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ABSTRACT

Climate change is a consequence of changing in climate on environment over the
worldwide. The increase in developmental activities and Greenhouse Gases (GHGs)
put a strain on environment, resulting in increased use of fuel resources. The
consequence of such an emission to the atmosphere exacerbates climate pattern.
There are numerous Climate Change Downscaling studies in coarse resolution, which
have largely centred on employing the dynamic approaches, and in most of these
investigations, the Regional Climate Model (RCM) has been reported to numerically
predict the local climatic variables. The majority of previous investigations have
failed to account for the spatial watershed scale, which could generate an average

value of downscaled variables over the watershed scale.

To address shortcomings of previous investigations, the work undertaken in this
project has two main objectives. The study first aims to implement a spatially
distributed Statistical Downscaling Model (SDSM) to downscale the predictands, and
second to evaluate the impact of climate changes on the future discharge and peak
flow. It is conducted based on the IPCC Scenarios A2 (Medium-High Emission
scenario) and B2 (Medium—Low Emission scenario). The main objectives of the

study are as follows:

e To generate fine resolution climate change scenarios using Statistical
Downscaling Model in the watershed scale,

e To project the variability in temperature, precipitation and evaporation for the
three time slices, 2020s (2010 to 2039), 2050s (2040 to 2069) and 2080s
(2070 to 2099), based on A2 and B2 scenarios,

e To calibrate and validate hydrological model using historical observed flow

data to verify the performance of the hydrological model,



e To evaluate the impact of climate changes on the future discharge and future
peak flow for three timeslices: 2020s (2010 to 2039), 2050s (2040 to 2069)
and 2080s (2070 to 2099).

Thus, to meet the objectives of the study, projection of the future climate based on
climate change scenarios from IPCC is carried out as the most important component
in the research. The results of this research are presented as follows:

e The study indicates that there will be an increase of mean monthly
precipitation but with an intensified decrease in the number of consecutive
wet-days and can be concluded as a possibility of more precipitation amount

in fewer days.

e The watershed is found to experience increased rainfall towards the end of the
century. However, the analysis indicates that there will likely be a negative
trend of mean precipitation in 2020s and with no difference in 2050s. The
precipitation experiences a mean annual decrease by 7.9%, 0.6% in 2020s and

2050s and an increase by 12.4% in 2080s corresponding A2 scenario.

e The maximum and minimum temperatures are likely to be increased toward
the end of the century by 2.7°C and 0.8°C respectively when compared to the

current observed temperature (1975-2001) at the Subang temperature station.

e The average annual mean discharge is predicted to be decreasing by 9.4%,
4.9% and an increase of 3.4% for the A2 and a decrease of 17.3%, 13.6% and
5.1% for the B2 scenario, respectively in the 2020s, 2050s and 2080s.

e The average annual maximum discharge is projected to decrease by 7.7% in
2020s and an increase by 4.2% and 29% in A2 scenario for 2050s and 2080s,
respectively. But there will most likely be a decrease in the maximum
discharge for all the future under B2 scenario. It is projected a decrease of
32.3%, 19.5% and 2.3% for 2020s, 2050s and 2080s, respectively.



The projected mean discharge indicates a decline in the months from January
to April and also from July to August in all the three future periods for A2 and
B2 scenarios. There is an increasing trend in the discharge of September and

October in the 2020s according to the A2 and B2 scenarios.

The highest increase in precipitation frequency occurs in 2080s under A2
scenario in which the increase in the magnitude of 100 Return Year is found

to be 88% greater than the one of the maximum observed.

The highest increase in flood frequency at Sulaiman streamflow station occurs
in 2080s under A2 scenario. The increase in the magnitude of 100 Return
Year is found to be 26.5% greater than the one of the maximum observed.
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1- INTRODUCTION

Climate change can be defined as any changes in the mean or the variability of its
properties throughout the long time. The Intergovernmental Panel on Climate Change,
IPCC (2007) defines climate change as a significant change of climate which is
attributed directly or indirectly to human activity that alters the composition of the
global atmosphere and which is in addition to natural climate variability observed
over comparable time periods. The climate system is connected with the water cycle.
Hence any perturbation change in climate would result in the hydrological cycle.
Climate is one of the most important components in the physical environment and can
reflect the statistical characterisations of the average weather over a period of time
(Arnell and Liu, 2001). Water resources studies assess streamflow responds in
hydrological modelling to the climatic conditions and environmental changes
(Compagnucci et al., 2007).

1-1- Problem Definition

Climate is a dynamic system in which changes are expected through the natural cycle.
Some crucial natural causes that affect the climate are continental drift, volcanoes,
earth’s tilt and ocean currents. It has been confirmed through climate change
researches as global warming is induced by anthropogenic forcing (IPCC, 2007).
However, some believe the surface energy budget effects are the most important
factor affecting the climate rather than carbon cycle effects (Pielke et al., 2002).
Climate change is a consequence of changing in climate on environmental
components on the earth. Obviously it is not homogeneous over the whole globe but

depends on the geographical regions which face the impacts of climate changes.

IPCC responded the question on impacts of climate change on human activities and
environment as follows: “Anthropogenic warming over the last three decades has
likely had a discernible influence at the global and regional scales on observed
changes in many physical and biological systems” (IPCC, 2007). Piechota et al.,
(2006) stated the activities which are capable to change climate are as follows:

industrial activities, development of cities, dams and lakes, conversion of grassland



and forest to cropland activities, burning of fossil fuels and deforestation. The rise in
greenhouse gas emissions for the late twentieth century is most likely attributed to
anthropogenic causes (Hegerl et al., 2007). Since 1750, atmospheric concentrations
of Green House Gases (GHGs) have been increased significantly (IPCC, 2007).
Carbon dioxide has increased by 31 percent, methane by 151 percent and nitrous
oxide by 17 percent (Prentice et al., 2001). The continuing of this greenhouse gas
emissions phenomena at this rate, will lead to further warming and unexpected

changes in the global climate system in the future (Solomon et al., 2007).

Obviously, climate change variables developed by IPCC are the most useful data to
comprehend the climatic condition whether it is at global level or national level
(Mearns et al., 2001). Projection of future climate trend will be highly essential for the
environmental planning and management. Changes in climate conditions may
promote the events of draught or flood extremes (IPCC, 2007). Therefore, the
investigation on the climate change impacts on the present and future hydrological
variability is highly demanded.

Hydrological variability is one of the most significant climate change impacts on
watershed management (kabat et al., 2002). Therefore, it is essential to understand the
hydrological processes existing within the watershed through hydrologic modelling
which estimates surface runoff and its peak flow in the future, based on climate
change scenarios at a watershed scale. Determination of the amount of flow through
river would help the authorities and decision makers in planning the environmental
hazardous and costs such as estimating the cost involved in flood protection (IPCC,
2007).



1-2- Literature Review

The issues related to the climate change and hydrology models have been studied
through the literature review. The objectives of this study are identified and the

significances of the research are outlined in the following sections.

1-2-1- Climate Change Model

The coupled Atmosphere-Ocean General Circulation Models (AOGCMs) which are
continually evolving have been developed from the late 1990s. The models have been
developed to include a holistic climate change effects such as solar activity
fluctuations, volcanoes, shallow and deep ocean interactions, biosphere responses,
airborne sulphates and parts of the atmospheric chemistry to project the future climate
according to the different scenarios made by IPCC in 2001. GCMs are the most
widely used models in climate change studies for evaluation, simulation and

projection of the different climate change scenarios (IPCC, 2007).

GCMs reflect physical processes in the multi-sphere such as atmosphere, ocean,
cryosphere and land surface. The atmospheric and oceanic models are the key
components of GCMs (Guilyardi et al., 2004). GCMs illustrate the climate using a
three dimensional grid over the globe of having horizontal resolution of 250 and 600
km, 10 to 20 vertical layers in the atmosphere and as many as 30 layers in the oceans
(IPCC, 2009).

GCMs have been constructed based on the Navier—Stokes Equations which describes
the motion of fluid .i.e.; the general circulation of the planetary atmosphere/ocean is
modelled on a rotating sphere with thermodynamic terms for influxes of mass, energy
and momentum from remote sources to the GCM model (Collins, 2007). The GCMs
models pose few weaknesses and significant uncertainties in hydrology modelling to

project the hydro-meteorological variables at watershed scale (Teng et al., 2012).

There are many studies describing the global climate change on environment (Parry et
al., 2009). The impacts of climate change on global and regional scale are well

documented (Solomon et al., 2007). Overall, all the GCMs reveal there will be a
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warm rise, increasing hot days, sea level rise, changes in season patterns, occurrences
in extreme rainfall and flooding, environmental damages and spreading of tropical

diseases at the global scale in the century (IPCC, 2007).

On the other hand, GCMs are the currently most reliable tools to assess climate
change at coarse scale but GCMs output do not meet the needed resolution to assess
the climate change at regional or local scales which is required for hydrological
modelling. The grid-boxes used by GCMs are too coarse especially for regions of
complex topography, coastal or island locations, and in regions of highly
heterogeneous land-cover (Wilby et al., 2004). Then, GCMs cannot present the local
weather and micro-climate processes used in hydrology studies.

There are several GCMs with different resolutions such as HadCM3, CNCM3,
MRCGCM, FGOALS, GFCM20, MIHR, MPEH5, NCPCM, CSMK3, CGMR,
MIMR, GFDL-R30, CCSR/NIES, CGCM, CSIRO-MK2, ECHAM4, and NCAR-
PCM with different grid resolution and process. The characterisation of the climate
change models are listed in Appendix A. They are different based on the horizontal
and vertical layers included in the models such as columns of momentum, heat and

moisture in both atmosphere and oceanic parts.

Subsequent to these initial studies, the investigations were extended to a fairly coarse
resolution, Regional Climate Model (RCM), to capture the variability of precipitation
which is dependent on the physical nature of watershed. RCMs have been developed
to assess the climate change impact in regional scale (IPCC, 2007). The use of RCMs
for climate downscaling has been initiated by (Dickinson et al., 1989; Giorgi et al.,
1990).

RCMs use the same parameters of GCMs in order to simulate the hydraulic processes.
However, RCMs are highly dependent on the domain resolution and they are
computationally more expensive. The advantage of RCMs to GCMs is to perform the
regional redistribution of mass, energy and momentum in the fine domain which
affects on quantitative relationships of the physical parameters through the land-
atmosphere-ocean and convection-cloud-radiation interactions (e.g., Liang et al.,
2004).



RCMs are able to produce downscaling results more accurately than GCMs due to the
spatial resolution enhancement (Maurer and Hidalgo, 2008). Regional Climate
Models project more accurately temperature data compared to GCMs, but reveal
problems when downscaling maximum precipitation (Dankers et al., 2007).

1-2-2- Methods of Downscaling

It has been a crucial challenge to make a bridge for the gap between a coarse and a
fine scale. Downscaling technique was emerged by a lot of efforts on the climate
community to represent climate change at a regional and local scale. Downscaling is a
technique of changing in climate data resolution from a coarse resolution into a fine
resolution. It can be developed for an area and even a point. It is necessary to
downscale the variables from large scale GCMs output into fine scale which are
useful in hydrological modelling. Figure 1 illustrates various resolutions from coarse

scale GCM to a watershed scale in climate change downscaling model.

There are several techniques available for downscaling coarse resolution GCM data to
a fine resolution to use in hydrological studies. However, there is no specific approach
to suggest for the most reliable method as different climate models give different
results (Dibike and Coulibaly, 2005).

Downscaling techniques are generally categorised into two groups which are:
dynamic downscaling and statistical downscaling (Fowler, 2007). Dynamic
downscaling technique refers to the RCMs (Fowler et al., 2007). They were
developed to overcome the very large resolution in GCMs (Gutmann et al., 2012).
RCMs are a nested regional modelling technique that includes forcing of the large
scale component of GCMs throughout the entire RCM domain (Diallo et al., 2012).
Therefore, the resolution of RCMs is a sub-grid of GCM grid and is dependent on
domain size which is usually of tens kilometres or less (IPCC, 2007). However,
RCMs models are not able to predict the regular periodic monsoon currents and

ocean-atmospheric oscillations (IPCC, 2007).


http://onlinelibrary.wiley.com/doi/10.1111/j.1936-704X.2012.03100.x/full
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Figure 1 The schematic of downscaling spatial resolution (Source: http://www.cccsn.ec.gc.ca)

Although RCMs employ limited number of scenarios and also time periods, but it is
highly dependent on the domain resolution and timely demanding in computational
running. Due to inflexibility in nature, complicated design, sophisticated training for
the modellers, difficulties in model calibration and validation, time consuming and
cost needed for dynamic downscaling, RCM is not being highly used in climate
change studies (Mearns, 2001; Wilby et al., 2009).

Owing to the difficulties and limitations in using RCM, statistical downscaling
models have been emerged. They are based on the view that regional climate is
mostly a result of the large scale climatic states and regional/local physiographic
features, e.g. topography, land-sea distribution and landuse (Wilby, 2004). Statistical
downscaling develops a statistical relationship between Predictors and Predictands
variables. Recently, an interest has been increased in using statistical climate change
downscaling to address the shortcomings of RCMs as it is not capable to project the
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climate change scenarios at a local or point scale (Chen et al., 2012; Mearns et al.,
2012; Meenu et al., 2012; Fiseha et al., 2012; Yang et al., 2012; Hassan and Haroun,
2012; Liu et al., 2011; Samadi et al., 2012).

There are many statistical downscaling methods in climate change studies. In
Weather-Pattern Method, a link between observational point data and a weather
classification schemes is developed (Yarnal et al.,, 2001; Anandhi et al., 2011).
Weather-typing approaches categorise the various local predictand data to construct
the Circulation Patterns (CPs) at the local scale. The weather state definition is
archived directly by applying methods such as cluster analysis (PCA) to atmospheric
fields (Huth, 2000).

The method developed by Bardossy et al. (2005) provides a basis daily classified
circulation pattern for downscaling the most common climate data (temperature and
precipitation). The presented classification is objective providing CPs that explain the
dependency between the predictors and surface climate. Local climate change
scenarios are then generated by resampling observed predictands from probability
distributions conditioned on synthetic series of CPs. In spite of its applicability to a
wide variety of atmosphere variables such as temperature and precipitation, have
difficulty simulating extreme events, and must assume stationary circulation-to-

surface climate conditioning (Wilby et al., 1999).

Stochastic Weather Generators (WG) as a statistical downscaling method has been
used in water resource management (Wilks, 2012; Tan et al., 2008; Ivanov et al.,
2007). The generators were developed by (Richardson, 1981; Richardson and Wright,
1984; Racsko et al., 1991 and Semenov et al., 1998). Daily precipitation occurrence is
governed by a two-state (either precipitation occurs or it does not) and first-order
Markov chain (the probability of precipitation depends only on whether or not
precipitation occurred on the previous day). The key disadvantages of stochastic
weather generators method in climate change downscaling relate to the
underestimation of low frequency variance (Hansen and Mavromatis, 2001), the
projection of unrealistic properties for extremes precipitation and limitation of the
length of the synthetic climate data by length of the observed (Wilks and Wilby,
1999).


http://www.cics.uvic.ca/scenarios/index.cgi?More_Info-Weather_Generators#R81
http://www.cics.uvic.ca/scenarios/index.cgi?More_Info-Weather_Generators#R&W84
http://www.cics.uvic.ca/scenarios/index.cgi?More_Info-Weather_Generators#R&W84
http://www.cics.uvic.ca/scenarios/index.cgi?More_Info-Weather_Generators#Retal91
http://www.cics.uvic.ca/scenarios/index.cgi?More_Info-Weather_Generators#Setal98

Regression Methods were developed by Wilby and Wigley (1997) which establishes a
linear or non-linear regression between predictands and predictors. Therefore, this
method is highly dependent on the empirical statistical relationships. The most
famous statistical downscaling tools are LARS-WG and SDSM. LARS-WG is a
sophisticated stochastic weather generator whereas SDSM is a hybrid between a

stochastic weather generator and regression methods.

SDSM combined the regression models, weather typing schemes and weather
generators (Vrac and Naveau, 2007). SDSM generates the unique meteorological
characteristics at a single station scale which is a valuable ability in hydrology studies.
SDSM downscaling method is recommended by Canadian Climate Impact Scenarios
Project (CCIS) for climate change impact studies. It is one of the most efficient tools
in downscaling of large scale daily GCMs climate variables into local scale,

particularly in heterogeneous regions (Wilby, 2004).

The main advantage of Statistical Downscaling Model (SDSM) is simplicity, less
computationally demanding and running the regression statistical method. However, it
is limited to the locations where good regression results could be found. The major
theoretical weakness of statistical downscaling is that their basic assumption is not
verifiable, i.e., the statistical relationships developed for the present day climate will
also hold for the different forcing conditions in the future climates (Fowler, 2007).
The statistical downscaling technique is used in the present research and the details of

this research are given in Chapter 2 (Section 2-2-4).

1-2-3- Hydrology Model

Hydrological models are generally categorised into deterministic and stochastic
models (Beven, 2001). Deterministic models simulate runoff with a set of
hydrological parameters require a large amount of data (Gosain et al., 2009), whereas
stochastic models use mathematical techniques to link climate variables to runoff
(Ahmad et al., 2001). Gosain et al. (2009) explained the development of various
hydrological models. They simply defined hydrological models as a black-box or

empirical model, statistically develops a relationship of input and output data (Nor et



al., 2007). Thus, Empirical models are invaluable in predicting streamflow in a

watershed with no gauging data.

Cunderlik (2003) classified deterministic hydrologic models into three major
categories: lumped model, semi-distributed model and distributed model. Lumped
model is a simple approach to simulate runoff which is developed based on the water
balance equation. It assumes the whole watershed system such as soli and landuse
data as a single unit (Bormann et al., 2009). Thus, such this model does not provide
the heterogeneity of physiographic properties in a large watershed. On the contrary,
distributed hydrological models incorporate spatial variables of the hydrological
parameters by dividing the watershed into the homogenous variables (Ghavidelfar et
al., 2011).

Carpenter and Georgakakos (2006) have demonstrated the skill of distributed models
compared to lumped models in simulation of runoff. As such, distributed models are
able to provide a more representative description of watershed scale processes than
lumped models (Collischonn et al., 2007). However, there are limitations related to

resolution and nonlinearity of distributed models (Beven, 2001).

Conceptual models are divided into single event, for a short time period and
continuous events, for long time series to simulate runoff (Salarpour, 2011).
Conceptual models are highly dependent on spatial variability. Representative
Element Area (REA), Hydrological Response Units (HRU) and Grouped Response
Unit (GRU) are a few types of discretisation in the distributed conceptual model
(Neitsch, 2005).

Semi distributed hydrological model have been developed to overcome the difficulties
in using conceptual model (Beven, 2012). It performs less complex spatial resolution
compared to fully distributed model by generating hydrological response units to

simulate runoff in the watershed (Grayson and Bldschl, 2001).

There are literatures of hydrological models’ application rang from small to large
watershed scale (Singh and Frevert, 2002 a, b). Water resource management plans are

generally performed at watershed scale. Then, a physically-based hydrologic model

9



can be employed to take into account the variety of climatic and physiographic
parameters to simulate streamflow at the watershed scale (Praskievicz and Chang,
2009). For instance, the semi distributed DHSVM model is used for urbanised
watersheds with representations of impervious surfaces and retention ponds in the
model (Cuo et al., 2008) while rainfall-runoff HEC-HMS and SWAT models are

usually used for regional watershed scale.

IHACRES (Jakeman et al. 1990; Jakeman and Hornberger, 1993), SRM (Rango,
1995), WATBAL (Knudsen et al., 1986) and Sacramento (Burnash, 1995) are the
typical lumped models. Typical models of semi distributed physically based are HBV
(Bergstrom, 1995), HEC-HMS (Ford et al., 2008), HSPF (Crawford and Linsley,
1966), SSARR (USGS-NPD, 1991), SWAT (Arnold et al., 1998; Arnold and Fohrer,
2005), SWMM (Huber and Dickinson, 1988), TOPMODEL (Beven and Kirkby,
1979), IHDM (Beven et al., 1987) and Thales (Grayson et al., 1992). The most
famous distributed models are CASC2D (Ogden, 1998), CEQUEAU (Morin, 2002),
GAWSER/GRIFFS (Schroeter et al., 1996), MIKE (DHI, 2000) and WATFLOOD
(Kouwen, 2001).

The choice of a hydrological model is dependent on the many factors such as
resolution, time series (daily or monthly) of climate variables to simulate the surface
runoff (Xu and Singh, 1998). However, the physiographic features of watershed play
a significant role in predicting the streamflow behaviour (Viessman and Lewis,
2003.).

Loss model is one of the most important components in hydrology models to estimate
rainfall infiltrated by the ground. Green-Ampt (Mein and Larson 1973) and SCS
Curve Number USDA-NRCS, 2000) are extensively used in hydrology modelling to
calculate the rainfall loss rate (e.g., Kabiri et al., 2013; Petrosellia et al., 2013).

The SCS-CN method is the most popular methods for computing the volume of direct
surface runoff for a given rainfall event (Mishra et al., 2006). Abood et al. (2012)
have evaluated the performance of the two infiltration methods (SCS-CN and Green-
Ampt) in rainfall-runoff simulation using HEC-HMS for the Kenyir and Berang
watershed, Terengganu, in Malaysia which the storm events of September and
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October through the year 1990 has been used for calibration simulation, whereas the
storm events of November and December in the year 1990 data have been used for
validation simulation. They found that the both loss methods have a good agreement
with the observed data. However, the SCS-CN method was recommended for the

watersheds due to its high accuracy in the modelling results.

Kabiri et al. (2013) have evaluated the performance of two loss models (Green-Ampt
and SCS-CN) for some storm events in Klang watershed. They found out that there
was no significant deference between two loss models in the rainfall-runoff model for
Klang watershed. Many studies have conducted to improve the SCS-CN loss model
and finding a better performance of rainfall loss estimation in runoff modelling
(Huang et al., 2007; Sahu et al., 2010; Descheemaeker et al., 2008 and Shi et al.,
2009). Fu et al. (2011) found out that the prediction accuracy for initial abstraction
ratio equals to 0.05 was greater than the one for 0.2 to simulate surface runoff of 757

rainfall events in China.

Akbari et al. (2012) have investigated the assessment of the SCS-CN loss method on
Klang watershed to evaluate the performance of SCS-CN loss method. They have
concluded that the SCS-CN loss method can be used for Klang watershed due to its
good agreement between observed and modelled in HEC-HMS. However, they have
suggested a modified CN using initial abstraction ratio in value of 0.05 which gives a
better fit than 0.2 (as default in HEC-HMS). It may produce the best performance of
historical daily rainfall data compared to the other available loss models in HEC

system.

1-2-4- Hydrology Modelling in Climate Change Study

Earlier studies on the projection of runoff corresponding to the climate change
downscaling were conducted using a total coarse resolution GCM model. Only a
handful of publications on assessing the climate change impacts on water resources by
2005 are available (Fowler et al., 2007). But lately, many studies have conducted
statistical downscaling using GCMs models to estimate the hydrological behaviour
based on climate change scenarios at a fine scale (e.g., Khazaeli, et al., 2012; Randin
et al., 2009; Day, 2013).
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Numerous studies on climate change downscaling, ranging from small to large scale,
have been conducted on the downscaling methods to make a link between GCMs
output and hydrologic models at watershed scale (Fowler et al., 2007; Dibike and
Coulibaly, 2007). A review on downscaling global climate models for hydrological
analysis has been given by Prudhomme et al., (2002). All these studies deal with a
coupled atmosphere-ocean general circulation model, since the resolution and
certainties are considered to be most critical for climate change downscaling in the
watershed scale.

A number of studies have been conducted for the runoff and flooding corresponding
to the future climate for a region (e.g., Music and Caya, 2007; Bolle et al., 2008; Teng
et al., 2012; Vaze and Teng, 2011; Zhang and Chiew, 2009) but the resolution
remains the most widely examined configuration in climate change downscaling
problems. For instance, rainfall-runoff modelling system has been used to simulate
streamflow regime affected by climate change in many hydrologically heterogeneous
regions (Qi et al., 2009).

The impact of climate variability on streamflow and peak flow is found in (e.g.
.Chang et al., 2001; Rose and Peters, 2001; Brian et al., 2004; Brown et al., 2005; Qi
et al., 2009; Miller and Russel, 2012; Petheram et al., 2012 ). The changes in climate
potentially affect the regional hydrological processes and long-term water availability
(Fu et al., 2007) changing in overall flow magnitude, variability and timing of the
main flow event (Wurbs et al., 2005) and the occurrences of floods (Bronstert et al.,
2007). Hydrological impacts on the intraannual variability over the annual cycle
(Jasper et al., 2004; Graham et al., 2007; Bosshard et al., 2011; Teng et al., 2012)
seasons (Tague et al., 2008; Schmidli et al., 2007), months (Kleinn et al., 2005) have
been investigated.

Meenu et al (2012) have used HEC-HMS hydrological model to assess hydrologic
impacts of climate change on daily maximum, minimum temperature and
precipitation in the four sub-basins of the study area in Tunga—Bhadra river basin,
India. They found out that HEC-HMS can be used for hydrological modelling in the
river basin. The monthly flows are better simulated than daily flows. However, under
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prediction of high flows was estimated during calibration and validation of

hydrological modelling.

The use of hydrological models in climate change studies ranges from simple lumped
models (Massari et al., 2013; Driessen et al., 2010) to complex distributed models
(Mascaro et al., 2013; Guo et al., 2009) to assess the streamflow and peak flow

variation.

Maurer et al (2010) have used two hydrology models: the Sacramento Soil Moisture
Accounting model and the variable infiltration capacity model to project changes of
streamflows for three Sierra Nevada rivers using Statistical Downscaling Model. They
found out that the two hydrological models produced significantly different
simulations of current and future daily and seasonal extreme flow. However, the

changes in monthly streamflows generally did not differ.

Petheram et al (2012) have studies the estimation of the impact climate change on
runoff across the tropical region in Australia using conceptual rainfall-runoff models
(RRMs). 115 streamflow gauging stations were calibrated in PRMs model. They
revealed that there will be an increase in mean annual runoff to 29% and a decrease to
26%. However, they commented that for extreme runoff events and low flows,

improvements are required in both GCMs and rainfall-runoff modelling.

Many investigations have been conducted to estimate rainfall intensity considering the
climate change impacts to reveal the probability of extreme precipitation in the future
(e.g., Nguyen et al., 2007; Prodanovic and Simonovic, 2007; Simonovic and Peck,
2009; Onof and Arnbjeg-Nielsen, 2009; Mirhosseini et al., 2012; Zhu et al., 2012).
Mirhosseini et al (2012) have studied the impact of climate change on rainfall IDF
curves in Alabama, using 3-hourly precipitation data simulated by six combinations of
global and regional climate models. They found out that there will be expected to
change toward less intense rainfalls for short duration events. However, due to
employing six climate change models, a large uncertainty existed on projected rainfall

intensity.
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Simonovic and Peck (2009) have investigated the impact of climate change on rainfall
intensity for the city of London for 2050s under CCSR/NIES-GCM model to estimate
rainfall intensity using daily rainfall data. The results revealed that there will be
approximately from 11% to 35% changes in rainfall intensity information for 2050s.

Many studies have shown the role of the evapotranspiration into hydrological
modelling (Zhao et al., 2013; Meenue et al., 2012; Milly et al., 2011). The methods to
calculate the ET include Gridded Priestly Taylor, Priestly Taylor and Monthly
Average methods. The Gridded Priestly Taylor and Priestly Taylor equations require
some data such as solar radiation, crop factors and dryness factor and that make them
difficult to use in hydrological models. Several studies have evaluated Hargreaves'
method and found out that the method has a good result in various climates (Das et
al., 2012; Temesgen, et al., 2005). Since Hargreaves' method just depends on the air
temperature, so it is well-known in evapotranspiration calculation enormously.
Temesgen et al. (2005) have evaluated the performance of FAO-P&M with
Hargreaves. They found that Hargreaves’ equation can compensate the lack of data

required in Penman and Penman- Monteith Methods.

Hargreaves and Allen (2003) have shown that the Hargreaves’ results were close to
FAO-P&M’s results due to the study conducted on more than 3,000 stations
worldwide. They have shown that there is no substantial problem using Hargreaves’
equation at low latitudes in equatorial zones. Saghravani et al. (2009) have evaluated
the performance of the three ET equations (Hargreaves, FAO-P&M and P&M) in one
station at Klang watershed. They found that there is a different between the results
obtained from three different methods. However, the differences did not reject the
results given by Hargreaves and Allen (2003) as the difference between Hargreaves
and FAO-P&M may reach a maximum of one mm/d in the tropical regions. This
method was used due to its simplicity and modest data requirement, which made it

attractive for the hydrology modelling.
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1-2-5- Previous Work on Related Topic

The Malaysian Meteorological Department (2009) has studied the global analysis of
the impacts of climate change in Malaysia using nine different AOGCMs to
investigate an ensemble projection for the climate data (temperature and rainfall) to
the 2100 year. The results of all nine models showed an increase in temperature with
the ensemble mean of 2.6° C for the peninsular. However, there was no clear trend of
precipitation due to the high variability in the precipitation which indicates an
increase of 6 — 10% over west coast, a decrease of 4 — 6 % over central Pahang and
coastal Kelantan compared to 1990-1999. Figure 2 shows the ensemble mean of nine

GCMs models used for precipitation projection in the Malaysia boundary.
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Figure 2 A GCM map of precipitation projection for the future in three time slices: Ensemble
precipitation projection for the period: (A) 2020-2029, (B) 2050-2059 and (C) 2090-2099
(Source: Malaysia’s Meteorological Department, 2009)
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Besides, the application of the nine Global scale models used to define the climate
change scenarios for Malaysia, a RCM was applied by using Regional Climates for
Impacts Studies (PRECIS) model developed at the Hadley Centre, United Kingdom
Met Office to project the regional scale (50 km) climate change scenarios for the
Malaysia. HadCM3 model was used in regional climate model simulation. It
assumed A2 and B2 scenarios. The dynamical RCM simulation was run for the
periods 1960-2100. However, the baseline period for comparison of simulation
output was assumed as 1961-1990. The RCM simulation results for Malaysia in the
future are illustrated in Figures (3 and 4). Figure 3 shows that there will be an
increasing mean temperature in the southern of Peninsular ranging from 1.4 °C to 3.2
°C for the future (2020-2100). Figure 4 indicates that rainfall amount that seems to
be decreasing towards the middle the century but it will be increased through 2080s
about 15 % relative to 1990-1999.
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Figure 3 The RCM map of temperature anomaly (°C) for the future in three time slices
(Malaysia Meteorological Department, 2009)
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Figure 4 The RCM map of precipitation anomaly (%) for the future in three time slices
(Source: Malaysia Meteorological Department, 2009)

16



Kavvas et al. (2006) have investigated the impact of climate change on the hydrologic
regime for Peninsular Malaysia. They have developed the hydrologic-atmospheric
model, RegHCM-PM, which is an integration model of MM5 atmospheric model of
US National Centre for Atmospheric Research and IRSHAM Integrated Regional
Scale Hydrologic-Atmospheric hydrology model. The large scale CGCM1 (410km)
model was downscaled to a fine grid resolution (9 km) to assess the climate change
impacts on the hydrological regime in Peninsular Malaysia. The projection was run
for the middle future of 2050s to assess the monthly streamflows at some stream
gauges. They found that there was a higher discharge peak through the flood season
and a lower streamflow in the dry season in Klang watershed in 2050s comparing to

the observed data.

1-2-6- Summary of Literature Review

Some points are presented to highlight the shortcomings in the literatures. In this
study, it has been attempted to fill the gaps of literatures for estimation of future

runoff and peak flow as follow:

The majority of previous investigations have failed to account for the watershed scale
spatially, which generates an average value of downscaled variables over the
watershed scale. To address shortcomings of previous investigations, the work
undertaken in this study implements Spatially Statistical Downscaling Model to
downscale the predictand variables and evaluates the impact of climate changes on the
future discharge and peak flow.

In the various climate change studies (Duffy et al., 2006; Maurer and Hidalgo, 2008),
RCM model has been used as a dynamic downscale model. The simulations did not
predict the nature of the complicated process in the watershed scale and consequently,
projected over/under prediction of the runoff and flood levels. As a result, the RCM
model could not represent the precipitation variables of a fine scale, in comparison to

the Statistical Downscaling Models.

Statistical Downscaling Model (SDSM) generates different scenarios for the

individual raingauge station at point scale by projecting the possible climate in future
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(Meenu et al., 2012; Fiseha et al., 2012). SDSM projects the future patterns for each
raingauge station individually and does not represent the overall pattern of the rainfall
variables over the watershed. To fill the gap, the Multi Rainfall is used to robust the
precipitation downscaling over Klang watershed. The Geospatial interpolation
technique in GIS is used to generate the areal maps by making spatial average to

estimate the mean value of precipitation over the watershed.

In the studies that have been conducted by (Yang et al., 2012; Nguyen et al., 2007;
Prodanovic and Simonovic, 2007; Simonovic and Peck, 2009; Onof and Arnbjeg-
Nielsen, 2009; Mirhosseini et al., 2012; Zhu et al., 2012), the impact of climate
change on the occurrence of extreme precipitation events has been estimated for
single raingauge station. It makes it difficult to estimate the mean extreme
precipitation events for entire the watershed. To fill the gap, rainfall intensity is
evaluated by spatial mapping in GIS using the appropriate distribution equation for

estimation of rainfall quantiles for all the raingauge stations in Klang watershed.

1-3-  Significance of the Study

One of the most important consequences of climate change impacts in South Asian
regions is the lack of water resources due to the adverse impact on water demand and
quality. Drying of wetlands and severe degradation of ecosystems has resulted in delta
regions of South Asian countries due to precipitation decline and droughts (IPCC,
2007). According to IPCC (2007), Malaysia is a developing country which will be
vulnerable to climate change. Because of the less flexibility to adjust the economical
structure and being largely dependent on agriculture, the impact of climate change has

far reach implication in Malaysia.

Klang watershed which is located in Kuala Lumpur city terrestrial has been chosen as
a study area for this project. This site has been contributed to the environmental
damages especially in land degradation and also soil erosion which will potentially
produce more extent area affected by intensified flood events in the watershed. In this
area, most flooding events are originated from convectional storms which caused

intensive and localised rainfall. The watershed has been facing often flash floods,
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rising out of an intense rainfall in a short time. The area has experienced 16 major
flood events. Table 1 show that there is an increase in the flooding events which is
being more frequently through the last decade nine events of flooding were recorded
since 1996 until now.

Table 1 Flood events in Kuala Lumpur

No. of Major No. of Major

Year Flood . Year Flood .
1926 1 1997 1

1971 1 2000-Apr 1

1982 1 2001-Apr and Oct 2

1986 1 2002-Jun 1

1988 1 2003-Jun 1

1993 1 2004-Jun 1

1995 1 2007-Jun 1

1996 1

The hydrological regime of Klang watershed is highly influenced by accumulated
water of upstream. Although, Klang watershed is on the urbanisation process, but its
conditions under future climatic change has not been investigated at the local scale.
Projecting the regime of the streamflow using climate change and hydrological model
seems to be important. Since precipitation is the main component in runoff modelling
which specify the discharge behaviour along with the river, this study has
accomplished the modelling of surface runoff of Klang watershed. It demonstrates the
flooding caused by peak flow when an extreme rainfall occurs corresponding to the

climate change scenarios in the future.

Moreover, the frequency analysis of extreme hydrological events need to be estimated
based on climate change scenarios for the urbanised Klang watershed where will
expect to be faced by extreme rainfall events (Kavvas et al., 2006; Malaysia
Meteorological Department, 2009).

1-4-  Objectives of the Study

The aim of the study is to assess the impact of climate change on future runoff and
peak flow over Klang watershed. The other purpose of the research is to specify
Klang watershed’s characteristics pertaining to possible climatic changes in the
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future. The result of the hydrological model is generation of the runoff hydrograph by
a spatially distributed rainfall over the watershed in the future (2100 year). The
detailed objectives of this research are as follow:

e To generate fine resolution climate change scenarios using Statistical

Downscaling Model in the watershed scale,

e To project the variability in temperature, precipitation and evaporation for the
three time slices, 2020s, 2050s and 2080s, based on A2 and B2 scenarios,

e To calibrate and validate hydrological model using historical observed flow

data to verify the performance of hydrological model,

e To evaluate the impact of climate changes on the future discharge and future
peak flow for three timeslices 2020s, 2050s and 2080s.

Thus, to meet the objectives in this study, projection of the future climate based on
climate change scenarios from IPCC in the study area can be considered as the most
important component throughout the research. Therefore, the assessment on the
quality and adequacy of the hydro-climatological data must be estimated to ensure the

reliability of model output.

1-5-  Scope of the Research

The study focuses on the impact of climate change on runoff and peak flow by
downscaling the Climate Change Scenarios at a watershed scale. The criteria for
selecting appropriate IPCC scenarios are based on the physically consistency at a fine
scale. The A2 (Medium-High emissions scenario) and B2 (Medium-Low emissions
scenario) scenarios reveal the reliable projection of a plausible future climate
condition at the regional scale while other scenarios represent at the global scale.
Thus, applicability of A2 and B2 scenarios in estimating impacts of climate change at
the watershed scale is more realistic compared to other scenarios which were

constructed at global scale. Hence, A2 and B2 scenarios have been used to generate
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the local climate change scenarios using statistical downscaling model in the

watershed scale.

1-6- Limitations of the Study

The lack of data on streamflow does not allow the calibration and validation of
hydrological modelling for each sub-basin. The only streamflow station (Jambatan
Sulaiman) is situated at the outlet of Upper Klang watershed and the hydrological
modelling uses it for calibration and validation to simulate runoff. Furthermore, the
lack of updated land use, soil and topography data have forced the study to consider it

as an assumption with no change during the time.

1-7-  Thesis Outline

This thesis comprises seven chapters, which are briefly outlined below. The study has
three main steps:

e Study of physical characteristics and history of the watershed which includes a
review on hydro-climate trends to prepare all the required data for the

hydrological modelling.

e Making Climate Change Downscaling Model and linking between climate
change downscaled output and hydrological model in providing the potential

impacts of climate change on flow through Klang watershed.

e Runoff and peak flow modelling have been developed using HEC-HMS model

for all sub-watersheds in Klang watershed.

Chapter 1 explores the climate changes and its future scenarios. It describes impacts
of climate change on precipitation, run off and flooding events. It is also presents the
objectives, scope and importance of the study on Klang watershed. The chapter also
describes some literatures on Climate Change Downscaling Model, hydrology models
and climate change impacts on runoff and peak flow studies.
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Chapter 2 describes the methods used to make various modelling in this study. The
models used in this study are as follow: Climate Change Downscaling Model,

Hydrological (Watershed Management, Surface Runoff) and Peak flow modelling.

Chapter 3 consists of two parts. The first part of the chapter introduces the case
study, Klang watershed, and describes the environmental-physical features such as
terrain, river network, geology, landuse and soil obtained from various sources in this
study. The second part of the chapter is to describe the climate pattern and
hydrological characteristics of study area. It also describes the baseline hydro-
climatology for Klang watershed using a long term series of climate data to reflect the
observed trend n the hydro-climate data such as precipitation, temperature and
streamflow. Furthermore, data preparation and quality control on the historic data are

conducted using graphical, statistical and spatial methods.

Chapter 4 presents the implementation of the Climate Change Downscaling Model
using SDSM tool. SDSM uses NCEP-Predictor variables to make a linear regression
to the local predictand data from Klang watershed. The output of downscaled climate

parameters is used as an input to the hydrology modelling in Chapter 5.

Chapter 5 presents the implementation of hydrological modelling using Hec-Geo-
HMS, a GIS module. The algorithm is used to delineate the sub-watersheds which
distribute over whole Klang watershed. It can extract the necessary parameters
required in hydrological modelling. Then, it attempts to implement HEC-HMS to
generate the runoff hydrographs for each sub-watershed.

Chapter 6 describes the findings and results of the research. It demonstrates the
climate change scenarios over the watershed’s meteorological parameters such as
precipitation, temperature and evaporation and its trends in the future. The discussion
is based on the plausible changes of the future climate and runoff corresponding to the

A2 and B2 scenarios at the watershed scale.

Chapter 7 conclusion arrived through the study for future research is presented. It

includes conclusion on the climate change impacts on the mean and maximum
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streamflow regime and the frequency of extreme flood events with regard to the

climate change scenarios.
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2- METHODOLOGY

This chapter is divided into four sub-sections consists of Climate Change
Downscaling Model (SDSM), Watershed Modelling, Runoff simulation and Flood
Frequency Analysis (FFA). Statistical downscaling model is used to produce the local
climate change scenarios at the local scale. The climate change downscaling results
are used as input into rainfall-runoff HEC-HMS modelling to forecast the future
surface runoff at the discharge station. Watershed Modelling is carried out using Hec-
Geo-HMS in GIS system to derive physiographic parameters of the watershed which
need to be used in hydrological modelling. Thus, runoff processes are simulated on
each sub-watershed system from the upstream to the watershed outlet throughout the

streamflow network.

2-1-  Overall Framework of the Research

This research involves connecting hydrology modelling to climate change downscaled
output by GIS system. The study initiates to enhance the understanding of the impact
of climate change scenarios by quantifying the potential changes including hydro-
climatological data. It provides the variety in future rainfall based on areal rainfall for

Klang watershed instead of relying just on some raingauge stations independently.

GIS system plays a pivotal role in these analyses because of various data
representation and running different modelling such as climate change and hydrology
modelling to estimate the hydrological parameters in Klang watershed. The study also
provides forecast on hydrology data for the future development in Klang watershed.
The scenarios would be downscaled in the watershed scale to employ in the
hydrologic models.

Flood management plans for the watershed should consider climate change scenarios
in addition to landuse change and urbanisation. Regarding the linking climate change
to flooding, a major focus has been given to extremes such as peak runoff, frequency
and intensity of heavy rainfall. However, there are an uncertainty according to landuse
changes and its impact on streamflows. Figure 5 illustrates the conceptualised
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framework of the study which consists of two steps: 1) Climate change downscaling

and 2) hydrology modelling.

Studies on climate change trend have been conducted in Malaysia using General
Circulation Models (GCMs) and Regional Climate Models (RCMs) to determine the
specific future scenarios at the country and at state scales respectively. Therefore, in
this study it has been attempted to generate climate change scenarios at the local
scale. Downscaling technique is applied at a watershed scale to generate the future
climatic scenarios in Klang watershed. This technique has been employed to fill up

the gap existing between the large scale GCM and local scale variables.

The output from statistical downscaling is used as input into HEC-HMS model to
project the discharge of Klang River. The hydrological model output will then be used

to determine the future streamflow and peak flow in the watershed.

. . Hydrological Modelling
Climate Change Modelling

v
4[ Meteorological Data
Large Scale Atmospheric

Predictiors l

Gydrological Model: HEC-HMS
Setting up Downscaling l
Model Calibration and Validation of
Hydrological Model
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Climate Change Scenarios

Projecting Peak Discharge in the
Future Based in IPCC Scenarios

Calibration and validation of
Downscaling Model
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Figure 5 Conceptual framework for the study
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2-2-  Climate Change Downscale Modelling

The methods of climate change downscaling, the IPCC scenarios and climate change
models are summarised. In the following section, the IPCC scenarios are described to
highlight their applications into climate change downscaling at the watershed scale.
Furthermore, the advantages of using statistical downscaling technique compared to

the dynamical downscaling for hydrology modelling are described.

2-2-1- Climate Change Scenarios

According to the IPCC (2007), a scenario is a coherent, internally consistent and
plausible description of a possible future state of the world. A set of four main groups
of emission scenarios namely Al, A2, B1 and B2 were released by IPCC in 2000 and
are published in Special Report on Emissions Scenarios (SRES). The SRES were
constructed by considering the economical, technological, demographic and
environmental developments, which reflect the possible future developments in the
world pertaining to the production of greenhouse gas emissions. The scenarios are
neither predictions nor forecasts. However, it was developed based on realistic future
emission scenarios over the world representing the complex and interrelated dynamics
of demographic development, socio-economic development and technological

change.

The scenarios are the only sources to implement a projection of future, which reflect
the condition of demography, society, economy, technology, emissions and climate.
Al and B1 scenarios form the world homogeneously with an increasing in population
by mid century and a decreasing afterwards, but an economy focus in Al and an
environmentally focus in B1l. A2 scenario is a scenario with higher rates of
greenhouse gas emissions in combination with higher sulphate and other aerosol
emissions while B2 scenario is a lower rate of emissions that assumes the world is
more committed to solving global and local environmental (IPCC, 2007). The four

main groups of emission scenarios are explained as below.
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Al scenario is constructed based on the homogeneous world. It describes the world
of very rapid economic growth, global population and the rapid introduction of
efficient technologies. Major focuses are convergence among regions, capacity
building, and increased cultural and social interactions, with a substantial reduction in
regional differences in per capita income (IPCC, 2007). Al scenario is developed into
three groups that describe alternative directions of technological change in the energy
system. Al scenario family develops into three groups: fossil intensive (A1FI), non-
fossil energy sources (A1T), or a balance across all sources (A1lB). In Al scenario,
population will be increasing to 8.7 billion in 2050 and declining toward 7 billion
people by end of the century (IPCC, 2007).

A2 scenario (Medium-High Emissions scenario) is a scenario with higher rates of
greenhouse gas emissions in combination with higher sulphate and other aerosol
emissions. It represents a differentiated world and describes the world in a various
economic regions in which the income gap between developed and developing
countries is not narrow. The rate of technology growth is more rapid than average in
some regions and slower in others and dependent on industry adjusts to local resource.
Regions with abundant energy and mineral resources evolve more resource-intensive
economies. In this scenario, global environmental concerns are relatively weak but
regional and local pollutions are planned to mitigate. A2 scenario is constructed based
on the different economy growth rate and efficiency of technology dependent on the
regional scale in which population reaches to 15 billion people in year 2100 and will
be increased after 2100 (IPCC, 2007).

B1 scenario describes a future based on the high level of environmental approach and
a balanced economic development. It is similar to Al scenario into fast-changing and
convergent world but the priorities differ. In fact, Al focuses on global investments
by further economic growth and benefits from increased productivity while, B1
scenario focuses on global environmental protection and gains in improved efficiency
of resource use. The best measures are taken to reduce material wastage by
maximising recycling and enhancing energy saving lead to reductions in pollution. B1
scenario has a major push toward post-fossil technologies. Population is the same as
Al scenario but a slower rate (IPCC, 2007).

27



B2 scenario (Medium-Low Emissions scenario) is a lower rate of emissions that
assumes the world is more committed to solving global and local environmental
(IPCC, 2007). It is designed based on the world emphasises on local solutions to
economic, social, and environmental sustainability. Increasing in population is
assumed at a lower rate than A2 scenario. B2 Scenario focuses on intermediate levels
of economic development, less rapid technological development compared to B1 and
Al scenarios. However, it focuses toward environmental protection and social equity
at the local and regional scale. In B2 scenario, population reaches to 10 billion in
2100 and increasing with slower development rate of technology compared to Al or

B1 scenarios.

GHG and aerosols are the two main groups of atmospheric concentrations to construct
the climate change scenarios. Sulphate is the major aerosol component plays a cooling
effect role in the lower atmosphere by scattering back sunlight. Figure 6 shows the
Annual Global mean temperature to 2100 according to the IPCC Scenarios. It is found
out that global warming rates will strongly be seen after 2050 to 2100 ranges from
1.9°C for the B1 to 4.0°C for the A1FI emission scenario, as minimal using fossil fuel
in B1 to a total reliance on fossil fuel in A1FI scenarios. The diverging of the
temperature in the middle of century can be described as being highly influenced by
the past emissions, particularly sulphate aerosols and GHG in the world. IPCC (2007)
has stated that according to the scenarios, the respond of the climate system will likely

be in the land areas of the equatorial belt to the least warming.
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Figure 6 Annual Global Average Surface Air Temperature (°C) by end of the century for
various SRES (IPCC 2007)

Al: Is categorised into three groups (A1FI, A1T and A1B) which describe alternative directions of
technological change in the energy system.

B1: Similar to Al scenario but with rapid changes in economic structures and the introduction of clean and
resource-efficient technologies.

AZ2: Intensive fossil fuel, continuously increasing population and regionally oriented economic development
B2: Continuously increasing population, but at a slower rate than in A2, less rapid and more fragmented
technological change than in Al and B1.

ALF1: Fossil fuel intensive

A1B: Balanced between fossil fuel and non-fossil fuel consumption

ALT: Predominantly non-fossil fuel

2-2-2- Large Scale Predictor NCEP/NCAR Re-Analysis Data

National Centre for Environmental Prediction (NCEP) is a joint product with
the National Centre for Atmospheric Research (NCAR). It has all the gridded
predictor variables to use in calibration and validation in SDSM. The horizontal grid
resolution in NCEP atmospheric predictors is 2.5°, 2.5°. NCEP/NCAR provided a 40-
year record of global analysis of atmospheric predictors. The 26 predictor variables
are produced by state-of-art assimilation of all available observed weather data into a
global climate forecasting model that produces interpolated grid output of many
weather variables (Saha et al., 2010). Figure 7 illustrates the NCEP grid data for Asia
and Table 2 shows the large atmospheric variable predictors in NCEP. The data can

be obtained from httt://www.cics.uvic.ca/scenarios/index.cgi.
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Table 2 Large scale predictor variable NCEP Re-Analysis available in SDSM (Wilby
and Dawson, 2007)

No | Predictor variable Predictor description

1 mslpas Mean Sea Level pressure

2 fas Surface airflow strength

3 uas Surface zonal velocity

4 vas Surface meridional velocity
5 zas Surface velocity

6 thas Surface wind direction

7 zhas Surface divergence

8 5fas 500 hpa airflow strength

9 5uas 500 hpa zonal velocity

10 5vas 500 hpa a medridional velocity
11 5zas 500 hpa vorticity

12 500as 500 hpa geopotential height
13 5thas 500 hpa wind direction

14 5zhas 500 hpa divergence

15 8-fas 850hpa airflow strength
16 8-uas 850hpa zonal velocity

17 8-vas 850 hpa meridional velocity
18 8zas 850 hpa vorticity

19 850as 850hpa geopotential height
20 8thas 850hpa wind direction

21 8zhas 850hpa divergence

22 r500as Relative humidity at 500 hpa
23 r850as Relative humidity at 850 hpa
24 rhumas Near surface relative humidity
25 shumas Surface specific humidity
26 tempas Mean temperature at 2m
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Figure 7 Large Scale Predictor NCEP/NCAR Re-Analysis Data for Asia
(Source: www.cics.uvic.ca/scenarios/index.cgi)

2-2-3- Global Climate Change - HadCM3 Model

Climate change models are highly complex because of contributing the couple
atmosphere and oceanic components in it. Therefore, there can be uncertainties for
projections of scenarios particularly in a local scale. In this study, the Hadley Centre
Couple Model, Ver. 3.0 (HadCM3) Model is used for the GCM downscaling, which is
a coupled oceanic - atmospheric general circulation model. Wilby and Dawson (2007)
stated that the SDSM model is a hybrid of stochastic weather generators and
regression based techniques and HadCM3 model is a coupled atmosphere-
ocean general circulation model (AOGCM) which is composed of the atmospheric
model, HadAM3, and the ocean model, HadOM3.

The horizontal resolution of atmospheric component is 2.5 by 3.75 degrees while the
oceanic component’s resolution is 1.25 by 1.25. The simulation of HadCM3 assumes
the year length in 360 — day calendar which 30 days per month. The model was
developed in 1999 and was the first coupled atmosphere-ocean which did not require
flux adjustments (IPCC, 2009). The adjustments have to be done artificially by the
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other climate change models to prevent them from drifting into unrealistic climate

states.

The high quality of current climate simulation using HadCM3 model, made it one of
the most efficient and reliable model in climate change studies. It still ranks highly
compared to other models in this respect (Reichler and Kim, 2008). HadCM3 was
used extensively in IPCC through the Third and Fourth Assessments. It also has the
capability to capture the time-dependent fingerprint of historical climate change in
response to natural and anthropogenic forcing (Stott et al., 2000) which has made it a
particularly useful tool in studies concerning the detection and attribution of past

climate changes. The Figure 8 illustrates the resolution of HadCM3 Model- GCM.

X box number: [28 ¥| Y box number: |34 v

Figure 8 The fine resolution of the HadCM3 Model- GCM (Source: www.cccsn.ec.gc.ca)

The horizontal atmosphere resolution produces a total grid of 96 x 73 grid cells for the
whole world which the surface resolution varies from 417 km x 278 km at the Equator
to 295 km x 278 km at 45 degrees of latitude. The HadCM3 data can be downloaded
from IPCC and also the Canadian Climate Impact Scenarios and CCIS provides all
the NCEP and HadCM3 data in the grid box based on the entering of
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latitude/longitude of the study area and the grid box provides a zip file contains three
directories: NCEP-1961-2001, H3A2a-1961-2099 and H3B2a-1961-2099.

2-2-3-1- NCEP-1961-2001

It contains all the observed predictors data produced from NCEP/NCAR. Since there
is a difference in the resolution in grid cells of NCEP and HadCM3, all the 41 years of
daily observed predictor data were interpolated to the same grid as HadCM3 and then

the data were normalised.

2-2-3-2- H3A2a-1961-2099

It contains 139 years of daily GCM predictor data assuming a characteristic of
scenarios with higher rates of GHG emissions in combination with higher sulphate

and other aerosol emissions. H3A2a was normalised over the 1961-1990 period.

2-2-3-3- H3B2a-1961-2099

It contains 139 years of daily GCM predictor data assuming a characteristic of
scenarios with higher rates of GHG emissions in combination with lower rate of
sulphate and other aerosol emissions. H3B2a data was normalised over the 1961-1990

period.

The normalisation was done by dividing each time slice of future (2011-2040, 2041-
2070 and 2071-2099) to the current period (1961-1990). This method is described by
NCEP and makes an appropriate method to construct the comparable future scenarios

to the base period which are in the same number years.

2-2-4-  Statistical Downscaling Model (SDSM)

The SDSM is a tool to downscale the climate variables to fine scale in climate change
studies. SDSM s the best described as a hybrid of the stochastic weather generator

and regression-based downscaling methods. This is because large-scale circulation
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patterns and atmospheric moisture variables are used to linearly condition local-scale
weather generate parameters (Wilby et al., 2004). There are many studies which used
SDMS in climate change impact assessments (Wilby and Dawson, 2012; Meenu et
al., 2012; Fiseha et al., 2012; Yanget al., 2012).

The version 4.2 of SDSM was used in this research obtained from Canadian Institute
for Climate Studies (CICS), (https://co-public.lboro.ac.uk/cocwd/SDSM/). The
software involves of several tasks as follows: quality control, data transformation;
predictor variable screening; model calibration; weather generation; statistical
analyses; graphing model output; and scenario generation. Figure 9 illustrates the
structure of SDSM which has been developed by Wilby and Dawson, 2007.

Advantages of using SDSM in downscaling climate parameters

e It has been widely used in many watershed scales over a range of different

climatic condition in the world by producing reliable results.

e Itis user friendly and freely available software which can be downloaded from
https://co-public.lboor.ac.uk/cocwd/SDSM/

e It generates ensembles which enable the user to implement uncertainty

analyses.
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Figure 9 The structure of Statistical Downscaling Model (Wilby and Dawson, 200)
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2-2-4-1-  Conditional Probability

Generally, statistical downscaling implements a quantitative relationship between
large scale atmospheric variable (predictors) and local surface variable (predictands).
Full technical details are provided by Wilby et al. (1999 and 2002). Equation 1 is the
most general form of a downscaling model as defined by Wilby et al., 1999.

R=F (Xt) F (X1) forT<t  Equation 1

Where, R, is the local scale predictand at single or multiple sites at time t, Xy is the
predictor data of large-scale atmospheric variables and F is the techniques used to

quantify the relationship between two disparate spatial scales.

The conditional method in precipitation and evaporation downscaling has been
described by Wilby et al., 1999. It consists of two steps: the first step is the
probability of occurrence and the second is to estimate the amount of climatologic
parameters. Probability of precipitation is modelled as Equation 2 (Wilby et al.,
1999).

o; =0+ YL (xjuij Equation 2

Where, m; is the conditional probability of precipitation occurrence on particular day i,
pij is the normalised predictor of the daily predictor data, j on particular day i. g is
regression coefficients estimated for each month using least squares regression. a, is

o; - intercept.
Wet/dry spell length are estimated stochastically by comparing ®; with the output of a
linear random-number generator, r;, the occurrence of precipitation occurs if oi takes

equal or less to r;.

The predictand (precipitation) amount at the site on the large-scale atmospheric

circulation is modelled as Equation 3 (Wilby et al., 1999).
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Z; :BO+ Zjnzl Bjuij Te Equation 3

Where, Z; is the z-score for day i, Bj is the estimated regression coefficients for each

month using Least-Squares regression, B is Z; -intercept and ¢ is a normally

distributed stochastic error term which is modelled using a series of serially

independent Gaussian numbers.
Z =0 '[F (y,)] Equation 4

Where, @ is the normal cumulative distribution function, F (y,) is the empirical

distribution function of y;, the daily precipitation amounts (Charles et al., 1999).
2-2-4-2-  Selection of Predictor Variables for Downscaling

Selection of predictor variables is the most important steps in the statistical
downscaling processes because it largely affects the character of the generated
scenarios. The predictor variables were selected based on the criteria such as
physically related to the predictand, produce the highest explained variance (r?) and
the lowest standard error (SE) (Wilby and Wigley, 2000). Obviously, the high
correlation values indicate a strong relationship of two data series (predictand and

predictors) of all the twelve months.
The significant test explained variance (r?) is given in Equation 5. The explained

variance identified the variance of predictand explained by the predictor and can be

written as following Equation (Douglas and Runger, 2003).

2 .
P?=1- 3 (pr-s) / Ty (py- D) Equation 5
Where, p. is the observed rainfall occurrence at day i, p is the average p, of the values

of wet-days, s; is the estimated rainfall probability for day i and, n is the number of

days in the record.
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The Standard Error (SE) measure the index of the difference between the predictand
and the actual value of the criterion variable. It is defined as Equation 6 (Douglas and
Runger, 2003).

SE=3§ [ﬁ] [1-2] Equation 6
Where, § is the adjusted standard error of estimate values and n is the number of data.

Finally, the correlation coefficient (linear correlation and scatter plots) is used to
assess how well the linear model fits the data that has been obtained through Pearson
Product-Moment Correlation Equation (Wilby et al., 2002). It is sometimes referred to
Pearson product moment correlation coefficient in honour of its developer Karl
Pearson (Douglas and Runger, 2003).

p—yn (rX)6ry)
C

L D)oy Equation 7

Where, s, and s, are the standard deviations. The correlation falls between — 1 and

+1, the zero corresponds to the situation where there is no linear association.

The correlation analysis is carried out to screen all the 26 predictor variables (NCEP
Re-Analysis) for predictand data. A monthly regression analysis is performed. A
correlation matrix and explained variance are the output of the monthly regression.
Significance Level of p < 0.05 (5%) is defined to find the most correlated predictor
variables with the predictand. Then, the values of less than significance level indicate
the high correlation of the data fit. Once the predictand has been identified the screen
variable operation assists in the selection of the required downscaling predictor

variables based on correlation between predictand and predictors.
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2-2-4-3- Model Evaluation and Validation

SDSM employs Ranked Probability Scores (RPS) technique to evaluate forecasts as
used by Jolliffe and Stephenson, 2003. RPS classifies a random variable X with k
greater than two as thresholds, x1<x2<...xk, that defines the events Ak= {X<xk} for
k=1, 2, ..., K with the forecast probabilities (p1,p2,...,pK). The binary indicator
variable for the Kth event is denoted as ok= 1 if Ak occurs and 0 otherwise. Ranked
Probability Scores (RPS) (Obled et al., 2002) of precipitation and Continuous Ranked
Probability Scores (CRPS) (Hersch, 2000) are given as Equations 8 and 9,

respectively.

2 .
RPS= 1/ 1/ 2o, 2K (9, -01) Equation 8
CRPS= I/N D [ fo-H (x-xo)z] dx Equation 9

Where, N is the number of forecast and x,, is observed value. CPRS is the continuous
extensions of RPS where F(x) is the Cumulative Distribution Function (C.D.F), F(x) =
p (X <x) and H(x - Xp) is the Heaviside function that has the value 0, when (X - Xg) <

0 and 1, otherwise.

In order to quantify the performance of the probability score, the skill score (SS)
(Wilks, 1995) is calculated as Equation 10:

(C)RPSpp
(C)RPSgp

SS(C)RPS = 1- Equation 10

Where, (C)RPS, denotes the forecast score and (C)RPS,;, is the score of a reference

forecast of the same predictand.

The SS(C)RPS is the validation tool that compares how the distribution of an
ensemble of forecasts predicts the observed value, and it is sensitive to bias as well as
variability in the forecasted values. A skill score SS(C)RPS close to one means a

successful simulation; if the skill score is negative, the method is performing worser
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than the reference forecast.
2-2-4-4-  Optimisation

The classifications are evaluated using measures of their ability to classify Patterns
with large differences in precipitation structure. These measures are designed for
precipitation occurrence |; and amount I, for a specific pattern. The optimisation
derives circulation patterns that explain precipitation patterns (dry and wet conditions)
and this is achieved by maximising two objective functions developed by Bardossy et
al., 2001:

I,= %ZL /p(CPt- 15)2 Equation 11

I,= % p |ln (Z[CPT])| Equation 12

z

Where, T is the number of classified days, p(CP,) is the probability of the
precipitation on day t, z is the mean precipitation amount in day t with classification

CP and p is the probability of precipitation for all days.

2-3-  Model Error

The Large Scale Predictor NCEP is the most reliable source to check the performance
of downscaling model for the predictand variables. Error analysis in climate change
downscaling is conducted by comparison with mean and variance between historical
and downscaled output. There are some studies to implement the model error analysis
in statistical climate change downscaling (Ebrahim et al., 2012; Buytaert et al., 2010;
Raje and Mujumdar, 2010).

The techniques such as Wilcoxon Test (Conover, 1980) and Leven’s Test (Levene,
1960) are used to indicate the model errors. These techniques have been employed to
investigate the model error in statistical climate change downscaling by (Khan et al.,
2005; Ebrahim et al., 2012; khan and Coulibaly, 2010).
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These two tests are used to construct a hypothesis test p-value to estimate variability
of two population means. The p-value is the level of significance for which observed
test statistic lies on the boundary between acceptance and rejection of the null
hypothesis. The p-value great than 0.05 (95% significant level) indicates the similarity

of two observed and modelled data.

Rainfall dataset does not follow normal distribution, a non-parametric analysis is
applied on it. On the other hand, temperature and evaporation dataset can be
considered as normal variables. The parametric analysis is used to estimate the model

error.
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2-4-  Hydrological Modelling

This section describes the hydrology model that has been used for the research. It
contains an explanation of method and functions (Loss model, Hydrographical
transformation, Channel routing and Reservoir flood routing) have been employed in
HEC-HMS. The detailed method of hydrology modelling in HEC-HMS can be found
in (Ford et al., 2008) and (Scharffenberg and Fleming, 2008).

2-4-1- Watershed Delineation

Watershed delineation generates the hydrology parameters needed for the hydrology
modelling. These hydrological parameters are driven automatically by GIS system
using Hec-Geo-HMS for the watershed. The automatic watershed delineation in GIS
is described as below. Figure 10 illustrates the processes for automatic watershed
delineation in GIS system. The detailed method of the watershed delineation using
Hec-Geo-HMS can be found in (Fleming and Doan, 2010).
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Figure 10 Generating watershed delineation from a raw elevation map in GIS
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2-4-2- Loss Model

Loss model estimates the rainfall losses infiltrated by the ground. HEC-HMS provides
various methods to calculate the loss rate in the watershed/sub-watershed such as
deficit and constant, exponential loss, Green-Ampt, SCS Curve Number, initial and

constant.

The HSGs consists of four categories A, B, C, and D, which A and D are the highest
and the lowest infiltration rate respectively. In this study, based on the range
infiltration rate of various soil units in Klang watershed, Hydrological Soil Groups
(HSGSs) has been identified as Table 23 in Chapter 5.

The SCS-CN loss method is used in runoff estimation to specify the amount of
infiltration rates of soils. The method uses an integration of landuse and soil data to
determine CN values of the watershed. In this study the CN values were adopted from
Technical Release 55, United States Department of Agriculture- Natural Resources
Conservation Service (USDA-NRCS, 2000). To develop the CN map, the soil data of
Klang watershed has been categorised into hydrologic soil groups (HSGs) and then
have been combined with landuse data. CN map indicates the integrated landuse-soil
of Klang watershed. The relevant equations developed by Natural Resources
Conservation Service (USDA-NRCS, 2000) are as follows:

25400

S = oo 254 Equation 13
(P-0 2S)2
Q= 70 8S Equation 14

Where, Q is direct runoff (mm), P is accumulated rainfall (mm), S is potential

maximum soil retention (mm) and CN is Curve Number.
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2-4-3- Time of Concentration

The time of concentration is defined as the length of time between the ending of
excess precipitation and the first milestone on descending hydrograph while the
standard lag time is defined as the length of time between the centroid of precipitation
mass and the peak flow of the hydrograph.

In this study, SCS dimensionless hydrograph was used to generate hydrograph for a
long time daily rainfall over Klang watershed. The parameters of the method are: time
of concentration, lag time, duration of the excess rainfall, time to peak flow, peak
flow. The relevant equations developed by Natural Resources Conservation Service
(USDA-NRCS, 2000) are defined as:

T,=0.6T,+ /T, Equation 15
L08 (1000 o 0.7 -
T= #NSM) Equation 16
- z.ost3QA Equation 17
p

Where, T, is time to peak (min), T, is time of concentration (hr), L is hydraulic

length of watershed (ft), S is average land slope of the watershed (percent), q, is peak

flow (m%/s), Q is direct runoff (cm), A is area of watershed (km2) and T, is time to

peak (hr.)
2-4-4-  Channel Routing

In this study, Muskingum method was used to calculate the hydrologic river routing in
Klang watershed. The method is well known and has been extensively used in
hydrologic modelling (Nawarathna et al., 2005; Shrestha et al., 2011). Muskingum
method in HEC-HMS was used due to its simplicity and modest data requirement

which make it practical method for Klang watershed while other methods require
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complex data. The general equation of Muskingum was developed by McCarthy
(1938) which is based on Storage Equation. Details of the Muskingum Equation can
be found in (Birkhead and James, 2002; Al-Humoud and Esen, 2006). The
Muskingum Equation represents a relationship between storage, inflow, and outflow
of the reach to calculate changes in flow hydrograph when a flood wave passes
downstream. The Discharge-Storage Equation of Muskingum in the routing reach
developed by McCarthy in the 1930s cited by (Chin, 2000).

S =xkQi % + (1-x) kQo * Equation 18
Where, S is the amount of storage (m?), Q; and Q, is