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Abstract

Australia and Northeast Iraq have scarce water resources which are vulnerable to climate
change. Analyses of historical data have revealed that these two regions are experiencing

climate change to a degree higher than generally reported elsewhere.

To date the relationship between climate change and its effect on water resources of Australia
and Northeast Iraq has been sparsely addressed in the published literature, and almost no

attention has been paid to climate change-related water resources issues.

In order to fill that gap, this research work first investigates if there has been a significant
change in climate in these two regions, and this has been found to be true. The relationship
between climate change and its impact on water resources is explored through the application
of the widely used ‘white box” model SWAT. The model depicts the availability of water
resources, classified separately as blue and green waters, for short-term and distant futures for
the two regions. Some of the findings are foreboding and warrant urgent attention of planners
and decision makers for certain places where (in both regions) the results show that climate
change will have major impacts on water resources. The Fitzroy River Basin will experience
hotter and wetter weather, while the Iragi Basin will see hotter and drier weather in the near
and distant futures, near being up to 2046-2064 and distant being up to 2080-2100. The research
makes some projections of future water resource distributions in the two regions based on

climatic scenarios from some widely used General Circulation Model (GCM) ensembles.

The research further investigates how the population is adapting to already changed climates
and how it is expected to cope in the future when the shift in climate is expected to be much

greater.
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CHAPTER 1

INTRODUCTION
1.1 Background

Climate change occurs naturally, but during the last century global warming has been so rapid
that it cannot be attributed to natural causes alone (Ammann et al. 2007; IPCC5 2014). It is
now believed that anthropogenic activities such as burning of fossil fuel and land cover
conversion (e.g., deforestation) have led to increase in greenhouse gases: elevated CO>
concentrations and other greenhouse gases (e.g., CHa4, N20O, etc.) have the potential, by
modifying radiative forcing, to cause global warming, which is assumed to have started since
the industrial revolution of the 1850s. Many studies indicate that global warming is highly
likely to cause climate shifts (Wu and Johnston 2007). Based on observed and modelled data,
it has been established that elevated CO, concentration and climate shifts would impact
considerably hydrological cycles mainly through the alteration of evapotranspiration and
precipitation (Mimikou et al. 2000; Ragab and Prudhomme 2002; Yu et al. 2002; Pechlivanidis
et al. 2011; Winter and Eltahir 2012; Coffey et al. 2014; Xuan and Chang 2014). Changes in
rainfall intensity and volume from the historical normal have been observed since the last
century, and, if the trend continues, there will be more frequent manifestations in the future of
precipitation extremes, both dry and wet, which are of major concern due to their potential to
cause hardship (Pruski and Nearing 2002; Delpla et al. 2009). The dry or wet extremes often
cause severe droughts or major floods, respectively, imparting greater variability in river
discharge and soil moisture (Owor et al. 2009) with far-reaching environmental consequences.
A further ramification of climate change is the modification of water quality (Wilson and Weng
2011). Any increase in rainfall, whether in size of raindrops or storm intensity may directly
exacerbate soil erosion, which, in turn, could increase the loads of sediment yields, suspended
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solids and E. coli (Delpla et al. 2009; Whitehead et al. 2009), and all of these influence surface
water qualities. Droughts are also thought to affect water quality (Yu et al. 2002). In drought
events, long residence time and reduction in water volume occur, leading to increased water
temperatures and salinity, lower dissolved oxygen concentration, and increased algal blooms
(Somville and De Pauw 1982; Murdoch et al. 2000; Van Vliet and Zwolsman 2008;

Pechlivanidis et al. 2011; Van Vliet et al. 2011; Mosley et al. 2012).

Australia and MENA (Middle East and North Africa) regions are highly vulnerable to climate
change and variability (IPCC 2014). Australia has a highly variable dry climate, along with
weather induced catastrophes such as bushfires, floods and droughts — all of which could be
aggravated by climate change (Keenan and Cleugh 2011). The MENA region in most parts is
semi-arid to arid, typically with less than 150 mm of annual rain and high evaporation rates
(IPCC 2014), which will be impacted significantly with any slight change in climate. Water
scarcity has recently emerged in large parts of both regions (Australia and MENA) and could
get worse due to changing climate (IPCC 2014). Arguably, climate change is one of the greatest
challenges confronting these regions: it could have significant adverse effects on water
resources and hence the environment and economy, particularly in the agricultural sector. Thus,
there is an imperative for predicting the potential impacts of climate change, specifically on
the duration and magnitude of precipitation, that have ramifications for sustaining and
managing water resources appropriately. Already it has been reported for some regions that
water scarcity has become significantly worse (Chowdhury et al. 2014; Al-Ansari et al. 2014).
Unfortunately, however, todate water issues related to climate change have not been well
addressed within climate change analyses and climate policy construction (IPCC 2014) and,
particularly in Australia and MENA, very little attention has been paid to climate change-

related water resources issues (Government of Queensland 2014, Issa et al. 2014). Given this



perspective, the main objective of this research is to develop suitable tools for long-term
predictions of the changes in basin characteristics due to an altered nature’s forces and
processes, particularly climate change, and to identify water availability in two forms — blue
water, which is directly accessible water to humans, and green water which is not directly
accessible such as soil water content — and also to identify potential impacts due to climate
change in the Fitzroy River basin in Australia, the largest river basin on the Australian east
coast (Lough 2007), and in the five tributaries of the Tigris River basin in Irag, which

contributes 80% of Tigris flow (Issa et al. 2014).

1.2 Problem outline

Australia and MENA are highly vulnerable to climate change due to their geographical and
hydrological uniqueness (Hughes 2003; Issa et al. 2014). Australia is the driest inhabited
continent in the world and is recognised as one of the most vulnerable to climate change
(Hughes 2003; Rotstayn et al. 2007; Timbal and Jones 2008; Keenan and Cleugh 2011; Cai et
al. 2014; Chowdhury et al. 2014). The continent has a high degree of rainfall variability and
extreme weather events, such as floods and droughts, which are likely to appear more often in
the future due to climate change (Nicholls et al. 1997). The MENA region, by contrast, is an
enormous zone of generally varied climatic conditions categorized by a high degree of aridity
and highly variable and very low annual rainfall (Medany 2008) that could experience major
environmental changes due to any climatic shift. Most of the MENA region lands are classified
as arid to semiarid due to the typical annual precipitation being below 150 mm (Al-Ansari et

al. 2014).

Climate shift has been significant since the last century, in both regions (Australiaand MENA),

mainly through observed increases in surface air temperature (IPCC 2014). In Australia, during



the period of 1950 to 2010, mean surface air temperature increased by 0.9°C, greater than the
global average of 0.7°C, and the rising trend is continuing (Keenan and Cleugh 2011). In the
MENA region, since the 1950s the average temperature has increased by 0.2°C to 0.3°C per
decade (Zakaria et al. 2013) and it is projected to increase by 3°C to 5°C by the end of this
century (Elasha 2010). As a consequence of increases in mean air temperature, changes are
occurring in fundamental hydrological processes such as rainfall, runoff and evaporation
(Chowdhury et al. 2014). Australia and MENA have experienced significant changes in rainfall
since the 1900s, in particular after the 1950s, leading to changes in water availability and
quality (IPCC 2014). Changes in water quantity have caused water shortage problems and a
disruptive modification in the utilization of water resources such as water allocation systems
and hydropower sites (Medany 2008). Water quality also has degraded in response to climate
change (IPCC 2014). Therefore, analysis of potential impacts of climate change on watersheds

is important for Australia and MENA.

1.3 Aims and objectives

The proposed research is an attempt to better understand the hydrological characteristics of the
basins and their vulnerability to climate change. This will require development and application
of suitable mathematical tools that can be used for long-term predictions of the changes in the
two basins. These tasks are envisaged within the framework of the use of a geographic
information system (GIS), the calibration of a physics-based, spatially distributed watershed
model, SWAT, the incorporation of climate forecasts from General Circulation Models

(GCMs), and statistical analyses.

The specific objectives of this research are to investigate the alteration of blue and green water

regimes as a function of changes in rainfall volume and intensity, as well as evapotranspiration



due to climate change, and to examine possible opportunities and challenges of sustainable
utilization of water resources in climate adaptation strategies in the Fitzroy and the Tigris river

basins.

The following main objectives are addressed:

1. Determination of the performance and suitability of the three tools — GIS, SWAT and
statistical analyses.

2. Improved understanding of the existing hydrological systems and investigation as to
how changes in climate (rainfall and temperature) may affect and alter streamflow
regimes and other hydrological processes under different climatic scenarios.

3. ldentification and understanding of the various aspects of implications of climate
change in these regions.

4. Development of suitable tools which could be used by organizations to account for
climate change impacts, adaptations and vulnerability in their planning

and management strategies.

1.4 Organization of the thesis

This thesis comprises eight chapters to address the specific objectives. The second chapter
describes the study areas of the Fitzroy and Tigris River basins in detail, including the location,
climate, soil and land use types. The third chapter describes the software and method used in
this thesis, which include GIS software, the SWAT model, the SUFI-2 technique and general
circulation models (GCMs). The fourth chapter presents statistics on several variables such as
temperature, precipitation, sea level, etc., as historically observed, as well as trends for both
regions. The fifth chapter addresses the calibration, validation and sensitivity analysis aspects

for the discharge stations in both regions (Tigris and Fitzroy). Chapter six presents and



discusses the results. Chapter seven considers possible adaptation and mitigation measures that
could be undertaken in response to climate change. Chapter eight draws the thesis work to a
conclusion. The importance of the research and future research prospects are also discussed in

the final chapter.



CHAPTER 2

STUDY AREAS

2.1 Fitzroy Basin

The Fitzroy River basin is the largest river basin on the east coast and the second largest
seaward-draining catchment in Australia. It extends from the city of Rockhampton to
Carnarvon Gorge National Park in the west, and drains an area of approximately 142,645 km?
(approximately 10 percent of Queensland's land area) to the southern end of the Great Barrier
Reef (GBR) (Cobon et al. 2007). Originally, most of the catchment was dominated by Brigalow
(Acacia harpophylla) forest and other ecosystems such as eucalypt forests, grasslands, and

riparian communities, but these were mostly cleared in the 1960s and 1970s (Yu et al. 2013).

The basin comprises the catchment of the Fitzroy River and its major tributaries: the Nogoa,
Comet, Connors-lsaac, Dawson, and Mackenzie Rivers (Rolfe et al. 2004) (Figure 2.1). The
Nogoa River is in the far west of the basin, flowing through Emerald, and it later links with
Theresa Creek that comes from the northwest around Clermont. The Comet drains the south-
central part of the basin and then combines with the Nogoa, forming the Mackenzie River. The
Connor-Isaac drains the northern part of the basin and then is joined by the Mackenzie just
upstream of the Tartaeus Weir. The Dawson drains the southern part of the basin and joins the
Mackenzie further downstream. The combined stream is referred to as the Fitzroy, debouching
into the southern Pacific Ocean approximately 60 km downstream of Rockhampton (Dougall

2014).



The climate of the Fitzroy Basin is tropical to sub-tropical, ranging from semi-arid inland to
humid near the coast, with wet summers and mild to dry winters (Government of Queensland
2014). The mean annual temperature varies between 19.2°C in the south and 22.6°C in the
north. There is a high level of rainfall variability within the catchment due to climatic drivers
such as the EI Nifio Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO)
(Lough 2007). Mean annual rainfall ranges from greater rainfall areas close to the coast, with
up to 1800 mm in the east and up to 600 mm in the west. Rainfall is mostly linked to the tropical
monsoon, with occasional widespread heavy rainfall from tropical cyclones from the Coral Sea
off the east coast of Queensland (Yu et al. 2013). Flows are highly variable within and between

years: greater than 90% of flow occurs in the wet season from December to May (Lough 2007).
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Figure 2.1: Stream network, location of major reaches and sub-catchments of the Fitzroy River basin

(Source: original work created for this thesis)



The soils of the Fitzroy Basin are diverse owing to large variations in lithology, climate and
geomorphic processes. More than 100 soil types are recorded in the catchment and no one soil

group is dominant (Dougall 2014) (Figure 2.2).

The most common land use in the catchment is grazing. Large areas of dry-land cropping are
present in the western part of the basin, whereas irrigated cropping occurs in the towns of
Emerald, Theodore and Biloela. Extensive coal mining is occurring in the Bowen Basin,
especially around the towns of Moranbah, Dysart, Blackwater and Moura (Dougall 2014)

(Figure 2.2).

The Fitzroy Basin is of significant importance to Queensland, and considered one of the richest
areas in the state due to its land, minerals and water resources; it supports industry sectors such
as grazing, agriculture, mining, forestry and tourism. It contains approximately 10% of the
state’s agricultural land and 95% of the catchment is under agricultural land-use, comprising
about 87% grazing and 13% cropping (Cobon et al. 2007). This basin is the main source of
fresh water to approximately 185,000 people or 5.3% of the state’s population (Rolfe et al.
2004). Water demand is expected to increase as population is projected to grow rapidly
(Australian Bureau of Statistics 2014). Climate change is projected to enhance discussion,

debate and dialogue on water issues in this region (Cobon et al. 2007).
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Figure 2.2: From left to right DEM, soil and land cover map of Fitzroy Basin (Source: original work
created for this thesis)

The Fitzroy River basin was selected as a study area for following reasons. Firstly, the region
is highly vulnerable to climate change and variability (Yu et al. 2013), which made this area a
hot spot for research in terms of climate change. Secondly, although extensive research exists
on the basin, to the best of our knowledge no climate change-related water issues studies have
been conducted before this study. This study is envisaged to fill the gap of lack of knowledge
of climate change-related water issues. This would support decision makers in planning
relevant adaptation and mitigation measures, and thus decrease the adverse impacts on water
resources in the basin. In addition, the Fitzroy Basin is located in a sub-tropical environment:
there is a high level of rainfall variability within the catchment due to climatic drivers.
Consequently, flows are highly variable within and between years. Recently, Fitzroy basin is

experiencing more frequent extreme rainfall and heat waves.
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2.2 Tigris Basin

The Tigris River has five major tributaries: the Khbour, Greater Zab, Lesser Zab, Al-Adhiam
and Diyala Rivers (Figure 2.3). These tributaries are located in the left bank of the Tigris River
and make a significant contribution to Tigris flow. These tributaries are shared between Iraq

and Turkey or Irag and Iran, except for the Al-Adhiam River.
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Figure 2.3: Location map of the study area in MENA (Source: original diagram created using data from
(Al-Ansari et al., 2014)

2.2.1 Khbour sub-basin

The Khbour (Figure 2.4, Table 2.1) rises from the Eastern Anatolia Region in Turkey, flows to
the south crossing Turkey-Iraqi border and then to the west through Zakho City, and finally
joins the Tigris River a small distance to the south. The mean annual flow of the Khbour is 68
m3/sec and its length is 181 km (UN-ESCWA and BGR 2013). The basin is highly
mountainous, with various elevations ranging from 300 to 3300 m above the sea level. Many

springs rise in the basin. The mean annual temperature is 10°C and mean annual rainfall 780
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mm. About 60% and 25% of precipitation, including snowfall, occurs in winter and spring,

respectively. In autumn and summer, 14% and 1% of precipitation, respectively, falls as rain.

The flow regime of the Khbour River demonstrates highly seasonal flow, with peak flow

occurring in May and low seasonal flow from July to December (Figure 2.5). This is a typical

near-natural nival regime, in which winter precipitation in the form of snow and snow-melt in

the spring is dominant. Approximately 46% of the watershed is covered by forest, 30% by

wetland (forested) and 23% of the land is used for agriculture. Up-to-date information on water

use in the basin is very limited and no water resources management study is available for this

basin (UN-ESCWA and BGR 2013).
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Figure 2.4: From left to right DEM, land cover and soil map of the Khbour sub-basin (Source: original

work created for this thesis)
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Figure 2.5: Average monthly flow regimes of the main Tigris River tributaries at different discharge
stations (at Zakho station in Khbour sub-basin, at Eski Kalak station in Greater Zab, at Dukan station in
Lesser Zab, at Injana station in Al-Adhaim and Derbendikh station in Diyala ) for the period 1960 to
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2.2.2 Greater Zab sub-basin

The Greater Zab (Figure 2.6, Table 2.1) is the major Tigris tributary in terms of water harvest.
It originates from the Ararat Mountains in Turkey and runs through the central northern part of
Irag and then links with the Tigris River south of Mosul city. This basin is situated between
latitudes 36°N and 38°N, and longitudes 43.3°E and 44.3°E. It comprises four main tributaries:
the Shamdinan, Haji Beg, Rawandooz and Khazir-Gormal Rivers (Kafia et al. 2009). Based on
some estimates, the Greater Zab contributes about 35% of Tigris flow (UN-ESCWA and BGR
2013). Similar to the Khbour sub-basin, the Greater Zab sub-basin is mountainous, with many
springs and most of the precipitation, including snow falls in winter and spring (Abdulla and
Al-Badranih 2000). The mean annual temperature is 14.3°C and mean annual precipitation is
570 mm. Similar to the Khbour flow pattern, rainfall and snow melt lead to a typical nival flow
pattern with a distinct high flow season in spring and a peak flow in May (Figure 2.5). Seventy
nine percent of the watershed is covered by pasture, and 21% of the land is used for varying

agriculture.
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Table 2.1: Description of the basins of the five tributaries of the Tigris River (UN-ESCWA, BG R 2013)

River Khbour Greater Zab Lesser Zab Al-Adhaim Diyala

Basin area (Km?) 6143 26473 15600 13,000 33240

Basin area shares (%) Irag 43% Irag 65% Irag 80% Irag 100% Iraq 75%
Turkey 57% Turkey 35% Iran 20% Iran 25%

River length (Km) 181 km 462 km 302 km 230 574 km

Maximum annual flow 4.3 23.6 151 1.2 14.4

(BCM)

Minimum annual flow 0.9 3.7 1.7 0.4 1.2

(BCM)

Mean annual flow 2 12.7 7.8 0.80 4.6

(BCM)

Dams Unregulated Unregulated 2 1 3

z (,\] X %
. : Land cover m

N
Km

0 25 50 75 100
— )

Legend

DEM

=185 - 500
E9500.1 - 1,000
31,001 - 1,500
31,5011 - 2.000
£32,001 - 2,500
92,501 - 3,000
3,001 -3.500
3501 - 4,000

Km
0 25 50 75 100

= AGRL
BN AGRR
B AGRC
B HAY
EZFRST
FEFRSD
B FRSE
= WETF
WETN
B WPAS
BN RNGE
BN RNGB
B WATR
SCRN

Km
0 25 50 75 100

W mmI-E-Xk-bc

' Soil map

FI-E-be

B I-Re-Xk-¢
W Jcl-2a

m Kk16-2b
FVel-3a

B Xk26-2-3a
L Xk28-b
N Yy10-2ab

Figure 2.6: From left to right DEM, land cover and soil map of Greater Zab sub-basin (Source: original

work created for this thesis)
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2.2.3 Lesser Zab sub-basin

Further south of Mosul, the Lesser Zab (known also as little or lower Zab) (Figure 2.7, Table
2.1) links with the Tigris River. It originates from north-eastern Zagros Mountains in Iran
adjacent to the Iraqgi border. The Lesser Zab watershed is located approximately between
latitudes 35.16°N and 36.79°N and longitudes 43.39°E and 46.26°E (Saeedrashed and Guven
2013). The Lesser Zab joins the Tigris River at Fatah (Al-Ansari and Knutsson 2011). Its
average discharge contribution to the Tigris River is about 191 m®/s (UN-ESCWA and BGR
2013). Al-Ansari et al. (2014) state that the main contribution to Tigris discharge originates
from the Greater and Lesser Zab Rivers, which is estimated at about 40-60% of total Tigris
flow. The mean annual temperature is 16°C and mean annual precipitation is 670 mm, most of
which falls in winter and spring, with less snowfall compared to the Greater Zab River. The
Lesser Zab streamflow shows similar dynamics and seasonal variations to other tributaries of
Tigris. Peak flows of the Lesser Zab occur in early spring (April) (Figure 2.5), generally due
to the low snowfall level and early snowmelt. Approximately 70% of the watershed is covered

by pasture and 30% of the land is used for agriculture.
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Figure 2.7: From left to right DEM, land cover and soil map of Lesser Zab sub-basin (Source: original
work created for this thesis)
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2.2.4 Al-Adhaim sub-basin

Al-Adhaim or Nahr Al Uzaym (Figure 2.8, Table 2.1) is located in northeast Irag, and rises
from the hilly and mountainous areas in Iraq. The basin is characterised by limited rainfall and
no snowfall. The basin is fed by rainfall only, and therefore the occurrence of effective flow is
during the wet season (Al-Kadhimi et al. 2013; Abdulla and Al-Badranih 2000). It links with
the Tigris River approximately 13 km downstream of Balad city (UN-ESCWA and BGR 2013).
The annual precipitation for the Al-Adhaim sub-basin ranges from 80 to 330 mm, and
temperatures vary between 2°C and 48°C. The Al-Adhaim flow system is classified as an
irregular flow system that depends greatly on precipitation (Abdulla and Al-Badranih 2000).
This river runs dry in summer from May to October and high flow occurs during November to
May (Figure 2.5). Accordingly, the Al-Adhaim can be classified as an arid basin.

Approximately, 71% of the basin is covered by forest and 29% by agricultural land.
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Figure 2.8: From left to right DEM, land cover and soil map of Al-Adhaim sub-basin (Source: original
work created for this thesis)

2.2.5 Diyala sub-basin
The Diyala sub-basin (Figure 2.9, Table 2.1) originates in the Zagros Mountains in Iran,

shaping the Iran-Iraq border for more than 30 km (Al-Ansari et al. 2014). The basin is situated
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between latitude 33.22°N and 35.83°N, and longitude 44.50°E and 46.83°E. Its main tributaries
are the Sirwan, Tanjeru and Wand Rivers (Al-Faraj and Scholz 2014). The Diyala River links
with the Tigris River 15 km south of Baghdad. More dams have been built along the Diyala
River compared to other Tigris tributaries. Three dams have been built within Iragi part
(Derbendikhan Dam, Hemrin Dam, Diyala Weir) for multipurpose uses. In spite of the
construction of these dams, no significant influence on flow volumes and flow regime have
been detected (UN-ESCWA and BGR 2013). Mean annual temperature is 36°C and mean
annual precipitation is 420 mm. The Diyala flow regime is very similar to the Lesser Zab
streamflow (Figure 2.5). The peak flows occur in April and low flows from July to November.
Approximately 77% of the watershed is covered by forest and 23% of the land is used for
agriculture. Due to unavailability of data for the whole sub-basin, the upper part of the sub-

basin was studied only.
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Figure 2.9: From left to right DEM, land cover and soil map of Diyala sub-basin (Source: original work
created for this thesis)

The Tigris basin was selected for the following reasons. The Tigris River is the main fresh
water source for two-thirds of Iraq’s population. It is in a semi-arid to arid region, typically

with less than 150 mm annual rain and high evaporation rate (IPCC 2014), which would be
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influenced considerably with any slight change in climate. Water scarcity has recently emerged
in large parts of the region and could become worse due to changing climate (IPCC 2014).
Climate change is one of the greatest challenges confronting this region: it could have
significant adverse effects on water resources and hence the environment and economy,
particularly in the agricultural sector (Al-Ansari et al. 2014). Unfortunately, due to ongoing
war, social unrest and insecurity very little attention has been paid to climate change-related
water resources issues (Issa et al. 2014). Thus, there is an imperative for predicting the potential
impacts of climate change. This study would be the first initiative to study these impacts

scientifically based on modelling.

To summarise, the Fitzroy River is located in a sub-tropical area that is rich in resources,
minerals and economic activities, and supports industry sectors such as grazing, agriculture,
mining, forestry and tourism. The Tigris River basin is arid to semi-arid; it rises in the
mountains of Anatolia, Turkey and flows through Irag. Although the Tigris River is considered
the most important river for Iraq and the only water source for Baghdad, capital of Iraq, it is
plagued by poverty and exhibits low economic activities. These two rivers have been selected
because of their known effects due to climate change: the Fitzroy basin is experiencing more
frequent extreme rainfall and heat waves, while the Iraqi basin is experiencing more frequent

droughts and high air temperatures. Table 2.2 shows a comparison between the two basins.
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Table 2.2: Comparison between Fitzroy basin, Australia, and Tigris basin, Iraq

Basin Size\ km? Length\km  Sub-  Topography Land use Soil Weather Flow
basin types
Fitzroy 142,645 480 5 Hilly to flat ~ 87% grazing, 100 tropical to highly
30% is sub-tropical, variable
cropping, high level of
mining forest rainfall
variability
Tigris 70.471 1300 within 5 highly North of the 12 arid to seasonal
the study mountainous  basin 70%is semiarid
area, total to flat pasture 30% with less
length 1850 different than 150
agriculture mm annual
activities while rainfall

the south 70 %
forest and 30%
land activities
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CHAPTER 3

MATHEMATICAL MODELS

3.1 Geographic Information Systems (GIS)

Geographic Information Systems (GIS) are computer-based systems comprising an integrated
hardware, software and data system that can capture, store, manage, visualise, question, analyse
and demonstrate all forms of topographical or spatial data so that trends, patterns and
relationships in complicated data sets can be revealed (Wieczorek and Delmerico 2009).
Recently, GIS has been used as a great tool to function a superior decision support system to
prepare, manage and implement water resources (Setegn et al. 2008). GIS was developed in
the 1960s by Roger Tomlinson in Canada and was called Tomlinson’s Canada Geographic
Information System (CGIS) (Wieczorek and Delmerico 2009). CGIS was initially developed
to record natural resources such as soil and timber, but the usage of GIS worldwide began in

the 1970s (Wieczorek and Delmerico 2009).

The major aspects related to GIS are GIS base design, critical concepts of geographic data and
spatial analysis. The definition of GIS has changed over time based on the broad applications
for which GIS has been used. The definition can also change based on the growth of GIS
together with other technical expansions such as computer information systems, software, and
analytical algorithms (Wieczorek and Delmerico 2009). This has resulted in changing the target

definitions over time. Following are some examples of GIS definitions:
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“Set of tools for collecting, storing, retrieving at will, transforming and displaying
spatial data from the real world for a particular set of purposes” (Burrough 1986, in
Klosterman 1991).

“...an organized collection of computer hardware, software, geographic data, and
personnel designed to efficiently capture, store, update, manipulate, analyze, and
display all forms of geographically referenced information” (ESRI 1990, in Wieczorek

and Delmerico 2009).

“Automated systems for the capture, storage and retrieval of spatial data” (Clarke 1997

in Wieczorek and Delmerico 2009).

“ ... system for input, storage, manipulation, and output of geographic information; a
class of software; a practical instance of a GIS combines software with hardware, data,

a user, etc., to solve a problem, support a decision, help to plan...” (Goodchild 1992).

Geography is of importance in GIS application, because nearly every aspect or decision has a

geographic element (Wieczorek and Delmerico 2009). Geographic information has

connections to spatial features of the earth. This includes all of the spheres linked with earth

such as the biosphere, lithosphere, atmosphere and hydrosphere (Tait 2005). Geographic data

are saved and analysed in GIS using different methods. The major two applied methods to store

and analyse geographic data are vector and raster illustrations. Vector data represent particular

locations of geographic features such as points, lines and areas. Raster data are imageries

symbolized by the number of cells (or pixels) in a row-and-column format comprising the

image (Tait 2005). The number of cells is often reasonably large, particularly for a high-

resolution image (Higgins et al. 2007). By contrast, vector data storage is generally
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parsimonious, as the geographic characteristics are characterized by nodes (points) that can be

linked with lines which create the features (Tait 2005).

Spatial analysis demands facilities for the input, management and display of spatially-based
data. All these facilities are currently available within existing GIS packages (Goodchild et al.

1992).

3.2 Hydrological models

Hydrological models offer a framework in which the relationships between climate and water
resources can be generated and examined. Hydrological models are important for water
resources management, flood prediction and design, water quality assessment and climate.
They are meant to accurately predict the apportioning of water among different pathways of
the hydrological cycle (Leavesley 1994). This apportioning is estimated by the water balance
equation:

Q=P—ET +4S (1)

where Q is runoff, P is precipitation, ET is evapotranspiration, and A4S is the change in system

storage.

According to Pechlivanidis et al. (2011), hydrological models are classified into three
categories: empirical (black box), conceptual (grey box) and physics-based (white box),
depending on the amount of detailing of the hydrological processes that exist in a watershed.
Empirical models are built by empirically observed data that only capture the relationship
between input and output; conceptual models contain hypothetical elements which simulate to
some degree the internal working of the real-world process; and physics-based models use the

laws of physics to describe the hydrological processes.
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Empirical models are beneficial for predicting hydrology and soil erosion, based on the
definition of the significant factors via field observations, measurements, experiments and
statistical methods; however, they are site-specific and require long-term data (Leavesley 1994;
Nearing et al. 1994). An early example of an empirical model is the unit hydrograph theory for
event-based catchment scale simulation that was developed by Sherman in 1932 (Jakeman et
al. 1990); this model was applied with ease for ungauged catchments. Some more recent
empirical models that have been developed are Data Based Mechanistic (DBM) modelling
(Young 1998) and Artificial Neural Networks (ANN) (Lange 1999). DBM has “been
developed as an empirical transfer function model based on the available input-output data”
(Young 1998); therefore, factors can be assessed from input-output data only. ANN is able to
calculate a complete hydrograph for any rainfall distribution. Furthermore, this method has
been developed to develop a hydrograph out of a neural network which can be compared to a

unit hydrograph.

Conceptual models are based on two criteria. Firstly, the structure of the model should be
specified before conducting any modelling, and, secondly, not all of the model parameters have
a direct physical interpretation (Leavesley 1994). They are useful in representing all of the
component hydrological processes recognized as important in catchment scale input-output
relationships (Pechlivanidis et al. 2011). However, they are unable to fully describe other
physical processes such as sediment movement (Elliot and Hall 1997). TANK (Sugawara 1974)
and NAM (Nedbgr Affstremnings Model) (Nielsen and Hansen 1973) are examples of
conceptual models. The TANK model is a simple model, composed of three tanks placed one
above the other in sequence (Jeong and Kim 2005). The runoff from the tank model can be

evaluated by the sum of the discharges from the several tanks; streamflow routing is conducted
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by using an additional tank (Tingsanchali and Gautam, 2000). In the NAM model the overland
flow and interflow are directed via two linear reservoirs in series and ground water flow via a

single linear reservoir (Tingsanchali and Gautam 2000).

Physics-based models are major tools for analysing the effects of land management practices
on water, sediment and water quality in large complex watersheds (Pechlivanidis et al. 2011).
They are based on identifying the essential physical processes and invoking the conservation
laws of mass, momentum and energy (Petter 1992). Most of these models attempt to account
for the watershed heterogeneity and spatial distribution of topography, soil characteristics, land

use, rainfall, and evaporation (Setegn 2010).

Recently, some of the physics-based watershed models developed and which have gained
popularity are Chemicals Runoff and Erosion from Agricultural Management Systems
(CREAMS) (Knisel 1980), Agricultural Non-Point Source Model (Young et al. 1989), Water
Erosion Prediction Project (WEPP) (Nearing et al. 1989), European Soil Erosion model
(EUROSEM) (Morgan et al. 1998) and Soil and Water Assessment Tool (SWAT) (Arnold et
al. 1998). Among these models, SWAT, a physics-based distributed model, is well-recognised
for the analysis of the impacts of land management practices on water, sediment, agriculture,
and non-point pollution in large complex watersheds (Schuol and Abbaspour 2007). The
SWAT model is also capable of assessing the impacts of climate change on hydrological and
biochemical cycles on a long-term basis (Nietsch et al. 2005). After a review of models, the

SWAT model was adopted for this study because it was deemed the most appropriate.
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3.2.1 SWAT Model Applications and literature review

The SWAT (Soil Water Assessment Tool) was originally developed by the United States

Department of Agriculture (USDA) and the Agricultural Research Service (ARS) at the

Grassland, Soil and Water Research Laboratory in Temple, Texas (Nietsch et al. 2005). The

SWAT model is a watershed-scale, semi-distributed streamflow model. It is used to analyse

hydrological characteristics and water quality at various sub-watershed scales with different

soils, land use and management conditions on a long-run basis (Arnold et al. 1998). To fulfil

this objective, the model —

is physics-based discrete time (daily computational time step) analytical, rather than
regression type equations that describe the relationships between input and output data.
SWAT requires data about climate, topography, soil properties, land use/cover and
land management practices occurring in a watershed. The physical processes related to
water movement, sediment movement, plant growth, nutrient cycles, etcetera are

directly simulated by SWAT model using the input data (Arnold et al. 1998).

uses available hydro-meteorological data: SWAT requires a certain minimum amount

of data to run which is normally accessible from government agencies.

has capability of simulating large basins or basins with different management

practices.

allows users to simulate long-term impacts such as the impacts of climate and land

change.

The SWAT model has been successfully applied for watershed analysis studies worldwide.

One of the earliest studies is by Bingner (1996) in northern Mississippi, where SWAT was

validated for streamflow in various sub-catchments on daily and annual scales. Another is by
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Arnold et al. (1998), where the SWAT model was successfully applied for several watersheds
in Texas using a large number of stream discharge stations. Santhi et al. (2001) applied the
SWAT model satisfactorily in a large watershed, Hico and Valley Mills, along the north
Bosque River in Texas. White and Chaubey (2005) used various discharge stations to calibrate
and validate their model successfully in lllinois. Wu and Johnston (2007) successfully
calibrated the model in a watershed of northern Michigan. Luo et al. (2013) applied the model
under different field conditions of nine headwater drainage basins in the Coastal Ranges and

Sierra Nevada of California.

In China, Xiuwan (2004) applied the SWAT model to Suomo Basin to simulate the rainfall-
runoff relationship and identify the impacts of climate and land change on the basin. Huang
and Zhang (2004) applied the model to a high altitude, cold, semi-arid Yingluoxia catchment
located on Heihe River basin, north-western China, to simulate the hydrological characteristics
of the watershed. Zhang et al. (2007) were also successful in applying the model to predict the
hydrological response to climate change in the Luohe River basin. Luo et al. (2013) used the
model to simulate precipitation and streamflow in the Sanchuan River catchment located in the
middle reaches of the Yellow River basin with an arid and semi-arid climate. Li et al. (2009)
used the SWAT model in a runoff simulation in the upper reaches of the Yihe River. Cheng et
al. (2009) applied the model to the Kuye River basin, one of the typical watersheds with
plentiful coarse sand in the middle reaches of the Yellow River, to simulate streamflow and
baseflow. Guo et al. (2008) applied the model to the Xinjiang River basin of the Poyang Lake
to simulate the hydrological characteristics of this basin. More recently, Zhou et al. (2013) used
the model to identify and measure how hydrological characteristics of the watershed respond
to land use and land cover changes in the Yangtze River delta, one of the most developed

regions in China.
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In Iran the SWAT model was applied to simulate runoff and sediment in the Beheshtabad and
Vanak watersheds in the northern Karun catchment (Rostamian et al. 2008). Abbaspour et al.
(2007) modelled the water resources for the whole country using the SWAT model. Faramarzi
et al. (2009) modelled blue and green water of Iran using the model. Gaffari et al. (2010) used
the model to calibrate the streamflow and to understand the impacts of land use on the
hydrological processes in the Zanjanrood Basin in northwest Iran. More recently, Ashraf et al.
(2014) used the model to analyse the impact of climate change on water resources components,

drought and wheat yield in semiarid regions, in the Karkheh River basin.

Other successful SWAT applications were made elsewhere: for example, Schilling et al. (2008)
in lowa; Githui et al. (2009) in Kenya; Fu et al. (2012) in Canada; Jang et al. (2012) in Korea;
Gungor and Goncu (2013) in Turkey; Al-Mukhtar et al. (2014) in Germany; Bannwarth et al.

(2014) in Thailand; and Raghavan et al. (2014) in Singapore.

3.2.2 Hydrological components of SWAT

The SWAT system is embedded within a GIS (ArcGIS interface), in which different spatial
environmental data, including climate, soil, land cover and topographic characteristics, can be
integrated. In the SWAT model, the watershed is divided into sub-basins based on the digital
elevation model (DEM) (Figure 3.1). These are further disaggregated into Hydrologic
Response Units (HRUs). HRUs are defined as packages of land that have unique
distinguishable features identified by slope, soil and land use area within the borders of the
sub-basin. The HRUs represent percentages of a sub-basin area and hence are not spatially
defined in the model. There must be at least one HRU in each basin. HRUs enable the user to

identify the differences in hydrologic conditions such as evapotranspiration for varied soils and
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land uses. Routing of water and pollutants are predicted from the HRUs to the sub-basin level,
and then through the river system to the watershed outlet. A brief description of the SWAT
hydrologic components is provided in this study. Further detailed descriptions for each
component are found in the SWAT Theoretical Documentation (Neitsch et al. 2011), from

which the following descriptions are adopted.
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Figure 3.1 Sub-basin delineation of the Fitzroy River basin (Source: original work created for this thesis)

Two major divisions, land phase and routing phase, are enacted to simulate the hydrology of a
watershed. The land phase of the hydrological cycle (Figure 3.2) predicts the hydrological
components, including surface runoff, lateral flow, groundwater, evapotranspiration, ponds,

tributary channels and return flow.

The routing phase of the hydrological cycles is “defined as the movement of water, sediments,
nutrients and organic chemicals through the channel network of the watershed to the outlet”
(Arnold et al. 1998). In the land phase of the hydrological cycle, the simulation of the

hydrological cycle is based on the water balance equation:
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n
SWy = SWy + Z(Rday - qurf —E; — I/Vseezo - ng) (2)

i=1

where SW¢ is the final soil water content (mm), SW, is the initial soil water content on day i
(mm), ¢ is the time (days), Raay 1s the amount of precipitation on day i (mm), Oy 1s the amount
of surface runoff on day i (mm), E, is the amount of evapotranspiration on day i (mm), Wi is
the amount of water entering the vadose zone from the soil profile on day i(mm), and Qg is

the amount of return flow on day i (mm).
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Figure 3.2: Schematic representation of the hydrological cycle (Source: original diagram created using data

from Arnold et al. (1998).

The subdivision of basins allows the model to incorporate the differences in evapotranspiration
for different crops and soils. Runoft is modelled individually for each HRU and then routed to
obtain the total runoff for the basin (Arnold et al. 1998). This increases the accuracy of the

physical description of water balance. A brief description of some of the main hydrological
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elements of the model is presented in this study; comprehensive descriptions can be obtained
from Nietsch et al. (2011). Figure 3.3 captures the sequence of processes used by the model to

simulate the land phase of the hydrological cycle.
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Figure 3.3: HRU/ Sub-basin loop command (Source: original diagram created using data from Arnold et

al. (1998)

Surface runoff

Surface runoff occurs when the water application rate to the ground is higher than the
infiltration rate. SWAT is capable of simulating runoff volumes and peak runoff rates for each
HRU. It enables users to estimate surface runoff through two methods; the soil conservation

service (SCS) curve number procedure (SCS 1972, in Arnold et al. 1998) and the Green and
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Ampt infiltration method (Green and Ampt 1911). SCS can be defined as a sampling, widely
used, and efficient method for determining the approximate amount of runoff from a rainfall
even in a particular area. Although the method is designed for a single storm event, it can be
scaled to find average annual runoff values. The SCS method is used in this study due to non-

availability of sub-daily data that is required by the Green and Ampt infiltration method.

The SCS curve number equation is:

(Raay-0.25)

Qsurr = m 3)

where, Qsurf is the accumulated runoff or rainfall excess (mm), Raay is the rainfall depth for the
day (mm), and S is the retention parameter (mm). The retention parameter differs spatially
owing to various soils, land use, management, and slope within a catchment, and temporally
because of changes in soil water content. The retention parameter is defined by the equation:

1000 ) @)

S =254 (— —10
CN
where CN is the curve number for the day; it can be defined as an experiential factor used in

hydrology for forecasting direct runoff or infiltration from rainfall excess.

SWAT offers two methods for estimating the retention parameter. The traditional method (soil
moisture method) allows the retention parameter to be varied with soil profile water content.
An alternative method added to SWAT 2012 is to allow the retention parameter to vary with
accumulated plant evapotranspiration. The soil moisture method predicts too much runoff in
shallow soils, but, adding the calculation of daily CN value as a function of plant
evapotranspiration, the value becomes less dependent on soil storage and more dependent on

antecedent climate.
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When the retention parameter is to be varied with soil profile water content, the following

equation will be used:

Sw > )

= 1-—
S = Smax * ( [SW + exp(w; —w, * SW)]

where S is the retention parameter for a given day (mm), Smax is the maximum value that the
retention parameter can be achieved on any given day (mm), SW is the soil water content of
the entire profile excluding the amount of water held in the profile at wilting point (mm), and
ws and w» are shape coefficients. The maximum retention parameter value, Smax, is calculated

by solving equation (4), using CN1 as shown below:

1000
- 25.4( o 10) (6)

When the retention parameter differs with plant evapotranspiration, the equation below is used
to update the retention parameter at the end of every day:

—cncoef — Sy

S= Sprev + Eoexp< ) - Rday - qurf (7)

Sm ax

where Sprev IS the retention parameter for the previous day (mm), Eo is the potential
evapotranspiration for the day (mm/day), cncoef is the weighting coefficient used to calculate
the retention coefficient for daily curve number calculations which depend on plant
evapotranspiration, Smax is the maximum value the retention parameter that can be achieved on
any given day (mm), the Rqay is the rainfall depth for the day (mm), and Qsur is the surface

runoff (mm). The initial value of the retention parameter is defined as S = 0. 9Smax.
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Percolation
SWAT classifies soil into mutable layers and allows users to calculate percolation for each soil
layer in profile. Water starts to percolate when the water content is higher than the field capacity
for that layer and the layer below is not saturated. The percolation rate is zero at field capacity
and increases to a maximum at saturation. When a soil layer is frozen, no percolation event
occurs. Water that permeates from all soil layers accretes to groundwater and contributes as
part of base flow to the stream.
Snow and Snowmelt
In SWAT, precipitation is classified as a rain or snow based on air temperature. Snowmelt is
governed by the air and snowpack temperature (Nietsch et al. 2011).
Transmission loss
Transmission loss occurs when the water table is lower than the channel bottom. SWAT
estimates such losses using Lane’s method to calculate transmission loss as a function of
channel width, length, and flow duration (Nietsch et al. 2011).

Groundwater
The groundwater model is separated into two aquifers: an unconfined and a confined aquifer
in every catchment. The unconfined aquifer, which is called a shallow aquifer, is the main
contributor to streamflow in the main channel of the sub-basin. Water that infiltrates into the
confined aquifer apparently contributes to streamflow outside the watershed. The water balance

equation for the shallow aquifer is:

aqsn,i = Aqshi-1 + Wychg.sh — ng — Wrevap— — Wpump.sh (8)

where agshi is the amount of water stored in the shallow aquifer on day i (mm), agsh,i-1 is the
amount of water stored in the shallow aquifer on day i-1 (mm), Wrchrgsh IS the amount of
recharge entering the aquifer on day i (mm), Qgw is the groundwater flow, or base flow, into

the main channel on day i (mm), Wrevap IS the amount of water moving into the soil zone in
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response to water deficiencies on day i (mm), and Wpump,sh iS the amount of water removed from

the shallow aquifer by pumping on day i (mm).

The steady-state response of groundwater flow to recharge is calculated by the equation below
(Hooghoudt 1940, in Arnold et al. 1998):

8000 =
gw = —zm * Mywtpl (9)
Lgw

where Ksat is the hydraulic conductivity of the aquifer (mm/day), Lqw is the distance from the
ridge or sub-basin divide for the groundwater system to the main channel (m), and huwi is the
water table height (m).

Potential evapotranspiration
Three methods are provided by the SWAT model to estimate potential evapotranspiration
(PET): the Penman-Monteith method (Monteith 1965), the Priestley-Taylor method (Priestley
and Taylor 1972) and the Hargreaves method (Hargreaves et al. 1985). The Penman-Monteith
method requires air temperature, wind-speed, solar radiation, and relative humidity; the
Priestley-Taylor method needs air temperature and solar radiation, while the Hargreaves
method needs only daily temperature as inputs.

Lateral subsurface flow
Lateral flow occurs below the surface when the water rates in a layer exceed the field capacity
after percolation. A kinematic storage model is utilized to predict lateral flow through each soil
layer. The model estimates the volume of lateral flow depending on the variation in

conductivity, slope, and soil water content.
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3.2.3 Sediment component
Total sediment yield that generates from watersheds is calculated by the Modified Universal

Soil Loss Equation (MUSLE) as shown in the equation (Williams 1975) below:

0.56
Sed =11.8 (qurf * qpeak * areahru) * Kysie * Pysie * Cysie * LSysie
(10)
« CFRG)

where Sed is the sediment yield on a given day (metric tons), 11.8 is a unit conversion constant,
Qsurf is the surface runoff volume (mm /ha), Qpeax is the peak runoff rate (m3/s), areanr, is the
area of the hydrologic unit area (HRU) in hectares, KusLe is the USLE soil erodibility factor
(0.013 metric ton m? hr/(m3-metric ton cm), Custe is the USLE cover and management factor,
PusLe is the support practice factor, LSusce is the topographic factor, and CFRG is the coarse

fragment factor.

3.2.4 Routing phase of the hydrological cycle

In SWAT, water is routed through the channel network by applying either the variable storage
routing or Muskingum river routing methods using the daily time step. The sediment routing
model (Arnold et al. 1998) comprises two components running at the same time in the channel:
deposition and degradation utilizing the same channel dimensions for the entire simulation.

The details of the water and sediment routing methods can be found in Arnold et al. (1998).

3.2.5 Model input

The different inputs and processes involved in the phase of hydrological cycle are:

Weather

The SWAT model requires daily precipitation and 0.5 hourly precipitation, maximum and

minimum air temperature, relative humidity, solar radiation, and wind speed. SWAT allows
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users to input observed weather data or work with generated data during the run. Australian
weather data were collected from the Australian Bureau of Meteorology
(http://www.bom.gov.au/climate/data/). The Iraqi weather data were obtained from Iraq’s
Bureau of Meteorology.

Digital Elevation Model (DEM)

DEM can be defined as a database that represents the topographical elevation of any point in a
particular area at a particular spatial resolution (Arnold et al. 1998). A 25m by 25m resolution
of Fitzroy River Basin was obtained from Queensland Government Data
(https://data.qld.gov.au/dataset/digital-elevation-models-25metre-by-catchment-areas-
series/resource/51189337-7cc3-4826-82c6-bdddf598dfd7) (Figure 3.4. Right). A 30 m by 30
m resolution DEM for Iraq was downloaded from ASTER Global Digital Elevation Model
(ASTERGDM) (https://asterweb.jpl.nasa.gov/gdem.asp) (Figure 3.4, Left). The DEM was
used for efficient delineation of watershed and for drainage pattern generation. DEM was used
also for identifying sub-basin characteristics such as slope gradient, slope length of the land,
and the stream network features such as length, width and slope of the channel.

Soil data

Soil properties such as soil texture, hydraulic conductivity, available water content, bulk
density and organic carbon content for different layers of each soil type are essential to run the
SWAT model. These soil data for Fitzroy River Basin were obtained from ASRIS Australian

Soil Resource Information System (http://www.asris.csiro.au/themes/Atlas.html) (Figure 3.5,

Right). The Iraqi soil data were extracted from Digital Soil Map of the World and Derived Soil

Properties CD-ROM FAO (1995) (Figure 3.5, Left).
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Land use

The land use map of the Fitzroy River Basin 2002 was collected from Australian Government’s
Department of Agriculture and Water Resources
(http://www.agriculture.gov.au/abares/aclump/land-use/land-use-mapping)  (Figure 3.6,
Right). For the Iraqi land cover map, the land cover map was obtained from the European
Environment  Agency  (http://www.eea.europa.eu/data-and-maps/data/global-land-cover-
250m) with a 250-meter grid raster for the year 2000 (Figure 3.6, Left).

River discharge

Daily stream flow data for Fitzroy Basin were collected from the Queensland Department of
Natural Resources and Mines’ Water Monitoring Portal
(https://www.dnrm.qld.gov.au/water/water-monitoring-and-data/portal). Daily stream flow
data for Iraqi Basin were obtained from the Iraqi Ministry of Water Resources’ National Water

Centre.
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Figure 3.4: DEM of Fitzroy Basin (left) and Tigris Basin (right) (Source: original work created for this

thesis)
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Figure 3.5: Soil map of Fitzroy basin (left) and Iragi basin (right) (Source: original work created for this thesis)
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Figure 3.6: Land use map of Fitzroy basin (left) and Iraqi basin (right) (Source:

original work created for this thesis)
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3.2.6 Description of SUFI-2

To evaluate the performance of the SWAT model, the sequential uncertainty fitting algorithm
application (SUFI-2), embedded in the SWAT-CUP package (Abbaspour et al. 2007), can be
used. The advantages of SUFI-2 are that it combines optimisation and uncertainty analysis, can
handle a large number of parameters through Latin hypercube sampling and is easy to apply
(Abbaspour et al. 2004). Furthermore, compared to different techniques in connection to
SWAT, such as generalized likelihood uncertainty estimation (GLU), parameter solution
(parsol), and Markov Chain Monte Carlo (MCMC), the SUFI-2 algorithm was found to obtain
good prediction uncertainty ranges with a low number of runs (Yang et al. 2008). This
efficiency is of great significance when implementing complex and large-scale models

(Abbaspour et al. 2004; Schuol et al. 2008).

SUFI-2 first identifies the range for each parameter. Then the Latin Hypercube Method is used
to generate multiple combinations among the calibration parameters. Finally, the model runs
with each combination and the obtained results are compared with observed data until the
optimum objective function is achieved. Since the uncertainty in forcing inputs (e.g.,
temperature, rainfall), the conceptual model and measured data are not avoidable in
hydrological models, the SUFI-2 algorithm computes the uncertainty of the measurements, the
conceptual model and the parameters by two measures: P factor and R factor. P factor is the
percentage of data covered by the 95% prediction uncertainty (PPU), which is quantified at
2.5% and 97.5% of the cumulative distribution of an output variable obtained through Latin
Hypercube Sampling (Abbaspour et al. 2007). The R factor is the average width of the 95 PPU
divided by the standard deviation of the corresponding measured variable. In an ideal situation,
P-factor tends towards 1 and R-factor to zero (0) (Abbaspour et al. 2007). The objective of the

algorithm is to increase P-factor and reduce R-factor in order to achieve the optimal parameter
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range. These factors together reflect the strength of the calibration-uncertainty analysis.
Furthermore, SUFI-2 calculates the coefficient of determination (R?) and the Nasch-Sutcliff
efficiency (ENC) (Nash and Sutcliffe 1970) to assess the goodness of fit between the measured
and simulated data. R? shows the strength of the relationship between the simulated and
observed data. It ranges from 0 (zero) to 1 (Legates and McCabe 1999). The higher values of
R? reflect less error variance, and values greater than 0.5 are satisfactory (Moriasi et al. 2007).
R? has been widely used to provide an assessment of climate change detection, and
hydrological and hydroclimatological applications (Santer et al. 1995, Hegerl et al. 1996,

Legates and McCabe 1999). R? is given by

(0, —0)(P,—P)

X", (0; — 0)2]°5[X™ (P, — P)2]05 (11)

R? =

where Oj is the observed stream flow, Pi is the simulated stream flow and O is the mean

observed stream flow during the evaluation period, and p is the mean simulated streamflow.

The ENC value is an indication of how well the plot of the observed against the simulated
values fits the 1:1 line. It can range from negative infinity (-0) to 1. The closer the value to 1,
the better the prediction is. A value of less than 0.5 indicates unsatisfactory model performance

(Moriasi et al. 2007). ENC is calculated as shown below:

n _(0; — P;,)?
ENC =1- 2;‘1( ‘ _‘)2 (12)

where Oi is the observed stream flow, Pi is the simulated stream flow, and O is the mean

observed stream flow during the evaluation period.

ENC is recommended to be used for calibration, since it has been approved by ASCE (1993).

It has been recommended by Legates and McCabe (1999) because of its direct physical
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interpretation (Raghavan et al. 2014). Moreover, it has seen widespread applications, offering

extensive information on reported values (Moriasi et al. 2007).

SUFI-2 enables users to conduct global sensitivity analysis, which is computed “by plotting
the Latin Hypercube generated parameters against the values of the objective function using
multiple linear regression analysis. Then a t-test which indicates parameter sensitivity is used
to determine the relative significance for each parameter” (Al-Mukhtar et al. 2014) — the more
sensitive the parameter, the greater is the t-test value (Abbaspour et al. 2007). In this study,
global sensitivity analysis, R?, ENC, P-factor and R-factor have been evaluated to assess the

SWAT model performance.

3.2.7 Water availability indicators

There is no agreed universal indicator to define water availability, especially when one
considers the accessibility issues. Though Sullivan (2002) introduced accessibility in his
concept of the Water Poverty Index (WPI), which includes spatial and temporal water
availability, the population with access to safe water, and time and effort to collect water, the
deficiencies of the WPI have been identified by others (Angulo et al. 2016). Thus, for simplicity
in this paper, we limit the definition of water availability or lack of it (water scarcity) as

aggregated water availability per person.

Blue water availability can be used for water scarcity analysis. Among many available water
scarcity indicators, a widely used indicator is the water stress threshold, which is defined as
1700 md.capita?t.year! by Falkenmark (1989). This value is estimated based on household
water needs, agricultural usage, industrial and energy sector consumptions, and demand for the

environment (Rijsberman 2006). A value equivalent to or higher than 1700 m3.capita™.year™
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is generally accepted as sufficient to meet water demand. Once water supply declines below
1000 m?.capitat.year?, it is considered water scarcity, and below 500 m3.capita™. year? is
considered as extreme scarcity. The water accessibility per capita and water stress indicators
were assessed for each of the 320 HRUs via the 2.5 arcmin population map available from the
Center for International Earth Science (CIESIN) Gridded Population of the World (GPW,

version 3, http://sedac.ciesin.columbia.edu/gpw) for 2005.

3.3 General Circulation Models (GCMs)

General Circulation Models (GCMs) are numerical models that reflect procedures in the
atmosphere, cryosphere, ocean and land surface. Currently, GCMs are the main tools
obtainable for modelling changes in climate in response to changes in greenhouse gas
concentrations (Abbaspour et al. 2007). GCMs describe the climate through a three-
dimensional grid of points on the globe, a horizontal resolution of between 250 and 600 km,
10 to 20 vertical layers in the atmosphere and 30 layers in the oceans (IPCC 2014). Therefore,
their resolution is rather coarse compared to the amount of exposure units in most impact
assessments (IPCC 2014). Thus, they produce a high degree of uncertainty on modelling

parameters.

3.3.1 Coupled Model Intercomparison Project (CMIP)

The Intergovernmental Panel on Climate Change (IPCC) collects and evaluates global climate
models as part of the International Climate Change Assessment Reports; the ensemble of the
models is called the Coupled Model Intercomparison Project (CMIP) (IPCC 2014). It is a
collaborative effort of climate scientists initiated by the US Department of Energy. The CMIP
“is a framework and the analog of the Atmospheric Model Intercomparison Project (AMIP) for

global coupled ocean-atmosphere general circulation models (GCMs)”. The Working Group
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on Coupled Modelling (WGCM) introduced the CMIP as a typical experimental procedure to
study the output of coupled atmosphere-ocean general circulation models (AOGCMs). The
main objective of the CMIP is to provide a better understanding of past, present and future
climate changes due to changes in radiative forcing in a multi-model concept. The CMIP began
in 1995 and the first set of common experiments documented was achieved using a CO>
increase of 1% per year compounded. Since then a number of CMIP experiments has been

developed. In this study, we used CMIP3 and CMIP5.

CMIP3 is the model ensemble for the IPCC’s Fourth Assessment Report (AR4) and was
released in 2010. The CMIP3 simulations of the 21" century represent the emissions scenarios
from the Special Report on Emissions Scenarios. The emission scenarios of CMIP3 are SRES
AlF1, A2, A1B and B1, listed in order of high to low emissions (Figure 3.7). Only three
emissions scenarios were used in the CMIP3 climate change simulation runs for the IPCC
Fourth Assessment report: SRES-B1, SRES-A1B and SRES-A2. These scenarios represent the
estimate of future emissions based on different combinations of global population growth, and
policies associated with alternative energy systems and conservative fossil fuel sources (Figure
3.8):

e SRES A2 (A2 family) describes a very heterogeneous world with a rapid population
growth, slow economic development, and technological change.

e SRES A1B (Al family) describes a future of a very high economic growth with a
greater introduction to more efficient technologies with population growth that
increases in mid-century and decreases thereafter.

e SRES B1 describes (B1 family) describes a cooperating world with rapid introduction
of clean and resource-efficient technologies but the same global population as in the

Al SRES.
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Figure 3.7: Schematic illustration of SRES scenarios. Four qualitative storylines yield four sets of

scenarios called families: Al, A2, B1, and B2 (Source: original diagram created using data from IPCC,

2007)
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Figure 3.8: Timeline of expected changes for different scenarios of CO:zin air (Source: original diagram

created using data from IPCC, 2007)

GCM outputs were downloaded from the World Climate Research Programme’s (WCRP’s)
Coupled Model Inter-comparison Project phase 3 (CMIP3) multi-model dataset. Daily

precipitation and maximum and minimum air temperatures were extracted from six models:
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CGCM3.1/T47, CNRM-CM3, GFDL-CM2.1, IPSLCM4, MIROC3.2 (medres) and MRI
CGCM2.3.2. These data were used to alter the historical data sets for the baseline period of
1980 to 2010. The output was then applied to the SWAT model to simulate water resources of
two future periods, 2046-2064 and 2080-2100, and then the results were compared with the

baseline period data.

CMIP5S is the model ensemble for the Fifth Assessment Report of IPCC (AR5) and was
introduced in 2013. The CMIP5 simulations of the 21st century reflect the representative
concentration pathways (RCPs). The RCPs do not describe emissions but describe the
concentrations of greenhouse gases and aerosols. RCPs characterize and cover the range of
current estimates of the concentrations of greenhouse gases regarding the evolution of radiative
forcing. The total amount of additional energy enters the climate system over the 21st century.
RCPs do not adopt particular climate policy actions. However, scientists are free to develop
mitigation scenarios leading to one of the RCPs (RCP 8.5, RCP 6.5, RCP 4.5, RCP 2.6). The
CMIP5 climate scenarios used in this research are RCP 8.5, RCP 4.5 and RCP 2.6, which
represent increases in radiative forcing to roughly 8.5 W/m? and 4.5 W/m? and 2.6 W/m? above

preindustrial levels by the year 2100 (IPCC 2014).

These models were chosen because they offered acceptable daily precipitation, and minimum
and maximum temperature outputs to CMIP3 and 5. In addition, these GCMs simulated the
current climate most faithfully, which gives confidence that these GCMs would also produce
the most reliable representation of future climate. Also, they provide acceptable spatial

precision for each of the study areas.
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In summary this chapter, presents the methodology used in this research. For hydrologic
modelling SWAT was chosen because of its wide popularity and its prior successful
applications in similar catchments throughout the world. In addition, SWATCUP, which is
used for statistical analysis, was embedded in that SWAT model, which made the calibrations
and validations highly accurate. To capture the effects of climate change, GCM outputs were

used because, hitherto, GCMs have provided the most reliable forecasts.
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CHAPTER 4

CLIMATE CHANGES IN THE STUDY AREAS

4.1 Introduction

The primary controlling factors of a climatic regime are atmospheric temperature and
precipitation. If these two factors change, other factors such as humidity will be affected. It is
therefore imperative to study thoroughly changes in atmospheric temperature and precipitation
to investigate possible climate change. This section describes the observed and projected

changes in climate as they relate to water in both regions.

4.2 Observed climate and its trends in Central Queensland

4.2.1 Air temperature

Increase in air temperature over land is one of the clearest signs of a rapidly changing climate
system in Australia (Lough and Hobday 2011). Australia’s continental average temperature has
risen by about 0.9°C over the last century, higher than the global average of 0.7°C for the same
period (Hughes 2003). Most of this increase occurred after the 1950s (Karoly and Braganza
2005). For example, since the 1950s, the average temperature has increased by around 0.7°C
with 0.1°C to 0.2°C per decade, and every decade has become warmer than previously (Clarke
et al. 2013). The decade ending in 2010 has been the warmest decade since 1910 (Keenan and
Cleugh 2011). Clarke et al. (2013) also point out that the 2013 year was Australia’s warmest
year on record, being 0.17°C above of the previous warmest year in 2005. These trends are
consistent with those measured globally (Hughes 2003). In Queensland, the mean air
temperature has risen by about 1°C since early last century with the highest rate of warming

occurring since the 1950s (Clarke et al. 2013) (Figure 4.1). The historical temperature records
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show that the Central Queensland region has experienced the highest average temperature since

the late 1950s (Government of Queensland 2014) (Figure 4.2).
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Figure 4.1: Annual average temperature for Queensland. The black line shows the 11-year average

(Source: original diagram created using data from Government of Queensland, 2014)
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Figure 4.2: Annual and seasonal maximum temperatures for the Central Queensland region for the
period 1950-2007, recent averages compared to the baseline period 1961-1990

(Source: original diagram created using data from Government of Queensland, 2014)
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In Figure 4.2, the black line is a five-year running average and the green lines indicates the
average temperature for the baseline of 1961-1990 and the last decade 1998-2007, which

is indicated numerically at the right of the graph.

Along with increased average temperatures, there have been decreases in extreme cold
events, and increases in numbers of extremely warm events in the last 50 years (Alexander
and Arblaster 2009; Lough and Hobday 2011). For instance, in Rockhampton, since the
1980s the number of days where the maximum temperature has exceeded 35°C is given

year-wise in Figure 4.3.
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Figure 4.3: Number of days in a year where the temperature has been higher than 35°C for Rockhampton

(Source: original diagram created using data from Government of Queensland, 2014)

4.2.2 Rainfall

Australian mean annual rainfall distribution is captured in Figure 4.4. The interior of the
continent is dry, with less than 100 mm rainfall because of its location beneath the downward
branch of the subtropical ridge, as is characteristic of the planet’s deserts (Risbey 2011).
Australian rainfall variability is much higher than elsewhere in the world, with climates
seemingly similar to the Sahara or Gobi deserts (Nicholls et al. 1997).
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Figure 4.4: Mean annual rain (mm) in Australia using the data from 1910 to 1992 (Source: original

diagram created using data from Nicholls et al., 1997)

This variability is driven by a number of factors, including the El Nifio Southern Oscillation
(ENSO), the Pacific and Indian Ocean sea surface temperatures (SSTs), the Indian Ocean
Dipole (I0OD), the Southern Annular Mode (SAM), and the Madden-Julian Oscillation (MJO)
(Risbey et al. 2009; Lough and Hobday 2011). El Nifio is recognised as the primary source of
inter-annual variability across much of Australia, particularly in Queensland, although its
effects vary across seasons and regions (Lough 2008). Over the last century, rainfall patterns
in Queensland have changed: some areas have become wetter and others have become drier.
For example, Queensland has experienced more rainfall, apart from the coastal regions,
including Central Queensland, which has become drier between 1970 and 2011 (Figure 4.5)

(Clarke et al. 2013).
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Figure 4.5: Spatial distribution of annual rainfall trends (mm/10 yrs) for the periods 1900-2011 and 1970-

2011 (Source: original diagram created using data from Clarke et al., 2013)

Figure 4.6 captures the variability of seasonal and annual rainfall over the last five decades in
Central Queensland: over the last decade autumn rainfall has declined by 38% compared to the

1960-2000 mean rainfall.
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Figure 4.6: Historical annual and seasonal total rainfall for the Central Queensland region for the period

1897-2007 (Source: original diagram created using data from Government of Queensland, 2014)
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In Figure 4.6, the black line indicates a five-year running average rainfall and the green lines
show the average for the baseline 1961-1990 and the last decade 1998-2007. The difference
in rainfall between the baseline period and the last decade is shown in percent at the right of

the graph.

The high Australian rainfall variability has a number of implications. It makes it more difficult
to detect the long-term trends due to the higher inter-annual noise resulting from this
variability; it also affects Australian vegetation and agriculture (Nicholls et al. 1997).

Furthermore, it makes Australia highly susceptible to climate change (Head et al. 2014).

4.2.3 Sea surface temperature (SST)

Remarkable warming is already apparent in Australia’s surrounding oceans (Lough and
Hobday 2011) (Figure 4.7). Sea surface temperatures (SSTs) in many tropical regions such as
the Queensland region have increased by about 1°C over the past 100 years, higher than the
global average of 0.7°C, and are currently increasing at 1-2°C per century (Hoegh-Guldberg
1999; Hughes 2003). Temperatures measured show that 2016 was the warmest year on record
for the Great Barrier Reef in the century (Greater Barrier Reef Marine Park Authority 2017).
These changes are attributed to the enhanced greenhouse effect and natural climate variability
influences such as the El Nifio-Southern Oscillation (Lough 2008). Changes in SSTs were
associated with significant coral bleaching that occurred in the Great Barrier Reef in both 1998
and 2002 (Hoegh-Guldberg 1999), due to the inability of the Reef to adapt to such changes in
SSTs (Lough 2008). Lough (2008) also observes that coral reef ecosystems are highly prone to

further bleaching due to thermal stress increase.
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Figure 4.7 Changes in ocean heat content for the period of 1960 to 2015, shading indicates the confidence

range of the estimate (Source: Keenan and Cleugh, 2011)

4.2.4 Sea levels

Globally, mean sea level has increased by 200 mm since the late 19th century at a rate of 2.8
mm/year (Figure 4.8). Rising sea levels have accelerated to 3.2 mm/year over the last three
decades (Lough and Hobday 2011) at a rate near to the upper end of the Intergovernmental
Panel on Climate Change projections (Keenan and Cleugh 2011). This is mostly due to thermal
expansion of the oceans, with a small contribution from the loss of mass from land ice (Church
et al. 2006; Gregory and Huybrechts 2006). Although monitoring sea levels around the
Australian coastline was initiated in the early 1990s, which makes it difficult to infer significant
trends due to the short period of monitoring, sea levels have increased around Australian
region, consistent with global trends (Hoegh-Guldberg 1999; Church and White 2006). Sea-
level rising rates are variable regionally, as has been detected along Queensland’s coasts. Sea-

level rise has been the highest along Queensland’s coasts (Chambers et al. 2005). The
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variations in sea level rise are associated with inter-annual climate variations (e.g., owing to
ENSO), changes in the strength of the east Australia current (EAC), and atmospheric
circulation dynamics (Lough and Hobday 2011). Rising sea levels have enhanced the frequency
and intensity of extreme sea-wave events in Australia and overseas (Keenan and Cleugh 2011).
The rate of extreme sea-wave events has become three times more frequent in the latter half of
the 20th century compared to the former half (Church et al. 2006). Most experts suggest that
by 2100 a rise of sea level within the range of 500 mm to 1000 mm is highly likely. However,
this depends on the constancy of the great ice sheets in Greenland and the Antarctic — a sea-

level rise of over 1000 mm is a real possibility (Steffen et al. 2012).
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Figure 4.8: Global Mean Sea Level (GMSL), 1870- 2008 (Source: original diagram created using data

from Church and White, 2006)

4.2.5 Ocean acidification
Since the 1970s, the oceans have absorbed about a third of anthropogenic CO. emissions into
the atmosphere (Lough and Hobday 2011). Ocean absorption of CO2 has decreased near the

surface; ocean pH has decreased by about 0.1 and is projected to decrease further by 0.2-0.3
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by 2100 (Keenan and Cleugh 2011). Changes in water chemistry would have significant
impacts on corals and plankton, and other marine organisms that cover the entire marine food

chain (Lough and Hobday 2011).

4.2.6 Ocean salinity
Increased rainfall or decreased evaporation in some parts of the oceans have led to water
dilution, making these parts fresher, whereas other parts have become noticeably saltier owing

to increased evaporation or decreased rainfall or both (Keenan and Cleugh 2011).

4.3 Observed climate and trends in Northeast Iraq

The climate of Iraq can be described as mostly a hot desert with arid and semi-arid climate.
Thus, the days can be very hot and the nights cold, with scanty rainfall, gusty winds and plenty

of sunshine.

4.3.1 Air temperature

Zakaria et al. (2013) point out that the average annual temperatures reached 21.62 °C, 21.73
°C, 21.58 °C and 21.61 °C in four historical periods of 1900-1930, 1930-1960, 1960-1990
and 1990-2009, respectively. For the future sub-periods of 2020-2039, 2040-2059, 2060-2079
and 2080-2099, they will reach 18.94 °C , 20.24 °C, 21.39 °C and 22.85 °C, respectively. A
comparison between these values shows that the increase of annual temperature was limited
during the historical period 1900-2009, but it was relatively more significant during the future

period 2020-2099 (Figure 4.9).
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Figure 4-9: Average annual temperature over the historical and future periods (Source: original diagram

created using data from Zakaria et al., 2013)

However, the IPCC (2014) points out that the Iraqgi surface air temperature increased unevenly
from 1970 to 2003, ranging from 0.2°C to 2°C, and it is expected to increase by about 5°C by
the end of the 21st century. These changes will give rise to a higher level of climate variability,

potentially resulting in a higher frequency of extreme weather events.

4.3.2 Rainfall

Zakaria et al. (2013) show that an increase and decrease of average annual rainfall occurred
over both the historical and future periods 1900-1930, 1930-1960, 1960-1990 and 1990-2009.
The average annual rainfall for the four historical sub-periods was 182.5, 194.7, 168.9 and
162.6mm, respectively. Comparing the first and the second sub-periods, the total rainfall value
showed a percentage increase of 6.68%. However, from the second to the third sub-periods the
total rainfall showed a percentage decrease of 13.25%. From the third to the fourth sub-periods

the total rainfall fell again by 6.3 mm with a percentage decrease of 3.73%. The average annual
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of the rainfall was falling from 194.7 mm during the period of 1930 -1960 to reach its lowest
value of 162.6 mm during 1990-2009 (Figure 4-10). Zakaria et al. (2013) also point out that

the decline trend is expected to continue into the future.
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Figure 4-10: Average annual rainfall (mm) over the historical and future periods (Source: original diagram

created using data from Zakaria et al., 2013)

4.3.3 Weather pattern changes

A number of profound issues that can be attributed to climate change have been apparent in the
Iragi climate. The desertification processes, frequent and intense dust storms, rising air
temperatures above 50°C, prolonged drought conditions and sudden heavy rainfall and storms
have become increasingly frequent in the Iraqi climate (Janabi 2013). For example, extreme
drought that occurred between 2005 and 2007 was followed by several months of sudden heavy
rainfall and storms during which vast parts of central and southern Iraq received 200% of
normal rainfall (United Nations Country Team Iraq 2012). The effects of significant changes
in weather patterns are exacerbated by inability to store water during rainfall events,
abandonment of agricultural land during drought, reduction in flow rates in the Tigris and
Euphrates Rivers, shrinking of the marshlands, soil erosion and an increased salinity in the

Shatt al-Arab estuary as well as in groundwater in the south.
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4.4 Impacts of climate change on water resources and hydrology

On a global scale, significant trends in streamflow were observed in many regions: some were
increases and others were decreases (IPCC 2014). However, these trends cannot be confidently
attributed to climate change, as it is difficult to differentiate the impacts of variations in
temperatures and precipitation from the effects of human involvement in the catchment, such
as land use change and reservoir construction (Nicholls et al. 1997). In addition, variation in
streamflow from year to year is strongly associated with the atmospheric circulation patterns

such as ENSO, which could be aggravated by global warming (IPCC 2014).

4.4.1 Observed changes in streamflow in Queensland

In Queensland, flows are extremely variable during and between years: higher than 90% of
flow takes place in the wet season in summer and autumn from December to May (Lough
2007). In December of 2010 Queensland experienced the wettest year on record, leading to a
devastating flood in Rockhampton, Bundaberg areas and then in Brisbane. The wettest places
along the east coast documented higher than 1200 millimetres of precipitation above the long-
term average of 623.34 millimetres, taken from 1961-1990 (Nancarrow 2011). This flood was
mainly attributable to climate change and has led to severe damage to infrastructure, crop and
livestock loss and eventually severe damage to communities (Government of Queensland
2014). The Fitzroy River at Rockhampton was well above its moderate flood level. The Central
Queensland University established an evacuation centre. Nearly 4000 properties were
damaged. Approximately 1000 households had yard flooding, while 200 were inundated
(Queensland Floods Commission 2011). Three years after this devastating flood, Queensland
faced a severe drought: in March 2014, 50 local governments in the state announced that 80%

of the state was in drought, the largest area to be ever officially declared in drought. In February
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2015, the number of local governments who declared drought reduced slightly to 44 and thus
a considerable percentage of the state remained in drought. Mandatory water restrictions were
applied that showed that average water usage in some suburbs dropped to 129 litres per person

per day, compared to a regional urban use of 375 litres under normal operating conditions.

4.4.2 Observed changes in streamflow in Northeast Iraq

Irag was considered rich in its water resources until 1970 owing to the existence of the Tigris
and Euphrates Rivers (Al-Ansari et al. 2014). The historical name “Mesopotamia” means the
land between two rivers. However, storage projects that Turkey and Syria have commenced to
build on the upper parts of the rivers have led to a significant reduction in their flows. Climate
change in Iraq is exacerbating water scarcity. The Tigris discharges have decreased to less than
a third of their regular capacity and are predicted to fall further in coming decades and be
completely dry by 2040 due to water-related activities of upper riparian countries and climate
change (Al-Ansari et al. 2014), if the current trends continue unabated. The sharp decreases in
water flow have led to severe problems, such as a rapid development of the desertification
process, progressively frequent and severe dust storms, and continued drought conditions
(Janabi 2013). These in turn have led to severe decline in agricultural production: for example,
Iraq’s wheat production in 2009 decreased to 45 percent below that of a typical harvest

(Holthaus 2014).

To summarise, this chapter has presented observed and projected changes in the climate of
study areas and the neighbourhood, as they are related to water. In both regions, it is evident
that there have been significant changes in recent times in weather such as air temperatures and
precipitation. In both regions, air temperatures have increased in the last three decades. The

precipitation in the Fitzroy River catchment has been very variable and there has been no clear
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trend in the last three decades. However, in the Tigris River catchment, precipitation has
noticeably decreased over time. In general, weather in both the regions is projected to get hotter

in the future while precipitation is projected to increase in the Fitzroy Basin and decrease in

the Tigris River basin.
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CHAPTER 5

MODEL DEVELOPMENT, CALIBRATION, AND
VALIDATION

5.1 Introduction

Given that SWAT has been chosen as the model to simulate hydrologic processes for this study,
it is required to develop the model selecting appropriate parameters and calibrate and validate
the values of those. Sensitivity analysis of model parameters is capable of identifying the
relevant parameters from the myriad of possible parameters. Calibration and validation of the
model parameters are usually done using R? and the ENC index to assess the model

performance, as is evident from published literature.

5.2 Sensitivity analysis of model parameters

Sensitivity analysis was conducted for the 25 parameters related to streamflow in the SWAT
model (Table 5.1), from which the 12 most sensitive parameters have been considered for
implementing the model calibration for both the Tigris and Fitzroy Basins. The 12 model
parameters were grouped into three categories which govern basin, surface and sub-surface
responses:
e Basin response parameters

Three basin response parameters (SURLAG, CH-K2, SFTMP) were calibrated in the SWAT
model for both the regions. SURLAG (Surface runoff lag time) governs the portion of the total
water that is permitted to enter the reach in one day (Cibin et al. 2010). CH-K2 (effective

hydraulic conductivity of channel) directs the movement of water from the channel-bed to the
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subsurface for transient streams (Ghaffari et al. 2010). SFTMP is the mean air temperature at
which precipitation is equally likely to be rain or snow (Sanadhya et al. 2014).
e Surface response parameters

Parameters that control the surface water response to be calibrated in SWAT comprise the
runoff curve number (CN2), available soil water capacity (SOL-AWC), the soil evaporation
compensation factor (ESCO), average slope length (SLSUBBSN) and slope steepness (HRU-
SLOP). The CN2 is used to estimate the amount of runoff from the total rainfall event. It is a
function of basin properties, including land use, soil type and antecedent moisture condition
(Arnold et al. 1998). The greater the CN2, the greater is the generated surface runoff (Sanadhya
et al. 2010). The SOL-AWC is the amount of water that is available to plant for uptake when
the soil is at field capacity. It is assessed by subtracting the amount of water existing at
permanent wilting point from that existing at field capacity (Arnold et al. 1998). The ESCO
governs the soil evaporative demand that is to be met from different soil depths (Cibin et al.
2010). The SLSUBBSN is measured to the point that flow starts to concentrate (Arnold et al.

1998). The HRU-SLOP is average slope steepness.

Table 5.1: Description of input parameters of SWAT related to streamflow (Source: Arnold et al. 1998).

Group Parameter Description Unit

Soil SOL_ALB Moist soil albedo -
SOL_AWC  Auvailable water capacity mm mm?
SOL_K Saturated hydraulic conductivity mmh?
SOL_Z Depth to bottom of second soil layer mm

Groundwater ALPHA _BF  Base flow Alpha factor days
GW_DELAY Groundwater delay days
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GW_REVAP

Groundwater ‘revap’ coefficient

GWQMN Threshold depth of water in the shallow mm H,O
aquifer for return flow to occur
REVAPMN  Threshold depth of water in the shallow mm H,O
aquifer for ‘revap’ to occur
Sub-basin TLAPS Temperature laps rate °C km*
HRU EPCO Soil evaporation compensation factor -
ESCO Plant uptake compensation factor -
CANMX Maximum canopy storage mm H20
SLSUBBSN  Average slope length m
Routing CH_NZ2 Manning’s n value for the main channel -
CH_K?2 Effective hydraulic conductivity in main  mm h
channel alluvium
Management BIOMIX Biological mixing efficiency -
CN2 Initial SCS runoff curve number for -
moisture condition 11
General data SFTMP Snowfall temperature °C
basin SMFMN Minimum melt rate for snow during year mm H,O °C !
day!
SMFMX Maximum melt rate for snow during year mm H,O °C !
day!
TEMP Snowpack temperature lag factor -
SURLAG Surface runoff lag time days
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BLAI Maximum potential leaf area index for -
land cover/plant

SLOPE Slope -

Group Parameter Description Unit

e Sub-surface response parameters
Four calibration parameters contribute to the sub-surface water response in SWAT:
ALPHA _BF, GWQMN, GW_REVAP, and GW_DELAY. ALPHA_BF is a direct index of
groundwater flow response to changes in recharge (Arnold et al. 1998). GWQMN is the
threshold depth of water in the shallow aquifer required for return flow to occur (Winchell et
al. 2007). GW_REVAP governs the volume of water that transfers from the shallow aquifer to
the root zone due to soil moisture depletion (Sanadhya et al. 2014). GW_DELAY is the time
required for water departing the bottom of the root zone to reach the shallow aquifer (Winchell

et al. 2007).

5.2.1 Sensitivity Analysis for the Tigris Basin

The ranking of the 12 highest sensitive parameters for each watershed is presented in Table
5.2. For the Khbour, Greater Zab and Diyala, SFTMP was the most sensitive parameter, but it
ranked eighth for Al-Adhaim and Lesser Zab. These results appear reasonable, since Khbour,
Greater Zab and the upper part of Diyala Rivers are snow-dominated mountainous terrains.
The CN2 was the dominant SWAT calibration parameter for Al-Adhaim and Lesser Zab.
However, it was ranked the second, third and fourth for the Khbour, Diyala and Greater Zab,
respectively. In most SWAT applications in other watersheds, the CN2 has been found to be
the most sensitive parameter (Cibin et al. 2010). The CN2 has a major impact on the amount

of runoff generated from the HRU; thus a relatively high sensitivity index can be expected for
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most of the basins (Veith et al. 2010). SOL_AWC came third for Al-Adhaim, Greater Zab and
Lesser Zab, while it was fifth and sixth for Diyala and Khbour, respectively. Al-Adhaim River
showed much higher sensitivity to ESCO compared to the rest of the watersheds, mainly due
to the higher mean air temperature and solar radiation, which result in higher
evapotranspiration losses. The identification by SWAT for the arid Al-Adhaim catchment that
the greatest sensitive parameters were CN2, SOL_AWC and ESCO is consistent with the report
of Veith et al. (2010), who found that the SWAT model is highly sensitive to surface runoff

parameters (CN2, ESCO, SOL_AWC) when the watershed is categorized as an arid basin.

Among the four groundwater parameters, ALPHA-BE was observed to be the most sensitive
parameter overall for all watersheds. ALPHA-BE was ranked the second for Diyala, Greater
Zab and Lesser Zab, whereas it was ranked third and fourth for Khbour and Al-Adhaim
catchments, respectively. This result is consistent with the findings of Li et al. (2009), who
found that ALPHA-BE is a highly sensitive groundwater parameter in SWAT calibrations.
SWAT was observed to be relatively sensitive to GW-DELY for Diyala, Khbour and Lesser

Zab.
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Table 5.2: Ranks of 12 highest sensitive parameters related to streamflow in the five basins in Tigris

Basin.

Parameter Al-Adhaim Diyala Khbour Greater Zab Lesser Zab
CN2 1 3 2 4 1
ALPHA_BF 4 2 3 2 2
SFTMP 8 1 1 1 8
SOL_AWC 3 5 6 3 3
GW_DELAY 6 4 4 12 4
ESCO 2 8 11 8 11
HRU_SLP 7 11 12 5 7
SURLAG 5 12 10 7 5
GW_REVAP 12 7 9 11 6
GWQMN 9 6 8 9 9
SLSUBBSN 10 9 5 6 12
CH_K2 11 10 7 10 10

5.2.2 Sensitivity analysis for the Fitzroy River basin

The ranking of the 12 uppermost sensitive parameters for the Fitzroy Basin is shown in Table

5.3. The CN2 was observed to be the most sensitive. ALPHA-BE was ranked the second

highest sensitive parameter. Among groundwater parameters ALPHA-BE was the top sensitive

parameter; GW_DELAY was the third. It can be noticed clearly that CN2 and ALPHA_BF are

the most sensitive parameters in either the Tigris or Fitzroy Basins. The reasons were given in

the previous section.
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Table 5.3: Ranking of 12 most sensitive parameters related to streamflow in the Fitzroy River basin.

Parameter Rank Initial values Fitted values
CN2 1 -0.2-0.2 -0.12
ALPHA BF 2 0-1 0.95
GW_DELAY 3 30 —-450 401
CH K2 4 5-130 27.9
OV-N 5 -02-0 -0.19
HRU SLP 6 0-0.2 0.01
ESCO.hru 7 0.8-1 0.85
REVAPMN 8 0-10 2.5
GW_REVAP 9 0-02 0.023
SLSUBBSN 10 0-0.2 0.13
SOL AWC 11 -02-04 -0.03
GWQMN 12 0-2 1.83
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5.3 Calibration and Validation

5.3.1 Tigris Basin

The SWAT model was calibrated for nine discharge stations distributed in the five sub-basins
of the Tigris River. Three of these stations are located in Greater Zab: the Bekhme Dam Station,
Bakrman Dam Station and Eski Kelek Station. Alunkubri and Dokan Stations are located in
Lesser Zab. In Diyala Basin, there are two stations: Derbendi-Khan and Discharge Site Station.
Zakho and Injana Stations are located in Khbour Basin and Al-Adhaim Basin, respectively.
Table 5.4 shows the period of calibration and validation in each station. The period of
validation in Zakho, Alunkubri and Discharge Site Station was set short due to the short

discharge data period. The first three years in all stations was set as a warmup period.

Table 5.4: The period of calibration and validation for each station

Discharge Station Calibration period From- To Validation period From-To
Zakho 10 1977-1986 4 1987-1990
Bekhme 18 1979-1996 8 1997-2004
Bakrman 18 1979-1996 8 1997-2004
Eski Kelek 18 1979-1996 8 1997-2004
Alunkubri 8 1977-1984 3 1985-1987
Dokan 16 1977 - 1995 9 1996-2004
Injana 13 1979-1991 6 1992-1997
Derbendi-Khan 18 1979-1996 8 1997-2004
Discharge Site 10 1979-1988 3 1989-1991
Station

Khbour sub-basin
SWAT calibration and validation was conducted at Zakho Discharge Station, which is the solo

station within this basin. It is located at latitude 37.14°N and longitude 42.69° E, at the outlet
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of the basin. For Zakho Station, in the calibration period, R? and ENC were 0.89 and 0.89,
respectively. The observed data being covered by P-factor was 0.88 with R-factor of 1.16. In
the validation period, R? and P-factor remained nearly consistent, ENC declined to 0.61, and

R-factor increased to 1.41, as shown in Figure 5.1.
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Figure 5.1: Calibration and Validation of the SWAT model (monthly scale) at Zakho Station within

Khbour sub-basin (Source: original work created for this thesis)

Greater Zab sub-basin
SWAT was calibrated and validated for Greater Zab Basin at three discharge stations on a

monthly scale (Bekhme Station, Bakrman Station and Eski Kelek Station). Bekhme Station lies
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at latitude 36.63°N and longitude 44.48°E, northeast of the basin. Bakrman Station is located

near the Greater Zab outlet, at latitude 36.33° N and longitude 43.55°E on the Khazir River,

one of the Greater Zab’s tributaries. Eski Kelek Station is situated in the lower part of the basin,

at the basin outlet, at latitude 36°N and longitude 43.35°E.

The results of monthly discharge calibration and validation for the Bekhme Station are shown

in Figure 5.2. For calibration, R? value was 0.69 and ENC index was 0.66. Seventy-seven

percent of the observed data was bracketed by 95 PPU (P-factor) with R-factor of 1.08. During

the validation, R? increased to 0.89, but ENC decreased to 0.60. P-factor decreased to 0.51 and

R-factor increased to 1.34.
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Figure 5.2: Calibration and Validation of the SWAT model at monthly scale at Bekhme Station within

Greater Zab sub-basin (Source: original work created for this thesis)

At Bakrman Dam Station, the results of monthly discharge calibration and validation are

presented in Figure 5.3. R? and ENC were 0.53 and 0.55, respectively. Fifty-eight percent of
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the observed data was bracketed by P-factor with R- factor of 0.88. In the validation period, R?
increased to 0.66 and ENC remained approximately consistent. P-factor and R-factor increased

to 0.89 and 1.76, respectively.
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Figure 5.3: Calibration and Validation of the SWAT model at monthly scale at Bakrman Station within

Greater Zab sub-basin (Source: original work created for this thesis)

The calibration and validation results for the Eski Kelek Station are shown in Figure 5.4. In the
calibration process, R? was 0.58 and ENC was 0.56. Observed data was bracketed by P-factor
with 0.76. For the validation, R? remained consistent; ENC, P-factor and R-factor decreased to

0.51, 0.55 and 0.38, respectively.
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Figure 5.4: Calibration and validation of the SWAT model at monthly scale at Eski Kelek Station within

Greater Zab Basin (Source: original work created for this thesis)

Lesser Zab sub-basin

The model was calibrated and validated at two discharge stations: Alunkubri and Dokan
Stations. Alunkubri Station is located at latitude 35.75° N and longitude 44.13° E, in the upper
part of the basin. Dokan Station lies at latitude 35.88° N and longitude 44.96° E, in the lower

part of the basin.
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The results of SWAT calibration and validation at Alunkubri Station are shown in Figure 5.5.

In calibration period, R?, ENC and P-factor were 0.77, 0.76 and 0.88, respectively. For the

validation period, R? increased to 0.87; ENC and P-factor remained nearly constant.
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Figure 5.5: Calibration and validation of the SWAT model at monthly scale at AlunKubri Station within

Lesser Zab(Source: original work created for this thesis)

At Dokan Station, for the calibration process, R?, ENC and P-factor were 0.58, 0.54 and 0.72,

respectively (Figure 5.6). During the validation period, R2, ENC and P-factor increased to 0.76,

0.71 and 0.77, respectively.
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Figure 5.6: Calibration and validation of the SWAT model at monthly scale at Dokan Station within

Lesser Zab sub-basin (Source: original work created for this thesis)

Al-Adhaim sub-basin

The Injana Station is the only station located at the Al-Adhaim River, which lies at latitude
34.5°N and longitude 44.5°E, in the lower part of the basin. The station was used to calibrate
and validate the model. The results of the calibration and validation processes are shown in
Figure 5.7. R?, ENC and P-factor were 0.69, 0.67 and 0.54, respectively, during calibration.
During the validation period, R? and ENC increased to 0.8 and 0.76, respectively, but P-factor

decreased to 0.45.
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Figure 5.7: Calibration and validation of the SWAT model at monthly scale at Injana Station within Al-

Adhaim (Source: original work created for this thesis)

Diyala sub-basin

In Diyala Basin, SWAT was calibrated and validated at two stations: Derbendi-Khan and
Discharge Site Station. Derbendi-Khan Station lies at latitude 35.13° N and longitude 45.75°E
and Discharge Site Station lies at latitude 35.1° N and longitude 45.75° E; both stations are
located in the upper part of the basin. The calibration and validation results at Derbendi-Khan
are shown in Figure 5.8. During the calibration period, R?, ENC and P-factor were 0.73, 0.67
and 0.73, respectively. In the validation period, both R? and ENC increased to 0.87 and P-factor

increased to 0.86.
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Figure 5.8: Calibration and validation of the SWAT model at monthly scale at Derbendi-Kan Station

within Diyala Basin (Source: original work created for this thesis)

At Discharge Site Station, during the calibration period, R?, ENC and P-factor were 0.68, 0.54

and 0.63, respectively. For the validation period, R?, ENC and P-factor increased to 0.88, 0.71

and 0.92, respectively (Figure 5.9).

The statistical indices for assessing the model performance at the nine discharge stations are
summarised in Table 5.5. The values of R? ranged from 0.53 to 0.89 in the calibration process,
while they were between 0.66 and 0.89 in the validation process. This means that the model is

able to explain at least 0.53 of temporal variability related to streamflow at any of the nine
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stations. The values of the ENC index were higher than 0.50 for both calibration and validation.
Based on the R? and ENC values, the model performance can be judged as satisfactory (Moriasi
et al. 2007; Legates and McCabe 1999). In the five watersheds, the model showed the best
performance in the Khbour basin at Zakho Station, followed by the Lesser Zab Basin at
Alunkubri Station and Diyala Basin at Derbendi-Khan Station. Generally, the SWAT model
was unable to capture high-flow events. It is typical of mathematical models to under-capture
extreme events if not specifically focussed on extreme events. SWAT is not designed to
simulate extreme hydrological conditions (Tolson and Shoemaker 2007). These results are
consistent with those of Rostamian et al. (2008), Al-Mukhtar et al. (2014), Santhi et al. (2001),

Ndomba et al. (2008), Glingor and Géncl (2013), and Zhang et al. (2014).
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Figure 5.9: Calibration and validation of the SWAT model at monthly scale at Discharge Site Station

within Diyala sub-basin (Source: original work created for this thesis)
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Table 5.5: The statistical indices values (R? ENC, R. factor, P. factor) at the nine discharge stations

within the five basins in the North East Iraq Region.

Watershed Station Calibration Validation
R? ENC R.factor P. factor R? ENC R.factor P.factor
Khbour Zakho 0.89 089 1.16 0.88 0.82 061 1.41 0.85
Greater-Zab  Bekhme 0.69 0.66 1.08 0.77 0.89 0.53 1.34 0.51
Greatr-Zab Bakrman 0.53 0.50 0.88 0.58 0.66 0.52 1.76 0.89
Greater-Zab  Eski Kelek 0.58 0.56 1.2 0.76 0.57 051 0.38 0.55
Lesser-Zab Alulnkubri 0.77 0.76 1.16 0.88 0.87 0.73 1.12 0.86
Lesser-Zab Dokan 0.58 0.54 1.05 0.72 0.76 0.71 0.90 0.77
Al-Adhaim Injana 0.69 0.67 0.61 0.54 0.8 0.76 0.8 0.45
Diyala Derbendi-Khan 0.73  0.67 0.91 0.73 0.87 0.87 0.92 0.86
Diyala Discharge Site  0.68 0.54 1.26 0.63 0.88 0.71 1.49 0.92

5.3.2 Fitzroy Basin

The model was calibrated on a monthly scale for 22 years (1979-2000) and validated for 10
years (2001-2010); the first three years were used as a warm-up at eight different discharge
stations located within the Fitzroy catchment (Table 5.6). Measured and simulated monthly
flows at all discharge stations in the basin matched well in both calibration and validation

processes as shown in Table 5.6.

Dawson sub-basin
The results of the calibration and validation processes of the Riverslea Monitoring Station,

located near the Dawson Watershed outlet, have shown good agreement between observed and

simulated values (Figure 5.10). R2 value was 0.70 and the ENC index was 0.58. In addition,
64% of observed data was bracketed by 95 PPU (P-factor) with R-factor of 0.93. During the
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validation, R2 and P-factor remained nearly consistent, ENC increased to 0.68 and R-factor

decreased to 0.62 (Figure 5.10).
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Figure 5.10: Calibration and validation of the SWAT model at monthly scale at Riverslea Station within

Dawson (Source: original work created for this thesis)

The results of monthly discharge calibration and validation for the Redcliffe Station, located

in the lower part of the Dawson Watershed, are shown in Figure 5.11. During the calibration,
R2 and ENC were 0.68 and 0.53, respectively. Twenty-nine percent of the observed data was

bracketed by P-factor, and R-factor was 0.79. In the validation period, R” increased to 0.79,

while ENC and P-factor remained consistent and R-factor decreased to 0.55.
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Figure 5.11: Calibration and validation of the SWAT model at monthly scale at Redcliffe Station within

Dawson Watershed (Source: original work created for this thesis)

The calibration and validation results for Taroom Discharge Station, located in the upper part
of Dawson Basin, are shown in Figure 5.12. In the calibration process, R? and ENC were 0.70
and 0.53, respectively. Observed data was bracketed by P-factor with 0.37. For the validation,

R, ENC and P-factor increased to 0.84, 0.76 and 0.60, respectively.
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Figure 5.12: Calibration and validation of the SWAT model at monthly scale at Taroom Station within

Dawson Basin (Source: original work created for this thesis)

The calibration and validation results for the Nebo Discharge Station, located in the outlet of

. - — 2
the Isaac Basin, are shown in Figure 5.13. In the calibration process, R and ENC were 0.74

and 0.73, respectively. Observed data was bracketed by P-factor with 0.42. For the validation,

R? and ENC decreased to 0.63 and 0.62, respectively.
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Figure 5.13: Calibration and validation of the SWAT model at monthly scale at Nebo Station within Isaac

Watershed(Source: original work created for this thesis)

Comet sub-basin

The results of discharge calibration and validation for the Lake Station, located in the lower

part of the Comet Watershed, are shown in Figure 5.14. During the calibration, R2 and ENC

were 0.86 and 0.83, respectively. Twenty-five percent of the observed data was bracketed by

P-factor. Rz, ENC and P-factor increased to 0.89, 0.86 and 0.34, respectively.
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Figure 5.14: Calibration and validation of the SWAT model at monthly scale at the Lake Station within

Comet Watershed (Source: original work created for this thesis)
Mackenzie sub-basin
The results of the calibration of the Coolmaringa Monitoring Station, located at Mackenzie

River, are shown in Figure 5.15. R?, ENC and P-factor were 0.62, 0.51 and 0.26, respectively.

During the validation R? decreased to 0.58, ENC remained consistent and P-factor increased to

0.49.
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Figure 5.15: Calibration and validation of the SWAT model at monthly scale at Coolmaringa Monitoring

Station, within Mackenzie Watershed (Source: original work created for this thesis)

Nogoa sub-basin

The results of the discharge calibration of the Gregory Highway Monitoring Station, located at
Theresa Creek within the Nogoa Watershed, are shown in Figure 5.16. R?, ENC index and P-
factor were 0.69, 0.53 and 0.69, respectively. During the validation, R? and P-factor increased

to 0.89 and 0.75, respectively. ENC decreased to 0.55.
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Figure 5.16: Calibration and validation of the SWAT model at monthly scale at Gregory Highway

Monitoring Station, within Nogoa Watershed (Source: original work created for this thesis)
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Table 5.6: The statistical indices values (R?, ENC, R. factor, P. factor) at the seven discharge stations in

the Fitzroy Basin.

Watershed Station Calibration Validation
R?Z ENC R. P. R?2 ENC R. P.
factor factor factor factor

Dawson Riverslea 0.70 0.58 0.93 0.64 0.63 0.68 0.62 0.66

Dawson Redcliffe 068 053 0.79 0.29 0.79 051 0.55 0.33

Dawson Taroom 0.70 0.53 2.4 0.37 0.84 0.76 1.21 0.60
Isaac Nebo 0.74 0.73 0.41 0.42 0.63 0.62 0.51 0.35
Comet The Lake 0.86 0.83 0.87 0.34 0.89 0.86 0.86 0.25

Mackenzie  Coolmaringa 0.62 0.51 0.24 0.26 0.58 0.51 0.25 0.49

Nogoa Gregory 069 053 1.06 0.69 089 055 1.28 0.75

To summarise, the SWAT model performed well for both the Tigris and Fitzroy Basins, as
evidenced from calibrations and validations, despite under-predictions and over-predictions
during too-wet and too-dry months, yet well within the bands of acceptability criteria used in
published literature. The underestimation and overestimation during some months is typical of
simulation models, which cannot often capture shocks (extreme high or low values) in the
system, such as the extreme rainfall events of July 1983 and January 1991 in calibration and
validation processes, respectively, at Gregory Station, as shown Figure 5.16, albeit those also
could be due to errors in measuring flow, unevenly distributed rainfall stations and spatial
variability in soil and land use (Santhi et al. 2001, Ndomba et al. 2008). Within the norms of
reliability and validity of acceptable model performance, the model has established itself as

quite capable of simulating the streamflow of the two regions.
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CHAPTER 6

RESULTS

6.1 Introduction

Historically, availability of water resources from observations and anecdotal evidences dates
back to many years for both the Tigris and Fitzroy Basins. However, this chapter only presents
results of the analysis of recorded data. Water availability is separated into two components:
blue water and green water. Their availability is captured both in terms of changes that occurred
during the period of recorded data and in future projections for about a half-century ahead

(2046-2064) and a century ahead (2080-2100).

6.1.1 Water resources availability in Tigris river basin

Blue Water Availability

Figure 6.1 shows the spatial distribution of water resources per capita per year during the period
of 1980-2010. High spatial variability in the region can be attributed to two main factors,
geographic and social. Due to the geographic factor, blue water availability decreases from
upstream mountainous areas to downstream flat areas, since annual precipitation decreases
from upstream to downstream. The social factor is that upstream areas are sparsely populated,
whereas downstream areas are densely populated with some large metropolitan areas, resulting
in decreased water purity. In general, a major part of the region is experiencing severe water

scarcity.
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Green Water Storage Availability

Although green water is often ignored in water resources management, it plays a fundamental
role in rain-fed crop production and for other environmental purposes (Zang et al. 2012). Green
water availability was assessed by the average of months per year for the period 1980-2010
when green water storage is available (defined as >1 mm.m-1) and is shown in the left of Figure
6.2. The standard deviations (SDs) of the months per year without depleted soil water are
presented for the 19802010 period to the right of Figure 6.2. The areas with high SDs can
often experience reduced crop yield. These areas require irrigation systems which can adjust

to high demands or adoption of alternative cropping practices that require less water.

N

).

Greater Zab

Per capita blue
water
(m?3.capital.year?)

[1<=500
3501 - 1000
— _
1001 - 1700 Al-Adhaim
1701 - 2500 .
Km
I >2500 0 30 100 150 200

Figure 6.1: Water scarcity in northeast Iraq from 1980-2010 average annual blue water flow availability
per capita per year using population of 2005 (Source: original work created for this thesis)
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Figure 6.2: (Left) The 1980-2010 average green water storage (Av. GWS) and (Right) standard deviation

calculated for the number of months per year where the green water storage is available (SD. GWS Avail)

(Source: original work created for this thesis)

Water resources availability at city scale

To gain an appreciation of what is going on at local levels, where transportation of water mostly

seems infeasible due to lack of infrastructure, the researcher looked at four townships: Dihok,

Al-Sulaimaniyah, Erbil and Al-Tamim (Kirkuk governorate). These range from high- to low-

precipitation townships. The results of the analysis are presented in Figure 6.3a. The location

of the townships is shown in Figure 6.3b. The green water storage at Al-Tamim is not as poor

as it may appear from the precipitation values only.
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Figure 6.3a: Simulated average (1980-2010) annual city precipitation (PCP), blue water flow (BWF), green
water flow (GWF) and green water storage (GWS) for four major cities in northeast Iraq
(Source: original work created for this thesis)
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Figure 6.3b The map of the location of townships where water resources availability was looked at at
township level (Source: original diagram edited using data from (Iraqgi Ministry of Water Resources

2015)
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Water resources availability at river catchment scale

Mean monthly precipitation and water availability for various HRUs were combined to
calculate water availability at the river watershed scale for the period 1980-2010. The highest
precipitation occurs in Khbour, followed by Greater Zab, and the lowest precipitation occurs
in Al-Adhiam (Figure 6.4). Blue water flow in the five river catchments demonstrates high
uncertainties during the wet season (December—April). In almost all catchments (except Al-
Adhaim) the blue water flow touches the peak in March, instead of February, when the highest
precipitation occurs. This is because the Khbour, Greater Zab, Lesser Zab and upper Diayla
catchments are snow-dominated, mountainous basins, and snow melt starts to occur from
March to May. However, in the arid Al-Adhiam Basin, the peak of blue water flow follows the
precipitation peak. The green water storage tends to be similar to blue water flow in all
catchments. Green water flows are rather stable in the different catchments, but this could be

attributed partly to the rather stable land cover in the study areas.
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(Figure 6.4 continues over to next page.)
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Figure 6.4: Average (1980-2010) monthly ranges of the blue water flow, green water storage, precipitation

and ET in the Khbour, Greater Zab, Lesser Zab, Al-adhaim and Diayla Rivers. (Source: original work

created for this thesis).
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Trends in Precipitation, Blue Water and Green Water

Using the calibrated model, annual and monthly precipitation, blue water and green water
storage were assessed for the entire region during the last three decades to identify the recent
trends in the water cycle components. Figure 6.5a captures the pictorial distribution of the
decadal states and trends. In general, spatially there is a decreasing trend of precipitation from
north to south and from east to west, which roughly fits the description that the more
mountainous the terrain, the higher the precipitation amount. Blue water tends to be high where
the runoff from the precipitation tends to accumulate (Figure 6.5b). Green water tracks blue
water (Figure 6.5c). However, land cover contributes to the shaping of the spatial distribution

of blue and green waters.

Looking at the temporal scale, there is a declining trend of precipitation over the last three
decades. These trends are quantified in Table 6.1, and are fairly large numbers, except for green
water flows. However, green water flow estimates could be the best-case scenario, since land
cover was assumed to be static.

Table 6.1: Relative changes in precipitation, blue water, and green water in Iragi northeast region

over three decades.

Water component  Rate of relative change in the last three decades
1990s vs 1980s  2000s vs 1990s  2000s vs 1980s

Precipitation -0.21 -0.21 -0.35
Blue water -0.27 -0.37 -0.57
Green water -0.15 -0.12 -0.28
availability

Green water flow -0.08 -0.09 -0.10
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Figure 6.5: (a) Spatial distribution of precipitation, (b) Spatial distribution of blue water and (c) Spatial
distribution of green water for the baseline period of 1980-2010 for northeast Iraq (Source: original work

created for this thesis)
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6.1.2 Water resources availability in Fitzroy River Basin

Blue water availability

The water availability per capita and water stress indicators were estimated for the Fitzroy
River basin for each of the 42 HRUs of the five basins, using Australian Bureau of Statistics
data to obtain population density per hectare. Figure 6.6 provides the spatial distribution of
water resources per capita per year during the period 1980-2010 based on the population

estimates for the year 2009. The entire region can be characterised as having sufficient water.

Fitzroy

Per capita blue water
(m3.capital.year?)

N >2500

)
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Figure 6.6: Water availability in Fitzroy basin from 1980-2010 average annual blue water flow availability

per capita per year using population of 2009 (Source: original work created for this thesis)

Green water storage availability

The average of months per year for the period 1980 to 2010 where green water storage is
available is shown in the left of Figure 6.7. Most of the basin experienced eight to nine months
per year when groundwater was available, except for the Fitzroy sub-basin and a small part of
Isaac and Dawson, which experienced 10-11 months per year availability. The standard

deviations (SDs) of the months per year without depleted soil water are presented for the 1980
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2010 period to the right of Figure 6.7. The areas with high SDs such as Isaac and part of Nogoa

and Dawson indicate high variability of green water storage availability.
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Figure 6.7: (Left) The 1980-2010 average green water storage (Av. GWS) and (Right) standard deviation
calculated for the number of months per year where the green water storage is available (SD. GWS Avail).

(Source: original work created for this thesis)

Water resources availability at river catchment scale

Mean monthly precipitation and water resources for different HRUs were combined to compute
water resources availability at the river catchment scale (Figure 6.8). The highest precipitation
occurs in Isaac (140 mm/month) followed by Fitzroy (120 mm/month). The highest precipitation
over the rest of the basins (Nogoa, Dawson, Comet, Mackenzie) ranges between 100 and 110
mm/month. Blue water flow in the six river catchments reveals high uncertainties during the wet
season (January—April). In almost all catchments, blue water flow reaches a peak in February when
the highest precipitation occurs. Green water storage tends to be similar to blue water flow in all
catchments. Green water flows are rather stable in different catchments, which could be attributed

partly to the relative stable land cover in the study areas.
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Figure 6.8: Average (1980-2010) monthly 95PPU ranges of the blue water flow, green water storage,

precipitation and ET in the Isaac, Nogoa, Comet, Mackenzie, Dawson and Fitzroy Basins (Source:

original work created for this thesis)
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Trends in Precipitation, Blue Water and Green Water

Annual and monthly precipitation and blue water and green water storage were estimated for
the entire region (42 HRUSs) during the last three decades to identify recent trends in the water-
cycle components. Figure 6.9a captures the spatial distribution of the decadal states and trends
of precipitation. In general, spatially there is a variable trend of precipitation in the basin. Blue
water follows precipitation distribution (Figure 6.9b). As shown in Figure 6.9c, green water
tracks blue water. As mentioned previously, land cover has contributed to forming the spatial
distribution of blue and green waters. The temporal scale revealed that there has been a highly
variable trend in precipitation over the last three decades. These results are in line with the
results of Nicholls (1997), who reported that Australian rainfall has higher variability with
time. These trends are quantified in Table 6.2. Green water flow was nearly stable, because the

land cover was assumed to be static.

Table 6.2: Relative changes in precipitation, blue water, and green water in Fitzroy region over three

decades
Water component Rate of relative change in the last three decades
1990s vs 1980s 2000s vs 1990s 2000s vs 1980s
Precipitation -0.16 0.19 -0.04
Blue water -0.45 0.79 0.015
Green water storage -0.31 0.48 -0.02
Green water flow -0.06 -0.09 -0.07
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Figure 6.9: (a) Spatial distribution of precipitation, (b) Spatial distribution of blue water and (c) Spatial

distribution of green water for the baseline period of 1980-2010 for Fitzroy basin (Source: original work

created for this thesis)
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6.2 Impacts of climate change on the Tigris Basin using CMIP3

6.2.1 Temperature forecasts

Mean annual temperature and precipitation outputs from the six GCMs identified earlier were
processed for the whole basin under three scenarios (A2, A1B, B1). Table 6.3 captures the
projected changes in mean annual temperature for the two future periods (2046-2064) and
(2080-2100) relative to the base period (1980-2010). Changes in mean temperature tend to be
steadier than precipitation. It can be seen clearly that there are consistent trends in increasing
temperature in all models. Changes in mean temperature modify evapotranspiration and

precipitation, and hence blue water and green water flows.

Table 6.3: GCM predicted changes in the mean annual temperature of the future under A2, A1B and B1

Periods Annual change in max temperature (°C)

CGCM3.1/T47  CNRM- GIDL- PSLCM4 MIROC3.2  MRI

CM3 CM2.1 CGCM2.3.2

A2
2046-2064 2.53 2 24 3 1.8 1.6
2080-2100 5.95 5.5 5.6 6 52 4.3
AlB
2046-2064 2.16 2.6 3 32 2.7 1.8
2080-2100 4.29 4.6 5 5 5 34
Bl
2046-2064 1.5 1.5 1.2 1.6 1.5 1.5
2080-2100 1.7 1.7 0.9 1.7 1.7 1.3
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6.2.2 Precipitation forcasts

Overall, all selected GCMs predicted a decrease in the mean annual precipitation for about a
half-century lead time (2046-2064) and about a one-century lead time (2080-2100) for the five
basins. Figure 6.10 shows the anomaly maps of precipitation distribution (maps of percent
deviation from historic data, 1980-2010) for A2, A1B and B1 scenarios for the periods 2046-
2064 and 2080-2100 for the average change from the multi-GCM ensemble. The A2 emission
scenario produced the highest decreases, while the B1 emission scenario gave the lowest
reductions for both periods for the entire region. The Diyala Basin is expected to experience
the highest reduction in precipitation under the A2 (32%), A1B (21%) and B1(17%) scenarios
for the 2046-2064 period, followed by Al-Adhiam under A2 (27%), A1B (23%), B1 (12%).
This is an anticipated result, as Al-Adhiam and Diyala experience higher air temperatures and
lower precipitation amounts compared to those of the Khbour, Greater Zab and Lesser Zab
Basins. These reductions will likely increase further if the lead time is increased to 2080-2100.
The Diyala Basin may experience further decreases by about 10%, 13% and 10% under A2,
A1B and B1 scenarios, respectively. Al-Adhiam similarly may experience decreases by about
8%, 3% and 5% under A2, A1B, and B1 scenarios, respectively. The Khbour, Greater Zab and
Lesser Zab Basins may experience nearly the same reductions under the three scenarios for
both periods, as given in Table 6.4. Lesser Zab may experience increases of about 2% under

B1 (2046-2064).
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Table 6.4: The projected relative changes in precipitation (in percent) for the five basins under A2, A1B,

and B1 scenarios for the periods 2046-2064 and 2080-2100.

Scenarios

A2 A2 AlB AlB Bl B1
Basin (2046-64) (2080-00) (2046-64) (2080-00) (2046-64) (2080-00)
Khbour -11 -24 -12 -23 -4 -10
Greater Zab -12 -22 -16 -16 -5 -10
Lesser Zab -13 -17 -12 -17 2 -6
Al-Adhiam -27 -35 -23 -26 -12 -17
Diyala -32 -41 -21 -34 -17 -27
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Figure 6.10: Projected impacts of climate change on the precipitation of the five basins (a) Anomaly based
on scenario A2 for the period 2046-2064, (b) Anomaly based on A2 for 2080-2100, (c) Anomaly based on
A1B for 2046-2064, (d) Anomaly based on A1B for 2080-2100, (e) Anomaly based on B1 for 2046-264, and

(f) Anomaly based on B1 for 2080-2100 (Source: original work created for this thesis)
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6.2.3 Blue water forecasts

Figure 6.11 captures the anomaly maps of blue water distribution (maps of percent deviation
from historical data, 1980-2010) for the A2, A1B, and B1 scenarios for the periods 2046-2064
and 2080-2100 from the average change of the multi-GCM ensemble. The half-century
projection (2046-2064) shows a decrease in blue water under all emission scenarios for the
whole region. The Al-Adhiam Basin is likely to experience the highest reductions under the
three scenarios in both periods, followed by Diyala. Khbour and Greater Zab will experience
approximately the same reductions under the three scenarios for both periods, except for the
A1B scenario to 2080-2100 when Khbour will experience a reduction of 38%, whereas the
reduction in Greater Zab will reach up to 28%. Lesser Zab may experience lower decrease than
Khbour and Greater Zab except for A2 scenario to 2046-2064. Table 6.5 provides the estimated

values.

Table 6.5: Projected relative changes (in percent) in blue water for the five basins under A2, A1B, and B1

scenarios for the periods 2046-2064 and 2080-2100.

Scenarios

A2 A2 AlB AlB Bl Bl
Basin (2046-64) (2080-00)  (2046-64)  (2080-00)  (2046-64)  (2080-00)
Khbour -19 -39 -22 -38 -10 -17
Greater Zab -21 -38 -22 -28 -12 -19
Lesser Zab  -23 -30 -14 -20 -3 -15
Al-Adhiam  -62 -66 -27 -49 -23 -34
Diyala -35 -42 -22 -35 -11 -18
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Figure 6.11: Projected impacts of climate change on the blue water of the basin (a) Anomaly based on

scenario A2 for the period of 2046-2064, (b) Anomaly based on A2 for 2080-2100, (c) Anomaly based on

A1B for 2046-2064, (d) Anomaly based on A1B for 2080-2100, (e) Anomaly based on B1 for 2046-264,

and (f) Anomaly based on B1 for 2080-2100 (Source: original work created for this thesis)
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6.2.4 Green water storage forecasts

In a similar analysis to blue water, green water storages may also decrease under the three
emission scenarios for the two future periods, which are captured in Figure 6.12 and Table 6.6.
Green water flow calculations (maps not shown) indicated a slight decrease in
evapotranspiration due to the assumption that land cover would not significantly change from

the period of the 1980s to the 2100s.

Table 6.6: Projected relative changes (in percent) in green water storages for the five basins under A2,

AlB, and B1 scenarios for the periods 2046-2064 and 2080-2100.

Scenarios

A2 A2 AlB AlB Bl Bl
Basin (2046-64) (2080-00)  (2046-64)  (2080-00)  (2046-64)  (2080-00)
Khbour -8 -16 -10 -14 -6 -5
Greater Zab  -23 -31 -22 -27 -11 -16
Lesser Zab  -21 -24 -9 -12 -4 -14
Al-adhiam  -31 -42 -18 -28 -15 -18
Diyala -17 -21 -14 -17 -7 -10
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Figure 6.12: Projected impacts of climate change on the green water storages of the basin (a) Anomaly
based on scenario A2 for the period of 2046-2064, (b) Anomaly based on A2 for 2080-2100, (c) Anomaly
based on A1B for 2046-2064, (d) Anomaly based on A1B for 2080-2100, () Anomaly based on B1 for

2046-2064, and (f) Anomaly based on B1 for 2080-2100 (Source: original work created for this thesis)
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6.2.5 Deep aquifer recharge forecasts

Figure 6.13 captures the anomaly maps of deep aquifer recharge (maps of percent deviation
from historical data, 1980-2010) for the A2, A1B, and B1 scenarios for the periods 2046-2064
and 2080-2100 from the average change of the multi-GCM ensemble. The Khbour Basin will
experience a decrease of up to 50% under A2 for the half-century and end-of-century
projections. However, deep aquifer recharge in Greater Zab is more variable: most of the basin
will see decreases ranging from 10% to 80%, and the most affected areas are the mountainous
zone; the middle of the basin, however, will experience increases of up to 30%. Lesser Zab,
Al-Adhiam and Diyala will see decreases ranging from 10% to 90%. A1B and B1 show the

same trends of A2 but with less variation, as shown in Figure 6.13.

6.2.6 Streamflow forecasts

The results from the hydrological modelling for annual stream flow are shown in Figure 6.14.
Khbour, Al-Adhiam and Diyala streamflow will significantly decrease in the six models for all
scenarios (A2, A1B, B) for both time periods. Except for GCM outputs of MRI, Greater Zab
streamflow will experience decreases for all scenarios for both periods. Lesser Zab streamflow

will decrease under A2 and A1B but will experience increases under B1 for both periods.
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Figure 6.13: Projected impacts of climate change on the deep aquifer recharge of the basin (a) Anomaly
based on scenario A2 for the period of 2046-2064, (b) Anomaly based on A2 for 2080-2100, (c) Anomaly
based on A1B for 2046-2064, (d) Anomaly based on A1B for 2080-2100, () Anomaly based on B1 for

2046-2064, and (f) Anomaly based on B1 for 2080-2100 (Source: original work created for this thesis)
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Figure 6.14 continues to next page.
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Figure 6.14: Projected changes in streamflow in the five basins compared to the base-period 1982-2000,

for 2046-2064 and 2080-2100 for B1, A1B and A2 scenarios (Source: original work created for this thesis)

6.3 Impacts of climate change on the Fitzroy Basin using CMIP3

6.3.1 Temperature forecasts

Table 6.7 captures the projected changes in mean annual temperature for two future periods
(2046-2064) and (2080-2100) relative to the base period (1980-2010). All the models showed
consistent increasing trends in temperature across the Fitzroy Basin under the three scenarios

(A2, Al1B, Bl). As anticipated, the B1 scenario showed the lowest increases, which are

expected to be up to 0.71°C and 1.15°C for the near future and the distant future, respectively.

The A2 scenario projected the highest increases, up to 1.05°C and 2.60°C for the period of

2046 to 2064 and 2080 to 2100, respectively. The MRI model projected the lowest average
annual temperature while GFDL projected the highest temperature (Table 6.7). These results
are consistent with results of Chambers et al. (2005) who found that, in Australia by 2070,
projected average annual temperature may rise by 1.0°C to 2.5°C for low greenhouse gas

emissions and 2.2°C to 5°C for high emissions.
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Table 6.7: GCM predicted changes in the mean annual temperature of the future under A2, 1B and B1

scenarios.
Periods Annual change in mean temperature (°C)
CGCM3.1/T47 CNRM- GFDL- PSLCM4 MIROC3.2 MRI
CM3 CM2.1 CGCM2.3.2
A2
2046-2064 1.08 1.13 1.24 1.11 0.91 0.83
2080-2100 2.47 247 3.37 2.76 2.2 2.2
AlB
2046-2064 1.12 1.29 1.35 1.26 0.86 0.76
2080-2100 1.67 1.95 2.16 2.39 1.89 0.83
Bl
2046-2064 0.64 0.72 0.99 0.86 0.53 0.51
2080-2100 1.16 1.28 1.28 1.12 1.16 0.94

6.3.2 Precipitation forecasts

Figure 6.15 shows the anomaly maps of precipitation distribution (maps of percent deviation

from historical data, 1980-2010) for the A2, A1B and B1 scenarios for the periods 2046-2064

and 2080-2100 for the average change of multi-GCM ensemble. All scenarios show an increase

in precipitation trend for the near and distant futures for most basins except for a small part of

the Nogoa Basin, which will experience reduction of up to 10% under the A2 scenario for the

period 2046-2064. The B1 scenario projected the highest increases in the near and distant

futures of 11% and 23%, respectively. A1B projected increases of 8% and 12% for the period

of 2046-2064 and 2080-2100. A2 showed increases of 3% and 6% for near and distant futures.

The Isaac Basin will experience the highest increase under the B1 scenario for both periods.
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Figure 6.15: Projected impacts of climate change on precipitation of the basin (a) Anomaly based on
scenario A2 for the period of 2046-2064, (b) Anomaly for A2 to 2080-2100, (c) Anomaly for A1B to 2046-
2064, (d) Anomaly for A1B to 2080-2100, (e) Anomaly for B1 to 2046-2064, and (f) Anomaly for B1 to

2080-2100 (Source: original work created for this thesis)

6.3.3 Blue and green water storage forecasts

Blue and green water patterns generally follow precipitation patterns. Blue and green water
tend to be high where precipitation is high. Figure 6.16 shows the anomaly maps of blue water
distribution (maps of percent deviation from historical data, 1980-2010) for the A2, A1B and
B1 scenarios for the periods 2046-2064 and 2080-2100 for the average change of multi-GCM
ensemble. Similar to the precipitation trend, all scenarios show an increase in the blue water
trend for the near and distant futures for most basins, except for a small part of the Nogoa
Basin, which will experience a reduction of up to 10% under the A2 scenario for the period
2046-2064. A2 showed increases of 7% and 27% for near and distant futures, respectively.

A1B projected increases of 35% and 52% for the period of 2046-2064 and 2080-2100,
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respectively. The B1 scenario projected increases in near and distant futures of 50% and 110%,
respectively. The Isaac Basin will experience the highest increase under B1 scenario for the

both periods.Green water storage has a similar trend to blue water trend (Figure 6.17).
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Figure 6.16: Projected impacts of climate change on the blue water of the basin (a) Anomaly based on
scenario A2 for the period of 2046-2064, (b) Anomaly for A2 to 2080-2100, (c) Anomaly for A1B to 2046-

2064, (d) Anomaly for A1B to 2080-2100, (e) Anomaly for B1 to 2046-2064, and (f) Anomaly for B1 to

2080-2100 (Source: original work created for this thesis)
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Figure 6.17: Projected impacts of climate change on the green water storage of the basin (a) Anomaly
based on scenario A2 for the period of 2046-2064, (b) Anomaly for A2 to 2080-2100, (c) Anomaly for A1B
to 2046-2064, (d) Anomaly for A1B to 2080-2100, (e) Anomaly for B1 to 2046-2064, and (f) Anomaly for

B1 to 2080-2100 (Source: original work created for this thesis)

6.3.4 Deep aquifer recharge forecasts

Figure 6.18 captures the anomaly maps of deep aquifer recharge (maps of percent deviation
from historical data, 1980-2010) for the A2, A1B, and B1 scenarios for the periods 2046-2064
and 2080-2100 from the average change of the multi-GCM ensemble. All basins will
experience increases except for a small part of the Nogoa Basin, which will experience a
decrease of up to 20% under the A2 scenario for the period of 2046-2064. The B1 scenario
projected the highest increases, ranging from 0.01% to 150% in the near future and 40% to
250% in the distant future; the highest increases will occur in the Isaac Basin due to its
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proximity to the ocean. Under A1B scenario, the increases in deep aquifer recharge will reach

up to 40% in the near future and 50% in the distant future. For the A2 scenario, the increases

will range between 0.01 and 20% in the near future and between 0.01 and 40% in the distant

future.
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Figure 6.18: Projected impacts of climate change on the deep aquifer recharge of the basin (a) Anomaly

based on scenario A2 for the period of 2046-2064, (b) Anomaly for A2 to 2080-2100, (c) Anomaly for A1B

to 2046-2064, (d) Anomaly for A1B to 2080-2100, (e) Anomaly for B1 to 2046-2064, and (f) Anomaly for

B1 to 2080-2100 (Source: original work created for this thesis)

6.3.5 Stream Flow Forecasts

The results from the hydrological modelling for annual stream flow are shown in Figure 6.19. The

six sub-basins will experience increases under CGCM3 and MIROC 3.2 for the A2, A1B and B1

emission scenarios, except that Comet will experience a decrease under A1B for both periods mid-
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and end- century. Under CNRM-CM3, the Isaac River will see increases for B1 and A1B, but
decreases under A2 for both periods. Nogoa will see decreases under B1 and A2 for 2046-2064.
Comet will experience decreases under B1 (2046-2064), A1B (2080-2100) and A2 (2080-2100)
but increases in the rest of the scenarios. Dawson will see increases under A2 (2080-2100) only.
Mackenzie will only experience increases under A1B (2046-2064), B1 (2080-2100) and A2 (2080-
2100). Fitzroy will experience increases under A1B (2046-2064 and 2080- 2100) and A2 (2080-
2100). For GFDL-CM2-1, the Isaac River will experience increases under B1 (2046-2064) and
(2080-2100) only. Nogoa will experience increases under A1B (2046-2064) and A2 (2080-2100).
Comet will experience increases under all emission scenarios for both periods. The Dawson River
will experience decreases under B1 (2080-2100) and A1B (2080-2100) only. Mackenzie will
experience decreases under B1 and A2 (2046-2064) and A1B (2080-2100). Fitzroy will see
increases only under A1B and A2 (2080-2100). For IPSL-CM4, Isaac will experience decreases
only under A1B (2080-2100). Nogoa will see increases under A1B (2046-2064) and B1 (2080-
2100). Comet will experience decreases only under A1B (2046-2064). Dawson will decrease under
A1B and A2 (2080-2100). Mackenzie will experience decreases under A1B (2080-2100). Fitzroy
will experience decreases under A1B and A2 (2080-2100). For MRI, Isaac will see decreases under
A2 (2046-2064). Nogoa will experience decreases under B1 (2046-2064). Comet will experience
decreases under A1B (2046-2064). Dawson will decreases under A2 (2046-2064). Mackenzie will
experience decreases under B1 (2046-2064). Fitzroy will experience decreases under Bland A2

(2046-2064).
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Figure 6.19: Projected changes in streamflow in the six sub-basins compared to the base period 1982-2000,

for 2046-2064 and 2080-2100 for B1, A1B and A2 scenarios. (Source: original work created for this thesis).
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6.4 Impacts of climate change on Tigris Basin using CMIP5

6.4.1 Precipitation Forecasts

Overall, all selected GCMs predicted a decrease in the mean annual precipitation at about a half-
century lead time (2046-2064) and about a one-century lead time (2080-2100) for the five basins.
Figure 6.20 shows the anomaly maps of precipitation distribution (maps of percent deviation from
historical data, 1980-2010) for RCP 2.6, RCP 4.5 and RCP 8.5 scenarios for the periods 2049-2069
and 2080-2099 for the average change from the multi-GCM ensemble. RCP 8.5 produced the same
decreases for the half-century ahead forecast in the five basins, while for the end of the century,
apart from Lesser Zab which will experience decreases of about 18%, Diyala, Al-Adhiam, Khbour
and Greater Zab will experience reductions of about 23%. RCP 4.5 produced nearly the same
reduction (average -18%) for all basins in the mid-century, whereas at the end of the century, apart
from Greater Zab which will see a reduction of about -15%, the rest of the basins will experience
nearly the same decline of 26%. Under the RCP 2.6, Diyala Basin is expected to experience the
highest reduction in precipitation (average 28%). The south of Diyala will experience a reduction
of about 55%, while the north of the basin may experience about a 16% decrease; about 5% of the
basin located in the basin’s far north will experience increases of about 14%. Al-Adhiam will
experience a decrease of 26%, followed by Greater Zab 17%, Khbour 7% and Lesser Zab 3% for
the mid-century. At the end of the century, Khbour and Greater Zab will experience the same
reduction (15%), while Al-Adhiam, Diyala and Lesser Zab will experience reductions of 38%, 36%
and 10%, respectively. It is clear that Diyala and Al-Adhiam will experience the highest reductions
for both periods under the three scenarios. This is a reasonable result, because Diyala and Al-
Adhiam experience higher air temperatures and lower precipitation amounts compared to those of

Khbour, Greater Zab and Lesser Zab Basins (Table 6.8).
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Table 6.8: The projected relative changes in precipitation for the five basins under RCP 8.5, RCP 4.5, and

RCP 2.6 scenarios for the periods 2046-2064 and 2080-2100.

Scenarios
RCP85 RCP85 RCP 4.5 RCP45 RCP 2.6 RCP 2.6
Basin (2049-69) (2080-99)  (2049-69) (2080-00) (2049-69)  (2080-99)
Khbour -12 -25 -18 -25 -7 -15
Greater Zab -12 -22 -17 -15 -17 -15
Lesser Zab -12 -18 -18 -26 -3 -10
Al-Adhiam  -13 -25 -19 -26 -26 -38
Diyala -14 -27 -18 -25 -28 -36
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Figure 6.20: Projected impacts of climate change on the precipitation of the five basins (a) Anomaly based
on scenario RCP 2.6 for the period 2046-2064, (b) Anomaly based on RCP 2.6 for 2080-2100, (c) Anomaly
based on RCP 4.5 for 2046-2064, (d) Anomaly based on RCP 4.5 for 2080-2100, () Anomaly based on RCP
8.5 for 2046-264, and (f) Anomaly based on RCP 8.5 for 2080-2100 (Source: original work created for this

thesis)
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6.4.2 Blue Water and Green Water Forecasts.

Figure 6.21 captures the anomaly maps of blue water distribution (maps of percent deviation
from historical data, 1980-2010) for the RCP 2.6, RCP 4.5 and RCP 8.5 scenarios for the
periods 2049-2069 and 2080-2099 from the average change of the multi-GCM ensemble. The
half-century projection (2049-2069) and the end—of-century (apart from Khbour) projections
show a decrease in blue water under all emission scenarios for the whole region. The Al-
Adhiam Basin is likely to experience the highest reductions under the three scenarios in both
periods, followed by Diyala, Lesser Zab and Gtreater Zab. Khbour will experience an increase
of about 8% under RCP 4.5 for the end of the century. Table 6.9 provides the estimated values.

Green water has the same trend as blue water (Figure 6.22, Table 6.10).

Table 6.9: The projected relative changes in blue water for the five basins under RCP 8.5, RCP 4.5, and

RCP 2.6 scenarios for the periods 2049-2069 and 2080-2099.

Scenarios

RCP85 RCP8.5 RCP 4.5 RCP45 RCP26 RCP 2.6

Basin (2049-69) (2080-99)  (2080-99)  (2080-00) (2049-69)  (2080-99)
Khbour -22 -43 8 -44 -16 -24
Greater Zab -23 -39 -20 -45 -29 -27
Lesser Zab -23 -43 -33 -48 -22 -28
Al-Adhiam -23 -48 -35 -49 -70 -65
Diyala -22 -31 -33 -44 -35 -44
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Figure 6.21: Projected impacts of climate change on the blue water of the five basins (a) Anomaly based
on scenario RCP 2.6 for the period 2046-2064, (b) Anomaly based on RCP 2.6 for 2080-2100, (c) Anomaly
based on RCP 4.5 for 2046-2064, (d) Anomaly based on RCP 4.5 for 2080-2100, (¢) Anomaly based on
RCP 8.5 for 2046-264, and (f) Anomaly based on RCP 8.5 for 2080-2100 (Source: original work created
for this thesis)
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Table 6.10: Projected relative changes in green water for the five basins under RCP 8.5, RCP 4.5, and

RCP 2.6 scenarios for the periods 2049-2069 and 2080-2099.

Scenarios

RCP85 RCP85 RCP 4.5 RCP45 RCP 2.6 RCP 2.6
Basin (2049-69) (2080-99)  (2080-99) (2080-00) (2049-69)  (2080-99)
Khbour -9 -18 -12 -16 -5 -7
Greater Zab -9 -17 -16 -20 -7 -8
Lesser Zab -11 -20 -15 -19 -8 -8
Al-Adhiam  -13 -22 -16 -21 -40 -29
Diyala -11 -21 -15 -21 -19 -19
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Figure 6.22: The impacts of climate change on the green water of the five basins (a) Anomaly based on
scenario RCP 2.6 for the period 2046-2064, (b) Anomaly based on RCP 2.6 for 2080-2100, (c) Anomaly
based on RCP 4.5 for 2046-2064, (d) Anomaly based on RCP 4.5 for 2080-2100, (¢) Anomaly based on
RCP 8.5 for 2046-264, and (f) Anomaly based on RCP 8.5 for 2080-2100 (Source: original work created

for this thesis)
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In comparing the impacts of climate change using CMIP3 between the Tigris Basin and Fitzroy

Basin, Table 6-11 shows that for the Fitzroy Basin the temperature will increase by about 1.16

and 3.2 for near future and distant future, respectively, while in the Tigris Basin the temperature

will increase by 2.5°C and 5.5 °C for the near future and far future, respectively. The Fitzroy

Basin will experience increases in precipitation by about 8% and 14% for mid-century and end-

century, respectively; however, the Tigris Basin will experience severe reductions in

precipitation which could reach 15% and 22% for the near and far future, respectively. In the

Fitzroy Basin blue water is expected to increase by about 13% and 27% for 2046-2064 and

2080-2100, respectively. The Tigris Basin will experience significant reductions by about 22%

and 33% for near and far future, respectively. Green water, deep aquifer and stream flow will

have the same trends of blue water for both regions.

Table 6-11: comparison the impacts of climate change on water resources between the two regions.

Factors Fitzroy Tigris
2046-2064 2080-2100 2046-2064 2080-2100
Temperature 1.16°C 3.2°C 2.5°C 5.5°%C
Precipitation +8 +14 -15 -22
Blue water +13 +27 -22 -33
Green water +10 +25 -15 -20
Deep aquafer +20 +27 -18 -30
Streamflow +26 +43 -35 -57

126



To summarise the results, precipitation in the last three decades in northeast Iraq show a
declining trend that can be considered as deteriorating at an alarming rate. By contrast, in
Queensland, the results over the past 30 years show that the Fitzroy River basin has sufficient
water, with a depletion rate that is likely to cause minimal adverse effects. Impacts of climate
change modelled using the CMIP3 models for both the Australian and Iraqi regions portray a
northeast Iraq where the Tigris River will experience increasing temperatures and decreasing
annual precipitation that will have far-reaching consequences, with the likelihood of greatest

effects being felt in the southern part of the basin and the possibility of air temperatures
increasing up to 509C. The Fitzroy region is expected to be hotter and wetter compared to

current conditions, in particular in the Isaac Basin, due to its location adjacent to the ocean.

The adverse effects may not be that consequential if the availability of water increases.
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CHAPTER 7

CLIMATE CHANGE ADAPTATION AND
MITIGATION

7.1 Background

Although climate change is a physical process linked with alterations in climatic variables, it
also involves social processes associated with the way society evolves over time. Climate
change has impacts on social, economic, and environmental systems and forms scenarios for
water, food and health security (Bryan et al. 2009). Capability for mitigating and adapting to
climate change depends largely on proactive approaches adopted by diverse socioeconomic
groups that exist in various geographical circumstances (Deressa et al. 2009). Climate change
can intensify the vulnerability of society. It may lead to aggravated water scarcity, exposure to
diseases and undermining of growth opportunities. The impacts of climate change in northeast
Iraq vary geographically. The southern part, which includes Diyalia and Al-Adhiam, is
projected to be most impacted by droughts and shortened growing seasons. Extreme droughts
have categorized the region in the last three decades, as shown in this research, and the results
are in line with the report of UN-ESCWA and BGR (2013). Severe drought has caused a
reduction in agricultural production, especially in the areas of rain-fed crop; this in turn has

caused a noticeable reduction in farmers’ income.

This chapter considers the concept of vulnerability in the context of climate change and its
three features (exposure, sensitivity and adaptive capacity) and discusses adaptation and
mitigation measures that could be implemented to respond to climate change, and thus secure

and sustain water for present and future generations at all levels.
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7.2 The concept of vulnerability

IPCC’s Third Assessment Report (TAR) defines vulnerability as the level to which a system is
prone or at which it is incapable of tackling the adverse impacts of climate change,
including climate variability and extremes (IPCC 2014). Vulnerability in the context of climate
change has three components: exposure, sensitivity, and adaptive capacity (Fellmann 2012)
(Figure 7.1). For example, farming vulnerability to climate change can arise through exposure
to increased temperatures and decreased rainfall, and thus reduction in water resources. The
sensitivity of crop yields is described as how they are affected because of these changes.
Adaptive capacity is expressed as the capability of farmers to adjust to the impacts of that
exposure and sensitivity — for instance, by growing plant varieties that are more drought-

resistant.

Exposure Sensitivity

I l
T

Potential Impact | | Adaptive Capacity

Figure 7.1: Vulnerability and its components. (Source: original diagram created using data from

Fellmann (2012

The possible impacts of climate change on any system can be described by both exposure and
sensitivity factors. Nevertheless, it has been established that, despite a system being considered

as greatly exposed and/or sensitive to climate change, it does not necessarily indicate that it is
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vulnerable (IPCC 2014; Fellmann 2012). The reason is that exposure and sensitivity do not
account for the capability of a system to adjust to climate change, while vulnerability is the
effect remaining after adaptation has happened (Figure 7.1). Consequently, the adaptive
capacity of any system impacts its vulnerability to climate change by controlling exposure and

sensitivity (Adger et al. 2007; Fellmann 2012).

7.3 The concept of adaptive capacity

Adaptive capacity has been described by IPCC (2014) as the potential ability of a system to
adapt successfully to climate change. Recent studies stress the significance of socio-economic
aspects for the adaptive capacity of a system, particularly underlining the essential part played
by organizations, authorities and management in defining the capability to respond and adjust
to climate change (Williamson et al. 2012). Consequently, the adaptive capacity of any system
is essentially determined by socio-economic actions, and it affects both the social features and
biophysics of a system (IPCC 2014). The main role of adaptive capacity in prompting
vulnerability is shown in Figure 7.2. Higher adaptive capacity, lower sensitivity and exposure
result in lower vulnerability, as shown in the lower part of Figure 7.2, whereas lower adaptive
capacity, higher sensitivity and exposure lead to higher vulnerability, as shown in the upper

part of the figure.
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Adaptive
Capacity

Figure 7.2: The basic role of adaptive capacity in influencing vulnerability (Source: original diagram

created using data from Fellmann, 2012)

As discussed earlier, Iraq’s agriculture is the country’s most fragile sector and is negatively
affected by climate change (UN-ESCWA and BGR 2013). Without appropriate adaptation
strategies to climate change, there is the potential to stifle economic development and aggravate
already persistent socio-economic affliction (Fellmann 2012). Logically, therefore, adaptation
is increasingly being considered as one of the possible strategies to diminish the adverse effects
of climate change (Adger et al. 2007). In particular, developing countries such as Iraq need to
take into consideration the optimal management of water resources and agricultural activities,

since climate change is highly likely to affect agricultural production the most.

For the Fitzroy Basin, the politics of strong denial of climate change has to date stifled any
action that would deal with its adverse effects (Greg 2020). Some disaster management
schemes are in place but these are identified as unrelated to climate change.
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7.4 Agricultural adaptation to climate change for the Tigris Basin

Generally, agricultural adaptation includes two forms of amendments in plant production
systems. The first strategy is enhanced agricultural diversification through, for example, using
drought-tolerant varieties to address temperature stresses. The second policy emphasizes plant
management practices, such as managing critical plant growth stages by not coinciding with
severe climatic events such as mid-season droughts. According to Orindi and Eriksen (2005),
shifting the duration of the plant growth period and altering implanting and harvesting dates
are common plant management measures that are used in plant adaptation to climate change.
The Iraqi Ministry of Water Resources (2015) and Fadeil (2016) have stated that climate
change has already been noticed by the population, and it has been inferred from examining
farmers’ views on climate change and their actions in responding to its adverse effects. The
responses of farmers have included planting trees, crop modification, altering planting dates
and soil conservation as the main possible adaptation policies to deal with the effects of climate

change for rain-fed crops.

7.4.1 Adaptation to climate change at farm level

In order to adapt and respond efficiently to climate change, farmers must initially recognize
that changes are occurring. Most farmers have noticed that the climate has become hotter and
drier and that water resources have decreased significantly. The farmers’ observations are in
line with the results of this study. They have been struggling to adjust to such extreme weather

conditions, especially those farmers who live in the south of the northern region of Iraqg.

The following are the adaptation measures to climate change that farmers believe to be proper

approaches.
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Crop Modification — Farmers grow crop varieties that have the ability to survive in harsh
weather conditions. In addition, growers plant early-ripening crop varieties and grow drought-
tolerant crops and crops that are resistant to temperature stresses. These are significant forms
of plant protection against rainfall variations (Orindi and Eriksen 2005). Furthermore, planting
diverse crop varieties in the same field or various plots with different crops moderates the risk
of whole crop failure, because diverse crops are influenced differently by climate conditions,
and this therefore somewhat underpins a minimum level of revenue for livelihood security

(Orindi and Eriksen 2005).

Soil Conservation — Soil conservation practices are to increase productivity on-farm
(Gebrehiwot and van der Veen 2013). Decreasing rainfall and increasing prolonged periods of
drought due to climate change are highly likely to reduce crop yields. Increasing soil health
and fertility leads to increased crop productivity, thus serving to moderate the impact of climate

change on agricultural productivity.

Irrigation — Improving the usage of water irrigation has proven to be an efficient practice to
confront unreliable rainfall conditions. Using irrigation is likely to improve agricultural
productivity through complementing rainwater during dry periods (Orindi and Eriksen 2005).
In addition, using irrigation systems may enable framers to grow crops such as vegetables in
low rainfall fields and during the dry season and drought events. These can be considered a
substitute source of food and revenue when rain-fed crops are unsuccessful. In some areas,
floodwaters are harvested and utilized for developing crops after the floods have receded
(Gebrehiwot and van der Veen 2013). Generally, improvement of irrigation water usage
enables farmers to avoid crop losses in areas exposed to frequent drought (Orindi and Eriksen

2005).
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Changing Planting Dates — Early- and late-growing plants are another policy measure to adapt
to climate change. This approach enables farmers to protect sensitive growth stages to

safeguard these critical stages from coinciding with severe climatic conditions.

Planting Trees — This strategy includes growing trees on a farm to function as shade against
severe hot weather. Growing trees and afforestation enhance agricultural productivity, because
they usually contribute to climate change alleviation through improved carbon sequestration

(Gebrehiwot and van der Veen 2013).

7.4.2 Adaptation measures at local government
The local governments in the Tigris Basin region could adopt a multi-step framework to cope

with the adverse impacts of climate change, which includes the following.

Water Management Strategy View

1. Consideration of a long-run integrated national water resources management plan by
all authorities concerned, including the Ministry of Water Resources, Ministry of
Agriculture, Ministry of Environment, and water resources experts at universities.

2. Rehabilitation of the infrastructure of water treatment plants and irrigation and drainage
pumping stations.

3. Usage of alternative water resources such as recycled waste water by establishing
recycling water plants.

4. Raising public awareness about climate change and its impact. Use of the social media
is one of the great ways to educate the population about the adverse impacts of climate

change and the importance of water conservation strategies. According to Al-Ansari et
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al. (2014), many people, especially in developing countries, are unaware how climate
change will affect their lives. Therefore, working with the media, government
authorities can spread their message easily and quickly. Conducting effective
environmental education campaigns is also of importance for increasing public
awareness about climate change issues and mitigation practices. Furthermore, the
relevant agencies and authorities can use the classroom to introduce this subject to
students. According to UNEP, educating children and the young population about
environmental issues is vital to long-term achievement of mitigation goals. This will
enable them to acquire a sense of responsibility so that they can play an essential role
in educating their community about these issues, since the absence of public awareness
of the significance of appropriate water management and the impact of governmental
decisions on long-term assurance of water resources are among the major problems in
the Middle East (Al-Ansari 2011).

5. Since agriculture is the biggest water consumer in the Iraq’s northeast region, educating
farmers on the usage of modern irrigation systems that are appropriate for an arid

climate can be a great measure to avoid water losses.

Research and Development
1. Creating an inclusive data set that comprises weather, hydrological, topographical, soil
and plant cover data that can be utilized by researchers. Hence they can conduct
research to introduce new technologies in water resources and agriculture which are
suitable for Iraq’s environment.
2. Conducting modelling research that predicts the impacts of climate change on various

sectors of life.
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Regional Cooperation
1. Collaboration amongst riparian countries. Irag, Turkey, Iran and Syria should organize
their efforts to find realistic arrangements among riparian countries on water asset
distribution.
2. UN organizations such as UNESCO and international organizations such as FAO,
WMO and international universities should be involved to assist the region with their

experience and expertise in this domain.

Irrigation and Agriculture

1. Abandoning conventional irrigation systems, such as furrows, to avoid wasting water
and adopting effective irrigation systems that are appropriate for the types of the soils,
water accessibility and quality and crop yields. For example, sprinkler irrigation is
appropriate for grain, whereas drip irrigation is suitable for orchards such as grapes,
using saline water, and both practices are much better than furrow irrigation.

2. Improving and maintaining the transmission of water systems to reduce water losses
and increase transmission effectiveness. Using closed channels reduces evaporation
and infiltration losses and prevents irrigation water from coming into contact with the
saline water table.

3. Enhancing the drainage systems of agricultural land to improve soil percolation and
reduce soil salinity.

4. Reducing chemical fertilizer and pesticide usage which deteriorates water quality.

To summarise, adaptation measures that have been proposed as being effective through

scientific analysis at farmer and government levels were investigated. Farm-level adaptation
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may include adopting crop modification, soil conservation, irrigation efficiency, changing crop
calendars and planting of trees. However, to ensure success of these adaptation measures, help
is generally needed in terms of financing and technological support from government bodies
or other institutions. The overarching need at the planning level of the government is to
formulate a multi-step collaborative framework to cope with the adverse impacts of climate
change that involve water management strategy, research and development, regional

cooperation, and new irrigation and agricultural technologies.
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CHAPTER 8

DISCUSSION AND CONCLUSIONS

8.1 Discussion

To accomplish the first objective of this thesis, the performance and suitability of the three
tools — GIS, SWAT and statistical analyses, and SWAT embedded in GIS — were applied to
northeast Iraq’s Tigris and northeast Australia’s Fitzroy Basins. The model was calibrated and
validated at nine discharge stations in northeast Iraq and at seven discharge stations in the
Fitzroy Basin to simulate the streamflow using the SUFI-2 algorithm. The performance of the
model was found to be acceptable with R? and ENC indices, as well as visual traces during the
calibration and validation periods, although there were under-predictions and over-predictions
during some months, especially wet months. The underestimation and overestimation during
some months is typical of simulation models which cannot often capture extreme events in the
system, but they may also be due to errors in measuring flow, unevenly distributed rainfall
stations and spatial variability in soil and land use. In general, the model developed can be
described as capable of simulating the streamflow of the two regions. Thus the first objective
of this thesis, the performance and suitability of the three tools (GIS, SWAT and statistical

analyses), was met.

To achieve the second objective, obtaining better understanding of the existing hydrological
systems and investigation how changes in climate (rainfall and temperature) may affect and
alter streamflow regimes and other hydrological processes, the impacts of climate change for

the last three decades on hydrological system were assessed.
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The calibrated models were used to identify the trends of temperature and water components
during the last three decades for each region. The air temperature trend has been increasing in
the last three decades in both regions. These changes in temperture have led to alteration in

precipitation, blue water and green water and hence streamflow for both regions.

For the Tigris Basin, temoprally, there is a significant declining trend in precipitation, blue
water and green water over the last three decades. Spatially, precipitation was found to have a
decreasing trend from north to south and from east to west, which roughly fits the description
that, the more mountainous the terrain is, the higher the precipitation amount. Blue water a has
tendency to be high where the runoff from precipitation tends to accumulate. Green water
tracks blue water. However, land cover contributes to the forming of the spatial allocation of

blue and green water.

These changes in water components have led to severe water scarcity per capita. In general, the
region has experienced severe water scarcity in terms of blue water availability. Green water
storage availability analysis showed that, apart from the Khbour, which has experienced nine
to ten months where groundwater is accessible, the region has experienced five to six months
per year of groundwater availability. Therefore, large areas of the region can often experience
reduced crop yield due to lack of green water availability, particularly downstream catchments

such as the Al-adhiam Basin.

In the Fitzroy Basin, during the last three decades the temporal and spatial scale of precipitation
revealed that there was a high variable trend of precipitation over the period, which is a typical
for Australian rainfall. Blue water followed precipitation distribution. Green water, however,

was nearly stable, because the land cover was assumed to be static.
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The blue water availability per capita analysis showed that the entire region can be described
as having sufficient water. The green water storage availability analysis showed that most of
the basin experienced eight to nine months per year groundwater availability, except for the
Fitzroy sub-basin and a small part of Isaac and Dawson, which experienced ten to eleven

months per year groundwater availability.

To meet the third objective, which is identification and understanding of the various aspects of
implications of climate change in these regions, six GCMs for the CMIP3 were applied for
both regions. However, six GCMs from the CMIP5 were applied only to the Tigris region as

CMIP5 models did not represent the Fitzroy Basin accurately.

In the Tigris Basin, all models run under the CMIP3 and CMIP5 predicted that the basin will
experience increasing temperatures and decreasing annual precipitation that will have far-
reaching consequences, with the highest impact in the southern part and likelihood of rising

temperatures up to 50°C in both the near and distant future, respectively.

Overall, all GCMs projected a decrease in the mean annual precipitation for about a half century
lead time (2046-2064) and about a one century lead time (2080-2100) for the five basins. Diyala
Basin is expected to experience the highest reduction in precipitation, followed by Al-Adhiam.
This is a reasonable result because Diyala and Al-Adhiam experience higher air temperatures
and lower precipitation amounts compared to those of the Khbour, Greater Zab and Lesser Zab
Basins. The latter basins may experience nearly the same reductions under the three scenarios

for both periods.
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In regard to blue water, the half century projection (2046-2064) shows a decrease in blue water
under all emission scenarios for the whole region. The Al-Adhiam Basin is likely to experience
the highest reductions under all scenarios in both periods, followed by Diyala. Khbour, Greater
Zab and Lesser Zab, which would experience approximately the same reductions under all
scenarios for both periods. Green water storages may also decrease under all emission scenarios
for the two future periods. Green water flow calculations show a slight reduction in
evapotranspiration because of the hypothesis that land cover will not significantly change from

the period of the 1980s to the 2100s.

The results from the hydrological modelling for annual stream flow show that in five tributaries
streamflow will significantly decrease for all scenarios. These findings may have significant
effects, because a large area already suffers from per capita water scarcity. Severe water
scarcity also corresponds to areas with high population density, adding more complexity to the
problem. Any water resources management and development scheme in the future of the region

should carefully consider this aspect.

For the Fitzroy region, all six GCMs models in CMIP3 predicted that the catchment will be
hotter and wetter in the near and distant futures, except for a small part in the Nogoa Basin
located in the north of the study area. The impact on blue water appears to be more pronounced
than on green water, which may imply a higher degree of worsening in flood situations than in

drought situations.

All the models demonstrated steadily increasing trends in temperature across the Fitzroy Basin
under the three scenarios. All scenarios indicated an increase in precipitation trend for the near

and distant futures for most basins, apart from a small portion of the Nogoa basin that would
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see a reduction for the period 2046-2064: this region will likely experience more rain due to
longer and more intense monsoon resulting from more intense atmospheric convection,

especially in the Isaac Basin due to its location.

Blue and green water patterns commonly follow precipitation patterns. Blue and green water
have a tendency to be high where precipitation is high. Similar to the precipitation pattern, all
scenarios show an increase in the blue water trend for the near and distant futures for most of
basins except a small part of the Nogoa Basin, which will experience a reduction of up to 10%.
For streamflow investigation, the six sub-basins will experience increases under all emission

scenarios.

However, in incorporating the findings of this study in any water resources planning or
management scheme, it is important to note that some shortcomings could not be avoided in
the study. Firstly, there were limited availability of data and uneven distribution of weather and
discharge stations, especially in the Tigris Basin, where the measured discharge and weather
stations are sparse. Secondly, effects of reservoir operation, land use changes and irrigation
water usage were neglected due to non-availability of data. Thirdly, sparse evapotranspiration
and soil moisture data restricted proper validation of green water flows. These are in addition
to the fact that GCMs are considered reliable in predicting temperatures but are less so in
predicting precipitation. Nevertheless, to the best of our knowledge, this is the first initiative in
the two regions to provide insight into the blue and green water flows. Hopefully, it will be

useful for water resources managers, developers, and planners.

To develop suitable tools which can be used by organizations to incorporate climate change

impacts, adaptation and vulnerability into their planning and management strategies, this
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research further looked into adaptations to climate change. Adaptation to climate change is the
modification of a system to mitigate its impacts, take advantage of new opportunities and/or
cope with the consequences. It is understood that, even with very strict policies to control
emissions, greenhouse gases are likely to continue to grow in concentration. Climate change
impacts a whole gamut of sectors, particularly water and agriculture. The effects are also
pervasive, affecting national food security and farmers’ lives. Therefore, it is imperative that
every country draws up mitigation and adaptation policies to cope with the climate change
impacts anticipated. Adaptation in the agricultural sector is vital to guarantee food security and

to protect the sources of revenue of the poor whose main livelihood is derived from farming.

In this study, adaptation measures at farm and government level were discussed. Farm-level
adaptation includes adopting crop modification, soil conservation, irrigation, change in crop
calendars and planting trees. However, to ensure success of these adaptation measures, the
government should become involved and support farmers financially and technologically. The
government should adopt a multi-step framework to cope with the adverse impacts of climate
change and this involves water management strategies, research and development, regional

cooperation, new irrigation schemes and sustainable agriculture technologies.

It appears that climate change will have different impacts on these two regions: the Tigris Basin
is likely to experience higher temperatures and lower rainfalls, whereas the Fitzroy Basin may
be wetter and hotter in the long run. To avoid future generations having to pay a premium price
to deal with the adverse effects of climate change, it is imperative that these aspects are taken
into consideration in formulating climate change policies for both regions. Relevant policies to
deal with climate change in the field of water resources may include, for instance, recycling of

waste water, steps and measures to mitigate and adapt to these impacts through (for example)
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water-reuse measures, water-sensitive urban infrastructure design such as rainwater tanks, rain

gardens and constructed wetland, and growing plants tolerant to drought.

8.2 Conclusion

The SWAT model was used to identify the impacts of climate change on water resources in
two different regions, the Tigris Basin and the Fitzroy Basin. The model was successfully
calibrated for both regions. The calibrated model was used to evaluate the climate change

impact for the near and distant future periods of 2046-2064 and 2080-2100.

The findings from the SWAT model revealed that the water resources of the Tigris and Fitzroy
Basins are likely to undergo alterations due to climate change, and, most likely, for the worse.
For the Tigris Basin, forecasts on the availability of water resources show declining trends. The
basin will get drier and hotter. For the Fitzroy Basin, the results show that the basin will get
wetter and hotter. Since water is a precious resource and limited for the regions, a policy to
deal with adversity in the future is warranted. The two basins have vastly different socio-
economic settings, population density, infrastructure, and resourcing capabilities, and therefore
their optimal planning and strategies are expected to be vastly different. No doubt pre-emptive
intervention and pro-active actions will be highly beneficial and cost-efficient in the long run
for the future generations. The outcomes of this study may prove useful for supporting decision
makers in planning relevant adaptation and mitigation measures, and thus decreasing the

adverse impacts on water resources in both basins.

This study built a SWAT Tigris and Fitzroy framework that integrates micro-level data on

weather, land use, soil and management obtained from Iragi and Australian databases. Such a
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large-scale work involves rigorous analysis and provides justification for more reliable

predictions than simple models.

The main objectives of this thesis were met in this research as follows.:

1. Determination of the performance and suitability of the three tool s— GIS, SWAT, and
statistical analyses.

Through the calibration and validation, it has been found that SWAT embedded in
GIS and other statistical analysis model performed well. The model was calibrated
and validated at nine discharge stations in northeast Iraq and at seven discharge
stations in the Fitzroy Basin to simulate the streamflow, using the SUFI-2
algorithm. The performance of the model was found to be acceptable with R? and
ENC indices (where both indices were higher than 0.5, which is considered
satisfactory) during the calibration and validation periods.

2. Improved understanding of the existing hydrological systems and insight as to how
changes in climate (rainfall and temperature) may affect and alter streamflow regimes
and other hydrological processes under different climatic scenarios.

The climate change impacts in the last three decades (1978-2014) were analyzed
for both regions. The models indicated that in both regions there were trends of
increasing temperatures. The precipitation trends showed a negative slope for the
Tigris Basin but positive slope for the Fitzroy region, although the precipitation
trends were variable. Both regions have already experienced extreme changes in
the weather. These changes in temperature and precipitation have led to alteration
in stream flow regimes for both regions. The Tigris Basin has already suffered from

water scarcity per capita. The five tributaries’ flows declined by 15% overall in the
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last three decades. For the Fitzroy Basin, the analysis showed that almost the whole
basin had sufficient water in the last three decades, albeit with highly variable
trends.

3. Identification and understanding of the various aspects of implications of climate
change in these regions.

The SWAT model was applied for both regions using the average of six GCMs
models to investigate the impacts of climate change on water resources (blue water,
green water) in the near future (2046-2064) and distant future (2089-20100)
periods. The results were presented in detail in Chapter 6. Overall, the Tigris River
will experience severe drought in both periods, and the distant future will be worse.
For the Fitzroy River, the study showed that the region will be wetter and hotter
and subject to more frequent floods, especially in the Isaac Basin.

4. Development of suitable tools which could be used by organizations to account for
climate change impacts adaptations and vulnerability in their planning and management
strategies.

This has been discussed in Chapter 7. That chapter looked into the concept of
vulnerability in the context of climate change and its three features — exposure,
sensitivity and adaptive capacity — and described adaptation and mitigation

measures that could be embraced to respond to climate change.

The novelty of the work in this thesis includes many facets. For the Tigris Basin, many
disparate sources of knowledge and information have been brought together to build a cohesive
hydrometeorological insight of the basin. Next, the most advanced hydrological models, which
have been tried and tested in developed countries, were applied to the basin for the first time,

and basin parameters were estimated which can be used in any future modelling scheme. The
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opinions of farmers, who are the dominant community in the region were explored in regard to
their experiences with climate change, and any adaptation measures they were implementing,
and these were compared with suggested adaptation measures in published literature from
experts. For the Fitzroy River, a distributed model for the entire basin to capture its
hydrometeorological characteristics was applied for the first time, although detailed modelling
of parts of the basin was undertaken done earlier by other researchers. In that model, outputs
from GCMs were inputted to capture the effects of climate change, with particular emphasis
on impacts on water resources. All these contributions have expanded the horizon of current

knowledge about the two basins.

8.3 Future research

Future Tigris and Fitzroy climate change research should be carried out with up-to-date land
use data that can provide better insight into flow patterns and environmental impacts for present

and future climatic patterns. These were simplified in the present study due to lack of data.

Further extensive assessment of possible climate change impacts on watershed hydrology

should be conducted with a higher combination of different GCMs. As computers become more

powerful, higher complexity in problem delineation can be added.

The SWAT model should be assessed for the impacts of ponds and wetlands, which have been

ignored in this study because of non-availability of data.

Model uncertainties require further work to better understand the limitations of simulations.
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