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Abstract

SWAT model (Sediment and Water Assessment Tool) was used to evaluate the im-
pacts of climate change on water resources in Al-Adhaim Basin which is located in
north east of Iraq. Al-Adhaim River is the main source of fresh water to Kirkuk City,
one of the largest cities of Iraq. Recent studies have shown that blue and green waters
of the basin have been manifesting increasing variability contributing to more severe
droughts and floods apparently due to climate change. In order to gain greater ap-
preciation of the impacts of climate change on water resources in the study area in
near and distant future, SWAT (Soil and Water Assessment Tool) has been used. The
model is first tested for its suitability in capturing the basin characteristics, and then,
forecasts from six GCMs with about half-a-century lead time to 2046-2064 and
one-century lead time to 2080-2100 are incorporated to evaluate the impacts of cli-
mate change on water resources under three emission scenarios: A2, A1B and BI.
The results showed worsening water resources regime into the future.
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1. Introduction

The water resources of any basin are influenced by several variables including precipi-
tation, soil, land use and natural calamities such as cyclones, and induced catastrophes
such as bushfires. Climate change has significant effects on the supply and demand
balance of water resources universally [1] and regionally [2]. Where the water resources
are constrained, the water balance is often fragile and the situation can be easily ex-
acerbated by climate change [3] which can be unprecedented because the water system

is vulnerable to climate change outside the range of historical events [4]. Climate
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change can have a considerable impact on the hydrological cycles mainly through the
alteration of evapotranspiration and precipitation [5] [6]. The effects can strikingly
manifest as severe droughts or intense floods. This in turn can have a significant impact
on the water balance of a basin [7].

Iraq is classified as arid or semi-arid with less than 150 mm of annual rain and high
evaporation rate. Its water balance is relatively delicate threatened by water scarcity that
can significantly aggravate due to climate change [8]. Arguably, climate change is one
of the major challenges confronting Irag; its adverse effects on water resources can im-
pact the environment and the economy, particularly the agricultural sector. There is a
strong demand from decision makers for predictions about the potential impacts of
climate change on the interval and amount of precipitation, which have consequences
on sustaining and managing water resources appropriately and diminish water scarcity
problem that has become noticeable [9].

In Northern Irag, Al-Adhaim River is one of the fife tributaries of Tigris River.
Al-Adhaim is the source of surface water for Kirkuk city. This basin has been suffering
from water scarcity and pollution due to its extreme dry weather [9]. Up to date, water
issues related to climate change in the Al-Adhaim catchment have not been well ad-
dressed within climate change analyses and climate policy construction [10]. Therefore,
the main objective of this study has been to assess the potential future climatic changes on
the water sources of Al-Adhaim, specifically blue and green waters. The computer-based
hydrological model Soil and Water Assessment Tool (SWAT) has been used to explore
the effects of climatic change on streamflow of the study area. The model was set at
monthly scale using available spatial and temporal data and calibrated against measured

streamflow. Climate change scenarios were obtained from general circulation models.

2. Materials and Methods
2.1. Al-Adhaim

Al-Adhaim or Nahr Al Uzaym (Figure 1) is located in northeast Iraq, rises from hilly
and mountainous areas in Iraq. It drains about 13,000 km? lies totally in Iraq in which
no snowfall and rainfall is limited [11]. It is fed by rainfall only therefore, the occur-
rence of effective flow is during the wet season [12]. Al-Adhaim generates about 0.79
cubic billion meters annually at its convergence with the Tigris [13]. It links Tigris Riv-
er approximately 13 km downstream of Balad city [14]. Its length is 230 km (from the
source to the junction with the Tigris. The annual precipitation for the Al-Adhaim basin
ranges from 80 to 330 mm, and temperatures vary between 2°C and 48°C. Al-Adhaim
flow system is classified as an irregular flow system that depends intensely on precipita-
tion [11]. This river runs dry in summer from May to October and high flow occurs dur-
ing November to May. Accordingly, Al-Adhaim can be classified as an arid basin. Ap-
proximately 71% of the basin is covered by forest, and 29% by Agricultural Land-Row.

2.2. Description of SWAT Model

The Soil and Water Assessment Tool (SWAT) model [15] is a river watershed scale,
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Figure 1. Location of Al-Adhaim basin.

semi-distributed and physically based continuous time (daily computational time step)
model for analyzing hydrology and water quality at various watershed scales with vary-
ing soils, land use and management conditions on a long-term basis. Details of the
model are well described by [16].

Land and routing phases are the two models used in this model. The land phase pre-
dicts the hydrological components (surface runoff, evapotranspiration, groundwater,
lateral flow, ponds, tributary channels and return flow) while the routing phase is the
movement of water, sediments, nutrients and organic chemicals via the channel net-
work of the basin to the outlet. The estimation of surface runoff is done through two
methods. The first is the SCS curve number method which is an empirical method to
estimate the surface runoff based on studies of different rainfall-runoff relationships for
small rural watersheds, then developed for different types of soils and land use [15] and
the Green and Ampt infiltration method [16]. More details are given by [16].

Model input

A great amount of input data is essential for SWAT model to accomplish the tasks
envisaged in this research. They are: digital elevation model (DEM), land use map, soil
map, weather data and discharge data. These data were compiled from different sources.
DEM data was obtained from Queensland Department of Natural Resources and Mines

(https://data.gld.gov.au/), and land cover map from Queensland Government Data

(https://www.dnrm.qld.gov.au/) and the soil map from the global soil map of the Food

and Agriculture Organization of the United Nations [17]. Finally, weather and daily
stream flow and water quality data were obtained from the Australian government’s

Bureau of Meteorology (http://www.bom.gov.au/climate/data/) and Queensland De-

partment of Natural Resources and Mines/ Water Monitoring Portal

(https://www.dnrm.gld.gov.au/water/water-monitoring-and-data/portal) respectively.
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Model setup, calibration and evaluation

The watershed is divided into sub-basins based on the elevation model (DEM). The-
reafter, sub-basins are further delineated by Hydrologic Response Units (HRUs) which
are defined as packages of land that have a unique slope, soil and land use area within
the borders of the sub-basin. To calibrate the model, the sequential uncertainty fitting
algorithm application (SUFI-2) embedded in the SWAT-CUP package [18] was used It
calculates the Coefficient of Determination ( R?) and the Nasch-Sutcliff efficiency
(ENCQ) [19] to assess the goodness of fit between the measured and simulated data.

Zinzl(oi _6)(P' B FT)
>.(0-0)°[ZL(r-P)]

where O, is the observed stream flow, P is the simulated stream flow, O is the

2

R? =

s (1)

mean observed stream flow during the evaluation period and P is the mean simu-
lated stream flow for the same period.
To find out how well the plot of the observed against the simulated values fits the 1:1

line ENCvalue was used.
(2)

For sensitivity analysis, which is computed based on the Latin Hypercube and mul-

tiple regression analysis. The multiple regression equation is defined as below.
g=a+y. B*b 3)

where gis the value of evaluation index for the model simulations, ais a constant in mul-
tiple linear regression equation, S is a coefficient of the regression equation, b is a para-
meter generated by the Latin hypercube method and m is the number of parameters.

For more details see [18] [19] [20].

General Circulation Model (GCM) inputs

For climate change prediction, six GCMs (CGCM3.1/T47, CNRM-CM3, GFDL-
CM2.1, IPSLCM4, MIROC3.2 (medres) and MRI CGCM2.3.2) were used under a very
high emission scenario (A2), a medium emission scenario (A1B) and a low emission
scenario (B1) for two future periods (2046-2064) and (2080-2100). The projected tem-
peratures and precipitation were then input to the SWAT model to compare water re-
sources in the basin with the baseline period (1980-2010) (Figure 2). BCSD method
was used to downscale the GCM results [21].

Sensitivity analysis

Sensitivity analysis has been carried out for 25 parameters related to stream flow
(Table 1), from which 12 most sensitive parameters have been considered, as is the
usual practice, for implementing model calibration for the AlAdhaim basin.

CN2 was the dominant SWAT calibration parameter for the Al-Adhaim. In most
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SWAT applications in different watersheds, CN2 was found to be the most sensitive
parameter [22]. CN2 has major impact on the amount of runoff generated from HRU,
thus a relatively higher sensitivity index can be predicted for most of the basins [23].
SWAT is highly sensitive to ESCO for Al-Adhaim River mainly due to the higher mean
air temperature and solar radiation which result in higher evapotranspiration losses in
Al-Adhaim watershed (Table 2). Accordingly stream flow is highly sensitive to ESCO

Table 1. Description of input parameters of streamflow selected for model calibration.

Group Parameter Description Unit
SOL_ALB Moist soil albedo -
SOL_AWC Available water capacity mm-mm™!
Soil
SOL_K Saturated hydraulic conductivity mmh™!
SOL_Z Depth to bottom of second soil layer mm
ALPHA_BF Base flow Alpha factor days
GW_DELAY Groundwater delay days
Groundwater GW_REVAP Groundwater “revap” coefficient -
Threshold depth of water in the shallow aquifer for
GWQMN mm H>O
return flow to occur
Threshold depth of water in the shallow aquifer for
REVAPMN oo mm H,O
revap to occur
Subbasin TLAPS Temperature laps rate *Ckm™
HRU EPCO Soil evaporation compensation factor -
ESCO Plant uptake compensation factor -
CANMX Maximum canopy storage mm H>O
SLSUBBSN Average slope length m
Routing CH_N2 Manning’s n value for the main channel -
Effective hydraulic conductivity in main channel "
CH_K2 . mm-h
alluvium
Management BIOMIX Biological mixing efficiency -
N2 Initial SCS runoff curve number for moisture
condition II
G 1 dat.
enera. o SFTMP Snowfall temperature °C
basin
- . mm H,O0-"C™!
SMFMN Minimum melt rate for snow during year day-!
ay
SMFMX Maximum melt rate for snow during year mm
ximu w duri
&Y H,0-°CL.day™
TEMP Snow pack temperature lag factor -
SURLAG Surface runoff lag time days
Maximum potential leaf area index for land
BLAI -
cover/plant
SLOPE Slope -

K2
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Table 2. Ranking of 12 highest sensitive parameters related to stream flow in the Al-Adhaim basin.

Parameter Al-Adhaim Initial values Fitted values
CN2 1 -0.2-0.2 -0.10
ESCO.hru 2 0-0.2 0.89
SOL_AWC 3 -0.2-04 0.305
ALPHA_BF 4 0-1 0.37
SURLAG 5 0.05 - 24 14.4
GW_DELAY 6 50 - 450 75.5
HRU_SLP 7 0-0.2 0.017
SFTMP 8 -5-5 -3.1
GWQMN 9 0-2 0.07
SLSUBBSN 10 0-0.2 0.005
CH_K2 11 5-130 53.87
GW_REVAP 12 0-0.2 0.17

which directly affects the evapotranspiration losses from the watershed (Table 2).
SOL_AWC came the third for the Al-Adhaim (Table 2). It can be seen clearly that
SWAT was most sensitive to CN2, ESCO and SOL_AWC in arid Al-Adhaim Basin
(Table 2). Similarly, [23] was found that SWAT model is highly sensitive to surface
runoff parameters (CN2, ESCO, SOL_AWC) when the watershed is categorized as arid
basin. Among the groundwater parameters, ALPHA-BE was observed to be the most
sensitive parameter for all watersheds (Table 2). ALPHA-BE was ranked fourth for
Al-Adhaim watershed, respectively. This result is consistent with the finding of [24],
who found that ALPHA is highly sensitive groundwater parameter to SWAT calibra-
tion.

Calibration and validation

SWAT was calibrated and validated for AlAdhaim at the solo discharge station in the
basin, Injanasation, on a monthly scale. The model was calibrated for thirteen years
(1979-1991) and validated for six years (1992-1997) at the Injana discharge station. The
first three years was set as a warm up.

The results of monthly discharge calibration and validation for the station showed
good agreement with observed data as shown in Figure 2, Figure 3. R* was 0.69 and
ENC was 0.667 during the calibration. R? and ENC increased to 0.80 and 0.76, respec-

tively during the validation.

3. Trends in Precipitation, Blue Water, Green Water, Storage
and Water Flow in the Past

Using the calibrated model, annual precipitation, blue water (summation of water yield
and deep aquifer recharge) and green water storage (soil water content) were estimated

during the last three decades to identify the impacts of climate change on the water
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Figure 2. Calibration of the SWAT model at monthly scale at Injana station within Al-Adhaim.
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Figure 3. Validation of the SWAT model at monthly scale at Injana station within Al-Adhaim.

cycle components. Blue water is the freshwater humans can access for instream use or
withdrawal. Green water storage does not provide direct access to humans but sustains
natural flora and rain-fed agriculture. Green water flow is actual evapotranspiration.
The model outputs matched observations.

Figure 4 captures the spatial distribution of precipitation in HRUs over three con-
secutive decades. Generally, precipitation decreased from the east to the west of the ba-
sin. Figure 4 showed a general declining trend in precipitation over time. The 1990s
and 2000s decades experienced decreases by about 24% and 43% compared to 1980s
decade, respectively (Table 3).

Blue water and green water storage in the Al-Adhaim basin decreased from east to
west (Figure 5 and Figure 6). Generally, green water tracks blue water. The spatial pat-
terns of the blue and green water flows are largely influenced by the spatial patterns of
precipitation. In addition, land cover contributes to the shaping of spatial patterns. The
average annual blue water and green water storage for the entire catchment signifi-

cantly decreased from 1980s to 2000s. It is possible that the decreasing trends in the av-
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erage annual blue water and green water are attributed to climate change. Green water

flow was relatively stable during the entire period (Table 3) due to the assumption that

land cover/land use remained unchanged during the period of 1980 to 2010.
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Figure 4. Spatial distribution of precipitation in the Al-Adhaim basin over three consecutive decades.
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Figure 5. Spatial distribution of blue water in the Al-Adhaim basin over three consecutive decades.
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Figure 6. Spatial distribution of green water storage in the Al-Adhaim basin over three consecutive decades.
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Table 3. Relative changes in precipitation, blue water and green water in the Al-Adhaim basin
over three decades.

Rate of relative change in the last three decades

Water component 1990s vs 1980s 2000s vs 1990s 2000s vs 1980s
Precipitation -0.24 -0.25 —-0.43
Blue water —0.40 —-0.52 -0.70
Green water storage -0.17 -0.17 -0.31
Green water flow -0.12 -0.13 -0.11

N Per capita blue water,
A (m3/capita-year)
Km l0-

0 10 20 30 40 0700

Figure 7. Water scarcity in each modeled Al-Adhaim subbasin represented by the modeled 1980
to 2010 annual average blue water flow availability per capita per year (using population of 2005)
the average (Avg.) value of the 95PPU range.

Blue Water Scarcity Indicators

The calibrated model was used for water scarcity analysis. Among a large number of
water scarcity indicators, the most widely applied and accepted is the water stress thre-
shold [25], defined as 1700 m*-capita™'-year™! introduced by [26], which was used in this
study. The 1700 m?*-capita '-year™ is calculated based on estimations of water needs in the
household, agriculture, industry and energy sectors, and the demand of the environment
[25]. A value equal or greater than 1700 m?-capita-year™ is considered as adequate to
meet water demands. When water supply drops below 1000 m’-capita'-year™, it is re-
ferred to as water scarcity and below 500 m*-capita™'-year™ is extreme scarcity. The wa-
ter availability per capita and water stress indicators were estimated for each of the 42
sub-basins of the Al-Adhaim basin using 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. Figure 7 demon-

strates the spatial distribution of water resources per capita per year during the period
of 1980-2010 based on the population estimates of the year of 2005. The total area of
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the basin experienced extreme water scarcity.

4. The Impacts of Climate Change on Temperature and
Precipitation under A2, A1B, B1 Emission Scenarios

Mean annual temperature and precipitation outputs from the six GCMs identified ear-
lier were processed for the Al-Adhaim basin under three scenarios (A2, A1B, B1). Ta-
ble 4 captures the projected changes in mean annual temperature for two future pe-
riods (2046-2064) and (2080-2100) relative to base period (1980-2010). Changes in
mean temperature tend to be more consistent than precipitation. All the models
showed consistent increasing trends in temperature. GFDL-CM2.1 projected the high-
est changes in temperature and MRI CGCM2.3.2 projected the lowest changes in tem-
perature. Mean annual temperature for six models indicated that mean temperature
will increase by 2.3°C under A2 followed by 2°C under AIB and then 1.6°C for near fu-
ture. For far future the mean temperature will increase by 4.9°C, 4°C and 3.25°C under
A2, A1B and B1, respectively.

Figure 8 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 of multi-GCM ensemble. A2 emission
scenario produced the highest decreases while Bl emission scenario gave the lowest
reductions for both periods. Precipitation will decrease by 26%, 14% and 7% under A2,
A1B and BI, respectively in near future (2046-2064). The reductions will increase to
37%, 25% and 16% under A2, A1B and B1 respectively in distant future (2080-2100).

4.1. Impacts of Climate Change on Blue and Green Water Flows

Figure 9 captures the anomaly maps of blue water distribution (maps of percent devia-
tion from historic data, 1980-2010) for A2, A1B and Bl scenarios for the periods
2046-2064 and 2080-2100 for the average change of multi-GCM ensemble. The half-

Table 4. GCM predicted changes in the mean annual temperature of the future under A2, A1B
and B1 scenarios.

GCM names predicting changes in mean annual temperature (*C)

Period CGCM3.1/T47 CNRM-CM3 GFDL-CM2.1 PSLCM4 MIROC3.2 MRICGCM2.3.2

A2
2046-2064 1.9 34 3.65 2.45 1.65 1.15
2080-2100 5.2 5.5 5,4 5.2 4.3 3.8

AlB
2046-2064 1.5 2.5 2.9 2.7 1.3 1.1
2080-2100 4.2 5 4.8 4.2 3.3 2.78

Bl

2046-2064 1.5 2.7 2.9 0.9 1.1 1
2080-2100 3.8 3.2 4 3.2 3 2.3
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Figure 8. The impacts of climate change on the 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 Bl to 2046-2064; and (f)
Anomaly for B1 to 2080-2100.

726

K
0:{;: Scientific Research Publishing



N. Abbasa et al.
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Figure 9. The 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) Anoma-
ly for A1B to 2046-2064; (d) Anomaly for A1B to 2080-2100; (e) Anomaly for Bl to 2046-2064,
and (f) Anomaly for B1 to 2080-2100.
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Figure 10. The 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) Anoma-
ly for A1B to 2046-2064; (d) Anomaly for A1B to 2080-2100; (e) Anomaly for Bl to 2046-2064,
and (f) Anomaly for B1 to 2080-2100.
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Figure 11. The 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 Bl to 2046-264; and (f) Ano-
maly for B1 to 2080-2100.
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century projection (2046-2064) showed a decrease in blue water under all emission
scenarios for the whole basin. A2 scenario projected the highest reduction (62%) fol-
lowed by A1B (34%) and then B1 (23%). In the one-century future, the reduction will
increase to 66%, 37% and 27% under A2, A1B and B1 emission scenarios, respectively.
Similarly, green water storage will decrease under the three emission scenarios for the
two future periods, which is captured in Figure 10. Green water flow calculations
(maps not shown) indicated a slight decrease in evapotranspiration due to assumption
that land cover would not significantly change from the period of 1980 to 2010 in the
future.

4.2. Impacts of Climate Change on Deep Aquifer Recharge

Figure 11 captures the anomaly maps of blue water distribution (maps of percent devi-
ation from historic data, 1980-2010) for A2, A1B and Bl scenarios for the periods
2046-2064 and 2080-2100 for the average change of multi-GCM ensemble All scenarios
in the near and far future indicated that the basin will experience decreases in ground
water recharge.

5. Conclusion

SWAT model was successfully applied for the Al-Adhaim basin at monthly time steps.
The model was calibrated and validated at Injana hydrological station. The calibration
and validation results showed good performance of the model in simulating hydrologi-
cal processes. The calibrated model was used to identify the impacts of climate change
on blue and green water over last three decades. It was also used to project blue and
green water and deep aquifer recharge for near future (2046-2064) and far future
(2080-2100) under three emission scenarios (A2, A1B, B1) using six GCMs. All models
under three emission scenarios predicted that whole basin will be extremely dry in near
and far future. The results of this study may enable decision makers to find a suitable

water resources management and crop production for future.
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