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SUMMARY

The Intergovernmental Panel on Climate Change (IPCC) estimates that global surface
temperatures may rise to about 1-2 °C by the year 2050 and to about 2-5 °C by the end of the
21% century, depending on how much of the anthropogenic Green House Gases (GHG) will be
emitted to the atmosphere in the coming decades. Latest findings from the IPCC show many
evidences that climate change has already affected many sectors in Southeast Asia, one of the
highly climate vulnerable regions in the world. It is high time that more research into climate
science is necessary as far as Southeast Asia is concerned, not just in understanding the climate
and its change but also be able to understand the climate impacts and its severity so that all
countries in Southeast Asia can prepare themselves adequately to adapt to such changes. In
such a perspective of Southeast Asian climate change, this thesis focused on Vietnam as the

main study region.

A systematic ensemble high resolution climate modelling study over Vietnam has been
performed. Applying two widely used regional climate models, WRF and PRECIS, future
climate change over the period 2071-2100 has been ascertained with respect to the present day
baseline conditions over the period 1961-1990. The results indicate that the surface
temperature over Vietnam could increase up to 4 °C by the end of the century, while rainfall
shows primarily increases of more than 20 % in many regions suggesting wetter and possibly
flooding conditions, and slight decrease in some regions suggesting drier and drought
conditions. A hydrological impact study using the results of the climate models was also done
over a catchment in central Vietnam to assess future stream flow conditions. The results
largely indicate that the peak and the post-peak rainfall seasons could experience a strong
increase in stream flow, suggesting risks of flooding. All these results have implications for
water resources, agriculture, bio diversity and economy and serve as some useful findings for
the policy makers. This study, by itself, is one of the first of its kind studies done over

Vietnam.
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CHAPTER 1 INTRODUCTION

1.1  THE CLIMATE CHANGE ISSUE

Climate Change is real. It is happening at an alarming rate that it has already become a hot
topic of discussion in our daily life. There is a strong scientific consensus that the rapid rise in
anthropogenic (human induced) greenhouse gas (GHG) emissions over the past two centuries
has been a major contributor to the global warming that we experience now. The
Intergovernmental Panel on Climate Change (IPCC) estimates that global surface temperatures
may rise to about 1-2 °C by the year 2050 and to about 2-5 °C by the end of the 21* century,
depending on how much of the anthropogenic GHG will be emitted to the atmosphere in the
coming decades (IPCC, 2007a). Whilst there is much uncertainty on these GHG emissions, the
issue right now is, even if the future warming is limited to about 2°C, the natural and human
systems are still likely to experience significant impacts (United Nations Framework
Convention on Climate Change, UNFCCC, 2010). The nature and the intensity of such climate
change impacts are expected to be mostly negative and the developing countries are likely to
suffer greater impacts than the developed ones, due to lack of adequate adaptive measures. The
National Aeronautics and Space Administration (NASA), has released evidences of recent
climate change, mainly coming from available three major global surface temperature
reconstructions (tree rings, ice cores and coral records). These show that the Earth has warmed
up since 1880 and most of this warming has occurred since the 1970s, with 20 warmest years
having occurred since 1981 and all 10 of the warmest years occurring in the past 12 years. The
mean global sea level has risen by 17cm (6.7 inches) over the last century and the oceans have
taken in much of the increased warming, with the top 700 meters showing a warming of about
0.302 °F. Shrinking ice sheets over Arctic and Antarctic regions, glacial retreats, varied
rainfall changes and increases in specific humidity in the atmosphere have also been reported

that add to the evidences of changing climate (http://climate.nasa.gov/evidence/). Most of the

current research studies suggest that the impact of a global temperature rise of 1-2 °C is

unlikely to be equal everywhere on earth. Such changes are expected to be non-linear that a


http://climate.nasa.gov/evidence/

temperature increase of 2-3 °C may have a greater impact than the 1-2 °C increase. There are
also likely to be certain thresholds and critical points beyond which changes either to the
extent of a collapse of an eco-system or changes in ocean circulation patterns could be seen.
Other existing or emerging environmental problems such as land degradation, threat to
hydrological systems and pollution may also likely to be amplified due to climate change
impacts (Dawson and Spannagle, 2009). The climate sensitivity, which is the equilibrium
global surface temperature change that would result due to a doubling CO,, is likely to be
between 1.5 °C to 11 °C, but its exact value is still unknown (Stainforth, 2005). In its Fourth
Assessment Report (AR4), the IPCC has mentioned that this climate sensitivity is likely to be
between 1 to 6 °C with a most likely value of 3 °C by the end of the century. This climate
sensitivity parameter is not only related to the concentrations of CO, in the atmosphere but
also to other GHG quantities, but also related to CO,e (known as carbon-dioxide equivalent)
which accounts for all other anthropogenic GHG emissions such as methane, nitrous oxide,
sulphur dioxides and chloro-fluoro carbons. It has been noted by the National Oceanic and
Atmospheric Administration (NOAA), that, as of August 2012, the global atmospheric CO,
concentrations have risen to nearly 392.41 ppmv (parts per million volume) and CO.e have
risen to levels of nearly 500 ppmv. These CO.e concentrations are also rising rapidly and this
is likely to bring forward the date of concentrations reaching double the values of pre-
industrial levels (280 ppmv). Given these substantial uncertainties associated with CO, and
CO.e concentrations, arriving at a specific figure for the climate sensitivity has become

impossible at this stage.

It has also been established that the relationship between CO, concentrations versus surface
temperature is non-linear (Figure 1-1). Since the CO, residual time is longer (50-100 years) in
the atmosphere, the surface temperature is also likely to increase non-linearly. Due to this
warming, the global sea-level rise is also expected to continue with concomitant thermal
expansion of oceans. It is for this reason the concentrations of GHGs and their stabilization in

the atmosphere need to be acted upon immediately. The IPCC mentions that if no major



actions are taken, the GHG concentrations could double pre-industrial levels as early as 2040

and levels of up to 1000 ppmv could be seen by 2100 (IPCC, 2007a).
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Figure 1-1: Relationship between CO, concentrations vs Temperature increase
[Adapted from the IPCC, 2007]

Since the degree of climate sensitivity has a direct impact on the costs associated with
stabilization of GHG concentrations, the international community is struggling to devise
suitable mitigation measures. Therefore, reducing emissions and striving for early stabilization
becomes a priority. The mitigation costs in combating climate change and its impacts are
something many goverments are finding difficult to cope up with. Hence, the economically
weaker nations are more burdened and their resilience to act against climate change impacts
reduces. This burden is augmented when some geographical locations such as regions of
Africa and Southeast Asia remain naturally vulnerable to climate change. Some existing
impacts related to hydrological changes to natural water systems, health, agriculture,
landslides, floods, drought and extreme events such as tropical cyclones may see aggravation
with changing climate and advanced adaptation and mitigation strategies need to be developed

for these regions with support from developed nations and other international community. The



latest findings from the Goddard Institute of Space Studies (GISS) in the USA also suggest
that the temperature anomaly (long term change in normal values) has risen more than 0.6 °C

higher than long term records since 1880 (Figure 1-2).
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Figure 1-2: Temperature anomaly since 1880
[Adapted from http://www.c2es.org/facts-figures/trends/co2-temp]

These evidences of temperature increases have also come from direct measurements of rising
surface air temperatures and subsurface ocean temperatures and from phenomena such as
increases in average global sea levels, retreating glaciers and changes to many other physical
and biological systems. Therefore, it is obvious that we, as humans, need to act against this
anthropogenic climate change. Although our scientific knowledge in the observation of climate
change has increased, there is still much uncertainty in understanding the different physical

processes that are involved in the climate system.

Figure 1-3 shows the different elements of natural and anthropogenic radiative forcings that
contribute to climate change. The graph also highlights that the net radiative forcing is largely
positive, primarily due to CO,. The last column highlights the level of scientific understanding

(LOSU) we have with these different radiative forcing terms, especially anthropogenic. This



Anthropogenic

Natural

remains a fundamental challenge to the scientific community to model and predict climate

change with lesser uncertainties. But, at the outset, how do we predict climate?
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Figure 1-3: Radiative forcings and Level of scientific understanding

[Adapted from IPCC, 2007]

1.2 PREDICTION OF CLIMATE

In the process of climate prediction there are several stages of uncertainties and addressing
these uncertainties in impact studies presents difficulties because only a small subset of the
potential pathways through these stages would have been explicitly modelled (Mearns et al.,
2001). These several stages in climate prediction have been referred to as ‘a cascade of
uncertainties’ that is shown in Figure 1-4. Along with the uncertainties involved in the
different plausible emission scenarios for the future, the carbon and vegetation cycles, the
socio-economic changes and the atmospheric CO, concentrations, the main sources of
uncertainties come from the climate models, especially the Global Climate Models (also called

General Circulation Models, in short and hereafter in this thesis, referred to as ‘GCMs’).



These are physical numerical models that incorporate and represent a ‘mini-earth’ that

simulate the earth’s climate.
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Figure 1-4: A ‘cascade of uncertainties' in the process of climate prediction
[Adapted from Mearns et al., 2001]

These GCMs are generally categorized into coupled Atmosphere-Ocean General Circulation
Models (AOGCMs), which resolve both the atmosphere and ocean components of the earth
and Atmospheric General Circulation Models (AGCMs), which consist only of the
atmospheric component. These GCMSs are the common and primary modelling tools used for
climate simulations and are run at typical horizontal spatial resolutions of about 150-400 km
i.e., about 1.5° - 4° on a latitude/longitude grid. The range of the spatial resolutions of the
AOGCMs that were used in the Multi Model Dataset (MMD) of the IPCC varies from 1° to 5°
(IPCC, 2007a). This MMD is a set of IPCC coordinated GCM simulations of future climate
projections described by Meehl et al. (2007), used for the Fourth Assessment Report of the

IPCC. A list of these GCMs is shown in Appendix A.

Several research studies have mentioned that although GCMs represent the main features of
the global atmospheric circulation reasonably well, their performance in reproducing regional
climatic details is rather poor, due to their coarse spatial resolutions. Over the past few years,

the numerical simulations have grown to greater heights — thanks to the advent of improved



technology and availability of super computers. This has fundamentally made possible,
simulating global climate at far higher resolutions (between ~20 km to 100 km). Since the
GCMs still remain as primary tools in understanding climate and climate change at a global
scale, improvements in GCM modelling are still being pursued by the climate research
community. However, some of the regional and local scale climate forcings due to land use
characteristics, complex topography, land-ocean contrasts, aerosols, radiatively active gases,
snow, sea ice and ocean currents are not resolved well by GCMs. Hence, it has been strongly
realized that to study sub-global scales, i.e., continental, regional or sub-regional scales, the
GCMs do not provide detailed information of climate as it is observed in reality, largely
attributable to the coarse resolution of the GCMs, that makes them unsuitable for regional
impact studies. This is important because the regional and sub-regional climates are often
affected by forcings and circulations such as cyclones, mesoscale convective systems and
land/sea breezes that occur at a sub-grid scale of the GCM. The need for regional scale
information is also emphasized by the fact that GCM climate projections do not allow regional
examinations such as water balances or trends of extreme precipitation due to their coarse grid
resolution. This clearly applies to impact studies, say, in the case of studying the hydrological
impacts over a river basin, as most of the river basins of the world are smaller than the typical
resolutions (~300 km) of the GCM and such hydrological models need to be driven by high
resolution data for better assessments of regional scale impacts. The GCMs do not simulate
precipitation, one of the most important and sensitive climate parameter highly variable in
space and time, with adequate fine scale details to be applied for regional scale impact studies.
Hence, when impact studies are done, like those of hydrology, regional scale impact studies
warrant high resolution climate information. It is therefore obvious that the GCMs cannot
explicitly capture the fine scale structure that characterizes climate variables in many regions
of the world that is required to run impact models. Therefore, before the GCM derived outputs
such as precipitation and temperature can be used to drive the impact models at a regional or a
local scale, there is an intermediate step which requires a ‘downscaling' of this large scale

GCM information to regional scales.



13 CLIMATE DOWNSCALING

The IPCC defines a ‘regional scale’ between 10* to 10" km? and a ‘local scale’ less than 10*
km® The concept of downscaling implies there is an ‘added value’ expected when
downscaling such large scale information to a regional or a local scale (IPCC, 2001). Some of
the areas where this technique can enhance large scale information are: simulation of the
spatial structure of temperature and precipitation in complex topography, land use distribution,
regional and local atmospheric circulations that include jet cores, mesoscale convective
systems, sea and land breeze effects and tropical storms (Giorgi, 1990). Some processes at
high temporal frequencies include precipitation frequencies, surface wind variability, monsoon

front onset and withdrawal and occurrences of extreme weather events (IPCC, 2001).

There are two fundamental approaches that exist for downscaling of large scale information to
a regional or a local scale. The first is a statistical method, called ‘Statistical Downscaling’,
which establishes empirical relationships between large scale climate variables and local
climate and the other is a method where a higher resolution climate model, widely known as a
Regional Climate Model, hereafter referred to in this thesis as “‘RCM?”, is driven using the
GCM output. This technique is called as the ‘Dynamical Downscaling’ or commonly, regional

climate modelling.

The main assumptions for the statistical downscaling are that: (i) high quality large scale and
local data will be available for a sufficiently long period to establish robust relationships of the
current climate and (ii) relationships which are derived from recent climate will be relevant in
a future climate. Many papers have dealt with statistical downscaling concepts, their prospects
and their limitations (Von Storch (1995); Hewitson and Crane (1996), Wilby and Wigley
(1997); Zorita and von Storch (1997); Gyalistras et al., (1994); Murphy (1999, 2000);
Widmann and Bretherton, 2000). The advantages of using this technique are that they are
computationally inexpensive and can easily be applied to analyze the output data from
different GCM experiments. The applications of this downscaling technique vary widely with

respect to regions, spatial and temporal scales, type of predictors (those climate variables



which are used to predict) and predictands (those climate variables which are predicted) and
their climate statistics (Jones et al., 2004). However, the major theoretical weakness of the
statistical downscaling methods is their basic assumption that the statistical relationships
developed for present day climate also hold good under the different forcing conditions of
possible future climates, is not verifiable (IPCC, 2001). In addition, data with which to develop
the empirical relationships are not readily available in remote regions or regions with complex
topography. Robust station data are also required for validation of the method, which are not
always available everywhere and this is one of the key limitation. Besides these limitations,
these empirically based techniques do not account for possible systematic changes in regional

forcing conditions or feedback processes.

In contrast to statistical downscaling, the main principles of dynamical downscaling is that this
technique uses comprehensive numerical and physical models of the climate system and
allows direct modelling of the dynamics of these physical systems that characterize the climate
of a region. This technique employs the earlier mentioned regional climate models which are
run at high spatial resolutions over a chosen limited area of the globe. The minimum horizontal
spatial resolution that is commonly used for a RCM is around 10-20 km though lower and
higher resolutions of RCMs are now widely used for climate modelling experiments (IPCC,
2007a). The general approach is to drive the RCM using the large scale climate fields provided
by the GCM so that the high resolution model simulates the climate features and physical
processes in greater detail for a chosen limited area of the globe, whilst drawing information
about initial conditions, time-dependent lateral and surface boundary conditions from the
GCM. The main advantages of the dynamical downscaling techniques are that they provide
high resolution information of climate variables derived from mesoscale (100-1000 km)
atmospheric processes not resolved by GCMs. These RCMs generate multiple climate
variables in a self-consistent manner, take into account physical feedback processes in

atmospheric circulations, do not assume a fixed relationship between the variable of interest



and the large scale circulation and provide consistency with the large scale information of their

driving GCMs.

This regional climate modelling technique originated from numerical weather prediction and
the use of RCMs for climate application was pioneered by Dickinson et al. (1989) and Giorgi
(1990). Many studies have mentioned the use of RCMs in climate research basically owing to
their higher spatial resolutions and their ability to include fine scale topography. They have
been used to realistically simulate regional climate features such as orographic precipitation
(Frei et al., 2003), extreme climate events (Fowler et al., 2005a; Frei et al., 2006) and regional
scale climate anomalies or non-linear effects, such as those associated with the El Nino
Southern Oscillation (ENSO) (Leung et al., 2003a). Some research studies within the western
U.S., Europe and New Zealand, where topographic effects on temperature and precipitation are
prominent, have reported more skill in dynamical downscaling than in regions such the Great
Plains of the U.S. and China where regional forcings are weaker (Wang et al., 2004). This
regional climate modelling technique also remains an excellent tool in improving our
understanding of key climate processes such as cloud-radiation forcing, cumulus convection
and land surface processes (Pan et al., (1995); Paegle et al., (1996); Dudek et al., (1996);

Bosilovich and Sun (1999); Schar et al., (1999); Sen et al., (2004); Wang et al., (2004)).

However, as mentioned earlier, the model skill depends strongly on the quality of the driving
GCM and the presence and strength of regional scale forcings such as orography, land-sea
contrast and vegetation cover. It has also been observed that the application of RCMs to
geographically diverse regions and model inter-comparison studies have allowed the strengths
and weaknesses of dynamical downscaling to be better understood (Wang et al., 2004; Leung
et al., 2004). It has been noted that dynamical downscaling can also provide improved
simulations of mesoscale precipitation processes useful for producing more plausible climate
change scenarios for extreme events and climate variability at regional scales (Schmidli et al.,

2006).
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In the recent years, RCMs are also used widely to address issues such as urban air quality and
heat island effects (Leung et al., 2003a), and of course, there exists a plethora of related

climate change studies.

In the light of this brief overview to the downscaling techniques, it must be noted here
that this thesis discusses climate modelling using the dynamical downscaling approach
only. Although it is a relatively computationally demanding exercise (compared to statistical
downscaling), this method was chosen to study climate and climate change to gain a better
physical understanding of the climate system and to make full use of the ‘added value’ this

technique will bring in order to apply these results for further impact studies.

At this point of discussions, the region that is chosen for this research study and the rationale

for doing so also need to be elucidated.

14  REGIONAL CLIMATE CHANGE - SOUTHEAST ASIA

In its Fourth Assessment Report, the IPCC has given regional climate change projections for
several regions of the world, including Asia and Southeast Asia (Chapter 11, AR4, 2007).
Most of the economically weaker countries, next to Africa, in Southeast Asia happen to be
highly vulnerable to climate change and are in need of both scientific expertise and the
economic strength to combat climate change. Latest findings from the IPCC’s Third
Assessment Report (TAR), released in 2001, and that of the Fourth Assessment Report
released in 2007, show many evidences that climate change has already affected many sectors
in Southeast Asia. The mean surface air temperature over Southeast Asia has increased by 0.1-
0.3 °C per decade from 1950-2000. Decreasing trends in precipitation as well as rising trends
in sea level (1-3 mm/year) have also been noted. The number of extreme weather events such
as hot days/warm nights and the number of heavy storm events and tropical cyclones has also
increased. These climate changes have impacts on other physical systems - increasing
temperatures and increasing extreme weather events also lead to the decline of crop yield in
many Southeast Asian countries (Thailand, Vietnam, Indonesia), massive flooding in Hanoi

and Hue (Vietnam), Bangkok (Thailand), Jakarta (Indonesia), Vientiane (Laos), landslides in
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the Philippines and droughts in many other parts of the Mekong river basin. Water shortage,
agriculture constrains, food security, infectious diseases, forest fires and degradation of coastal

and marine resources have also been increasing (IPCC, 2007b).

Furthermore, the results from the MMD models of the IPCC (Table 1-1) have also projected an
increase in annual precipitation over Southeast Asia with a median rate of +7 % with extremes
between -2 % to +15 % for all seasons. The strongest and most consistent increases are seen
over northern Indonesia, Singapore and Malaysia in June, July, August (JJA) and over
southern Indonesia and Papua New Guinea in December, January, February (DJF). The annual
temperature change for the whole of Southeast Asia is expected to be around 3 °C by the end

of this century.

Table 1-1: Southeast Asia climate change projections of temperature and precipitation from a
set of 21 global models in the MMD for the A1B scenario
[Adapted from IPCC AR4 (2007)]

Temperature Response (°C) Precipitation Response (%) Extreme Seasons (%)

Min 25 50 75 Max Tyrs Mn 25 50 75 Max Tyrs Warm Wet Dry

SEA | DJF 16 21 2529 36 10 -4 3 6 10 2 s 9 28 2
MM 15 22 27 31 39 10 4 2 T 7 15 100 271 1

11S,05E | JJA 15 22 24 29 38 10 4 8 [ 7 0 100 24 2
o SN 16 22 24 29 36 10 -2 2 6 10 2 & 9 26 3
2NISE | Annudl 15 22 25 30 37 10 2 3 7 8 15 4 100 4 1

The United Nations Climate Change Conference held in Bali, Indonesia, in December 2007,
recognized the need for an enhanced action on adaptation and the provision of financial
resources for such adaptation measures (Yusuf and Francisco, 2009). It was also noted that
most developing countries in Asia have the least capacity to adapt to climate change and are
therefore in need of whatever external support they can get to build their adaptive capacity

(Francisco, 2008).

Under the auspices of the EEPSEA (Economy and Environment Program for Southeast Asia),
an assessment of climate vulnerability was made by Yusuf and Francisco (2009), who

constructed an index of the climate change vulnerability of subnational administrative areas in
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seven countries of Southeast Asia - Vietnam, Laos, Cambodia, Thailand, Malaysia, the
Philippines and Indonesia. Climate hazards comprising floods, droughts, tropical cyclones, sea
level rise and landslides were considered and mapped for the entire Southeast Asian region and
a multi-climate hazard index was developed that highlighted the vulnerability of several
regions over Southeast Asia. This is shown in Figure 1-5. Detailed documentation of this study

can be found in the relevant literature citation mentioned above.
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Figure 1-5: Climate Change Vulnerability Map of Southeast Asia
[Adapted from Yusuf and Francisco, 2009]

The Asian Development Bank (ADB) has also released its study of the economics of climate
change over Southeast Asia (ADB, 2009) and has called for more adaptive measures and
strategies to mitigate climate change impacts. This study has mostly taken into account the
findings of the IPCC. These recent studies of the IPCC, ADB and EEPSEA have indicated that
much more detailed research is needed for the Southeast Asian countries to better understand
climate change and its long and short term impacts over the region. This includes not just
refinements in data collection, analyses and modelling, but also a new look at the archipelagic

and insular land and seascapes unique to Southeast Asia. There is a lot of scientific and

13



technical know-how amongst countries like the USA, UK, Australia and New Zealand, from
where the contributions to climate science has poured into in the form of extensive research
and collaborations that eventually have made a scientific volume, such as the AR4, possible.
Like in continental Africa where climate research studies are few and far between, Southeast
Asia suffers from similar challenges. In addition to lack of sufficient scientific contribution,
Southeast Asia has limitations in available climate data, dense and robust observational
networks and technology that support such an intricate science as that of climate. Invariably,
the datasets and models are all derived from European or American research, and in more
recent years, from China, Japan and Australia. It is high time that much more research into
climate science is necessary as far as Southeast Asia is concerned, not just in understanding the
climate and its change but also be able to understand the climate impacts and its severity so

that all countries in Southeast Asia prepare themselves adequately to adapt to such changes.

Within such a perspective of Southeast Asian climate change, this thesis aims to focus on
Vietnam as the main study region. The following sections provide a description of the
geography and climate of Vietnam, the rationale in choosing this region for study and an
introduction to a particular hydrological catchment in Vietnam over which future hydro

climatological changes shall be ascertained.

1.5 STUDY REGION - VIETNAM

Vietnam is located in Southeast Asia, bounded between the latitudes of 8 °N to 23 °N and
longitudes of 102 °E to 109 °E. The total land area occupies 330,992 km?. Vietnam has a 1400
km borderline to the North with China, 2067 km with Laos and Cambodia to the West. The
coast line of 3260 km covers the East and the South. Apart from 2 offshore archipelagos,
Hoang Sa (Da Nang province) and Truong Sa (Khanh Hoa Province), Vietnam also has a
system of coast 3000 big and small islands with total area of more than 1600 km?®. Three-
fourths of Vietnam’s territory is covered by mountains and hills with highest peaks of more
than 3000 m. There are two typical types of climate over Vietnam, identified by separation of

the country into nearly two equal segments by the Hai Van pass at latitude 16 °N (black circle
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in Figure 1-6a). Based on the topography and geography, Nguyen and Nguyen (2004)
characterized Vietnam into 7 climate sub-regions from North to South of Vietnam that has
been widely accepted by the Vietham climatological community and also acknowledged by
some literatures (MONRE, 2009; Ho et al., 2011 and Phan et al., 2009). In this research, we
apply the same 7 climate sub-regions named from S1 through to S7 (Sub-region 1 to 7). These
are mentioned in Table 1-2 and shown in Figure 1-6a. The topographical feature over Vietnam,
taken from the SRTM (Shuttle Radar Topography Mission) dataset, is displayed in Figure

1-6b.

Table 1-2: Climate sub-region of Vietnam

Sub-Region Climate | Name
Northwest S1
Northeast S2
Red River Delta S3
North Central S4
South Central S5
Central Highland S6
South S7
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Figure 1-6: Vietnam climate zones and river basin geography
(a) Seven climatic sub-regions (b) Topography of Vietnam
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Due to the differences in latitudes and the distinguished variety of topography, the climate of
Vietnam tends to vary considerably from place to place. The Northwest (S1) and Northeast
(S2) are the two mountainous areas separated by the Hoang Lien Son mountain range (blue
circle in Figure 1-6b). Hoang Lien Son has a length of 180 km and is a south eastern part of the
Himalayan range, in which lies the Fansipan peak (shown as ‘X’ in Figure 1-6b) — the highest
peak of Vietnam at 3143 m. Because of the Hoang Lien Son, the S2 region bears the direct
effect of the Northeast monsoon season while the S1 region does not. S3 is the delta region
with low topography over which lies Hanoi, the capital of Vietnam. During the winter or dry
season, extending roughly from November to April, the northeast monsoon winds usually blow
from the northeast along the China coast and across the Gulf of Tonkin. Regions S4 and S5 are
located along the coastal central area of Vietnam, but because of the high mountain ranges at
Hai Van pass, the climates of S4 and S5 are different: S4 has all 4 seasons, summer, winter,
autumn and spring and S5 has only 2 seasons: dry and wet (rainy), but no cold winters. The
Annamite range, also called Truong Son mountain range in Vietnamese, (red circle in Figure
1-6b) is a mountain range of western Vietnam that extends about 1100 km along the border of

Laos, Vietnam and a part of Northeast Cambodia.

Together with the high topography of Central Highland S6, this range acts like a barrier that
blocks the Northeast monsoon wind passing across Gulf of Tonkin and causes heavy rain over
the eastern side of it. The Central Highland area S6 is situated over high topography and thus it
has distinct climate compared to the low land area over the southern region S7. The average
annual temperature is generally higher in the plains than in the mountains and plateaus and in
the south than in the north. Temperatures in the southern plains vary less, ranging between 21
°C and 28 °C in a year. The seasons in the mountains and plateaus and in the north experience

temperature ranges from 5°C in December/January and about 37 °C in July/August.

Vietnam is located in the area affected by typhoon and tropical cyclones in the North West
Pacific Ocean. On an average, annually, there are 4-5 typhoons/tropical cyclones affecting

Vietnam. Annual rainfalls are very different in different regions, ranging between 600 mm to
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5000 mm. About 80-90 % of the rainfall concentrates during the rainy season. Several regions
are prone to floods during the rainy season but during dry seasons, drought is often recorded. It
is also such that some regions of Vietnam experience more (less) rainfall leading to floods

(droughts).

Vietnam is located in the downstream of two big rivers: Mekong and Red Rivers. The Mekong
river basin area is about 795,000 km? (including Tonle Sap and its delta) with an annual water
runoff to the South China Sea (called East Sea or “Bién Dong” in Vietnam) about 505 billion
m?>. The Red river basin has an area of 169,000 km? and annually it transports 138 billion m® of
water to the South China Sea. Hence, as a whole, the total runoff reaches 835 billion m®. The
spatial and temporal distribution of runoff is very uneven. More than 80 % of the runoff
concentrates in summer (5-6 months) and the remaining 20 % of runoff, in winter (6-7

months).

Vietnam is one of the twenty five countries that has a high level of biodiversity and is ranked
16™ in biological diversity (having 16 % of world's species). Vietnam is also a major exporter
of agricultural products. Currently, it is the world's largest producer of cashew nuts, with a
one-third global share, the largest producer of black pepper that counts for one-third of the
world's market and the second-largest rice exporter in the world, Thailand being the first.
Vietnam has the highest proportion of land use for permanent crops, about 6.93 %, of any
nation in the Greater Mekong sub-region. Other primary exports include coffee, tea, rubber,
and fishery products. However, the agricultural share of Vietnam's Gross Domestic Product
(GDP) has fallen in recent decades, declining from 42 % in 1989 to 21 % in 2010, as
production in other sectors of the economy has increased — all these having implications in a

changing climate.

1.6 DAKBLA CATCHMENT
This section describes the Dakbla catchment, which is the hydrological study region of this
thesis. The Dakbla river is a small tributary of the Mekong river located over the Lower

Mekong Basin (LMB). The catchment has a total area of 2560 km? from upstream to Kon Tum
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station and lies over the Central Highland region of Vietnam. The watershed is covered mostly
by tropical forests which are classified as: tropical evergreen forest, young forest, mixed forest,
planned forest and shrub. The climate of this region follows the pattern of Central Highland in
Vietnam with an annual average temperature of about 20-25 °C and total annual average
rainfall of about 1500-3000 mm with high evapotranspiration rate of about 1000-1500 mm per
annum.

There are 2 main seasons for the Central Highland region: a rainy season from May through to
October (referred to, in short, as MJJASO) and dry season from November through to April
(referred to, in short, as NDJFMA). March and April are the two hottest months of the year
often relating to severe drought conditions in this region. Flood season is around one month
after the rainy season because it needs some buffer time to fill up the groundwater for basalt
soil in this region after an earlier long 6 month dry period. Due to the steep slope topography
and heavy rainfall concentrations, stream flow in this region acquires a high velocity that
creates massive damage to people and property. For easy reference, the location of the
catchment is shown in Chapter 3, Figure 3-1 along with technical descriptions of the
catchment.

The local economy is based heavily on rubber and coffee plantations on typical red basalt soil
in which, by the end of 2010, coffee was accounted for 10 % of Vietnam’s annual export
earnings (Ha and Shively, 2007). With the advantage of topography of this Central Highland
region, there is a very high potential of constructing hydropower dams in this region to store
surface water for multipurpose needs: irrigation, electric generation and flood control. Upper
Kon Tum hydropower, with an installed capacity of 210 MW, has been under construction
since 2009 (to be completed in 2014) in the upstream region of Dakbla river and at 110 km
downstream, the Yaly hydropower plan has been constructed (installed capacity 720 MW —
second biggest hydropower project in Vietnam) which has been in operation since 2001.
Forecasting stream flow from rainfall is therefore quite an important task in this region in order
to operate the hydropower dam as well as for irrigation. This description of the Dakbla

catchment brings the scientific discussion of this chapter to a closure.
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1.7 THESIS OBJECTIVES

In a research objective, this thesis represents one of the first study dealing with climate change
impacts in this region (Vietnam). Using two RCMs (WRF and PRECIS, described in Chapter
3), the study focuses on high resolution dynamical downscaling over Vietnam and use the
results for further impact studies using the SWAT model (described in Chapter 3). Some of
these results will be published in leading journals and attempts will be made to liaise with local
governmental agencies and research institutes/organizations to further research initiatives. It is
believed that this will lead a way to directly reach the stake holders and policy makers to
involve in more research and collaborative exercises of a larger framework.

The main objectives of this thesis are:

(1) To provide ensemble high resolution future regional climate projections over Vietnam
(i) To assess future hydrological changes over a catchment in Vietnam, using the results

of the ensemble high resolution regional climate projections
As further reading unfolds ahead,

o Chapter 2 articulates on the added value of dynamical downscaling and provides a
literature review of some latest climate change studies and some hydrological
research.

e Chapter 3 discusses the models used in this study, its overall methodology, the
different data used and some performance metrics applied for model evaluations.

o Chapter 4 discusses the results of the regional climate models over Vietnam and
summarizes the main findings of future climate change projections.

o Chapter 5 describes the hydrological modelling study over the Dakbla catchment and
summarizes the main findings of the future hydro-climatological changes ascertained.

o Chapter 6, after an overall summary, highlights the main findings from the entire
study, its usefulness for adaptation and policy making and concludes the thesis with

some recommendations and possible future work.
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CHAPTER 2 LITERATURE REVIEW

2.1 INTRODUCTION

As mentioned in Chapter 1, this research work focuses on climate modelling using dynamic
downscaling method to study the change and variability of the climate system. The results of
this climate modelling will then be used for further impact studies; in the case of this thesis,
assessing future hydrological climate response over a catchment in Vietnam. This chapter,
therefore, is dedicated to a review of various literatures in the research community that have
applied these methods for different aspects of studying climate change. The limitation that
global climate models are not suited for small scale regional climate impact studies was
already cited in Chapter 1. Hence, it is of paramount significance to define and establish why
dynamical downscaling is widely followed and what ‘added value’ it imparts as a key method
by itself. This chapter begins with its first section, Section 2.2, which will take the readers
through some case studies and arguments that would answer this question. The use of the
regional climate model output for hydrological impact studies are discussed in Section 2.5
along with some case studies that have employed the hydrological model (these models are
described in Chapter 3). To keep the chapter concise, selected recent research work from

regional climate research and hydrological impact studies are considered and reviewed.

2.2 WHAT IS THE ‘ADDED VALUE’ OF RCMs?

This section cites some examples from some key regional climate research that primarily
suggest the “added value” of RCMs. It was mentioned in Chapter 1 that one of the main
advantages of using regional climate models is their ability to include fine scale topographic
details. This enables to improve climate simulations to a great extent as the high resolution
simulations incorporate local climate features and circulations due to enhanced topographic
details. It can be recalled here that this is something the global models lack due to their
relatively coarser spatial resolution. As shown in Figure 2-1, a RCM with a spatial resolution
of 50 km is able to resolve the topographic features in great detail compared to a GCM having

a spatial resolution of about 300 km. The figure shows the detailed topography over the
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European domain, the study done as a part of the PRUDENCE (Prediction of Regional
scenarios and Uncertainty for Defining EuropeaN Climate change risk and Effects) project
(Christensen, 2001). It is obvious from this figure that the GCM fails to resolve fine
topographic details which influence regional climate simulations while the improvement the
high resolution RCM makes is evident. This was one of the major RCM experiments done
about a decade ago ever since the ‘added value’ of downscaling due to high resolution

topography was strongly realized.

Figure 2-1: Topographic details over Europe
(@) GCM - 300 km (b) RCM — 50 km
[Adapted from Christensen O.B., 2001]

Jones et al. (2004) compared the GCM and RCM simulated winter precipitation over Great
Britain to observations (Figure 2-2). The GCM HadCM3 and RCM HadRM3P, both developed
at the Hadley Centre, UK, were used in this study where the RCM HadRM3P was driven by
the global model HadCM3. The figure shows that the observations clearly exhibit enhanced
rainfall over the mountains of the western part of the country, particularly the northwest while
the east-west gradients in rainfall are also clearly resolved. This feature was missing in the
GCM simulation which showed only an overall north-south gradient with no detailed rainfall
distributions as seen in the observations. In contrast to the GCM, the 50 km RCM represented

the observed rainfall pattern much more closely. Since the terrain at this higher resolution was
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resolved well in an RCM, it was reported that the RCM was able to simulate precipitation with

reasonable accuracy.

300km GCM 50 km RCM 10km Observation

.f

1 2 3 5 7 10 (mm/day)

Figure 2-2: Precipitation over Great Britain simulated by GCM and RCM vs observations
[Adapted from Jones et al., 2004]

The mean winter DJF surface temperature change in the western United States, simulated by
the GCM PCM and RCM MMS5 driven by the GCM PCM, is shown in Figure 2-3. The Parallel
Climate Model (PCM) developed by the National Center for Atmospheric Research
(NCAR)/Dept. of Energy, USA) and the Mesoscale Model version 5 (MM5) was developed by
both Pennsylvania State University & NCAR, USA. Temperature changes were calculated as
the difference between the ensemble simulation of the future climate (2040-2060) following a
“pusiness as usual” emission scenario and the control climate (without CO,). The authors
reported that as the global model did not resolve well the coastal mountain ranges at a 2.8° x
2.8° spatial resolution, larger warming was found over the Rocky Mountains centered at
114°W (indicated in the figure for clarity), where snow pack was reduced in the future climate.
In the RCM simulations, larger warming was seen along the coastal range where snow pack
reduction was the highest. These results suggested that the snow-albedo feedback effects were
important and they can cause an additional warming of about 1 °C (Leung et al., 2004). Such a

feedback mechanism was resolved well in the RCM than in the GCM.
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Temperature change (PCM) DJF  Temperature change (MM5) DJF

114°W
o 0.5 1 1.5 2

Figure 2-3: Mean DJF Temperature change
(a) GCM PCM (b) RCM MM5 [Adapted from Leung et al., 2004]
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Not only in climate change studies do the RCMs provide the ‘added value’. The coarse
resolution of GCMs does not allow them to resolve cyclones, but RCMs, with their higher
resolution, are able to resolve such mesoscale weather events. This is clearly seen in Figure 2-4
which shows the low pressure (shown as ‘L’ in the figure) pattern for a particular day
simulated by both a GCM (HadAM3H, Hadley Centre) and the corresponding RCM
(HadRM3H, Hadley Centre). The cyclone in the Mozambique Channel between Madagascar
island and eastern southern African coast is well resolved by the RCM which is absent in the

driving GCM. This study was documented by Jones et al. (2004).

GCM RCM

998 1002 1006 1010 1014 1018 1022
Pressure (hPa)

Figure 2-4: Simulation of a cyclone in the Mozambigue Channel by GCM and RCM
[Adapted from Jones et al., 2004]
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An Indian monsoon climate change study was done by the Hadley Centre, which projected
changes in monsoon behaviour over the future. Shown in the Figure 2-5 are the GCM and
RCM simulations that look similar, but the added value of RCM is highly explicit. This is
because, the rainfall changes over the Western Ghats mountain regions along the west coast of
India is decreased in the GCM whilst an increase of up to 3 mm/day in the RCM is seen. In
addition, the south central regions seem to have an increase in rainfall simulated by the GCM
but a decrease in the RCM. As the RCM resolves the topography and the sub-seasonal

variations in the monsoon rainfall, the projections of the RCM were reported to be credible.

GCM RCM

3 1 02 0 02 1 3
(mm/day)

Figure 2-5: Future Changes in monsoon rainfall over India simulated by GCM and RCM
[Adapted from Jones et al., 2004]

From the few examples cited above, it is clear that right from studying mesoscale events
through to climate change projections, the use of RCMs certainly do ‘add value’ over GCM
simulations. These examples are, by all means, not the final list of literature that supports
regional climate simulations using RCMs but are merely some random snap shots of cited
literature to bolster the ‘added value’ of RCMs. This serves as an overview of the comparisons
between GCMs and RCMs in climate simulations and how/why dynamical downscaling is
considered robust for climate studies. To this end, this is also a good start for some literature
review, leading to an appreciation of the ‘added value’ of downscaling. In a continuation of
this discussion, the following section describes more of similar studies, focusing on regional

climate modelling and assessing climate change.
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2.3  APPLICATIONS OF RCMs IN CLIMATE RESEARCH

Several RCMs have been developed by many climate research centres in the world and are
being used for a wide range of studies right from numerical weather prediction through to
climate change projections. Some of those recent research studies that have focused on
regional climate simulations and regional climate projections are discussed here. A few
illustrations have been added for some case studies for a better appreciation of the science.
Chotamonsak et al. (2011) performed regional climate simulations over Southeast Asia using
the RCM WRF model driven by the GCM ECHAMS5 forced by the A1B future emission
scenario. Dynamical downscaling of the GCM ECHAMS5 was done at a 60 km horizontal
resolution to project changes from 1990-1999 to 2045-2054 and compared against
observations. The authors stated that the regional climate model reproduced the spatial
distribution of temperature reasonably well, although with a cold bias for maximum
temperature (Tmax) over Southeast Asia. It was also reported that the model simulations
exhibited a warm bias for minimum temperatures (Tmin). The wet-season (rainy) precipitation
was simulated with lesser skill than the dry-season precipitation. Future changes in
precipitation showed increases on an average but with local decreases during the dry season.
These results are shown in Figure 2-6.

Bukovsky and Karoly (2011) downscaled the global NCEP (National Centers for
Environmental Prediction) reanalyses and the GCM CCSM3.0 using the WRF model, where
the reanalyses were used for the evaluation of present day climate and the GCM CCSM3.0 was
used to derive future projections of climate under the A2 emission scenario. The results
showed that the WRF was able to produce more realistic precipitation than that of its driving
systems (GCM CCSM3.0 and NCEP reanalyses). The authors mainly reported that the
magnitude of heavy and average precipitation events, the frequency distribution and the
diurnal cycle of precipitation over the central United States were greatly improved. As to
climate change impacts, the projections from this study also suggested an increase in

frequency of both floods and droughts during warm seasons in the future.
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Figure 2-6: WRF simulations over Southeast Asia
[Adapted from Chotamonsak et al., 2011]
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Hong et al. (2010) studied the East Asian monsoon system and future climate change scenarios
over Korea using the WRF model driven by the global NCEP reanalyses and GCM ECHAMS
at a 12 km horizontal resolution. The authors mentioned that the WRF model was able to
reproduce large scale circulation features of the East Asian Monsoon system and its associated
hydro climate very well. Their goal was to provide meteorological data for hydrology and air
pollution models that require spatial resolutions of 10 km or higher and their study suggested

the usefulness of the RCM WRF for such a purpose.

In a study over a Norwegian domain, Heikkila et al. (2010) showed that the RCM WRF model
was able to add significant detail to the representation of precipitation and surface temperature
when the model was driven by the global ERA40 reanalysis. It was reported that the
geographical distribution, the wet day frequencies and the extreme values of precipitation were
highly improved due to the better representation of orography. They reported that the refining
the resolution from 30 km to 10 km further increased the skill of the model, in the simulation
of precipitation. Their results suggested that the use of 10 km resolution was advantageous for

producing future regional climate projections.

A 40 year dynamical downscaling study using the WRF model (12 km horizontal resolution)
for the present day climate was performed by Caldwell et al. (2009) over California. The WRF
model was driven by the 1°x1.25° GCM NCAR CCSM3.0. Detailed comparisons between
modelled and observed regional averaged precipitation, surface temperature and snowpack
were performed. The authors reported that the regional model reproduced the spatial
distribution of precipitation quite well, but substantially overestimated rainfall along the
windward slopes. Additionally, they indicated that the coastal temperatures appeared to be too
warm due to a coastal sea surface temperature bias inherited from the driving model. It was
also reported that the WRF modelled snowfall/snowmelt agreed quite well with observations,
but snow water equivalent was found to be much too low due to monthly re-initialization of all

regional model fields from CCSM3.0 values.

Tapidor (2010) presented an analysis of the precipitation climate signal in Europe emerging
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from a simulation of eight RCMs with five observational datasets as the reference for present
day climate conditions. The study also included simulations from the IPCC A2 family of
scenarios from eight different RCMs that were involved in the PRUDENCE project over
Europe. After accounting for the differences between observed and simulated precipitation in
the present climate, the analysis of results showed significant agreement in the future climate
signal for most of the European regions. The author reported that, primarily, the RCMs were
able to simulate the state of the present day climate very well and that precipitation was

reasonably well simulated.

Salathe et al. (2008) performed simulations of future climate scenarios using a high-resolution
climate model (MM5) which showed markedly different trends in temperature and
precipitation over the Pacific Northwest than in the global model (ECHAMS) in which it was
nested, apparently due to the mesoscale processes not resolved at coarse resolution. Present
day (1990-1999) and future (2020-2029, 2045-2054 and 2090-2099) climates were simulated
at high resolution (15 km grid spacing) using the RCM MMS5. The robustness of the model
results in simulating present day climate was established through comparisons with the
observed and simulated seasonal variability and the study showcased the ‘added value’ in

downscaling.

Done et al. (2005) performed some simulations of the cold season regional climate of the
Western United States using the RCM WRF with initial and boundary conditions derived from
the NCEP reanalysis data for the winter period of 1990. The simulated cold season
accumulated precipitation agreed well with observations in terms of the spatial distribution.
The model captured the double band of precipitation along the coast of the northwest United
States associated with the coastal hills and the Cascade Range which produced enhanced
precipitation over the higher terrain of the Rocky Mountains, establishing the robustness of
RCM in resolving terrain and its associated climate features. The mean surface temperature

also compared well with observations in terms of spatial distribution and magnitudes.
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Alves and Marengo (2010) used the RCM PRECIS to evaluate the accuracy and skill in
describing the seasonal variability of the main climatological features over South America and
adjacent oceans, in long-term simulations (30 years, 1961-1990). The analysis was performed
using seasonal averages from observed and simulated precipitation, temperature and lower and
upper level atmospheric circulations. It was reported by the authors that precipitation and
temperature patterns as well as the main general circulation features were well simulated by
the model. They also reported that in the regional model, there were still systematic errors
which might be related to the physics of the model (convective schemes, topography and land
surface processes) and the lateral boundary conditions and possible biases inherited from the

global model. This simulation is shown in Figure 2-7.
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Figure 2-7: PRECIS climate simulations for the present-day climate
Comparisons of RCM vs Observations (CRU)
[Adapted from Alves and Marengo, 2010]

Kumar et al. (2011) performed simulations from a 17-member perturbed physics ensemble
generated using the Hadley Centre Coupled Model (HadCM3) for the ‘Quantifying
Uncertainty in Model Predictions’ (QUMP) project which were used to drive the RCM

PRECIS. The PRECIS simulations were carried out for a continuous period of 1961-2098. The
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model showed reasonable skill in simulating the monsoon climate over India. The climate
projections were examined over three future time slices, 2011-2040, 2041-2070 and 2071-
2098. The authors reported that the model projections indicated significant warming over India
towards the end of the 21* century and that the summer monsoon precipitation over India was
likely to be 9-16% more during the last 30 years of the 21* century compared to the baseline

1961-1990.

Campbell et al. (2010) studied changes of rainfall and temperature for the period 2071-2100
under the IPCC A2 and B2 scenarios using the PRECIS regional climate model. They reported
that the model simulated the present-day (1979-1990) rainfall and temperature climatologies
reasonably well, capturing the characteristic bimodal nature of the Caribbean rainfall and the
boreal summer maximum and winter minimum temperatures. For the period 2071-2100,
temperatures were projected to increase across the region by 1-4 °C for all months irrespective
of the scenario. The rainfall response varied with season with one of the more robust changes
being an intensification of a gradient pattern in November—January, in which the northern
Caribbean (i.e., north of 22 °N) gets wetter and the southern Caribbean gets drier. There was
also a strong June—October drying signal. These results pointed to changes in the regional
circulation patterns due to the human-induced climate change and suggested further

investigations.

In another study, Marengo et al. (2009) also used the PRECIS regional climate modelling
system to analyze the distribution of extremes of temperature and precipitation in South
America over the past (1961-1990) and in the future (2071-2100) climate under the IPCC A2
and B2 emissions scenarios. When model results were compared with observations, it was seen
that, for the present climate, the model simulated the spatial distribution of extreme
temperature and rainfall events well enough although temperature distributions were more
realistic than rainfall. This study also highlighted that precipitation is a difficult variable to be

simulated well while temperature is rather easy to be simulated.
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Further, studies of Soares et al. (2012), Flaounas et al.(2011), Leung and Qian (2009), Zhang
et al. (2009), Lo et al. (2008), Liang et al. (2005), have shown the WRF model as an effective
RCM in climate studies and its usefulness for dynamical downscaling research. Similar studies
using the PRECIS model have also been documented by Karmalkar et al. (2011), Duliere et al.
(2011), Yadav et al. (2010), Mileham et al. (2009), Islam et al. (2009), Bloom et al. (2008),

Buonomo et al. (2007) and Kumar et al. (2006), to name a few.

Although the aforementioned studies are only a few of many dynamical downscaling research
works, they serve as some selected highlights of this research over the recent past. These
studies strongly indicate that regional climate models are highly useful tools to achieve high
resolution climate data from coarsely resolved global climate models. Regional models show
higher detail for mountain ranges or coastal zones, more numerous and differing vegetation
and soil characteristics and description of smaller-scale atmospheric processes which lead to
the formation of mesoscale weather phenomena. These RCM characteristics are believed to
produce model output that is closer to reality than the more coarsely resolved global model
data, both for reanalyses for hindcast studies and for global scenario simulations. This added
variability occurred mainly on those spatial scales that are best resolved by the regional model,
indicating added value from the RCM. In addition, these studies also suggest that temperature
simulations are largely realistic as they are more homogeneous rather than rainfall simulations;
rainfall is known to be highly variable in space and time and hence the most difficult and
sensitive climate variable to simulate, be it numerical weather forecast or long term climate.
Dynamical downscaling, therefore, shows high potential to improve climate
forecasts/projections towards users’ need, to understand physical climate system in detail and
to obtain realistic climate simulations for both present day and future climates. This, in turn,
helps the downstream impact studies to make use of the results obtained from dynamical
downscaling for further research, i.e., in mitigation, adaptation and policy making in climate
change applications. What should also be placed as a caution are not only these advantages of

RCMs in ‘adding value’, but also their limitations. Some research studies (Wang et al., 2004;
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Leung et al., 2003; Christensen and Christensen, 2004; Bader et al., 2008) have considered the
strengths, limitations and challenges in the RCMs. However, it is not within the scope of this
thesis to evaluate the advantages and limitations of RCMs. Rather, the usefulness of RCMs as
dynamical downscaling tool is recognized from numerous studies done by the climate
modelling community around the world and from the vast amount of literature available that
bolsters this cause. It is also to be noted that improvement in the quality of RCMs to yield
more realistic simulations are a continuing processes of model development. In addition to the
knowledge gained from a vast literature, it is also noted here that this research work has been
done at the Tropical Marine Science Institute (TMSI), NUS, where one of the main research
foci is climate modelling and dynamical downscaling. Therefore, the research experience
gained during this PhD thesis research working on several climate change projects at TMSI
also adds to the confidence in undertaking this research study.

24  EXISTING MODELLING STUDIES OVER INDOCHINA PENINSULA
AND VIETNAM

In a continuation of the literature review, this short section outlines some of the few regional
climate modelling studies have been done exclusively over the Indochina Peninsula (which
encapsulates Vietnam as such) and over Vietnam. This information lays yet another strong
rationale to the work done in this thesis study, since very few studies exist in climate research

over this region. To that end, this study is certainly a contributor to more of such efforts.

Ho et al. (2011) used the regional climate model RegCM3 to assess future climate changes
over the mid-century driven by the GCM CCSM3.0, forced under the IPCC future A1B and
A2 emission scenarios over Vietnam. Their study revealed an increase in the hot summer days
and a decrease in number of colder nights over Vietnam as a consequence of global warming.
The study also suggested that heavy rainfall events in rainy season may decrease for all sub-
regions, except northwest and south centre of Vietnam. This is notable that although Vietham
is small compared to the larger Indochina region, sub-regional differences within Vietnam are

not unusual.
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Takahashi et al. (2010) performed a control simulation using the WRF model driven by
ERA40 reanalysis data combined with land use and predicted soil moisture data over
Indochina. The purpose of this study was to examine the impact of changes in land surface
conditions on regional climate over this study region, because of the fast deforestation that
has occurred within this part of tropical Southeast Asia. Two additional experiments assuming
wetter and drier land surface condition were performed and compared against the control
simulation. The authors concluded that there was a significant effect of land use and land cover

changes to the diurnal precipitation cycle over the Indochina region.

In another study, Takahashi et al. (2009) performed a 25 km simulation using the WRF model
to address changes in the September month rainfall over the Indochina peninsula over a 30
year period, 1966-1995. The authors reported that the WRF model successfully simulated the
observed long-term decrease in rainfall and concluded that the weakening tropical-cyclone

activity over the Indochina Peninsula region was the likely reason for the decrease in rainfall.

The regional climate model RegCM3 (Regional Climate Model version 3.0) was used to
address the seasonal and interannual variations of rainfall and temperature over Vietham by
Phan et al. (2009), the model been driven by the ERA40 reanalyses. The study reported that
the model reproduced the observed annual cycle and interannual variability of rainfall and
temperature relatively well. However, it was reported that the model still underestimated the
surface temperature distributions over most of the sub-regions. During rainy and dry seasons,

the model underestimated and overestimated precipitation, respectively.

In a different study, the Ministry of Natural Resources and Environment (MONRE) of
Vietnam conducted a study using MAGICC/SCENGEN, a climate Scenario Generator
(Wigley, 2008). This is a user-friendly interactive software that allows users to investigate
future climate change and its uncertainties at both global and regional levels. Using this tool,
MONRE (2009) projected annual and seasonal changes in future climate using 3 emission
scenarios (B1, B2 and A2) over the future period 2020-2100 relative to the 1980-1999. The

Table 2-1 shows the projections for the 7 climatic zones over Vietnam from the results of this
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study for the year 2100 under the high emission scenario A2, the more concerning emission
scenario of the three. Results show a mixed response of changes, mainly precipitation (P), that
greatly differ from region to region, while temperature (T) changes are relatively narrow.
Although this MAGICC/SCENGEN is not a sophisticated regional climate modelling tool such
as any RCM, the findings from this study give some preliminary ideas of possible changes in

the future climate.

Table 2-1: Seasonal Changes in Temperature and Precipitation in 2100 in Vietnam climate
zones relative to the period 1980-1999, high scenario (A2)
[Adapted from MONRE (2009)]

Al Periods | T(°C) P (%) dllrie Periods | T(°C) P (%)
zones zones
Ann 3.3 9.3 Ann 2.4 4.1
DJF 4.0 7.2 DJF 2.5 -13.0
North South
West MAM 3.8 -7.1 Central MAM 2.2 -18.1
JJA 2.1 15.1 JIA 2.8 5.0
SON 3.3 2.8 SON 1.8 15.3
Ann 3.2 9.3 Ann 2.1 1.8
DJF 3.8 4.9 DJF 2.6 -18.5
North Central
East MAM 3.5 -5.6 Highlands MAM 2.4 -22.2
JJA 2.1 16.1 JIA 1.9 0.3
SON 3.4 3.8 SON 1.9 18.5
Ann 3.1 10.1 Ann 2.6 1.9
DJF 3.5 5.5 DJF 2.1 -19.6
North ™0 M 3.9 8.6 South | MAM 27 | -182
Delta
JJA 2.2 19.1 JIA 2.9 2.1
SON 2.7 6.1 SON 2.9 16.5
Ann 3.6 9.7
DJF 3.7 3.8
North ™0 ™ 4.1 126
Central
JJA 3.3 18.5
SON 3.4 10.8

The UK Hadley Centre performed a 17-member perturbed physics ensemble using the QUMP
Hadley Centre Coupled Model HadCM3 for Monsoon Asia and Indochina/Vietham using the

PRECIS regional climate model. Their results suggested an overall decrease in rainfall
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projections by 1 to 2 mm/day and increases in temperatures of about 3 °C, towards the end of

the 21 century.

All these studies above indicate continuing uncertainties in climate projections over this region
and that much more detailed assessments of future changes over is needed not only over the
Indochina region as such, but over Vietnam. Yet again, the objective of this thesis in
pronouncing high resolution climate projection can be stressed here for this very reason, as this
study serves to contribute to one such detailed high resolution regional climate modelling

study over Vietnam.

25 USE OF GLOBAL AND REGIONAL CLIMATE MODEL OUTPUTS
FOR HYDROLOGICAL SIMULATIONS

The issue of the ‘added value’ of using RCMs has been mentioned several times earlier, owing
primarily for the reason that GCM derived climate estimates are not useful for impact studies
due to their coarse resolutions. When it comes to studying climate impacts, GCM projections
are subject to substantial uncertainties in the modelling process so that climate projections are
not easy to be incorporated as in the case of hydrological impact studies (Mearns et al., 2001;
Allen and Ingram, 2002; Forest et al., 2002). It has been noted that such uncertainties have
produced biases in the simulation of river flows when using direct GCM outputs for
hydrological impact studies. Some studies have found that uncertainties in climate change
impacts on water resources are primarily due to the uncertainty in precipitation inputs and less
due to the uncertainties in greenhouse gas emissions, in climate sensitivities or in hydrological
models themselves (IPCC, 2007b). Most climate change impact studies consider only changes
in precipitation and temperature, based on changes in the averages of long-term monthly
values. A major problem in the use of GCM outputs for impact studies is the mismatch of
spatial grid scales between GCMs (typically a few hundred kilometers) and the hydrological
processes. Water is managed at the catchment scale and adaptation is local, while GCMs work
on large spatial grids. Generally, precipitation projections are less consistent than those of

temperature due to its high variability, spatially and temporally, with large inter-model ranges

36



for seasonal mean rainfall responses. These inconsistencies are explained partly by the
inability of GCMs to reproduce the mechanisms responsible for precipitation such as the
convection processes and the hydrological cycle or to account for orography (IPCC, 2007b).
With uncertainties in such climate projections, impacts studies are very challenging and
difficult. While temperatures are expected to increase everywhere over land and during all
seasons of the year, at different increments, precipitation is expected to increase in many river
basins, and to decrease in many others (IPCC, 2007a). However, it has been long noted that
guantitative projections of changes in precipitation, river discharges and water levels at the
river-basin scale remain uncertain (IPCC, 2001). Precipitation, a principal input signal to water
systems, is not reliably simulated in these global climate models due to their coarse resolutions
(IPCC, 2007b). As in the case of studying climate change projections using high resolution
models, the use of outputs from such high resolution models for studies such as hydrological
impacts are far more appropriate. In this context, this section reviews some case studies using
GCMs and RCMs for hydrological studies, to once again highlight the merits and the ‘added

value’ in downscaling.

Arnell (2004) conducted a study assessing future runoff changes on some river basins in the
world, using GCM outputs for estimating river flows under both present and future climates.
The results of this study are shown in Figure 2-8 which provide an indication of the effects of
future climate change on long-term average annual river runoff by the 2050s across the world,

under the IPCC A2 emission scenario, estimated by different climate models.

It was reported that climate change is likely to increase water resources stresses in some parts
of the world where runoff decreases, including around the Mediterranean, in parts of Europe,
central and southern America and southern Africa. In other water-stressed parts of the world,
particularly in southern and eastern Asia, climate change is likely to increase runoff. It was
also reported by the author that there were differences in the magnitude and direction of
climate change over some parts of the world, including Asia. It was seen that even for large

river basins, climate change scenarios from different climate models resulted in very different
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projections of future runoff change, such as in Australia, South America and Southern Africa.
This strongly highlighted the uncertainties in the output of climate estimates derived from

different GCMs and called for a robust study to constrain these uncertainties.

Change in average annual runoff: 2050s
A2

% change compared to 1961-1990

<30 20t0-10 [ ] 0oto10 201030
-30 o -20 -10t00 [ | 10t020 >30

Change less than one standard deviation shown in grey

Figure 2-8: Changes in average annual runoff for 2050 using A2 IPCC Emission scenario
shown by different GCMs. Percentage change compared to 1961-1990. (GCMs HadCM3,
ECHAM4, CGCM2, CSIRO, GFDL and CCSR/NIES)

[Adapted from Arnell (2004)]

In a hydrological modelling study of the Okavango River basin and Okavango delta in
Southern Africa, Andersson et al. (2006) applied scenario modelling as a tool for integrated
water resource management in the Okavango River basin. The Pitman hydrological model
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(Pitman, 1973) was used to assess the impact of various climate change scenarios on
downstream river flow. Pitman model of the river basin was applied to both present day
historical conditions and future climate change scenarios to assess the impact of climate
change on river flows. Four GCMs (HadCM3, CCSR/NIES, CCCMA and GFDL) with present

day conditions and future A2 IPCC emission scenario were applied in the study (Figure 2-9).
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Figure 2-9: Mean monthly flow at Mukwe
Showing baseline simulations and with assessment of changes of precipitation and evaporation
derived from various GCMs, driven by the A2 and B2 greenhouse gas emission scenarios.
[Adapted from Andersson et al. (2006)

Their results showed that there was considerable uncertainty about the magnitude and trend of
any future discharge response associated with both the GCM and the IPCC emission scenarios.
Results of this study showed that the modelled experiments indicated a reduction in future
flow after about 2050, for both the A2 and B2 GHG scenarios, that reduces more over time.
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This is seen in Figure 2-9 which shows the mean monthly flow at a particular station (Mukwe)
in the Okavango River basin, simulated by the SWAT hydrological model. The key conclusion
from the study was that, different GCMs predicted future conditions in the Okavango Basin
ranging from drier than present to wetter than present and there were differences in both the
degree of change and the trend of change between the Okavango river catchment area and the
Okavango Delta.

The above cited studies are examples of how hydrological impact studies are done using the
outputs of GCMs. The studies also highlighted the limitations in the use of the results due to
large uncertainties in the estimated future runoff. It has therefore emphasized that changes in
future precipitation may be more adequately specified on the sub-basin scale by downscaling
the coarse GCM data using RCMs allowing for more detailed assessments of spatial
heterogeneities in climate change impacts on water resources since these are limited area
models run at a higher resolution compared to GCMs (Andersson et al., 2006). The IPCC also
reported that during recent years many studies have focused on diverse applications of RCMs
for impact studies which include downscaling from the climate model scale to the catchment
scale, using regional climate models to create scenarios to drive hydrological models and
guantifying the effect of hydrological model uncertainties on estimated impacts of climate
change (IPCC, 2007b). Modelling is an inherently probabilistic exercise, with uncertainty
amplified at each stage of the process, from scenario generation to simulation of hydrological
processes and management impacts (Praskievicz and Chang, 2009). At the basin scale,
significant factors affecting hydrological impacts of climate change include latitude,
topography, geology and land use. Under scenarios of future climate change, many basins are
likely to experience changes not only in their mean hydrological state, but also in their
frequency and magnitude of extremes. In order to provide the policy makers with the best
possible information on future climate changes, reliable information on climate variables,
mainly, precipitation, temperature & evapotranspiration are needed. As information obtained
from the GCMs are rather too coarse, information from high resolution RCMs are used as

inputs to hydrological models for impact studies (Teutschbein and Seibert, 2010).
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Akin to the dynamical downscaling method that was reviewed in the earlier section, some
reviews on studies that have used regional climate model outputs for hydrological impact
studies are done further in this section. This places an emphasis on the science and technique
where the dynamically downscaled outputs are used for hydrological impacts studies, as the

one done in this thesis.

Gonzélez-Zeas et al. (2012) applied the results from the European regional climate model
project PRUDENCE for the period 1961-1990 in a hydrological study using a distributed
hydrological model SIMPA (Spanish acronym meaning ‘integrated system for rainfall-runoff
modelling”) over 338 basins in Spain. The authors used four different interpolation methods
for downscaling runoff to the basin scale from 10 RCMs. The objective was to find the best
choice to obtain bias corrected, monthly runoff time series from the RCM outputs. The authors
opined that they introduced a simple methodology in this study which could be used for studies
where properly calibrated hydrologic model is not available. Their simulated results compared
well with their counterparts from observations and that this had implications for understanding

future climate change since the results for the present day climate were credible.

Im et al. (2010) dynamically downscaled the GCM ECHO-G using the RCM RegCM3 whose
outputs were applied to determine the hydrological response over three Korean basins. Two
sets of multi-decadal simulations were performed over a reference period (1971-2000) and a
future period (2021-2050). The authors reported increases in future runoff due to increases in
future rainfall derived from the RCM and indicated the usefulness of the application of RCM

derived information for use in impact assessments.

Ma et al. (2010) studied the hydrological response to future climate change over the Agano
river basin in Japan using the output of the regional climate model, WRF. The performance of
the one dimensional hydrological model SVAT & HYCY (Ma and Fukushima, 2002), was
validated using a 20-year hindcast for the baseline period between 1980 and 1999 where the
hydrological model showed a rather high correlation, of about 0.79, for the monthly mean

discharge in the winter season of model results compared to station records.
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The future changes in discharges, shown in Figure 2-10, indicated increases in some months

and decreases in the other, with reference to the baseline period of the 1990s.
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Figure 2-10: Hydrological simulation of Agano river basin discharge: Present day vs Future
[Adapted from Ma et al. (2010)]
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Akhtar et al. (2008) used the PRECIS model at 25km resolution to estimate the changes in
water resources in three river basins in the Hindukush-Karakorum-Himalaya (HKH) over the
northern Indian region. Two study periods were considered, present day (1961-1990) and
future (2071-2100) under the A2 emission scenario. A hydrological model HBV
(Hydrologiska Byrans Vattenbalansavdelning), developed by Bergstrom (1976,1992), was
applied to quantify the future discharge based on different inputs: one, HBV-Met, which took
the input from observed meteorological data while the other, HBV-PRECIS, was calibrated
with inputs from PRECIS in addition to using the actual output from PRECIS without any
calibration. Future rainfall and temperature were constructed through the delta change
approach in HBV-Met, whilst in HBV-PRECIS, the actual PRECIS RCM output was directly
used. Based on the increases in temperature and precipitation from the RCM, the authors
reported an increase in discharge based on 100 % and 50 % glacier scenarios whilst it showed
drastic decrease in 0 % glaciers. The HBV-PRECIS posed a higher risk of flood over the future
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climate. An important finding from authors was that the transfer of climate change signals into

the hydrological changes was more consistent in HBV-PRECIS than in HBV-MET.

Another application of RCM outputs was conducted by Fowler and Kilsby (2007) in
simulating river flows in northwest England. The output data from RCM HadRM3H were used
as input to hydrological models that were calibrated for eight catchments. The authors reported
that the simulated daily flow distributions were reasonable and hence could be used with some

confidence to examine future changes in flow regimes.

Climate change inputs from different RCMs produced from the PRUDENCE experiment
(Christensen and Christensen, 2007) were used in a study by Graham et al. (2007) to address
how differences in the climate models affect estimates of projected hydrological change over
the Baltic Basin, the Bothnian Bay Basin and the Rhine Basin, in Europe. The application of
the delta factor method (that takes the difference between the future and present day climate
estimates as the change factor) for assessing future changes was deemed robust and the authors
concluded that the hydrological simulations were more dependent on the choice of the GCM

that was downscaled and not the RCM which was used to downscale the GCMs.

Salathe (2005) applied the downscaled RCM results to simulate stream flow in the Yakima
River, a mountainous river basin in Washington, USA, to illustrate how model differences
affect stream flow simulations. The downscaling was applied to the output of three models
(ECHAM4, HADCM3 and PCM) for simulations of historic conditions (1900-2000), denoted
as ‘HST’ in Figure 2-11 and two future emissions scenarios (A2 and B2 for 2000-2100). The
author reported that the ECHAM4 simulation closely reproduced the observed statistics of
temperature and precipitation for the 42 year period 1949-90. Stream flow computed from this
climate simulation likewise produced similar statistics to stream flow computed from the
observed data. The downscaled climate change scenarios from these models were examined in
the light of the differences in the present day simulations. Stream flows simulated from the
ECHAMA4 results showed the greatest sensitivity to climate change, with the peak in summer

time flow occurring 2 months earlier by the end of the 21* century.
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Figure 2-11: Annual Cycle of stream flow changes over Yakima river
[Adapted from Salathe (2005)]

Kotlarski et al. (2005) applied RCM output driven by the ERAL5 reanalyses as input to a
hydrological model and evaluated their uncertainties. Although they indicated that no model
(RCM) is best, more uncertainties lie in observations, model parameterizations and internal
model variability and suggested the use of ensembles — to use more RCMs driven by different

large scale models so as to get a range of possible outcomes.

Wood et al. (2004) undertook an approach where six different downscaled climate model
outputs for use in hydrologic simulation were evaluated, with particular emphasis on each
method’s ability to produce precipitation and other variables used to drive a macro scale
hydrology model applied at a higher spatial resolution than the climate model. Comparisons
were made on the basis of a twenty-year (1975-1995) climate simulation produced by the
GCM PCM. The implications of the comparison for a future (2040-2060) PCM climate
scenario were also explored and the results suggested that application of some bias-corrections

could improve the hydrological simulations.
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Hay et al. (2002) used the output from RCM RegCM2 driven at 52 km for the continental
United States as input to a distributed hydrological model for one rainfall dominated basin and
three snowmelt dominated basins along with the station data as the other input. They found
that the RegCM2 output did not exhibit the day-to-day variability in rainfall and temperature
even after they were bias corrected. They suggested that the systematic biases in the RCM
need to be further evaluated and improved methods were needed to remove bias in order to

obtain a better day-to-day variability of climate variables for use in hydrological models.

These few examples of the application of the RCM output for hydrological studies brings to a
closure, the discussion of applying climate model results for hydrological impact studies. It can
be realized that this method has found usefulness for impact assessments at regional/sub-
regional scales and for a suite of purposes, right from large basins to catchment scale studies.
The key message from these discussions is that the climate variables from RCM, derived at
higher resolutions for the use of these output in hydrological studies, do find wide applications
due to their credibility in the ‘added value’ chain in downscaling which is established
alongside the dynamical downscaling method itself.

26 USE OF THE SWAT MODEL TO STUDY HYDROLOGICAL

RESPONSES

The earlier section discussed the use of the RCM output for hydrological studies. This thesis
applies one of the widely used hydrological model, (described in detail in Chapters 3 and 5),
the Soil and Water Assessment Tool (SWAT) model, for the assessment of hydrological
responses over a catchment area in Lower Mekong Basin. Hence, it is felt suitable at this point
to cite some recent literatures that have used this SWAT model for varied hydrological

applications.

Strauch et al. (2012) investigated the influence of precipitation uncertainty on both model
parameters and predictive uncertainty in a data sparse region using the integrated river basin
model SWAT which was calibrated against measured stream flow of the Pipiripau River in

Central Brazil. Calibration was conducted using an ensemble of different precipitation data
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sources, including: (1) point data from the only available rain gauge within the watershed (2) a
smoothed version of the gauge data derived using a moving average (3) spatially distributed
data using Thiessen Polygons (which includes rain gauges from outside the watershed) and (4)
Tropical Rainfall Measuring Mission (TRMM) radar precipitation data. For each precipitation
input model, the best performing parameter set and their associated uncertainty ranges were
determined using the common Sequential Uncertainty Fitting Procedure. This procedure and
its usefulness have been documented by Abbaspour et al. (2007). Although satisfactory stream
flow simulations were generated with each precipitation input model, the results of their study
indicated that parameter uncertainty varied significantly depending upon the method used for
precipitation data set generation. The study also showed that ensemble modelling with multiple
precipitation inputs (as coming from outputs of several RCM simulations) can considerably

increase the level of confidence in simulation results, particularly in data poor regions.

Wau et al. (2011) used the SWAT model to assess the effects of increased CO, concentration
and climate change in the Upper Mississippi River Basin (UMRB). The standard SWAT
model was modified to represent more mechanistic vegetation type specific responses of
stomata conductance reduction and leaf area increase to elevated CO, based on physiological
studies. For estimating the historical impacts of increased CO, in the recent past decades, the
incremental (i.e., dynamic) rises of CO, concentration at a monthly time-scale were also
introduced into the model. The study results indicated that about 1-4 % of the stream flow in
the UMRB during 1986 through 2008 could be attributed to the elevated CO, concentrations.
In addition to evaluating a range of future climate sensitivity scenarios, the climate projections
by four GCMs under different greenhouse gas emission scenarios were used to predict the

hydrological effects in the late twenty-first century (2071-2100).

In a similar study, Raneesh and Santosh (2011) applied the projections of the GCM HadCM3
for two emission scenarios A2 and B2, downscaled by the RCM PRECIS, to project future
climate in a watershed in a river basin in Kerala, India. Projections for two important climate

variables, rainfall and temperature, were made. These were then used as inputs to the SWAT
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model in order to evaluate the effect of climate change on stream flow and vegetative growth
in a humid tropical watershed. The authors reported that future stream flow exhibited a
declining trend in these two scenarios but not so severe as to adversely affect agricultural

production in the basin.

Park et al. (2011) evaluated hydrologic impacts of potential climate and land use changes in a
mountainous watershed in South Korea. The climatic data predicted by the GCM MIROC3.2
HiRes under the emission scenario A1B for three time periods (2010-2039, 2040-2069 and
2070-2099) were prepared using a statistical downscaling change factor method. By applying
the climate and land use predictions to the SWAT model, the watershed hydrologic
components (including evapotranspiration, surface runoff, groundwater recharge and stream
flow) were evaluated. The study reported temperature and precipitation increases, for the
future period 2070-2099, by 4.8 °C and 34.4 %, respectively. The study also mentioned that a
6.2 % decrease in forest areas and 1.7 % increase in urban areas was likely and the combined
land use with climate change scenario resulted in more stream flow change (55.4 %) than the

single climate and single land use change scenario (39.8 % and 10.8 %), respectively.

In a river basin climate change study in Chile, Vicuna et al. (2011) applied the 25 km RCM
PRECIS output over the Limari river basin. The PRECIS model was simulated under the A2
and B2 emission scenarios of the GCM HadCM3. The rainfall and temperature outputs form
the model were fed to a water evaluation and planning model (WEAP) (Yates et al., 20053,
2005b) to assess future changes over the period 2071-2100 with a baseline period 1961-1990.
Their results showed that the annual mean stream flow decreased more than the projected
rainfall decrease because a warmer climate enhanced water losses to evapotranspiration. The
authors also reported that in the future climate, the seasonal maximum stream flow tended to
occur earlier than in present day (historic) conditions because of the increase in temperature
during spring/summer and the lower snow accumulation in winter. Some results from this

study are shown in Figure 2-12.
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Figure 2-12: Hydrological model simulated mean monthly stream flow at four of the upper
sub-basins of the Limari river basin system
[Adapted from Vicuna et al. (2011)]

In another hydrological study over Vietnam, Phan et al. (2011) applied the SWAT model to
assess the impacts of climate change on stream discharge and sediment yield from Song Cau
watershed in Northern Vietnam. Three climate change emission scenarios B1, B2, and A2;
representing low, medium, and high levels of greenhouse gas emission, respectively, were
considered in this study. It was reported that the highest changes in stream flow discharge (up
to 11.4 %) and sediment load (15.3 %) could be expected during the wet season in 2050s
according to the high emission scenario (A2), while for the low and medium emission
scenarios, the corresponding changes were 8.8 % and 12.6 %, respectively. The results showed
that the stream flow discharge was likely to increase in the future during the wet season with

increasing threats of sedimentation.
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2.7 SUMMARY

The different studies discussed in this chapter highlight both the importance and usefulness of
applying regional climate model outputs for further hydrological impact studies. Since the
GCM based outputs have been found to be too coarse for studying hydrological impacts, it is
generally believed the high resolution RCM output has detailed climate information over the
region of simulation. Hence, any well calibrated hydrological model is expected to yield
credible simulations as long as the input to the model that comes from the RCM is of a good
quality in terms of being able to represent the state of climate well enough. It is for this reason
the calibration of the hydrological model is usually done using available station data and
evaluated against some metrics (discussed further in Chapter 5). The uncertainties from the
GCM that drives the RCM still propagates into the RCM to some extent but the RCM is
expected to only improve the regional simulation owing to its higher resolution but not correct
the large scale driving GCM conditions. Yet, these many studies have found the application of
RCM derived outputs highly useful for hydrological impact assessments at regional and sub-
regional scales. This review also supports the core theme of this research thesis that dynamical
downscaling has been found to be sufficiently robust to study climate change due to their high
resolution performance and for their ‘added value’. In such a context, the application of the

RCM outputs for hydrological impact studies in this thesis also stands justified.

Although discussing the general uncertainties in RCMs and hydrological simulations is not
within the scope of this thesis, some uncertainties associated with these techniques resulting
from this thesis in particular are discussed later in Chapters 4 and 5 and summarized in

Chapter 6.

With this note, this chapter comes to an end. Further descriptions of different climate and
hydrological models that are used in this study and some experimental methodologies that are

followed in this study are given in the next chapter.
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CHAPTER 3 MODELS, DATA, PERFORMANCE METRICS
AND EXPERIMENTS

3.1 REGIONAL CLIMATE MODELS

An overview of the issue of climate change and of the study region has been done in Chapter
1, followed by literature reviews in Chapter 2, that have set the stage for this thesis. This
chapter introduces the two regional climate models (WRF and PRECIS) and the hydrological
model (SWAT) used in this study, discusses the different data used and outlines the
experimental methodologies involved in the several stages of this study. The regional climate

models are described first, followed by the hydrological model.

3.1.1 Weather Research and Forecasting (WRF) Model

Many previous research studies have established the skill of dynamical downscaling method as
described in Chapter 1. Amongst various RCMs that are currently in use by different
institutions, the WRF model, a widely used community model, has been in operation for the
past few years. The effort to develop WRF has been a collaborative partnership, chiefly among
NCAR, NOAA, NCEP, Forecast Systems Laboratory (FSL), Air Force Weather Agency
(AFWA), Naval Research Laboratory (NRL), Oklahoma University and the Federal Aviation

Administration (FAA) of the United States.

The WRF model is basically a mesoscale Numerical Weather Prediction (NWP) system
designed to serve both operational forecasting and atmospheric research needs (Skamarock et
al., 2008). WRF is suitable for a broad spectrum of applications across scales ranging from a
few meters to thousands of kilometers and uses a three-dimensional grid to represent the
atmosphere. The WRF software has a modular, hierarchical design that provides good
portability and efficiency across a range of parallel computer architectures. The model
incorporates advanced numerical techniques, a multiple nesting capability and numerous state-
of-the-art of physics options that include user’s choice of several physical atmospheric and

land processes such as cumulus convection, moisture physics, planetary boundary layer,
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radiation schemes and land surface hydrology. It is well suited for a wide range of
applications, from operational forecasting to climate research simulations and the model also
has the ability to be run at any spatial resolution as desired. The model version 3.2.1 was used
in this study. The model has also the flexibility to be driven by any global climate model for
climate change applications and hence WRF remains one of the widely used models in climate
research as a dynamical downscaling tool. Additional information on the model can be found

at: http://www.wrf-model.org/index.php.

3.1.2 Providing REgional Climates for Impacts Studies (PRECIS) Model

PRECIS is another regional climate modelling tool that can be run over any area of the globe
on a relatively inexpensive, fast personal computer to provide regional climate information for
impacts studies. The Hadley Centre at the UK MetOffice has configured the third-generation
Hadley Centre RCM, PRECIS, which along with a software to allow display and processing of
the data produced by the RCM. The RCM PRECIS is based on the atmospheric component
HadAM3P of the GCM HadCM3 with substantial modifications to the model physics. Like
WRF, many physical processes such as the dynamical flow, the atmospheric sulphur cycle,
clouds and precipitation, radiative processes, the land surface and the deep soil are all
described in the model. The model can, however, only be run at horizontal resolutions of either
0.44° (50 km) or 0.22° (25 km). Unlike WRF, the model (1) does not permit multiple nesting
capabilities and (2) has fixed physics options. The PRECIS version 1.9.3 was used in this
study. All data that are used to drive this model are pre-packaged by the Hadley centre and
does not have the user flexibility to run with any data as such. The PRECIS model has been
documented in detail by Jones et al., (2004) and is available from the PRECIS website:

http://precis.metoffice.com/.

3.2 SOIL AND WATER ASSESSMENT TOOL (SWAT) Model
Rainfall runoff model is a typical hydrological modelling tool that determines the runoff from
the watershed basin resulting from rainfall falling on the basin. Therefore, precipitation is an

important input in deriving runoff in hydrological modelling. The SWAT model (Arnold et al.,
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1998), used for rainfall runoff modelling in this study, was developed to quantify the runoff
and concentration load due to the distributed precipitation, watershed topography, soil and land

use conditions.

SWAT is a river basin scale model, developed by the United States Department of Agriculture
(USDA) - Agriculture Research Service (ARS) in early 1990s. It has been designed to work
for large river basins over a long period of time. Its purpose is to quantify the impact of land
management practices on water, sediment and agriculture chemical yields with varying soil,
land use and management condition. SWAT version 2005 with an ArcGIS user interface
(ArcSWAT) was used in this thesis. There are two methods for estimating surface runoff in
SWAT model: Green & Ampt infiltration method, which requires precipitation input in sub-
daily scale (Green and Ampt, 1911) and the Soil Conservation Service (SCS) Curve Number
procedure (USDA Soil Conservation Service, 1972) which uses daily precipitation. The latter
was selected in this study for model simulations since daily rainfall from the climate modes
was used as input to the SWAT model. Retention parameter is very important in SCS method
and it is defined by Curve Number (CN) which is a function of the soil permeability, land use
and antecedent soil water conditions. SWAT model offers three options for estimating
potential evapotranspiration (PET). These options are: Hargreaves (Hargreaves et al., 1985),
Priestley-Taylor (Priestley and Taylor, 1972) and Penman-Monteith (Monteith, 1965).
Hargreaves method requires only maximum, minimum and average surface temperature. The
Priestley-Taylor method needs solar radiation, surface temperature and relative humidity. The
inputs for Penman-Monteith method are the same as those for Priestley-Taylor; however, it
also requires the wind speed. Due to limitations in the available meteorological data for the site
considered in this study, the Hargreaves method is applied. In the SWAT model, the land area
in a sub-basin is divided into what are known as Hydrological Response Units (HRUs). HRUs
are constructed through a unique combination of land use and soil information. One HRU is
the total area of a sub-basin with a particular land use and soil characteristics. While individual

fields with a specific land use and soil may be scattered throughout a sub-basin, these areas are
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lumped together to form one HRU. These are used in most SWAT applications since they
simplify a simulation by putting together all similar soil and land use areas into one single
response unit (Neitsch et al., 2004). All processes such as surface runoff, PET, lateral flow,

percolation, soil erosion, nitrogen and phosphorous are carried out in each HRU.

SWAT input requires spatial data such as the DEM (Digital Elevation Model), land use and
soil map. In this study, the DEM of 250 m was obtained from the Department of Survey and
Mapping (DSM), Vietnam. The land use map was obtained from the Forest Investigation and
Planning Institute (FIPI) and the soil map was obtained from the Ministry of Agriculture and
Rural Development (MARD), both, Vietnam. A full description of the SWAT model can be

found at: http://www.swatmodel.tamu.edu. However, some essential components of the model

are described in the Appendix F.

3.3 DATA

As indicated in the earlier sections, this study employs regional climate models (WRF and
PRECIS) for climate simulations and then uses the output (surface temperature and
precipitation) of these models as input to the SWAT hydrological model. The RCMs need to
be driven by some large scale global data such as reanalyses (described in the next section) or
GCM data for regional climate downscaling and then compared against available observed
data for evaluating model performance. Similarly, the SWAT model needs to be calibrated
against available station data to ensure good performance. These different data that are used in

this study are discussed in the section ahead.

3.3.1 Global Reanalysis Data

Over the past decade, reanalyses of past multi-decadal observations have become an important
and widely utilized resource for the study of atmospheric and oceanic processes. The different
weather data (atmosphere, land and ocean) collected from different locations of the world are
archived as a multi decadal time-series and later subject to quality control and data

assimilation to produce a uniform database of several physical climate variables (such as
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temperature, zonal and meridional winds, humidity, sea surface temperatures and surface
pressure) in multiple atmospheric levels and surface levels at different temporal frequencies (6
hourly, daily, monthly to yearly). In short, these global observations are ‘reanalysed’ and
hence termed ‘reanalysis’. Since reanalysis are produced using the data assimilation systems,
they are very suitable for use in climate studies. Two popular reanalysis datasets, widely used
in climate research, that are available for long periods of multi-decadal time series are those
developed at NCEP/NCAR, USA, and the European Centre for Medium range Weather
Forecasting (ECMWEF), UK. The former is known as the NCEP/NCAR reanalysis (available
from 1948 onwards) and the latter is called as the European Reanalysis 40 years or in short,
ERA40 (available from 1957-2002). The reanalysis datasets are generally termed as ‘near
perfect’” boundary conditions as they are nothing but reanalysed observations. They are,

therefore, representations of the ‘true climate’ of the earth.

Any regional climate model is first driven using one of these dataset to test whether the model
is able to simulate the state of the climate reasonably well. It is common practice amongst
climate modellers to use one of the reanalyses for testing and evaluating model performance
and later drive the RCM using any GCM data for future climate projections. This study uses
the ERA40 reanalysis dataset to drive the RCMs WRF and PRECIS to evaluate their
performance over the ‘present day’ climate, the period between 1961 and 1990. It is noted here
that the use of one reanalysis dataset, ERA40 (described below), is merely to test and evaluate
the RCMs’ performance and hence driving these two RCMs with the other NCEP/NCAR
reanalyses dataset is not within the scope of this thesis. In short, driving any RCM with the
reanalysis data is a sort of the calibration phase of the RCM to test its performance in being
able to reproduce the ‘true climate’. Once this is established, the RCM can be driven using the
GCM data as the GCMs merely ‘duplicate’ the true climate. Nevertheless, the GCM driven
simulations are important since the future climates are available only from GCMs and that the

RCMs are used to downscale these future climates.
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The ECMWF-ERA40 dataset

Developed at the ECMWF, UK, the ERA40 is a global atmospheric analysis of many
conventional observations and satellite data available for the period 1957 - 2002. The analyses
were produced 6-hourly daily at 00Z, 06Z, 12Z and 18Z hour. The atmospheric model was run
with 60 levels in the vertical and spatial resolution of 2.5° x 2.5°. ERA40 has been used
extensively by several climate modellers for simulating regional climates. They are also
increasingly important for validating long-term model simulations, for helping develop a
seasonal forecasting capability and for establishing the climate of EPS (Ensemble Prediction
System) forecasts. Further details of this dataset can be obtained from their website at the

address: http://www.ecmwf.int/about/overview. These datasets have also been documented by

Uppala et al. (2005). This reanalyses dataset has been used in this study to evaluate the

performances of RCMs WRF and PRECIS over the present day climate, 1961-1990.

3.3.2 Global Gridded Observation Data

As precipitation and temperature are two widely studied climate variables, there are several
globally gridded observation datasets available. These datasets have been primarily developed
using gauge/measured data from several station locations around the globe and subject to
different interpolation techniques and quality control. These data have then been mapped at
different spatial resolutions for the whole globe or for a specific region. A few of these datasets
which are used in this study for evaluations of the RCM simulations are described in the
following sections.

3.3.2.1 Climate Research Unit (CRU) Dataset

Developed at the Climatic Research Unit (CRU) at the University of East Anglia, UK, the
CRU TS (Time-Series) version 3.0 dataset, used in this study, comprises monthly grids of
observed climate, for the period 1901-2006 covering the global land surface at 0.5° of
horizontal spatial resolution. This dataset is one of the most extensively used dataset by the
climate modelling community. The precipitation and temperature datasets used in this study
comprise data obtained from many land only locations around the globe. Data from the period

1961-1990 are used in this study for climate model evaluations. Further information on these
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datasets is available at http://www.cru.uea.ac.uk/cru/data and is documented in detail by New

et al. (1990, 2000) and Mitchell and Jones (2005).

3.3.2.2 Climate Prediction Center (CPC)
This global data product was developed by interpolation of gauge observations over land and

by reconstruction of historical observations over ocean. This global rainfall dataset was
initially developed at a 2.5° resolution and now is available at a 0.5° resolution, which is used
in this thesis, for the period 1961-1990. This product has been derived from gauge
observations from over 17,000 stations collected under the Global Historical Climatology
Network (GHCN) and the Climate Anomaly Monitoring System (CAMS) datasets. These
datasets have been documented by Chen et al. (2002) and further information is also available

at ftp://ftp.cpc.ncep.noaa.gov/precip/. A 0.5° temperature dataset is also available from this

source that has been used in this study for model evaluations for the 1961-1990 period.

3.3.2.3 Asian Precipitation Highly Resolved Observational Data Integration Towards the
Evaluation of Water Resources dataset (APHRODITE)

APHRODITE’s Water Resources project was conducted by the Research Institute for
Humanity and Nature (RIHN) and the Meteorological Research Institute of Japan
Meteorological Agency (MRI/JMA). The APHRODITE project developed state-of-the-art
daily precipitation datasets at high-resolution grids (0.25° and 0.5°) for Asia. This study uses
the 0.25° dataset of the Monsoon Asia region for the period 1961-1990. The datasets were
created primarily with data obtained from a rain gauge observation network. The basic
algorithm that was adopted is presented in Xie et al. (2007), with details on the methodology
used. This dataset of precipitation is available on a daily scale, only for all land area covering
all Asia and not available for oceanic areas. Further details can be obtained at

http://www.chikyu.ac.jp/precip/ and from Yatagai et al., (2009, 2012). Surface temperature

data are also now available from this product. These data, also at the same resolution of 0.25°,
are used for comparisons of model simulations. This dataset is referred to as ‘4PH’ in the

discussions of model results.
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3.3.3 Station data

Some station data obtained from different locations in Vietnam are also used for climate model
evaluations and hydrological model calibrations. For long term climatological comparisons
with RCM results, 25 years of mean climatology rainfall and temperature data from 1961-1985
were taken from almost 200 stations all over Vietham archived by the Vietnam National
Hydro-Meteorological Service (VN HMS, 1989). Since most of the data are monthly values,
few recorded daily precipitation and temperature data were obtained from the meteorological
stations from the cities of Hanoi, Da Nang, Kon Tum and Ho Chi Minh City, which are the
main popular cities in Vietnam that lie across the country spanning the broader climate zones
from north to south (Figure 3-1a). These data were obtained from Institute of Meteorology
Hydrology and Environment (IMHEN), Vietnam and their record lengths are shown in Table
3-1. These daily data have been used for some statistical computations and comparisons of
RCM derived results of precipitation and temperature. Sufficient long records of daily and
monthly data were not available from several other stations at the time of writing this thesis.

Hence, statistical comparisons could not be made for any other station locations.

However, results of RCM simulations for both present day and future are discussed for the 7
climate zones of Vietnam in addition to referencing the main 4 cities for model evaluations.

RCM derived future climate projections are given for these 4 cities and the 7 climate zones.

Table 3-1: Meteorological station data used

. Recorded Period
Station —
Precipitation Temperature
Hanoi 1971-1990 1961-1990
Da Nang 1976-1990 1976-1990
Kon Tum 1964-1990 1976-1990
Ho Chi Minh City 1976-1988 1961-1987

The 4 main cities and their locations in Vietnam and the location of the Dakbla catchment with

rainfall and discharge stations are shown in Figure 3-1.
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Figure 3-1: Map of Vietnam Climate Zones and Location of Dakbla catchment
(a) Different climate zones and meteorological stations used in this study (b) Dakbla catchment
and its meteorological, gauging station
For hydrological simulations, daily precipitation data were obtained from three rainfall stations
(Kon Plong, Kon Tum and Dak Doa) that lie outside the Dakbla catchment and daily river
stream flow data were taken from the gauging station at Kon Tum, all shown in Figure 3-1b.
All rainfall and discharge data have been taken for the period from 1981-2005. The widely

distributed network of station locations have been tabulated (Table D-1) and shown (Figure D-

1) in Appendix D.

3.34 GCM data

To study climate and its change, the primary information is provided by the GCMs. All GCM
data used in this study have been obtained from the coupled model versions. Both present day
(1961-1990) and future climate (2071-2100) information that are provided by these GCMs are
used to drive the RCMs so that regional high resolution information on present day and future
climates are obtained. It is customary to drive the RCM using the present day climate data

from GCMs to establish credibility of RCM performance before the same GCM’s future
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climate data is used to drive the RCM to vyield future downscaled climates. To this end, the
different GCM data that were used to drive the RCMs (WRF and PRECIS) are described in the
sections ahead. In this study, the lateral boundary and surface boundary conditions from the
mentioned GCMs were used to drive the RCMs WRF and PRECIS at 6 hourly temporal
frequencies. Future climate simulations of GCMs are usually performed under different
scenarios of forcing experiments of possible changes in future emissions of greenhouse gases.
(An overview of some of the IPCC TAR and AR4 climate change emission scenarios is given

in the Appendix B).

3.3.4.1 Community Climate System Model (CCSM3.0) Data

The Community Climate System Model (CCSM) is a coupled (atmosphere-ocean) Global
Climate Model developed by the University Corporation for Atmospheric Research (UCAR)
and maintained at NCAR. The coupled components include an atmospheric model
(Community Atmosphere Model), a land-surface model (Community Land Model), an ocean
model (Parallel Ocean Program) and a sea ice model (Community Sea Ice Model). It has
horizontal grids defined by 256x128 regular longitude and latitude divisions corresponding to
a 1.4°x1.4° spatial resolution. The six hourly lateral and lower boundary conditions from
version 3 (CCSM3.0) of this model are used in this study to drive the RCM WRF under
present day and future climates (based on the IPCC A2 emission scenario). The present day

climate conformed to the period 1961-1990 and the future period spanned 2071-2100.

3.3.4.2 European Centre Hamburg Model (ECHAMDS) Data

The fifth-generation atmospheric general circulation model (ECHAMb) developed at the Max
Planck Institute for Meteorology (MPIM), Hamburg, Germany, is the one in a series of
ECHAM models evolving originally from the spectral weather prediction model of the
ECMWEF. This model has been run at a range of horizontal spatial resolutions having Gaussian
grids of T21 to T159 (equivalent to longitude-latitude resolutions of 3.5° to 0.75°,
respectively). A detailed description of the model has been provided by Roeckner et al. (2006).

This thesis considers the 6 hourly lateral and surface boundary conditions from the T63
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resolution (1.8°x1.8°) version of the GCM to drive the RCM WRF under the present day
climate and future climate (based on the IPCC A2 emission scenario). Data from the present
day climate for the period 1961-1990 and the future period 2071-2100 were used in this study

for downscaling using the RCM WRF.

3.3.4.3 Hadley Coupled Model Version 3 (HADCM3) Data

This is one of the most popular and widely used of many GCMs available to the scientific
community. Developed at the Hadley Centre, UK, it was one of the models used in the IPCC
Third Assessment Report (TAR) in 2001 and the IPCC AR4 in 2007. Unlike earlier GCMs that
were developed at the Hadley Centre, this version HadCM3 did not need flux adjustments
(additional "artificial" heat and freshwater fluxes at the ocean surface) to produce a good
simulation. The higher ocean resolution of HadCM3 has been a major factor to this end and
this model is considered as one of the best among many GCMs since it was able to simulate
the climates of different regions of the world reasonably well. The other factors for good
performance of the model included a good match between the atmospheric and oceanic
components and an improved ocean mixing scheme. This model has been run to produce
simulations for periods of over a thousand years, showing little drift in its surface climate and
also been run to generate future climate scenarios. The model has a horizontal resolution of
2.5°%3.75°, latitude by longitude. This model was used to drive RCM PRECIS under the

present day and future climate (based on the IPCC A2 emission scenario).

It needs to be mentioned here that an ensemble method of downscaling is thus
undertaken in this study as two different RCMs are driven by different GCMs under the
same emission scenario A2, thereby increasing the confidence of the projected results on
future climate over Vietnam, one of the first-of-its-kind dynamical downscaling studies

done over this region.
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3.4 PERFORMANCE METRICS

Regional Climate Model and Hydrological Model simulations need to be evaluated against
observations using some statistical indices for benchmarking their performance. It is common
understanding that should the model perform well over the past and present day climates, the
future climate simulated by the same model is credible enough. Therefore, some performance
metrics place confidence and robustness in the modelled results of the present day climate
before the models can be confidently used for studying future climates. Some of such common
performance metrics widely used among the climate and hydrological modelling community

are discussed in the following sub-sections.

3.4.1 Bias
Bias is computed as the difference between the observed and modelled estimates. Precisely, it
is a measure of the absolute magnitude of error between the observed and the modelled

estimates as expressed in Equation 3-1:

Bias = 1, — 14, (Equation 3-1)
where [, is the domain averaged mean of the observations and £, is the domain averaged
mean of the modelled estimates. Hence, the bias in this thesis simply refers to the difference
between observations and the RCM estimates of climate variables, mainly, precipitation and

temperature. Least the biases, better is the model performance.

3.4.2 Root Mean Squared Anomaly (RMSA)
Root Mean Squared Anomaly is also known as the root mean square deviation and is similar to

the standard deviation, except this is used for large sample sizes, as given in Equation 3-2:

13 —\2
Sy = \/ﬁ Z(Xi - X) (Equation 3-2)
i=1
The RMSA is calculated as above where “ X ’ is the mean, ‘ X; ’ is each data value and ‘n’ is

the number of observations. The term X, —X is the anomaly or long term difference from
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normal values. This index is useful to test the long term standard deviations or otherwise, the
inter-annual variability of climate variables, which is a key test for climate model performance,

especially precipitation.

The above two measures will be used for the evaluation of the regional climate models, WRF

and PRECIS.

3.4.3 Nash-Sutcliffe Efficiency (NSE)

Proposed by Nash and Sutcliffe (1970), this index shows the skill of the estimates relative to a
reference and it varies from negative infinity to 1 (perfect match). It is defined as one minus
sum of the squared difference between observed and simulated normalized by the variance of

the observed data (Equation 3-3):

(Equation 3-3)
i=1

where O; and S; indicate observed and simulated discharges at selected time step

respectively, O is the mean of observation dataset and these indices are used for evaluating the

simulations of the SWAT hydrological model. The NSE is considered to be the most

appropriate relative error or goodness-of-fit measures available owing to its straightforward

physical interpretation (Legates and McCabe, 1999).

3.4.4 Coefficient of Determination (R?)

The Coefficient of Determination, R?, is used as another benchmarking index for the simulated
stream flow. R? is the square of correlation coefficient. The R? ranges from 0 to 1 of which
value 0 shows no correlation whereas 1 indicates perfect match. The R? formula is shown in

Equation 3-4.
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R? = \/ = (Equation 3-4)

where X and Y are the average of the X; and Yy, time series respectively.

3.5 MODEL EXPERIMENT APPROACH
The different climate simulations that are performed using the RCMs WRF and PRECIS and
the hydrological model SWAT are described in this section. The flow chart in Figure 3-2

summarizes the full experimental methodology of this research study.

3.5.1 WRF model

The regional climate model WRF was used to dynamically downscale present day (1961-1990)
and future climates (2071-2100). First, the WRF model was driven by the global reanalyses
ERA40 to benchmark its performance over the present day climate period of 1961-1990. This
30-year time frame is a conventionally accepted baseline climate period used by the IPCC.
Since the WRF model comes with a suite of physics options or parameterizations (those
essential physics that are built in the model to replicate actual atmospheric processes), a best
set of physics options that well simulate the tropical climate of this region was chosen. This
best set of options is shown in the Appendix C, along with some overview of what these
parameterizations are. The choice of this set of options stem from (1) the WRF technical report

(available at www.wrf-model.org), (2) some literatures (Fernandez et al. (2007);

Venkararatnam and Cox (2006); Venkataratnam and Krishnakumar (2005); Seth and Rojas
(2003); Yang and Tung (2003); Wang (2002)) that have used the model for tropical climates,
and (3) the climate and weather modelling research experience from the several projects

undertaken by the Tropical Marine Science Institute, National University of Singapore.
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Some performance metrics were used as statistical indices to establish model performance.
This step was necessary to ensure that the model was able to produce realistic results for the
present day climate so that projected future climate from the same model can be deemed

credible.

As the next step in generating future climate scenarios, the WRF model was driven by two
GCMs: CCSM3.0 and ECHAMS, for both the present day (1961-1990) and future (2071-
2100). The future climate was in accordance with the IPCC A2 emission scenario. The last 30
years of the 21% century were considered for future climate projections because a clear signal
of climate change is more pronounced on a longer time scale (IPCC, 2007a). The difference
between the future and present day model derived climate (precipitation and temperature)
output was derived and called the ‘climate response’, otherwise known as the ‘climate change
signal’. This gives the changes in the future rainfall and temperature conditions and this
information, i.e..., the outputs of RCM precipitation and temperature, were then used as an
input to the SWAT hydrological model to simulate future hydrological changes over the study

catchment. The SWAT hydrological simulations are described in Chapter 5.

3.5.2 PRECIS model

As mentioned earlier, since it is entirely pre-packaged as software, the user-interface allows
any user to run simulations easily. The model does not have detailed options and
functionalities as that of WRF, but the simulations are easy to be initialized since all model
data and parameterization options are in-built and not changeable. In this study, the ERA40
reanalyses were used for the present day climate (1961-1990) simulations, but for climate
scenarios, the PRECIS model was driven by the GCM HadCM3 for the period 1961-1990 and
2071-2100. Since the PRECIS model comes with its own boundary conditions, in this case the
GCM HadCM3 boundary conditions, it does not have the flexibility to use other GCMs that
were used to drive WRF. Hence, only one scenario for future climate from HadCM3 was
performed using PRECIS. Similar to WRF outputs, the precipitation and temperature outputs

derived from PRECIS were then used as inputs for hydrological simulations using the SWAT
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model. It also needs to be added here that the GCM HadCM3 data were available for the
PRECIS model due to being already pre-processed and packaged by the developers (Hadley
Centre). At the same time, sufficient lateral boundary data from the GCM HadCM3 were not
available for running the WRF model, the technical format of WRF being different than that of

PRECIS.

3.5.3 Choice of emission scenarios

A2 scenario has been selected as one of the case study out of IPCC Emission scenarios. It
would have been ideal to run the worst-case scenario, ALFI, so that adaptive measures can be
based on that. It is common understanding that once adaptation/mitigation measures are
planned for the worst-case, any ‘less’ severe changes can be accommodated within the policy
and adaptation management issues. The primary data that are required to run RCMs (WRF, in
this case) come from GCMs. Sufficient boundary conditions were not available for the ALFI
scenario from the GCMs considered in this study (and others of the IPCC AR4), at the time of
this research study. Hence, A2 is the second worst-case (pessimistic scenario) based on CO,
emissions after A1FI. Since adequate boundary conditions were available from GCMs for this

scenario, the A2 scenario was considered.

Further, the PRECIS model does NOT have any A1FI scenarios as data are pre-packaged by

the Hadley Centre.

Also, to consider an “ENSEMBLE” approach, SAME scenario from different GCMs is ideal.
Hence, for both WRF and PRECIS runs, the A2 scenario was considered from whatever GCM

data available.

3.5.4 SWAT model

The SWAT model initially takes the station data rainfall for simulating stream flow, whose
results can be verified using the observed stream flow/ discharge data. To ensure a good
performance of the model, the initial set up of the model entails a sensitivity analysis,

calibration and validation stages using station data rainfall, maximum/minimum surface
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temperature and river discharge data from the gauging station. This step ensures to benchmark
the model performance using the statistical metrics cited earlier. Once this stage is done, the
SWAT model can be deemed suitable to be used with the rainfall outputs taken from the
regional climate models for simulating stream flow. Inputs to SWAT model consist of spatial
and temporal data. Spatial datasets include the Digital Elevation Model, land use and soil
maps. Temporal data is a collection of time series data from different rainfall and
meteorological stations. The output of the SWAT model is a daily time series of stream flow at
input and output of each sub-basin and downstream end of the chosen catchment. In this thesis,
the SWAT model output simulated at Kon Tum gauging station (location of the study
catchment described in Chapter 2) is then compared against its observational counterpart, to
evaluate the performance of the model. The rainfall and surface temperature output from the
two RCMs WRF and PRECIS are bi-linearly interpolated to the nearest grid point location of
the station location and then fed into SWAT model to simulate future stream flow. All these

procedures are described in detail in Chapter 5.
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Figure 3-2: Experimental method of the use of climate models and hydrological model to
assess future climate change

3.6 END REMARKS

With all these sections described above, the overview of climate and hydrological models,
different data used for both simulations and comparisons of these models, performance metrics
and experimental methodologies is complete. The next chapter discusses the results of the

different dynamical downscaling experiments using the RCMs WRF and PRECIS.

68



CHAPTER 4. REGIONAL CLIMATE MODELLING OVER
VIETNAM

4.1 INTRODUCTION

The regional climate models WRF and PRECIS have been used in this study to ascertain future
climate change over Vietnam. Initially, both models were driven by the ERA40 reanalysis to
assess the performance of the models over the present-day climate during the period 1961-
1990. Later, the WRF model was driven using the GCMs CCSM3.0 and ECHAMS to simulate
the climate over the region for both present day (1961-1990) and future (2071-2100) periods.
The future climate simulations were under the IPCC A2 emission scenario. The PRECIS
model was also simulated for the 1961-1990 and the 2071-2100 periods using the GCM
HadCM3, with the future period conforming to the A2 emission scenario. Since the PRECIS
model is pre-packaged by the MetOffice, the GCM HadCM3 was the only option available to
generate future scenarios under the A2 scenario, at the time of the completion of this thesis.
For the same reason, the other GCMs that were used to drive the WRF model could not be
used to drive the PRECIS model. Of the model output fields, rainfall, being the most important
climate variable and an input to the hydrological model, is widely discussed in this chapter.

The model simulations of surface temperature and wind fields are discussed first.

For clarity in reading, some abbreviated forms of model results are used for discussions. The
use of ‘DJF’ indicates the December-January-February months of the Northeast (NE) monsoon
and ‘JJA’, the months of June-July-August of the Southwest (SW) monsoon. Also, ‘MAM’
refers to the months March-April-May and ‘SON’ represents ‘September-October-November’.
For easy reading, the model simulations of WRF driven by the ERA40 reanalyses, GCM
CCSM3.0 and GCM ECHAMS5 are referred to as WRF/ERA, WRF/CCSM and
WRF/ECHAM, respectively, whilst the PRECIS model results driven by ERA40 and
GCM HadCMa3 are referred to as PRE/ERA and PRE/HAD, respectively. These different
simulations are discussed in the sections ahead. The 7 sub-climate zones, named S1 to S7, as

tabulated in Table 1-2, will be referred to in the discussions of modelled results.
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4.2  SIMULATIONS OF PRESENT DAY CLIMATE

Before we begin with the analyses of the RCM results, Figure 4-1a shows the entire RCM
domain (encompassing a larger area of Southeast Asia to accommodate wider regional climate
circulations) and Figure 4-1b shows the zoomed-in area of the Indochina region in which
Vietnam is centered. The domain coordinates are indicated for clarity. As such the same
coordinates hold good for all other similar spatial graphical plots shown in this chapter. Since
the focus is on Vietnam, all graphical plots show the delineation of Vietnam’s political
boundary and climate zones within the domain and it is noted here that the model results for
this smaller domain (Figure 4-1b) alone are described in this chapter, along with main
discussions over Vietnam and its 7 climate zones. However, an overview of the climate

simulations over the larger domain is presented in Appendix E (Figures E1 to E4).
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Figure 4-1: Domain configurations
() RCM Domain with inset showing Indochina domain (b) Indochina domain
To start with, the model simulations of mean annual, seasonal (DJF and JJA) surface
temperatures for the 1961-1990 period are shown in Figure 4-2 to Figure 4-4, respectively,
compared to CRU, CPC, APH and station observations. It is noted here again that the spatial
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distribution of Vietnam station observed data (Figure 4-2d) and wherever shown, has been
interpolated from all available meteorological station data for the period 1961-1985, as
described in Section 3.3.3, also shown in Appendix D. For easy reading of discussions of
results, ‘S1’ to ‘S7’ have been marked in some of the figures.

As seen in Figure 4-2 for annual average temperature, the simulations of both WRF and
PRECIS models driven by ERA40 (e, f) and the different GCMs (g, h, i) show highly
reasonable agreement on comparison with the different observational datasets. The gradients
of high (low) temperatures over western (eastern) regions are resolved well. Lower
temperatures over high terrain of S1 and S6 are also well reproduced in both the RCMs when
compared against station and APH data in Figure 4-2 (c, d). Amongst all observation data,
APH shows the hottest values of observations, especially over the western side of the domain.
The WRF/ERA and WRF/CCSM simulations show a good agreement against APH. (All the
other seasonal climatological plots (MAM, SON) (Figure E-5 and Figure E-6) and bias plots
between models and observations (Figure E-7) are displayed in Appendix E, due to limitations
of space in this chapter).

The winter (DJF) temperature for Vietnam is displayed in Figure 4-3. The RCMs are able to
capture, very well, the distinct temperature gradients between the north regions of Vietnam
(S1, S2, S3, S4) and the south (S5, S6, S7). The simulations of PRE/ERA and PRE/HAD show
the characteristic temperature differences on either sides of latitude 16 °N, the border of S4
and S5. This feature is also seen in the APH and station data. The WRF results agree well
against CRU and CPC observations. The summer (JJA) temperatures in Figure 4-4 clearly
show the big difference between high (S1, S6) and low (S3, S7) terrain temperatures.
WRF/ERA and WRF/CCSM reproduce the high temperatures over S3, S4 and S7 as found in
APH, reasonably well. Simulations of WRF/ECHAM, PRE/ERA and PRE/HAD show the
same pattern of temperature distributions as those of CRU, CPC and the station data.

Some model biases are shown in the Appendix E, Figure E-7 indicate that the RCM
simulations of WRF & PRECIS exhibit least biases for surface temperatures when driven by

both ERA40 and GCM:s.
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Figure 4-2: Mean Annual Surface Temperature, 1961-1990, °C
(@) CRU (b) CPC (c) APH (d) Station Data (e) WRF/ERA (f) PRE/ERA
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NOTE: The single colour scale bar that is shown on the right is applicable for all individual plots
and this is followed for other figures as necessary for effective arrangement of figures.
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Figure 4-3: Mean Seasonal (DJF) Surface Temperature, 1961-1990, °C
(@) CRU (b) CPC (c) APH (d) Station Data (e) WRF/ERA (f) PRE/ERA
(9) WRF/CCSM (h) WRF/ECHAM (i) PRE/HAD
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Figure 4-4: Mean Seasonal (JJA) Surface Temperature, 1961-1990, °C
(a) CRU (b) CPC (c) APH (d) Station Data () WRF/ERA (f) PRE/ERA
(9) WRF/CCSM (h) WRF/ECHAM (i) PRE/HAD

74



The annual cycles of temperature over the 4 locations (Hanoi, Da Nang, Kon Tum and Ho Chi
Minh City) are shown in Figure 4-5. The cyan colour band in the figure indicates the
minimum-maximum ranges of the gridded observed data from CRU, CPC and APH
temperature datasets. Whilst all model simulations agree quite well against station data and
gridded observations, the best profiles are simulated for Hanoi and Da Nang, although with
higher values during the JJA season arising from WRF simulations and a near perfect
agreement from PRECIS simulations for Hanoi. A better agreement is seen for Da Nang with
nearly all simulated data falling within the observed ranges. Over Ho Chi Minh City, there is a
very reasonable agreement against station data from PRECIS simulations while the WRF
simulations place themselves higher than station measurements and observations. Over Kon
Tum, the model simulations underestimate of about 2°C but match well with the pattern of the

station data.

It is also a useful measure to evaluate how well the RCMs simulate the distribution of
temperature profiles, especially in daily scale. To this endeavour, the Probability Density
Functions (PDFs) of surface temperature simulations are plotted in Figure 4-6 (driven by
reanalyses) and Figure 4-7 (driven by GCMs), respectively. In both cases, the profiles show
good agreement against station distributions, especially over Da Nang, Ho Chi Minh City and
Kon Tum stations. It needs to be mentioned here that since the PDF is plotted on a daily time
step, besides station data, only the APH data is included in the plot, since daily scale data are
available only from APH and not CRU and CPC. In addition, the PDFs of the surface
temperature profiles simulated by the RCMs driven by GCMs are significant because it should
be recalled here that the reanalysis (ERA40) driven RCM simulations are ‘true’ climate being
‘reanalysed observations’ whilst the GCMs are meant to duplicate the true climate. Since
future climates are derived from GCMs and their downscaled results, it is imperative that the
RCMs downscale the GCMs to a reasonable extent such as the reanalyses. From the results, it

can be seen that the PDFs highlight the good performance of the RCMs.
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Figure 4-5: Annual Cycles of Surface Temperature, °C
(a)Hanoi (b) Da Nang (c) Kon Tum (d) Ho Chi Minh City
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Next to the surface temperature analysis, the RCMs simulations of surface winds deserve a
look. The WRF and PRECIS models simulated surface wind patterns are shown in Figure 4-8
and Figure 4-9 for the Northeast Monsoon and the Southwest Monsoon seasons, respectively.
These wind patterns are shown here in a qualitative perspective in evaluating model
performance as a whole, although not used for any impact study in this thesis. The colour
shaded distributions indicate the wind speed (m/s) and the wind vectors indicate the direction
of the winds. During both seasons, both RCMs simulate the wind patterns reasonably well.
The RCMs also resolve well the low wind speeds over the high terrain. As seen in Figure 4-8,
the NE monsoon blowing from the north eastern side of the domain are attenuated when
entering from the ocean to mainland mountainous area at latitude 16 °N at Hai Van Pass.
Though there are no high resolution observations to support this feature, this circulation
feature has been reported by Ho et al. (2011). The RCMs, WRF and PRECIS, clearly resolve
this circulation but not seen in the coarser dataset of ERA40 (Figure 4-9). These model
performances of wind circulation once again highlight the ‘added value’ in downscaling due to

high resolution and terrain influences.

(@) =

@

Figure 4-8: Mean Seasonal (DJF) Surface Winds, 1961-1990, m/s
(a) ERA40 (b) WRF/ERA (c) PRE/ERA (d) WRF/CCSM (e) WRF/ECHAM (f) PRE/HAD
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Figure 4-9: Mean Seasonal (JJA) Surface Winds, 1961-1990, m/s
(a) ERA40 (b) WRF/ERA (c) PRE/ERA
(d) WRF/CCSM (e) WRF/ECHAM (f) PRE/HAD
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In a continuing discussion of model simulations, rainfall, the most sensitive and difficult
variable to be simulated, is described here. The spatial distribution of mean annual average
rainfall amongst observations and model simulations over the period 1961-1990, is shown in
Figure 4-10. At the outset, it is clear from this figure that the observations themselves show
some discrepancies. As an example, the high coastal rainfall seen over the southern west coast
of Cambodia in the CRU and CPC observations is not seen in the APH dataset. Overall, the
APH dataset also shows lesser rainfall than its counterparts. Similar differences are also seen
in the DJF and JJA seasons (Figure 4-11 and Figure 4-12). However, high terrain rainfall is
reasonably well resolved due to high resolution simulations of the RCMs. This is only to
highlight that the observations, otherwise generally referred to as ‘ground truth’, themselves
contain uncertainties. This could probably be due to inconsistent or erroneous measurements,
lack of dense network of observations, different interpolation methods and number of station
records accounted for, in developing these data products. The quantification or evaluation of
these observational uncertainties is not within the scope of this thesis. Yet, these figures
merely serve as a benchmark for comparison against model simulated results. The purpose of
inclusion of more than one observed dataset for comparisons is to have a wider understanding
of the performance of the model. Another source of observations, the Vietnam station data, are

also shown along with these gridded observations for a detailed comparison.

It is noted here again that the common record periods for all the stations that have been used to
derive this map is between the period, 1961 to 1985. Although the period 1961-1990 is in
discussion, 25 years of this monthly scale station data have been used merely for a comparison
of model results on a climatological perspective to have a better idea of the station recorded

patterns of rainfall.

As in the case of surface temperatures, the performance of the models when driven by the
reanalyses are discussed first as these simulations indicate the ‘true’ climate. The discussions

of simulations driven by the GCMs follow after.
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The comparisons of the model simulations against observations reveal an overall reasonable
spatial agreement of models’ simulated rainfall against observations. The high resolution
simulations (25 km) of the models’ also show that they are able to effectively simulate rainfall
over the high terrains. This feature is seen in the models but not in the observations, possibly

due to lack of gauge measurements or other observational sources over these high terrains.

The circle in Figure 4-10(e) clearly shows the effect of topography over the S6 region in
WRF/ERA but it is not pronounced in the gridded observation datasets. The simulation of
WRF/ERA agrees reasonably well with CRU and CPC in the overall spatial distribution of
mean annual daily average rainfall at S1, S2, S3 and S7. In comparison with station data which
are dense networks, WRF/ERA captures the rainfall over Hai Van pass at 16 °N, between S4
and S5, although at a lower intensity compared to the border between the S6 and S7 regions.
The coastal rainfall of S4 and S5 is also resolved reasonably well. PRE/ERA simulations tend
to overestimate rainfall over most of the domain and the high terrain rainfall is not as
pronounced as in WRF/ERA in S6. However, it is able to capture the significant effect of
precipitation around Fansipang mountain peak (Refer Chapterl, Figure 1-6b) at the border of

S1 and S2 when compared against station data.

Amongst the RCM simulations driven by the GCMs, the spatial pattern of WRF/CCSM
underestimates rainfall over most of the domain including Vietnam, but still captures the
terrain rainfall over the S4, S5 and S6 regions. WRF/ECHAM shows a reasonable structure of
rainfall compared against observations whilst PRE/HAD exhibits a similar profile to that of
PRE/ERA. The model simulations of both WRF and PRECIS reproduce the seasonal gradients
very well. This is also an important climate feature as Vietnam is largely influenced by a peak
rainy season during JJA than DJF, although regional seasonal differences exist. This can be
observed clearly in the distribution of annual cycle of rainfall over 4 stations spreading all over

Vietnam in Figure 4-14.
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Figure 4-10: Mean Annual Rainfall, 1961-1990, mm/day
(@) CRU (b) CPC (c) APH (d) Station Data (e) WRF/ERA (f) PRE/ERA
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The DJF rainfall is very low over the study domain as it is the dry season and its spatial
distribution is well resolved by both RCMs as seen in the Figure 4-11. The heavy rainfall
observed in station data (d) and RCMs (e, g, h, i) at the border of S4 and S5 is the result of the
Annamite range that blocks the NE monsoon coming from China. This pattern is faintly visible
in the CRU and APH observations but not in CPC. The WRF model results capture this feature
effectively, especially WRF/ERA. The PRE/ERA simulations show similar distributions of
rainfall as that of the APH data. The JJA season rainfall is also well reproduced by the models

as seen in Figure 4-12.

In addition to the overall distribution of rainfall all over Vietnam, the gradients are also well
represented by showing a wet Northern (S1, S2, S3) and Southern Vietnam (S6, S7) and a
relatively dry central coastline (S4, S5). The reason for the dry central coastline of Vietham is
because the Annamite range blocks all the southwest monsoon wind coming from Laos and

causes an effect called ‘foehn’ over sub-region S4 (Ho et al., 2011).

As a result, the monsoon rainfall is experienced over the west side of the mountains, after
when the remaining air, mostly due to lack of moisture, crawls over the mountain towards the
east causing dry and hot climate over the S4 region. Such a pattern is clearly resolved by
WRF/ERA, PRE/ERA and PRE/HAD. The simulation of WRF/ECHAM also reproduces this
pattern although to a lesser extent compared to the observations, while WRF/CCSM does not

show this pattern clearly.

Away from the Vietnam domain, the very high spot of rainfall lying at the southern east coast
of Cambodia, displayed as a circle in Figure 4-12(a), is seen in the observation datasets. The
model simulations of PRE/ERA and PRE/HAD reproduce this feature reasonably well whilst
WRF/ERA and WRF/ECHAM also simulate this pattern over that area but of lesser intensity.

The simulation of WRF/CCSM, however, does not show it at all.
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Figure 4-11: Mean Seasonal (DJF) Rainfall, 1961-1990, mm/day
(a) CRU (b) CPC (c) APH (d) Station Data (¢) WRF/ERA (f) PRE/ERA
(9) WRF/CCSM (h) WRF/ECHAM (i) PRE/HAD
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Figure 4-12: Mean Seasonal (JJA) Rainfall, 1961-1990, mm/day
(a) CRU (b) CPC (c) APH (d) Station Data () WRF/ERA (f) PRE/ERA
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Additional plots for the MAM and SON season, shown in the Appendix E, Figure E-8, Figure
E-9, indicate that the mean seasonal climates are well represented by the models and are in
good agreement with all the observations. The terrain rainfall and rainfall over S4 and S5
region are resolved well. Some graphical plots for model biases (between both RCM vs
gridded observations and RCM vs station data) are shown in Figure E-16 in Appendix E.
These bias figures (Figure E-7, for temperature and Figure E-16, for rainfall) indicate that the
RCM simulations of WRF & PRECIS exhibit least biases for surface temperatures using both
ERA40 and GCMs. For rainfall, an overall underestimation by WRF is seen over the western
regions of the domain. Although the north (S1, S2 and S3) and south (S7) regions of Vietham
show lower biases, S4 and S5 show higher biases due to the larger rainfall intensities over high
terrains that are not seen in the observations. The biases from the PRECIS simulations using
ERAA40 indicate an overestimation of rainfall over most of the domain but relatively lower

biases over the Vietnam region.

It has been mentioned that capturing the inter-annual variability of rainfall is important to
validate the performance of any RCM (Tadross et al., 2006). To this end, the inter-annual
variability amongst different observational records and the model simulations are depicted in
Figure 4-13. These results indicate that CRU and CPC agree well between each other whilst
APH underestimates this variability. The WRF/ERA is able to match this pattern better than
PRE/ERA, as the latter overestimates rainfall variability over some northern regions of the
domain and over Vietham. The WRF/ECHAM shows higher variability than WRF/CCSM and
PRE/HAD. The PRE/HAD is, however, reasonable in its performance by reproducing a highly

variable northern Vietnam and a less variable southern Vietnam.
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Figure 4-13: Inter-annual variability of rainfall, 1961-1990, mm/day
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It is also important to assess model performance with respect to the annual cycle of
precipitation over a designated area or place. This also has implications when hydrological
studies are made over a chosen region or a location as rainfall is the key input for the
hydrological model to simulate stream flow. Since four main cities in Vietnam: Hanoi, Da
Nang, Kon Tum and Ho Chi Minh City have been chosen for model evaluations at station
point, the annual cycles over these locations are compared against station data and gridded
observations, as seen in Figure 4-14. The cyan band of annual cycle in the figure represents the
minimum-maximum ranges of three different observations, CRU, CPC and APH. Such a band,
as drawn for surface temperature plots earlier, is drawn here to showcase the range of values in
rainfall amongst them and to clearly show the patterns of the station data and the model

simulations.

For Hanoi, all model simulations reasonably agree on the overall pattern of the annual rainfall,
especially, the peak season of rainfall in JJA months when compared against observations and
station data. Some deviations in the pattern in the form of higher (lower) intensities are seen in
WRF/ECHAM (WRF/CCSM). For Da Nang, all simulations agree quite well in the annual
cycle pattern, but with higher intensities in the case of WRF/ERA, WRF/ECHAM and
WRF/CCSM, during the months of September to December. PRE/ERA underestimates rainfall
whilst PRE/HAD exhibits an excellent agreement against station data and gridded
observations. The patterns of annual cycles over Ho Chi Minh City and Kon Tum are not that
well resolved as compared to those of Hanoi and Da Nang. The PRE/ERA and PRE/HAD
rainfall agree well with station data at Ho Chi Minh City than the other WRF simulations.
Over Kon Tum station in S6 region, the PRECIS simulations show underestimation and
WRF/ECHAM shows overestimation during the peak rainfall months whilst WRF/ERA and

WRF/CCSM fall within the observational range.
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Figure 4-14: Annual Cycles of Precipitation, mm/day
(a) Hanoi (b) Da Nang (c) Kon Tum (d) Ho Chi Minh City
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Not only are the mean climatologies always useful in evaluating model performance. It is
also quite important that the model resolves the extreme patterns (lowest and highest
rainfall) well enough. This is to ensure that the model is able to capture the distributions of
rainfall reasonably well which has implications for flooding (high rain fall) and drought
(low rainfall) conditions. To this end, some probability density functions are drawn to
establish the model performance, both driven by the ERA40 reanalysis (Figure 4-15) and
different GCMs (Figure 4-16), against station and APH dataset. It is reminded here that only
the station data and APH data are used for comparisons. This is because the PDFs are drawn
using daily scale rainfall time series, available only with station data and APH data, as done
for the surface temperature discussed earlier. It is also reminded that since CRU and CPC
are monthly time scale data, they have not been used in this analysis. Among these different
simulations, WRF/ERA (Figure 4-15) was able to simulate the rainfall distributions close to
the station data for all stations. Both PRE/ERA and APH profiles overestimate dry spells,
however, all simulations seem to fare reasonably well in resolving higher rainfall intensities.
WRF/CCSM and WRF/ECHAM (Figure 4-16), compare well in their distributions with all
stations compared to PRE/HAD. As in the case of PRE/ERA and PRE/HAD, they
overestimate the dry spells, whilst all WRF/GCM driven model simulations resolve higher
intensities well enough. These results can be taken as a sign of reasonably good
performance of the model, especially the WRF model, as the comparisons are made among
three different observational sources: a point location (gauge based station), gridded
observation (0.25°) and model averaged grid spacing of 25 km. The results, therefore, are

strongly significant in establishing a good model performance.
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Figure 4-15: Probability Distributions of rainfall, mm/day (WRF and PRECIS driven by ERA4Q reanalysis)
(a) Hanoi (b) Da Nang (c) Kon Tum (d) Ho Chi Minh City
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Not only are the PDFs useful in evaluating model performance of simulation of precipitation, but
also some statistical measures of some extreme indices. Since determining hydrological response
is one of the main objectives of the impact study in this thesis, three other indices, namely, a
maximum consecutive 5 day accumulated rainfall index (R5d), 90™ percentile of daily rainfall
(P90p) and the daily rainfall intensity (SDII) are considered for evaluation. This is important as
these indices are influenced by daily rainfall values, which are then used as input as a daily time
series in the hydrological simulations. The R5d is shown in Figure 4-17. Although the north and
south gradients and central eastern regions (S4, S5) are resolved well, WRF/ECHAM
overestimates the rainfall amounts and PRE/HAD underestimates the same. The simulations of
WRF/ERA, PRE/ERA and WRF/CCSM agree well with the APH data. The models simulated
intensities of P90p daily rainfall are compared against APH data in Figure 4-18, which show an
overall reasonable agreement of models against APH observations. The SDII plots are shown in
Figure 4-19. The results indicate that the PRE/ERA and PRE/HAD simulate closer rainfall
intensities to that of APH whilst the other overestimate the intensities. Except WRF/ECHAM, the
other simulations show good agreement over the S1, S2, S3 and S7 regions. Overall, the WRF
simulations produce more rainfall over the S4 and S5, which are seen relatively dry in APH and
PRECIS simulations. Both WRF and PRECIS simulations indicate a reasonable performance
showing the rainfall gradients well. A relatively wet North and a dry South over Vietnam is clearly
seen in PRECIS simulations that correspond well against APH data. WRF/ECHAM simulates
slightly higher amounts compared to WRF/ERA and WRF/CCSM. Nevertheless, both these
indices highlight the useful of downscaling whereby the results of precipitation derived from the
climate models could be effectively used as inputs for hydrological simulations. All annual scale
indices have been shown here. Due to space constraints, the seasonal profiles of DJF and JJA are
shown in the Appendix E as they are the main seasons of contrast, being winter and summer

season, respectively.
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Figure 4-17: Mean Annual Maximum Consecutive 5 day Accumulated rainfall, 1961-1990, mm
(a) APH (b) WRF/ERA (c) PRE/ERA
(d) WRF/CCSM (e) WRF/ECHAM (f) PRE/HAD
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Figure 4-18: Mean Annual 90" percentile rainfall, 1961-1990, mm/day
(a) APH (b) WRF/ERA (c) PRE/ERA
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Figure 4-19: Mean Annual Rainfall Intensity, 1961-1990, mm/day
(2) APH (b) WRF/ERA (c) PRE/ERA
(d) WRF/CCSM (e) WRF/ECHAM (f) PRE/HAD
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Table 4-1 and Table 4-2 show the area averaged temperature and precipitation values,
respectively, over the 7 chosen climate regions: S1 to S7. These are compared to the gridded
observations and station data. The area averaged values of these climate variables indicate how
well the model is able to simulate the profiles at such sub-regional scale areas.

Table 4-1: Areal Average Daily Temperature (°C) over seven sub-climate zones
(1961-1990)

Annual Sl S2 S3 S4 S5 S6 S7
CRU 22.4 22.0 23.7 24.0 25.6 24.2 27.2
CPC 22.0 22.5 23.3 23.1 24.6 24.7 27.5
APH 194 20.7 22.3 234 24.6 24.3 27.8

STATION 21.2 21.5 22.8 23.6 25.3 23.1 26.7
WRF/ERA 19.5 21.6 23.7 23.5 23.7 23.1 27.6
PRE/ERA 19.4 20.7 22.8 22.9 24.6 23.7 27.3
WRF/CCSM 20.2 21.3 23.0 22.6 23.6 23.5 28.2
WRF/ECHAM 194 21.7 23.6 22.6 23.5 22.9 274
PRE/HAD 19.7 20.8 22.6 22.7 24.3 23.4 27.0

Table 4-2: Areal Average Daily Precipitation (mm/day) over seven sub-climate zones
(1961-1990)

Annual Sl S2 S3 S4 S5 S6 S7
CRU 4.39 3.98 4.66 5.73 5.31 5.09 5.37
CPC 4.49 4.12 4.42 5.25 4.58 4.38 4.88
APH 4.52 4.26 4.26 4.53 3.75 4.25 3.71

STATION 5.01 5.00 4.70 5.64 6.25 5.65 4.83
WRF/ERA 4.16 4.51 3.96 4.90 6.35 5.76 5.13
PRE/ERA 5.69 6.24 5.76 6.17 411 4.93 5.01
WRF/CCSM 2.83 2.96 3.02 4.26 5.72 4.73 2.85
WRF/ECHAM 3.81 5.37 5.85 6.49 7.78 7.26 7.15
PRE/HAD 5.85 5.77 5.54 6.43 5.25 5.48 5.34

The tabulated values for precipitation, Table 4-2 indicates that the model values are not strongly
deviated compared to those of observations. It is also notable that observations themselves differ

in their estimates by 1 or 2 mm/day. The model simulations show that, overall there is very good
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agreement on area averaged values in daily precipitation with differences only between £ 1-2 mm.
Compared to the small sub-regions over Vietnam that are considered in this case, these differences
are relatively insignificant and hence establish a good performance of the model. A similar
assessment can also be done for area averaged temperature distributions which differ only by

about + 1°C.

In a summary of these different evaluations, it can be said the climate model simulations over the
present day climate period of 1961-1990 can be deemed very reasonable. It has been noted earlier
that precipitation is one of the most difficult and sensitive variable to be simulated, given its nature
of high variability over space and time, whilst simulation of temperature is relatively simple, given
its nature of homogeneity across time and space. Precipitation is the focus in this study as it is the
prime input to the hydrological models. The performance of the models on the spatial distributions
of rainfall in different time scales, annual and seasonal, has been reasonable, although with some
biases. Other than these mean climatological patterns, the PDFs at four main meteorological
locations have shown a good agreement of model simulated rainfall distributions against station
data. The interannual variability, annual cycles and area averaged values of precipitation also show
reasonable agreement with observations. The extreme indices of rainfall intensity (SDII), 90"
percentile rainfall (P90p) and the 5 day accumulated rainfall amounts (R5d) also indicate the good
performance of the models. It should also be noted that these discussions are not the complete list
of evaluation metrics, but are some of the key metrics used in any climate model evaluations. It is
also reminded that an exhaustive model evaluation is not the focus of this thesis, but rather to see
the usefulness and robustness of the regional climate model in simulating the state of climate such
that its results could be used for impact studies. Whilst the simulations of the regional climate
models driven by the reanalyses shed light on the performance of the model over the present day
climate, those simulations driven by the GCMs indicate that the model is also able to reproduce

the present day climate well enough, given the fact that GCMs are merely representations of real
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climate compared to the ‘true’ climate of the reanalyses. This also indicates that downscaled future
climate projections from these GCMs can be taken as credible, since the present day climate has
been evaluated and found reasonably satisfactory. With these results and model performances in

mind, future climate simulations are described in the next section.

43  SIMULATIONS OF FUTURE CLIMATE

It was mentioned earlier that the present day climate simulations are for establishing how well the
regional climate models simulate the state of the climate, so that there is enough credibility on the
performance of the model that future climate estimates simulated by the same models can also be
taken to be credible enough. Having established their performance over the present day climate in
the earlier section, this section aims to assess likely changes in the future climate simulated by the
RCMs WRF and PRECIS, driven by the global climate models under the A2 emission scenario
(Chapter 3, Section 3.5). It is once again noted that the results from this study are one the first of
its kind research done over Vietnam, giving an ‘ensemble’ approach of likely future changes
taking account changes simulated by two different RCMs (WRF and PRECIS) that downscaled
three GCMs (CCSM3.0, ECHAMS5 and HadCM3), all forced under a future IPCC emission
scenario A2. Since the objective of this thesis is to pronounce some estimates of changes in future
climate derived from these ensemble climate simulations, this section describes the outcome of the
climate change experiments, mentioned in Chapter 3, Figure 3-1. Later, the climate response or the
climate change signal which is the difference between the RCM downscaled estimates of the

future and present day climates, shall be ascertained.

As such, these results contribute to an outcome from ensemble climate integrations, different
RCMs forced under GCMs of same scenario. This adds to the confidence in the model outcomes
and also highlights the importance of using these outcomes for impact studies, keeping in mind the
fact that A2 scenario corresponds to more than doubling CO, concentrations in the atmosphere in

the future. Since harsh impacts (as discussed in earlier chapters) are expected, it would help policy
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makers to prepare for adaptive measures with regard to the information gained from these model

outcomes.

Future surface temperature changes are displayed in Figure 4-20, on the annual and on all seasonal
scales. The results indicate steep annual increases of about 2.5° to 3.7°C towards the end of the
century. Seasonal responses indicate that the MAM and JJA seasons might experience a soaring of
about 4°C in the S1, S2 and S3 region Vietnam (WRF/ECHAM, PRE/HAD) while DJF is likely to
experience an increase of about 2°-3°C, from all simulations. For easy reading of the figures, it is
kindly reminded to the reader that the vertical arrangement in three sets of graphical plots
indicate each of the model results (WRF/CCSM (top), WRF/ECHAM (middle row) and PRE/HAD
(bottom)) while the horizontal arrangement (ranging from 1 to 5) indicate the 5 different time

scales (Annual, DJF, MAM, JJA and SON).

The mean seasonal wind changes (DJF and JJA) are also shown in Figure 4-21. It can be seen that

there are no significant changes in the surface wind speeds over the future.

The annual precipitation response over the future period 2071-2100 relative to the present day
baseline period 1961-1990, derived from WRF and PRECIS simulations, is shown in Figure 4-22,
the arrangements of figures akin to that of temperature responses mentioned earlier. On an annual
scale, all WRF simulations indicate an increasing trend in precipitation over all climate zones of
Vietnam of about 25 % to 50 % whilst PRECIS model simulations show a decrease in the future
responses between 15 % to 20 %. It is also notable that, from all models, the SON season shows
increases of up to 50 %. The other seasons show a mixed response. Since an ensemble method
that combines the results from all models is considered in this study, such a result for surface
temperature and precipitation is shown in Figure 4-23a and b respectively. This figure depicts the
future changes which are derived by taking the model averages from all the three RCM

simulations (WRF/CCSM, WRF/ECHAM and PRE/HAD).
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To provide a concise view of the future changes of surface temperature and precipitation, a
bandwidth of responses for annual daily averaged temperature and precipitation for the four

different chosen stations are displayed in Figure 4-24.

All models indicate an increase in surface temperatures from 2.5 °C to 3.7 °C. WRF/ECHAM
displays average increases of about 3 °C to 3.2 °C. WRF/CCSM has a lower sensitivity to changes
in temperature than PRE/HAD, which predicts hotter temperatures than WRF/CCSM and
WRF/ECHAM with the highest value of more than 3.5 °C for Hanoi. The bandwidths of responses
for the other seasons are given in the Appendix E. It is likely that Hanoi might be the hottest of all

stations during the JJA season, crossing a 4°C rise.

The bandwidth figures also indicate that WRF/ECHAM shows an annual average increase for all
regions from 30 % to 45 % whilst PRE/HAD shows a decrease of about 5 %, for all stations.
WRF/CCSM predicts higher rainfall for all cities other than Hanoi. It is notable from this that the
JJA peak rainy season rainfall is relatively poised to increase more than the DJF season for all
stations, while surface temperatures are also likely to be higher during the summer JJA season
than DJF, as expected Additional plotted results for the future changes of extreme indices find a
place in the Appendix E, Figure E-17 to Figure E-19 and for PDFs for all station data from Figure

E-20 to Figure E-23.

These figures also indicate consistent increases in surface temperatures over all climate zones.
Precipitation, however, is likely to show mixed trends, increasing in some regions and decrease in

some locations.
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Figure 4- 20 Surface Temperature Change (°C), 2071-2100 relative to 1961-1990:
(a) WRF/CCSM (b) WRF/ECHAM (c) PRE/HAD
(1)Annual (2) DJF (3) MAM (4) JJA (5) SON
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Figure 4-21: Wind speed Change (%), 2071-2100 relative to 1961-1990
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Figure 4-22: Precipitation Change (%), 2071-2100 relative to 1961-1990
(a) WRF/CCSM (b) WRF/ECHAM (c) PRE/HAD

105



(b1) "

@3) -

(b3)

MAI\/l
(ad) -

(b4) "~

TOOE101E 10261036 104€ 1046 1068 1076 108E 109E 1106 199E 1126

(b5)

Figure 4-23: Ensemble Climate response
(a) Surface Temperature (b) Precipitation
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Figure 4-24: Bandwidth of Responses: 2071-2100 relative to 1961-1990
(a) Annual Surface Temperature (b) Annual Precipitation
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Table 4-3 summarizes the main findings from this study. Temperature change (°C) and
Precipitation change (%) are shown here for Annual and other 4 seasons (DJF, MAM, JJA and
SON) for 7 climate zones derived from all 3 RCM simulations. The ensemble value is the
average between 3 RCMs. For surface temperature, the ‘ensemble’ changes indicate at least an
annual increase of about 3 °C in all zones. The summer JJA season is likely to expect more hot
in the future in all season whilst the winter DJF season has the coolest change among all.
Among 7 climate zones, regions S1, S2 and S3 have the highest increases in surface
temperature. Region S5 has the lowest increase in temperature among all of about of 2.5 °C in

winter. S6 and S7 are likely to expect a steady increase by 3 °C all year round.

An overall increase in rainfall over the seven climate zones on both annual (10 % to 20 %) and
seasonal scales (-4 % to 85 %) is likely. The ensemble results also indicate that the rainy
season, JJA, is likely to experience larger increases in rainfall than the DJF season, over all
climatic zones, with the S7 region being the wettest and the S1, S2, the driest. The finding also
points out that the transition season SON seems to have much more influence in the future
with the increase in ensemble rainfall for all over the country is the highest. It refers to the shift

in rainy season from JJA toward SON, especially in the S1, S2, S3 and S4 regions.
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Table 4-3: Future Climate Change responses

Temperature Change (°C)

Precipitation Change (%0)

Region | WRF/ WRF/ PRE/ Ensemble WRF/ WRF/ PRE/ Ensemble
CCSM ECHAM | HAD CCSM ECHAM | HAD
Annual
S1 3.3 3.1 3.7 3.4 3.2 28.9 11.6 14.6
S2 3.4 3.3 3.6 3.4 -0.3 20.9 9.5 10.0
S3 3.2 3.2 3.6 34 2.4 42.0 2.8 15.8
S4 2.9 3.1 3.6 3.2 9.3 455 -5.4 16.4
S5 2.7 3.1 3.0 2.9 36.3 36.7 -10.1 20.9
S6 2.8 3.2 3.3 3.1 28.4 34.9 -5.0 194
S7 3.0 3.3 3.2 3.1 40.2 24.4 0.3 21.6
DJF
S1 2.8 3.2 3.1 3.0 -38.3 32.0 6.6 0.1
S2 3.2 3.5 3.1 3.3 -28.6 27.4 6.2 1.6
S3 3.1 3.5 3.0 3.2 -18.0 35.9 0.9 6.3
S4 2.7 3.1 2.8 2.9 -8.7 29.0 -5.4 4.9
S5 2.3 2.9 2.5 25 22.8 27.0 -25.9 7.9
S6 2.4 3.1 2.8 2.8 9.8 39.6 -42.2 2.4
S7 2.7 3.4 3.0 3.1 86.3 17.9 -49.9 18.1
MAM
S1 3.3 2.6 3.7 3.2 1.3 28.8 12.2 14.1
S2 3.0 2.7 3.5 3.1 -0.9 23.9 8.6 10.5
S3 2.9 2.7 3.6 3.1 10.4 53.9 -0.5 21.2
S4 2.7 2.8 3.9 3.1 10.1 56.9 -22.8 14.7
S5 2.8 3.1 3.1 3.0 20.3 37.7 -46.6 3.8
S6 3.0 3.2 3.7 3.3 10.1 23.0 -29.0 14
S7 3.3 3.3 3.4 3.3 10.7 23.6 -38.5 -1.4
JIA
S1 4.4 3.3 4.1 3.9 -8.1 27.8 4.0 7.9
S2 4.2 3.3 4.0 3.9 -22.4 12.9 4.2 -1.8
S3 4.0 3.3 4.2 3.8 -27.3 20.7 -5.3 -4.0
sS4 3.4 3.1 4.1 3.6 -15.0 375 -13.5 3.0
S5 3.0 3.2 35 3.2 22.6 447 -4.3 21.0
S6 3.0 3.2 3.6 3.3 22.2 44.3 -4.2 20.8
S7 3.0 3.2 3.3 3.2 64.0 29.5 9.5 34.3
SON
S1 3.0 3.5 3.9 3.5 175.1 31.3 44.3 83.6
S2 3.1 3.5 3.9 3.5 172.3 47.4 35.8 85.1
S3 3.0 3.3 3.8 3.4 114.7 71.0 28.3 71.4
sS4 2.9 3.3 3.5 3.2 80.4 51.0 10.4 47.3
S5 2.7 3.1 2.8 2.9 60.6 42.4 6.7 36.6
S6 2.9 3.2 3.2 3.1 48.2 40.5 15.8 34.8
S7 2.8 3.1 3.2 3.0 31.1 24.4 20.7 25.4
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4.4 CONCLUSIONS

Thirty year (1961-1990) present day climate simulations have been performed using two
regional climate models, WRF and PRECIS, at a horizontal spatial resolution of 25 km. The
evaluation on the performance of the models on simulating the state of the climate over this
baseline present day period has been discussed in Section 4.2. The results have portrayed a
reasonably satisfactory performance of the climate models, further to which, another 30 year
simulation of future climate (2071-2100) was undertaken to ascertain future climate change.
Ensemble climate changes over seven main climate zones in Vietham have been derived,
which suggest an overall increase in rainfall and surface temperatures which have implications
for climate change adaptation and mitigation. Of the two main objectives in this research
study, giving ensemble high resolution regional climate projections for Vietham is one and has
thus been achieved through this chapter. The results that emanated from this study have been
further used in the impact study discussed in Chapter 5, whose main findings form the second
objective of this thesis. However, some analytical discussion on these model results and
implications for climate change and adaptation from these derived future climate change

estimates have been done in Chapter 6.
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CHAPTER S ASSESSING FUTURE STREAM FLOW USING
THE SWAT HYDROLOGICAL MODEL

5.1 INTRODUCTION

Forming the basis of the second objective of this research thesis, this chapter describes the
application of ensemble regional climate model outputs that were used as input to a
hydrological model to determine future hydro climatic changes. It is recalled here that these
regional climate model outputs (surface temperatures and precipitation) were derived using the
WRF and PRECIS models which were used to downscale the GCMs CCSM, ECHAMS5 and
HadCM3, under the IPCC A2 future greenhouse gas emission scenario, whose results and

main findings have already been discussed in Chapter 4.

The Dakbla river basin over the Lower Mekong Basin of Vietnam has been considered for
stream flow modelling using the SWAT hydrological model (Chapter 1, Section 1.6). A 20
year climatology of the past, 1981-1990 and 1996-2005, was used to calibrate and validate the
model for the present day climate stream flow simulations and another 30 year climate, over
the period 2071-2100, was chosen for the future climate, to assess future changes in the stream
flow. The various hydrological model simulations and their results are the main contents of

this chapter.

5.2  SENSITIVITY ANALYSIS, CALIBRATION AND VALIDATION OF
THE SWAT MODEL

5.2.1 Model description and setup

Further to a brief introduction to the SWAT model in Chapter 3, Section 3.2, the experimental
set up and detailed methodology are discussed in this section. The input for SWAT includes a
spatial reference map which is a DEM having a resolution of 250 m, a land use map, a soil
map (converted to raster format at the same resolution) and meteorological data (precipitation
and temperature time-series of all stations in daily scale), which are displayed in Figure 5-1 (a,

b, c respectively).
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Figure 5-1: SWAT model spatial inputs
(a) DEM (b) Land use and (c) Soil map of Dakbla river basin

Daily scale precipitation data were obtained from 1980-1990 and 1995-2005 period for 3
rainfall stations (Kon Plong, Kon Tum and Dak Doa). Daily maximum and minimum surface
temperature data were obtained from the local authority from the Kon Tum meteorological
station for the same period. Daily river stream flow data at Kon Tum gauging station at the
downstream end of Dakbla river were also used. These data were used for both the calibration
and validation processes in the stream flow simulations of the SWAT model. In the calibration
part, the SWAT model was run in a daily time step for the period of 1980-1990 using station
observed rainfall and river stream flow at Kon Tum gauging station, with the first year 1980
used as the spin up period. The validation was done for another 10 year period of 1996-2005 to
ensure that the model was well calibrated. The reason for choosing these 10 years periods for
calibration and validation is because of the data availability as longer period data for 30 years
from station sources were not available. However, a 30 year period delta factor approach
(future minus present day) was applied to simulate the response in stream flow in the last 30
years of 21% century (described in Section 5.3). After the calibration and validation of the
SWAT model was done, the present day climate stream flow simulations for the period 1981-

1990 were undertaken using the RCM outputs to assess the models’ ability to reproduce
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present day stream flow conditions. Finally, future rainfall derived from different RCMs under
climate change scenarios were then used to determine changes, if any, on the future stream

flow over the Dakbla region with respect to the baseline period.

5.2.2 Model Sensitivity Analysis

Prior to calibrating a hydrological model, the sensitivity analysis is a method that analyzes the
sensitivity of different model parameters (Table 5-1) that influence the hydrological model
performance. This method serves to filter those model parameters that either have or have not
any significant influence on the model results. On the other hand, it also aims to reduce the
number of parameters required in the auto-calibration method. Traditional methods of
sensitivity analysis have been classified by Saltelli et al., (2000). They are: (1) Local method
(Melching and Yoon, 1996) (2) integration of local to global method using Random One-
Factor-At-a-Time (OAT) proposed by Morris (1991) and (3) Global methods like Monte Carlo
and Latin-Hypercube (LH) simulation (McKay et al., 1979; McKay, 1988). By studying the
advantages and disadvantages of each of the above methods, van Griensven et al. (2006)
developed the LH-OAT method which performs LH sampling followed by OAT sampling.
This method samples the full range of all parameters using LH design along with the precision
of OAT sampling to ensure that the changes in each model output could be attributed to the
changed parameter. In this thesis study, the LH-OAT design has been coupled to the
ArcSWAT 2005 (described earlier in Chapter 3, Section 3.2) model for the sensitivity analysis
module. In the SWAT model, there are 25 parameters that are sensitive to stream flow, 6
parameters sensitive to sediment transport and other 9 parameters sensitive to water quality. In
this study, sensitivity analysis was performed for 25 parameters of stream flow as listed in
Table 5-1 from which 11 most sensitive parameters were then selected (Table 5-2) for
performing the ‘auto calibration’, which is explained in the following section. Details of the

LH-OAT method are given in the Appendix F2.
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Table 5-1: SWAT Parameters sensitive to stream flow

Group Parameter Description Unit
Sol_Alb Moist soil albedo -
Soil Sol_Awc Available water capacity mm/mm
Sol_K Saturated hydraulic conductivity mm/hr
Sol_Z Depth to bottom of second soil layer mm
Subbasin Tlaps Temperature laps rate °C/km
Epco Soil evaporation compensation factor -
Esco Plant uptake compensation factor -
HRU
Canmx Maximum canopy storage mm H,O
Slsubbsn Average slope length m
Ch_N2 Manning's "n" value for the main channel -
Routing Effective hydraulic conductivity in main
Ch K2 channel alluvium (mm/hr)
Alpha_Bf Baseflow alpha factor days
Gw_Delay Groundwater delay days
Gw_Revap Groundwater "revap" coefficient -
Groundwater Threshold depth of water in the shallow
Gwgmn aquifer for return flow to occur mm H,O
Threshold depth of water in the shallow
Revapmn aquifer for "revap" to occur mm H,O
Biomix Biological mixing efficiency -
Management Initial SCS runoff curve number for
Cn2 moisture condition 11 -
Sftmp Snowfall temperature °C
Smfmn Minimum melt rate for snow during year mm H,0/°C/day
Surlag Surface runoff lag time days
General Data Timp Snow pack temperature lag factor -
Basin
Smfmx Maximum melt rate for snow during year -
Maximum potential leaf area index for land
Blai cover/plant -
Slope Slope -
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5.2.3 Auto-calibration by ParaSol method (Parameter Solution)

The ArcSWAT model has the options to choose either manual or auto-calibration. Calibration
is applied to those most sensitive parameters, specified in Table 5-2, to yield the optimal set of
values for the model parameters which results in the minimum discrepancy between the
observed and the simulated river discharge data. The auto calibration is applied to find the
optimal set of parameters that give the results for the best objective function, described later in

this section. Essentially, this step ensures that the best calibration is attained using a suitable

set of parameters.

Table 5-2: Sensitivity analysis ranking of 11 most sensitive parameters
in SWAT model to stream flow

Sensitivity - .
. - Parameter | Initial | Optimal
Analysis | Parameter Description range value value
Order

1 cn2 Initial SCS runoff curve number 35 - 08 35 96.78
for moisture condition 11

9 ch K2 !Effec'glve hydraulic _conductlwty -0.01 ~ 500 0 150

- in main channel alluvium

3 Sol_Awc Available water capacity 0~1 0.22 0.44

4 Sol_K Saturated hydraulic conductivity 0 ~ 2000 1.95 1873

5 Ch N2 Manning's "n" value for the main 2001-03 | 0014 0.073
channel

6 Alpha_Bf | Baseflow alpha factor 0~1 0.048 0.027

7 Surlag Surface runoff lag time 1~24 4 1

8 Esco Plant uptake compensation factor 0~1 0 0.66
Threshold depth of water in the

9 Gwgmin shallow aquifer for return flow to [ 0 ~ 5000 0 1107
occur

10 Gw_Revap | Groundwater "revap" coefficient 0.02~0.2 0.02 0.17

11 Gw_Delay | Groundwater delay 0~500 31 215

Parameter Solution method (ParaSol) is a built-in auto-calibration model in the ArcSWAT
2005 version (van Griensven and Meixner, 2004). ParaSol operates by a parameter search
method for model parameter optimization followed by a statistical method that was performed
during the optimization to provide parameter uncertainty bounds and the corresponding

uncertainty bounds on the model outputs. The ParaSol method aggregates objective functions
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(OFs) into a global optimization criterion (GOC), minimizes these OFs or a GOC using the
Shuffled Complex Evolution Method (SCE) (Duan et al., 1992) algorithm. A detailed
description of the ParaSol method can be found in the Appendix F and it has also been
documented by van Griensven and Meixner (2004). The optimal values of sensitive parameters

after being calibrated by the ParaSol method are displayed in the last column of Table 5-2.

5.2.4 Results of SWAT model calibration and validation

Using the above methodology, the SWAT model was calibrated to ensure a robust
performance before undertaking stream flow simulations using climate model output. The
coefficient of determination (R?) and the Nash-Sutcliffe Efficiency Index (NSE), mentioned in
Chapter 3, were used as benchmarking indices to assess the goodness of fit of the SWAT

hydrological model.

The calibration and validation graphical results for Dakbla river are shown in Figure 5-2 and
Figure 5-3, in daily (a) and monthly (b) scales, respectively. It is clearly seen in Figure 5-2b
that the simulated peak to peak discharge (on a monthly scale) and the low flow agree well
with the observed data better than the agreement seen on daily scale, due to higher variability
in daily scales. The validation plots, shown in Figure 5-3, indicate that the trend of observed
data is being captured by the simulated flow, although some of the peak to peak discharges are
underestimated compared to observed flow. The values of R? and NSE, shown in Table 5-3
indicate that the comparison indices in daily and monthly scale for both calibration and
validation are around 0.5 and 0.7 respectively. It is considered a good performance of the

SWAT model as the study focuses only on the long term period of a 10 year climatology.

These results also indicate that the hydrological model was well calibrated using the ParaSol
method and that the model was able to reproduce the pattern of the observed stream flow well
enough. This leads to the next stage of the application of the climate model derived rainfall
data to be used for stream flow simulations, as the calibration and validation stages used only

the station data rainfall and temperature.
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Table 5-3: Statistical Indices of model calibration and validation: R? and NSE

Calibration (1981-1990) Validation (1996-2005)
River

Basin Daily Monthly Daily Monthly

RZ | NSE| R?> | NSE| R?> | NSE | R? NSE

DAKBLA| 051 | 053 | 0.72 | 0.74 | 0.45 | 0.43 | 0.73 0.66

53 SIMULATION OF STREAM FLOW OVER THE STUDY REGION FOR
THE PRESENT DAY CLIMATE USING REGIONAL CLIMATE
MODEL OUTPUTS

Chapter 4 discussed the climate model simulations and future climate projections over
Vietnam. Since the hydrological study in this thesis focuses on a catchment area in central
Vietnam, the present day climate patterns and future projections derived from the climate
models over this sub-region catchment alone are discussed briefly here before going into the
hydrological simulations. The region of the catchment is relatively small compared to the
whole Vietnam country region and it is necessary to understand how well the climate models
are able to replicate the climate over a small region as the precipitation and surface
temperature outputs from RCMs over this catchment area are used as input to the SWAT

model simulations.

The mean climate over the present day period 1981-1990 are shown in Figure 5-4 and
Figure 5-5, for temperature and precipitation, respectively. It is to be noted that the spatial
maps for station data alone are not displayed here because there are not enough daily scale data
available for the period 1981-1990. Hence only observation gridded data (CRU, CPC and

APH) are used.
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As mentioned in Section 1.6, there are 2 distinct seasons over the Central Highland region: a
wet (rainy) season (MJJASO) and a dry season (NDJFMA). The wet season is significant as it
experiences 85 % of the annual rainfall and is the main source for flooding over this area.
Hence, discussions of model results will largely pertain to this season. The mean rainy season
(MJJASO) profiles for surface temperature and precipitation are shown in the Appendix F

(Figure F-7 and Figure F-8).

As seen from the temperature distributions (Figure 5-4), both WRF and PRECIS models
provide a good match against the APH dataset. CRU and CPC observations overestimate the
temperature distributions in comparison with APH. The 10 year mean annual precipitation
profiles of the gridded observational data, station data and the regional climate models in
Figure 5-5 show some differences in the spatial distribution. It is also evident that there are
strong observational uncertainties. CRU and CPC overestimate the precipitation intensities of
APH. The gradient distribution is better in APH dataset compared to CRU and CPC because of
its finer resolution of 0.25°. The climate model simulations indicate a reasonable replication of
the gradient distribution in rainfall with WRF/ERA, PRE/ERA, PRE/HAD while WRF/CCSM
follows the pattern and CRU and CPC. WRF/ECHAM overestimates the rainfall profiles.
Similar inferences can be made from the seasonal profiles that are shown in the Appendix F

(Figure F-7 and Figure F-8).

What these spatial results suggest is that there are higher uncertainties in both the
observational dataset as well as the regional climate model simulations at sub-regional scales.
This also suggests that higher resolutions (of about 5-10 km) might be necessary to improve
the simulations over such smaller areas, but still remind us the need for dense observational
networks against which the model performance can be further evaluated. Though further
improvements might be necessary in the model simulations, the results suggest that the climate
model outputs are reasonably good enough to be used for stream flow simulations. This
provides a first-cut understanding of the use of these output and their usefulness for

hydrological studies which have implications of assessment of changes in hydrological
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responses in a future climate.

As the next step, the SWAT model was used to simulate stream flow over the present day
climate period 1981-1990 using the results of the RCM (WRF and PRECIS). The precipitation
and surface temperature variables from the RCM outputs of WRF/ERA and PRE/ERA were
initially used for stream flow simulation, followed by the outputs of WRF/CCSM,
WRF/ECHAM and PRE/HAD. The rationale for doing so is the same as that of the regional
climate simulations — to test the performance of the true climate first and then that of the
GCMs. The daily scale precipitation and temperature derived from the RCMs were bi-linearly
interpolated to the respective rainfall stations (Kon Plong, Kon Tum, Dak Doa) and
meteorological station (Kon Tum). The SWAT model usually takes as input, measured rainfall
data from gauged stations then distributes its values to all of its sub-catchments. Hence, an
interpolation is required to compute the station data (at a particular grid point) when using
gridded data. Thus, linear interpolation is applied in this case. The bilinear interpolation
method is an extension of the linear interpolation for interpolating functions of two variables
on a regular grid and hence this is used to extract precipitation value for a station data, at a grid
point, from the entire gridded data source derived of the RCM output. The same approach is

applied for the surface temperature.

Since the parameters options were fixed in the earlier part of calibration, the SWAT model was
used to simulate stream flow with the same parameter options using the RCM output described
earlier. The results of this stream flow simulation for the present day climate are shown as
annual cycles of stream flow in Figure 5-6. All RCM outputs show a reasonable agreement
against the observed data over the dry season period from December through to April. For the
main flood season (June to November) which occurs and ends one month after the rainy
season, there is an increase in the intensity of stream flow simulated by the WRF model results
and a decrease simulated by the PRECIS model. These correspond to the precipitation
simulations of these climate models discussed earlier by analysing the 2D spatial distribution:

the overestimation of rainfall by the WRF/ECHAM model and the underestimation by
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PRE/HAD. The WRF/CCSM shows a close agreement with the station data whilst
WRF/ECHAM simulates higher orders of stream flow intensities during peak and post flood
seasons. The PRE/HAD also simulates stream flow of a lesser intensity to that of the station
data. However, the stream flow simulation using the WRF/ERA and PRE/ERA gain

significance since these simulations relate to the reanalysis driven ‘true climate’.

ANNUAL CYCLE OF STREAMFLOW AT KONTUM GAUGING STATION
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Figure 5-6: Climatological Annual Cycles of Stream flow
The differences in these model results stem from the different rainfall intensities simulated by
the model and these differences, rather uncertainties, could be probably attributed to these
climate model physics and dynamics, as discussed in Chapter 4. It is clear that these
uncertainties in climate model simulated rainfall estimates influence stream flow simulations.
This is because the uncertainties from the RCMs propagate into the hydrological model also.
The RCMs improve upon the large scale or the global forcing data such as the GCMs, but do

not correct any errors of these forcing data.

The improvement, in other words, the ‘added value’ of the RCMs comes from the fact that
RCMs, at higher resolutions that incorporate detail terrain and local circulation features,
provide more credible estimates of climate at such sub-regional scales. But despite these
uncertainties what should be taken a good sign of model simulations is that the annual/seasonal

cycle is reasonably well reproduced as this is crucial for stream flow assessments. Since the
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overall present day climate patterns of the stream flow simulations were satisfactorily derived
using the SWAT model, it also places confidence that the same RCM outputs can therefore be

used to assess future stream flow using the changes in climate model derived future rainfall.

54  ASCERTAINING CLIMATE RESPONSE
The annual surface temperature and precipitation responses for Dakbla river basin over the
future period 2071-2100 with baseline period 1961-1990 from the three RCM simulations

discussed so far, are displayed in Figure 5-7 and Figure 5-8 respectively.
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Figure 5-7: Annual Surface Temperature response (°C) over Dakbla region
(a) WRF/CCSM (b) WRF/ECHAM (c) PRE/HAD

151N
15N
14.9N 14.9N
14.8N 14.8N
147N 147N
14.8N 14.6N
14.58 (b) 14.58
144N 12.4N
1438 1838
14.2N 142N
141N 1418
14N 14N
13.9N
15.8N
137N

J N
07.BE07. 91 08F1 08.1E08. 2EDE. 3108, 4E08. 5E0R 6E08.7E 07 .BED7. 21 DB 0.1 FO8. 2EDE 3108 . 4E08. 5608 6E08.7F 107.8E07 361 08F1 0B.1 E{18, 2EDE 2€08 4608, 5E08, 6E08. 7E

Figure 5-8: Annual Daily average Precipitation response (%) over Dakbla region
(a) WRF/CCSM (b) WRF/ECHAM (c) PRE/HAD
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The surface temperature response indicates a sharp increase in this region, ranging from 2.6 °C
in WRF/CCSM to 3.7 °C in PRE/HAD. The very high temperature change simulated by the
PRECIS model also suggests high evapotranspiration over this area which might be affecting
the stream flow results due to reduced rainfall, shown in Figure 5-9. The relatively lesser
change simulated by WRF/CCSM and henceforth the differences in the warming trends is
likely due to the different climate sensitivities of these global models: CCSM, ECHAMS5 and
HadCM3. The CCSM3.0 is considered a lower climate sensitivity model, meaning a lesser

warming trend than that of the other models (IPCC, 2007a).

The WRF simulations indicate a precipitation response which shows an increase of about 10 %
to 40 % whilst PRECIS simulations show a minor decrease of less than 10% over the study
area. This suggests a peak discharge (increasing trend for WRF and minor decrease for
PRECIS model) during rainy season as displayed in Figure 5-9. When compared to the
precipitation change (increases) of the WRF/CCSM and the WRF/ECHAM models, the
relatively opposite signal of change in the PRECIS model could also be attributed to the
climate sensitivity of the GCM HadCM3 which was used to drive the PRECIS model.
However, should the WRF model be driven with the GCM HadCM3 (data not available as
mentioned in Chapter 3), this change factor in precipitation could be better corroborated. This

remains as an uncertainty in rainfall projections as such.

As mentioned earlier, data availability for 20 years (for calibration and validation parts of the
SWAT model) curtailed stream flow simulations to 20 year period. Such 20 year simulations
are generally considered good enough for hydrological studies and similar studies have been
done and documented by Hay et al, (2002) and Graham et al, (2005). However, the RCM
derived precipitation and temperature climate change factor between future 2071-2100 and
present day period 1961-1990 (future minus present day) is added as the ‘delta factor
approach’ to the precipitation and temperature data from the selected meteorological stations
to calculate the future response in stream flow over Dakbla catchment. This delta factor

method is usually practiced by impact modellers because the difference between the future and
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present day model output cancels the biases in the model output and yields the clear signal of
climate change (Sushama et al., 206, Andersson et al., 2006). Since the RCM simulations are
not as perfect as the station data, this climate change delta factor information is added to the
station data time series, since the best available record of precipitation and surface temperature
are the station data. Since model biases in stream flows are also evident from Figure 5-6, this
delta factor approach attempts to overcome the limitation of model biases propagating into the
hydrological model and thus use only this ‘climate change’ information over the future. The
addition of this climate change factor to the station data time series gives a ‘new’ time series of
station rainfall, which incorporates the changed future conditions of climate. This change
factor added station rainfall was then used as the input to the SWAT model to simulate future

stream flow.

It is reminded again that the RCM outputs from WRF/CCSM, WRF/ECHAM and PRE/HAD
were used for simulating future stream flow, as these are the sources of future climate

information, downscaled by the two regional climate models.

ANNUAL CYCLE OF STREAMFLOW AT KONTUM GAUGING STATION
FUTURE CLIMATE

400

.o | —BASELINE

—WRF/CCSM3.0
300

—WRF/ECHAMS /,A

N
wu
(=]

PRECIS/HADCM3 // \\

Streamflow (m3/s)

] e AN
V

50 N

12

Figure 5-9: Future stream flow over Dakbla (compared to baseline stream flow)
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The Figure 5-9 shows the stream flow thus derived over the river basin Dakbla using different
RCMs. For clarity in comparison, the present day stream flow (shown as ‘baseline’) is overlain
on the future estimated stream flow that used the change factor as discussed above. Results
from both WRF model outputs indicate that the future stream flow is expected to increase by
nearly 60 % in total annual discharge whilst it decreases by 3% using PRECIS model output.
During the dry season period, the WRF/ECHAM suggests an increase of 47 % and
WRF/CCSM also shows an increase, but by 70%. PRE/HAD indicates a negligible decrease.
The flood season (JJASON) shows a sharp increase with WRF/ECHAM indicating an increase

of about 67% and WRF/CCSM by 53% while a reduction is simulated by PRE/HAD, of 4%.

5.5 SUMMARY AND CONCLUSIONS FROM THE HYDROLOGICAL
SIMULATIONS

Existing research studies indicate uncertainties in climate projections stemming from global
climate models and different emission scenarios of climate change. Since global climate
outputs have been found insufficient for regional and local impacts, it has been realized that
adaptation measures to climate change requires high spatial resolution information and hence
the use of regional climate models in climate research has become common. Impact studies
are widely conducted and make use of the information derived from such regional climate
models. Since hydrology is one of the most common impact studies, this chapter highlighted
the importance of high resolution models in impacts research and the use of sophisticated

optimization algorithms when applying hydrological models.

In this study Rainfall derived from climate model has been applied to a hydrological model
(SWAT) which was calibrated with ParaSol method and its simulated discharges were
compared with their observed counterparts. The performance of the model using station data
rainfall has been found satisfactory and hence the model derived rainfall were also used to see
assess stream flow simulation over the current and future climate. Using the RCM outputs, the
present-day and future stream flows were also simulated. Results show that, over the Dakbla

river basin, the future stream flow, especially during the rainy season is expected to increase,
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which has implications not only for flood mitigation measures but also for water resources
management, hydropower and agriculture. However, much more work is required to improve

the confidence in these results.

Although the findings from the modelled results have been mentioned in the earlier section,
some uncertainties in these many results also deserve a hearing. At the outset, the need for
dense and robust observational networks cannot be ignored and it also needs to be stressed that
better quality of station data will certainly improve the findings. Remote areas need to be
equipped with more observational networks and measurements. In addition, further higher
resolution simulation of the RCMs may be required to obtain more credible estimates of
present day and future precipitation. Since this result has been obtained only from a few RCM
simulations of future climates, it is recommended to obtain an ensemble estimate of future
climate change by downscaling more GCMs or by using perturbed initial conditions to the
RCM to derive multiple estimates of climate. The hydrological simulations using the results of
thus derived ensemble climate simulations will add to the confidence of such a hydrological
impact study. Further developments in the RCM model physics and dynamics might also help
to see larger improvements in the climate simulations, yielding a better quality of RCM
outputs, which in turn might improve the hydrological simulations. Yet again, the dense
observations, cited earlier, will supplement the evaluations of the model performance.
Therefore, it is evident that all these uncertainties are sort of inter-linked to each other and this

is a clear example of a cascade of uncertainties mentioned in Chapter 1.

As to some uncertainties from the hydrological model, improved spatial data such as the DEM
might help to improve the stream flow simulations since the current version was mapped a few
years ago, in 2005. Other than the ParaSol method which was used for calibration, a few other
auto-calibration methods which are coupled to SWAT-CUP model (SWAT Calibration
Uncertainty Procedures, Abbaspour, et al., 2007) might give more possible outcomes which
could help to understand a wider range of uncertainties. However, performing these methods

themselves are comprehensive exercises that entail lot more sensitivity studies and
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experimentations. Hence, these are as such beyond the scope of this thesis, yet possible future

research work.

However, the research findings from this study are still useful as they yield some ‘new’
information that might be an inkling within wider and larger changes to come. This is because
this study yet remains as one of the first detailed RCM studies undertaken over this region
which provide preliminary possible future climate change information to policy makers. As
these several uncertainties will be constrained down the road due to improvements in the
modelling areas, those plausible wider and larger changes, probably, could be re-assuring to be

used for further assessments of future changes.
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CHAPTER 6 CONCLUSIONS & RECOMMENDATIONS

6.1 SUMMARY

Before concluding this thesis with a recap of the research objectives, the overall methodologies
and the main findings, it is useful to recall that climate change is occurring at an alarming
level. At the Cancun United Nations Climate Change Conference held on December 11, 2010,
agreements were made that represented key steps forward in capturing plans to reduce
greenhouse gas emissions and to help developing nations to protect themselves from climate
impacts and be able to build their own sustainable futures. One of the key objectives of this
meeting was to establish clear goals and a timely schedule for reducing human-generated
greenhouse gas emissions over time to keep the global average temperature rise below 2 °C,
because even that magnitude of increase in surface temperatures is likely to cause harsh
impacts on different climate regimes and human population, leading to several changes to

natural resources, bio-diversity, health and economy (http://www.unfccc.int).

The IPCC has been publishing its assessment reports every 5-6 years since 1990, but its Fourth
Assessment Report, which won the Nobel Peace Prize in 2007, brought to the world’s centre
stage the hot issue of climate change and the necessity to combat climate change and its
impacts in a war-footing. There has been a long debate on how this should be done and with
time running out, the developing nations are hard hit who are naturally more vulnerable to
climate change and its impacts.

Climate projections using global and regional climate models have been giving us idea of
future likely changes and regional climate projections are now widely considered to be more
credible in their estimates of future climate changes. GCMs have proven to be useful tools for
simulating and understanding the past and present global climates, but for many regional and
local climate impact studies, the GCM large scale information is insufficient to provide useful
information due to its coarse spatial resolution. This is because the impact models require high

resolution data at regional and local scales. This problem is compounded by considerable
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uncertainties in the future projections of certain crucial climate variables, notably precipitation,
highly variable in space and time. Hence, the demand for higher spatial resolution regional
climate information has been steadily increasing. To overcome this problem, regional climate
modelling or dynamical downscaling that uses a high resolution climate model for climate
simulations over a desired region has become a wide research area in the climate sciences.
Chapter 1 has already outlined this method of applying regional climate models and their
‘added value’ in climate simulations. Banking on such an ‘added value’ of using RCMs, this
thesis has undertaken high resolution regional climate modelling using two widely used
RCMs: WRF and PRECIS.

It has also been cited earlier that Southeast Asia remains as one of the highly climate
vulnerable regions in the world. Many countries within Southeast Asia suffer from dearth of
scientific expertise, technical knowledge and the resources to delve more into this climate
science. This in turn leads to limitations in understanding climate and its impacts at regional
and sub-regional scales, thereby not being able to devise suitable adaptive measures, putting
both people and eco-system in peril. The country Vietham was chosen in this study as the
focus of research, owing to its high vulnerability and its background as a developing nation
limited in scientific know-how and battling a struggling economy.

The main objectives of this thesis have been two folds: (1) to provide ensemble high resolution
regional climate projections and (2) to assess future hydro-climate response over a particular
catchment in the Central Highland region of Vietnam. Chapter 1 has already briefed about the
Vietnam region and the catchment of study. Recent studies of the ADB and EEPSEA have
marked Vietnam, within Southeast Asia, as highly vulnerable owing to factors such as floods,
droughts, sea level rise, risks to farming/agriculture and weakening economy. Vietnam is the
second largest exporter of rice in the world, has a vast bio-diversity, is a part of the Lower
Mekong basin with extensive farming and hosts the Mekong delta that is prone to impacts
from sea level rise. To date, very few studies focusing climate change and its impacts on

Vietnam have been done, some of them mentioned in Chapter 2.
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While some technical introduction to the climate and hydrological models and the data were
dealt in Chapter 3, the ensemble regional climate projections were discussed in Chapter 4 and
the hydrological response study was discussed in Chapter 5. As the next section, once again,
highlights the main findings from this study, it needs to strongly reminded and stressed that
this study applies 3 different GCMs (CCSM3.0, ECHAMS5 and HadCM3) under one particular
emission scenario of future climate change, A2, that have been downscaled by two different
RCMs: WRF and PRECIS. This is indeed one of the first-of-its-kind studies over Vietnam that
used such an ‘ensemble’ approach to study climate and its change and thus remains as one of
the important contribution to the climate science research in Vietham whose findings could be

useful in policy making for adaptation to climate change.

6.2 MAIN FINDINGS AND CLIMATE CHANGE IMPLICATIONS FROM
THE DYNAMICAL DOWNSCALING STUDY
In a nutshell, the results can be summarized thus. A steep increase in surface temperatures of
more than 3 °C over all climatic zones is likely and rainfall is also likely to increase over all
climate zones in Vietnam. The S5, S6 and S7 regions are likely to be wetter than the rest of the
regions, indicating inundation risks, especially over the Mekong Delta region in S7. Some
areas could also experience drought conditions, especially during the DJF season over the S1
and S2 regions in the north and during the DJF/MAM seasons in the S6 region, since the
rainfall changes show mixed trends. Broadly, the ensemble projections on the annual and the
seasonal scales are shown in Table 6-1, for temperature (T) and precipitation (P), since Chapter
4 has already discussed the changes on both annual and seasonal scales for different models

(Refer Table 4-3).

From Table 6-1, it can be seen that the annual temperature increases in all regions from S1 to
S7 with about 3.4 °C over S1, S2 and S3 regions and about 2.9 °C over S5. Highest increases
are during the summer JJA over S1 and S2 (3.9 °C) and lowest is during winter DJF over S5
(2.5 °C). The annual rainfall is expected to increase over all regions in Vietnam. Wet seasons

(JJA and SON) have higher increases compared to the dry seasons (DJF and MAM) in all
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regions. SON is the season that has the highest increase of rainfall among all regions except
S7.

It is found that the North West Vietnam region S1 has a quite varied trend as it shows no
change in rainfall for the winter DJF period and it is heeded to be mentioned here that DJF has
minor effect over this region because of the Hoang Lien Son mountain range block the
monsoon wind. The result shows slight increase in rainfall during southwest monsoon JJA
(8%), while the annual increase is about 15 %. This could be explained only by analysing the
changes over the other seasons where it is seen that the SON season shows a steep increase of
84 %. This implies that a slight transition of the rainy season by the end of the 21% century
towards the SON season rather than JJA. This important finding could alert the local
authorities for planning their activity towards impacts and adaptation. Temperature in this
region tends to increase about 3.4 °C all year round and the hot summer is expected to increase
by nearly 4 °C.

In a similar pattern over S1, the North East region S2 also is likely to experience a temperature
increase all year round with a peak (3.9 °C) during the summer JJA season. Precipitation
changes indicate an annual increase by 10% and a seasonal decrease in JJA season by 1.8%;
however, it soars up during the SON season by 85 %.

The Red river delta S3 region is also likely to experience similar patterns of temperature
changes as compared to the S1 and S2 region. Rainfall trends are mixed showing an annual
increase by about 16 %, minor decreasing trends during JJA season (4%) and an increase
during the SON season by 70%. These changes indicate that there is a need to alert local
people to prepare against inundation because the S3 region is located at the river mouth of Red
river and hence an increasing rainfall during the SON season for S1, S2 regions will make the
conditions worse.

An annual increase in rainfall over the North Centre S4 region is nearly the same as S1 and S3
(16 %) but the increase over the SON season is only about 48 %, lower than S1, S2 and S3
area. In addition, the increasing trend in rainfall is likely in all seasons implying wet conditions

all year round over this region. Historically, the Central region of Vietnam has been known
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prone to flood for a very long time. People over this region have been learning to adapt to
“living with flood” and they need more support from Vietnam’s government during this
flooding period. This study shows that this area may experience higher than normal rainfall
intensity during this season. Once again, the local authority may be required to prepare for
adequate adaptive measures.

The effect of southwest monsoon during the JJA season and the high topography at Hai Van
pass creates huge differences in rainfall over the South Central region S5 as compared to S4.
Percentage increases of 21 % in JJA and 37 % in SON contribute to the wetter conditions on
an annual scale over S5. Thus, it could lead to high chances of flood exposure over this area
during the rainy season. Temperature in S5 also increases with annual scale of 2.9 °C but with
lesser magnitude compared to the north (3.4 °C).

The Central Highland region of Vietnam S6 expects high annual temperature change (3.1 °C)
compared to its surrounding area (S5 and S7) despite its high topography. Highest change is
during MAM (3.3 °C) which is the peak of the dry season, implying probable worst conditions
for drought. The S6 is currently exposed to severe drought during the dry seasons (DJF and
MAM) and floods during the wet seasons (JJA and SON). The ensemble results from this
study show an increase in annual rainfall by 20 % with very high increases during the rainy
seasons in JJA (21 %) and SON (35%) and nearly no increase in rainfall during the dry seasons
of DJF (2.4%) and MAM (1.4%). It is likely that the drought situation might not be improved
by the end of 21* century whilst the flood situation may worsen.

Southern Vietnam S7 has the same characteristics as that of the S6 region with an annual
rainfall increase of 21.6 % with higher increases during JJA (34.3 %) and SON (25.4 %)
seasons. This area is also located at the downstream of the Lower Mekong Basin and therefore
is affected from water usage from the upstream area as such during the dry season when it
might face risks from drought. Besides that, flooding from heavy rainfall during the rainy
season and the influences of tidal backwaters due to its low topography is typical. Hence, the
increasing rainfall and any sea level rise due to climate change may contribute severely to

flooding over southern Vietnam.
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It is such that Vietnam is quite diverse in its climate and topography, experiencing annual and

seasonal flooding in some parts while drought batters some areas. With both tropical and sub-

tropical climates existing over the North and South regions and hosting high mountains, the

climate over these regions, make Vietnam more difficult in its climate regime. In a concise

summary, the main findings from this study show the projected changes in the future climate

of temperature and precipitation from the ‘ensemble’ modelling experiments. Alongside likely

impacts, some key implications due to climate change are also drawn.

Table 6-1: Summary for policy makers: VIETNAM REGION

Region Season | T P Likely Climate Change Sectors affected
(°C) | (W) Impacts
Ann 3.4 14.6
Increased annual rainfall Agriculture and
DJE 3.0 01 Highest rainfall increased Food security
during SON season Hydropower
Sl MAM | 32 | 141 Drought during northeast Rural
NORTH
V(\?EST monsoon development
JIA 3.9 7.9 Warm winters and hot Environment and
summers biodiversity
SON 35 | 836 Shifting in rainfall season
Ann 34 | 10.0
Increased annual rainfall
DJE 33 16 Highest rainfall increased Agriculture
during SON season Forestry
S2 MAM | 31 | 105 Drought during northeast Rurel
NSAI?STFH MONSoon development
JIA 3.9 -1.8 Warm winters and hot Environment and
biodiversity
summers
SON 35 | 8.1 Shifting in rainfall season
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Ann 34 | 158
r | a2 | o3 Highest rainfall increased Agriculture and
' ' during SON season Food security
S3 MAM | 31 | 212 Warm winters and hot Aquaculture
RED ' ' SUMMErs Water resources
RIVER Sea level rise and saltwater Urban and Rural
DELTA VA |38 ) 40 development
intrusion in Red river delta P
SoN | 34 | 714 | * Shifting in rainfall season Public health
Ann 3.2 16.4
Increased annual rainfall
Likely massive flooding
DJF | 29 | 49 during SON season. Agriculture and
s4 Likely Sea level rise and food security
MAM | 3.1 | 147 i ion i Rural
NORTH saltwater intrusion in
CENTRAL coastal area development
; ; Public health
JIA 36 30 Landslide potential _
Steep increase in Transportation
temperature
SON | 32 | 473 Likely Drought conditions
Ann 29 | 20.9 Increasing rainfall all year,
especially, JJA and SON
DJF 2.5 7.9 Increased flooding Agriculture and
Likely Sea level rise and food security
S5 MAM | 30 | 338 saltwater intrusion in Rural
SOUTH coastal area development
CENTRAL | Joa 32 | 210 Landslide potential Public health
Mild increase in Transportation
SON 29 | 36.6 temperature

Likely Drought conditions
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Ann 31 | 194 Agriculture and
food security
DJF 2.8 2.4 | ® Increased rainfall all Hydropower
seasons Rural
S6 MAM 33| 14 | e Increase flooding potential development
CEl_I:I IEFIQ_IAL e Less rainfall during dry Forestry
LAND JIA 33 | 2038 season and increases in Environment and
temperature leading to biodiversity
severe drought. Water resources
son | 31 | 348 Public health
Ann 3.1 | 216
Agriculture and
DJE 31 | 181 | ® Increased rainfall in all food security
seasons Agquaculture
e Severe flooding Water resources
> WAME| 33 e e Sea level rise and saltwater Urban and Rural
SOUTH intrusion in Mekong delta development
NA | 32 | 343 | e Highestimpact from Environment and
warming biodiversity
Public health
SON 3.0 25.4
6.3 MAIN FINDINGS AND IMPLICATIONS FROM THE

HYDROLOGICAL STUDY

The Dakbla river basin, which is a small catchment located on the Central Highland region of
Vietnam, is also facing similar climate change trends as discussed in the earlier section. As
seen in Table 6-2, the surface temperatures (T) are likely to rise to about 3.1 °C on an annual
scale, while the rest of the seasons could also see similar increases. Since catchment scale
hydrology is dealt with here, the annual rainfall (P) is likely to show an increase of 30 % that

leads to an increase in the annual stream flow by nearly 40 %. During the rainy MJJASO
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season, rainfall increases about 36 % are likely that might result in about 44 % increase in total
stream flow during the flooding season. Whilst the increase in rainfall in dry season is not
much, about 12 % of that might raise the stream flow discharge (Q) to 25 %. This change also
implies that the stream flow magnitude tends to increase a lot during the rainy season that may
threaten the low lying areas with a flooding scenario. For simplicity, the seasons are
collectively represented in the table [(May through to October) and (November through to

April)] as the rainy seasons overlap between months in a year over this small region.

Table 6-2: Summary for policy makers: DAKBLA REGION

Region Season T P Q Likely Climate Sectors affected
(°C) | (%) | (%) Change Impacts

» Agriculture & food
security

Annual 3.1 (300|387 e Increased annual and
seasonal rainfall

) ) » Hydropower
¢ Higher increase rate
i ) » Rural development
during rainy season

MJJASO | 3.3 | 36.0 | 43.6 > Forestr
DAKBLA leads to severe flood _ Y
» Environment &
e Increased Lo
biodiversity
temperature

» Water resources

Increased stream
NDJFMA | 30 [125 (254 | °® > Public health

flow

6.4  THESIS CONTRIBUTION

As major contributions to this thesis work, the following are enumerated.

¢ Contributed significantly to the climate science over Vietnam where very few studies
exists on climate research

¢ Provided a higher level of confidence to climate projections due to ‘Ensemble approach’

e Improved understanding of likelihood of uncertainties in impact studies — range of
possible outcomes

¢ Hydrological impact study over a small catchment, done for the first time over Dakbla
river basin.
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6.5 CONCLUSIONS AND FUTURE WORK

A systematic study of the future climate predictions using both regional climate models and a
hydrological model has been thus performed. Possible climate change estimates have been
pronounced for both the Vietnam region as a whole and over a small catchment in central
Vietnam where the hydrological response has also been ascertained and thus the aims of this

research study have been achieved.

While addressing the confidence in dynamically downscaled model results, it should be borne
in mind the several uncertainties that exist in a ‘long cascade of uncertainties’ right from
global climate models through to regional climate models and impact models. Since dynamical
downscaling has been the main research methodology in this study, some uncertainties that
pertain to RCMs might need to be understood, at the same time, it is once again noted here that

quantification of RCM uncertainties is not within the scope of this thesis.

As cited in Chapter 3, the study begins with a strong premise that RCMs are good tools for
downscaling. However, the usual uncertainties within RCMs largely come from the model
physics options. Although a best set of such options have been chosen at this stage for this
thesis, it cannot be denied that rooms for further improvement in the model physics and
dynamics exist and it lies with the model developers and modelling community to pursue these
efforts. Such developments in the future might improve model simulations close to reality to
be able to pronounce even more credible results. As of now, these results remain as some new
information that has come out from this comprehensive ensemble high resolution regional
climate modelling study. Therefore, these findings are indeed useful for policy makers and
stake holders as a first step in a longer series of future projections to come — from both a

continued work of this research and from the research community.

There is also a further need for a systematic evaluation of propagation of uncertainty in the
climate response through the use of hydrological models as these models take as input, the
output from the RCMs. This, again, is beyond the scope of this research thesis but is essential

to determine the full extent of climate impact uncertainties in the water resources sector. It is
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highly useful to apply the ‘delta’ factor approach for RCM estimates in impact studies, as done
in this study and the method discussed earlier in Chapter 5. This method removes the biases in
the model estimations of precipitation and the determined delta factor can be taken as ‘new’
information along with the ‘added value’ information which is very appropriate for use in
ensemble RCM simulations. Hence, the hydrological response determined over the Dakbla
catchment is also a first step in delivering climate change responses, whose results have come
from one of its first kind of studies, as done in this research. Future research could use even
higher resolution RCM simulations of about 5-10 km to see improvements in spatial and
temporal distributions of climate variables, especially precipitation that could see
improvements in the hydrological simulations also. This, however, remains as continued work

of this thesis.

Although the climate responses of the surface temperature show good agreement amongst all
the three RCM simulations, rainfall has shown mixed trends. This primarily highlights the
sensitivity in simulating a variable so highly variable in space and time. Of course, future
RCM improvements may help to see better representation of the precipitation variable. Hence,
there is higher confidence in temperature projections than is in precipitation. However, the
‘ensemble’ projections have clearly indicated increases in rainfall distributions all over
Vietnam. This alone needs to be taken by policy makers as a mark of confidence. This
argument is also applicable for extension to the hydrological responses as they have been
derived using these RCM results. Such an analogy in taking the ‘ensemble’ results for
consideration for policy makers can be seen from a similar approach of the IPCC (Refer to

Appendix A, Figure A-1).

Drawing some concluding remarks, it can be said that although much of improvements in
modelling and future climate scenarios are underway, it is essential to remember that climate
models projections are more a likely snap shot of both possible and plausible changes in the
future and are not final answers as such. Technical advancements in the coming years could

augment the use of high resolution climate simulations to yield much more realistic and
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credible simulations of climate. This could pave way for even realistic climate simulations due
to enhanced topography at finer resolutions. Impacts studies might then be scaling even higher
that a larger number of ensembles than done in this thesis could materialize easily without
much of technical and time constraints. Hence, running different RCMs driven by the same
number of GCMs and run the same RCM with different GCMs are likely to provide robust

multiple ensembles of probabilistic scenarios of climate change in the future.

Given that many models will be used for climate projections, it stays with the modelling
community to constrain uncertainties in models such as their physics and dynamics,
incorporation of complex processes, inclusion of land use changes and atmospheric chemistry
and simulations of extreme events, to make climate projections more reliable and useful for

impact studies.

As scientific research is very much in that direction, future research work could throw light on
more robust projections of climate change and its impacts. As these remain important tasks for
the modelling and scientific community, the findings from this thesis serve as a tip of the ice
berg in climate projections for Vietnam and the need for much more detailed research in this

Southeast Asian context is very evident from this research.
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APPENDIX A

Table A-1: List of the GCMs used in IPCC AR4 MMD

LIST OF GCMs OF THE IPCC AR4 MMD

Atmosphere Ocean
No Model Sponsor(s)/Country Resolution Resolution
1 BCC-CM1 Beijing Climate Center, T63 (1.9° % 1.9°) 1.9° x1.9°
(2005) China L16 L30
9 BCCR- Bjerknes Centre for Climate | T63 (1.9° x 1.9°) 1.5°x 1.5°
BCM2.0 (2005) | Research, Norway L31 L35
T85 (1.4° x 1.4°) 1.0°x 1.0°
3 CCSM3 (2005) | NCAR,USA L26 L40
TA47 (2.8° % 2.8°) 1.9°x1.9°
4 CGM3.1 (2005) | CCCMA, Canada L31 129
T63 (1.9° x 1.9°) 0.9°x1.4°
5 CGM3.1 (2005) | CCCMA, Canada L31 L 29
6 CNRM-CM3 Meteo-France/CNRM, T63 (1.9° x 1.9°) 2.0°x 2.0°
(2004) France L45 L31
CSIRO MK3.0 . T63 (1.9° x 1.9°) 0.8°x1.9°
7 (2001) CSIRO, Australia L18 L31
8 ECHAM/MPI- | Max Planck Institute for T63 (1.9° x 1.9°) 1.5°x 15°
OM (2005) Meteorology, Germany L31 L40
Meteorological Institute of
9 ECHO-G Bonn, Meteorological T30 (3.9° x 3.99) 2.8°x2.8°
(1999) Research Institute of L19 L20
Korean Met Agency
National Key Laboratory of
Numerical Modelling for
FGOALS-gLo | Atmospheric Sciencesand | 147 5 gox 9 gs) | 1.0°x 1.0°
10 (2004) Geophysical Fluid L26 L16
Dynamics (LASG)/ Institute
of Atmospheric Physics,
China
US Dept. of
11 GFDL-CM2.0 Commerce/NOAA/GFDL, | 2.0°x25°L24 1.0°x 1.0°
(2005)
USA
US Dept. of
GFDL-CM2.1 Commerce/NOAA/GFDL, o o o o
12 (2005) USA (with semi-Lagrangian 207 x25% L24 107x 1.0

transport)
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Continued...

GISS-AOM o o 3.0°x 4.0°
13 (2004) NASA/GISS,USA 3.0°x4.0°L12 L16

GISS-EH o o 2.0°x 2.0°
14 (2004) NASA/GISS,USA 4.0° x5.0° L20 L16

GISS-ER o o 4.0° x 5.0°
15 (2004) NASA/GISS,USA 4.0° x5.0° L20 L13

INM-CM3.0 Institute of Numerical o o 2.0°x 25°
16 (2004) Mathematics, Russia 4.0°x5.0° L2l L33

IPSL-CM4 Institut Pierre Simon o o 2.0°x2°0
17 (2005) Laplace, France 2.57x 375" L19 L31

Center for Climate System

MIROC3.2 | pocearchs National Institute | T106 (1.1° x 1.1°) | 0.2° x 0.3°
18 | high resolution f . .

(2004) or Environmental Studies, L56 L47

(CCSR/NIES), Japan

MIROC3.2

medium T42 (2.8° x 2.8°) 1.4°x 1.4°
19 1 resolution CCSR/NIES, Japan L20 L43

(2004)

MRI- Meterological Research T42 (2.8° x 2.8°)
20 | CGCM2.3.2 Institute. Japan L30 ' ' 2°x25°123

(2003) » 2ap

T42 (2.8° x 2.8°) 0.7°x1.1°

21 | PCM (1998) NCAR/USA L26 L40

UKMO- Hadley Centre for Climate 1.95° x 1.95°
22 | HadCM3.0 Prediction and Research, 2.5° % 3.75° L19 L.20 '

(1997) Metoffice, UK

UKMO- Hadley Centre for Climate 1.0° % 1.0°
23 | HadGEM1 Prediction and Research, 1.3°x 1.9°L38 L.40 '

(2004) Metoffice, UK
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Figure A-1: Temperature and precipitation changes over Asia from the MMD-A1B simulations.
Top row: Annual mean, DJF and JJA temperature change between 1980 to 1999 and 2080 to 2099, averaged over 21 models. Middle row: same as top, but for
fractional change in precipitation. Bottom row: number of models out of 21 that project increases in precipitation. Black Box indicates ensemble model results.
[Adapted from the IPCC, 2007]
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APPENDIX B IPCC EMISSION SCENARIOS

[Source: IPCC, 2001]

The IPCC has developed multiple scenario families to explore the uncertainties behind
potential trends in global developments and GHG emissions. The IPCC decided that narrative
storylines, based on the futures and scenario literature would be the most coherent way to

describe their scenarios, for the following reasons:

e To help the team to think more coherently about the complex interplay between
scenario driving forces within and across alternative scenarios and to enhance the
consistency in assumptions for different parameters.

e To make it easier to explain the scenarios to the various user communities by
providing a narrative description of alternative futures that goes beyond quantitative
scenario features.

e To make the scenarios more useful, in particular, to analysts contributing to IPCC
Working Groups Il (Climate Impacts, Adaptation and Vulnerability) and Il
(Mitigation of Climate Change). The demographic, social, political and technological
contexts described in the scenario storylines are all important in the analysis of the
effects of policies to either adapt to climate change or to reduce GHG emissions.

e To provide a guide for additional assumptions to be made in detailed climate impact
and mitigation analyses because at present no model or scenario can possibly respond
to the wide variety of informational and data needs of the different user communities

of long-term emissions scenarios.

The different story lines developed by the IPCC are described in brief below.

Al - The Al storyline and scenario family describes a future world of very rapid economic
growth, global population that peaks in mid-century and declines thereafter and the rapid

introduction of new and more efficient technologies. Major underlying themes are
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convergence among regions, capacity building and increased cultural and social interactions
with a substantial reduction in regional differences in per capita income. This family develops
into three groups that describe alternative directions of technological change in the energy
system. The three Al groups are distinguished by their technological emphasis: fossil-
intensive (ALlFI), non-fossil energy sources (ALlT) or a balance across all sources (AlB)
(where balanced is defined as not relying too heavily on one particular energy source, on the
assumption that similar improvement rates apply to all energy supply and end use

technologies).

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

technological change more fragmented and slower than other storylines.

B1 - The B1 storyline and scenario family describes a convergent world with the same global
population that peaks in mid-century and declines thereafter, as in the Al storyline, but with
rapid change in economic structures toward a service and information economy, with
reductions in material intensity and the introduction of clean and resource-efficient
technologies. The emphasis is on global solutions to economic, social and environmental

sustainability, including improved equity, but without additional climate initiatives.

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

equity, it focuses on local and regional levels.
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APPENDIX C  PHYSICS PARAMETERIZATIONS IN RCMs
AND COMPUTATIONAL RESOURCES

The various physics options or otherwise, parameterizations, are described briefly below and
the choices of such parameterizations used for the two regional climate models WRF and
PRECIS are tabulated in Table C-1. Detailed documentations of all the parameterizations of

WRF and PRECIS can be obtained from their respective websites cited in Chapter 3.
Precipitation Physics
1. Cumulus Convection Schemes

Cumulus Convection in the atmosphere is an important physical process that is
responsible for precipitation as well as vertical transport of heat and moisture and
needs to be realistically represented in the model. The horizontal scale of cumulus
clouds are of the order of 0.1-10 km. Therefore, models whose grid sizes are of the
same order can directly resolve the cumulus clouds without the need for cumulus
parameterizations. On the other hand, the grid spacing of synoptic forecast models
such as WRF and PRECIS are greater than the sizes of cumulus clouds. Therefore, it
becomes totally impracticable to resolve them in any numerical model of large-scale
circulation. Instead, the collective influence of clouds within a larger area is
formulated or parameterized in terms of the large scale environmental variables. This
is called as the cumulus parameterization more often referred to as cumulus convection

parameterization or cumulus convection schemes.
2. Explicit Moisture Physics Schemes

These schemes are activated when grid-scale saturation is reached in model
simulations. In simple terms they remove super saturation as precipitation and add
latent heat to the atmosphere. While the convection scheme represents the subgrid-
scale transports by updrafts and downdrafts and produces convective rainfall, the

explicit moisture scheme acts on the grid-scale averaged mesoscale clouds produced
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by the air which is detrained by the parameterized convection and produces the

mesoscale or the non-convective precipitation.

Land Surface Schemes

An important option available in WRF and PRECIS, land surface models govern the
land and atmosphere interactions and simulate the land surface and soil variables of
moisture (both liquid and frozen), soil temperature, skin temperature, snow pack
depth, snow pack water equivalent (and hence snow pack density), canopy water
content and the energy flux and water flux terms of the surface energy balance and
surface water balance. Many of these variables are important to assess soil and
hydrologic properties. The ground temperature, which is a key parameter amongst land
surface variables, is based on heat budget using radiative fluxes and surface-layer

properties.

Planetary boundary Layer

It is the lowest part of the atmosphere and its behaviour is influenced by its contact
with the ground surface. It responds to surface forcings in a timescale of an hour or
less. In this layer, physical quantities such as flow velocity, temperature and moisture
exhibit rapid fluctuations (turbulence) and vertical mixing in the atmosphere is strong.
Physical laws and equations of motions, which govern the planetary boundary layer
dynamics and microphysics are strongly non-linear and are strongly influenced by
properties of the earth's surface and evolution of the processes in the free atmosphere.
Clouds in the boundary layer influence trade winds, the hydrological cycle, and energy

exchange.

Radiation schemes

The radiation schemes govern the different fluxes in the atmosphere, namely, the short
wave and long wave, downward and upward. Since the earth’s radiation budget is

defined by physical laws, the incorporation of appropriate radiation equations and their
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interactions with the ground surface, atmosphere, clouds and other physical features of

the climate system is important.

Table C-1: Physical Parameterizations for WRF and PRECIS models

Parameterizations

Physics options used in

Physics options used in

WRF PRECIS
Cumulus Physics Grell Gregory and Rowntree
Explicit Moisture Physics Thomson Smith
Planetary Boundary Layer Yonsei University Smith

Radiation (Shortwave and
Longwave)

RRTMG

Martin and Jones

Land Surface Model

NOAH

MOSES

The table above indicate what options were chosen for WRF and PRECIS models from similar

many other options available. It is also reminded here that unlike WRF, PRECIS has a fixed

set of parameterizations (as cited in the table) that cannot be changed. The references and

additional information for these schemes are described in detail in their technical manuals

available from their websites.

Table C-2: Detailed description of the computer resources

. Time for
Model Computer system Details of 1 year Number of Storage
processors . X years
simulation
WRF NUS HPC 12 nodes, 96 CPUs | 2.0 days 150 108
gb/year
PRECIS Work station 16 CPUs 1.2 days 90 30
gb/year
SWAT PC 4 CPUs fast 80 -
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Parallel has been applied using MPICH (Message Passing Interface CH). Linux based
supercomputer environment. Sun Grid Engine (SGE) and also Load Scheduler Facility (LSF)

used for job submissions and cluster programming.
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APPENDIX D

VIETNAM STATION DATA

The table below is a list of stations distributed over Vietnam from where observed

precipitation and temperature data were taken for comparison of model results discussed in

Chapter 4 and Figure D-1 is the same as that shown in Chapter 3 and reproduced here for easy

reference to see these station locations over Vietnam.

Table D-1: Vietnam station data

ID Station name ID Station name ID Station name ID Station name
001 | Binh Lu 061 | Thai Nguyén | 142 | Hbi Xuan 208 | Ayunpa
002 | Pién Bién 062 | V& Nhai 146 | Nhu Xuan 209 | P-lay Cu
003 | Lai Chéu 063 | Minh Pai 150 | Thanh Hoa 211 | B-mé Thuot
005 | Mudng Té 065 Pha Tho 151 | Tinh Gia 212 | Budén Hd
006 | Pha bin 066 Thanh Son 153 Yén Dinh 213 | Pic Néng
007 | Phong Thé 067 | Viét Tri 156 | P6 Luong 218 | M'dric
008 | Sin H) 069 Tam Pao 158 | Hon Ngu 219 | Bao Loc
009 | Tam PBuong 071 Vinh Yén 160 | Quy Chéu 220 | ba Lat
010 | Tua Chua 072 Bao Lac 161 | Quy Hop 221 | Lién Khuong
011 | Tuan Gido 073 Cao Bing 162 | Quynh Luu 222 | Bién Hoa
012 | Bic Yén 074 Ha Quéng 163 | Tay Hiéu 226 | Pong Phi
013 | Co Noi 075 Nguyén Binh | 164 | Tuong Duong | 228 | Phudc Long
014 | Mgc Chau 077 Trung Khanh | 165 | Vinh 229 | So Sao
016 | Phu Yén 078 | Bic Son 166 | Ha Tinh 230 | Tay Ninh
017 | Quynh Nhai 079 DPinh Lép 167 | Huong Khé 231 | Con Béo
018 | Son La 080 Hiru Liing 169 | Ky Anh 233 | Viing Tau
019 | Séng M4 081 | Lang Son 170 | BaPon 234 | Tan S. Nhit
023 | Yén Chau 084 Thit Khé 172 | Pong Héi 235 | Moc Hoa
024 | Chi Né 085 | Bic Giang 175 | Tuyén Hoé 237 | My Tho
025 | Cho Bo 087 | Hiép Hoa 176 | Con Co 238 | Cao Lanh
026 | Hoa Binh 088 Luc Ngan 177 | Pong Ha 242 | Cang Long
027 | Kim Boi 089 Son Pong 178 | Khe Sanh 243 | Chau Pdc
028 | Lac Son 090 Tan Yén 180 | A Luéi 244 | Can Tho
029 | Mai Chau 093 [ COTO 181 | Hué 246 | Phu Qudc
030 | Bic Mé 094 | Cira Ong 182 | Nam Pong 247 | Rach Gia
031 | Bic Quang 096 Méng Cai 184 | Pa Ning 250 | Ca Mau
032 | Hoang Su Phi | 098 Tién Yén 185 | Hoang Sa
033 | Ha Giang 099 Udng Bi 186 | Tam Ky
036 | Bic Ha 100 Bach Long Vi | 187 | TraMy
037 | H.lién Son 106 | Hon Dau 188 | BaTo
038 | Lao Cai 107 | Phu Lién 190 | Quang Ngai

Mudng
039 | Khuong 109 Ba Vi 191 | Hoai Nhon
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040 | Phd Rang 111 | Ha Péng 192 | Quy Nhon
041 | SaPa 112 My Pirc 193 | Mién Tay
043 | Than Uyén 113 Son Tay 194 | Son Hoa
045 | Luc Yén 118 | HANbGi A 195 | Tuy Hoa
046 | Mu Cang Chai | 121 Chi Linh 196 | Cam Ranh
048 | Vin Chéan 122 | Hai Duong 197 | Nha Trang
049 | Yén Bai 123 Hung Yén 199 | Truong Sa
050 | Chiém Hoa 129 | Nam Dinh 200 | Nha Hb
051 | Ham Yén 130 | VianlLy 202 | Ham Tan
052 | Na Hang 131 Théi Binh 203 | Phan Thiét
Kim Son
053 | Tuyén Quang | 137 (BM) 204 | Pha Quy
054 | Bic Can 138 Nho Quan 205 | Pk TH
058 | Pai Tu 139 Ninh Binh 206 Kon Tum
059 | Pinh Hoa 140 | Bai Thuong | 207 | AnKhé
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Figure D-1: Locations of Vietham Meteorology Stations
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APPENDIXE  REGIONAL CLIMATE MODEL RESULTS

Figure E-1: Annual temperature Model domain 1961-1990, °C
(a) CRU (b) CPC (c) APH (d) CCSM3 (e) ECHAMS (f) HADCM3 (g) ERA40
(h) WRF/ERA (i) PRE/ERA (j) WRF/CCSM (k) WRF/ECHAM (1) PRE/HAD
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Figure E-2: Northeast monsoon wind (DJF) Model domain 1961-1990, m/s
(a) ERA40 (b) ECHAMS5 (c) HADCMS3 (d) WRF/ERA (e) PRE/ERA (f) WRF/CCSM
(9) WRF/ECHAM (h) PRE/HAD
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Figure E-3: Southwest monsoon wind (JJA) Model domain 1961-1990, m/s
(2) ERA40 (b) ECHAMS5 (c) HADCMS3 (d) WRF/ERA (e) PRE/ERA
(f) WRF/CCSM (g) WRF/ECHAM (h) PRE/HAD
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Figure E-4: Annual Precipitation Model domain 1961-1990, mm/day
(2) CRU (b) CPC (c) APH (d) CCSM3 (e) ECHAMS5 (f) HADCM3 (g) ERA40
(h) WRF/ERA (i) PRE/ERA (j) WRF/CCSM (k) WRF/ECHAM (I) PRE/HAD
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Figure E-5: Mean Seasonal (MAM) Surface Temperature, 1961-1990, °C
(a) CRU (b) CPC (c) APH (d) Station Data (e) WRF/ERA (f) PRE/ERA
(g) WRF/CCSM (h) WRF/ECHAM (i) PRE/HAD
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Figure E-6: Mean Seasonal (SON) Surface Temperature, 1961-1990, °C
(a) CRU (b) CPC (c) APH (d) Station Data (¢) WRF/ERA (f) PRE/ERA
(9) WRF/CCSM (h) WRF/ECHAM (i) PRE/HAD
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Figure E-7: RCM Temperature bias vs Gridded Observations and Station data, 1961-1990, °C

(2) WRF/ERA (b) PRE/ERA (c) WRF/CCSM (d) WRF/ECHAM (e) PRE/HAD
(1) RCMs minus Average Gridded Observation data (2) RCMs minus Station data

175

TO0E 101E 1026 10.€ 104E 108 106E 107€ 1 OBE10BE 110E111E112€




@ (b) (c)

(d) (€) ()

TO0E1G1E 1026 1036 104€ 103E 106E 107E 108E 109E 1 10E111E112¢

=
Ll ™ - - 9

9 (h) @ i

V00K 10 1E10TE 1006 104 104E 1065 107 108E 108E 110ET11E1 126 TO0E101E 1026 103 104E 108 106E 1076 1 08E 108E 1 10E111E112E T1O0E 101E 1026 1036 104E 104€ 106E 107£ 108E 1056 110E111E112E

Figure E-8: Mean Seasonal (MAM) Rainfall, 1961-1990, mm/day
(@) CRU (b) CPC (c) APH (d) Station Data (e) WRF/ERA (f) PRE/ERA
(9) WRF/CCSM (h) WRF/ECHAM (i) PRE/HAD

176




(a) (b)
240 !
224 | E
20
—7
18N
— B
d (e)
14H | | 5
128
100
IJ'1'CIDEIDIE|IMEIIJJEHZME‘\DSDClESEm?EHJEEﬂJQEImE‘HIEM?E 2t

(9) (h) (i)

i
TO0E 101E 1026 1016 104F 104 106 1076 108E 1086 110E111E 11

nIN!{“'DIEI O 100E 1 (4 105E 1068 107E 1OBE 100E 1101 11EL12E

2t TO0E101E 102E 103E 1 O4E 10SE 106E 107E 10BE108E 1 10E111EN12E

Figure E-9: Mean Seasonal (SON) Rainfall, 1961-1990, mm/day
(@) CRU (b) CPC (c) APH (d) Station Data (¢) WRF/ERA (f) PRE/ERA
(9) WRF/CCSM (h) WRF/ECHAM (i) PRE/HAD
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Figure E-10: Mean Seasonal (DJF) R5d, 1961-1990, mm
(a) APH (b) WRF/ERA (c) PRE/ERA
(d) WRF/CCSM (e) WRF/ECHAM (f) PRE/HAD

178



(@) (b)

VEOETONE I OZE IDLE 1OAE 10SE | BEETOTE I QBETOREVIDETNIE 1 12E VOOETONE | ZE 10E VOUE 104 1B6E 107E 10ME106E 1 10E111EN12E TO0E101E102E103E 1O4E 108E 106E 1076 10BE 108E110E111E1Y

IR 2aM

248

am

a

(d) (€) (f)

LR,
DOOENONE | OTENONE 1 OLE T0RE 106 E 107E 10WETORE 1 10ETIE L 12E LT,
TOOE101E102E 103E 1O4E10SE1OBE107E 1OBE10BE 1 10E 119E112E

o
TTO0E 101E 1026 1016 104E 104E 106E 1076 1 OBE 108E 1106 111E112€

Figure E-11: Mean Seasonal (DJF) P90p, 1961-1990, mm/day
(@) APH (b) WRF/ERA (c) PRE/ERA
(d) WRF/CCSM (e) WRF/ECHAM (f) PRE/HAD
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Figure E-12: Mean Seasonal (DJF) SDII, 1961-1990, mm/day
(a) APH (b) WRF/ERA (c) PRE/ERA
(d) WRF/CCSM (e) WRF/ECHAM (f) PRE/HAD
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Figure E-13: Mean Seasonal (JJA) R5d, 1961-1990, mm
(@) APH (b) WRF/ERA (c) PRE/ERA
(d) WRF/CCSM (e) WRF/ECHAM (f) PRE/HAD
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Figure E-14: Mean Seasonal (JJA) P90p, 1961-1990, mm/day
(a) APH (b) WRF/ERA (c) PRE/ERA
(d) WRF/CCSM (e) WRF/ECHAM (f) PRE/HAD
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Figure E-15: Mean Seasonal (JJA) SDII, 1961-1990, mm/day

(a) APH (b) WRF/ERA (c) PRE/ERA

(d) WRF/CCSM (e) WRF/ECHAM (f) PRE/HAD
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Figure E-16: RCM Precipitation bias vs Gridded Observations and Station data, 1961-1990, mm/day

(a) WRF/ERA (b) PRE/ERA (c) WRF/CCSM (d) WRF/ECHAM (e) PRE/HAD
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Figure E-17: R5d Change (%), 2071-2100 relative to 1961-1990
(@) WRF/CCSM (b) WRF/ECHAM (c) PRE/HAD
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Figure E-18: P90p Change (%), 2071-2100 relative to 1961-1990
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Figure E-20: Probability Distributions Frequency of Hanoi 2071-2100
(1)Precipitation (mm/day) (2) Surface Temperature (°C)
(a) WRF/CCSM (b) WRF/ECHAM (c) PRE/HAD

* PD = Present Day (1961-1990)
FU = Future (2071-2100)
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APPENDIX F  SWAT MODEL, SENSITIVITY ANALYSIS AND
AUTO-CALIBRATION PARASOL METHOD

F1. SWAT MODEL

Water balance

The water quantity processes simulated by SWAT consists of precipitation, evapotranspiration,
surface runoff, lateral sub-surface flow, groundwater flow and river flow. The water balance

equation is as following:
t
S\Nt = S\NO +Z(Rday _qurf - Ea _Wseep _ng)
i=1

t: time in day

SW,: the final soil water content (mm)
SWo: initial soil water content (mm)
Ruay: daily precipitation

Qsurt: runoff

E.: evapotranspiration

Weeep: percolation

Qgw: groundwater and return flow

The SWAT hydrologic cycle is shown in Figure F-1
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Figure F-1: Schematic representation of the hydrologic cycle in SWAT
[Adapted from Neitsch et al., 2004]
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F2. THE LH-OAT SENSITIVITY ANALYSIS
The LH-OAT is the combination of One factor At a Time (OAT) design with Latin Hypercube

(LH) sampling by taking the LH samples as initial points for an OAT design (Figure F-2)

pl

Figure F-2: lllustration of LH-OAT sampling of values for a two parameters model
where x represent the Monte-Carlo points and e the OAT points
[Adapter from van Griensven et al., 2006].

Latin-Hypercube sampling (McKay, 1988) is a sophisticated way to perform random sampling
such as Monte-Carlo sampling, resulting in a robust analysis requiring not too many runs
(Saltelli et al. 2000). It subdivides the distribution of each parameter into m ranges, each with a
probability of occurrence equal to 1/m. Random values of the parameters are generated, such
that each range is sampled only once. For each of the m random combinations of the

parameters an OAT loop is performed.

In the OAT design (Morris, 1991), only one input parameter is modified between two
successive runs of the model. Therefore, the change in model output (e.g. SSE of the surface
runoff) can then be unambiguously attributed to such a parameter modification by means of an

elementary partial effect Si,j defined by equation:

SSE(®,,....®, *(1+ f),...® )~ SSE(D, ...,

S:._,' f

Sij: is a partial effect for parameter, @i around an LH point j, f is the fraction by which the

parameter @i is changed (a predefined constant) and SSE is the Sum of Squared Errors. In
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equation, the parameter is randomly increased or decreased with the fraction f. Considering p
parameters, one loop involves performing p+1 model runs to obtain one partial effect for each
parameter. As the influence of a parameter may depend on the values chosen for the remaining
parameters, the experiment is repeated for all the m LH samples. The final effect will then be

calculated as the average of a set of the m partial effects.

As a result, the LH-OAT sensitivity analysis method is a robust and efficient method: for m
intervals in the LH-method, a total of mx(p+1) runs is required. The LH-OAT provides
ranking of parameter sensitivity based on the final effects. Using the LH-OAT techniques in
unison means that the sensitivity of model output to a given parameter is assessed across the
entire feasible range for that parameter and across a number of different values for other
parameters in the model, thus incorporating a limited amount of parameter interaction.

F3. AUTO-CALIBRATION BY PARASOL METHOD USING SCE-UA

ALGORITHM

ArcSWAT model has the options to choose either manual or auto-calibration. Calibration is
applied to those most sensitive parameters specified in Table 5-2 to yield the optimal set of
values for the model parameters which results in the minimum discrepancy between the
observed and the simulated river discharge data. While manual calibration can be used by
trained, experienced users who are familiar with the model and the catchment under
consideration, auto-calibration is recommended especially for the new user in the lengthy

calibration processes.

Parameter Solution method (ParaSol) is a built-in auto-calibration model since the ArcSWAT
2005 version was implemented (van Griensven and Meixner, 2004). ParaSol operates by a
parameter search method for model parameter optimization followed by a statistical method
that is performed during the optimization to provide parameter uncertainty bounds and the
corresponding uncertainty bounds on the model outputs. The ParaSol method aggregates
objective functions (OFs) into a global optimization criterion (GOC), minimizes these OFs or a

GOC using the Shuffled Complex Evolution Method (SCE) algorithm with a choice between 2
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statistical concepts. The SCE-UA (Dual et al., 1992) method is based on a synthesis of all the
best functions from many other existing methods consisting of the Genetic Algorithm (GA),
simplex method (Nelder and Mead, 1965), controlled random search (Price, 1987), competitive
evolution (Holland, 1975) and the newly developed concept of complex shuffling. SCE-UA
conducts a global minimization of a single function for up to 16 parameters. This method is

also capable for non-linear optimization problems.

In SCE-UA, the initial set of parameters (first step) is chosen randomly throughout the feasible
parameters space for p parameters to be optimized. Then the set is partitioned to several
“complexes” that have 2p+1 points in which each complex evolves independently using the
simplex algorithm. The complexes are then shuffled to form new complexes in order to share
information between the complexes. SCE-UA method can be illustrated in Figure F-3. SCE-
UA has been used widely in watershed model calibration and other areas like soil erosion,
subsurface hydrology, land surface modelling. There are 2 objective functions which can be
used in the model calibration using SCE-UA. They are (1) the sum of the squares of the
residuals (SSQ) and (2) the sum of the squares of the difference of the measured and simulated
values after ranking (SQQR). In this study the SSQ objective function is used. The SSQ, used
to target at matching the simulated with the observed data, is expressed as in equation:

SSQ = Z [TF (Xi,obs ) ~TF (Xi,sim )]z

i=1,n

where, n is the number of pairs of observed and simulated variable and ‘TF’ is a user defined
transformation function. Detailed description of ParaSol method can be found in van

Griensven and Meixner (2004).
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Figure F-3: Illustration of the SCE-UA method
[Adopted from Duan et al., 1994]
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Figure F-5: Rainy season (MJJASQO) Precipitation over Dakbla: 1981-1990, mm/day
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202

14

13

12

11

10



