focuses on quantifying the uncertainty in climate change and
its impacts on hydrology in the Srepok watershed in the Central Highlands of
Vietnam. The uncertainty associated with the general circulation model (GCM)
structure from a subset of CMIP3 (CCCMA CGCM3.1, CSIRO Mk3.0, IPSL CM4,
MPI ECHAMS5, NCAR CCSM30, UKMO HadGEMI1, and UKMO HadCM3),
SRES emission scenarios (A1B, A2, B1, and B2), and prescribed increases in
global mean temperature (0.5-6 °C) using the soil and water assessment tool
(SWAT) was investigated. For prescribed warming scenarios using HadCM3, linear
decreases in mean annual streamflow ranged from 2.0 to 9.8 %. Differences in
projected annual streamflow between SRES emission scenarios using HadCM3
were small (—3.8 to —3.3 %). Under the A1B scenario and 2 °C increase in global
mean temperature using seven GCMs, there was substantial disparity, of —3.7 to
21.0 % and —6.0 to 16.1 %, respectively. It was concluded that, in the case of the
Srepok watershed, the most important source of uncertainty comes from the GCM
structure rather than from the emission scenarios and climate sensitivity.

Keywords Climate change - Srepok watershed - Streamflow - SWAT model -
Uncertainty

D.N. Khoi (B<))

Faculty of Environmental Science, University of Science,

Vietnam National University, Ho Chi Minh City,

227 Nguyen van Cu Street, District 5, Ho Chi Minh City, Vietnam
e-mail: dnkhoi86 @gmail.com

D.N. Khoi

Center of Water Management and Climate Change,

Vietnam National University, Ho Chi Minh City,

IT Park, Linh Trung Ward, Thu Duc District, Ho Chi Minh City, Vietnam

P.T.T. Hang

Institute of Geography, Vietnam Academy of Science and Technology,
18 Hoang Quoc Viet Street, Cau Giay, Hanoi, Vietnam

e-mail: hangphanvn@yahoo.com

© Springer International Publishing Switzerland 2015 31
S. Shrestha et al. (eds.), Managing Water Resources under Climate Uncertainty,
Springer Water, DOI 10.1007/978-3-319-10467-6_2



32 D.N. Khoi and P.T.T. Hang

1 Introduction

The Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report
(AR4) reaffirmed that global warming is occurring (IPCC 2007). It is widely
acknowledged that climate change can affect the spatial and temporal distribution of
water resources as well as the intensity and frequency of extreme hydrological
events (Bae et al. 2011). Therefore, studies of climate change impacts on hydrology
have recently become a hot topic. Evaluating the hydrological impacts of climate
change is most commonly based on the use of a hydrological model with climate
change scenarios derived from the general circulation model (GCM) forced with
emission scenarios (Thompson et al. 2013). However, these results are rarely used
by decision-makers and managers in managing and planning water resources
because of the existence of uncertainties in assessments of climate change impacts
on hydrology and the difficulty of quantifying these uncertainties (Bae et al. 2011).

Vietnam has experienced changes in climate that includes rising air temperatures
and more variable precipitation. In the period 1958-2007, the annual average
temperature increased by about 0.5-0.7 °C. The annual precipitation decreased in
northern areas while increasing in the southern regions. On an average for the
whole country, the rainfall over the past 50 years (1958-2007) decreased by
approximately 2 % (MONRE 2009). These changes have impacted significantly on
the availability of water resources in Vietnam. The studies on impacts of climate
change on hydrology have also gained the attention of Vietnamese scientists, and
most analyses of these studies in Vietnam have, to date, mainly focused on climate
projection forced by individual GCMs or an ensemble of GCMs. For example,
Kawasaki et al. (2010) used the HEC-HMS model feeding climate projections from
the Japanese Meteorological Agency GCM for the SRES A1B scenario to assess
the climate change impacts on water resources in the Srepok watershed. Thai and
Thuc (2011) employed MIKE 11/NAM hydrological model and climate change
scenarios of the Vietnam Ministry of Natural Resources and Environment (2009)
downscaled by MAGICC/SCENGEN and PRECIS model from GCMs to evaluate
the impacts of climate change on the flow in Hong—Thai Binh and Dong Nai River
Basins. Khoi and Suetsugi (2012a, b) used the SWAT hydrological model and
projected climate from an ensemble of four GCMs (CGCM3.1 (T63), GFDL
CM2.0, GFDL CM2.1, and UKMO HadCM3) to estimate the projected river dis-
charge in the Be River Catchment. In these studies, the uncertainty associated with
the GCM structure has not been investigated yet. In fact, the projection of future
climate (especially precipitation) from different GCMs often disagrees even in the
direction of change (Kingston et al. 2011).

The main objective of this study is to estimate the uncertainty in projection of
climate change on hydrology through the application of a range of climate sce-
narios' (obtained from the QUEST-GSI project; Todd et al. 2011) to the SWAT
hydrological model; a case study for the Srepok watershed in the Central Highlands

! http://www.cru.uea.ac.uk/ ~ timo/climgen/data/questgsi/, accessed June, 2011.
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of Vietnam. The climate scenarios were generated from different GCMs, emission
scenarios (A1B, A2, B1, and B2), and prescribed warming in global mean air
temperature (from 0.5 to 6 °C), including a 2 °C threshold of “dangerous” climate
change. Baseline climate was obtained from CRU-TS 3.0 dataset (Mitchell and
Jones 2005) for the period 1971 to 2000.

The paper first presents a brief description of the watershed. A detailed
description of the SWAT hydrological model and climate change scenarios is then
presented. The paper concludes with a presentation of results and a conclusion.

2 Study Area

The Srepok watershed, a sub-basin of the Mekong River basin, is located in the
Central Highlands of Vietnam and lies between latitudes 11°45-13°15' N and
longitudes 107°30-108°45" E (Fig. 1). The Srepok River is formed by two main
tributaries: the Krong No and Krong Ana Rivers. The total area of this watershed is
approximately 12,000 km? with a population of 2.2 million (2009). The average
altitude of the watershed varies from 100 m in the northwest to 2,400 m in the
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Fig. 1 Location of weather stations and CRU-TS3.0 grid points in the Srepok watershed
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southeast. The climate in the area is very humid (78-83 % annual average
humidity) with annual rainfall varying from 1,700 to 2,300 mm and features a
distinct wet and dry season. The wet season lasts from May to October (with peak
floods often in September and October) and accounts for over 75-95 % of the
annual precipitation. The mean annual temperature is 23 °C.

In this watershed, there are two dominant types of soils: grey soils and
red-brown basaltic soils. These soils are highly fertile and consistent with the
agricultural development. Agriculture is the main economic activity in this water-
shed of which coffee and rubber production are predominant.

3 Methodology
3.1 The SWAT Hydrological Model

The SWAT model is a physically based distribution model designed to predict the
impact of land management practices on water, sediment, and agricultural chemical
yields in large complex watersheds with varying soil, land use, and management
conditions over long periods of time (Neitsch et al. 2011). With this model, a
catchment is divided into a number of sub-watersheds or sub-basins. Sub-basins are
further partitioned into hydrological response units (HRUs) based on soil types,
land use, and slope classes that allow a high level of spatial detail simulation. The
model predicts the hydrology at each HRU using the water balance equation as
follows:

1
SWt = SWO + Z (Rday - qurf —E, — Wseep — ng) (1)

i=1

Where SW, is the final soil water content (mm H,O), SW, is the initial soil water
content on day 1 (mm H,0), t is the time (days), R,y is the amount of precipitation
on day i (mm H,0), Qsurf is the amount of surface runoff on day 1 (mm H,0), E, is
the amount of evapotranspiration on day 1 (mm H,0), Wseep is the amount of
water entering the vadose zone from the soil profile on day 1 (mm H,0), and Q,,, is
the amount of water return flow on day 1 (mm H,0). A detailed description of the
different model components can be found in the SWAT Theoretical Documentation
(Neitsch et al. 2011).

The input required for the SWAT model includes a digital elevation model
(DEM), a land-use map, a soil map, and weather data, which are shown in Table 1.
Monthly streamflow data (1981-1990) measured at Duc Xuyen, Cau 14, and Ban
Don gauging stations (Fig. 1) obtained from the Vietnam Hydro-Meteorological
Data Center were used for calibration and validation of streamflow. Climate data for
the Srepok watershed, including monthly minimum and maximum temperature,
precipitation, and number of wet days, were obtained from the gridded (0.5° x 0.5°)
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Table 1 Input data used in the SWAT model for the Srepok watershed

Data type Description Resolution Source

Topography map Digital elevation map (DEM) 90 m SRTM

Land-use map Land-use classification 1 km GLCC

Soil map Soil types 10 km FAO

Weather Monthly precipitation, minimum 0.5°x0.5° CRU-TS 3.0 Dataset
and maximum temperature

CRU-TS 3.0 observational dataset (Mitchell and Jones 2005). Monthly data for 6
grid cells (Fig. 1) that cover the watershed were disaggregated to daily data using a
weather generator (MODAWEC model, Liu et al. 2009). In the MODAWEC
model, daily precipitation was generated using a first-order Markov chain and
exponential distribution based on the monthly precipitation and monthly wet days.
Daily temperature was determined using a multivariate normal distribution based on
monthly means of maximum and minimum temperatures and their standard
deviations.

3.2 Model Calibration and Validation

In this study, the Nash—Sutcliffe efficiency (NSE) and percentage bias (PBIAS)
were used to assess the model performance in flow simulation. The NSE determines
the relative magnitude of the residual variance compared with the measured data
variance, and the PBIAS measures the average tendency of the simulated value to
be larger or smaller than their observed counterparts. The NSE value is defined by

% (Oi 51)2
NSE=1-"1—— (2)
> (0, - 0)

PBIAS = |= (3)

Where ‘O’ is the observed discharge, S is the simulated discharge, and N is the
amount of observed discharge data. According to Moriasi et al. (2007), the values
of NSE greater than 0.5 and the PBIAS values of less than 25 % indicate satis-
factory model performance for flow simulation.
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Table 2 Hydrological model runs

Model Scenario Period Description
HadCM3 AlB 2006-2100 Hadley centre model
HadCM3 A2 2006-2100

HadCM3 B1 2006-2100

HadCM3 B2 2006-2100

HadCM3 +0.5 °C 2040-2069 0.5-6 °C increase in average
HadCM3 +1.0 °C 2040-2069 global temperature
HadCM3 +1.5 °C 2040-2069

HadCM3 +2.0 °C 2040-2069

HadCM3 +2.5 °C 2040-2069

HadCM3 +3.0 °C 2040-2069

HadCM3 +4.0 °C 2040-2069

HadCM3 +5.0 °C 2040-2069

HadCM3 +6.0 °C 2040-2069

CCCMA CGCM31 AlB 2006-2100

CSIRO Mk30 AlB 2006-2100

ISPL CM4 AlB 2006-2100

MPI ECHAMS AlB 2006-2100

NCAR CCSM 30 AlB 2006-2100

UKMO HadGEM1 AlB 2006-2100

CCCMA CGCM31 +2.0 °C 2040-2069 2 °C increase in average global
CSIRO Mk30 +2.0 °C 2040-2069 temperature

ISPL CM4 +2.0 °C 2040-2069

MPI ECHAMS +2.0 °C 2040-2069

NCAR CCSM 30 +2.0 °C 2040-2069

UKMO HadGEM1 +2.0 °C 2040-2069

CRU dataset Baseline 1970-2000 Control run

The SWAT flow predictions were calibrated against monthly flow from
1981-1985 and validated from 1986-1990 at Duc Xuyen, Cau 14, and Ban Don
gauging stations. The simulated monthly flow based on station-based data matched
well with the observed data for both calibration and validation periods with NSE
and PBIAS varying from 0.70 to 0.90 and —8.0 to 3.0 %. In the of CRU dataset, the
model performance over the calibration and validation periods for all gauging
stations is satisfactory as indicated by the acceptable values of the NSE and PBIAS
ranging from 0.52 to 0.66 and —14.5 to 8.3 %. In general, the agreement between
the observed and simulated streamflow was calculated using CRU data as input is
not as good as that obtained using station-based data. However, the simulated
streamflow using CRU data can be considered reasonable. It can be summarised
that the calibrated SWAT model can be used to simulate the impact of climate
change scenarios.
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3.3 Climate Change Scenarios

Future climate scenarios for temperature and precipitation were generated at a
monthly scale using the ClimGen pattern-scaling technique described in Osborn
(2009) and Todd et al. (2011). Scenarios were generated for (1) greenhouse gas
(A1B, A2, B1, and B2) and (2) a prescribed warming of global mean temperature of
0.5, 1, 1.5, 2, 2.5, 3, 4, 5, and 6 °C using HadCM3 GCM as well as (3) A1B
emission scenario and (4) prescribed warming of 2 °C (“dangerous” climate
change) using six additional GCMs: CCCMA CGCM3.1, CSIRO Mk3.0, IPSL
CM4, MPI ECHAMS5, NCAR CCSM3.0, and UKMO HadGEMI1. These models
were chosen following the analyses described by Todd et al. (2011) to span a range
of “plausible” different modelled global climate futures (e.g. Indian monsoon
weakening/strengthening and magnitude of Amazon dieback). Table 2 summarises
the model runs that were evaluated.

4 Results and Discussion

4.1 Uncertainty in Greenhouse Gas Emission Using
HadCM3

Changes in mean climate associated with different SRES emission scenarios (A1B,
B1, B2, and A2) using HadCM3 GCM are shown in Fig. 2a. Increases in mean
annual temperature range from approximately 1.6 to 2.4 °C. Projected precipitation
decreases by approximately 3 % with small variation between emission scenarios.
In the case of the most severe emission scenario, A2, the temperature increase is
highest (2.4 °C) and the precipitation decrease is largest (3.5 %) compared with the
other scenarios (Fig. 2a). Figure 2b shows the projected changes in annual river
discharge projected by HadCM3 for each of the four SRES scenarios. A decrease in
annual river flow compared with the baseline is projected under four scenarios. The
magnitude of decreases for annual river discharge ranges from 3.3 to 3.8 %. The
projected monthly discharge under all four scenarios mostly decreases in the dry
season and increases in the rainy season (Fig. 2c¢).

4.2 Uncertainty in Prescribed Warming Using HadCM3

Figure 3a indicates that the changes in air temperature are projected by HadCM3 to
be linear with a rise in global mean temperature. Temperatures increase from 0.34
to 6.93 °C with an increasing global mean temperature of 0.2-6.6 °C. Annual
precipitation is projected to decrease, relative to baseline, at a near-linear rate by
1.7-10.8 %.
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Mean annual river discharge is estimated to decrease under the scenarios of
prescribed increases in global mean temperature from 0.5 to 6 °C using HadCM3
(Fig. 3b). Decreases in mean annual river flow with increasing global temperature
are nearly linear by 2.0-9.8 %. Figure 3c summarises the changes in monthly
discharge for all nine scenarios. The monthly river discharge in the dry season
(May—October) decreases dramatically from 1.3 % in October for the 0.5 °C sce-
nario to 97.0 % in March for the 6 °C scenario, and monthly discharge in the wet
season (November—April) also changes significantly from —8.4 % in September for
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the 6 °C scenario to 8.7 % in July for the 5 °C scenario. Uncertainty in predicted
monthly river discharge increases with a rise in global mean temperature from the
range of —26.0 to 2.0 % for the 0.5 °C scenario to the range of —97.0—4.3 % for
the 6 °C scenario.
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4.3 Uncertainty in the GCM Structure for the A1B Emission

Scenario

Figure 4a shows the projected changes in climate associated with the A1B scenario
from seven different GCMs. The projected annual temperature increases for all
GCMs under the A1B scenario with the range from 1.1 to 2.3 °C. Projected changes
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in annual precipitation are small (within £+ 4 %) for most GCMs except MPI GCM
which shows a high increase (16.6 %).

Projected changes in annual river discharge show a substantial variation between
GCMs as shown in Figs. 4b. Six GCMs (CCCMA, CSIRO, HadCM3, HadGEM1,
IPSL, and NCAR) suggest that the river flow will change by small amounts (—3.7 to
3.9 % change compared with the baseline) while the MPI GCM shows a large
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increase of 21.0 % in river flow. Figure 4c shows that the projected increase or
decrease in river discharge is evenly distributed over the year, high disparities in the
wet season and small disparities in the dry season.

4.4 Uncertainty in the GCM Structure for a 2 °C Rise
in Global Mean Air Temperature

Results from the seven different GCMs for the 2 °C prescribed warming in global
mean temperature are shown in Fig. 5a. For annual temperature, all GCMs show
increases of close to 1.8 °C, with variations between GCMs. The rise ranges from
1.4 °C for NCAR to 1.9 °C for HadCM3. Differences in annual precipitation
between GCMs are larger than for temperature. The CCCMA, HadGEM1, MPI,
and NCAR show an increase in precipitation of 3.0, 0.2, 16.6, and 3.7 %,
respectively, whereas the CSIRO, HadCM3, and IPSL show decreases from 0.7 to
3.7 % (Fig. 5a).

Projected changes in mean annual river discharge under the prescribed increase
in global mean temperature of 2 °C range considerably over the seven GCMs from
—6.0 % (CCCMA) to 16.1 % (MPI); four GCMs (CCCMA, HadCM3, HadGEM1,
and IPSL) predict slight decreases (0.9-6.0 %) in annual river flow, three GCMs
(CSIRO, MPI, and NCAR) predict substantial increases (3.3-16.1 %) in annual
river discharge (Fig. 5b). Figure 5c¢ shows the projected changes in monthly dis-
charge. The monthly river discharge shows high disparities in the wet season and
small disparities in the dry season. In the case of the change in monthly discharge
between GCMs, NCAR shows the smallest variation (—17.2-10.2 %) and MPI
shows the largest (—43.2 to 28.0 %).

5 Conclusions

Uncertainty on the impact of climate change on the streamflow in the Srepok
watershed in the Central Highlands of Vietnam associated with seven CMIP3/
IPCC-AR4 GCMs, four emission scenarios, and prescribed increase of 0.5-6 °C in
global mean temperature was investigated. In the case of a single GCM, HadCM3,
streamflow decreases under both SRES emission scenarios (3.3-3.8 %) and pre-
scribed increases in global mean temperature (2.0-9.8 %). In considering the GCM
structure using the priority subset of seven GCMs, the projected changes in the
streamflow under the A1B scenario range from —3.7 to 21.0 %. Under a 2 °C rise in
global mean temperature, the projected changes in river discharge vary from —6.0 to
16.1 %. The above results indicate quite clearly that the greatest source of uncer-
tainty regarding the impact of climate change on streamflow is the GCM structure
(choice of GCM). This result is in accordance with the findings of Khoi and
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Suetsugi (2012a, b) who conducted a similar study for the Be River Catchment in
the south of Vietnam. The considerable disparity in projected streamflow produced
by different GCMs emphasises the importance of using multi-model evaluations of
climate change impacts on streamflow. This will help with future such studies in
this area.

In the future, it will be necessary to perform other tests in various study areas of
Vietnam to support the results and conclusions drawn from this research. Fur-
thermore, the uncertainties of using different hydrological models and downscaling
methods should be investigated to provide a useful guideline for evaluating the
uncertainties in studies of climate change impacts on hydrology.
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Assessment of the Impact of Climate
Change on Water Availability in the
Citarum River Basin, Indonesia:
The Use of Statistical Downscaling
and Water Planning Tools

I. Putu Santikayasa, Mukand S. Babel and Sangam Shrestha

Abstract Climate change would significantly affect the water resources system
globally as well as at basin level. Moreover, future changes in climate would affect
water availability, run-off, and the flow of the river. This study evaluates the impact
of possible future climate change scenarios on the hydrology of the catchment area
of the Citarum River Basin, Indonesia. The water evaluation and planning (WEAP)
tool was used for hydrological modelling in the study area. The statistical down-
scaling model (SDSM) was used to downscale the daily temperatures and precip-
itation in the four sub-catchments of the study area. The global climate variables for
A2 and B2 scenarios obtained from Hadley Centre Coupled Model version 3
(HadCM3) was used. After model calibration and testing of the downscaling pro-
cedure, the streamflow and evapotranspiration (ET) were projected for three future
periods: short term (2010-2039), midterm (2040-2069), and long term
(2070-2099). The impacts of climate change on the basin hydrology are assessed
by comparing the present and future streamflow and the estimated ET. The tem-
perature is projected to increase in the future. The results of the water balance study
suggest increasing precipitation and run-off as well as potential ET losses over the
sub-catchment in the study area.
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1 Introduction

The impact of climate change on water resources has been widely assessed in the
past. The increase in greenhouse gasses and the impact of the future climate in
different regions of the world have been investigated by research on the projection
of future responses to global climate change. Various researches related to the
general circulation model (GCM) experiments and studies indicate that increasing
global temperature in the future will be connected with increased carbon monoxide
concentration. As a result, the climatic processes are likely to be affected, including
hydrological-related hazards such as flood and drought. Therefore, an assessment
on the future impact of climate change in the hydrological processes in a basin is
essential.

To assess the impact of climate change on hydrological processes in the basin,
hydrological modelling is widely used. The hydrological model governs the
hydrologic cycle and incorporates the physical laws of water movement and the
parameters associated with the characteristics of a catchment area. Therefore, the
hydrological model has been found to be very useful for such an impact assessment
study. In the past, hydrology modelling has been used to assess the impact of
climate change on hydrology in the basin (Bae et al. 2008; Christensen et al. 2004;
Evans and Schreider 2002; Fujihara et al. 2008). The studies used the GCM outputs
corresponding to a specified climate change scenario as the input to hydrology
model to quantify the change in streamflow in the future.

In exploring ways to improve the assessment of climate change in hydrology, it
is always important to consider future planning of the basin development. From the
aspect of decision making, the incorporation of water planning in the assessment
processes is very beneficial in terms of cost and time. Generally, the incorporation
of impact assessment into climate change on hydrology in the basin and water
planning is required to achieve the goal of integrated water resources management.
The water evaluation and planning (WEAP) model is the hydrological model which
incorporates the hydrological process and water planning. WEAP is widely used to
assess the impact of climate change on the future possible climate (Alemayehu et al.
2010; Mehta et al. 2013; Purkey et al. 2007; Rosenzweig et al. 2004).

However, the GCM output has a too coarse spatial resolution as the most
hydrological model needs the basin scale input of climate parameters. To resolve the
resolution gap between the GCM output and hydrological model, spatial down-
scaling has been proposed. The downscaling approach is used to convert GCM
outputs into the basin level as the input for hydrological modelling. The statistical
downscaling method involves bridging the resolution gap by establishing the
empirical relationship between the GCM output scale and local climate variables at a
location (station). Statistical downscaling has been used widely to assess the impact
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of climate change on the hydrology in the river basin region (Christensen et al. 2004;
Fowler et al. 2007; Fowler and Kilsby 2007; Hay and Clark 2003; Hay et al. 2002;
Wilby et al. 2000; Wood et al. 2004). Statistical downscaling has a number of
advantages over the use of the raw GCM output because of the stochasticity of the
downscaling model, its ability to reproduce the unique meteorological characteristics
of the individual stations, and finally being less data intensive than dynamical
methods such as nested or regional climate modelling (Wilby et al. 1999).

This chapter aims to present an innovative approach to assess the impact of
climate change on water availability using a combination of the downscaling
technique and water planning tools. The future climate parameters were projected
from the global circulation model (GCM) output using the statistical downscaling
approach and hydrology parameters using the water planning tool. The approach is
applied to the Citarum River Basin, Indonesia.

2 Study Area and Methodology
2.1 Study Area

The Citarum River Basin, located in West Java, Indonesia, has been selected as the
study area. Streamflow in the basin comes mainly from rainfall during the Aus-
tralian monsoon wet season of November to April with an average annual pre-
cipitation range of 1,500—4,000 mm. Furthermore, the study area is characterised as
a tropical area with the average temperature of 24.7-27.3 °C and humidity of about
80-95 %.

The soils were mostly developed from volcanic and deposited materials with a
slope of 0.5-1.5 %. In the upper stream, forest predominantly covered the area. In
the middle and downstream, the area is covered by the forest, forested area, estate
plantation, paddy rice fields, and annual crops. Vegetable crops were planted in the
volcanic slope area. Paddy was planted in the terraced paddy field in the slopping
area when sufficient water is available in the basin. The irrigated paddy field is
found in the flat area of the upper, middle, and downstream part of the catchment.

As a study case, four sub-catchments, namely Citarum, Cikarang, Cibeet, and
Bekasi, were investigated (Fig. 1).

2.2 Statistical Downscaling Using SDSM 4.2

2.2.1 Model Development

The statistical downscaling model (SDSM), a hybrid stochastic regression weather
generator, was developed by Wilby (2002) to assess the impact of climate change
on a local scale. It facilitates the rapid development of multiple, low-cost, single—
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Fig. 1 The sub-catchment of the study area and the gauge location

site scenarios of daily surface weather variables under current and future climate
forcing.

This study employed the output of the Hadley Centre Coupled Model version 3
(HadCM3) GCM developed by the Hadley Centre, UK, as the predictor. Two
climate scenarios (A2 and B2) from HadCM3 were selected for the following
reasons: (1) the availability of output for more than one SRES emission scenario;
(2) the availability of primary downscaling variables that are produced daily; (3) the
availability of unbroken daily series for the entire period from 1961 to 2010; and (4)
the realism of the GCM behaviour in respect to NCEP reference data.

The SDSM establishes the empirical relationship function (F) between the GCM
output and local climate variables. The GCM outputs are the predictors, and the
local climate variables are the predictands. The function is a deterministic/stochastic
one which is conditioned by predictors and predictands as shown in the following
equation:

a= F(b) (1)

where a is the predictand and b is the predictor

SDSM mainly contains four processes to generate a future series of climate
variables: (1) identification of predictands and predictors; (2) model calibration; (3)
weather generators; and (4) generation of a future series of climate variables.



Assessment of the Impact of Climate Change on Water ... 49

Identification of predictands and predictors uses the quality control module in
the SDSM. The module checks the performance of the predictand (e.g., temperature
and precipitation) data to identify errors in the data records, the outliners, and
missing data. In this study, the four-root transform was applied to precipitation data
since the distribution of precipitation is skewed. For the analysis, the monthly
model and the unconditional process were applied to temperature. The conditional
process was applied to precipitation.

2.2.2 Model Calibration and Validation

The calibration model in the SDSM computes the parameters of multiple regression
equations by using the optimisation algorithm (least squares) for a set of probable
predictors and each predictand. A monthly model type is selected in which different
model parameters are derived for each month. From the 30 years of data repre-
senting the current climate (1961-1990), the 20 years of data (1961-1980) are used
for calibrating the regression model, whereas 10 years of data (1981-1990) are used
to validate the model. The coefficient of determination (r2) is used to evaluate the
performance of SDSM. Here, r* is a comparison of the explained variance of
modelled data with the total variance of observed data.

As the predictors, the atmospheric predictor variables from the National Center
for Environmental Prediction (NCEP) reanalysis were used (Kalnay et al. 1996).
NCEP and HadCM3 contain 26 daily predictors (which describe atmospheric cir-
culation, thickness, and moisture content at the surface, 850 and 500-hPa levels) for
the regions covering the study area during the period 1961-2099. The predictors
over the area which overlays the study area were employed for the A2 and B2
scenarios of the IPCC Special Report on Emission Scenarios (SRES).

For the validation process, the weather generator module was used to simulate
the climate for the years 1981-1990 in the study area. The comparison of observed
data and climate simulation is facilitated by summary statistics and frequency of
analysis in the SDSM. During the calibration and validation of downscaling
models, for the evaluation of the performance of the regression models for tem-
perature, the mean values of observed and NCEP simulated data are compared. For
precipitation, the mean daily precipitation and daily precipitation variability for
each month are used to evaluate the performance of the model.

The scenario generator module produces an ensemble of downscaled synthetic
daily weather series based on the atmospheric predictor variables supplied by the
HadCM3. In this study, about 10 ensembles of temperature and precipitation are
downscaled for the A2 and B2 scenarios using the corresponding set of predictor
variables. As HadCM3 has year lengths of 360 days, the downscaled temperature
and precipitation will each have a year of 360 days. Therefore, the output from the
DSM has been analysed to convert the number of days from 360 into 365 days in a
year.
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2.2.3 Hydrological Modelling Using WEAP

The WEAP package tool is used to model the hydrological process in the study
area. WEAP is a computer modelling package design, which is used for simulation
of the water resources system and trade-off analysis. It operates on the basic
principle of a water balance model that defines the processes on a watershed level.
The supply is defined as the amount of precipitation that falls on the watershed,
which is depleted through the watershed processes, water uses, and accretion to the
downstream. Moreover, it enables integrated assessment of watershed climate,
hydrology, and land use, infrastructure, and water management priorities. WEAP
has been used to model the impact of climate change, land use, and adaptation
scenarios on water resources (Joyce et al. 2011; Purkey et al. 2007; Wilby et al.
2002).

The model is spatially continuous (lumped model) represented by a set of
catchments that covers the entire river basin in the study area, considering them to
be a complete network of rivers, reservoirs, channels, ground-surface water inter-
action, and demand points. Furthermore, the model includes four methods to
simulate the catchment processes (evapotranspiration (ET), run-off, infiltration, and
irrigation demands): (1) rainfall run-off; (2) Irrigation Demands Only method of the
FAO crop requirements approach; (3) soil moisture method; and (4)
MABIA method.

2.2.4 Model Setup

The WEAP model for the Citarum watershed was built to assess the impact of
future climate change on water availability. The model was run on a monthly time
cycle. For spatial data analysis, the geographic information system (GIS) applica-
tion is used to analyse the land use, elevation, and watershed information to gen-
erate data input variables of the WEAP model. Land use and streamflow data were
provided by the Coordinating Agency for Surveys and Mapping (Bakosurtanal),
Indonesia. Elevation data were extracted from the digital elevation model (DEM)
from the U.S. Geological Survey. Historical climate data were provided by the
Meteorological, Climatological, and Geophysical Agency, Indonesia.

For this particular study, the soil moisture method of WEAP is used to simulate
the hydrological processes in the catchments. The soil moisture method is one-
dimensional, two-layer, soil moisture accounting, which uses empirical functions to
describe ET, surface run-off, sub-surface run-off, and deep percolation for a
watershed unit. The deep percolation within the watershed unit can be transmitted
to a surface water body as base flow or directly to groundwater storage if the
appropriate link is made between the watershed unit node and a groundwater node.

The model considers the movement of water through two vertical soil layers.
The first layer represents water retained near the surface, which is available to plant
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roots; the second layer is deeper, and water from this layer can be transmitted as
base flow or groundwater recharge. The main parameters of this model include the
water-holding capacity for both layers as well as water movement between them.
For each sub-catchment, the model computes the water balance due to inflows,
outflows, and storage changes in each layer. A watershed is firstly divided into sub-
catchments and then further into the N fractional area, j of N. The climate is
assumed to be uniform over each fractional area where the continuous mass balance
equation is as follows:

dzy,j

. 5217]' - ZZ%_j Yy
Swjd—t' = Pe([) — PET(l)kcﬁj(l‘) f - ( )Zl o f}fks jZl]
= (L= fi)ks 25

2)

where
717 € (o.1] 1is the relative soil water storage, a fraction of the total effective water
storage in the root zone layer in area j (dimensionless)

Sw; is the soil water-holding capacity of the area j (mm);
P (1) is the effective precipitation (mmy);
PET(z) is the reference potential ET (mm/day);
kej(1) is the crop coefficient for area j;
LAJ; is the leaf area index for area j which depends on land cover;
P (l‘)ZIfAI is the surface run-off;
J
fifks lej is the interflow from the first soil layer for area j;
f is the partition coefficient related to the land cover type, soil, and

topography for area j, which divides the flow into horizontal f; and
vertical 1 — f; flows; and

k. is the saturated hydraulic conductivity of the root zone layer for area j
(mm/time).

2.2.5 Catchment Model Calibration

In order to assess the impact of future climatic change on hydrology parameters, a
rainfall run-off model is usually required. The model was calibrated based on the
assumption that the change in processes represented by the parameters will be small
in comparison with the changes affecting the climatic conditions. Therefore, on this
study, the hydrology model was calibrated and validated using the observed climate
and time series of natural stream flow.

The statistical indicators, namely the Nash-Sutcliffe efficiency (NSE) criterion,
the coefficient of determination (R2), and the percent bias (PBIAS), are used to
assess model accuracy in simulating the stream flow. The R? values are a measure
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of the relationship between observed and simulated values. NSE indicates model
performance, and PBIAS is the deviation of data being evaluated expressed as a
percentage (Moriasi 2007). PBIAS is calculated as follows:

1 N
PBIAS = NZ(Qsi — Om;) x 100% (3)

i=1

where QM and Qs are the measured and simulated streamflows in the months ith,
respectively, and N is the number of months in the analysis period.

2.2.6 Assessment of the Impact of Climate Change to the Hydrological
Component Using the Hydrological Model

To analyse the future impact of climate change on ET and streamflow, the WEAP
model is used for the hydrological processes using the A2 and B2 climate pro-
jection from the HadCM3 and SDSM.

The comparison of ET and streamflow in baseline and future scenarios is per-
formed in order to quantify the change in hydrology of the watershed as an impact
of climate change. To assess the baseline conditions, the validated WEAP is used to
generate the streamflow and ET in the four sub-basins of the study area during the
period (1961-1990). Similar steps were applied to generate the streamflow and ET
during future periods in the 2020s (2011-2040), 2050s (2041-2070), and 2080s
(2071-2990) using downscaled temperature and precipitation corresponding to A2
and B2 climate projections. In this study, it was assumed soil cover and crop pattern
to be similar for all future periods to ensure that the projections for the future are
entirely dependent on the climate change scenario.

3 Results

3.1 Statistical Downscaling

3.1.1 SDSM Model Performance

The SDSM performance was evaluated by downscaling the temperature and pre-
cipitation of the study area. The model performance results of temperature and
precipitation are shown in Figs. 2 and 3, where a scatter plot is used to identify the
performance of the model output compared to the observed data. During the cali-
bration period, overall, the temperature is accurately simulated. During the vali-
dation periods, the high temperature was projected as below the observed data.
Similarly, precipitation is simulated accurately during the calibration period, while



Assessment of the Impact of Climate Change on Water ... 53

290 200 :
o ® Citarum Temperature o ® Citarum Temperature
e 2:3 .
.
< .
g 20 E 280 ..‘o
L]
® % o
© Zo @ 270 ¥
o =9
£ E
£ 260 3 260
= =
& 2
© © o
E 250 E 250 o
E E ’
« 240 a n 240
240 250 26.0 270 2380 230 240 250 260 270 280 200
200 . .
o ® Cikarang Temperature o #01e Cikarang Temperature
= - A
g 280 “ @ 0 o "
- E
il il
@ 0 o 270
= o
E E L)
& %0 2 %0
= =
E
5 =0 = B0
E ¢ E
A =
n 240 0 240
240 .0 6.0 270 280 20 240 =0 260 210 280 200
200 ; 20 )
60" * Cibeet Temperature G ® Cibeet Temperature
L =)
E 280 E 280
= = .
8 . ® el
@ 2o @ Zo o
=% " e 0
] £ o
L}
s 260 J‘.i 20
= b -]
2 2
T 1]
= 50 — 250
£ E
0 240 Ly 240
240 250 260 20 8.0 =0 24.0 250 26.0 210 280 2.0
290 N
%) =e ® Bekasi Temperature %) ® Bekasi Temperature
e < .
@ =0 ’ p 0 .t
= S +
=1 E= ..
u . Al
o 270 @ 0
(=% [=%
£ £
& xo0 & 20
- =
2 2
= 250 = 250
= =
E y E ¢
L) 240 : n 240
240 250 260 270 280 280 240 50 260 2o 220 220
Observed Temperature (oC) Observed temperature (oC)

Fig. 2 Calibration (left) and validation (right) of the temperature in Citarum, Cibeet, Cikarang,
and Bekasi sub-catchments

it was simulated below the observed data during validation periods. However, as the
model results show they closely followed the observation temperature and pre-
cipitation, we utilised those results.
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Fig. 3 Calibration (left) and validation (right) of precipitation using the SDSM in Citarum, Cibeet,

Cikarang, and Bekasi sub-catchments

As shown in Figs. 2 and 3, the temperature was simulated using 7> of 0.89, 0.93,
0.85, and 0.82 at Citarum, Cibeet, Cikarang, and Bekasi sub-catchments, respec-
tively. On the other hand, the precipitation was simulated using 7% of 0.85, 0.83,
0.75, and 0.78 at Citarum, Cibeet, Cikarang, and Bekasi sub-catchments,
respectively.
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3.1.2 Projection of Temperature and Precipitation

The temperature and precipitation are projected to increase in the two scenarios (A2
and B2) in all sub-catchments (Figs. 4 and 5). The temperature at the Cikarang sub-
catchment in the A2 scenario increased by 0.33, 0.91, and 1.63 °C, respectively, in
the 2020s, 2050s, and 2080s. Under the B2 scenario, the temperature increased by
0.33, 0.67, and 1.13, respectively, in the 2020s, 2050s, and 2080s. However, the
average increased temperature in all basins is about 0.14, 0.73, and 1.46 °C under
the A2 scenario and is about 0.15, 0.50, and 0.97 °C under the B2 scenario in the
2020s, 2050s, and 2080s, respectively.
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Fig. 5 Projection of precipitation under A2 (left) and B2 (right) emission scenarios on Citarum,
Cibeet, Cikarang, and Bekasi sub-catchments

The diurnal temperature is projected to increase in the months of November to
August and is projected to decrease in the months of September and October. The
increasing temperature is mostly in the wet season while decreasing in the dry
season. Moreover, the temperature in January and February has a higher increase
compared with the baseline period than the other months in the year.

The model results show increasing precipitation in all sub-catchments for the
future periods under A2 and B2 scenarios. Figure 5 shows the projections of
average monthly precipitation in the four sub-catchments in the study area for the
baseline A2 and B2 scenarios. The precipitation is projected to increase about
23-88 % under the A2 scenario and is about 27-66 % under the B2 scenario. The
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increasing precipitation is mostly about 26, 60, and 93 % of the Bekasi sub-
catchment for the 2020s, 2050s, and 2080s under the A2 scenario. Under the B2
scenario in the same sub-catchment, precipitation is projected to increase about 30,
49, and 71 % for the 2020s, 2050s, and 2080s, respectively. In the 2020s, the
increasing precipitation under the A2 scenario is lower than in the B2 scenario.
However, in the 2080s, the increasing projected precipitation under the A2 scenario
is higher than the B2 scenario.

3.2 Hydrology Model Performance

The WEAP model is calibrated at the four streamflow gauging stations located in
the catchment. The calibration of the WEAP model for the study area is carried out
by comparing the simulated monthly streamflow with the observed data in the outlet
(Fig. 1).

A monthly streamflow has been used for calibration and future scenario analyses
in this study considering the water residence time during which all flows are
assumed to occur (Purkey et al. 2007). Observed monthly discharge for the period
1994-2009 was used to calibrate the Citarum sub-catchment. The observed
streamflow for the period 1987-2005 was used to calibrate the Cibeet, Cikarang,
and Bekasi sub-catchments. Monthly ET values for the period are calculated using
the Penman—Monteith method incorporated in the WEAP model (Yates et al. 2005).
The calibration was done by adjusting the parameters to achieve good agreement
between observed and simulated streamflow. The crop coefficient (Kc) parameter is
calibrated using the ranges provided by the Food and Agriculture Organization
(FAO) (Allen et al. 1998). Monthly effective precipitation is calibrated based on
land-use-specific run-off coefficients and basin-wide average values provided by
PJT-II (2003).

Results indicate the reasonable ability of the WEAP model to simulate long-term
monthly time series of streamflow for the 30-year period. Good fit statistics, NSE
criterion, the correlation coefficient (R), and the percentages bias (PBIAS) are used
to assess model accuracy in simulating observed streamflow at each of the four
stations. During the calibration period, the Ngg (0.52-0.66) and R values
(0.73-0.81) indicate the model’s ability to adequately represent hydrological con-
ditions in the basin. PBIAS results for the gauging stations ranged from —0.34—
1.5 % and indicate water balance errors, but fall within the £15 % range which
suggests a good model performance (Moriasi 2007). Overall, since the statistical
results are satisfactory, the model was suitable for use in exploring potential
changes in streamflow due to climate change.

In the Citarum sub-catchment, monthly streamflows from years 1994 to 2009
were simulated with a PBIAS of —0.24 %, Nash-Sutcliffe of 0.58, and R = 0.78. At
the Cibeet sub-catchment, the monthly flows from years 1987 to 2005 were sim-
ulated with a PBIAS of —0.34 %, Nash-Sutcliffe of 0.64, and R = 0.81. At the
Cikarang sub-catchment, the monthly flows of years 1987-2005 were simulated
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Fig. 6 The comparison of simulated and observed streamflow at (A) Citarum, (B) Cbeet, (C)
Cikarang, (D) Bekasi sub-catchments

with a PBIAS of 1.5 %, Nash-Sutcliffe of 0.52, and R = 0.73. At the Bekasi sub-
catchment, the monthly flow of years 1987-2005 was simulated with a PBIAS of
0.08 %, Nash-Sutcliffe of 0.66, and R = 0.79 (Fig. 6).

3.3 Impact of Climate Change on the Hydrology in the Study
Area

3.3.1 Change in Streamflow
The A2 and B2 scenarios produce a wide range of changes in the hydrology of the

sub-catchment. As shown in Table 1, for three periods, streamflow is projected to
increase in the future for both scenarios. Under A2 scenario, the annual mean flow

Table 1 The change of future streamflow compared with the baseline period

Sub- Baseline Change of future streamflow (mm)
catchment (mm) 2020s 2050s 2080s

A2 B2 A2 B2 A2 B2
Citarum 2,707 5149 6520 |1,783.2 1,317.0 |3,142.8 |2,078.0
Cibeet 1,933 464.4 | 579.5 1,570.0 | 1,245.1 3,1939 |2,078.7
Cikarang 2,356 490.2 |607.3 1,722.3 1,252.1 3,1589 |2,111.6
Bekasi 1,746 602.1 8240 |1,7804 |1,433.0 |34182 |2,1149




Assessment of the Impact of Climate Change on Water ... 59

—O—Baseline —#—2020s —-DO-2050s —&—2080s —O—Baseline —4—2020s -O-2050s —&—2080s
700 700 5
Citarum Citarum
600 600 1§
E s £ 500 4
E £
4 ~= 400 4
% 00 400
£ 300 Q 300 1
= =
X 200 & 200
100 100 1
0 o
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct MNov Dec
—O—Baseline —4—2020s —0-2050s —#—2080s =O—Baseline —4#—2020s =-0-2050s -—&—2080s
700 700 7
Ciheet Cibeet
i 600 500 4
E s00 E 500 1
E £
= 400 = 400 1
o g
=30 £ 300 4
& S
200 o 200 4
100 100 9§
] 1]
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Mov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Mov Dec
—O—Baseline —#—2020s —O-20505 —&—2080s —O—Baseline —#—2020s —f-2050s —A—2080s
700 1 b
Cikarang Cikaran
600 600 ¢
_ —_
E 500 E 500
= 400 ‘g' 400
= =
2 a0 2 W
S S
& 200 & 200
100 100
0 T T T T T T T T T T T ] o
Jan Feb Mar Apr May Jun Jul Aug Sep Oct MNov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
=O—Baseline —e—2020s -0-2050s —#—2080s —0—Baseline —¢—2020s -DO—2050s —#&—2030s
700 700 +
ato Bekasi 800 Bekas
E 500 £ 500 4
E E
= 400 ~ 400 4
% =
g 300 S 304
=
e 200 o 200 4
100 100 4
* . ] v v v v v v v v v v - J
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 7 The projection of streamflow under A2 (left) and B2 (right) scenarios in the Citarum,
Cibeet, Cikarang, and Bekasi sub-catchments

is projected to increase by about 24, 81, and 151 % in the period of 2020s, 2050s,
and 2080s, respectively, compared with the baseline period. Under the B2 scenario,
the annual mean flow of the baseline periods was 2,185 mm which is projected to
increase by about 31, 61, and 98 % during the periods of the period of 2020s, 2050,
and 2080s, respectively.

Figure 7 shows the projected changes of the average monthly streamflow in the
future periods under A2 and B2 scenarios compared with the baseline periods. It
shows that the projected streamflow shows an increase in all months of the year.
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However, there is a tendency towards a decreasing flow in the months of October to
December in the 2020s under the two scenarios A2 and B2, while the streamflow is
projected to increase for the 2050s and 2080s during the mentioned periods under
A2 and B2 scenarios.

The magnitude of increase projected to be higher in the A2 scenario compared
with the B2 scenario during the periods of the 2050s and 2080s. However, it is
projected to be lower in the A2 scenario compared with the B2 scenario in the
period of the 2020s (Fig. 7).

3.3.2 Change in Potential Evapotranspiration

The result of the ET analysis shows that the ET value under the A2 scenario is
projected to decrease compared to the baseline scenario in Citarum, Cikarang, and
Bekasi, whereas in the Cibeet sub-catchment, there is an increase in the average
value for the future periods under the A2 scenario. Similar trends are observed in
the projected ET value under the B2 scenario as shown in Fig. 8.

The projected change in potential ET is shown in Table 2. The average monthly
ET value is projected to decrease by 18.8 % in the 2020s in the Citarum sub-
catchment and to increase by 18.9 and 44.5 % in the 2050s and 2080s under the A2
scenario. On the other hand, the ET is projected to decrease by about 37.9 % in the
period of the 2020s and to increase by about 44.5 and 96.9 % in the 2050s and
2080s under the B2 scenario. In the Cibeet sub-catchment, ET is projected to
increase by about 7.8, 14.1, and 11.6 % in the 2020s, 2050s, and 2080s under the
A2 scenario. Under the B2 scenario, ET is projected to increase by about 9.8, 18.6,
and 25.7 % during the 2020s, 2050s, and 2080s. In the Cikarang sub-catchment, ET
is projected to decrease by about 8.7, 27.1, and 39.7 % in the 2020s, 2050, and
2080s under the A2 scenario. At the same location, ET is projected to increase by
about 10.8, 21.0, and 30.5 % in the 2020s, 2050s, and 2080s under the B2 scenario.
In the Bekasi sub-catchment, the potential ET is projected to increase by about
0.7 % in the 2020s, 10.2 % in the 2050s, and 14.8 % in the 2080s. The ET is
projected to increase by about 1.7 % in the 2020s, 7.5 % in the 2050s, and 9.8 % in
the 2080s under the B2 scenario.

The magnitude of increasing potential ET is projected to be higher in the A2
scenario compared with the B2 scenario during the periods of the 2050s and 2080s.
However, it is projected to be lower in the A2 scenario compared with the B2
scenario for the period of the 2020s (Fig. 8). The average annual ET is projected to
increase by about 21.5, 146.8, and 206.1 mm in the periods of the 2020s, 2050s,
and 2080s, respectively, under the A2 scenario and increase by about 45.7, 130.6,
and 190.5 mm in the periods of the 2020s, 2050s, and 2080s under the B2 scenario.
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Fig. 8 The projection of potential evapotranspiration under A2 (left) and B2 (right) scenarios in
the Citarum, Cibeet, Cikarang, and Bekasi sub-catchments

Table 2 The change in future potential evapotranspiration compared with the baseline period

Sub-catchment

Baseline (mm)

Change in future potential evapotranspiration (mm)

2020s 2050s 2080s

A2 B2 A2 B2 A2 B2
Citarum 427.8 —80.9 -37.9 80.6 44.5 190.5 96.9
Cibeet 1,180.0 91.7 115.9 166.6 219.0 136.3 303.6
Cikarang 764.5 66.4 82.2 207.0 160.3 303.8 233.3
Bekasi 1,311.3 8.7 22.6 133.1 98.7 193.7 128.2
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4 Discussion

The study assessed the impact of climate change on future water availability in the
Citarum River Basin using the statistical downscaling and the WEAP tool. The
future climate was downscaled using the SDSM to downscale the global scale
output of the GCM to the local scale of the basin. The hydrological model used the
WEAP application. This study not only demonstrates the use of the application to
assess the impact of climate change, but also to demonstrate the use of a combi-
nation of a downscaling application and water planning tool to assess the impact of
climate change.

Temperature and precipitation are projected to increase in the future. The results
of this study are consistent with the study by IPCC (2007), Boer et al. (2005), and
Naylor et al. (2007), suggesting that an increasing temperature and precipitation in
tropical areas as well as in Indonesia. The water availability was projected to
increase in the future by 21-157 % under the A2 scenario and about 30-94 % under
the B2 scenario. Water availability is affected by increasing precipitation in the
future. The water availability projection for this study is in line with the IPCC
(2007) which reported that water availability will increase in Southeast Asia due to
the impact of climate change. However, the increase in precipitation is not dis-
tributed at similar levels for all months of the year. A decrease was also found in the
months of October to December, leading to an increased likelihood of floods in the
wet season and drought in the dry season. Potential ET is projected to increase in
the future due to the impact of increasing temperatures. Although potential ET will
increase in the future, water availability is also projected to increase since an
increase in ET will be less than the increasing precipitation.

5 Conclusions

This study aims to develop the hydrological modelling of the Citarum River Basin
and assess the impact of climate change on water availability therein. The
hydrology of the basin fits well with the WEAP hydrological model. However, the
model is underestimated when simulating the streamflow in the basin. This is due to
the lack of capability in the hydrological model for extreme events. However, the
model simulated high agreement with the streamflow.

To project future climates, the variables obtained from the HadCM3 GCM
output are downscaled using the SDSM application. The downscaled output is then
used as input for hydrological assessment. The GCM output was downscaled
because the scale of GCM output is too coarse to use directly on the hydrology
model. The statistical downscaling of temperature and precipitation performed as
well as the high explained variance and R?. Future projection of the temperature
indicates an increase compared with the baseline period. There is a larger increase
of temperature under A2 than for the B2 scenario. The average temperature is
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projected to increase by about 0.14, 0.73, and 1.46 °C under the A2 scenario and by
about 0.15, 0.50, and 0.97 °C under the B2 scenario in the 2020s, 2050s, and 2080s,
respectively. The precipitation values for the wet season are projected to increase in
all of the sub-catchments in the study area under both scenarios. The increasing
precipitation is about 23, 55, and 88 % in the 2020s, 2050s, and 2080s under A2
scenario. Under the B2 scenario, the precipitation is projected to increase by about
27, 36, and 46 % for the 2020s, 2050s, and 2080s, respectively. In the 2020s, the
increasing precipitation under the A2 scenario is lower than under the B2 scenario.
However, in the 2080s, the increasing precipitation under the A2 scenario is higher
than under the B2 scenario.

The performance of the hydrological model in the climate change impact
assessment was measured by comparing the baseline flow with the observed flow.
The validated model, when provided by the future climate variables, generated
future streamflow of the study area. The impacts of climate change on the
hydrology are then investigated by comparing the streamflow and ET during the
baseline period (1961-1990) and the future periods (2020s, 2050s, and 2080s).

The increasing water availability is projected to be larger under the A2 scenario
compared with the B2 scenario during the periods of the 2050s and 2080s. How-
ever, it is projected lower in the A2 scenario compared with the B2 scenario in the
period of the 2020s. The projected water availability will increase by about 517,
1,714, and 3,228 mm in the 2020s, 2050s, and 2080s, respectively, under the A2
scenario and increase by about 665, 1,311, and 2,095 mm in the 2020s, 2050s, and
2080s under the B2 scenario. The average monthly ET is projected to increase by
about 21.5, 146.8, and 206.1 mm in the 2020s, 2050s, and 2080s, respectively,
under the A2 scenario and increase by about 45.7, 130.6, and 190.5 mm in the
2020s, 2050s, and 2080s under the B2 scenario.

The result of the study provides a useful input for future water planning in the
study area. The study area is commonly covered by an irrigation area when about
80 % of the water was used as irrigation. Effective planning of water resources is
one of the focuses of water resources development in the study area. Therefore, this
study provides a useful tool to assess the impact of climate change on future water
availability as input for future water planning. Furthermore, this study focuses on
development of the impact assessment of climate change on future water avail-
ability using the freely available tools. The results have provided input for the use
of decision-makers on how to manage water resources under future climate change.
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Impact of the Uncertainty of Future
Climates on Discharge in the Nam Ou
River Basin, Lao PDR
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Abstract Climate change is likely to increase the global mean temperature in
future decades, increasing evapotranspiration and affecting precipitation and dis-
charge. However, there is always uncertainty in future climate projection which
might be due to the use of different general circulation models (GCMs), greenhouse
gas emission scenarios, downscaling techniques, or other factors. This uncertainty
in future climates may affect quantification of discharge. This chapter aims to
describe the impact of climate change and uncertainty on future climate projection,
specifically on discharge in the Nam Ou River Basin, Lao PDR. The Long Ashton
Research Station Weather Generator (LARS-WG) was used to downscale daily
precipitation, and maximum and minimum temperatures using 8 GCMs for future
periods 2011-2030, 20462065, and 2080-2099 under scenarios A1B and A2,
respectively. Probability density functions (PDFs) were constructed to estimate the
uncertainty of future climates. The maximum and minimum temperatures are
expected to increase and change for precipitation in future and are observed to be
multidirectional. The temperature and precipitation projection due to the GCMs
varied by a higher range under both scenarios for the 2090s compared to the 2020s
and 2055s. The inter-model variability and variance of the future projections
increased in the latter part of the century compared to the early and mid-centuries.
In order to assess the impact of these uncertainties in future climates, the soil and
water assessment tool (SWAT) model was used. An increase in annual discharge of
5.7 % is observed during the 2055s and 3.13 % during the 2090s under A1B
scenario and of 9.23 % during the 2090s under A2 scenario. At the same time, the
discharge is estimated to decrease by 0.33 % during the 2020s under A1B and by
1.15 % during the 2055s under A2 scenario. Thus, an increase and decrease in
discharge is expected for future periods when all GCMs are considered under A1B
and A2 scenarios.
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1 Introduction

Climate change is a major issue nowadays. An increase in global temperature of
1.8-4 °C by the end of twenty-first century has been predicted by IPCC (2007). An
increase in temperature will lead to an increase in evapotranspiration, altering the
precipitation pattern, and finally changing run-off of the river (Lu 2005). Climate
warming has many impacts on various hydrological and ecological processes (Dunn
et al. 2012; Wang et al. 2013). The change in precipitation pattern and behaviour of
hydrological cycles under spatiotemporal scales affect run-off and flow regimes
(Beyene et al. 2010). Thus, it is well evidenced that climate change will have a
significant impact on the global hydrological cycle (Kundzewich et al. 2007). The
effect of climate change on the hydrology of river basins is evaluated by using
hydrological models with climate projections derived from different general cir-
culation models (GCMs) forced under greenhouse gas emission scenarios
(GHGES). This approach has been used in many studies for various types of river
basins (Gosling et al. 2010; Luo et al. 2013; Menzel and Burger 2002; Minville
et al. 2008; Nijssen et al. 2001; Nohara et al. 2006). The average annual river
discharge is predicted to be higher in high northern latitudes and large parts of the
tropical monsoon region (Vliet et al. 2013). A more significant increase in discharge
is seen under A1B than under A2, which is due to the change in projected rainfall
patterns and meteorological forcing.

Climate predictions are highly uncertain due to the fact that the climate system is
very sensitive to changing GHG concentration and difficult to quantify accurately
(Stott and Kettleborough 2002). Various uncertainties are associated with climate
change and its projections (Thompson et al. 2013). These uncertainties are intro-
duced during the assessment of climate change impacts on hydrological processes
(Gosling et al. 2011; Nawaz and Adeloye 2006). Uncertainty is related to the use of
definitions in GHGES for GCMs and their development. The structural uncertainty
within these models causes different climate models to project alternative climate
projections under various GHGES. In addition, the downscaling of GCMs from
coarser to finer regional scales also produces uncertainty during hydrological model
application. However, the hydrological models also play a significant role in
increasing uncertainty while transferring different climatological processes to
hydrological processes. The uncertainty produced due to GCMs and GHGES can
be reduced to some extent by using a dynamical approach for climate projections.
Another approach could be the use of statistical methods in establishing an
empirical relationship between GCM output, climate variables, and local climate
(Fowler et al. 2007; Maraun et al. 2010).
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Statistical downscaling is the method mostly used to produce climate change
scenarios for impact assessment studies and hence is widely accepted (Chen et al.
2011, Chiew et al. 2010). This method can be categorised into three methods:
weather typing, stochastic, and regression. A stochastic weather generator, Long
Ashton Research Station—Weather Generator (LARS-WG) (Semenov and Barrow
1997) has been analysed in different climates and has demonstrated good perfor-
mance in diverse climatic conditions (Semenov and Stratonovitch 2010). For
instance, LARS-WG has been used to assess climate change impacts in the Clutha
River in New Zealand by Hashmi et al. (2009); small wetlands in Southern and
Central Saskatchewan, Canada, by Zhang et al. (2011); the Manicouagan River
Basin of Central Quebec, Canada by Chen et al. (2011); and many others. The
uncertainty of the downscaling method has also been studied in many basins (Chen
et al. 2011 and 2013; Khan et al. 2006). Details of the model LARS-WG and its
properties are well described in Semenov and Stratonovitch (2010). This stochastic
weather generator incorporates 15 GCMs used in IPCC-AR4 for future climate
projections.

The main objective of this study is to quantify the impact of uncertainty in future
climates on the discharge of the Nam Ou River Basin: the sub-basin of Lower
Mekong River Basin. This investigates how the uncertainty introduced in future
climate projections under various GHGES and GCMs affects the run-off in the river
basin.

2 Study Area and Data
2.1 Study Area

This study has been conducted in the Nam Ou River Basin of Northern Lao PDR.
It is one of the tributaries of the Mekong River Basin. The Nam Ou River Basin lies
within the latitudes 21°17'17" and 22°30'40” N and longitudes 101°45'47" and
103°11'57" E (Fig. 1). The altitude varies from 263 to 2035 m above mean sea
level. The drainage area of the basin is approximately 26,000 km* with an annual
rainfall of 1,700 mm. It has two different seasons: a wet season from May to
October and a dry season from November to April. It constitutes 60 % of woodland
and shrubland as land use.

2.2 Observed Data

The observed precipitation data was obtained from the Mekong River Commission
(MRC) Secretariat Phnom Penh, Cambodia, for 11 stations (Dien Bien, Lai Chau,
Luang Prabang, Muong Namtha, Muong Ngoy, Muong Te, Oudomxay, Phong
Saly, Quynh Nhai, Tuan Giao, and Xieng Ngeun) for period 1980-2003 (Fig. 1).
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Fig. 1 Study area and locations of rain gauge and meteorological stations

The observed precipitation at the stations was interpolated and aggregated to 19
sub-basins using the MQUAD program in the Decision Support Framework of the
MRC by Shrestha et al. (2013).

Similarly, the meteorological data such as maximum and minimum temperature,
wind speed, humidity, and solar radiation were obtained from three stations (Luang
Prabang, Oudomxay, and Phongsaly) for the period 1992-2003. The daily maxi-
mum and minimum temperature for 1980-1991 was derived by using the statistical
relationship between observed data and 0.5° gridded global daily temperature data
from the Santa Clara University for 1992-1999.'

A digital elevation model (DEM) of 250m resolution, land use map of year 2000
and soil map were obtained from the MRC Secretariat, Phnom Penh, Cambodia.
The daily discharge data for the period 1992-2003 from the Muong Ngoy gauging
station were also collected from MRC.

3 Methodology

3.1 Future Climate Projections

Long Ashton Research Station—Weather Generator (LARS-WG), a stochastic
weather generator model developed by Mikhail Semenov in the UK, is used to
project the future climates, i.e. precipitation and temperature. Twenty years’
(1981-2000) daily data are used in this study for projecting future climates. Three
steps are performed to develop synthetic weather data: site analysis, Q-test, and
climate change scenario generation as described in Semenov and Stratonovitch

' SCU (http://www.engr.scu.edu/~emaurer/global_data/.
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(2010). Two special range of emission scenarios (SRES) A1B and A2 are used for
projecting precipitation, and maximum and minimum temperature for three periods
2011-2030 (2020s), 2046-2065 (2055s), and 2080-2099 (2090s). The SRES A1B
and A2 represent medium and high emissions of greenhouse gases (GHGs) with
respect to the prescribed concentrations in the SRES.

Though there are 15 GCMs incorporated in LARS-WG, all GCMs are not
available for the projection of both A1B and A2 scenarios in future periods. Thus, 8
GCMs out of 15, using both scenarios, are incorporated in this study (MIHR being
an exception). The selected GCMs (Table 1) are developed by different research
centres, and their resolution varies from 1.4° x 1.4° to 4° x 5°. The change in
climate projection is represented in relation to the baseline period 1981-2000
(1990s). The observed precipitation, and maximum and minimum temperature are
used to determine the statistical parameters of the present baseline period. The
synthetic weather data is generated using those statistical parameters such that it
represents the baseline period. From the statistical analysis of observed and syn-
thetic generated data, the performance of LARS-WG is analysed. Uncertainty
analysis of future climate projections under various GCMs is carried out by con-
structing probability density functions (PDFs).

The performance of LARS-WG for precipitation, and maximum temperature
(Tiax) and minimum temperature (T,,;,) was evaluated using parameters such as the
difference in mean value, standard deviation, and Kolmogorov—Smirnov test (K-S
test) along with p value. The comparison of monthly mean and standard deviation
of observed and generated synthetic data for the baseline period 1981-2000 was
carried out. The observed monthly mean of precipitation is compared with gener-
ated mean by using t-statistics with p value. The standard deviation is compared by
using f-statistics with p value. It is seen that the p value for both monthly mean
precipitation and standard deviation is above the significance level of confidence
0.05 and therefore is acceptable, indicating that the generated data truly represent
the observed data.

3.2 Simulation of the Rainfall-Run-off Model

In this study, the soil and water assessment tool (SWAT) is used to simulate
discharge of the Nam Ou River Basin. SWAT is a process-based continuous
hydrological model which can evaluate small or large basins by division into dif-
ferent sub-basins (Neitsch et al. 2009). SWAT requires weather, topography, land
use, soil characteristics, etc. SWAT divides sub-basins into hydrological response
units (HRUs) with homogeneous land use, soil type, and slope. The hydrology at
each HRU is determined by using water balance equation which includes precip-
itation, run-off, evapotranspiration, percolation, and return flow components. The
precipitation occurring can be either intercepted or infiltrated into the soil as a run-
off. Some precipitation can be lost by evapotranspiration.
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Climate is the main factor responsible for water balance and energy components.
Surface run-off can be estimated by using two different methods: the SCS-curve
number method (SCS 1972) and Green and Ampt Infiltration Method (1911). In
this study, surface run-off is estimated for each HRU using the SCS-curve number
method (SCS 1972) given by

(Rday - Ia)z

Ray 1 +5) ()

qurface =

where

QOsurface  Accumulated run-off (mm)

Raay Rainfall depth for the day (mm)
I, Initial abstraction (mm) = 0.2S
S Retention parameter (mm)

The retention number is given by

S = 25.4<W— 10) (2)

where, CN = curve number (function of permeability of soil).

The peak run-off rate (maximum rate of run-off that occurs with a certain rainfall
event) is calculated by using a modified rational method. SWAT allows calculation
of the evapotranspiration by three methods, namely Penman—Monteith, Hargreaves,
and Priestley—Taylor. The Penman—Monteith method (Monteith 1965) is used to
estimate the evapotranspiration for this study. The Manning equation is used to
calculate the flow rate and velocity.

Flow routing in the channel reach is done by using the variable storage routing
method. The input data for the model are DEM, land use map, soil map, slope, and
climate data. The SWAT model is calibrated for discharge during the period
1992-1999 and validated for 2000-2003. A two-year warm-up period is used for
considering the possible errors in initial state variables.

Three good fit measurements are used to evaluate the simulation performance of the
SWAT model. They are Nash—Sutcliffe efficiency, (Nash and Sutcliffe 1970), Pearson’s
correlation coefficient (RZ), and percentage bias (PBIAS). The Nash—Sutcliffe effi-
ciency (NS) is a normalised statistical method which determines the relative magnitude
in the variance of the residual compared to the measured variance. It is calculated by the
given equation:

NS=1-— [Z?—l (Q?bs — Q?im)Z] (3)

S (PP — Qean)?

where Q% is the observed discharge, Q5™ is the simulated discharge, and Q™" is
the mean discharge. NS value can be within ©0 to 1, but a NS equal to 1 fits
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perfectly. Another measure is Pearson’s correlation coefficient R*, the value of
which ranges from O to 1, with 1 being the perfect fit.

The percentage bias (PBIAS) is used to measure where the average tendency of
simulated discharge is larger or smaller than the observed data. It is calculated as in
the equation:

> (05 — OF™) x 100
Q™)

The optimal value of PBIAS is 0. The positive value shows underestimation, and
the negative value shows the overestimation bias of the model.

Performance indicators NS and R*> > 0.6 (Benaman et al. 2005; Santhi et al.
2001; and Setegn et al. 2010) and PBIAS < 15 % (Santhi et al. 2001 and Van Liew
et al. 2007) were kept as decision criteria for model simulation.

PBIAS =

4)

4 Results and Discussion

4.1 Performance Analysis of LARS-WG

The downscaled precipitation for the baseline period (1990s) is compared with the
observed mean precipitation using parameters such as difference in mean, difference
in standard deviation, and with t test along with p value (Table 2). The statistics are
compared and used for the future projection of precipitation.

The maximum and minimum temperature for the baseline period (1990s) is
downscaled by comparing different parameters as shown in Tables 3 and 4,
respectively. The monthly mean and standard deviation of T.« and T,;, are
compared along with t-statistics and p value. The p value obtained from the t test of
both observed and generated precipitation, using maximum as well as minimum
temperatures, signifies a good performance of LARS-WG in downscaling.

4.2 Future Climate Projections

The future projection of precipitation shows that there is multidirectional change
under different GCMs. Changes in both positive (increase from baseline) and
negative (decrease from baseline) directions are seen under A1B and A2 scenarios
(Table 5). The maximum variation in precipitation as projected by different GCMs
is observed under A2 for the 2090s. During the 2055s, the precipitation projection
shows that it reduces by 84.46 mm under A2. Similarly, the changes in maximum
and minimum temperature for the future are displayed in Table 5, considering all
changes in the GCMs are averaged. The temperature in the 2090s shows the
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maximum deviation from the baseline period under both A1B and A2 scenarios.
The temperature during the 2020s is less altered than in the 2055s and 2090s
periods. The result shows that the maximum and minimum temperature is expected
to increase by 3.5 °C by the end of the century, considering the average change
from all the GCMs used in the study.

4.3 Change in Annual Future Climates

The change in future climates is uncertain when projections are carried out using
different climate models such as GCMs and different GHGES. The difference in
projection of future climates becomes wider under different GCMs and GHGES.
Figures 2, 3, and 4 demonstrate the range of change occurring in the projection of
precipitation, and maximum and minimum temperature, respectively, for future
periods under various GCMs averaged and GHGES used.

In case of precipitation, the average change is minimal in the 2020s under A1B and
A2 scenarios. The change in mean annual precipitation increases in the 2055s and
2090s except under A2 scenario. The range of change as projected by different GCMs
becomes wider with time. Projection of precipitation is more complex than that of
temperature, since different GCMs can result in an increase as well as decrease in
precipitation at a particular site (Girvetz et al. 2009). Figure 2 shows that change in
precipitation can vary from 68 to —99.03 mm during 2020s, from 237.74 to —625.62
mm during 2055s and from 420.33 to —179.57 mm during respectively (positive value
refers to increment and negative value refers to decrement).

Results from the future projection of temperature exhibit an increase in
temperature during future periods (Figs. 3 and 4). The projected maximum and
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minimum temperature shows less change relative to the baseline period during
2020s, whereas the change increases significantly during 2055s and 2090s. The
anticipated temperature during 2090s indicates that the mean changes in both
maximum and minimum temperature vary considerably between two different
GHGES. This explains that the projection of future temperature under different
GCMs also varies with the use of GHGES. The change in maximum temperature
varies from 0.5 to 0.8 °C during 2020s, 1.45-2.3 °C during 2055s, and 2.1-4.3 °C
during 2090s. Similarly, the change in minimum temperature varies from 0.5 to
0.8 °C during 2020s, from 1.4 to 2.3 °C during 2055s, and from 2.4 to 4.2 °C
during 2090s. Hence, it can be clearly seen that the range of projection of tem-
perature increases with time under different GCMs and GHGES. This indicates that
the choice of emission scenarios highly influences climate prediction during the
latter part of the century.
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4.4 Uncertainty of Annual Precipitation, and Maximum
and Minimum Temperature

Figures 5 and 6 represent uncertainty in annual mean precipitation under 8 GCMs,
A1B and A2 scenarios, respectively. As shown in Fig. 5, the annual mean precipi-
tation of the baseline period lies in between 1,552 and 1,719 mm with a median value
of 1,626 mm. The precipitation is projected to vary between 1,500 and 1,790 mm
during 2020s; between 1,565 and 1,870 mm during 2055s; and between 1,455 and
1,912 mm during 2090s under A1B scenario. Similarly, under A2 scenario, the
median value of annual mean precipitation is anticipated to be between 1,533 and
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Fig. 5 Probability density functions of the annual mean precipitation for the baseline period
(1981-2000) and future periods (2020s, 2055s, and 2090s) under the A1B scenario in the Nam Ou
River Basin. a 2020s. b 2055s. ¢ 2090s
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Fig. 6 Probability density functions of the annual mean precipitation for the baseline period
(1981-2000) and future periods (2020s, 2055s, and 2090s) under the A2 scenario in the Nam Ou
River basin. a 2020s. b 2055s. ¢ 2090s
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1,655 mm during 2020s; between 1513 and 1,784 mm during 2055s; and between
1,507 and 2,054 mm during 2090s. It can be seen that the latter part of the century is
expected to be wetter than the early and mid-century under both the A1B and A2
scenarios. However, there are some GCMs which also predicted lower precipitation in
future than for the baseline period. This demonstrates that the projection of precipi-
tation varies by a wider range in the mid- and latter part of the century for different
GCMs under A1B and A2 scenarios.

Figures 7 and 8 display uncertainty in the projection of maximum temperature
under A1B and A2 scenarios, respectively, for three future periods, while Figs. 9
and 10 display the same for minimum temperature. Each GCM suggests an increase
in annual mean T,,,x and T, for all three future periods under A1B and A2

(a) (b) (c)

Probability Density Function (1/ °C)
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Fig. 7 Probability density functions of the annual mean maximum temperature for the baseline
period (1981-2000) and future periods (2020s, 2055s, and 2090s) under the A1B scenario in the
Nam Ou River Basin. a 2020s. b 2055s. ¢ 2090s
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Fig. 8 Probability density functions of the annual mean maximum temperature for the baseline
period (1981-2000) and future periods (2020s, 2055s, and 2090s) under the A2 scenario in the
Nam Ou River Basin. a 2020s. b 2055s. ¢ 2090s
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Fig. 9 Probability density functions of the annual mean minimum temperature for the baseline
period (1981-2000) and future periods (2020s, 2055s, and 2090s) under the A1B scenario in Nam
Ou River Basin. a 2020s. b 2055s. ¢ 2090s

scenarios. The magnitude of increase varies from one GCM to another for future
periods. Under the A1B scenario, the median value of T,,,,, varies between 28.4 and
28.7 °C for the 2020s, between 29.37 and 30.11 °C for the 2055s, and between 29.9
and 31.7 °C for the 2090s. Meanwhile, the median T, ranges between 28.4 and
28.5 °C for the 2020s, between 29.3 and 30.05 °C for the 2055s, and between 30.8
and 32.09 °C for the 2090s under the A2 scenario. Figures 9 and 10 show the
uncertainty of annual mean T,,, for three future periods under A1B and A2,
respectively. The IPCM4 GCM predicted a higher increase in temperature under
both GHGES. The study found that the temperature is predicted to increase to a
higher extent during the 2090s, followed by the 2055s.
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Fig. 10 Probability density functions of the annual mean minimum temperature for the baseline
period (1981-2000) and future periods (2020s, 2055s, and 2090s) under the A2 scenario in the
Nam Ou River Basin. a 2020s. b 2055s. ¢ 2090s
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5 SWAT Model Calibration and Validation

The SWAT model is calibrated for discharge at the Muong Ngoy Station for the
period 1992-1999 with a 2-year warm-up period and validated for the period
2000-2003. The sensitivity analysis of different flow-related parameters was con-
ducted using the Sequential Uncertainty Fitting (SUFI-2) algorithm (Abbaspour
et al. 2004, 2007). SUFI-2 enables sensitivity analysis, calibration, validation, and
uncertainty analysis of SWAT models. On the basis of these, the most sensitive
flow parameters are the base flow alpha factor (ALPHA_BF), recharge to deep
aquifer (RCHRG_DP), curve number (CN2), hydraulic conductivity of the channel
(CH_K2), Manning’s n value of the main channel (CH_N2), etc. The different
parameters used in the calibration of the model along with their fitted values are
shown in Table 6.

Figures 11 and 12 compare observed discharges with the simulated values for
calibration and validation, respectively. The calibration result shows that the sim-
ulated values fit the observed data for the calibration period with R* = 0.64,
NS = 0.64, and PBIAS = 5.12 %. The model validation also shows an acceptable

Table 6 Fitted parameters during calibration of the SWAT model

Variable Parameter name Description and units Initial Fitted
value or parameter
range value

Discharge v_ALPHA_BF. Base flow alpha factor 0.048 0.8125

gw

v_RCHRG_DP. Deep aquifer percolation 0.05 0.0850

W fraction

v_GW_DELAY. Groundwater delay time 31 51.7870

gw (days)

r_CN2.mgt Curve number 48.91-80 0.0189

v_ESCO.hru Soil evaporation compen- 0.95 0.8271
sation factor

r_SOL_AWC. Available water capacity 0.10-0.28 0.261

sol (mm/mm soil)

r_SOL_K.sol Saturated hydraulic con- 2.07-6.5 0.6069
ductivity (mm/h)

v_SURLAG.hru Surface run-off lag (days) 11.6938

v_CANMX.hru Canopy storage (mm) 2.0367

v_CH_K2.rte Channel effective hydraulic 3.1527
conductivity (mm/h)

v_CH_N2.rte Manning’s “n” value of the 0.014 0.1912
main channel

Note The qualifier (r_) refers to relative change in the parameter where the value from the SWAT
database is multiplied by 1 plus a factor in the given range; the qualifier (v_) refers to the
substitution of a parameter by a value from the given range
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Fig. 11 Comparison of observed and simulated daily discharge for the calibration period
1994-1999 with daily precipitation
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Fig. 12 Comparison of observed and simulated daily discharge for the validation period
2000-2003 with daily precipitation

result of R? = 0.74, NS = 0.72, and PBIAS = —14.25 %. The model is capable of
predicting the discharge for the Nam Ou River Basin quite well, and the total run-
off volumes of the observed data are also matched well by the simulated result. The
peak flows are not matched well except for 1998 and 1999 during the calibration
period and for 2000 and 2003 during the validation period. This discrepancy in
peak flows might be attributed to the precipitation data and possible errors in the
observed discharge data, especially during high flows. Rossi et al. (2009) also
reported that from the case study in the Mekong River Basin errors in gauging
stations can contribute to unreliable matching of hydrographs, mainly at locations
along the Mekong’s tributaries. The difficulty in characterising some floodplain
processes might result in flow acceleration.
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Table 7 Percentage change in discharge from all GCMs averaged under A1B and A2 scenarios
and future periods

Periods Percentage change in discharge from all GCMs averaged

AlB A2

Annual Wet Dry Annual Wet Dry
2020s —0.33 -1.09 4.79 0.50 0.58 —-0.07
2055s 5.70 5.46 7.34 -1.15 —1.00 -2.21
2090s 3.13 3.06 3.60 9.23 9.23 9.20

6 Impact of the Uncertainty of Climate Change
on Discharge

Table 7 shows the percentage change in discharge from the average of all GCMs in
future periods under A1B and A2 scenarios. An increase in annual discharge is
observed of 5.7 % during the 2055s and 3.13 % during the 2090s under the A1B
scenario and of 9.23 % during the 2090s under the A2 scenario. In addition, the
discharge is predicted to decrease by 0.33 % during the 2020s under A1B and by
1.15 % during the 2055s under the A2 scenario. Thus, an increase and decrease in
discharge is expected in future periods when all GCMs are considered under the A1B
and A2 scenarios. The variation in annual discharge is significant under different
GCMs as it shows uncertainty in the prediction of hydrological variables under cli-
mate change. Figure 13 shows the uncertainty band in the projection of monthly mean
discharge under different GCMs and GHGES in future periods. The uncertainty band
increases with time. The uncertainty in the projection of discharge due to different
GCMs and GHGES is less during the 2020s compared to the 2055s and 2090s. The
uncertainty range is quite high during the months of July to September. This reveals
that the wet season in the future is expected to be wetter compared to dry seasons. The
highest discharge during the 2020s reached 1,750 m*/s from the projections of all

a b [

2500‘(} () ()

g SimQ_GCMs_SRES

_‘ﬁ e B 1

T 2000 | "~

&

21500-

[%]

L

(a7

o 1000

o

o

4}

Z 5004
N
E O = = > wm OO R C.D‘—LDQE—Qa.ﬁ o c.nLh»u:-—mc\s:-u
582235333838 8828885338338 8858285338588

Fig. 13 Envelopes of simulated discharge under different GCMs and GHGES for three future
periods using the plot of simulated discharge for the baseline period 1981-2000 for comparison.
(SimQ_GCMS_SRES represents the result of simulated discharge under all the GCMs and
GHGES considered)
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GCMs and GHGES. The discharge reached the maximum limit of 2,100 m*/s during
the 2055s and 2,230 m*/s during the 2090s. It depicts that future discharge in the Nam
Ou River Basin is expected to be too high by the end of the century.

7 Conclusions

This study assesses the impact of the uncertainty of climate change on discharge in the
Nam Ou River Basin. In this study, a stochastic weather generator LARS-WG is used
to generate future precipitation and temperature. Eight GCMs incorporated in LARS-
WG are used for the projection of future climates under two GHGES, A1B and A2 for
the three periods: 2020s, 2055s, and 2090s, respectively. The hydrological model
SWAT is used to simulate present and future changes in discharge in the river basin.
Calibration and validation of the discharge suggests that the SWAT model can be used
for the simulation of the run-off under present and future climates. Results show that
high uncertainties exist in all projected future precipitation and temperatures when
different GCMs and GHGES are used. Due to this, it is difficult to predict the discharge
accurately. It can be seen from this study that the projections of precipitation have a
significant effect on the estimation of the run-off in the river basin. The change in
precipitation in the future is observed to increase as well as decrease depending upon
the GCMs used. The uncertainty in the prediction of the climate has a direct impact on
the run-off in the basin. Due to such uncertainty, it becomes difficult to quantify the
impact of climate change in the hydrological variables. In addition, the uncertainty of
climate variables increases with time. The inter-annual variability of the future pro-
jection of precipitation and temperature is observed in this study. The results indicate
quite clearly that the choice of GCMs and GHGES is critical for any climate change
impact study on hydrology. Though the selection of GCMs and emission scenarios is
quite difficult, the appropriate GCMs can be selected based on their ability to repro-
duce the observed historical mean annual rainfall. The identification of skilled GCMs
mainly focuses on rainfall estimation since the GCMs show very similar patterns of
change in temperature and may help to reduce the uncertainty. This also emphasises
the need for better understanding of uncertainties in future projections and the
development of efficient techniques to reduce them. However, the results of this
research can be useful for policy and decision makers in their planning and man-
agement strategies for climate change and its adaptation in the Nam Ou River Basin.
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Integrated Modelling of Climate Change
and Urban Drainage

Ashish Shrestha, Mukand Singh Babel and Sutat Weesakul

Abstract Patterns of climate variables are changing under climate change resulting
in increased frequency and intensity of extreme events. The implications are thus
observed in existing natural and man-made systems. Man-made systems, mainly
storm water management systems, are prone to it’s functional failure due to
recurrent events of extreme rainfall. Most urban drainage systems designed under
stationary climate consideration are operating over capacity well ahead of their
design period. There are several approaches and tools available to model climate
change and urban drainage. This chapter discusses the integrated approach of cli-
mate change and urban drainage modelling to assess the direct implications of
climate change on hydraulic performance of urban drainage.

Keywords Climate change - Mike urban - Urban drainage - IDFs - LARS-WG

1 Introduction

The increasing concentration of carbon dioxide in the atmosphere has been the
principal reason for global warming and climate change. Projections from climate
models showing increasing frequency, intensity, and volume of extreme precipi-
tation have been shown by many studies (Trenberth 1999; Emori and Brown 2005;
Boo et al. 2006). The effects of climate change can be seen in large and small
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municipalities both urban and rural in nature with distinct types of municipal
infrastructure. Hence, water and sewage networks need to accommodate more
intense precipitation (Mehdi et al. 2006). The possible impacts of climate change on
urban drainage are increased combined sewer overflows (CSO) causing environ-
mental pollution; pollution of drinking water sources; infiltration of sewers into
groundwater; increased pollutant levels in the waste water treatment plants
(WWTPs); flooding in pumping stations; surcharging of manholes causing surface
flooding; incremental sediment volume in storm water collection systems; and
decreased infiltration capacity in the infiltration basin (Berggren et al. 2007). Apart
from climate change, there are other factors, such as an increase in population, new
developments, and the condition of infrastructural assets that determine the func-
tional effectiveness of urban drainage. However, considering the intense impacts of
climate change, there is need for detail studies for proper analysis of the drainage
system. There are many approaches to analyze the impact of climate change on the
hydraulic functions of urban drainage. Shrestha et al. (2014) approached the
analysis of impact of climate change on surface flooding in the peri-urban area of
Pathum Thani, Thailand, with the application of a one-dimensional PCSWMM
(James et al. 2002) urban drainage model. The study included the application of
rainfall and temperature data generated from the ECHAM4 general circulation
model (Roeckner et al. 1992, 1996) with data sets from the PRECIS regional
climate model for long-term simulation as well as the theoretical increments of
rainfall percentage to discern the performance scenarios of urban drainage. The
indicators used were flooded nodes, maximum hours of critical conduit flow, and
total flood volume. Urban drainage models can also be integrated with a short-term
weather forecasting model to predict real time flooding scenarios.

This chapter presents the course of the integrated climate change and urban
drainage models with examples of case study results and discussions in Bangkok,
Thailand. The worst floods experienced in central Thailand during October 2011
impacted on some 2.3 million people, causing US $25 billion in damage. The
following discussions are part of study done in the Sukhumvit area of Bangkok.
The integrated modelling approach includes the application of series of models
which is summarised in Fig. 1. The first element is climate modelling, in order to
project the daily time series of rainfall as an output. The second element of the
process is the generation of intensity—duration—frequency curves (IDFs) to project

Climate
Modelling

¢
L]
>
8

Fig. 1 Integrated modelling for urban drainage and climate change
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rainfall events. Thirdly, there is the application of the urban drainage model. Hence,
hydrological and hydrodynamic models are integrated to study climate change
impacts on urban drainage performance.

2 Climate Modelling for the Projection of Climate
Variables

Climate modelling is essential to project the climate variables in order to study
possible impacts of climate change on urban drainage and surface flooding. Global
circulation models (GCMs) characterise the fundamental background of physics in
the mathematical expressions which simulate the behaviour of the climate systems,
which are used to project the future climate with the variation in atmospheric
variables under different scenarios defined by the Intergovernmental Panel on
Climate Change (IPCC). The GCM outputs are in a coarse resolution of
150-300 km, and the regional climate model (RCM) has a resolution of 12-50 km
(Sunyer et al. 2012). Climate modelling and downscaling of climate variables using
different techniques are the general practice of projecting climate variables under
different emission scenarios. There are essentially two widely practised down-
scaling techniques: dynamic and statistical downscaling. The statistical downscal-
ing approach is comparatively inexpensive compared to dynamic downscaling
(Wilby et al. 2004). Nguyen (2005) studied downscaling methods using the
statistical downscaling model, SDSM (Wilby et al. 2004), and stochastic Long
Ashton Research Station Weather Generator (LARS-WG) to evaluate climate
change and variability on a hydrological regime at basin scale. Results showed that
the LARS-WG was better suited to precipitation while the regression-based SDSM
was best for temperature projection. Both the LARS-WG and SDSM can project
temperature accurately and LARS-WG is far superior in producing precipitation
statistics such as mean and standard deviations (Irwin et al. 2012). The LARS-WG
incorporates predictions from 15 GCMs used in the IPCC Assessment Report 4
(IPCC 2007). Climate predictions are also available for the Special Report on
Emission Scenarios, SRES (IPCC 2000; Semenov and Stratonovitch 2010) and
emission scenarios SRB1, SRA1B, and SRA2 for most of the GCMs (Semenov and
Stratonovitch 2010). The weather generation process follows two steps: firstly,
analysis of the observed weather parameters such as temperature, precipitation and
solar radiation, followed by the generation of synthetic daily weather data utilising
weather parameters.

In the study of Sukhumvit (part of Bangkok), the LARS-WG was used with
observed daily data from 1981 to 2010, for climate projection of the single site
station at Bangkok Metropolis Station belonging to the Thai Meteorological
Department. Some of the analysis presented below shows the accuracy of the
climate projections. However, only rainfall has been considered as a climate vari-
able (Fig. 2).
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Fig. 2 a Weather projection 1981-2000. Comparing monthly the total mean and daily maximum
for 12 months (Black bar synthetic, Grey Bar observed). b Weather projection 2001-2010.
Comparing monthly the total mean and daily maximum for 12 months (Black bar synthetic, Grey
bar observed)

The root-mean-square error (RMSE) for the monthly total mean in the first and
second projection periods was observed as 16.45 mm/month and 10.76 mm/month,
respectively, with a corresponding Efficiency Index (EI) of 0.97 and 0.9. While for
maximum daily precipitation, RMSE was 35.34 mm/month and 29.05 mm/month
and the efficiency index was 0.84 and 0.62 for the first and second projections,
respectively. RMSE and EI analysis provide evaluation of the model for future
projections.

2.1 Rainfall Disaggregation for Urban Hydrological Study

Rainfall disaggregation is essential to obtain high temporal resolution from the
coarser time series. In most of the developing and developed countries, collecting
continuous rainfall data of short durations require huge resources. While there are
many methods and models developed to disaggregate rainfall, it still require con-
siderably research efforts to develop the robust methodology for rainfall disag-
gregation. Many hydrological applications need short duration rainfall. The flood
studies require short duration rainfall for continuous simulation tools for the design
and management of hydro-systems (Koutsoyiannis 2003).
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A disaggregation model developed by Koutsoyiannis and Onof (2001) and
Koutsoyiannis (2003), based on the Barlett Lewis Rectangular Pulse process theory,
later named Hyetos, was applied for the case of Sukhumvit, Bangkok. The Hyetos
method requires the estimation of Bartlett Lewis Rectangular Pulse, BLRP
parameters from the historical rainfall data, and to disaggregate the coarser rainfall
series in the same station. The methodology can be applied to disaggregate the
series from daily to sub-daily (hourly or minutes). The estimation of parameters is
done with the application of certain equations to resemble the statistics of the
observed and simulated series such as mean, standard deviation, lag 1-autocovar-
iance, and proportionately dry. The equations and details are explained in Kout-
soyiannis (2003).

3 Intensity—Duration-Frequency (IDF) and Design Storms

Intensity—Duration—Frequency (IDF) is a mathematical relationship between the
rainfall intensity i, duration d, and return period 7 (Koutsoyiannis et al. 1998). The
IDF curve is the most convenient form of rainfall information. Duration and
intensity are two inversely proportional elements in the IDF curve which varies for
different return periods (Butler and Schutze 2005). Rainfall intensity estimates are
necessary for hydrological analysis, design, and planning problems. The IDF curve
is an important tool for the design of urban drainage (Solaiman and Simonovic
2011).

The IDF can be expressed mathematically as i = f (T,d). The generalised IDF
relationship can be expressed as

here a and b are constants, d is the arbitrary time duration (typically from a few
minutes to several hours or a few days), and 7 is the return period. This expression
has the advantage of a separable functional dependence of i on T and d.

The function b(d) is:

b(d) = (d + 0)'" )

where 6 and # are parameters to be estimated (0 > 0,0 <7 < 1)
a(T)=iT"=c+ AInT (3)
This equation is old, empirical, and most commonly used in computation due to its
simplicity; otherwise, if the maximum rainfall intensity has the Gumbel distribu-

tion, then k and 4 depends on the return period 7' (Koutsoyiannis et al. 1998). Other
distribution functions are gamma distribution, log Pearson III distribution,
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lognormal distribution, exponential distribution, and Pareto distribution. It is well
known that IDFs are being used for hydrological application. However, the study
by Mailhot and Duchesne (2010), for developing IDF under non-stationary con-
ditions, explains that urban drainage infrastructures which had been designed under
stationary climate situations for its particular design period are being affected as the
rainfall pattern, and intensity and frequency of extreme rainfall modifies under
climate change impacts. The design criteria will be revised as part of global
adaptation strategies. However, there are uncertainties which deter the development
of unambiguous guidelines for the design criteria. Solaiman and Simonovic (2011)
developed a probability-based IDF curve using the Gumbel probability distribution
for the City of London with methodology consisting of 11 Atmosphere-Ocean
General Circulation Models (AOGCM) and disaggregation by algorithm to con-
sider short duration rainfall shapes from historical data to be projected in similar
shapes for the future. The study showed that rainfall patterns will change in future
for London.

In Sukhumvit, IDF curves were developed for 3-hourly observed data and hourly
future projected and disaggregated data from 1980 to 2010, using graphical cor-
rections by fitting the ratio between observed and model rainfall intensities at
different return periods and times. The corrections were necessary to correct the
underestimation of intensities from the LARS-WG and Hyetos outputs. Correction
for intensities were developed by Shrestha (2013), using equation y = 1.58x~ %14,
providing the factor for correction where x is time (k). Some studies by the
Bangkok Metropolitan Administration (BMA) in Bangkok, Thailand, for past
rainfall and flood events suggest that when the 3-h rainfall depth exceeds 100 mm,
surface flooding occurs. Hence, two GCMs, GFCM21 and HADCM3, are selected,
showing a maximum 3-h rainfall depth (Fig. 3).
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Fig. 3 IDFs for 1980-2010, developed through two data sets. (Solid line Observed (O), Dash line:
Model (M))
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Table 1 Ratio and difference between observed and simulated rainfall intensities

Duration Return period Correction
2Yr [5Yr |10 20 50 100 factor
Yr Yr Yr Yr
3h Ratio = O/M 1.39 1.39 1.39 1.389 1.388 1.387 1.355
6h Ratio = O/M 1.111 1.156 1.177 1.192 1.208 1.218 1.229
12 h Ratio = O/M 1.025 1.033 1.036 1.039 1.041 1.042 1.116
24 h Ratio = O/M 1.022 1.027 1.029 1.030 1.031 1.032 1.013
80
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Fig. 4 Generated design storms for urban drainage modelling

Design storms are patterns of precipitation used for hydrological design purposes
and derived from the IDF relationship. Most common methods for developing
design storms are the triangular hyetograph, Chicago design storm, and alternating
block (Chow et al. 1988) Table 1.

Some examples of design storm generated using the alternative block method
(Chow et al. 1988) are shown in the figure below (Fig. 4).

4 Urban Drainage Modelling

In the urban catchment, modelling of urban drainage can be done using a one-
dimensional (1D) model as the general scientific practice, but in the case of urban
flooding, there is an interaction of drainage and street channel systems which
require a two-dimensional (2D) model.
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The 1D modelling of flow in the conduits or open channels follows the Saint
Venant equation. The equation can be represented mathematically as (Vojinovic
and Tutulic 2009):

A 00
E‘l‘a*Fx 4)
po° Oh o|o|
6t+6x(A T T8 CoaR 0 )

here £ is water depth, Q is discharge, £ is the velocity distribution coefficient, x is
the distance between chainage, ¢ is time, F is course term, g is gravitational
acceleration, C is the Chezy number, A is the area of the flow cross the section
which is f(h), R is hydraulics radius, and P is the wetted perimeter.

The system of 2D shallow-water equations consists of two equations for con-
servation of momentum and one continuity equation in Cartesian coordinates.
Mathematically, this can be expressed as (Vojinovic and Tutulic 2009):
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here s is the water surface elevation, U and V are depth-averaged velocities, K., and
K,, are eddy viscosities, and U, and V; are the velocities at the source.

4.1 Integrating Models

Hydrodynamic modelling tools require a rainfall hyetograph or time series for the
simulation of rainfall-runoff processes. Physical processes like evaporation, infil-
tration, and runoff are numerically computed during the simulation. The integrated
models are interlinked with input and output to each other. In the previous section, a
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climate change model is applied together with rainfall disaggregation to obtain a
time series of future rainfall on an hourly scale. IDF curves were subsequently
generated and design storms for future time and return periods were projected.
However, the condition of drainage networks and sediment deposition could also
play a significant role.

When a storm event occurs in a city, runoff produced by roofs and terraces is
generally directly conveyed to the underground sewer network, while runoff pro-
duced by roadways, parks, squares, etc. circulates over the urban surfaces to reach
the inlet structures of the drainage system. Therefore, it is necessary to estimate the
hydraulics of the surface drainage structures and to model them through a coupled
1D/2D approach (Russo et al. 2011). The results obtained by Mark et al. (2004)
showed that the greatest inaccuracy of a 1D model is to assume flow as 1D. When
the flow path can be identified, and as long as overland flow stays on the street,
1D/1D modelling is sufficient but in the event of extreme flooding, a 1D/2D model
is much preferred. The two important objectives of 1D/2D modelling are firstly, to
assess performance of the combined sewer system and economic evaluation of flood
damage to assist decision makers, and secondly the ability to predict the extent of
flooding using an equation such as Navier—Stokes by using the depth-average
method (Seyoum et al. 2012). 2D modelling can provide abundant information on
the dynamics of flooding, which will help in flood risk management (Néelz and
Pender 2010). Other studies conducted in 2D modelling focus particularly on
methods such as adjusted conveyance and storage characteristics, parallel com-
puting techniques, and grid coarsening to reduce the computation time while
maintaining the level of accuracy and detail (Vojinovic et al. 2012; Chen et al.
2012a, b).

Surface flooding can be simulated using two approaches. A 1D/1D approach by
defining the pipe network as a 1D model interlinked with an overland 1D model
defined by a cross section of open channels. The 1D/2D approach represents
overland flow conditions and interaction with sewer networks more accurately.
However, a 1D/2D model is computationally more time-consuming than the
former.

The input file required for a 1D/2D model is a working pipe flow model, Digital
Elevation Model (DEM) in a raster data set and a number of defined couplings
between the 1D and 2D model. The selection of a 2D model can be based on
different types of solvers, namley single grid using a rectangular cell solver, single
grid using a rectangular multi-cell solver, and a flexible mesh solver. The DEM
consists of grid cells of a defined size which have different elevations. The elevation
threshold for the DEM, flooding and drying depth, bed resistance, and eddy vis-
cosity should be specified prior to running the simulation. The flow parameter in the
coupled nodes and basins is governed by orifice, weir, or exponential function.

There are a number of hydrodynamic model packages applicable for urban
drainage and urban flood studies, the most popular being: the Storm Water
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Management Model (SWMM) developed by the United States Environmental
Protection Agency (EPA), Mike Packages (MOUSE, Mike 11, Mike 21, Mike
Urban, Mike Flood) developed by the Danish Hydraulic Institute (DHI).

Shrestha et al. (2014) applied a 1D PCSWMM model to simulate possible
climate change impacts on surface flooding in the peri-urban area of Pathum Thani,
Thailand.

5 Performance Assessment

Performance assessment of the urban water infrastructure is essential for the
planning, design, and operation of water utilities. The boundary conditions for
assessment of urban drainage performance can be simple or complex depending on
population projection, pipe conditions, etc. The important boundary conditions
when considering climate change implications are changes in climate variables.
While precipitation is significant in studying the performance of urban drainage and
surface flooding, temperature and evaporation have much less effect during surface
flooding. In the study by Shrestha et al. (2014), applying the one-dimensional
PCSWMM model to study possible climate change impacts on surface flooding in
the peri-urban area of Pathum Thani, Thailand. It was found that when considering
the evaporation rate, the reduction in flood volume was only up to 1.08 %. The
simulation results showed that climate change had a significant impact on the
existing drainage capacity.

When the hydraulic gradient of the pipe system exceeds that of the ground level,
the surcharging of manholes occurs. Sewer length is considered to be surcharged
when it is running at full capacity and under pressure, with manholes filling and
spilling over. Surcharge can occur when there is hydraulic overload of the system or
a blockage in the downstream flow. Surface flooding can possibly occur as a
consequence of surcharging, with manhole covers being forced off under pressure
from inside pipes. Surcharging can also be understood as the flow in a pipe when it
exceeds the designed flow level. The design of the collection system usually
involves gravity flow under a certain pipe gradient. If the elevation for pipe grades
towards the outfall is not sufficient then intermediate pumps are arranged.
Increasing the amount of storm water results in more pumping, which is one
implication that could be studied. When surface flooding occurs from surcharging,
the duration of the flooding is critical, particularly in urban settlements. The area
and duration of the flood could result in economic loss.

Simulation for urban drainage in Sukhumvit was achieved using modelling tools
of the coupled 1D/2D approach of Mike Urban and Mike Flood. A digital elevation
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Fig. 5 Pipe flow model over
the overland land flow model

model (DEM) of 10-by-10-m resolution was prepared by taking the spot elevation
consisting of streets and buildings (Boonya-aroonnet et al. 2001; Chingnawan
2003; Nguyen 2009). The model consisted of 3,487 manholes, 3,858 pipes, 22
outlets, and 26 pumps, representing the actual situation of storm water management
in the catchment. Manholes are connected with 2,019 numbers of catchments with
total area of 2,049 Ha.

Calibration and validation of an urban drainage model is essential for accurate
simulation. Figure 5 shows the validation of the model in Sukhumvit, conducted
using rainfall data from a rain event and the measured water depth at two stations.
The RMSE/EI in the first and second stations was obtained as 0.24 m/0.60 and
0.04 m/0.82.

The simulation results of Sukhumvit, Bangkok, are summarised in Table 2
below. Results are organised using the sequence of base case and future timescale
of 2011-2030 and 2046-2065 under the SRA2 scenario, due to the fact that more
carbon dioxide emissions are presumed for this storyline making it the worst case
scenario (IPCC 2000). Simulations are made for 2- and 20-year return periods to
signify frequent and extreme case scenarios. The results showed that total outflow
volume, flood volume, flood area, surcharging nodes, and links flowing over
capacity increase with th