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Foreword

The threat to sustainability of water resources—one of the most vital of all natural
resources—is becoming more and more severe by the day, caused by a variety of
anthropogenic activities and natural phenomena. There is a growing body of lit-
erature which suggests that this threat will further intensify under the effects of
climate change. Recent research reveals that even if all emissions were stopped
now, future climate will still be warmer than the pre-Industrial Revolution levels
because the greenhouse gases already emitted are likely to persist in the atmosphere
for thousands of years. Hence, understanding the potential impacts of climate
change on water resources and water use sectors, and developing appropriate
adaptation options is the need of the hour.

This book, Climate Change Impacts and Adaptation in Water Resources and
Water Use Sectors, provides in-depth and comprehensive knowledge about various
techniques to analyze the impact of climate change on water resources using
contemporary climate and hydrological models. Further, through the use of case
(research) studies, a step-by-step procedure has been illustrated to evaluate the
impacts of climate change on water resources and selected water use sectors like
agriculture. The level of details provided for each case study will provide readers
with enough insight to replicate this work in diverse settings. Additionally, useful
information can be obtained on developing adaptation options in selected water use
sectors in order to counter the effects of climate change.

The author, Sangam Shrestha, has considerable research experience in climate
change impact assessment and adaptation in the water sector in South and Southeast
Asia, particularly on hydrology; crop production; and evaluating adaptation mea-
sure to offset the negative impacts. Apart from holding a faculty position at the
Asian Institute of Technology (AIT), he is also a Research Fellow at the Institute for
Global Environmental Strategies (IGES), Japan. Climate change adaptation in the
water sector is a key area of scientific and policy research at IGES, and over the
years significant strides have been made by the institute in informing judicious
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decision support tools to foster the sustainability of water resources in the region
and beyond. At IGES we hope to work as an “agent of change,” facilitating the
transition to a sustainable society and improving the well-being of people in the
region.

This book is an excellent resource for students, researchers, and water managers.
Further, the implications of the outcomes of the various case studies will be of
particular interest to decision and policy makers. The importance, and need, of an
effective water management system in the existing times cannot be overstated,
particularly in Southeast Asia which, among the regions in the world, is one of the
most vulnerable to the impacts of climate change. This book can be a useful tool for
addressing this imminent need.

Hideyuki Mori
President

Institute for Global Environmental Strategies
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Chapter 1
Introduction

Climate change has been defined as a statistically significant variation of either
variability or the mean of climate enduring for a prolonged period, generally
decades or longer (Cubasch et al. 2013). Although there are both natural and
anthropogenic causes of climate change, yet the contribution of human factors has
been identified as more remarkable (Power and Goyal 2003). Industrial revolution,
agricultural expansion, burning of fossil fuel and transportation are the major
drivers eventually lead to injection of chlorofluorocarbons (CFCs) and other green
house gases (GHGs) in the atmosphere. The GHGs act as accelerator which traps
the incoming heat from solar radiation. 81 % of total radiative forces in the
atmosphere are contributed by CO2 and CH4 (Tuckett 2009). The increase in the
radiative forces in atmosphere has lead to increased temperature (IPCC 2007; Ding
et al. 2006) and has significantly altered precipitation patterns (Gao et al. 2012;
Liang et al. 2011). Altercation of these two meteorological variables in hydrological
cycle has significantly affected other components directly and indirectly (Fig. 1.1)
conclusively affecting agricultural and water sectors (Vargas-Amelin and Pindado
2013; Babel et al. 2011). The observed climate change impacts at global scale are
detrimental and it has affected several sectors. The major ones include global
average air and ocean temperatures, spatial extent of snow and ice, glacial retreat
and increased sea level. Other detected effects include higher intensities of extreme
events such as floods and droughts, intense hotter days and cyclonic activities
which ultimately have significant influence on agricultural production and human
lives.

The Intergovernmental Panel on Climate Change (IPCC)’s Fifth Assessment
Report (AR5) suggests the current climate is changing at a significant rate relative
to earlier periods. A superficial relationship derived from the temperature rise and
sea level rise for 120 years reflects a potential increase of sea level by more than one
meter by 2,100 (Rayanakorn 2011). Other observed effect includes the changes in
cryosphere which has been documented virtually in all cryospheric components
with robust evidence that are in general a response to the reduction of snow and ice
masses due to enhanced warming. Although the changes in mountain glaciers and
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ice caps have been well documented in runoff estimation (Box et al. 2006), altering
the hazard magnitude and intensity (Haeberli and Burn 2002) and ocean freshening
(Bindoff et al. 2007), there is also a contemporary evidence of the crustal uplift in
response to recent glacier melting in northern America. In general, it is observed
that since 1960s, loss in glaciers outside Greenland and Antarctica are
0.76 mm yr−1 sea level equivalent (SLE) during 1993–2009 and a significant
increase of 0.83 mm yr−1 for the period 2005–2009 (IPCC 2013). Similarly the
observed changes for sea ice extent illustrate a significant declination of 3.8 % per
decade with larger losses in summer and autumn relative to other seasons. Recent
studies also validated climate change driven by various GHGs has significantly
affected the hydrologic regime. Shorter wet season with intense rainfall and
extended dry season not only has affected the water availability, water distribution
but also the agricultural planning and management (Seiller and Anctill 2013; Kang
and Khan 2009). Especially in case of the delta, where the ecosystem is highly
threatened by not only the direct climatic factors, but also the indirect implications
of the sea level rise, backward flow of sea water to river and salinity intrusion.

It is anticipated that climate change will impose many risks and vulnerability for
the present and the future generation. The most susceptible being the developing or
the least developed nations which posses very less coping capacity to the negative
effects of climate change (Rayanakorn 2011). The key findings of the latest AR5
report suggest that under climate change, several ecosystems are expected to be
threatened with possible extinction of many plant and animal species. Historical
observations of agricultural productivity at global scale reflect higher productivity

Fig. 1.1 Interdependence of meteorological variables and hydrological cycle. Source USGCRP
2009
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in higher latitudes and a relative lower yield for regions near to equator and this
difference is expected to get widen in the future under climate change (Ray et al.
2012). The current increasing population and human dwelling in the flood plains
and coastal areas have increased the risk of the people vulnerable to climatic events.
Furthermore, spread of various infectious diseases also has been attributed to cli-
mate change with a confidence level ranging from moderate to high (St Laurent and
Mazumder 2014; El-Fadel et al. 2012).

In order to appraise the implications of climate change on these sectors, globally
impact assessment studies has been carried out by the projections done by General
Circulation Models (GCMs). GCMs are crucial tools to reproduce the virtual future
climate based on energy and mass balance equations (Chiew et al. 2013). They
represent the physical processes in atmosphere, ocean, cryosphere and land surface
based on response of global climate system to the increasing greenhouse gas
concentrations depending of five selection criteria: Consistency with global pro-
jections, physical plausibility, applicability in impact assessments, representative-
ness and accessibility (IPCC 2007). GCMs illustrates the climate by using a three
dimensional grid over globe (Fig. 1.2) with a horizontal resolution ranging from

Fig. 1.2 Structure of a typical general circulation model (GCM)
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250 to 600 km and 10 to 20 vertical layers in atmosphere and additional up to 10
layers in case of ocean. Due to the coarse spatial resolution relative to the exposure
units, are not suitable for basin scale impact assessment studies (Zorita and von
Storch 1999). In addition, many physical processes attributed to clouds also occur
in smaller units and leads to uncertainty in modelling. Therefore for impact
assessment studies, the outputs are necessarily converted or downscaled to specific
target weather stations using the historic weather data or available database. The
spatially refined multiple ensemble outputs of GCMs are further used in models for
impact assessment studies along with their uncertainty.

The Southeast Asian (SEA) region comprises of 11 nations namely Myanmar,
Thailand, Laos, Cambodia and Vietnam in mainland whereas Indonesia, Philippines,
Brunei, East Timor, Malaysia and Singapore in the maritime region. The region
serves as a homeland for approximately 618 million people and a land area of
4.5 million km2. The Mekong River originating from China serves as the lifeline of
the people in the mainland, providing livelihood tomore than 70million people along
with the river basin. The current altercations in the climate pattern driving the water
budget have affected various sectors in the region including energy distribution,
agriculture and water supply. Moreover, the tropical and monsoonal countries in the
lower Mekong basin also have encountered many frequent and intense floods in
recent past namely Myanmar and Vietnam being the most vulnerable countries in the
region. On contrary intense and longer spell of droughts have prevailed in Thailand,
Laos and Cambodia in recent past (Hundertmark 2008) indicating the implications of
climate change are ambiguous and alters with locations. This implies in order to
appraise the impacts of climate change on various sectors for any region, studies must
be focused at basin/provincial level however, in this book we have constrained
ourselves on the mainland regions of the SEA region.

The main purpose of this book is to inform water managers and decision makers
about the climate change, its impact on water resources and selected water use
sectors and how to adapt to these changes. All the case studies presented in this
book are based on established theories, principle and application of sound meth-
odologies. The book starts with the Chap. 1 which provides the general background
of climate change and its observer impacts on water resources and water use
sectors. It also highlights the need of conducting climate change impact assessment
at basin level to formulate adaptation strategies to cope with negative impacts of
climate change on hydrology, irrigation water requirements and crop production.

The Chap. 2 focuses on the assessment of climate change impacts on water
availability in Thailand. The result of the study shows that the water availability in
the future decades varies for the dry and wet season. In case of dry season, the
coastal areas show a decline in water availability in the near future then tending to
increase to the similar amount as of current situation in the late part of century.
However, in case of wet season an increasing trend of water availability is observed
in future. Nonetheless, considering the whole country for dry season the water
availability is expected to be decreased in the early part of the century followed by
an increasing trend by the end of the century relative to present water availability
for both scenarios. Similarly a univocal increasing trend of water availability is
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expected for wet season indicating the possibility increased frequency and intensity
of floods.

The Chap. 3 aims to investigate the impact of climate change on the inflow to
Ubolratana dam in Thailand. The outputs of regional climate model PRECIS was
used to project the future climate under two emission scenarios A2 and B2. The
result for A2 and B2 emission scenarios is divided into three periods of 2010–2039,
2040–2069 and 2070–2099. In future, the higher precipitation change was observed
in the downstream area of the Chi river basin. The mean maximum temperature
change of period 1–3 in range of +0.5 to +2.5 °C for A2 and +0.5 to +1.9 °C for B2
scenarios. Similarly, the mean minimum temperature change in range of +0.6 to +3.
1°C for A2 and +0.6 to 2.3°C for B2 scenarios. MIKE11 NAM model was used to
compute the inflow to Ubolratana dam of Chi river basin. Simulation results
showed that inflows will increase in future for both A2 and B2 scenarios. It was also
found that with the increasing inflows, the resiliency and reliability of the dam will
be decreased whereas its vulnerability will be increased.

The Chap. 4 analyze the impacts of climate change on flood hazard in Yang
River Basin under future climatic scenarios with coupling of a physically-based
distributed hydrological model, Block-wise application of TOPMODEL using
Muskingum-Cunge flow routing (BTOPMC) and hydraulic model, HEC-RAS.
Results indicate that croplands are being mostly affected by 100 year return period
in case of baseline period. The probable increase in flood hazard under climate
change scenarios threatens the increased inundation of croplands area and indicates
the potential damage in food production and its impacts on livelihood of local
people.

The Chap. 5 analyzes the temporal impacts of climate change on irrigation water
requirement (IWR) and yield for rainfed rice and irrigated paddy respectively at
Ngamoeyeik Irrigation Project (NIP) in Myanmar. Climate projections from two
General Circulation Models (GCMs) namely ECHAM5 (scenario A2 and A1B) and
HadCM3 (scenarios A2 and B2) were derived for NIP for future time windows
(2020s, 2050s and 2080s). The analysis shows a decreasing trend in maximum
temperature (−0.8 to +0.1°C) for the three scenarios and three time windows
considered; however, an increasing trend is observed for minimum temperature
(+0. 2–+0.4°C) for all cases. The analysis on precipitation also suggests that rainfall
in wet season is expected to vary largely from −29 % (2080s; A1B) to +21.9 %
(2080s; B2) relative to the average rainfall of the baseline period. A decreasing
trend of irrigation water requirement is observed for irrigated paddy in the study
area under the three scenarios indicating that small irrigation schemes are suitable to
meet the requirements. An increasing trend in the yield of rainfed paddy was
estimated under climate change demonstrating the increased food security in the
region.

In Chap. 6, several adaptation measures were evaluated to overcome the nega-
tive impact of climate change on rice production in the Quang Nam province
of Vietnam. Results show that climate change will reduce rice yield from 1.29 to
23.05 % during the winter season for both scenarios and all time periods, whereas
an increase in yield by 2.07–6.66 % is expected in the summer season for the 2020s
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and 2050s; relative to baseline yield. The overall decrease of rice yield in the winter
season can be offset, and rice yield in the summer season can be enhanced to
potential levels by altering the transplanting dates and by introducing supplemen-
tary irrigation. Late transplanting of rice shows an increase of yield by 20–27 % in
future. Whereas supplementary irrigation of rice in the winter season shows an
increase in yield of up to 42 % in future. Increasing the fertilizer application rate
enhances the yield from 0.3 to 29.8 % under future climates. Similarly, changing
the number of doses of fertilizer application increased rice yield by 1.8–5.1 %,
relative to the current practice of single dose application. Shifting to other heat
tolerant varieties also increased the rice production. Based on the findings, changing
planting dates, supplementary irrigation, proper nutrient management and adopting
to new rice cultivars can be beneficial for the adaptation of rice cultivation under
climate change scenarios in central Vietnam.

The overall conclusion of these six case studies is that climate change will have
impacts on water resources and water use sectors such as agriculture. However the
magnitude and nature of the impacts varies with location and time period. Therefore
it is very essential to formulate the adaptation strategies at local level to offset the
negative impacts or to exploit the beneficial opportunities from climate change.
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Chapter 2
Assessment of Water Availability Under
Climate Change Scenarios in Thailand

Abstract This paper investigates the potential impact on climate change on future
water availability in Thailand. For this study, entire country was divided into nine
Hydrological Response Units (HRUs) and the hydrological modeling was performed
by Hydrologic Engineering Center’s Hydrologic Modeling System (HEC-HMS) for
each HRU using the future decadal climate data obtained from the Regional Climate
Model (RCM) named Providing Regional Climates for Impact Studies (PRECIS)
which was further bias corrected by using ratio method for two emission scenarios A2
and B2. The simulation shows that the water availability in the future decades at the
different HRUs varies for the dry and wet season. In case of dry season, the coastal
HRUs show a decline in water availability in the near future then tending to increase
to the similar amount as of current situation in the late part of century. However, in
case of wet season all the HRUs shows increasing trend of water availability in future.
Nonetheless, considering the whole country for dry season the water availability is
expected to be decreased in the early part of the century followed by an increasing
trend by the end of the century relative to present water availability for both scenarios.
Similarly a univocal increasing trend of water availability is expected for wet season
indicating the possibility increased frequency and intensity of floods.

Keywords Climate change � HEC-HMS � PRECIS �Water availability � Thailand

2.1 Introduction

Southeast Asia is expected to be seriously affected by the impacts of climate change
due to the high dependency of economy on agriculture and water resources in the
region (IPCC 2007). The region’s water resource is already affected by the rapid
population growth, urbanization, agricultural and hydropower demand. Recent
extreme events in Thailand shows it is under water crisis, in addition the intensity of
the extreme events are also expected to increase in the future (Graiprab et al. 2010).
Two most important problems attributed by climate change in the region are floods
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and droughts (SEA START RC 2009). Flooding negatively affects the crops,
livelihoods and infrastructure throughout the country whereas drought affects the
crop production specifically in the Northeast region (Kranz et al. 2010). Similarly,
studies show that the impact of climate change are regional and its affects are also
concentrated at regional scale (Chiew et al. 2009; Dore 2005) although the water
management policies target at national scale.

Climate change is anticipated to have significant alteration of the global water
cycle through changes in temperature and precipitation (Sharma and Babel 2013).
The change in precipitation regime, in terms of intensity and frequency inclusive of
spatial distribution has already been reported worldwide (Jiang et al. 2007a; Dore
2005). Contemporary studies of state of art on climate change impacts on hydrology
in various watersheds in the world validate changes in the annual and seasonal
pattern of flows (Li et al. 2013; Boyer et al. 2010; Jiang et al. 2007b). The
increasing demand of freshwater by virtue of factors such as population growth and
land use change has forced water resources under threat. Additionally, climate
change has rendered its availability in the future towards more uncertainty (Davis
and Simonovic 2011).

The Third Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC) released in 2001 reported intensification of the global hydrological
cycle with its implications on surface and groundwater resources (IPCC 2001).
Although several studies (Babel et al. 2013; Nohara et al. 2006; Arnell 2003) have
been conducted to understand the impacts on river runoff by using the advanced
global hydrological models that are driven by ensembles of climate models yet the
influence of climate change at national scale and its variation with basin scale is still
under dilemma (Minville et al. 2008).

For the last two decades GCMs have confirmed to be an essential tool for climate
change impact assessment studies (Weart 2010). Although the simulated scenarios
are advisable for the regional to national scale studies, they are less suitable for
basin level studies due to their coarse spatial resolution. Several techniques have
been developed to overcome this issue but still there is a demand to further develop
the existing methods for impact assessment studies. Bias correction has been suc-
cessfully applied in many parts of world for linking GCMs and hydrological models
of impact assessment (Koutroulis et al. 2013; Leander and Buishand 2007). In
addition although several hydrological models are available, HEC-HMS is a ver-
satile semi-distributed model and its performance has been accepted in many basins
in the world (Chu and Steinman 2009; Sharma et al. 2007).

Despite of the significant progress on the basin level climate change impacts
assessment studies, a comprehensive study comprising of basin scale study attrib-
uting to national level water availability is necessary for Thailand. With limited
adaptive capacity, the people are expected to be severely threatened by the addi-
tional influence of climate change. In order to address this issue, this paper presents
the analysis of the future changes in local climate at hydrological response units
(HRUs) and assesses their impact on national scale water availability to help in
managing water resources more efficiently and prepare necessary plans for adap-
tation in changing climatic conditions.
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2.2 Study Area

Thailand lies within 5°37′–20°28′ north latitude and 97°21′–105°38′ east longi-
tudes. The study includes the 25 major river basins in Thailand covering an area of
approx. 5,13,000 km2. All major river basins were grouped into nine HRU
(Hydrological Response Unit) based on the physiographic characteristics for easi-
ness in hydrological modeling. Figure 2.1 shows all the HRUs considered in this
study. Elevations vary from 0 to 1,350 masl with higher altitudes found in the
northern part of the country. Tropical wet climate dominates the country however;
the south and east experience a tropical monsoon climate. The ranges of maximum
and minimum temperatures are from 28–36 °C and 13–25 °C respectively. Tem-
perature varies significantly with location; higher in the plains whereas low in hills.
The wet season starts with the monsoon from May to July which extends up to
October to November contributing 75 % of total rainfall and consecutively leaving
rest part of the year dry with very low available water. Dry period extends longer in
the Northeast part of the country even up to May/June. The average annual rainfall
of the country is about 1,574 mm which also changes with location. The annual
rainfall is about 1,200 mm in the northern mountainous region, 1,300 mm in the
central plain, below 1,000 mm in the western strip of the north-east plateau and
increases to 1,600 mm towards the Far East end of the north-east plateau. The east
coast peninsula receives additional rainfall from the northeast monsoon during
November through January and annual rainfalls of 1,800 mm and 2,500 mm are
observed over the eastern and western coasts of the peninsula respectively.

2.3 Methodology

2.3.1 Data Collection

2.3.1.1 Hydro-meteorological Data

Daily precipitation data of 95 meteorological stations covering the whole of
Thailand were collected for the period of 1971–2010 from Thai Meteorological
Department (TMD). The distribution of the numbers of stations from the basins was
done based on the area of the HRU and spatial distribution of the stations. Data
collected from all stations were used for creating Thiessen polygons for determining
the distribution of rainfall in the HRUs. Missing data were generated by creating
linear regression models based on observed and gridded daily precipitation dataset
from APHRODITE (http://www.chikyu.ac.jp/precip/). The daily river discharge
data of all 25 major river basins was collected from Royal Irrigation Department
(RID) for a period of 1992–2000. However, in order to set up the model for the nine
HRUs the river discharge of the major rivers was used.
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2.3.1.2 Future Climate Data

Outputs of the regional climate model (RCM) PRECIS developed by the Hadley
Centre of the UK Meteorological Office was used for generating the future gridded
climatic dataset. The PRECIS RCM is based on the atmospheric components of the

Fig. 2.1 Nine modeled hydrological response units in Thailand for future water availability
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ECHAM4 GCM from the Max Plank Institute for Meteorology, Germany. The
PRECIS data are produced by the Southeast Asian System for Analysis, Research and
Training (SEA START) Regional Center for entire Southeast Asian region with a
resolution of 0.2° × 0.2° (approximately 22× 22 km2). These data comprise of datasets
of A2 and B2 emission scenarios from ECHAM4 A2 and B2. The PRECIS data over
the periods of 1971–2000 and 2011–2100 for bothA2 andB2 scenarioswere obtained
from SEA START Regional center (http://gis.gms-eoc.org/ClimateChange/index_
en.asp).

2.3.1.3 Other Data

The 90 m resolution Digital Elevation Model (DEM) for whole Thailand was
downloaded from the Shuttle Radar Topography Mission (SRTM) website: http://
glcf.umd.edu/data/srtm/. Soil data and its classification were done based on Food
and Agriculture Organization (FAO) recommendations. The land use and land
cover map for 2005 was retrieved from Land Development Department (LDD),
Government of Thailand.

2.3.2 Methodological Framework

Figure 2.2 represents the framework followed for assessing the impacts of climate
change on water availability in Thailand. This study also emphasizes the impor-
tance of bias correction for the precipitation data obtained from RCM at basin level.
Statistical comparison was done with raw RCM and bias corrected data to evaluate
the outputs with the observed data for the current time period. Simultaneously the

Fig. 2.2 Methodological framework followed to assess the impact of climate change on future
water availability in Thailand
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semi-distributed hydrological model HEC-HMS version 3.5, developed by United
States Army Corps of Engineers was also set up for each HRU by using the outputs
of HEC-GeoHMS. The bias corrected precipitation output was then fed into HEC-
HMS to simulate the future decadal water availability for A2 and B2 scenarios.

2.3.3 Ratio Method of Bias Correction

The ratio method for bias correction was derived from Braun et al. (2011) which
involves three steps. The first deals with determining monthly precipitation over the
reference period followed by estimation of the monthly biases by using the mean
monthly precipitation and the RCM dataset. Finally the calculation of the fine
spatial resolution projected output is calculated based on the observed reference
period and monthly bias computed data. Due to handling enormous amount of data
for this research; in addition to the satisfactory performance of this method in other
basins (Chen et al. 2013; Mpelasoka and Chiew 2009), the particular method was
selected. Figure 2.3 illustrates the stepwise flowchart of the bias correction
technique.

Fig. 2.3 Methodological flowchart for bias correction technique showing A2 scenario (as an
example) applied in this study
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2.3.4 Hydrological Model

HEC-HMS model was selected to simulate the discharge in all HRUs. HEC-HMS
model set up includes the setting of basin model, meteorological model and define the
control specifications. The basin parameters including sub-basin area, centroid, slope
of basin and longest flow are pre-requisite for HEC-HMS which was further derived
by basin delineation from HEC-GeoHMS version 1.1 in ArcView GIS 3.2. The
outputs of HEC-GeoHMS for all HRUs were imported to HEC-HMS to set up the
model for those particular HRUs. Since the model was run for longer period of time,
continuous loss model was chosen. Clark unit hydrograph transformation, constant
monthly baseflow and lag routing methods were selected to develop the model for the
HRUs. The meteorological model was developed by Thiessen Polygon Weight
method. Further details on basin/HRU development can be found in USACE 2000.
Observed hydrological and meteorological data for the period of 1995–2003 and
2004–2010 was used for calibration and validation of the model respectively.

2.4 Results and Discussion

2.4.1 Comparison of RCM and Bias Corrected Values

Table 2.1 shows the comparison of the raw RCM and bias corrected rainfall data
with the observed for reference period for all nine HRUs. The results clearly
indicate that the bias correction gives better results in representing the present day
climate. It can be observed that for Chao Phraya and Western Gulf HRUs the raw

Table 2.1 Comparison of RCM simulated and bias corrected average annual precipitation values
with the observed precipitation

HRU name Observed
(mm)
(2001–2010)

RCM simulated Bias corrected

Absolute value
(mm)

%
change

Absolute value
(mm)

%
change

Salawin 1,190 ± 47 1,042 ± 55 −12.46 1,157 ± 34 −2.78

Mae Kok 1,730 ± 63 1,321 ± 78 −23.65 1,645 ± 45 −4.88

Mae
Khong

1,944 ± 127 2,122 ± 141 9.16 2,001 ± 114 2.94

Chao
Phraya

1,076 ± 162 1,432 ± 154 33.09 1,119 ± 148 4.00

Mae Klong 1,612 ± 27 1,578 ± 45 −2.11 1,602 ± 31 −0.63

Bang
Pakong

1,422 ± 44 1,332 ± 64 −6.37 1,401 ± 47 −1.46

Eastern
Gulf

1,908 ± 96 1,515 ± 75 −20.61 1,834 ± 91 −3.89

Western
Gulf

1,063 ± 89 1,432 ± 78 34.72 1,134 ± 92 6.65

Southern 2,221 ± 124 2,850 ± 98 28.33 2,336 ± 137 5.17
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RCM data shows a deviation of +33.09 and +34.72 % in magnitude of observed
average annual precipitation whereas removing bias in the dataset can reduce it to
+4.00 and +6.65 % respectively. Similar results were also obtained in other HRUs
as well however it can also be observed that simulated RCM values depend on the
location of the HRU. For instance the percent deviation in simulated precipitation
by RCM is higher in the coastal areas whereas in mountains and plains the simu-
lations are in good agreement with the observed values.

2.4.2 Projected Rainfall Anomalies

The rainfall anomalies projected by bias correction of the RCM dataset were cal-
culated for dry and wet seasons separately for 2011–2040 (2020s), 2041–2070
(2050s) and 2071–2099 (2080s). Table 2.2 represents the percent deviation in
average rainfall for dry season. It is observed that Mae Kok, Mae Khong and Bang
Pakong HRUs will experience higher increase in precipitation in all three future
time periods for both scenarios. It can also be observed that Chao Phraya will
experience an increase in precipitation up to 22 and 13.5 % for A2 and B2 scenarios
respectively in 2080s relative to baseline period. Higher variation in the observed
precipitation is also observed for the baseline period. The larger number of stations
considered in the HRU can be attributed to this variation.

In case of wet season, Mae Kok and Mae Khong HRUs will experience an
increase in precipitation up to 29.5 and 36.5 % in 2080s relative to baseline period
(Table 2.3). The elevation of Mae Kok and larger spatial extent of Mae Khong

Table 2.2 Projected rainfall anomalies (%) for dry season in case of A2 and B2 scenarios

Basin group Baseline (1971–
2000)

2020s 2050s 2080s

Dry period (Nov–
Apr)

A2
(%)

B2
(%)

A2
(%)

B2
(%)

A2
(%)

B2
(%)

Salawin 273.7 ± 33 0.9 −1.6 3.4 4.8 14.3 10.0

Mae Kok 397.9 ± 37 17.1 14.3 21.1 22.1 33.6 28.2

Mae Khong 408.2 ± 94 4.4 14.8 22.7 21.8 37.8 23.7

Chao
Phraya

275.5 ± 102 3.1 0.8 7.4 8.4 21.9 13.5

Mae Klong 412.7 ± 21 −4.2 −6.6 −1.9 −0.5 8.4 4.4

Bang
Pakong

364.0 ± 24 23.6 23.9 29.3 29.7 32.0 30.6

Eastern
Gulf

450.3 ± 51 4.0 1.5 6.5 8.0 17.6 13.3

Western
Gulf

318.9 ± 61 −12.9 −15.0 −10.8 −9.6 −1.4 −5.0

Southern 666.3 ± 62 −4.6 −7.4 −7.4 −4.4 −2.4 −3.0
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HRU can be the causative factor for the projected increase. Surprisingly,
Mae Klong and Bang Pakong HRUs show higher precipitation in order of 23.2 and
31.9 % for A2 scenario in 2080s. The influence of physical process of the moun-
tains and sea respectively in climatology can be the attributed to this. In addition a
higher variation in the observed precipitation for the baseline period is observed for
Mae Khong, Chao Phraya, Eastern Gulf, Western Gulf and Southern HRUs.

2.4.3 Calibration and Validation of HEC-HMS

The HEC-HMS was calibrated and validated for all HRUs based on the observed
stream flow data. The period of 1995–2003 and 2004–2010 was chosen for model
calibration and validation respectively. The modeling results were evaluated based
on the coefficient of determination and volumetric error. The results suggest the
model estimates the runoff in good agreement with the observed runoff. However,
poor relationship is observed for Mae Khong, Eastern Gulf, Western Gulf and the
Southern group HRUs (Table 2.4). Multiple outlets in the coastal region can be
attributed to the poor performance in these HRUs. However, the performance of the
model is still in acceptable range and therefore the projection was carried out for the
future time periods.

2.4.4 Projection of Decadal Water Availability at HRU Scale

Figures 2.4 and 2.5 show the simulated future water availability for A2 and B2
scenarios at all HRUs considered. The results suggest that, the future change in

Table 2.3 Projected rainfall anomalies (%) for wet season in case of A2 and B2 scenarios

Basin group Baseline
(1971–2000)

2020s 2050s 2080s

Wet period
(May–Oct)

A2 (%) B2 (%) A2 (%) B2 (%) A2 (%) B2 (%)

Salawin 916.3 ± 52 −0.6 2.8 2.6 2.4 14.3 2.3

Mae Kok 1,332.1 ± 72 12.7 16.8 16.7 15.7 29.5 16.9

Mae Khong 1,535.7 ± 133 14.1 18.4 19.8 20.9 36.5 26.2

Chao Phraya 800.5 ± 181 1.2 4.2 3.7 4.1 16.2 3.3

Mae Klong 1,199.3 ± 43 7.2 10.9 10.7 10.4 23.2 10.3

Bang Pakong 1,057.9 ± 56 11.3 13.5 12.5 14.7 31.9 17.1

Eastern Gulf 1,457.7 ± 102 2.7 6.2 6 5.7 18 5.7

Western Gulf 744.1 ± 118 −3.0 0.3 0.2 −0.1 11.6 −0.1

Southern 1,554.7 ± 132 1.0 5.4 8.8 8.7 21.4 15.4
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water availability is univocal in some HRUs whereas it is in contradiction in others.
For instance, in case of Salawin, Chao Phraya and Eastern gulf HRUs for dry
season, the water availability is expected to fluctuate in the first three decades
followed by an increasing trend for both scenarios. It can also be noted that, the
magnitude of available water is higher for A2 scenario relative to B2. It can also be
observed that for the corresponding season at Mae Kok, Mae Khong and Bang

Table 2.4 HEC-HMS model performance statistics during calibration and validation

HRU name Coefficient of determination
(R2)

Volumetric error (%)

Calibration Validation Calibration Validation

Salawin 0.78 0.76 3.87 2.56

Mae Kok 0.74 0.71 4.23 3.12

Mae Khong 0.61 0.67 8.74 6.58

Chao Phraya 0.87 0.82 1.42 2.06

Mae Klong 0.85 0.81 2.64 3.51

Bang Pakong 0.77 0.84 4.11 3.28

Eastern Gulf 0.62 0.59 −9.84 −10.71

Western Gulf 0.70 0.71 −9.71 −8.65

Southern 0.65 0.62 −8.21 −8.65

Fig. 2.4 Percent change in decadal water availability for dry season in all HRUs for A2 and B2
scenarios
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Pakong HRUs an increasing trend in available water persists for both scenarios. A
contradictory decreasing trend is expected for the coastal HRUs particularly
Western and Southern HRUs. However simulation suggests that in Mae Klong
HRU, the water availability will be reduced in the first half followed by an increase
at the latter half of century. The projected rainfall in those HRUs can be attributed
to the pattern of the simulated runoff. Simulation also suggests the southern and
western basin groups are expected to experience a decline in the water availability
for early part of the century up to 17 and 12 % for 2010s and 2020s respectively
relative to present water availability. The projected spatial variability in the water
availability due to climate change may significantly affect the long term water
management plans.

Simulation of future water availability for wet season suggests a relatively lesser
altercation for many HRUs in the country. An increasing trend in water availability
is observed for Mae Kok, Mae Khong, Mae Klong, Bang Pakong and the Southern
HRUs where the stream flow is expected to increase for all the decades relative to
the baseline period for both scenarios. The Salawin, Chao Phraya and Western Gulf
shows higher fluctuation in water availability for the decades however; the water
availability is expected to increase up to 21, 25 and 17 % for the respective HRUs
for 2080s in case of A2 scenario leading to higher focus on increased intensity of
flood. Eastern Gulf HRU shows a positive fluctuation in the water availability
although an increase up to 23 % is expected for 2080s in case of B2 scenario.

Fig. 2.5 Percent change in decadal water availability for wet season in all HRUs for A2 and B2
scenario
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Nevertheless, for all HRUs an increasing trend or minor positive fluctuation in
water availability is expected for all decades and the possibility of low intensity and
frequent foods in wet season in the region.

2.4.5 Projection of Decadal Water Availability at National
Scale

Figure 2.6 indicates the national level water availability for the future climate. It can
be observed that majority of the HRUs indicates an increasing trend of water
availability in dry season, yet at national scale the water availability results dem-
onstrates a dropdown up to 6 % for A2 scenario in 2020s compared to the baseline
period of 77,061 MCM. The simulation also illustrates ahead of 2040s, an increase
in magnitude is expected with maximum value at 13 and 7.5 % for A2 and B2
scenarios in 2080s. The reduced stream flow in the early decades for most of HRUs
attributed to climate change is the influencing factor for the reduced water avail-
ability for corresponding time intervals. The results indicate that at national level
proper plans for energy and other associated sectors are necessary to be evaluated
since in the early decades the water availability is expected to decrease.

In contrast to dry season, wet season water availability is expected to have an
increasing trend at national level irrespective of basin scale projection (Fig. 2.7). An
increase in water availability of 31 and 17 % are expected for 2080s in case of A2
and B2 scenarios respectively at national scale compared to 183,050 MCM for
baseline period which calls for improved land use planning. It can also be noted that
the national level water availability is influenced by the size of the HRU considered.
The severity in magnitude of precipitation for A2 scenario is the contributing factor

Fig. 2.6 Projected percent change in decadal water availability at national level for A2 and B2
scenarios in case of dry season
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for the higher stream flow generation. For instance the stream flow generated for
dry season follows similar trend as that of Chao Phraya and Mae Khong HRUs.
Similarly for wet season the water availability trend follows similar as that of Mae
Klong and Southern basin group HRUs.

2.5 Conclusions

The present study examines the future water availability for Thailand grouped at
different HRU and national scale under two different climate change scenarios. The
outputs of PRECIS RCM were selected to construct the climate change scenarios
for the study area. A comparison of raw RCM outputs and bias correction results
suggest the future climate data can be significantly corrected by ratio method of bias
correction. Further, bias correction of results illustrates Mae Kok, Bang Pakong,
Mae Khong and Southern basin HRUs are expected to have an increase in pre-
cipitation ranging from 21.4 to 37.8 % and 15.4 to 30.6 % for A2 and B2 scenarios
respectively considering both dry and wet seasons by 2080s. Hydrological model
simulation suggests that for both scenarios and seasons; all HRUs show similar
trend except for Mae Klong, Bang Pakong, Western and Southern HRUs where dry
season indicates different trend relative to that of wet period. Although, in all cases
the extreme water availability is observed in 2080s ranging from −7 to 47 % and
−17.8 to 54 % for wet and dry periods respectively relative to baseline period. The
national level water availability varies from −5.5 % in 2020s to +13 % 2090s and
+1 % in 2010s to +29 % in 2080s. The increasing trend of water availability
indicates better water management plan for the increased risks of flood in the nation.

Fig. 2.7 Projected percent change in decadal water availability at national level for A2 and B2
scenarios in case of dry season
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Chapter 3
Climate Change Impact on Reservoir
Inflows of Ubolratana Dam in Thailand

Abstract This study analyzes the future climate implications on the reservoir
inflows for Ubolratana dam, Thailand. The future climate data of precipitation,
maximum and minimum temperature was derived from regional climate model
RCM Providing Regional Climates for Impact Studies (PRECIS) for A2 and B2
climate scenarios. Bias correction was performed on the climate data for finer
spatial resolution. Future inflow was estimated by the simulation of the future flow
by hydrological model MIKE 11 NAM module. The results suggest elevated
maximum and minimum temperatures relative to the baseline period. Similarly,
higher intense rainfall is also expected in the future for both scenarios considered.
Hydrological model simulation results for future climate suggests higher inflows in
the future for both scenarios however less intense in case of B2 scenario. Resil-
ience, reliability and vulnerability (RRV) analysis show that with the increasing
rainfall in future will contribute to lower resilience and reliability whereas higher
vulnerability.

3.1 Introduction

Thailand’s major economy relies on agriculture and it is expected to be seriously
affected by the adverse impacts of climate change due to the high sensitivity of
agriculture on climatic variables including water resources. Studies indicate among
Southeast Asia, Thailand has the highest per capita water use and 94 % to total
water use is accounted for agricultural sector (Chulalongkorn 2012). The vulner-
ability of freshwater resources attributed to climate change is undoubtedly
negligible in the region since the development of the region depends on water
resources. Moreover, the observed changes in water regime driven by climatic
factors have not only affected agriculture but also the energy production in past
decades (Hunukumbura and Tachikawa 2012).

Although not many researches focusing on climate change has been conducted
in Chi River basin of Thailand however; the existing findings illustrate the presence
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of ambiguous and increasing trends in precipitation and temperature respectively
(Artlert et al. 2013). An increase of 1.2 to 1.9 °C in temperature is projected by
2050s relative to historical period under climate change in Thailand (IPCC 2007).
Further studies on climate change has illustrated that the shifts in precipitation
pattern are not coherent and therefore it has its implications on regional scale
(Manomaiphiboon et al. 2013). The observed and projected changes in the climatic
variables will have significant influence on the streamflow and watershed hydrology
(Sivakumar 2011). The alteration of the rainfall pattern will certainly influence in
the seasonal reservoir inflows and therefore shift in the reservoir operations are
necessary. Although on a global scale majority of studies have mainly focused on
the downstream beneficial interests in large river systems; merely a handful of
studies have focused on the climate change implications on the reservoir inflows
(Lauri et al. 2012; Raje and Mujumdar 2010).

General Circulation Models (GCMs) are tools which provides the future climatic
data for a given greenhouse emission scenario. However due to the coarse spatial
resolution, it is not suitable to apply the outputs at basin scale or sub-grid level
hydrological assessment studies. Statistical or dynamic downscaling [regional cli-
mate models (RCMs)] methods are generally applied for refining the climatic data
for catchment modeling. Even though some studies even have applied RCM data
directly in impact assessment studies yet globally, in many basins output of
20–50 km resolution are not sufficient to represent the true climate of the regions at
station level and hence further downscaling or bias correction are suggested
(Sharma and Babel 2013; Teutschbein and Seibert 2012).

In order to complement these problems, the present study was conducted to
forecast the future reservoir inflows using bias corrected future climate data and
hydrological model for IPCC special report on emission scenarios (SRES) A2 and
B2 for Ubolratana dam located in Chi river basin, Northeast Thailand. The main
objectives are: (1) to investigate the future climate change in the upstream of the
Ubolratana reservoir and (2) response of the climate change on the reservoir inflows
for future periods.

3.2 Study Area

The Chi River Basin is located in the north-east of Thailand extending from
15° 30′–17° 30′ N latitude and 101° 30′–104° 30′ E longitude and covers an area of
49,477 km2 in twelve provinces extending about 360 km from the east to west and
210 km from the north to south. Figure 3.1 shows the location of the study area in
the basin. The climate is moderately tropical with average annual temperature
ranging from 26.6 to 27.8 °C. Further, the region is dominated by two monsoon
seasons namely the southwest which influences from mid-May to mid-October with
heavy showers and the northeast monsoon extending from mid-November to mid-
February which accumulates to 1,700 mm of average annual rainfall. South China
Sea contributes to the tropical cyclone in the region from August to September.
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Long term observation suggests the average annual runoff of the Chi river basin is
11,244 MCM which can be disintegrated into 9,638 MCM for wet and 1,606 MCM
for dry season (RID 2002).

3.2.1 Characteristics of Ubolratana Dam

The Ubolratana is a multipurpose dam with a catchment area of 12,000 km2 for
development of electricity, irrigation, flood control, transportation, fisheries and
tourism. The dam is located on the Nam Pong River at Kok Soong Sub-district,
Ubolratana District of Khonkaen province. The structural is an earth core rock-fill
dam and was constructed in 1984 with the height of 32 m, crest length of 885 m,
crest width of 6 m. Normal Flood Level is 182.00 m (MSL) with a maximum
storage capacity is 2,559 MCM. The total catchment area is 12,000 km2.

3.2.2 Flood Problems in Ubolratana Reservoir

Historical data suggests the average inflow in the reservoir is 2,481 MCM which is
equivalent to the capacity of the reservoir and therefore during the extreme rainfall

Fig. 3.1 The location of the study area showing the upstream and downstream of the Ubolratana
dam
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years the water resource management is a big issue in the reservoir. Figure 3.2
illustrates the annual inflow from 1970 to 2008 in the dam. It can be observed in
1978 and 1980 the inflow was twice the capacity and therefore due to the safety
concerns spillways had to operate far beyond the designed discharge which led to
flash flood in downstream.

3.2.3 Data Collection

Two sets of meteorological data (rainfall and temperature) in the Pong river sub-
basin were collected for 81 stations lying within and adjacent to the basin according
to data availability and frequency. In addition streamflow data from 26 stations
were extracted for the upstream and downstream of the reservoir. The meteoro-
logical data was obtained from Thai Meteorological Department (TMD) whereas,
the streamflow data was retrieved from Royal Irrigation Department (RID).

The future climate data were retrieved from the RCM Providing REgional
Climates for Impact Studies (PRECIS) which is developed by Hadley Centre at UK
Met Office (http://cc.start.or.th/). The model has a spatial resolution of 20 km and
derives its boundary conditions from the GCM ECHAM4. Sharma et al. (2007)
evaluated suitability of several GCMs in Ping river basin (an adjacent basin);
findings suggest ECHAM4 is the best suitable model in the basin in order to
represent the precipitation and temperature for the historical climate.

3.3 Methodology

Figure 3.3 illustrates the methodological flowchart applied in this study. First of all
the bias correction of the PRECIS dataset for A2 and B2 scenarios were done at all
respective stations contributing to the basin which was followed by set-up of the

Fig. 3.2 Record of annual inflow from 1970 to 2008 to Ubolratana dam
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MIKE 11 rainfall-runoff model (NAM) for the upstream of reservoir. Further, the
calibrated and validated hydrological model was used for projection of future res-
ervoir inflows under the considered climate scenarios. Additionally resilience,
reliability and vulnerability analysis was also done for the future inflow.

3.3.1 Extraction of Climate Projection Data

Although there were 81 stations considered in the study however; based on con-
tinuity of available dataset 39 rain gauge stations were selected to create the Thi-
essen interpolation. The selection scheme of rain gauge was done based on the
distance of each station, the completion and reliability of rainfall data. Existing gaps
in the raingauge station data were interpolated by using square inverse distance
interpolation method from nearby stations which had equivalent rainfall. Moreover,
RCM provides the rainfall data in the form of grids (20 × 20 km) at its center. Data
from 42 grids were retrieved which were covering all the upstream and downstream

Fig. 3.3 Schematic representation of the methodology used in assessing the reservoir inflow
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raingauge stations. In order to get better estimation of the rainfall from the RCM
data weights were determined for each station based on the fraction of the Thiessen
polygon area lying on each RCM grid.

3.3.2 Bias Correction

Due to the spatial dependence of the biases in temperature and precipitation, per-
forming bias correction is necessary for each station. The biases from the tem-
perature were removed by power law transformation theorem where the data is
normally distributed. It uses the scaling and shifting of the mean and variance of the
dataset (Leander and Buishand 2007). Further the bias correction for precipitation
was also done by non-liner method of multi-day window for correction of coeffi-
cient of variation (CV). The baseline period considered for correcting the future
period dataset was 1976–2005. Additional details on bias correction used for this
study can be found on Leander and Buishand (2007). Future climate projections
were done for three time windows 2010–2039 (2020s), 2040–2069 (2050s) and
2070–2099 (2080s).

For correcting rainfall, although the block length for bias correction as recom-
mended by Leander and Buishand (2007) is 5 days; however, Terink et al. (2010)
suggested if the block lengths are chosen too small, high chances of correcting the
natural variability rather than correcting the systematic model error exists. Based on
this recommendation, in the present study, a sensitivity analysis for different block
lengths 15, 25, 35, 45 and 65 days was done to represent the best performance of
statistic for bias correction. Moreover, the performance of the multi-day analysis
was assessed by calculating Root Mean Square Error (RMSE) and Efficiency Index
(EI) at monthly scale.

3.3.3 Hydrological Model

One dimensional hydrodynamic model MIKE 11 was applied to simulate the flow
and the water level of the river. The computational core of MIKE 11 is hydrody-
namic simulation engine and complements a wide range of additional modules and
extensions. The general rainfall-runoff modules integrated in this model are the
Nedbør-Afstrømnings-Model or NAM, the unit hydrograph method (UHM), con-
ceptual continuous hydrological model, a monthly soil moisture accounting model,
runoff methods tailored to urban environments (URBAN) and semi-distributed
rainfall-runoff-geomorphological approach (DRiFt). For our present study NAM
approach was used due to its suitability for large river basins with numerous
catchments with complex networks of rivers (DHI 2007).

The MIKE 11/NAM model represents the various components of the rainfall–
runoff process by continuously accounting for the water content in four different

30 3 Climate Change Impact on Reservoir Inflows of Ubolratana Dam…



and mutually interrelated storages namely snow, surface, lower zone and ground-
water storage where the each storage represents different physical elements of the
catchment (Fig. 3.4). The basic input requirements for the NAM model consist of
model parameters, initial conditions, meteorological data and stream flow data. In
the present application, the nine most important parameters of the NAM model are
determined by calibration.

Split-sample testing scheme was used for validation of the model which suggests
calibration of a model based on 3–5 years of data and validation for another period
of similar length (Klemeš 1986). Calibration period from 2003 to 2007 was chosen
to represent the recent climate whereas validation period was selected from 1998 to
2002. The selection of the calibration and validation periods considers all the low
and extreme flows and therefore better model set up was expected. The future
inflow projections were done for the bias corrected three time windows 2020s,
2050s and 2080s. The changes in the future inflow were analyzed based on the
average monthly flows and daily flow duration curves.

In addition to the projection of the change in inflows under climate change,
reliability (CR), resilience (CRS) and vulnerability (CV) (RRV) analysis was also
done in order to evaluate the performance of the inflows. RRV criteria were

Fig. 3.4 NAM model structure
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evaluated under future climate conditions both A2 and B2 emission scenarios. First
a criterion, C, is defined for the normal range of inflow, where an unsatisfactory
condition occurs when inflow is out of normal range. According to Fowler et al.
(2003), the normal range of inflow was between 20th and 80th percentile of his-
torical inflow data (1970–2008). If the inflow is in normal range, we can conclude
to be in a satisfactory (S) state, otherwise in an unsatisfactory (U) state (Eq. 3.1).

Zt ¼ 1; if Xt 2 S
0; if Xt 2 U

�
ð3:1Þ

Where: Zt is a generic indicator of satisfactory or unsatisfactory. Another indi-
cator, Wt, which represents a transition from S to U states, is defined as in Eq. 3.2

Wt ¼ 1; if Xt 2 U and Xt þ 1 2 S
0; otherwise

�
ð3:2Þ

Furthermore, if the periods of Xt is in unsatisfactory state then based on J1,…, JN
where N is the number of U periods, then reliability, resilience and vulnerability
indices during the total time period (T) was calculated as in Eqs. 3.3, 3.4 and 3.5
respectively.

Reliability

CR ¼
PT
t¼1

Zt

T
ð3:3Þ

Resilience

CRS ¼
PT
t¼1

Wt

T �PT
t¼1

Zt

ð3:4Þ

Vulnerability time

Cv ¼ maxfJ1; J2; . . . JNg ð3:5Þ

3.4 Results and Discussion

3.4.1 Performance of Bias Correction for RCM Data

The RCM outputs forced by ECHAM5 were bias corrected by applying the power
law transforms for rainfall data and the linear approach for temperature data. The
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observed data for the 30-year period of 1976–2005 were used as a baseline in this
study due to available climate data.

The comparison of the observed and raw RCM data along with multi-day
analysis for the baseline period and two grids of RCM from the study area are
shown in Fig. 3.5a and b. From visual observation, all multi-day blocks considered
are found to follow the similar pattern of monthly rainfall for the grid Id 1681024
except the raw data which is observed to deviate widely relative to the observed
values. Further, for grid Id 1661016, a significant deviation in rainfall is observed in
May to August where the raw RCM data overestimates the rainfall significantly.
However, the multi-day data analysis estimates suggest larger blocks leads to
greater variation especially in the months with higher rainfall. Moreover, low day
blocks (15 and 25 days) visually perform well in line with the observed values.

Performance indicators (RMSE and EI) calculated for the grids suggest 25 days
block is the most suitable since it represents the least RMSE and highest EI relative
to the other blocks considered (Table 3.1). As expected, lowest performance is

Fig. 3.5 Comparison of multi-day blocks for two RCM grids (a) Id 1681024 and (b) Id 1661016
at the study site

Table 3.1 Performance statistics of multi-day analysis for two selected grids at the study site for
the observed climate

Performance indices Block lengths Grid Id 1681024 Grid Id 1661016

RMSE (mm) Raw (days) 75.68 106.14

65 69.31 72.17

45 71.57 64.13

35 55.13 40.32

25 36.14 37.66

15 40.16 37.98

EI Raw (days) −45.30 −23.17

65 −1.29 −8.92

45 −0.64 −6.67

35 −0.17 0.16

25 0.62 0.73

15 0.16 0.55
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observed for the raw data with highest RMSE of 75.68 and 106.14 mm and poorest
EI of −45.3 and −23.17 for the two grids. In addition, a relative low performance is
also observed for the lowest block (15 days) compared to 25 days block. The
correction of the natural climatic variability due to small block size may the
attributing factor for the observed low performance. On contrary, 5 day blocks were
considered for maximum and minimum temperature. The comparisons of the bias
corrected results suggest good capability of the representativeness of the observed
temperature at all stations considered.

3.4.2 Projection of Rainfall

Projected rainfall under climate change for both scenarios indicates higher intensity
of rainfall for all time windows relative to the historical climate (Fig. 3.6). More-
over, it is also evident, for the past climate observed average annual rainfall is
1,900 mm however, by 2080s average annual rainfall is expected to elevate up to
3,000 mm for both scenarios. Furthermore, a shift in the probability of being less
precipitation is observed which is highest for A2 scenario relative to B2 which
increase higher risks of floods. In addition, from the annual rainfall analysis it is
clear that under both scenarios, the magnitude of the mean, median and the quintiles
of rainfall are expected to elevate in the future from 1,200 to 1,600 mm in the last
part of the century for A2 scenario and 1,650 mm as per the projection for B2
scenario (Fig. 3.7a and b). However, the median values of annual rainfall are 1,550
and 1,400 mm respectively for the corresponding scenarios.

Fig. 3.6 Cumulative distribution function of projected annual rainfall for each time windows
considered under A2 and B2 scenario at upstream of Ubolratana dam
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3.4.3 Projection of Temperature

Bias correction for maximum and minimum temperature suggests an increase in
magnitude in future (Fig. 3.8a and b). The highest increase is observed in case of
the late century for both scenarios with A2 responds to be severe. Analysis on the
change of the maximum and minimum temperature reveals both follows similar
trend of shift (Fig. 3.9a and b). The minimum change is observed in case of May
whereas; maximum is predominant in July for all the scenarios and time widows
considered. Interestingly a significant decline the change is observed for the
November and December relative to other months although the magnitude of
change is higher relative to May. Nevertheless, it can be summarized that the
maximum and minimum temperatures for the basin is expected to increase for all
the time periods and scenarios in the future with maximum shift in the A2 scenario
and July.

Fig. 3.7 Projected annual rainfall for each period under SRES (a) A2 and (b) B2 at upstream and
downstream area of the Ubolratana dam

Fig. 3.8 Projected mean monthly (a) maximum and (b) minimum temperature under A2 and B2
scenarios for future time windows at the study site
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3.4.4 Runoff Modelling

3.4.4.1 Model Setup

The hydrological model NAM was calibrated at daily time step with the fine tuning
of the parameters as presented in Table 3.2. The model was calibrated by iterating
the simulation by changing values of one parameter within the range provided in
Table 3.2 and keeping other parameter values constant. Comparison of the simu-
lated and observed discharge in terms of various model evaluation indexes validates
the model can simulate the runoff in good agreement with the observed values in
the basin (Table 3.3). Although, higher volumetric error (−11.304 %) is observed in
case of validation which is probably due to the inability of the model to capture the
extreme high flow observed in case of 2002. Also, higher Efficiency Index (EI) and
Coefficient of Determination (R2) is observed for both calibration and validation
reflecting the applicability of the model in the study site.

3.4.4.2 Future Runoff Projection

The comparison of the mean monthly inflow to the reservoir for the historical
period and the future suggests an increase in the magnitude of the inflow for future
under both scenarios considered (Fig. 3.10). In addition, an insignificant shift in the
peak is also noticeable for all the future time windows relative to the historical
period. Surprisingly, in case of A2 scenario for 2020s, double peak is observed the
first in February and second in August. The maximum peak flow (18,000 m3/s) can
be observed for 2080s under A2 scenario whereas a relative lower magnitude of
peak flow (13,700 m3/s) is observed for the corresponding time period for B2
scenario. Furthermore, a significant increase in the peak flow is also observed for
the 2050s time window under both scenarios. The expected increase in the flow
under future climate indicates higher intensity of flood under future climate.

The flow duration curve generated based on the simulation results suggests the
percentage of time that inflow to the dam is likely to equal or exceed some specified

Fig. 3.9 Projected changes in the mean monthly maximum and minimum temperatures for A2
and B2 scenarios for future time periods in study site
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value of interest. The shape of a flow-duration curve in its upper and lower regions
is particularly significant in evaluating the flow characteristics. The projected
inflows show a very steep curve in the high-flow region which is expected for

Table 3.2 NAM model parameters calibrated for the basin

Parameter Description Lower
limit

Upper
limit

Calibrated
value

Umax

(mm)
Maximum water content in the surface storage.
This storage can be interpreted as including the
water content in the interception storage, in
surface depression storages, and in the
uppermost few cm’s of the soil

0 35 20

Lmax

(mm)
Maximum water content in the lower zone
storage. Lmax can be interpreted as the
maximum soil water content in the root zone
available for the vegetative transpiration

50 350 300

CQOF
(–)

Overland flow runoff coefficient. CQOF
determines the distribution of excess rainfall
into overland flow and infiltration

0 1 0.297

TOF (–) Threshold value for overland flow. Overland
flow is only generated if the relative moisture
content in the lower zone storage is larger than
TOF

0 0.9 0.0000327

TIF (–) Threshold value for interflow. Interflow is only
generated if the relative moisture content in the
lower zone storage is larger than TIF

0 0.9 0.86

TG (–) Threshold value for recharge. Recharge to the
groundwater storage is only generated if the
relative moisture content in the lower zone
storage is larger than TG

0 0.9 0.87

CKIF (h) Time constant for interflow from the surface
storage. It is the dominant routing parameter of
the interflow because CKIF >> CK1,2

500 1,000 560.3

CK1,2 (h) Time constant for overland flow and interflow
routing. Overland flow and interflow are routed
through two linear reservoirs in series with the
same time constant CK1,2

3 72 50

CKBF (h) Baseflow time constant. Baseflow from the
groundwater storage is generated using a linear
reservoir model with time constant CKBF

500 5,000 3,999

Table 3.3 Evaluation of
model performance for cali-
bration and validation

Evaluation
indexes

Calibration (2003–
2007)

Validation (1998–
2002)

Volume error (%) −0.007 −11.304

Mean|Qsim-Qobs|/
Qobs

2.00 1.31

R2 0.811 0.826

EI 0.809 0.807
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rain-caused floods on this basin (Fig. 3.11). In the low-flow region, the beginning of
21st century exhibit high percentage of no flow which is relatively higher than the
historical time period, until the mid of the century where there are more low flows
in each step. In addition, an inclined curve indicates that moderate flows are not
sustained throughout the year due to natural inflow regulation, or because a small
groundwater capacity cannot sustains the base flow to the stream.

3.4.4.3 RRV Analysis for Future Climate

Annual inflow data of Ubolratana dam from 1970 to 2008 is used as the level of
water for baseline period. Low annual inflow or less than 20th percentile of this

Fig. 3.10 Inflow to Ubolratana dam for different time windows under future climate

Fig. 3.11 Flow duration curve of daily inflow to Ubolratana dam
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period is assumed to cause drought whereas high inflow or more than 80th per-
centile may cause flood. Flow between 20th and 80th percentiles are assumed to be
the appropriate inflow for which the dam operators safely. Table 3.4 illustrates the
RRV analysis results obtained from the study based on the projected future runoff.
Evidently number of low annual inflow (Q20) is expected to decrease in the future
however; the number of high annual inflow (Q80) is projected to increase under
both the emission scenarios. Surprisingly, although for certain years in the future is
projected to have high intense rainfall, yet low annual inflows are observed in the
corresponding year. This is probably due to higher rate of evapotranspiration
attributing to the high temperature and the contribution of more percolation in the
aquifers. In addition our analysis show higher and lower rainfall in the future will
decrease resilience and reliability however increases the vulnerability for both A2
and B2 scenarios. The analysis also show that 2050s time period for B2 scenario is
the most vulnerable contributing to vulnerability for 12 years. However, for A2
scenario, 2080s time window is more vulnerable relative to other time periods.
Nonetheless, the future is ascertained to be more severe and the reservoir operation
rule is necessary to be reviewed for future climate.

3.5 Conclusions

The present study analyses the future inflow and the Resilience, Reliability,
Vulnerability (RRV) analysis of the flow to Ubolratana dam in Thailand under future
climate for 2020s, 2050s and 2080s under A2 and B2 climate scenarios. Climate data
were collected from 39 meteorological stations and streamflow data from 26 gauging
stations in the upstream of the dam. Bias correction of the climate data was done for
42 grids from upstream and downstream of the dam for the RCMPRECIS. Power law
transformation was applied to correct the maximum and minimum temperatures
whereas, non-liner method of multi-day window for correction of coefficient of
variation was used to correct the precipitation. Further the bias corrected temperature
and precipitation was used as input for the hydrological model MIKE-11 NAM to
simulate the future inflow. An additional RRV analysis of the simulated inflow is also
done to analyze the vulnerability of the dam under future climate.

Table 3.4 Results obtained by RRV analysis for the inflow to Ubolratana dam

Observed SRES A2 SRES B2

1976–
2005

2010–
2039

2040–
2069

2070–
2099

2010–
2039

2040–
2069

2070–
2099

Q20 (years) 7 9 1 0 6 5 3

Q80 (years) 7 8 18 26 14 18 17

Reliability, CR 0.533 0.433 0.367 0.133 0.333 0.233 0.333

Resiliency, CRE 0.643 0.529 0.368 0.115 0.300 0.174 0.350

Vulnerability time,
CV (years)

3 3 7 11 6 12 8
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The results suggest an increase in the precipitation for both scenarios under future
climate and all time windows considered. A significant increase of 36, 35 and 42% in
average annual rainfall is expected for 2020s, 2050s and 2080s under A2 scenario
whereas, 25, 19 and 40 % for B2 scenarios for the corresponding time periods.
Similarly, climate change is expected to induce higher temperature for the future
climate with a magnitude of 0.50, 1.36 and 2.46 °C for 2020s, 2050s and 2080s under
A2 scenario for mean maximum temperature and 0.51, 1.13 and 1.85 °C for the
corresponding time windows under B2 scenario. Likewise mean annual minimum
temperature is expected to increase by 0.61, 1.71 and 3.13 °C for 2020s, 2050s and
2080s respectively under A2 scenario and 0.60, 0.43 and 2.30 °C for B2 scenario for
corresponding time periods relative to the baseline period of 1976–2005. The sim-
ulated runoff changes are driven by combined effects of rainfall changes and their
seasonality. Simulated inflows shows increase for all period and both emission
scenarios, with the greatest change occurring in period 2080s for A2 emission sce-
narios. Most of extreme changes are in low and moderate flow quantile ranges.
Compared to the historical period, the number of high annual inflow will increase
while the number of low annual inflowwill decrease. The RRV criteria show that with
the increasing rainfall in future will contribute to lower resilience and reliability
whereas higher vulnerability. The results of this study show an increase in the volume
of inflow for all the projected period which will affect the storage of dam. Therefore,
the appropriate planning and management should be ready to counteract this problem
for the future.
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Chapter 4
Assessment of Climate Change Impacts
on Flood Hazard Potential in the Yang
River Basin, Thailand

Abstract This study aims to analyze the impacts of climate change on flood hazard
in Yang River Basin under future climatic scenarios with coupling of a physically-
based distributed hydrological model, Block-wise application of TOPMODEL
using Muskingum-Cunge flow routing (BTOPMC) and hydraulic model, HEC-
RAS. The bias corrected outputs of a regional climate model PRECIS were used to
construct climate scenarios for the 2020s, 2050s and 2080s. The extreme runoff
pattern and synthetic inflow hydrographs for 25, 50 and 100 year return flood were
derived from an extreme flood of 2007 which were then fed into HEC-RAS model
to generate the landuse and flood inundation relationship for the basin. Results
indicate that croplands are being mostly affected up to 188 km2 for 100 year return
period in case of baseline period. Furthermore, total area inundated for the corre-
sponding return periods for baseline period are 205, 224 and 240 km2. This amount
of inundated area is projected to occur corresponding to 16 year flood in the period
of 2020s under A2 scenario. Similarly the 25 year probable flood event is expected
to have the most relative change (+30.90 %) for 2050s for same scenario and in case
of B2 scenario, it is expected to be +30.97 % of the total inundated area for 2080s
relative to baseline period. The probable increase in flood hazard under climate
change scenarios threatens the increased inundation of croplands area and indicates
the potential damage in food production and its impacts on livelihood of local
people.

Keywords Climate change � Flood hazard � Thailand � Hydrological modelling �
Hydraulic modeling

4.1 Introduction

Yang river basin is one of the most flood prone basins in Northeast Thailand
(Kuntiyawichai et al. 2011). Several studies on climate change impact assessment
and flood management strategies have been conducted on its main basin, Chi in
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recent years (Chaleeraktrakoon and Khwanket 2013; Artlert et al. 2013;
Kuntiyawichai et al. 2011). These study reports that climate change is consistent
and it has strong implications on the basin scale hydrological cycle. Other studies
done globally indicate the altercated meteorological variables have great potential
to change the frequency and intensity of extreme events specially floods (Dobler
et al. 2012; Viviroli et al. 2011). The increase in temperature accelerates the
evapotranspiration process which further influences the precipitation amount and
ultimately contributes in modification of seasonal runoff. The present intra-annular
variability in the amount of runoff is expected to shift under climate change in
future at many regions of the world including Thailand (Dobler et al. 2010).

Aside from the projected changes in the hydrological regime, the climate change
will also have implications on the extreme events. Studies have demonstrated that
flood intensity is highly sensitive to temperature in many parts of the world
(Prudhomme et al. 2013; Menzel et al. 2002; Panagoulia and Dimou 1997). Several
other studies also have argued that climate has been a contributing factor to flood
risk by raising the precipitation amount relative to the average annual rainfall
(Fleming et al. 2012; Hirabayashi et al. 2008). Therefore basin scale assessment of
climate change impacts on flood plays a key role in evaluation of adaptation and
mitigation strategies for sustainable flood risk management.

Literature suggests that studies on assessing impact of climate change on
extreme events have been less investigated and possess higher uncertainty (Dobler
et al. 2012). In addition, whatsoever the research has been conducted, primary focus
is on the basin of developed nations (Bauwens et al. 2011; Prudhomme et al. 2010;
Steele-Dunne et al. 2008). Also focusing on Asian countries, many studies on
floods induced by climate change has been conducted on several basins in China (Li
et al. 2013; Zheng et al. 2012; Yang et al. 2012). This implies less focus on basins
of developing countries lying on the tropical regions which are evidently more
susceptible to floods where the region has already high precipitation and hydrologic
cycle is highly interlinked and sensitive to its components (Kite 2001). Although
considerable studies on floods have been conducted in northeast of Thailand yet
merely a handful of studies has been done on climate influence on extreme events
(Jothityangkoon et al. 2013; Hunukumbura and Tachikawa 2012). Despite of
several flood events in Yang river basin most of the studies focus on the man-
agement practices and socio-economic impacts of floods (Keokhumcheng et al.
2012; Dutta 2011; Hungspreug et al. 2000). Hence the study of climate change
impact on flood hazard is important at basin scale in Thailand.

Another important factor that has decisively influenced the climate change
impact studies is the use of Regional Climate Model (RCM) dataset for the future
climate projection without bias correction (Cloke et al. 2013). Although RCMs
perform nested dynamic downscaling to the outputs of the General Circulation
Models (GCMs), yet the spatial resolution makes the data unreliable for basin scale
impact assessment studies and is necessary to be bias corrected (Muerth et al.
2013). A few studies have been conducted so far on analysis of different down-
scaling techniques with emphasis on extreme events. A comparison study of six
downscaling technique with three RCMs suggests both statistical and dynamic
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downscaling tends to have similar bias. However, the choice of method of down-
scaling depends on variables to be downscaled (Schmidli et al. 2007). Leander and
Buishand (2007) satisfactorily used the power law transformation method for RCM
outputs at Western Europe for estimation of extreme events.

In summary, there is an immediate need of downscaling climate extremes in
flood prone regions and analysis of climate change impacts on floods in Yang river
basin, Thailand. Therefore the present study is conducted to analyze the impact of
climate change on flood hazard in Yang River Basin with the following objectives:
(i) to develop rainfall-runoff model to represent the Yang River Basin, (ii) to design
synthetic hydrographs with return periods of 25, 50 and 100 years with regard to
future climate conditions, and (iii) to simulate flood hazard potential representing
with return periods of 25, 50 and 100 years with regards to future climate change
scenarios. The output of this research can be used as a benchmark for climate
resilient flood management plan for Yang river basin which has been severely
damaged in recent past.

4.2 Materials and Methods

4.2.1 Study Area and Data Description

The Yang River basin has a drainage area of approximately 4,145 km2 which
receives an average annual rainfall of 1,390 mm (Fig. 4.1).The annual relative
humidity and temperature are around 71 % and 26.7 °C in the basin, respectively.
The basin is influenced by two prominent wind systems, the northeast and south-
west monsoons which are responsible for the rainfall patterns and temperature
variations. The northeast monsoons, the dry cold wind picks up some moisture from
the northeast, take place from mid-October to early February. The southwest
monsoons begin around mid-May and fade down by mid-September. In addition to
monsoons, the Yang River basin also faces tropical storms. The tropical depressions
mainly come from the South China Sea. Consequently, the high moisture travelling
over the water surface causes the heavy rain during rainy season (Artlert et al.
2013).

Topographically, the basin is characterized by the Phu Phan mountain range at a
relatively high elevation of around 600 masl, with the Yang River as the major river
that flows through Kalasin province, and meets Chi River at Yasothon province.
The land use in this basin consists of agriculture (70 %), forest (25 %), urban (2 %),
water bodies (1.2 %) and others (1.8 %).

The DEM, a digital representation of ground surface topography, was con-
structed from geometric data acquired from Thailand Land Development Depart-
ment and Royal Irrigation Department. The geometric data consists of point
elevation, 2-m interval contours, stream elevation, road elevation and Yang River
boundary. Those geometric data were used to generate DEM of 20 m resolution.
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A land cover/land-use map for this study area was obtained from Thailand Land
Development Department and classified based on the International Geosphere
Bioshpere Programme (IGBP). Soil classification map for the basin is acquired by
using the Food and Agriculture Organization (FAO) digital soil map of the world.

A three step modelling approach i.e. (i) correcting the biasness of the large-scale
atmospheric data, (ii) hydrological and hydraulic modelling for flood inundation and
flood hazard analysis and (iii) change analysis was adopted in this study. Figure 4.2
gives an overview of the methodology adopted in this study. Firstly, BTOPMC and
HEC-RASmodel were calibrated on the basis of observed climate variables; while in
the second step, the output from the RCM were bias corrected. Thereafter, the future
precipitation data was in turn used as a forcing to the hydrological and hydraulic
model, which generated runoff series and flood inundation areas based on present
and future climate conditions. In the end, the two runoff series and inundation areas
were compared and a change analysis was carried out.

Fig. 4.1 Location map of study area with hydro-meteorological stations in Yang River Basin,
Thailand
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4.2.2 SRES Scenarios and GCMs

The climate scenarios used in this investigation were derived from the regional
climate model (RCM) entitled providing regional climates for impact studies
(PRECIS). The simulations are based on the Special Report on Emission Scenarios
(SRES), A2 and B2 scenarios. The A2 scenario is the highest emission scenario and
B2 scenario generally represents the medium emission during the 21st century. The
B2 scenario is ‘environmental and social sustainability’ world in future with the
CO2 concentration of 800 ppm and projected temperature of 1.4–3.8 °C. The A2
scenario is ‘regionally oriented economic development’ world with CO2 concen-
tration of 1,250 ppm and projected temperature of 2.0–5.4 °C (IPCC 2007).

PRECIS uses general circulation model (GCM) ECHAM4 as its lateral
boundaries under the prescribed IPCC A2 and B2 scenarios. It is also capable to
give an output of daily precipitation, temperature, solar radiation and wind speed
which is produced by the “Southeast Asia System for Analysis, Research and
Training” (SEA START) Regional Center. The spatial resolution of the downscaled
data by PRECIS is 0.2° × 0.2° covering 2,225 grids for entire Mekong river basin.
Further details on PRECIS can be derived from Jones et al. (2004). Due to the
extensive application of PRECIS in climate change impact assessment studies in
Southeast Asian countries since last 5 years (Mainuddin et al. 2013; Ty et al. 2012;
Mainuddin et al. 2011; Tuan and Chinvanno 2011; Hoanh et al. 2010;
Graiprab et al. 2010) and its ability to replicate the present observed climate in the
region, the model output was selected for this study.

Fig. 4.2 Schematic representation of the methodology used in flood hazard map creation
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Climate scenarios information was transferred from RCM to the hydrological
model and frequency analysis was performed on the simulated hydrological sce-
narios. The results of the hydrological modelling were used as input for flood
inundation analysis.

4.2.3 Bias Correction of RCM Data

Bias correction was performed for each sub-basin, since the biases in temperature
and precipitation fluctuate spatially. The goal of bias correction was to carry out
daily time-series of modified precipitation and temperature at any point throughout
the domain of interest.

Since temperature record at a station is approximately normally distributed, the
correction was done by shifting and scaling the values to adjust the mean and
variance as followed by Leander and Buishand (2007). Correction of precipitation
was done by existing well accepted method of power law transformation in which
the coefficient of variation (CV) and the mean of the data are corrected. Further
details on temperature and precipitation correction used in this study can be can be
retrieved from Leander and Buishand (2007).

4.2.4 Goodness-of-Fit Indicators of RCM Outputs

The criteria used for evaluating RCM outputs and observed climate variables were
coefficient of determination, percent bias and index of agreement.

4.2.4.1 Coefficient of Determination (R2)

This index measures the strength of a linear relationship between the two variables.
The value of R2 varies between 0 and 1 which indicates how much of the observed
data matched by the simulated data.

4.2.4.2 Volume Bias (VB)

This statistical parameter measures the average propensity and mass balance of
computed data comparing to the observed data. The optimal value of VB is zero.
Positive values show model underestimation bias; meanwhile, negative values
specify model overestimate bias. VB is expressed as in Eq. 4.1
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VB ¼
Pn
i¼1

ðXobs;i � Xsim;iÞ
Pn
i¼1

Xobs;i

2
664

3
775 ð4:1Þ

Where, Xobs and Xsim are the observed and simulated climate variables at time i,
respectively, and n is the number of time step.

4.2.4.3 Index of Agreement (d)

This statistical index indicates the degree of model prediction error (Willmott
1981). The index of agreement is dimensionless which diverges between 0 and 1
(Eq. 4.2). A determined value of 1 shows a perfect fit between the observed and
simulated values; 0 shows no agreement at all. The index of agreement describes
the ratio between the mean square error and the “potential error” (Willmott 1984).

d ¼ 1�
Pn
i¼1

ðXobs;i � Xsim;iÞ2

Pn
i¼1

Xsim;i � X
�� ��þ Xobs;i � X

�� ��� �2 ð4:2Þ

Where, Xobs and Xsim are the observed and simulated climate variables at time i,
respectively, and n is the number of time step.

4.2.5 Hydrological Modelling

The hydrological simulations were carried out using Block-wise use of TOP-
MODEL with Muskingum-Cunge method (BTOPMC) model. It is an extension of
the TOPMODEL concepts (Beven et al. 1995), which is developed in order to
overcome the limitations of using the TOPMODEL for large river catchments. For
large river catchments, spatial heterogeneity and timing of flow to outlet are the
important factors. For representing spatial variability in BTOPMC, a catchment is
composed of grid cells, which can be divided into sub-catchments, where each sub-
catchment is considered as a block or a unit. The effective precipitation for any sub
basin, i, and soil layer, k, and time, t is calculated based on Eq. 4.3.

Re i; tð Þ ¼ Ro i; tð Þ � Srmax ið Þ � Epði; tÞ ð4:3Þ

Where, Re represents the effective rainfall, Ro indicates total precipitation,
Srmax is the maximum storage capacity in the root zone and Ep denotes evapo-
transpiration. BTOPMC integrates Shuttleworth-Wallace model to calculate the

4.2 Materials and Methods 49



potential evapotranspiration. Figure 4.3 gives the details of the runoff generation for
each grid cells in BTOPMC model. Further details are available on Ao et al. (2006)
and Ishidaira et al. (2005). BTOPMC model has been successfully applied in many
basins worldwide with satisfactory performance (Manandhar et al. 2013; Phan et al.
2010; Bao et al. 2010; Wan et al. 2009; Shrestha et al. 2007). In addition, it has also
been applied successfully to Mekong River basin which validates the model’s
ability to represent the hydrology of the basin (Kiem et al. 2008; Hapuarachchi et al.
2008).

The model was calibrated by adjusting saturated transitivity, decay coefficient
and rooting depth for the period of 2002–2006 in order to yield maximum Nash-
Sutcliffe efficiency criteria (Nash and Sutcliffe 1970) and R2 whereas minimize
volume error (Bao 2006). The calibrated parameters were used as input for the
validation period of 1997–2001 in order to check for the best goodness-of-fit with
the observed discharge at Kuchinarai, Kalasin station (E54).

4.2.6 Frequency Analysis and Designed Hydrographs

In order to analyze and design the frequency of probable maximum stream flow,
annual maximum runoffs of the gauging station from 1980–2009 and the annual
maximum runoffs for the future periods of 2020s, 2050s and 2080s were simulated
using distributed hydrological model. The application of the runoff results are to
illustrate the extreme flood frequency given by the extreme value (EV) I

Fig. 4.3 Soil water balance and runoff generation in BTOPMC for each grid cell
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distribution, also called the Gumbel distribution method. For the flood inundation
modeling under climate change conditions, several return periods of stream flow
such as 25, 50 and 100 years at Yang River basin are considered.

Designed synthetic hydrographs were developed by applying two methods, the
dimensionless hydrograph method and the flood frequency analysis. The dimen-
sionless hydrograph was derived from the extreme runoff pattern in 2007. For flood
frequency analysis, Gumbel’s distribution was selected to analyze the historical
runoff data recorded from 1980–2009. Moreover, the Gumbel probability distri-
bution was also used to predict future runoff simulated by the distributed hydro-
logical model by using the bias corrected future climate data. The frequency
analysis provided the probable maximum runoff with 25, 50 and 100 year return
period from the Gumbel probability distribution. The dimensionless hydrographs
are used to derive synthetic inflow hydrographs for the above mentioned return
periods.

4.2.7 Hydraulic Modelling

Flood inundation areas were simulated using HEC-RAS, a 1-D hydraulic model
innovated by the US Army Corps of Engineers, under unsteady flow conditions
(U.S. Corps of Engineers 2002). The topography of channel and floodplain infor-
mation was derived from HEC-GeoRAS software which is used as an extension in
ArcGIS, for processing geospatial data for use with HEC-RAS. It extracts topog-
raphy data from an existing digital elevation model (DEM) as input files to HEC-
RAS. The geospatial data include river, reach, cross sectional cut lines, cross
sectional surface lines, cross sectional bank stations, downstream reach lengths for
the left overbank, main channel, and right overbanks, and cross sectional roughness
coefficients. The essential geometric data contains stream centerlines and stream
cross section and these are prepared using the HEC-GeoRAS. It also allows the
import of the prepared data into HEC-RAS model.

Discharge and water level values were set as upstream and downstream
boundaries. The upstream boundary in this study is at Kuchinarai station (E.54)—a
stream-flow gauging station. In order to take backwater effect into the Yang River
model, the water level at the junction between Yang River and Chi River was also
calculated by HEC-RAS model. Based on the availability of spatial extent of water
and flood level in the basin A. Pon Thong (E.70) was selected to setup the model.
The model calibration was done by adjusting Manning’s roughness coefficient
(n) in order to give best goodness-of-fit for the period from 1 July to 30 November
2005. The selected validation period was from 1 July to 30 November 2007.
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4.2.8 Flood Frequency Analysis

The objective of flood frequency analysis was to relate the magnitude of floods to
their frequency of occurrence using probability distribution. In order to commence
the objective, first the calculation of the statistical parameters of the proposed
distribution was done by the method of moments from the given data. In this study
the annual maximum runoffs for four different time periods (1990s, 2020s, 2050s
and 2080s) were calculated for different return period floods.

4.2.9 Flood Hazard Mapping

Flood hazard mapping is to determine areas with a probability of a flooding event
for a defined return period (Han 2011). With the results of hydraulic calculations,
the flood outline can be calculated. The main step is to calculate the inundation area
by subtracting the digital terrain model from the water level based on the results
produced by the 1-D hydraulic model.

The degree of flood hazard depends on several hydrological factors such as
velocity and inundated depths. Since this study applied the 1-D hydraulic model,
the hazard index was assigned with corresponding to different inundated depths.
The degree of flood hazard was classified into four hazard categories based on
inundation depth classes corresponding to three critical inundated depths 0.6, 1.0
and 3.5 m as suggested by Tu and Tingsanchali (2010) which is demonstrated in
Table 4.1.

4.2.10 Change Analysis

The relationships between the magnitude and frequency of extreme events were
derived from the daily discharge data. Therefore, the annual maximum stream flow
data in this studywere analyzedwith theGumbel Distribution (ExtremeValue type I).

Table 4.1 Hazard index for depth of flooding

Depth of
flooding
(m)

Degree
of flood
hazard

Description HI

D > 3.50 Very high “Extreme danger: flood zone with deep fast flowing water” 4

1.00–3.5 High “Danger: flood zone with deep fast flowing water” 3

0.60–1.00 Moderate “Danger: flood zone with deep fast flowing water” 2

D < 0.60 Low “Flood zone with shallow flowing water or deep standing
water”

1
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The alteration in the area of inundation corresponding to the floods of various return
periods relative to the baseline period was analyzed to evaluate the implication of
climate change on flood occurrence.

4.3 Results and Discussion

In this section, the performance of (i) downscaling of GCMs (ii) performance of
BTOPMC simulation and (iii) hydrological analysis are presented along with the
projected flood hazard inundation maps for future climate change scenarios for a
different return period flood.

4.3.1 Model Performance Evaluation

4.3.1.1 Performance of Bias Correction of RCM Data

The RCM outputs forced by ECHAM5 were bias corrected by applying the power
law transforms for rainfall data and the linear approach for temperature data. The
observed data for the 30-year period of 1976–2005 were used as a baseline in this
study due to available climate data.

Correcting Rainfall
The intra-seasonal and spatial precipitation pattern suggests low coefficient of

variation (CV) for daily rainfall which can be attributed to the higher amount of
rainfall in the basin. As a result, parameters a and b were determined by considering
the CVs of multi-day rainfall. Table 4.2 summarizes the performance of the CVs of
multi-day rainfall amounts matched those of the corresponding days from observed

Table 4.2 Goodness-of-fit indicators of observed rainfall and RCM outputs including the CVs of
multi-day rainfall amounts

Station ID Goodness-of-fit indicators Multi-day

R2 VB d CVs

Days

11260 0.99 0.01 0.99 25

388002 0.99 0.01 0.99

388006 0.99 0.03 0.99

388009 0.99 0.02 0.99

406005 0.98 0.03 0.99 35

49092 0.99 0.02 0.99

388011 0.96 0.08 0.98 45
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rainfall. The goodness-of-fit indicators used to choose the amount of multi-days are
coefficient of determination (R2), volume bias (VB) and index of agreement (d).

The bias correction method employed to adjust the uncorrected RCM involves
correcting for the mean, standard deviation and the coefficient of variation. Since
the rainfall was found to vary spatially and temporally, the parameters a and
b determined by considering the moving windows of 25, 35, 45, 55 and 65-day
were different in each rainfall station.

The analysis of multi-day rainfall amounts for 25, 35, 45, 55 and 65-days
suggests the corrected RCM for mean; standard deviation and CV of 25-day rainfall
amounts (CV25) have the best goodness-of-fit indicators at four stations. In addi-
tion, it is also observed that the lesser number of days considered shows better
representation of the observed amount of rainfall for instance 65-day rainfall
indicates highest variability followed by 55 days in the rainfall intensity and regime.
Furthermore, it was also noted that the uncorrected RCM indicates wetter period for
June and July relative to the observed rainfall which is contradictory.

4.3.1.2 Performance of the BTOPMC

During the calibration, BTOPMC uses observed rainfall data of 2002–2006 as input
into a systematic search for model parameters which produce the best goodness-of-fit
between the simulated discharge and observed discharge at Kuchinarai, Kalasin
(E54). Thereafter, 5 years from 1997 to 2001 were used for validation purposes where
both calibration and validation periods cover extreme flood events in the study area.
The performance of the model during calibration and validation period is summarized
in Table 4.3 and Fig. 4.4. The low flow periods are underestimated during calibration
whereas overestimated during validation for the first 3 years followed by underes-
timation. In addition, it can also be noticed that the model is able to simulate the low
peaks very well however it is unable to fetch the high peak flow during heavy rainfall
events during validation period. Nonetheless, the model evaluation by NSE, R2 and
Vr indicates that the model performs reasonably well in the basin.

4.3.1.3 Performance of Hydrological Analysis and Design

Annual maximum runoffs of 1980–2009 and for the future period of 2020s, 2050s
and 2080s simulated from the distributed hydrological model were used to design
frequencies of the annual runoffs. The implication of the runoff results are to
characterize the flood frequency given by the extreme value (EV) I distribution.

Table 4.3 Performance of
BTOPMC in Yang River
basin

Period NSE (%) r2 Vr

Calibration (2002–2006) 62.80 0.63 0.97

Validation (1997–2001) 66.45 0.68 1.12
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Flood Frequency Analysis
Table 4.4 illustrates the probable peak discharge at Kuchinarai station under A2 and
B2 scenarios. Maximum change in discharge is observed for 100 years return
period for all the three future time periods under both scenarios. Furthermore, 2050s
time window shows highest change in magnitude of discharge for A2 scenario
which can be attributed to the future change in precipitation. This analysis indicates
2050s are expected to have higher intensity flood with all the return period con-
sidered (discussed later). In addition analysis for B2 scenario explains the highest

Fig. 4.4 Comparison of observed and simulated discharge at Kuchinarai, Kalasin (E54)
a calibration period (1 Jan 2002 to 31 Dec 2006) and b validation period (1 Jan 1997 to 31 Dec
2001)
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relative change of discharge for 50 and 100 year return period is observed for 2020s
compared to the baseline period. Moreover, a considerable change in the flood for
intra-return period is also noticeable for 2020s and 2080s. Although the change is
not significant relative to each other however it is dynamic compared to the baseline
discharge for all return periods.

Figure 4.5a suggests under A2 scenario, floods of higher intensity are expected
to be more frequent. In addition, floods with lower return periods and intensity are
expected to be less for the 2020s and 2050s relative to the baseline period.
Moreover, floods of higher return period are expected to have increase in magnitude
for 2050s. The projection of rainfall in the basin by RCM can be attributed to this
expected increase in magnitude of flood for 2050s. Based on the result of flood
frequency analysis under B2 scenario, the probable flood events in the future period
of the 2020s and 2080s are more extreme relative baseline period and 2050s
(Fig. 4.5b). The intra-return period variability for maximum discharge in case of
2020s and 2080s are minimal for extreme floods. In addition, the lower intensity
floods with short return periods are expected to be less compared to the base line
period. The change in precipitation projected by RCM under climate change is the
contributing factor for this pattern in discharge.

Figure 4.6a shows the relative change in probable peak discharge between
baseline and the projected discharges under A2 scenario. The probable peak dis-
charges of 25-year return period is observed to increase by 27, 91 and 73 % in the
future periods of 2020s, 2050s and 2080s respectively. For 50 year return period,
the probable peak discharges increases by 32, 97 and 76 % in the future periods of
2020s, 2050s and 2080s respectively. For 100 year return period, the probable peak
discharges increase by 37, 103 and 79 % in the corresponding future periods.

Figure 4.6b shows the relative change in probable peak discharge between
baseline and the projected discharges under B2 scenario. The probable peak dis-
charges of 25-year return period is projected to increase by 64, 32 and 66 % in the
future periods of 2020s, 2050s and 2080s respectively relative to baseline period.
Similarly for 50-year return period, the probable peak discharges increase by 73, 36

Table 4.4 Probable peak discharge for A2 and B2 scenarios at Kuchinarai station

Time
period

Discharge in m3/sec for different return period (T)

Scenario 25 years Relative
change
(%)

50 years Relative
change
(%)

100 years Relative
change
(%)

Baseline 552.33 611.63 670.49

2020s A2 701.96 27.09 809.07 32.28 915.40 36.53

B2 905.02 63.85 1,058.35 73.04 1,210.55 80.55

2050s A2 1,053.07 90.66 1,207.72 97.46 1,361.23 103.02

B2 730.37 32.23 831.11 35.88 931.10 38.87

2080s A2 954.23 72.76 1,078.22 76.29 1,201.30 79.17

B2 917.91 66.19 1,045.52 70.94 1,172.20 74.83
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and 71 % in the same periods respectively. For 100-year return period, the probable
peak discharges increase by 81, 39 and 75 % in the look ahead periods of 2020s,
2050s and 2080s respectively.

Designed Hydrographs
Synthetic hydrograph generated for different return periods at Kuchinarai station

for baseline period suggests maximum flood is expected for 100 year return period
followed by 50 and 25 year. In addition, it is also observed that the time to peak for
all the return period floods follows same trend as that of the observed hydrograph.
Moreover, maximum variation in the magnitude of the designed hydrographs is
observed at the peak.

Fig. 4.5 Frequency distribution of extreme events for Yang River basin under a A2 scenario and
b B2 scenario
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4.3.1.4 Performance of HEC-RAS Model

Model Evaluation Based on Statistical Indices
The calibration and validation statistics suggests the model simulates the

observed flood in good agreement (Table 4.5). Figure 4.7 demonstrates the simu-
lated water level compared to the observed water level at Pon Thing (E.70). The
validation results suggest the maximum observed water surface level at 140.61 masl
on October 7, 2007. The simulated water surface level is 139.29 masl on the same
day illustrating the model’s ability to fetch the time to peak at the same time.

Fig. 4.6 Relative changes in probable peak discharge compared to baseline period a A2 scenario
and b B2 scenario
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4.3.2 Projected Changes in Floods

4.3.2.1 Flood Inundated Areas for Baseline Period (1980–2009)

Table 4.6 illustrates the areas of inundation under different degrees of flood hazard.
Based on the assigned degree of flood hazard, although all class of flood hazards
shows an increase, yet the spatial coverage of high floods is observed to be

Table 4.5 Performance of HEC-RAS model in Yang River

Period r2 RPE VB

Calibration (2005) 0.96 0.71 −0.01

Validation (2007) 0.92 0.94 −0.01

Fig. 4.7 Comparison of observed and simulated water level at Pon Thong (E.70) a calibration and
b validation
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maximum under present climate. In case, of moderate and high flood events highest
spatial coverage is observed for 25 year return period. In addition, very high flood is
noted to have maximum coverage of 38.69 km2 which includes 16.15 % of total
area for 100-year return period. It is also noteworthy that the trend in the area of
inundation for degree of flood hazard reduces from 25- to 100-years return period
for low, moderate and high floods. However, for very high flood, area of inundation
is observed to follow increasing trend for the corresponding return periods. For the
total area of inundation, flood of 100-year return period has the maximum area of
inundation with 239.51 km2 implying the severity of extreme floods in the region
under present climate.

Further analysis on land use of the inundated area for the extreme floods sug-
gests significant increase from 159.46 to 188.47 km2 in the area of croplands in case
of 25–100 year return period (Table 4.7). It is also evident that, only change in
inundation area for high and very high floods influences the total area for croplands
indicating agricultural vulnerability. This implies that farming lands acts as reten-
tion areas for flood water in the region. It can also be noticed that forests experi-
ences high and very high floods of all return periods compared to low and
moderate. In addition, the spatial extent of high floods declines with increased
return period and tends to increase for very high.

4.3.2.2 Changes in Future Flood Inundation Area

The simulation was carried out for the present and future scenarios of extreme
rainfall events. Future flood inundation areas were simulated for 2020s, 2050s and
2080s with respect to A2 and B2 scenarios (Table 4.8). It can be noticed in case of
A2 scenario, the spatial coverage of flooded area increases noticeably for all return
periods and three time windows considered relative to the baseline period. Inter-
estingly, total area of flood inundation follows a declining trend from 284 to
268 km2 and 303 to 268 km2 for 50 and 100 year return periods respectively in case
of 2080s which can be attributed to the change in projected rainfall. Extreme flood
events are observed to have maximum area of inundation (95 to 189 km2) for 2050s
for all return periods. Moreover, lower intensity floods are observed to have a
declination in the area of inundation under future climate for A2 scenario.

Table 4.6 Flood inundation areas in different return period floods for baseline period

Degree of flood hazard Simulated flood area in km2 (in %)

25-year 50-year 100-year

Low 25.44 (12.38) 28.01 (12.51) 28.79 (12.02)

Moderate 19.25 (9.37) 17.32 (7.73) 17.73 (7.40)

High 141.66 (68.95) 151.63 (67.71) 154.31 (64.42)

Very high 19.10 (9.30) 26.99 (12.05) 38.69 (16.15)

Total 205.44 223.94 239.51
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Furthermore, high magnitude flood of 100 year return period is expected to decline
for 2050s and 2080s relative to baseline period for corresponding scenario.

Simulation for B2 scenario suggests, although the total area of inundated
increases significantly from 251–284 km2 relative to 205–239 km2 for baseline
period under future climate, yet lower coverage of area under flood is observed for
2050s. Large-scale flood can be observed to peak at 2050s with inundation area
ranging from 142 to 152 km2 for the three return periods. Analysis of output for
2050s illustrates a considerable increase in low, medium and high flood however;
very high flood shows a significant decline relative to 2020s and 2080s. Intra-
scenario analysis also suggests the severity of flood is less for the B2 scenario
relative to that of A2 for the corresponding period.

Further studies done in Mekong delta region of Vietnam suggest under climate
change high and very high floods are expected to be more intense (Dinh et al. 2012).
Moreover, studies on streamflow under climate change on Mekong river basin
suggests the frequency of peak discharge is expected to change from 75 year return
period to 25 years for future climate by 2045s (Lauri et al. 2012) which implies the
results of the present research are in line with other studies done in the region.

Table 4.7 Flood inundation depth generated by HEC-RAS—land use relationship for baseline
period in 25, 50 and 100 year flood

Return
period

Land use Low
D < 0.6
(km2)

Moderate
0.6 < D < 1.0
(km2)

High
1.0 < D < 3.5
(km2)

Very high
D > 3.5
(km2)

Total
area
(km2)

25-year Forest 0.88 0.56 9.81 4.06 15.30

Croplands 21.69 16.52 114.47 6.78 159.46

Grasslands 1.67 1.45 16.04 8.23 27.38

Urban 1.19 0.72 1.35 0.03 3.30

Water
bodies

1.64 2.21 38.96 11.48 54.29

Total 25.44* 19.25* 141.66* 19.10* 205.44*

50-year Forest 1.05 0.64 7.85 6.55 16.08

Croplands 24.28 14.74 125.86 10.68 175.56

Grasslands 1.41 1.16 15.92 9.72 28.21

Urban 1.27 0.78 2.00 0.03 4.08

Water
bodies

0.97 1.28 35.17 17.41 54.84

Total 28.01* 17.32* 151.63* 26.99* 223.94*

100-
year

Forest 1.26 0.63 6.66 8.30 16.84

Croplands 24.47 15.17 130.20 18.63 188.47

Grasslands 1.27 1.02 14.87 11.71 28.88

Urban 1.79 0.90 2.58 0.05 5.32

Water
bodies

0.73 0.77 29.89 23.84 55.23

Total 28.79* 17.73* 154.31* 38.69* 239.51*

* water bodies ignored.
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4.4 Conclusions

Floods are natural phenomenon not uncommon in Yang River basin occurring
annually. The present study is divided into three parts, projection of future peak
discharge, flood inundation and land use relationships for the past severe floods and
projection of future flood with different return periods. Future climate data derived
from PRECIS RCM were further downscaled to stations by power law transfor-
mation followed by simulation of hydrology of basin by using physically-based
distributed hydrological model BTOPMC. The flood hazard potential was projected
by using the 1-D hydraulic model HEC-RAS.

Based on the results obtained from simulations by hydrological model, no
particular trend was obtained for 25, 50 and 100 year return period discharge in case
of both A2 and B2 scenarios. However, the relative change varies from +27 to
+103 % and +32 to +80 % for A2 and B2 scenarios respectively indicating lower
intra-scenario variability for the latter. Simulation of floods for the present climate
suggests the croplands are affected maximum with high and very high floods
covering an area of 159, 175 and 188 km2 for 25, 50 and 100 year return period
respectively which implies agricultural sector is under threat in the region. Area
inundated by flood under future climate suggests 100 year return period floods are
most severe. In addition, for a particular return period of flood, a shift from very
high under baseline period to moderate flood is expected for future climate under
A2 scenario. Furthermore, 100 year return period flood is expected to be 25 years in
near future (2020s) for both climate scenarios which signifies the severe threat of
flood in future under climate change. The output of this study not only indicates the
severity of flood in the region but also focus on the land use affected under present
climate which implies flooding of cultivation land indicates potential damage in
food production and negative effects on the livelihoods of local people. So, proper
land use and risk-based design of hydraulic structures must be integral part of
mitigation plan when addressing vulnerabilities to reduce future flood damages in
the basin.

Acknowledgements The authors would like to appreciate Dr. Jun Magome and the BTOPMC
Development Team of Yamanashi University, Japan for providing the model to conduct this study.
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Chapter 5
Assessment of Climate Change Impacts
on Irrigation Water Requirement and Rice
Yield for Ngamoeyeik Irrigation Project
in Myanmar

Abstract This study analyzes the temporal impacts of climate change on irrigation
water requirement (IWR) and yield for rainfed rice and irrigated paddy respectively
at Ngamoeyeik Irrigation Project (NIP) in Myanmar. Climate projections from two
General Circulation Models (GCMs) namely ECHAM5 (scenario A2 and A1B) and
HadCM3 (scenarios A2 and B2) were derived for NIP for future time windows
(2020s, 2050s and 2080s). The climate variables were downscaled to basin level by
using Statistical DownScaling Model (SDSM). Calibrated and validated AquaCrop
v4.0 model was used to forecast the rainfed (May–October) yield and irrigation
water requirement for irrigated paddy (November–April) under future climate. The
analysis shows a decreasing trend in maximum temperature (−0.8 to +0.1 °C) for
the three scenarios and three time windows considered; however, an increasing
trend is observed for minimum temperature (+0.2 to +0.4 °C) for all cases. The
analysis on precipitation also suggests that rainfall in wet season is expected to vary
largely from −29 % (2080s; A1B) to +21.9 % (2080s; B2) relative to the average
rainfall of the baseline period. A higher variation is observed for the rainfall in dry
season ranging from −42 % for 2080s, B2; and +96 % in case of 2020s,
A2 scenario. A decreasing trend of irrigation water requirement is observed for
irrigated paddy in the study area under the three scenarios indicating that small
irrigation schemes are suitable to meet the requirements. An increasing trend in the
yield of rainfed paddy was estimated under climate change demonstrating the
increased food security in the region.

Keywords Climate change � Crop modeling � Irrigation water requirements �
Rainfed paddy yield � Myanmar

5.1 Introduction

Agriculture is the lifeline of Myanmar’s economy which provides employment to
67 % of the working population and contributes to 58 % of Myanmar’s gross
domestic product (GDP) (UNDP 2011). Agricultural production is entirely

© Springer International Publishing Switzerland 2014
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dependent on the amount of water available in the field and hence, the dryland
farmers of Myanmar mainly rely on rainfed farming for their livelihoods and the
over dependence on rainfall makes Myanmar economy more vulnerable to climate
change (ADB 2009). Rice is the major agricultural crop grown in Myanmar which
covers 39.82 % of the total agricultural land area. In order to compensate the
insufficient rainwater for irrigation; irrigated rice is being practiced in Myanmar in
the new millennia as it provides assurance to the farmers for the summer rice
production. A recent increase of 20.3 % in the irrigated areas has been observed
within a span of 5 years (FAO 2009).

Climate change has become a global threat which has high potential to affect the
water and agriculture sectors significantly (IPCC 2007; Molua 2009). In Southeast
Asia, temperature is expected to rise by 1.87–3.92 °C and precipitation is antici-
pated to increase by 1–12 % by the end of the century as compared to the current
condition (IPCC 2007). With the increased temperature and fluctuating precipita-
tion, it is expected that water availability and crop productivity will decrease sig-
nificantly in the future (Kang et al. 2009). It is also suggested that, climate change
will have direct and indirect impacts on irrigation water requirement and yield of
crops respectively (IFPRI 2009). The change in the yield is mostly expected due to
the shift in the growth phase, photosynthesis capacity and increasing in the respi-
ration and an increase in the water requirements. Moreover, various extreme climate
events (e.g. floods, cyclones and heat waves) will have additional risk to the
agricultural production (Alcamo et al. 2007).

Various modelling studies have confirmed that, with the increase of CO2 con-
centration and temperature, a significant alteration in the productivity of rice has
occured (Babel et al. 2011; Krishnan et al. 2007; Horie 2005; Erda et al. 2005;
Inthavon et al. 2004). Also studies by Shrestha et al. (2013), Maeda et al. (2011)
and De Silva et al. (2007) showed a remarkable increase in the irrigation water
requirement (IWR) in the future as compared to the present climate. Some climate
change impact assessment studies in agriculture also have found a significant
increase in yield of many crops worldwide (Long et al. 2006; Fuhrer 2003; Amthor
1998). The increasing atmospheric CO2 concentration influencing the temperature
acts favorable for the spikelet formation in paddy and reduces the crop duration
(Olesen et al. 2000). Agricultural crops in the tropical region are more sensitive to
warming since they operate already close to the optimum temperature; however, in
many regions a mild increase in warming with sufficient precipitation may have a
net positive impact (Esterling and Apps 2005). Although various studies have been
done in the Lower Mekong River Basin (LMRB) countries, very few studies has
been conducted in Myanmar on climate change impact assessment.

The present study quantifies the change in the irrigation water requirement and
rice productivity in an irrigation project area in southern region of Myanmar under
different climate change scenarios. The outputs of this research will be highly useful
for the farmers, policy makers and reservoir operators of the region to respond the
adverse impacts of climate change on water resources and agriculture.
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5.2 Study Area

The study area lies in the southern region of Myanmar with a catchment area of
414.5 km2. Ngamoeyeik irrigation project is the largest project in the lower
Myanmar and is located within latitude of 16°50′–17°30′N and longitude of
96°00′–96°30′E (Fig. 5.1). A substantial hilly region lies in the northern part of the
basin with slope ranging from 4.5 to 9.0 % and a flat region exists in the south with
average slope 0.3 %. The reservoir has an active storage capacity of 207 million
cubic meters (MCM) and surface area of 44.5 km2 irrigating 28,330 ha area. The
irrigation scheme was designed to store the rainwater during monsoon and to utilize
the storage water in the pre-monsoon season for double cropping. The reservoir has
a potential capacity to irrigate of 28,330 ha area. It also acts as a reserve for the
domestic water use during the dry periods for Yangoon city.

Sub-tropical climate dominates the region with an average annual rainfall of
2,700 mm and the monsoon season lies between May and October making the
period suitable for rainfed paddy. The temperature ranges between 22.2 and 32.6 °C
with extremes between 17.1 and 36.8 °C averaged from 1961 to 1990. The soil type

Fig. 5.1 Location map of
Ngamoeyeik irrigation project
in Myanmar
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changes according to the depth. Table 5.1 elaborates the depth wise soil physical
and chemical characteristics of soil in root zone.

In the study area, rice cultivation is generally practiced at a cropping intensity of
200 % with rainfed and irrigated conditions. Field preparation for the rainfed rice
starts from middle of May and the crops are harvested by early November. In case
of irrigated rice, transplantation is done by middle November and the paddy is
harvested by middle of April. Figure 5.2 shows the cropping calendar followed for
cultivating rice. Rice has five different phases namely, nursery, initial, development,
reproductive and ripening stage (FAO 1998).

5.3 Materials and Methods

Two GCMs (ECHAM5 and HadCM3) were used to derive three SRES scenarios
(A2, A1B and B2) of the future climate variables. They were downscaled at basin
scale by statistical downscaling tool (SDSM) using the daily observed precipitation
and temperature dataset obtained from the local meteorological station (Kabar Aye;
Yangoon). The results obtained were used as input to the crop model, AquaCrop

Table 5.1 Depth wise physical and chemical properties of soil at Ngamoeyeik irrigation project,
Myanmar

Description Soil depth (cm)

(0–10) (10–20) (20–30)

Clay (%) 33.00 67.00 8.66

Silt (%) 29.50 27.00 7.94

Sand (%) 33.00 58.50 7.98

Soil texture Silty clay loam Clay loam Silty clay loam

FC (%) 44 39 42

PWP (%) 23 23 23

K (mm/day) 13 4 2.5

EC (µmoh) 67.00 27.00 58.50

pH 8.66 7.94 7.98

Specific gravity 2.67 2.67 2.67

Fig. 5.2 Cropping calendar of rainfed rice and irrigated paddy showing post transplantation at
Ngamoeyeik irrigation project in Myanmar
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v 4.0 (Raes et al. 2009a), in order to estimate the rainfed rice yield and IWR for the
irrigated paddy. Figure 5.3 demonstrates the methodological framework applied for
this study. Similar approach was also used by Shrestha et al. (2013) and Maeda
et al. (2011) to forecast the potential impacts of climate change on IWRs in Nepal
and Kenya respectively.

5.3.1 Field Layout and Measurements

Field experiments for rainfed rice were conducted for the year 2010 and 2011 laid
in randomized complete block design (RCBD) with the following treatments: no
irrigation, W1; 25 % of irrigation water requirement (IWR), W2; 50 % of IWR, W3;
and irrigation water at 100 % IWR, W4. Nitrogen was applied at two different rates
N1: recommended dose of Nitrogen (50 kg/ha); N2: 60 % of recommended dose.
Irrigation was provided by flooding method where water was derived from a res-
ervoir and supplied by channels. The beds were surrounded by bunds such that they
can store the irrigated water applied. Manawthukha which is a high yielding variety
(HYV) was used for the field trials. Details of other mostly grown varieties are
given in Table 5.2. Table 5.3 shows the water requirement based on crop growth
stages for Manawthukha variety. The nurseries were transplanted at a depth of 2 cm
and a spacing of 20 × 20 cm was provided for each plant (Young et al. 1998).

Fig. 5.3 The methodological framework for the study at Ngamoeyeik irrigation project in
Myanmar
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The quantity of irrigation water applied in the field trials was calculated based on
the IWR of paddy. IWR was calculated based on crop water use as in Eq. 5.1.
Calculation of ETcrop is shown in later section however, effective rainfall (Pe) is
calculated as given in Eq. 5.2. The volume of water was conveyed by the canals to
the trial plots. The N fertilizer was applied in three split doses with one-third given
at basal, second at 21 days after transplanting (DAT) and third at 42 DAT. The

Table 5.2 Characteristics of rice varieties grown in Ngamoeyeik irrigation project, Myanmar

Name of rice
varieties

Days to
maturity

Plant
height
(cm)

Effective
tillers/
plant

Length
of
panicle
(cm)

Grains
per
panicle

1,000
grains
weight
(gm)

Yield
(t/ha)

Manawthukha 130–
135

91–
107

8–10 22 178 18.00 4–5

(HYV)

Yatanartoe 105–
120

76–92 7–9 24 133 28.18 4–5

(HYV)

Ayeyarmin 140–
145

137–
152

10–12 25.4 160 24.00 3–4

(HYV)

Table 5.3 Stages of rice growth with crop water requirement at Ngamoeyeik irrigation project,
Myanmar

Stage Number
of days

Water
requirement
(mm)a

% of total
water
requirement

Features

Nursery 50 60 4 From land preparation
to transplanting

Initial 15 250 17 From transplanting to
approx. 10 % of
ground cover;
dependent on crop
variety

Development 45 550 38 From 10 % ground
cover to effective full
cover; initiation
of flowering

Reproductive 30 450 31 From effective full
cover to the start
of maturity

Ripening 30 150 10 From start of maturity
to
harvesting

Total 170 1,460

FAO (1998)
a http://agropedia.iitk.ac.in/?q=content/irrigation-water-management-paddy (accessed July, 2013)
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yield was measured at the physiological maturity of the paddy by selecting three
middle rows of each experimental plot.

IWR ¼ ETcrop� Pe ð5:1Þ

Pe ¼ 0:8P� 25 if P[ 75mm/month

Pe ¼ 0:6P� 10 if P\75mm/month
ð5:2Þ

where IWR, ETcrop, Pe and P are irrigation water requirement, evapotranspiration,
effective rainfall, and rainfall, respectively, in mm.

5.3.2 Climate Change Scenario Generation

Forecasting the future climate variables is extremely difficult due to unpredictable
greenhouse gas (GHG) accumulation in the atmosphere because of several natural
and anthropogenic causes. Therefore in order to assess the potential impacts of
future climate change on agriculture and water resources, we use various scenarios
which we assume resembles the plausible future (IPCC 2007). They stipulate easy
and correct way for determining the various driving forces leading to climate
change and study the impact assessment studies along with uncertainty analysis.

According to the fourth assessment report by Intergovernmental Panel on Cli-
mate Change (IPCC), four emission scenarios have been considered namely A1,
A2, B1 and B2 which are generated based on the different socio-economic and
environmental consideration. A1 is further divided into A1FI, A1T and A1B which
assumes the future will be more fossil intensive, non-fossil energy usage and bal-
anced across all sources respectively (IPCC 2007). We have considered the worst
case (A2), most optimistic (B2) and balanced usage of energy resources (A1B)
scenario in our study since these three are the most presumptive scenarios in the
context of Myanmar.

There are many General Circulation Models (GCMs) which projects different
scenarios of the future climate based on the underlying assumed driving forces. Yet
the availability of data, reliability on outputs and their resolution makes it important
to do some analysis prior to use the GCM output for studies. It is unrealistic to rely
on the output of a GCM with coarse resolution representing the future climate of
any location with a good agreement (Yano et al. 2007). The four criteria based on
which a GCM is selected for a particular region are vintage, resolution, validity and
representativeness of the results (Smith and Hulme 1998).

The required scenarios i.e. A2 and A1B were extracted from ECHAM5/MPI-OM
(European Centre-Hamburg model version 5/Max Planck Institute Ocean Model)
whereas A2 and B2 were retrieved from HadCM3 (Hadley Centre Coupled Model
version 3). Table 5.4 shows the detailed description of the two GCMs. These two
GCMs have been used extensively in impact assessment studies in Southeast Asia
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(Artlert et al. 2013; Nuorteva et al. 2010; Babel et al. 2011). Based on the outputs and
conclusions of the above mentioned studies done and the robustness of their per-
formance these two GCMs were selected for the study.

5.3.3 Transferring Coarse Resolution Climate Data
to Basin Level

GCMs predict the climate variables at a global level which is not suitable for basin
scale studies and moreover the regional features of local level are not amalgamated
in GCMs (Russo et al. 1997). Downscaling is the process of transforming the GCM
outputs to local level (IPCC 2007). Although, there are several methods of
downscaling the coarse resolution data of GCMs to basin level viz., dynamical
method, weather typing, stochastic weather generators and regression, the statistical
downscaling method is preferred due to its cost effectiveness and its easiness to
perform rapid assessments of localized climate (Bardosy and Plate 1992). Statistical
DownScaling Model (SDSM) has become more accepted in recent years due to its
applicability in wide region and simplicity of establishing relationship between
predictor and predictand variables for future time zone (Wilby et al. 2002). Hence,
SDSM package of decision support tool is used for this study to downscale max-
imum, minimum temperature and precipitation for the study area for (2010–2039)
2020s, (2040–2069) 2050s and (2070–2099) 2080s. Prior to forecasting the future
climate variables, SDSM was calibrated based on observed data of 1961–1990 and
then validated for the period of 1991–2000.

5.3.4 AquaCrop 4.0

AquaCrop is a windows based programme designed to simulate biomass and yield
responses of field crops to different degrees of water availability under various soil
conditions and climate change scenarios. It incorporates the soil-crop-atmosphere
components through soil and water balance, atmosphere (rainfall, temperature,
evapotranspiration and carbon dioxide concentration), crop characteristics (canopy

Table 5.4 Description of the GCMs used in this study

Model Vintage Country Agency Resolution (km × km)

Atmosphere Ocean

HadCM3 1997 England Hadley Center for Climate
Prediction and Research/Met
Office

96 73

ECHAM5/
MPI-OM

2005 Germany Max Planck Institute of
Meteorology

192 96
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cover, root depth, biomass production and yield) and field management practices
(irrigation, fertility and agronomic practices) components (Raes et al. 2009a;
Steduto et al. 2009). It also calculates the daily water balance and separates
evapotranspiration into evaporation and transpiration. The model calculates the
above ground biomass based on the Eq. 5.3 where it is a function of normalized
water productivity, transpiration (factor of canopy cover), reference evapotranspi-
ration (RE) and air temperature stress coefficient. The cumulative above ground
biomass calculated is then converted into yield based on Eq. 5.4.

B ¼ Ksb �WP� �
X Tr

ETo
ð5:3Þ

Y ¼ fHI � HIO � B ð5:4Þ

where B is above ground biomass in kg m−2, Ksb is air temperature stress coeffi-
cient, WP* is normalized water productivity in kg m−2 mm−1 which is normalized
for CO2, type of product synthesized and soil fertility which is suggested to be kept
15 and 20 kg m−2 mm−1 for rice (Raes et al. 2009b), Tr is transpiration in mm and
ETo refers to evapotranspiration in mm. Y is referred as yield in kg m−1, fHI is
adjustment factor for all the stress that affects the yield of crop, HIO is the reference
harvest index and B is the above ground biomass mentioned earlier in kg m−2.

IWR is calculated based on the daily water flux computed by the water balance
sub-component in the model. RE being computed by ETo calculator was used as an
input to the sub-component to calculate IWR. AquaCrop being a simple and less
data intensive model was selected for this study because of its robust performance
in various regions of the world (Abedinpour et al. 2012; Mkhabela and Bullock
2012; Geerts et al. 2009). Moreover, detailed crop phenology associated data
availability being an issue for the study site. Although the model has several default
values for crop parameters including rice, handful of parameters however, need to
be tuned based on the local conditions, cultivars and management practices.

Crop water requirement is defined as the amount of water needed to compensate
the evapotranspiration needs of a crop and is calculated as the difference between
crop evapotranspiration and effective precipitation (Eq. 5.5). Crop evapotranspira-
tion is a product of crop coefficient and RE (Eq. 5.6). However, RE is demonstrated
as the rate of evapotranspiration by a hypothetical reference grass with crop height
of 0.12 m, a fixed surface resistance of 70 s m−1 and albedo of 0.23. The standard
method of calculation of RE is by FAO Penman-Monteith equation. More details
can be found in Allen et al. (1998). In AquaCrop, effective precipitation is calcu-
lated considering the daily water balance, rainfall and monthly crop evapotrans-
piration as in Eq. 5.7 (USDA 1970).

CWR ¼ ETC � Pe ð5:5Þ

ETC ¼ Kc � ETO ð5:6Þ
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Pem ¼ 0:70917P0:82416
m � 0:11556

� �� 100:02426ETcm ð5:7Þ

where CWR is crop water requirement in mm, ETc is crop evapotranspiration in
mm, Pe is effective precipitation in mm, Kc is crop coefficient (unitless), ETo is
reference evapotranspiration in mm, and Pem, Pm, Etcm are monthly effective
rainfall, monthly rainfall and monthly crop evapotranspiration in inches (mm??)
respectively.

The parameterization of crop model is evaluated based on Coefficient of
Determination (R2) which measures the strength of linear relationship between
modeled and observed variables, standard deviation (σ2) shows the variability of
modeled and observed data compared to mean, Root Mean Square Error (RMSE)
which measures the differences between values predicted by a model and observed
values and Coefficient of Residual Mass (CRM) measures the tendency of the
model over and underestimation.

5.4 Results and Discussion

5.4.1 Simulated and Observed Climate Data

The calibration process of SDSM involves developing relationship among meso-
scale screened predictor variables and observed station data based on principle of
multiple regressions. The summary of selected predictor variables and corre-
sponding predictands for the study area meteorological station is given in Table 5.5.
Meteorological data from 1961 to 1980 of Kabar Aye Station (Yangoon) (12 masl)
located within 15 kms from experimental site is used for calibration of SDSM. It
can be noticed that greater local variables influence the HadCM3 predictands
compared to ECHAM5. Moreover, it can also be noted that there are different group
of predictors that control the predictands of the two different GCMs. For instance,
zonal velocity at 500 hPa (5_u), airflow strength at 850 hPa (8_f), relative humidity
at 500 hpa (r500), relative humidity at 850 hpa (r850), near surface relative
humidity (rhum) and surface specific humidity (shum) influences the maximum and
minimum temperature of HadCM3. Whereas, 850 hpa geopotential height (P850),
relative humidity at 500 hpa (r500) and relative humidity at 850 hpa (r850) influ-
ences the maximum and minimum temperature for ECHAM5. Similarly for pre-
cipitation, mean sea Level Pressure (mslp), 850 hpa geopotential height (P850),
relative humidity at 850 hpa (r850) and 850 hPa divergence (8zh) are the drivers for
HadCM3 while additional relative humidity at 500 hpa (r500), 850 hpa geopotential
height (P850) with common predictor 850 hpa geopotential height (P850) influ-
ences ECHAM5.

Table 5.6 presents the performance of SDSM during the calibration and vali-
dation processes. During the calibration process, good comparison of the observed
data with the data produced based on the generated transfer function, is obtained.
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Validation of the model on the other hand, was done independently for maximum,
minimum temperature and precipitation with the observed data of 1981–1990 based
on mean monthly value, standard deviation, monthly maximum value and time

Table 5.5 Summary of selected predictor variables and their corresponding predictands of the
GCMs at Ngamoeyeik irrigation project, Myanmar

GCM Predictand Predictors

HadCM3 Maximum temperature Zonal velocity at 500 hPa (5_u)

Airflow strength at 850 hPa (8_f)

Relative humidity at 500 hpa (r500)

Relative humidity at 850 hpa (r850)

Minimum temperature Near surface relative humidity (rhum)

Surface specific humidity (shum)

Zonal velocity at 500 hPa (5_u)

Airflow strength at 850 hPa (8_f)

Relative humidity at 500 hpa (r500)

Relative humidity at 850 hpa (r850)

Precipitation Near surface relative humidity (rhum)

Surface specific humidity (shum)

Mean sea level pressure (mslp)

850 hpa geopotential height (P850)

Relative humidity at 850 hpa (r850)

850 hPa divergence (8zh)

ECHAM5 Maximum temperature 850 hpa geopotential height (P850)

Relative humidity at 500 hpa (r500)

Relative humidity at 850 hpa (r850)

Minimum temperature 850 hpa geopotential height (P850)

Relative humidity at 500 hpa (r500)

Relative humidity at 850 hpa (r850)

Precipitation 850 hpa geopotential height (P850)

Relative humidity at 500 hpa (r500)

850 hpa geopotential height (P850)

Table 5.6 Performance of SDSM during calibration and validation at Ngamoeyeik irrigation
project, Myanmar

Predictands

Maximum temperature Minimum temperature Precipitation

R2 Cal 0.82 0.88 0.89

Val 0.97 0.96 0.92

RMSE Cal 0.51 °C 0.44 °C 37.19 mm

Val 0.66 °C 0.84 °C 49.70 mm

Cal calibration, Val validation
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series plot of each simulated value are compared with corresponding observed data
and results indicate a good agreement between observed data and simulated values.

5.4.2 Projection of Future Climate Variables

5.4.2.1 Projection of Future Temperature

The projected maximum temperature shows a decreasing trend whereas, minimum
temperature tends to increase for the three scenarios and the three time windows
considered (Table 5.7). The highest decrease in maximum temperature was 0.8 °C
for 2020s time window in case of A2 scenario by HadCM3. On the contrary, the
largest increase in minimum temperature has been observed in multiple cases with
same absolute value of 0.4 °C for A2 scenario in 2020s and 2050s along with 2080s
for A1B scenario.

The temperatures simulated by HadCM3 showed that although the increase in
minimum temperature is not significant, it is however remarkable in the case of
maximum temperature (−0.5 to −0.6 °C). It can be noted that in case of A2 and
A1B scenarios, the maximum temperature simulated decreases abruptly in the near
future (2020s) then tends to increase to the current temperature (32.7 °C). For
maximum temperature, ECHAM5 shows a variation of −0.2 to 0 °C whereas a
higher variability ranging from −0.8 to +0.1 °C is observed for HadCM3 from
2020s to 2080s. Similarly, for minimum temperature observed change for

Table 5.7 Future changes in maximum temperature (Tmax) and minimum temperature (Tmin)
relative to baseline period (1961–1990) at Ngamoeyeik irrigation project, Myanmar

Scenarios ECHAM5 HadCM3

2020s 2050s 2080s 2020s 2050s 2080s

Baseline Tmax (°C) 32.7

Baseline Tmin (°C) 22.2

Scenario A2 Tmax (°C) 32.5 32.6 32.7 31.9 32.4 32.8

Change (°C) −0.2 −0.1 0 −0.8 −0.3 +0.1

Tmin (°C) 22.6 22.6 22.5 21.8 22.5 22.7

Change (°C) +0.4 +0.4 +0.3 −0.4 +0.3 +0.5

Scenario A1B Tmax (°C) 32.5 32.6 32.8 – – –

Change (°C) −0.2 −0.1 +0.1 – – –

Tmin (°C) 22.5 22.5 22.6 – – –

Change (°C) +0.3 +0.3 +0.4 – – –

Scenario B2 Tmax (°C) – – – 32.2 32.3 32.2

Change (°C) – – – −0.5 −0.6 −0.5

Tmin (°C) – – – 22.4 22.4 22.4

Change (°C) – – – +0.2 +0.2 +0.2
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ECHAM5 and HadCM3 ranges from +0.4 to +0.3 °C and −0.4 to +0.5 °C
respectively for the corresponding time intervals. The analysis shows that the
highest changes in both maximum and minimum temperature are observed in case
of 2050s which has significant impact on IWR and rainfed paddy yield (discussed
in later section).

5.4.2.2 Projection of Future Precipitation

A substantial increase in precipitation is observed in all time windows for A2 and
B2 scenarios (Table 5.8). However, a considerable decline is noted from 2020s to
2080s in case of A1B scenario. A declining trend in precipitation is indicated by
ECHAM5 for A1B scenario; similarly by both GCMs for A2 scenario whereas B2
indicates an increasing trend in precipitation magnitude. The highest magnitude of
rainfall is observed in case of A2 scenario for 2020s (3,273 mm); for the expected
abrupt increase in amount of rainfall within a short time, it is suggested to have a
proper rainfall forecast throughout the study area to prevent harmful impacts. The
increase in total amount of rainfall for A2 and B2 scenarios indicates reduced IWR.
However, it is contradictory in case of A1B scenario (discussed later). Interestingly,
minor differences can be noted in the projections for A2 scenario in ECHAM5 and
HadCM3. However, both shows similar trend although the magnitude of increase
for HadCM3 is relatively lower which has implication on IWR.

Table 5.8 Future changes in precipitation (Prcp) relative to baseline period (1961–1990) at
Ngamoeyeik irrigation project, Myanmar

Scenarios ECHAM5 HadCM3

2020s 2050s 2080s 2020s 2050s 2080s

Baseline Tmax (°C) 32.7

Baseline Tmin (°C) 22.2

Scenario A2 Tmax (°C) 32.5 32.6 32.7 31.9 32.4 32.8

Change (°C) −0.2 −0.1 0 −0.8 −0.3 +0.1

Tmin (°C) 22.6 22.6 22.5 21.8 22.5 22.7

Change (°C) +0.4 +0.4 +0.3 −0.4 +0.3 +0.5

Scenario A1B Tmax (°C) 32.5 32.6 32.8 – – –

Change (°C) −0.2 −0.1 +0.1 – – –

Tmin (°C) 22.5 22.5 22.6 – – –

Change (°C) +0.3 +0.3 +0.4 – – –

Scenario B2 Tmax (°C) – – – 32.2 32.3 32.2

Change (°C) – – – −0.5 −0.6 −0.5

Tmin (°C) – – – 22.4 22.4 22.4

Change (°C) – – – +0.2 +0.2 +0.2
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Fig. 5.4 Comparison of the forecasted precipitation with the baseline period (1961–1990) for
a A2 b A1B and c B2 scenarios for the study area
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Figure 5.4 illustrates the comparison of forecasted precipitation relative to the
baseline period for the three scenarios and three time windows considered. Results
show that forecasted precipitation does not deviate from the trend of the present
condition. However, the magnitude is expected to change for all the three scenarios.
In case of A2 scenario, simulations conducted from both climate models show the
existence of double peaks (July and September) for 2080s in ECHAM5 and similar
trend is also observed for 2020s by HadCM3 although with lower magnitude. The
downscaling also suggest minor variation in the magnitudes of inter GCM outputs
of monthly precipitation for all time windows in A2 scenario. The onset of the
monsoon season follows the same trend for all the time windows in this case.
However, prediction results for A1B scenario depict an early onset of monsoon
with a lesser magnitude in June and July for the three future time windows
(Fig. 5.4b). Although the offset is presumed to be at same time, there is however a
reduction in the magnitude as compared to present for the three time windows.
Forecasts of B2 scenario shows longer dry period and shorter wet period as the
offset of monsoon is forecasted to be early for the three time windows. It can affect
the reservoir operation since irrigation required for the paddy is regulated by pre-
cipitation pattern. An increasing trend of magnitude is also expected for August
from 600 to 900 mm for 2080s which implies for rainfed rice it may be good since
the cropping calendar indicates higher volume of water necessary for the devel-
opment stage of irrigated paddy.

Figure 5.5 shows the percent change in the precipitation compared to baseline
period (1961–1990) for the three time windows and three scenarios considered.
Higher shifts are noticed in the dry seasons (December–April). Although the trend
remains same for the three time windows but a significant change in magnitude has
been observed. It is also interesting to note that for A2 scenario, downscaled climate
data follows similar trend and minimum variation in magnitude of change for both
ECHAM5 and HadCM3 GCMs. In A1B scenario, highest change is detected for
2020s in January which decreases to lowest in 2080s indicating probable high IWR
for irrigated paddy in 2080s. An opposite trend is marked for B2 scenario with
lowest change in precipitation for 2020s (February) which rises to maximum for
2080s (509 %).

5.4.3 Crop Model Set up

For setting up the crop growth model, the experimental data of daily weather, soil
and field management collected from research center was used as the input
parameter and the simulated results were compared with the observed data. The
crop parameters were taken from the recommended default values by model
guideline. The simulated data used to calibrate and validate the model are yield and
biomass. AquaCrop is calibrated using the measured data sets in 2010 and the data
set of 2011 was used for validation. The model has been calibrated for rainfed and
irrigated conditions separately. The parameters used in model calibration are shown
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Fig. 5.5 Comparison of the forecasted precipitation (in terms of percentage) with baseline period
(1961–1990) for a A2 b A1B and c B2 scenarios for the study area
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in Table 5.9 which include base temperature, cut-off temperature, initial canopy
cover (Cco), canopy growth coefficient (CGC), maximum canopy (CCx), canopy
decline coefficient (CDC), maximum effective rooting depth, stomata stress coef-
ficient (upper) and senescence stress coefficient p(upper).

Table 5.9 Calibrated parameters of AquaCrop model for rainfed and irrigated conditions

Description Value Units

Rainfed Irrigated

Base temperature 8.2 8.0 °C

Cut-off temperature 31.2 29.0 °C

CC0 1.1 1.8 %

CGC 8.0 8.3 %/day

CCx 90 95 %

CDC 8.1 8.4 %/day

Maximum effective rooting depth 0.38 0.4 m

Stomata stress coefficient (p_upper) 0.47 0.5 –

Senescence stress coefficient (p_upper) 0.50 0.55 –

Fig. 5.6 Performance of
AquaCrop model during
calibration process for
a paddy yield and b biomass
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Figures 5.6a, b and 5.7a, b represents the performance of AquaCrop model
during calibration and validation for paddy yield and biomass respectively.
Although a good relationship among the observed and simulated values can be
inferred from the figures, CRM suggests however that the model overestimated
both yield and biomass during the calibration and validation process. A higher
RMSE of 209 and 777 kg/ha is observed in case of validation in contrast to 188 and
351 kg/ha for yield and biomass during calibration, respectively. Higher error in
validation may be due to the contribution of climate and management factors
leading to reduced observed yield and biomass. However the minimal existing error
is still acceptable for our study.

Fig. 5.7 Performance of
AquaCrop model during
validation process for a paddy
yield and b biomass
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5.4.4 Projection of Future Irrigation Water Requirement
(IWR)

The future IWR for the irrigated paddy in case of future time windows and three
scenarios was simulated by AquaCrop. Two plausible initial soil moisture condi-
tions combined with two assumed allowable root zone depletion conditions namely
at Field Capacity (FC) and 50 % of Total Available Water (TAW) were considered
for the simulation (Table 5.10). The nutrient supply is presumed to be at optimum
application rate as that of the current situation. The agricultural management
practices are also assumed to be unaltered as compared to the present conditions.

Compared to present condition, a decrease in the IWR is observed for the three
scenarios at all-time windows considered. At FC, lesser IWR is observed as
compared to presumed initial condition of TAW at 50 % for all allowed root zone
depletion conditions in the time windows considered. It is also evident that, with
increase in allowable root zone depletion, there is a substantial reduction in IWR.
Simulation done for ECHAM5 in case of A2 scenario suggests more irrigation
water requirement in terms of depth (mm) for 2080s followed by 2020s and 2050s.
A similar trend is observed in terms of magnitude for A1B scenario, where highest
IWR is observed in 2080s for all the conditions followed by 2050s and 2020s.
However, in the case of B2 scenario, IWR reduces from 2020s to 2080s. The
maximum reduction in IWR (83 mm) as compared to present condition is observed
for 2050s with 25 % allowable root zone depletion and 50 % TAW initial condition.
Simulation for IWR done with the outputs of HadCM3 (A2 scenario) validates the
higher degree of uncertainty in 2080s when compared to that of ECHAM5 pro-
jections. IWR simulation results obtained from ECHAM5 for 25 % allowable root
zone depletion at FC and TAW 50 %, suggest a reduction of 14 and 38 mm
respectively whereas in case of HadCM3 projections IWR stands at 6 and 5 mm for
the corresponding conditions.

The trend in forecasted precipitation and minimum temperature can be attributed
to the observed decreasing trend in IWR for the three scenarios. It can be clearly
observed that for any scenario at a particular time window with projected high
precipitation, a lower IWR persists. For instance in case of A2 scenario
(ECHAM5), for 2020s, 2050s and 2080s the respective precipitation are 194.8 mm,
194.3 mm and 146.2 mm and the corresponding IWR for 10 % allowable root zone
depletion and initial condition at FC are 486, 468 and 498 mm. Similar results were
shown by Gerten et al. (2011) and Olesen et al. (2007) which indicates reduction in
IWR by 4 to 82 % by the end of 21st century varying on crop and location. The
projected decrease in IWR for the future climate scenarios indicates the need of
better management plan for the diversion of the reservoir water to other sectors
during the dry months.
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5.4.5 Projection of Future Rainfed Paddy Yield

An increase in the rainfed paddy yield is observed for the three scenarios and the
three time windows considered. An explicit increasing trend is observed from
2020s to 2080s for A2 scenario in case of both GCMs. The projected yield for
ECHAM5 shows a change of +40.3 % for A2 scenario whereas for HadCM3
+35.9 % change is observed for the corresponding scenario. It can also be noted that
the uncertainty is higher in magnitude for the late part of century relative to the
early and mid-part. In addition, a fluctuating trend is observed in case of A1B and a
decreasing trend is observed in B2 scenario (Table 5.11). Maximum variation is
observed for A2 scenario ranging from +21.1 to +40.3 % from 2020s to 2080s. It
can be observed that for rainfed paddy, the trend of yield is irrespective of the trend
of maximum temperature and precipitation. However, the increase in yield follows
the same trend as that of minimum temperature. Modeled higher yields in case of
A2 followed by A1B and B2 scenarios may also be induced due to the accumulated
CO2 concentration in the atmosphere. Higher CO2 level causes increase in mini-
mum temperature which combined together due to heat-induced spikelet aggravated
growth and increased biomass and subsequent grain yield (Wassmann 2007;
Krishnan et al. 2007). Similar increase in yield was also shown by Alexandrov et al.
(2002) and Laux et al. (2010) for Austria and Cameroon respectively. In case of
Southeast Asia, Northeast Thailand and winter-spring cropping pattern of Vietnam
are supposed to be benefitted by climate change as modeling study suggests
increased rice yield (SeaStart 2006).

The decreasing trend of IWR for summer paddy is observed for all three time
windows. Since the paddy is already in irrigated condition and the maximum yield
is attained, the paddy doesn’t respond to further increase in rainfall during summer
season. Therefore very little increase or no further increase in the yield of summer
paddy can be expected.

The projected increase in yield of rainfed paddy due to climate change is an
indication of increased food security in the study area. However, evaluation of
adaptation strategies can be performed in order to enhance the yield up to its
potential level. Although it is expected to have an increased paddy yield under

Table 5.11 Future changes in rainfed rice yield relative to baseline period (1961–1990) for
ECHAM5 (A2 and A1B scenarios) and HadCM3 (A2 and B2 scenarios) GCMs

Scenarios Baseline
yield
(t/ha)

2020s 2050s 2080s

Yield
(t/ha)

Changes
(%)

Yield
(t/ha)

Changes
(%)

Yield
(t/ha)

Changes
(%)

A2_ECHAM5 2.965 3.590 +21.1 3.932 +32.6 4.159 +40.3

A2_HadCM3 3.612 +21.8 3.991 +34.6 4.029 +35.9

A1B_ECHAM5 3.573 +20.5 3.783 +27.6 3.745 +26.3

B2_ECHAM5 3.571 +20.4 3.465 +16.9 3.455 +16.5
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climate change but severe risk exists due to the increased precipitation as high
magnitude of precipitation can also cause unexpected floods in the region if proper
management practices are not being taken.

5.5 Conclusions

This study is divided into three parts: first is forecasting the future climate variables,
then using the projected climate variables to forecast the future irrigation water
requirements for irrigated paddy and thirdly, assessing the impacts on future rainfed
rice productivity. SDSM has been used to downscale the coarse resolution of
climate variables from the GCMs (HadCM3 and ECHAM5). A2, A1B and B2
scenarios were used to assess the IWR and rainfed rice yield. SDSM was calibrated
for the period of 1961–1990 and validated for 1991–2000; performance statistics
shows modeled outputs were in good agreement with observed ones. A decreasing
trend in maximum temperature is observed for A2 scenario for the projections by
ECHAM5 whereas a contradictory increase is observed for the projection by
HadCM3. A fluctuation in forecasted temperature is noted for A1B and B2 sce-
narios for the three time windows considered (2020s, 2050s and 2080s). In case of
minimum temperature, an increasing trend is observed for A2 and A1B scenarios
however, an increase of +2 °C is expected to prevail constantly for B2 scenario for
the three time windows. The future precipitation is expected to increase in mag-
nitude by 14.4 and 19.7 % for A2 and B2 scenarios by 2080s compared to present.
However, a decreasing trend is observed in case of A1B scenario which is expected
to reduce more in future time intervals (−28.7 % in 2080s compared to present).

AquaCrop model was used for the study area and was calibrated and validated
based on the field experimental data acquired for the agricultural research center.
Projection of future IWR was done for the irrigated paddy based on the downscaled
climate data. Due to the forecasted increase in the winter precipitation, the IWR is
expected to be lowered by the end of the century for A2 and B2 scenarios. How-
ever, even the precipitation is forecasted to decrease, in the case of A1B scenario,
the IWR is expected to be reduced due to shift in temperature pattern. Results
obtained for rainfed rice simulated by AquaCrop suggests an explicit trend of
increasing yield in the region for A2 scenario. A fluctuating increased trend is
observed for the A1B scenario and reducing trend is noted for B2 scenario
(+20.4 % in 2020s to +16.5 % in 2080s). It can also be inferred that due to the
reduced IWR in the future the reservoir operation needs to be evaluated to divert the
water to other sectors for better water resources management. The results can be
further utilized to investigate the effects of different cropping patterns with varying
crop calendars on the water demand.
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Chapter 6
Adaptation Strategies for Rice Cultivation
Under Climate Change in Central Vietnam

Abstract This study investigates the impact of climate change on winter and
summer rice (Oryza sativa) yield and evaluates several adaptation measures to
overcome the negative impact of climate change on rice production in the Quang
Nam province of Vietnam. Future climate change scenarios for time periods in the
2020s, 2050s and 2080s were projected by downscaling the outputs of the General
Circulation Model (GCM), Hadley Centre Coupled Model, version 3 (HadCM3)
A2 and B2 scenarios. The AquaCrop model was used to simulate the impact of
future climates on rice yield. The minimum and maximum temperature of the
province is projected to increase by 0.35–1.72 °C and 0.93–3.69 °C respectively in
future. Similarly, the annual precipitation is expected to increase by 9.75 % in the
2080s. Results show that climate change will reduce rice yield from 1.29 to
23.05 % during the winter season for both scenarios and all time periods, whereas
an increase in yield by 2.07–6.66 % is expected in the summer season for the 2020s
and 2050s; relative to baseline yield. The overall decrease of rice yield in the winter
season can be offset, and rice yield in the summer season can be enhanced to
potential levels by altering the transplanting dates and by introducing supplemen-
tary irrigation. Late transplanting of rice shows an increase of yield by 20–27 % in
future. Whereas supplementary irrigation of rice in the winter season shows an
increase in yield of up to 42 % in future. Increasing the fertilizer application rate
enhances the yield from 0.3 to 29.8 % under future climates. Similarly, changing
the number of doses of fertilizer application increased rice yield by 1.8–5.1 %,
relative to the current practice of single dose application. Shifting to other heat
tolerant varieties also increased the rice production. Based on the findings, changing
planting dates, supplementary irrigation, proper nutrient management and adopting
to new rice cultivars can be beneficial for the adaptation of rice cultivation under
climate change scenarios in central Vietnam.

Keywords Agro-adaptation � AquaCrop � Climate change � Rice � Vietnam
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6.1 Introduction

The Fifth Assessment Report of the United Nations Intergovernmental Panel on
Climate Change (IPCC) reported that the future greenhouse gas emission will keep on
rising, and the global average temperature is likely to be increased from 0.3 to 4.8 °C,
based on various scenarios (Stocker et al. 2013). Vietnam, without exception, has
already experienced an average increase in temperature of 0.5–0.7 °C and an average
reduction in rainfall of 2 % in the last five decades (MONRE 2009). This kind of
change in the climatic variables has already affected the crop growth patterns and
reduced yield in many parts of the world (Ray et al. 2012). Higher temperatures can
potentially affect the physiological processes such as photosynthesis and respiration
(Yang and Zhang 2006). In regions where the temperature limits the length of the
growing season, a warmer climate is beneficial for crop yields (Meza et al. 2008).
Rising temperatures can cut down the growth, grain filling rate and duration of crop
maturity (Boote 2011).

Vietnam is the country most vulnerable to climate change (Dasgupta et al. 2007)
where rice (Oryza sativa) cultivation accounts for more than three-quarters of the
country’s total annual harvested agricultural area and employs about two-thirds of
the rural labour force, thus making a significant contribution to rural livelihoods
(Nguyen 2006; Vu and Glewwe 2008). Currently Vietnam stands as the second-
largest (after Thailand) exporter worldwide and the world’s seventh-largest
consumer of rice (FAO 2010). Therefore, rice production in Vietnam makes a
significant contribution to global food security. According to statistics from the
Ministry of Agriculture and Rural Development (MARD) in 2009, the area of
agricultural planted land is about 9.4 million hectares, including 4 million hectares
of rice land, and the figure targets about 10 million hectares in 2020. However
several challenges, such as low soil fertility, salinity intrusion, insect pest infesta-
tion, limit increasing rice productivity in Vietnam, and climate change is the
additional factor that will add uncertainty in rice production. Studies for the
Southeast Asian region show that climate change could lower agricultural pro-
ductivity by 15–26 % in Thailand, 2–15 % in Vietnam, 12–23 % in the Philippines,
and 6–18 % in Indonesia (Zhai and Zhuang 2009). Nguyen et al. (2008) found that
the Mekong River Delta and the coastal areas in the North of the central region are
most vulnerable to the impact of global warming in Vietnam due to rising sea
levels.

The potential impact of climate change on rice productivity is reported in many
recent studies such as Babel et al. (2011), Luo et al. (2013) and Soora et al. (2013).
Although climatic variables are uncontrollable, factors such as cultivars, soil, water
and nutrients can be managed in order to counteract the adverse effects of climate
change (Moradi et al. 2013). Estimating the impact of climate change on crop yield
and the evaluation of appropriate adaptation and mitigation strategies are of extreme
concern (Jalota et al. 2012; Dharmarathna et al. 2014) to either stabilize or improve
the crop yields. Several studies at various places have confirmed that rice culti-
vation without considering proper adaptation and mitigation strategies is
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problematic (Adejuwon 2006; Wassmann et al. 2009; Iizumi et al. 2011; Tao et al.
2012; Poudel and Kotani 2013). Recent literature has also reported the adequate-
ness of proper agronomic adaptation strategies in relation to climate-induced yield
losses in different regions (Tingem and Rivington 2009; Chhetri and Easterling
2010; Gouache et al. 2012; Mishra et al. 2013).

Adaptation strategies in agriculture to offset the negative impact of climate
change are found to be shifting planting and transplanting dates, changing sowing
density (Bindi and Olesen 2000), irrigation management, development of new
agricultural areas and use of heat resistant varieties (Rosenzweig and Tubiello 2007;
Babel and Turyatunga 2014). Babel et al. (2011) evaluated the impact of climate
change on rice production in Thailand and emphasized the need for effective
adaptation to stabilize the rice yield in future. A study on the super-ensemble based
probabilistic projection approach was applied to project maize productivity and
water use in the North China plain by Tao and Zhang (2010). Results revealed that
early and late planting of temperature sensitive and high-temperature tolerant
varieties respectively, are suitable for effective adaptation. A considerable number
of studies have also validated that the suitable adaptation options are usually region
specific and need to be appraised as per the location (Bryan et al. 2009; Tao and
Zhang 2010).

The aims of the present study are: (a) to forecast the future climate using the
output of the global circulation model; (b) to estimate the impact of future climates
on rice yield; and (c) to explore the possibilities of employing different adaptation
measures to offset the negative impact of climate change on rice production in the
Quang Nam province of Vietnam.

6.2 Material and Methods

6.2.1 Study Area Description

Quang Nam is a coastal province in Central Vietnam with a land area of 10,438 km2

where hills account for 72 % of the land area. Geographically it lies between
latitude 14°58′–16°18′N and longitude 107°08′–108°47′E (Fig. 6.1). Higher ele-
vation persists in the Western border towards Laos whereas the Eastern region
forms plains and thus rice is cultivated. More than 50 % of the total land area in this
province is covered by forest which belongs to higher altitudes. However, agri-
culture is generally practiced in the Eastern region of the country with a total area of
1,119 km2 of which rice production contributes 75 %.

The climate of the region is tropical where the maximum and minimum tem-
perature ranges from 24.8 to 34.9 and 19.1 to 25.6 °C respectively. The average
annual rainfall is 2,700 mm with 80 % occurring from August to January, forcing
the farmers to opt for rainfed rice cultivation in winter. However, due to the
presence of high hills in the Western region, year around water is available in
perennial streams, allowing the farmers to additionally cultivate in the dry season.
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The soil texture throughout the root zone is silty clay, and can be classified as
entisols with low organic matter and neutral pH. The bulk density of the soil
suggests it has a high ability to hold water and thus deep percolation of water is not
a problem in the site.

Due to the short growing period of the rice cultivars, a double cropping system is
generally practiced in the region, with winter cropping (rainfed) from the third week
of January to the fourth week of April, followed by the second season summer
cropping (irrigated) starting from the third week of May to the fourth week of
August. The intermittent showers due to the northwest monsoon during the crop
growth period from January to May serve to provide the required water during the
rainfed rice cultivation.

6.2.2 Data Collection

The meteorological data was collected for the Tra My weather station (15°19′N and
108°13′E) where the field experiments for rice were conducted by the Quang Nam
Department of Agriculture and Rural Development, Agricultural Division in the
Nui Thanh district. The daily weather data consists of precipitation, sunshine hours,
wind speed, relative humidity, and maximum and minimum temperature for the
period of 1961–2010. The climate variables (precipitation and maximum, minimum
temperature) for the future time periods were obtained from the Global Circulation
Model (GCM), Hadley Centre Coupled Model, version 3 (HadCM3) developed by
the Met Office Hadley Centre, England (www.metoffice.gov.uk). The Intergov-
ernmental Panel on Climate Change (IPCC) has defined standard greenhouse gas

Fig. 6.1 The location map of the study area in Vietnam
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emission scenarios for use in the evaluation of projected climate change based on
various socio-economic, energy use and technological advancement (IPCC 2007).
The A2 scenario, with an estimated carbon dioxide concentration of *860 ppm,
postulates extreme heterogeneous world conditions with a slowly increasing pop-
ulation rate, regionally oriented economic development, self-reliant governance and
slower technological development (IPCC 2000). The assumptions underlying the
B2 scenario, with an estimated carbon dioxide concentration of *550 ppm, are
local and regional governance solutions for economic, equality and environmental
sustainability. Population growth is assumed to be less relative to the A2 scenario,
and technological development is also less rapid. Economic growth is considered
intermediate and environmentally protected with social equity at regional and local
levels (IPCC 2000). For Vietnam, a fast developing nation, industrial growth is
expected to be very rapid in the near future which can lead to an accumulation of
high concentration greenhouse gases (GHGs) by the end of the century and
therefore the A2 scenario (extreme scenario) was considered. Also, another
expectation is that in the future people may prioritize environment sustainability
and place more emphasis on local solutions to economic and social perspectives,
leading to less industrial growth, and hence the B2 scenario was chosen for this
study. Moreover, several studies on climate change impact assessment in this region
have considered these two scenarios and given them primary importance as they are
very realistic in this region (Babel et al. 2011; Mainuddin et al. 2011, 2013;
Shrestha et al. 2014). In addition, HadCM3 was selected based on the findings of
IPCC (2007) and Ruosteenoja et al. (2003), where they described the ability of
representing the present day climatic data by HadCM3 compared to other models in
Southeast Asia including Vietnam.

The details of field experiments were obtained from the Quang Nam Department
of Agriculture and Rural Development, Agricultural Division in the Nui Thanh
district. The crop data comprising transplanting dates, flowering dates, maturity
dates, and irrigation schedule with amounts and rice yield was collected for rice
cultivars, namely CH207, TBR1 and OM6162 which are grown in both summer
and winter seasons in the study area. Although the details of three cultivars are
provided, the farmers mostly prefer to grow CH207 due to the lower investment
cost associated with it in terms of management. Table 6.1 represents the charac-
teristics of the two rice cultivars considered in this study. Table 6.2 illustrates the
details of the secondary data collected for field trials conducted in the study area
under controlled conditions. The data is presented for both rainfed and irrigated rice
field trials which were performed from 2001 to 2010, laid in a randomized complete
block design. Fertilizer was applied at the recommended dose of 100 kg/ha of
Ammonium (NH4-N), 50 kg/ha Phosporous pentaoxide (P2O5) and 50 kg/ha of
Potassium oxide (K2O) in two splits; the first 10 days prior to transplantation and
the second at 30 days after transplantation (DAT). Irrigation water for the field trials
during the summer cropping was provided by a flooding method supplied by
channels. Soil bunds were provided to retain the water in the transplanted region.
The seedlings were transplanted at a depth of 2 cm and spacing of 20 × 20 cm was
provided for each plant.
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Soil data was collected from the Quang Nam State Land and Development
section. The data obtained includes depth-wise soil texture, pH, phosphorous,
nitrogen, carbon content, field capacity and permanent wilting point of the soil.

Table 6.1 Characteristics of CH207, TBR1 and OM6162 rice cultivars cultivated in the Quang
Nam province, Vietnam

Characteristics Name of rice varieties

CH207 TBR1 OM6162

Days of maturity Winter crop: 110–115 Winter crop: 110–120 Winter crop: 92–105

Summer crop: 95–100 Summer crop: 100–
105

Summer crop: 90–100

Plant height (cm) 97–100 95–105 98–109

Length of panicle
(cm)

22–24 20–25 21–26

Grain type Medium Long Long

Grain form Regular milled white
rice

Regular milled white
rice

Regular milled white
rice

Grains per panicle 120 125 128

1,000 grains
weight (gram)

26–27 25–28 27–30

Yield (t/ha) In precarious
conditions: 4.5–5.5

In precarious
conditions: 5.0–6.0

In precarious
conditions: 6.1–6.8

In stable conditions
and enough water:
5.7–6.5

In stable conditions
and enough water:
6.5–7.5

In stable conditions
and enough water:
6.9–7.8

Table 6.2 Crop growth characteristics for winter (rainfed) and summer (irrigated) rice used in
calibration and validation of AquaCrop

Year Primary
tillage

Harrowing Transplanting
date

Flowering
(Anthesis)

Maturity Grain
yield
(t/ha)

Biomass
yield (t/
ha)

Winter (Rainfed)

2001 3 Jan 15 Jan 21 Jan 4 Apr 5 May 4.72 14.66

2002 4 Jan 13 Jan 25 Jan 5 Apr 30 Apr 5.04 15.21

2004 10 Jan 24 Jan 25 Jan 12 Apr 8 May 5.27 14.98

2007 28 Dec 10 Jan 22 Jan 7 Apr 3 May 4.81 14.79

2009 26 Dec 4 Jan 12 Jan 8 Apr 3 May 5.21 14.89

Summer (Irrigated)

2003 26 Apr 3 May 12 May 14 Jul 17 Aug 5.38 15.65

2005 10 May 16 May 26 May 4 Aug 7 Sep 5.31 15.26

2006 28 Apr 5 May 14 May 18 Jul 24 Aug 5.22 15.02

2008 5 May 14 May 22 May 24 Jul 26 Aug 5.18 15.23

2010 28 Apr 5 May 13 May 18 Jul 20 Aug 5.51 15.52

Source Quang Nam Department of Agriculture and Rural Development
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The methodological flowchart followed in this study is shown in Fig. 6.2.
Firstly, the future climate data was downscaled to province by using the Statistical
Downscaling Model (SDSM) followed by setting up of the crop model AquaCrop,
based on the historical climatic data and agronomic management details. Due to the
availability of separate field experimental data for winter and summer cropping as
in Table 6.2, the AquaCrop model was calibrated based on 5 year splits of yield and
biomass for the corresponding seasons. In addition, the calibrated model was used
to simulate the future climate change impact on rice yield for winter and summer
rice based on the future downscaled climate variables (daily maximum, minimum
temperature and daily precipitation) for A2 and B2 scenarios as input into Aqu-
aCrop for three time periods: 2014–2040 (2020s), 2041–2070 (2050s) and 2071–
2090 (2080s). For future time periods, predetermined CO2 concentration integrated
in the model was used for projection of the rice yield. Furthermore, several agro-
adaptation measures were evaluated to offset the negative impact of climate change.

6.2.3 Generation of Climate Change Scenarios

The climate variables of HadCM3 GCM have coarse spatial resolution, 2.5° latitude
by 3.75° longitude (CICS 2012) and hence it is unsuitable to use the outputs for the
province scale study. Therefore, it is necessary to downscale the climate variables at
the province level for impact studies (Giorgi and Mearns 1991). The Statistical
DownScaling Model (SDSM) was used to downscale the climate variables at the
province level. The SDSM develops transfer functions among large scale predictor
variables and station level climate variables. In case of precipitation, the model
additionally uses stochastic techniques to artificially inflate the variance of the

Fig. 6.2 The methodological
framework of the study at the
Quang Nam province,
Vietnam
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downscaled daily time series to better accord with the observations (Wilby and
Dawson 2007).

The SDSM model includes seven steps for the entire downscaling process: data
quality control and transformation, screening of predictor variables, model cali-
bration, weather generation, statistical analysis, graphing climate data along model
outputs and scenario generation. The National Centres for Environmental Predic-
tion (NCEP) regional scale predictor variables were screened using correlation
analysis, scatter plots and seasonal variance tools of the SDSM model to determine
the predictors that were strongly correlated with the predictands (daily minimum,
maximum temperatures and precipitation in this case). Due to the decimal values in
observed precipitation, it was transformed to fourth root function in order to pro-
duce a linear relationship. For better correlation among the predictors and pre-
dictands, the selected confidence level was 95 % with p-value of 0.05. The predictor
variables with good correlation with the predictands were used for calibration and
validation of the model with the monthly mode of simulation.

The performance of the SDSM during calibration and validation was assessed by
comparing the Standard Deviation (SD) of the observed and simulated values along
with Root Mean Square Error (RMSE) and Coefficient of Determination (R2) which
were calculated according to Eqs. 6.1, 6.2 and 6.3 respectively. The minimum
deviation of the observed and simulated SD, lower value of RMSE and closer value
of R2 to 1 indicates the model is in good agreement with the observed variables. The
screened predictor variables along with the A2 and B2 scenarios data from
HadCM3 were used as input in the validated SDSM to generate the downscaled
climate change scenarios for the province.

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2

xi � �xð Þ2
� �r

ð6:1Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

Si � Oið Þ2
s

ð6:2Þ

R2 ¼
P

Si � Oi�P
Si �

P
OiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

S2i �
P

Sið Þ2
q

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

O2
i �

P
Oið Þ2

q ð6:3Þ

where,
n number of observations
Xi observed/simulated value for a particular day of month
X mean value of observed/simulated variables for a month
Si simulated climate variable for ith time
Oi observed climate variable for ith time
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6.2.4 Crop Modeling

The AquaCrop v 4.0 was used to simulate the crop yield in this study. The AquaCrop
is a crop water productivity simulation model developed by the Food and Agriculture
Organization (FAO) of the United Nations; the model is the result and improvement
of a key reference paper on agricultural yield responses to water (Doorenbos and
Kassam 1979). The model estimates crop growth, given a set of climate and soil
parameters, together with crop management. As the model was designed to assess
crop response to water, it allows the evaluation of climate variability and change
impact (changes in temperature, precipitation, relative humidity, wind speed, CO2

concentrations, and reduced water availability) or environmental regulations
(reduced water quotas) on crop yields. Various studies reported the ability of the
model to simulate yield with good accuracy at different locations across the globe;
making it convincing to use for the chosen study site.

AquaCrop calculates above ground biomass based on normalized water pro-
ductivity and ratio of transpiration and reference evapotranspiration (Eq. 6.4). The
yield is assumed as a function of reference harvest index and above ground biomass
(Eq. 6.5).

B ¼ ksb �WP�
X

Tr=EToð Þ ð6:4Þ

Y ¼ fHi � HIo � B ð6:5Þ

where B is above ground biomass in t/ha, WP* is the normalized water productivity
(gets adjusted for CO2, synthesized yield production and soil fertility), (Tr/ETo) is
the ratio of crop transpiration and reference evapotranspiration, Y is yield in t/ha, fHi
is the adjustment factor for heat, water and cold stress, HIo is the reference harvest
index. More details on AquaCrop can be found on Steduto et al. (2009) and Raes
et al. (2009).

6.2.5 Agro-adaptation Measures

The following measures were evaluated as adaptation measures in order to over-
come the projected impact of climate change: shifting transplanting dates and
providing supplementary irrigation on rice yield under future climate. Simulations
were carried out for CH207 cultivars at different transplanting dates ranging from
16 December to 24 February and 16 April to 25 June at an interval of 7 days for the
winter and summer rice in the case of the three time windows. The current trans-
planting date is around 20 January and 21 May for winter and summer rice culti-
vation respectively. Additionally, simulations were also done for the future climate
with supplementary irrigation of 4 applications of 20, 40, 60, 80 and 100 mm at an
interval of 20 days starting from 20 days prior to flowering. In addition to the above
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mentioned adaptation measures which already exist in literature, we have further
evaluated the influence of fertilizer amount and increase in splits of doses on rice
yield under future climate. Simulations were carried out for rice yield with altered
nitrogen, phosphorous and potassium inputs ranging from 0.5 to 2.5 times the
recommended application rate of 100 kg/ha NH4-N, 50 kg/ha P2O5 and 50 kg/ha
K2O for both summer and winter cropping. Moreover, simulations for two, three
and four splits of fertilizer doses of the recommended amount were also carried out
under future climate; to evaluate its influence. Literature also suggests that changing
from traditional cultivars to heat tolerant varieties also serves as effective adaptation
(Rezaei et al. 2013). Simulations were also carried out for two other heat resistant
cultivars, TBR1 and OM6162, under future climate.

6.2.6 Methodological Limitations

The major assumptions of this study include that the area for rice will remain the
same in the future. Also, other climatic parameters; specifically wind speed, and
humidity were assumed to be the same in the future as in historical periods under
the different scenarios. Furthermore, bias correction was not applied to the raw data
of HadCM3 GCM which would have improved the screening of predictor variables
and calibration of the SDSM. Despite the considerations mentioned above, it is
emphasized that this study is extremely helpful in identifying tendencies and pat-
terns although the figures may vary due to the limitations.

6.3 Results and Discussion

6.3.1 SDSM Calibration and Validation

The SDSM model was calibrated using temperature and precipitation data for the
period of 1961–1990 whereas the validation was performed using data for 1991–
2000 for the Tra My station. Daily maximum and minimum temperature and daily
precipitation was downscaled for the station for impact assessment.

The first step for calibration was to screen the local scale predictor variables.
Table 6.3 shows the predictors which have significant influence on the predictands.
It is evident that for maximum and minimum temperature, mean temperature at 2 m
has a very good correlation (>0.75). However, for precipitation, the predictor-
predictand relationships are observed to be poor and therefore only three predictors
with the highest partial correlation coefficient (r) are considered. It can also be
observed that humidity has a significant correlation with precipitation (>0.25).

The calibration and validation of the model with the screened predictors suggests
the model can simulate the observed variables in good agreement (Table 6.4).
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Simulated temperature is in very good agreement with observed values; however
the model failed to simulate monthly precipitation within an appreciable range.
Further analysis of the monthly precipitation during validation of the model illus-
trates the shortfalls in simulated values existing throughout the year. Moreover, the
highest deviation in observed and modeled values were for January. Nevertheless,
based on R2, RMSE and pattern of generated rainfall, it can be concluded that the
model can simulate precipitation within an acceptable range. The obtained results
can also be compared to those of Lines et al. (2006), Yang et al. (2012) and Charles
et al. (2013), where simulation of precipitation is argumentative due to many
regional driving factors but still fairly representative.

6.3.2 Projection of Future Climate

6.3.2.1 Estimation of Future Temperature

Simulation suggests that in the Quang Nam province, maximum temperature is
expected to increase by 3.69 and 2.78 °C for A2 and B2 scenarios respectively by
the 2080s relative to 1961–1990 (baseline period) (Table 6.5). A lower magnitude
of increment 1.72 and 1.29 °C is projected for the 2080s for the corresponding
scenarios, in case of minimum temperature (Table 6.5). Figure 6.3a, b represent the
average monthly maximum temperature projected for the three time periods for A2
and B2 scenarios respectively. The analysis shows an insignificant variation in the
trend of maximum temperature for both scenarios. However, an increase in tem-
perature is observed from March to June for both scenarios and all time windows,

Table 6.3 Summary of selected predictor variables and their respective predictands

Predictand Predictors Partial correlation coefficient (r)

Maximum temp Mean temperature at 2 m 0.872

Minimum temp Mean temperature at 2 m 0.796

Precipitation Near surface relative humidity 0.253

Mean temperature at 2 m 0.211

Surface specific humidity 0.103

Table 6.4 Performance of the SDSM during calibration and validation

Predictands

Maximum temperature Minimum temperature Precipitation

R2 Cal 0.82 0.88 0.89

Val 0.97 0.93 0.62

RMSE Cal 0.51 °C 0.44 °C 47.19 mm

Val 0.66 °C 0.84 °C 59.70 mm

Cal calibration, Val validation
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indicating its implications in summer rice yield (discussed later). Furthermore,
variation in the projected maximum temperature among inter time periods between
the 2020s and 2080s are minor, with a maximum of 3.8 and 4.0 °C for March and
April for A2 and B2 scenarios respectively.

A similar trend is also observed for average monthly minimum temperature
where the projected maximum increase coincides with average monthly maximum

Table 6.5 Future projected changes in maximum and minimum temperature in the Quang Nam
province

Time period Maximum Temperature (Tmax) (
oC)

Baseline
(1961–1990)

Scenario A2 Scenario B2

Tmax Change Tmax Change

2020s 30.11 31.04 0.93 31.09 0.98

2050s 32.49 2.38 31.90 1.79

2080s 33.80 3.69 32.89 2.78

Minimum Temperature (Tmin) (
°C)

Scenario A2 Scenario B2

Tmin Change Tmin Change

2020s 21.60 21.95 0.35 21.99 0.39

2050s 22.70 1.10 22.41 0.81

2080s 23.32 1.72 22.89 1.29

Fig. 6.3 Projected future average monthly maximum temperature under a A2 and b B2 scenarios
and future average monthly minimum temperature under c A2 and d B2 scenarios (Error bars
show variance of temperature across different years for various months)
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temperature. In addition, a lower elevation in minimum temperature is observed for
all three periods relative to maximum temperature. However, it is interesting to note
that for both scenarios, no change in average monthly minimum temperature is
observed during August to December (Fig. 6.3c, d).

6.3.2.2 Projection of Future Precipitation

The projection of the future average annual precipitation under A2 and B2 scenarios
suggests an increasing trend in precipitation. The maximum increase in precipitation
for A2 and B2 scenarios is +9.75 and +5.62 % respectively for the 2080s relative to
the baseline period (Table 6.6). Temporal analysis of the projected precipitation
suggests an unambiguous variation with negative change in January, April, May and
December for all scenarios and time periods (Fig. 6.4a, b). This will significantly
influence the crop water availability in the future time periods (discussed later). A
study on inter scenarios suggests an insignificant variation in the trend for all time
periods except that higher magnitude is expected for the A2 scenario.

Table 6.6 Future projected changes in average annual precipitation in the Quang Nam province

Time period Precipitation (Precp) (mm)

Baseline
(1961–1990)

Scenario A2 Scenario B2

Precp Change (%) Precp Change (%)

2020s 2655.44 2673.05 0.66 2703.92 1.83

2050s 2801.63 5.51 2747.65 3.47

2080s 2914.41 9.75 2804.70 5.62

Fig. 6.4 Percentage change in projected monthly precipitation for a A2 and b B2 scenarios
relative to baseline precipitation (Error bars show variance of precipitation change across different
years for various months)
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6.3.3 Projection of Climate Change Impact on Rice Yield

6.3.3.1 Sensitivity Analysis of the AquaCrop Model

Prior to conducting the calibration and validation of the crop model, sensitivity
analysis of 12 parameters of the AquaCrop model was performed to select the most
sensitive parameters for calibration. The input values of the parameters were
adjusted by ±25 % relative to the default values and the simulations that were
carried out. The response of the altered parameters in the outputs were noted and
based on the criteria defined by Greets et al. (2009) they were grouped into high,
moderate and low sensitive. It is observed that the canopy growth coefficient, water
stress coefficient, stomatal stress coefficient and coefficient of HI at flowering and
before flowering has a significant influence on yield (Table 6.7). In addition, yield is
also observed to be moderately sensitive to the parameters, namely the canopy
decline coefficient and water stress coefficient (upper).

6.3.3.2 Calibration of the AquaCrop Model

The AquaCrop model was calibrated for summer and winter cropping seasons by
fine tuning the selected parameters from the sensitivity analysis to simulate yield
and biomass, further comparing them to the observed ones from the research
centres. Ten years (2001–2010) of available data was used for calibration of the
model. Table 6.8 represents the calibrated values of the parameters for both crop-
ping seasons whereas Table 6.9 presents the performance statistics of the model
during the calibration procedure based on simulation of yield and biomass. It can be

Table 6.7 Sensitivity analysis of the parameters in the AquaCrop model

Input parameters Sc (+25 %) Sc (−25 %) Sensitivity level

Maximum canopy cover 0.28 1.54 Low

Canopy growth coefficient 15.61 19.56 High

Canopy decline coefficient 12.17 9.65 Moderate

Maximum effective rooting depth 0.65 0.11 Low

Water stress coefficient (Pupper) 6.54 8.69 Moderate

Water stress coefficient (Plower) 17.59 21.66 High

Water stress coefficient curve shape 0.39 2.14 Low

Stomatal stress coefficient (Pupper) 15.65 18.29 High

Aeration stress coefficient 0.12 0.36 Low

Coefficient, HI increased by inhibition
of leaf growth at flowering

16.39 17.25 High

Coefficient, HI increased due to inhibition
of leaf growth before flowering

18.95 21.32 High

Canopy senescence stress coefficient (Pupper) 0.25 0.22 Low
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noticed that the model simulates the yield and biomass in good agreement with
those observed with appropriate parameterization.

Literature suggests that the AquaCrop model has been successfully extensively
used in recent times for numerous crops due to its simplicity and robustness. Several
researchers have applied the model for simulation of rice at various agro-ecological
zones on a global scale. Shrestha et al. (2014) applied AquaCrop to simulate future
rice yield and irrigation water requirements under climate change scenarios in
Myanmar. In a separate study, Mainuddin et al. (2013) assessed the impact of climate
change on rainfed rice in the lower Mekong Basin using AquaCrop. Although the
study had a very coarse spatial resolution, the outcomes were satisfactory. Various
other studies suggest that AquaCrop can be used as an effective tool in diverse climate
conditions (Shrestha et al. 2013; Khoshravesh et al. 2013; Zhang et al. 2013).

6.3.3.3 Impact of Climate Change on Rice Yield

The average yield of rice for the periods 2020s, 2050s and 2080s were estimated for
A2 and B2 scenarios. The yield was projected for summer (irrigated) and winter
(rainfed) rice separately. Simulation results for summer cropping with full irrigation
suggests increased yield for the 2020s and 2050s for both scenarios; however a
decline in average yield is observed for the 2080s (Table 6.10). The highest pro-
jected maximum and minimum temperature during the flowering stage (July–

Table 6.8 Calibrated parameters of AquaCrop for CH207 cultivars of rice

Parameters Summer Winter Unit

Canopy growth coefficient (CGC) 23.25 21.75 %/day

Canopy decline coefficient (CDC) 10.30 9.35 %/day

Water stress coefficient (WPupper) 0.75 0.62 % of
TAW

Water stress coefficient (WPlower) 0.52 0.38 % of
TAW

Stomatal stress coefficient (SPupper) 0.50 0.50 Unit
less

Coefficient, HI increased by inhibition of leaf growth at
flowering (HIf)

0.82 0.75 Unit
less

Coefficient, HI increased due to inhibition of leaf growth
before flowering (HIbf)

0.23 0.28 Unit
less

Table 6.9 Performance of
the AquaCrop model during
calibration

Cropping Season Outputs R2 RMSE (t/ha)

Summer Yield 0.84 0.32

Biomass 0.79 0.69

Winter Yield 0.92 0.26

Biomass 0.84 0.58
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August) leading to sterility of spikelet, reduced grain-filling duration and enhanced
respiratory losses, can be attributed to the declining yield. In addition, results on
inter scenario projections suggest both follow the same trend in yield projection, yet
the B2 scenario is observed to have a better yield relative to A2. The projected
increase in yield for the 2020s and 2050s can be attributed to the elevated CO2

concentration in the atmosphere and its interaction with rice over temperature,
although most crop models are unable to trace the interactions between yield and
CO2 concentration (Wassmann and Dobermann 2007).

Simulation winter (rainfed) rice yield shows a significant yield reduction under
future time periods. The yield is expected to reduce by 5.97, 9.42 and 23.05 % for
the 2020s, 2050s and 2080s compared to baseline yield under the A2 scenario
(Table 6.10). A relative lower magnitude of 1.29, 7.31 and 10.96 % in yield
reduction is observed for the B2 scenario for the corresponding periods. Projected
reduction in precipitation during the transplanting and flowering stages relative to
the baseline period could be the contributing factor to lower yield.

Furthermore, increase in temperature during the winter season led to raised
evaporative demand of crops throughout the growing period, and an additional
factor could be a reduction in precipitation, leading to unavailability of water. In
summary, climate change will have a significant influence on the summer and
winter rice yield if the current agricultural practice remains the same in future.

The outputs of this research can be compared to that of Kim et al. (2013) where
their study suggests projection of yield varies both on a spatial and temporal scale.
Korea expects an increase in rice yield of up to 22 % by the latter part of the century
whereas depending on cultivar, it is also estimated to reduce. A positive indication
is also observed for Harbin (China), due to climate change in the latter part of the
century. A separate study by Kawasaki and Herath (2011) illustrates that projected
rice yield in Northeast Thailand is specific to cultivars. Certain cultivars will benefit
due to climate change; however, some will be negatively influenced. Further study
on the Northeast of Thailand indicates that potential rice yield is expected to be
higher for wetter periods (APN 2010). However, a comprehensive study of climate
change impact on rainfed rice at a coarse spatial resolution in the lower Mekong
river basin suggests that Vietnam and Cambodia are expected to have a significant
reduction in yield in the 2050s relative to historical yield. The variability of pro-
jected rainfall in the region during the growing season has been attributed to the
yield reduction (Mainuddin et al. 2013). In general, the region is expected to have a
reduction in rice productivity due to the expected alteration of rainfall pattern and
increase in temperature.

6.3.4 Evaluation of Agro-adaptation Measures

Several studies have validated that without adaptation and mitigation strategies,
climate change will have a detrimental effect on agricultural production and eco-
nomics (Smit and Skinner 2002). In order to identify the most suitable adaptation
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measures, it is of utmost importance to consider the climatic variables and evaluate
the role of non-climatic factors that delicately influence agriculture. Altering the
crop management practices, including changes to transplanting dates and applica-
tion of supplementary irrigation has proven to be an efficient tool to counteract the
negative impact of climate change (Babel et al. 2011; Jalota et al. 2012; Moradi
et al. 2013). On the other hand, literature suggests that there is very little knowledge
on the importance of fertilizer application rates and adjusting the number of split
doses can also be applied as an adaptation approach under climate change. Fur-
thermore, although changing the farming practice from traditional to heat and stress
tolerant cultivars is also well documented, it has not been applied successfully in
many regions of the world (Rezaei et al. 2013). Therefore the results of our study
provide comprehensive information on possible agro-adaptation measures and the
outputs can be used as guidance in other regions of the world to minimize the
negative impact of climate change.

6.3.4.1 Altering the Transplanting Date

A simulation study on changing the transplanting date shows significant variations
in the rice yield for both cropping seasons. From the simulations for the A2 sce-
nario, it can be observed that early transplanting dates can reduce the yield for both
seasons; however, late transplanting is observed to be beneficial in both cases. The
maximum yield obtained when the rice is transplanted on 24 February for the winter
season can increase the yield up to 20 % by the 2080s compared to the yield
obtained by the current transplanting date of 20 January (Fig. 6.5a). Although
results suggest a delay in the planting date approaches to the period of higher
temperature, the increased evaporative demand of crop is eventually met by the
observed increase in precipitation during the reproductive phase of the crop growth.
A similar cause can also be attributed in the case of summer cropping where the
maximum yield is obtained when the rice is transplanted on 11 June for the 2020s
and 2050s and 18 June for the 2080s (Fig. 6.5b). Apparently, with a late trans-
planting date, a higher increase in yield is observed for summer cropping relative to
winter, which can be attributed to higher available water in the period which is
necessary during the flowering stage.

A similar result is obtained for simulation in the case of a B2 scenario and winter
season which suggests a maximum yield (22.94 % for the 2080s) can be obtained
by transplanting on 24 February relative to the yield by transplanting on the current
date (20 January). Similarly, for the summer cropping season, transplanting on 11
June is optimum for the 2020s and 2080s with an increase of 26.72 and 22.86 %
relative to the yield obtained by the current date of transplanting of 21 May.
However, for the 2050s, a maximum yield is obtained by transplanting on 4 June
(Fig. 6.5c, d). The lower magnitude of increase in minimum temperature, in
addition to the higher precipitation expected during the growth phase with late
transplanting is the contributing factor for higher yield in the winter season.
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However, escape from the critical stages (flowering and grain filling) of the higher
temperature stress due to late transplanting can be the reason for an increase in yield
for the summer season.

6.3.4.2 Introducing Supplementary Irrigation

Simulations were carried out assuming the application of supplementary irrigation
by furrow method with an incremental rate of 20, 40, 60, 80 and 100 mm. Each
irrigation level was applied four times at 20 day intervals starting from 20 days
prior to the flowering stage in order to coincide with the critical stages of rice
growth, flowering and grain filling. For the A2 scenario, the simulation shows a
significant increase in yield for winter (rainfed) rice with the application of irri-
gation. It is observed that a total application of 400 mm can lead to a maximum
yield of 24.13, 27.45 and 42.10 % for the 2020s, 2050s and 2080s compared to the
rainfed yield for the corresponding time periods (Fig. 6.6a). As the summer rice is
irrigated, providing additional water does not show any significant change of yield
and hence it is not advised (Fig. 6.6b). Application of supplementary irrigation in
the B2 scenario also suggests a higher yield can be achieved with irrigation in the
winter season. With an application of 400 mm throughout the growing period of
rice, potential yield can be enhanced by 30.45 and 32.81 % for the 2050s and 2080s

Fig. 6.5 Change in rice yield of CH207 cultivar with different transplanting dates a Winter and
b Summer cropping season under the A2 scenario and c Winter and d Summer cropping season
under the B2 scenario in the Quang Nam province (Error bars show variance of change in rice
yield across different years for various transplanting dates)
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respectively. However, a relative lower input of 320 mm is noted to maximize the
increase in yield by 23.05 %. In a case where the summer cropping season is
analogous to the A2 scenario, a negligible increase is observed and therefore it is
not suggested to provide additional irrigation (Fig. 6.6c, d). The ability of irrigation
to adjust the canopy temperature irrespective of outside air temperature can be
attributed to the increased yield against the potential heat stress during the winter
cropping for both scenarios. In addition, with the current transplanting date for
future climate, the evaporative water demand is unmet as a reduction in rainfall is
observed (discussed earlier) and hence additional water application can enhance the
yield up to its potential.

6.3.4.3 Changing Fertilizer Application Rate

In low fertile soil, proper nutrient management is of utmost importance. Our results
show that a different application rate of NH4-N, P2O5 and K2O leads to different
rice yields under future climate. An increase in yield is observed for a higher
application rate of fertilizer although the magnitude varies as different time win-
dows are considered. For instance, in the case of the 2020s, the highest yield is
obtained for 1.5 times the application of the current application rate for both sce-
narios and cropping seasons. Similarly, for the 2050s and 2080s, 2 and 2.5 times the
application rate is observed to give maximum yield (Fig. 6.7). The higher fertilizer

Fig. 6.6 Effect of supplemental irrigation on rice yield a Winter and b Summer cropping season
for the A2 scenario and c Winter and d Summer cropping season for the B2 scenario (Error bars
show variance of change in rice yield across different years for various irrigation water depth)
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input can be attributed to the positive charge of the nitrogen, phosphorous and
potassium ions after disaggregation is easily absorbed by the soil colloids affecting
the fertilizer efficiency use in the plants. In addition, expected higher rainfall in the
future during the cropping period contributing to higher runoff and leaching fer-
tilizers can also be claimed to be an attributing factor for higher fertilizer input.
These results can also be compared to those of Babel et al. (2011), where a higher
input of nitrogen fertilizers can maximize the potential rice yield in Northeast
Thailand under climate change.

6.3.4.4 Changing Number of Fertilizer Doses

Farmers in developing nations generally follow the traditional practice of applying
recommended fertilizer amounts to fields in a single dose at basal stage. However,
we tried to simulate the yield in multiple split doses of equal amounts in 2 (10 days
prior to both transplant and anthesis), 3 (10 days prior to transplant, panicle initi-
ation and anthesis) and 4 (10 days prior to transplant, panicle initiation, anthesis and
ripening) with the recommended amount of fertilizers for future climate for both
seasons. It is evident that a higher split dose (4) application enhanced yield for the
A2 scenario in the case of both cropping seasons relative to the current practice of a
single dose prior to transplanting (Fig. 6.8a, b). However, in the case of the B2

Fig. 6.7 Effect of different application rates of nitrogen-phosphorous-potassium (NPK) fertilizers
on rice yield for a Winter and b Summer cropping under the A2 scenario and c Winter and
d Summer cropping under the B2 scenario (Error bars show variance of change in rice yield
across different years for various fractions of the recommended application rate)
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scenario, the maximum yield is observed in the case of 3 split doses, although the
variation corresponding to 4 split doses is insignificant for all the time windows
(Fig. 6.8c, d). Providing fertilizers in smaller amounts accelerates the absorption
rate of the Nitrogen-Phosphorus-Potassium (NPK) ions by the roots from the basal
region. Moreover, providing doses of fertilizers prior to the critical stages of rice
growth increases the photosynthesis rate and therefore enhances the growth of
panicles and intensifies the number of grains per plant which ultimately leads to a
higher yield.

6.3.4.5 Change in Cultivars

Developing rice cultivars for continued consistent spikelet development at higher
temperature along with tolerance to submergence and water stress will have a
positive influence on climate risk in rice yield. In this context, we simulated grain
yield for two cultivars TBR1 and OM6162 under historical and future climate. The
crop model was calibrated corresponding to the cultivars for the study site and
parameters are presented in Table 6.11.

Fig. 6.8 Effect of a split dose of fertilizers in rice yield for a Winter and b Summer cropping for
the A2 scenario and c Winter and d Summer cropping for the B2 scenario (Error bars show
variance of change in rice yield across different years for the number of splits of fertilizer
application)
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The simulated yield under future climate with current management practice for
the two cultivars suggests a higher potential yield ranging from 9.58 to 20.73 % can
be achieved for the winter season and 20 to 40.39 % for summer relative to the
yield for CH207 for all time windows and A2 scenario (Fig. 6.9a, b). Similarly, a
higher yield is also observed from 6.82 to 19.03 % for winter and 15.17 to 23.92 %
for summer cropping in the case of the B2 scenario (Fig. 6.9c, d). It is also evident
that for the baseline period, a larger yield can also be achieved with the heat tolerant
varieties for both cropping seasons. This could be due to the projected decrease in
temperature intensity in the future for the B2 scenario. Moreover, the heat resistant

Fig. 6.9 Yield of different rice cultivars for future periods under the A2 scenario for a Winter and
b Summer cropping and under the B2 scenario for c Winter and d Summer cropping (Error bars
show variance of rice yield across different years for different cultivars)

Table 6.11 Calibrated parameters of AquaCrop for TBR1 and OM6162 cultivars of rice

Parameters TBR1 OM6162 Units

Summer Winter Summer Winter

CGC 18.92 16.22 17.86 12.19 %/day

CDC 8.16 8.02 7.79 7.06 %/day

WPupper 0.66 0.45 0.69 0.37 % of TAW

WPlower 0.55 0.37 0.54 0.40 % of TAW

SPupper 0.51 0.49 0.50 0.46 Unit less

HIf 0.82 0.68 0.88 0.58 Unit less

HIbf 0.26 0.22 0.21 0.26 Unit less
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varieties are less affected by spikelet injury, although there is an increase in tem-
perature. The ability of these cultivars to change leaf orientation, transpirational
cooling, alteration in the membrane lipid composition and short-term stress
avoidance helps the plants to cope with the heat and water stress.

6.4 Conclusions

This study examines the potential impact of climate change on rice yield growth in
winter and summer seasons along with an evaluation of agro-adaptation measures
in order to overcome the projected impact of climate change in the Quang Nam
province of Vietnam. The climate projection was done by downscaling the GCM data
at province level using the Statistical Downscaling Model (SDSM) which indicates
the future maximum and minimum temperature together with precipitation are
expected to increase. Simulation of rice yield with future climate data suggests that
rice cultivated in the winter season will suffer a significant yield loss ranging from
5.97 to 23.05 % and 1.29 to 20.96 % for A2 and B2 scenarios respectively. On the
other hand, climate change is observed to be beneficial for rice cultivated in the
summer season with an increase in yield (2.07 to 6.66 %) for the 2020s and 2050s,
although a moderate reduction in yield (1.83 % to 6.26 %) is expected for the 2080s.

The study reveals that late shifting of transplanting dates to 18 June and 24
February relative to current planting dates of 21 May and 20 January for summer
and winter rice respectively, enhances the potential yield under climate change.
Also, 4 applications of 100 mm irrigation to winter rice increases yield signifi-
cantly, relative to rainfed conditions. In addition, results suggest that applications of
2–2.5 times the current fertilizer amounts will increase the rice yield from 10.9 to
29.8 % in the future. Furthermore, 4 split doses of fertilizers enhances yield by 1.8
to 5.1 % of the yield relative to a single dose. Finally, shifting from the traditional
cultivar CH207 to heat resistant cultivars TBR1 and OM6162 can enhance rice
yield up to +9.58 to +40.39 % and +6.82 to +23.92 % under A2 and B2 scenarios
respectively for future time periods. The results of this study will provide policy
makers and key stakeholders with a decision support tool to optimize rice pro-
duction under changing climate regimes in the Quang Nam province of Vietnam.
Moreover, the outcomes can also be used as a guideline for adaptation measures
under climate change scenarios in other parts of the world.
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