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Abstract

Climate change has placed considerable pressure on the residential environment, agricultural, and water supplies in dif-
ferent areas of the world, especially arid places such as Irag. Iraq is one of the five most vulnerable countries in the world
to climate change, where it has been encountering extremes heat waves during the most recent decades resulted in
drought, desertification, and rivers dried up, which led to thousands of hectares to turn dry and yellow. This study aims
to investigate the trends of climate change in the middle and western regions of Iraq and future expectations. The daily
maximum temperature, minimum temperature, and precipitation are downscaled using the Long Ashton Research Sta-
tion Weather Generator (LARS-WG) model. Five General Circulation Models (GCMs) from Coupled Model Intercomparison
Project Phase 5 (CMIP5) are employed for three future periods: the near future (2021-2040), medium future (2051-2070),
and far future (2081-2100), based on two scenarios of the Representative Concentration Pathways (RCP4.5 and RCP8.5)
for four selected meteorological stations representing the study area. The outcomes of the calibration and validation of
the model supported its skill and reliability to downscale precipitation and temperature time series for statistical indices
(R?, RMSE and MBE) ranging between (0.894-0.998), (0.1270-1.9274) and (—0.6158 to 0.0008), respectively. The results
showed that the average minimum and maximum annual temperatures will increase at all selected stations across the
three future periods by between 0.94 and 4.98 °C by the end of the twenty-first century. Annual changes in precipitation
tend generally towards increase for the study area by average (6.09-14.31%) for RCP4.5 and (11.25-20.97%) for RCP8.5
Compared to the historical data (1990-2020). These findings can contribute to become more acquainted with the effects
of climate change on the environment and encourage managers and planners to come up with plans for mitigating and
adapting to these effects. They can also serve as a guide for future management of water and agricultural resources in
the study region.
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e The LARS-WG model effectively downscaled dailytem- e Future precipitation patterns vary, ranging from +6.09
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1 Introduction

The Middle East represents one of the area’s most sus-
ceptible to the impacts of climate change as a result of
the arid and semi-arid regions and its impact is evident in
countries such as Turkey, Iran, Irag, Kuwait, Saudi Arabia,
Qatar, Sudan and Syria [1-4]. Climate change influence
appears on the systems of the environment and human-
ity [5, 6], involving the risks associated with heat stress,
storms and heavy rain, inland and flooding, dryness, scarce
water supplies, and agriculture and food security [7, 8]. A
consequence of the rising anthropogenic, greenhouse gas
(GHG) emissions, which are mostly due to economic and
population expansion. This has resulted in atmospheric
quantities of carbon dioxide (CO,), methane (CH,), and
nitrous oxide (N,0O) that have never been seen in centu-
ries to millennia [9-11]. Their effects, together with those
of other anthropogenic drivers [12].

The most straightforward and popular method of pro-
cedures for climate risk assessment is using the global
climate models [13-15], which are powerful tools for
modelling the three-dimensional climate system utilizing
equations defining energy (first law of thermodynamics),
momentum (Newton'’s second law of motion), conserva-
tion of mass (continuity equation), and water vapor (ideal
gas law). Each equation is calculated for distinct layers
of the atmosphere that are delineated by a regular grid
at discrete locations on the Earth’s surface, during pre-
determined periods of time [16, 17]. That used to study
the future climate and its evolution by comparing the
present and projected climatology in a Climate Model
overlying the target region. However, due to their very
coarse spatial resolution range from 100 to 300 km in hor-
izontal resolution at grid cells [18-20], GCMs cannot be
employed directly at a location, and their outputs are still
vulnerable to biases [21]. Additionally, they have a limited
ability to study regional-scale hydrological and physical
atmospheric phenomena [22-24]. A popular technique for
bridging the gap between coarse GCM output and values
for climatic variables at a finer resolution is downscaling
[25, 26]. Two widely recognized downscaling methods;
dynamical downscaling (e.g., Regional Climate Models
(RCMs)) and statistical downscaling (e.g., LARS-WS and
SDSM) [27, 28]. Long Ashton Research Station Weather
Generator (LARS-WG) and statistical downscaling models
(SDSM), have emerged in recent years [29]. LARS-WG is
based on a stochastic weather generator [30] while SDSM
uses a regression-based approach [31].
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According to the Fifth Assessment Report (AR5) of
the Intergovernmental Panel on Climate Change (IPCC),
Cumulative emissions of CO, largely determine global
mean surface warming by the late twenty-first century and
beyond [5]. To describe greenhouse gas (GHG) emissions
in twenty-first century, used four Representative Concen-
tration Pathways (RCPs). These scenarios are employed to
evaluate the costs related to reducing emissions in line
with specific concentration pathways. They include a strin-
gent mitigation scenario (RCP2.6; scenario that aims to
keep global warming likely below 2 °C above pre-industrial
temperatures), two intermediate scenarios (RCP4.5 and
RCP6.0), and one scenario with very high GHG emissions
(RCP8.5). Projected to rise in global mean surface tem-
perature under each of the evaluated emission scenarios
throughout the twenty-first century between 0.3 and 4.8
and there will not be a uniform change in precipitation [5,
32]. And the predicts were compatibility with many studies
conducted around the world such as; Europe [14], North
America [33], Africa [34-37], and Asia [38-41]. In Turkey,
anincrease in temperature and a decrease in precipitation
rates were projected during the twenty-first century [42],
while in Iran, the temperature rise was with variable trends
in precipitation [43].

Iraq is one of the countries in the Middle East that has
been suffering greatly from climate change and has varied
climates in each part of Iraq [44]. Iraq has been classified
as the fifth-most vulnerable country to climate change
due to both artificial and natural effects such as; a lack of
vegetation and rise of total emissions of carbon dioxide as
time passes as a result of increased crude oil production
[45], methane emissions [46], and other greenhouse gases
are increasing dramatically [47]. Where Iraq was listed in
the top five countries in flaring activities for petroleum
industry [48] because Iraq’s economy relies heavily on
oil revenues [49]. Researchers [50-53] studied the effect
of climate change in the southern parts of Irag, and the
results showed that that temperatures will rise during the
twenty-first century, and the amounts of precipitation will
vary in changing tends while the precipitation trends may
decrease in the northern and eastern regions of the coun-
try, and this is what the studies conducted by Saeed et al.
[54], and Osman et al. [55] show. Iraq is facing severe water
scarcity due to dams built by Syria, Iran, and Turkey on
the Tigris and Euphrates Rivers [56]. 22 dams were built as
part of the Southeastern Anatolia Project [57], while Syria
constructed three along the Euphrates River. In addition to
the foregoing, Iran recently redirected all perennial valleys
within Iran that went into Iraq [58]. These dams have led to
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decreased river flow and water quality, land degradation,
desertification, and an increase in climate change [59, 60].
Additionally, poor water management strategies, such as
flood irrigation and outdated agricultural practices, fur-
ther exacerbate the scarcity [61]. The agricultural sector
consumes 95% of available freshwater, resulting in high
water consumption [62, 63].

This study was undertaken with the objective to fore-
cast minimum, maximum temperatures and precipita-
tion for the in middle and western areas of Iraq for the
three chosen time periods of 2021-2040, 2051-2070,
and 2081-2100. This will help to investigate the effects of
climate change on water resources, on agricultural crop
production, and on livelihoods in these areas. These areas
have extensive deserts and are at risk for dust storms, high
temperatures, and greater rates of evaporation. Here, cli-
mate change is having a major impact on the Tigris and
Euphrates rivers, leading to changes in annual stream flow
volumes with decreased water income from Turkey and
Iran to the two rivers [64]. Variation of rainfall amounts,
resulting in long drought periods [50], can also cause
changes in land vegetative cover. Increased temperatures
also cause changes in physical and chemical characteris-
tics of the soil, and leading to loss of soil moisture and
vegetation cover in Iraq’s arable and non-arable lands [65].

In this study, the LARS-WG model version 6.0 was uti-
lized to downscale GCMs output. This version incorporates
climate projections from Phase 5 of the Coupled Model
Intercomparison Project (CMIP5) ensemble used in the

Fig.1 Study area and the 37°00'E 38°00'E 39°00'E 40°00'E

IPCC Fifth Assessment Report (AR5). Five models were
implemented under two scenarios of Representative Con-
centration Pathways RCP4.5 and RCP8.5.

2 Material and methods
2.1 Studyarea

The study area is located in the middle and western
regions of Iraqg, covering 166,098 km?. It is located between
latitudes (29° 53’ 5"-35° 9’ 25") N and longitudes (38° 45’
12"-44° 44' 4") E and includes three cities: Kerbala, Najaf,
and Anbar, whose locations are shown in Fig. 1. The study
area has dry and extreme summer temperatures dur-
ing (July and August) and a cool to cold winter, with the
average annual maximum and minimum temperatures
are 30 °C and 16 C, respectively. The annual mean rain-
fall between 81 and 123 mm. The study area is the most
important groundwater reservoir in Iraq [66] and contains
large agricultural areas with large proportion of the study
area is a desert extending to the west in Kerbala, Najaf
and Anbar.

Table 1 shows information of the 4 meteorological
stations of which the data was used in this study. The
validation and calibration process of the weather gen-
erator model used historical data for daily precipitation,
maximum, and minimum temperatures over 30 years
(1990-2020). These data obtained from the international
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Table 1 Location informgtion. Station City Latitude Longitude Elevation (m) Period of records

for the four selected stations in

the study area Kerbala Kerbala 32°34'12"N 44°3'0"E 29 1990-2020
Najaf Najaf 31°57'0"N 44°19'12"E 53 1990-2020
Hadithah Anbar 34°7"48" N 42°21'0"E 108 1990-2020
Rutba Anbar 33°1'48" N 40°16'48" E 222 1990-2020

meteorological database for Climate Forecast System
Reanalysis (CFSR) for period January 1990 to December
2014 (https://swat.tamu.edu/data/cfsr). The addition daily
climatic data from 2015 to 2020 is taken from the projec-
tion of Worldwide Energy Resources (POWER) project.
The POWER project data was obtained from the National
Aeronautics and Space Administration (NASA) Research
(https://power.larc.nasa.gov/).

2.2 LARS-WG model

There are two technologies to downscaling of Global Cli-
mate Model (GCMs), dynamical and statistical. Dynamical
downscaling requires advanced devices and equipment
and types of computers with high specifications, which
are not available in many countries in the world, including
Irag and the region. Because of this, statistical methods
are resorted to downscaling, which do not require high
computing capabilities compared to dynamic downscal-
ing. However, there is uncertainty in using statistical down-
scaling, and due to the lack of models specific to the study
area, more models are used to reduce uncertainty.

Long Ashton Research Station Weather Generator
(LARS-WG) is the stochastic weather generator tool,
which is a type of statistical downscaling. LARS-WG has
been widely utilized in downscaling studies across the
world [36] because of the LARS-WG software is basic
but flexible and computationally efficient and utilized to
simulate weather data for both present and upcoming cli-
matic events from 2011 to 2100 based on historical data
at a single site supplied by GCMs [67]. These data are daily
time-series for a number of climate variables, including
precipitation (mm), maximum and lowest temperatures
(°C), and solar radiation (MJ m~2 day™"') [30], but not take
into consideration the effect of cover land. In situations
where solar radiation data is unavailable at a specific loca-
tion, sunshine hours can be used instead, and the weather
generator automatically converts these hours to solar
radiation by applying an algorithm. The primary variable
is precipitation, and the other three variables on a given
day are determined by whether the day is wet or dry. Pre-
cipitation occurrence is simulated using distributions of
the length of continuous sequences, or series, of wet and
dry days [68]. The semi-empirical distribution (SED) is a
method used by LARS-WG to approximate the probability
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distributions of dry and wet series, daily precipitation,
minimum and maximum temperatures, and solar radia-
tion. Equation (1) was used to determine the value of the
climate variable v; that corresponds to the probability P, for
each climate variablev.

vi=min{v : P(Vops V) 2 P;}; i=0,...,n 1)

where P(v,,; < v) represents the probability depending
on v, the observed data. Two values, P, and P,, remain
constant as P,=0 and P,=1, respectively, with according
values for vo=min v,,, and v,=maxv,,,, depending upon
the climatic variable. Some P; is allocated approximately
zero for the lowest value, while approximately to 1 for the
highest value, in order to correctly imitate the extreme
values of a climatic variable. The other P; values are then
evenly spread over the probability range. Three values
that are near to 1 are chosen for precipitation: P,_,=0.999,
P,_,=0.995, and P,_;=0.985. These values enable more
accurate calculation of exceptionally high daily precipita-
tion occurrences with extremely low probability. Due to
the probability of very low daily precipitation (<1 mm)
being typically relatively high and such low precipitation
having very little impact on the output of a process-based
impact model, we only use two values, v;=0.5 mm and
v,=1 mm, to approximate precipitation within the range
(0,1). The corresponding probabilities are calculated as
P,=P (v, < v;); i=1,2.Two values close to 1 are used in
SEDs for wet and dry series, P,_,=0.99 and P,_,=0.98,
to account for excessively long dry and wet series. Two
values near 0 and two values near 1 are used to accom-
modate for exceptionally high and low temperatures for
maximum and minimum temperatures, respectively, i.e.,
P,=0.01,P;=0.02,P,_,=0.99,and P,_,=0.98. Due to phys-
ical constraints, all P; values (0 </ <n) for radiation have
an even distribution between minimum and maximum
values. This study utilized the latest version, 6.0 LARS-
WG, to simulate future climate change for three periods;
2021-2040, 2051-2070 and 2081-2100) for the baseline
period 1990-2020.

2.3 Global Climate Model (GCMs)

Global Climate Model (GCMs) are commonly used to simu-
late the current climate and forecast the future climate.


https://swat.tamu.edu/data/cfsr
https://power.larc.nasa.gov/
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There are nineteen climate models of GCMs included in
LARS-WG version 6, which incorporates climate projection
s from CMIP5 used in the Intergovernmental Panel on Cli-
mate Change (IPCC) Fifth Assessment Report (AR5) [5].
By choosing the appropriate number of models that
are appropriate and according to the study area and it is
crucial to take in mind that all GCM and RCP combinations
should be considered equally plausible with the assess-
ment of the uncertainty of the future projection s of the
models through validation in comparison with the base-
line data for the selected locations [69]. On the basis of ear-
lier research conducted in Iraq to assess the most suitable
models to be applied in the forecasting of future climate
change. The five models and 2 Representative Concentra-
tion Pathways (RCP), intermediate stabilization scenario
RCP4.5 and high emission scenario RCP8.5 (illustrated in
Table 2) to project changes in maximum, minimum tem-
peratures and precipitation in the current research.

2.4 Data available and outline of the modeling
procedures with LARS-WG

Two data sets of observed weather required to available
for each site in designing weather generators to produce
synthetic weather data. The first consisted of daily values
of minimum and maximum temperature, precipitation and
radiation or sunshine hours over relatively long periods
of between 20 and 30 years is recommended. The second
data set is a (*.st) file containing details about the position;
name of station, longitude, latitude, and altitude and CO,.
After prepared the two files, start the steps of the mod-
eling procedures using LARS-WG [30].

1. Analysis: The observed daily weather at a site is ana-
lyzed (model calibration) to calculate site parameters.
The data is saved in three files: a (*.wgx) file that con-
tains the site parameters, a (*.stx) file that contains
some additional statistics, and a (*.tst) file that contains
results of LARS-WG statistical tests.

2. Generator: To generate synthetic daily weather (a base-
line scenario) that is statistically comparable (model

validation) to observed weather at a location, the site
parameter file (*.wgx) file is used, then can create a
local-scale future scenario that matches to the forecast
future climate by applying baseline site characteristics
for climatic changes generated from a global or local
climate model.

2.5 Model performance indices

LARS-WG computes a (*.tst) file with results of statistical tests
comparing synthetic and observed weather when the site
parameters are computed during calibration and valida-
tion. Statistical tests include the t-test to compare monthly
means (12 tests) computed using Eq. (2). And the f-test to
compare monthly standard deviations, shown in Eq. (3).
The Kolmogorov-Smirnov (K-S) test compares probability
distributions of daily factors every month in each location
(12 tests) and for the seasonal distribution of the length of
dry and wet series, the KS-test was used (4 tests), shown in
Eq. (4). In order to determine how likely it is that the data
came about by chance, presuming the null hypothesis was
correct, we computed a p value for each test. If the p value
is exceedingly low, less than 0.01 or 0.05, the generated cli-
mate is unable to be similar to the observed climate. With
the value of 0.05, a common significant level used in statisti-
cal tests [68]. A perfect fit with a value of (p=1), a very good
fit (0.7<P < 1) and good ft has a p value (0.4 <P <0.7), while
apoorftisa (P<0.4).

X1 — X3

f =

where X, and x, indicate the means of the both observed
and generated datasets. 512 and Sg are the standard devia-
tions of both datasets, and n, — Tand n, — 1are the sizes
of the two data sets.

Table 2 Five Selected GCMs from IPCC AR5 included in LARS-WG 6 and with RCP4.5 and RCP8.5 scenarios

No. GCM Research center Spatial resolution RCP
1 NorESM1-M Norwegian Climate Center, Norway 2.0°%2.0° 45,85
CanESM2 Canadian Centre for Climate Modeling and Analysis, Canada 2.8°%2.8° 45,85
MIROC5 Atmosphere and Ocean Research Institute (The University of Tokyo), National  1.4°x1.4° 45,85
Institute for Environmental Studies, and Japan Agency for Marine-Earth Sci-
ence and Technology, Japan
4 HadGEM2-ES Met Office Hadley Center, United Kingdom 1.2°%1.8° 45,85
5 CSIRO-Mk3.6 Commonwealth Scientific and Industrial Research Organization, Australia 1.8°%1.8° 45,85
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where 512 is variance of the observed data and Sg is variance
of the generated data.

D = [(Fny(x) = Fny(x)] @)

where n,=observed data, n,=generated data. Additional
statistical criteria used to assess the performance of LARS-
WG model, are the coefficient of determination (R?), root
mean square error (RMSE), and mean bias error (MIBE) com-
puted using Egs. (5), (6) and (7), respectively. R? has a range
from 0 to 1, and the optimum value is R?=1.

el T (x-D)y-7)
VI =X 2 (v -7)’

R?, which is the square of this correlation coefficient.
Where; x, y refer to observed and generated datasets, X,y
refer to the mean observed and generated datasets. RMSE
is an error-index type of model evaluation statistic. The
model performs better the closest this value is to zero,
shown in Eq. (6)

; I:1,...,...,n (5)

n(p.—0,)°
RMSE = Z(—) i=1,... .0 (©6)
n
MBE represents the error in estimation of modeling. It
might be a positive or negative in value, and zero is the
optimum value, shown in Eq. (7)

% (Pi-0)

MBE = ——; i=1,...,.,n )
n

where P; represents the projected daily value for climate
variables, and O, represents the observed daily value and
nis the total number of data used.

For calibration and validation of the model, daily time
series of precipitation, maximum and minimum tempera-
tures from 1990 to 2020 selected as the baseline years, for
the four weather stations in the study area. When the site
parameters are computed, LARS-WG computes a (*.tst) file
that include results of statistical tests comparing synthetic
and observed weather.

3 Results
3.1 Calibration and validation of LARS-WG model

The calibration and validation of the model results of the
model shown in Table 3 (the seasonal observed data) and
Table 4 (the simulated daily rainfall for every month). The
number of tests conducted is indicated in both tables by
the letter N. From the results in Tables 3 and 4, it can be
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Table 3 K-S test for distributions of the seasonal wet and dry series

Season Wet/dry N K-S P value Assessment
Kerbala station

DJF Wet 12 0.03 1 Perfect
DJF Dry 12 0.038 1 Perfect
MAM Wet 12 0.069 1 Perfect
MAM Dry 12 0.112 0.997 Very good
JJA Wet 12 0.044 1 Perfect
JJA Dry 12 0.131 0.982 Very good
SON Wet 12 0.069 1 Perfect
SON Dry 12 0.084 1 Perfect
Najaf station

DJF Wet 12 0.062 1 Perfect
DJF Dry 12 0.042 1 Perfect
MAM Wet 12 0.057 1 Perfect
MAM Dry 12 0.244 0.443 Good

JJIA Wet 12 0 1 Perfect
JJA Dry 12 0.174 0.842 Very good
SON Wet 12 0.053 1 Perfect
SON Dry 12 0.044 1 Perfect
Hadithah station

DJF Wet 12 0.064 1 Perfect
DJF Dry 12 0.035 1 Perfect
MAM Wet 12 0.07 1 Perfect
MAM Dry 12 0.096 1 Perfect
JJA Wet 12 0.13 0.984 Very good
JJA Dry 12 0.174 0.842 Very good
SON Wet 12 0.07 1 Perfect
SON Dry 12 0.091 1 Perfect
Rutba station

DJF Wet 12 0.057 1 Perfect
DJF Dry 12 0.061 1 Perfect
MAM Wet 12 0.061 1 Perfect
MAM Dry 12 0.103 0.999 Very good
JJA Wet 12 0.836 0 Poor

JJA Dry 12 0.223 0.56 Good

SON Wet 12 0.076 1 Perfect
SON Dry 12 0.047 1 Perfect

concluded that the LARS-WG model for the four stations
is well capable to simulate the weather for all stations in
wet and dry series distributions. During winter (DJF) and
autumn (SON), the results showed a perfect fit. In the
summer (JJA), the model gave a very good to perfect fit
expected the wet series of Rutba station is poor, and the
evaluation spring season (MAM) gave a good to perfect
fit. The results of the evaluations in Table 4 show that the
performance of the LARS-WG when simulating daily rain-
fall distributions, varied from very good to perfect fit in
all months except the summer months showed a poor fit.
Since there is little to no rainfall during those months, the
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Table 4 K-S-test for distributions of daily rainfall

Table 4 (continued)

Month N K-S Pvalue Assessment Month N K-S Pvalue Assessment
Kerbala station N 12 0.054 1 Perfect

J 12 0.047 1 Perfect D 12 0.025 1 Perfect

F 12 0.062 1 Perfect

M 12 0.072 1 Perfect

A 12 00% 1 Perfect simulation of rainfall patterns performs poorly. Overall, it
M 12 0076 1 Perfect can be concluded that the model’s simulations of the daily
J 12 0479 0.006 Poor rainfall showed a good fit.

J 12 0522 0.002 Poor The statistics generated from the simulated and cor-
A No precipitation responding ones calculated from the observed database
s 12 0261 0359 Poor have been compared in order to raise trust in LARS-WG'’s
0 12 0079 1 Perfect capacity to generate maximum temperature, minimum
N 12 0059 1 Perfect temperature, and precipitation in the future. Depicts
b 12 0062 1 Perfect charts of the monthly mean and standard deviation gen-
Najaf station erated data from historical and simulated in the study area,
J 12 0086 1 Perfect are shown in Fig. 2. Figure 2 showed the monthly mean
F 12 0063 1 Perfect and standard deviation, which modeled by LARS-WG for
M 12 0083 1 Perfect precipitation, minimum and maximum temperatures.
A 12 0077 1 Perfect Bearing in mind that previous research indicated that
M 12 0075 1 Perfect obtaining high degree of concordance between observed
J 12 0479 0.006 Poor and computed values of precipitation is more complex
J 12 0652 0 Poor and challenging than temperature because of intermedi-
A 12 0609 0 Poor ary processes including humidity, cloud cover.

5 12 0348  0.096 Poor Table 5 and Fig. 3 shows the values of the root-mean-
Y 12 0.093 1 Perfect square error (RMSE), mean bias error (MBE) and coefficient
N 12 0.06 ! Perfect of determination (R%) between the observed data and
D 12 0052 1 Perfect simulated data for the mean monthly values of tempera-
Hadithah station tures and precipitation for the selected stations. It can be
J 12 0019 1 Perfect seen from Fig. 3, the R? for the mean monthly maximum
F 12 0032 1 Perfect temperature, minimum temperature and precipitation
M 12 0135 0976 Very good had strong lines relationship between observed and sim-
A 12 0034 1 Perfect ulation data, ranging between (0.894-0.998) for all three
M 12 0027 1 Perfect climate variables. The values for the root mean square
J 12 0348  0.096 Poor error (RMSE) and mean bias error (MBE) ranged between
J 12 0565  0.001 Poor (0.1270-1.9274) and (— 0.6158 to 0.0008), respectively, for
A No precipitation the climate variables. Overall, the model performs can be
s 12 0435 0017 Poor considered reasonably good when generating tempera-
0 12 0.041 1 Perfect tures and precipitation, allowing it will be used to forecast
N 12 0048 1 Perfect the weather in the future.

D 12 0.132 0.981 Very good

Rutba station 3.2 Projection of future temperatures

J 12 0.081 1 Perfect

F 12 0.03 1 Perfect After calibration and verification of LARS-WG model, the
M 12 0066 1 Perfect weather generator model developed for each selected
A 12 0043 1 Perfect station (Kerbala, Najaf, Hadithah and Rutba) under study
M 12 0.055 1 Perfect area in Iraq was used to project future daily for precipita-
J 12 0522 0.002 Poor tion, maximum temperatures and minimum temperature
J 12 0479 0.006 Poor for period from 2021 to 2100 (the end of the twenty-first
A 12 0218 0589 Good century). In this study, the future period was divided
5 12 0435 0017 Poor into three periods: 2021-2040 (near future), 2051-2070
0] 12 0.045 1 Perfect

(medium future) and 2081-2100 (far future). Five GCMs
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Fig.2 Comparison of observed and simulated monthly mean and standard deviation for maximum, minimum temperatures and precipita-

tion

(NorESM1-M, CanESM2, CSIRO-MK3.6.0, HadGEM2-ES
and MIROC5) were employed with scenarios RCP4.5 and
RCP8.5.The results of the future temperatures can be seen
in Figs. 4 and 5.

Figure 4 shows the average monthly temperatures
of observed (1990-2020) and average values of five
GCMs models predicted for three periods (2021-2040,
2051-2070, and 2081-2100) under scenarios RCP4.5 and
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RCP8.5.The charts appear steady growth of Tmax and Tmin
with the time for all stations under each scenario, in which
lest values of T max and T min recorded at the period
(1990-2020) and the high values at period (2081-2100).
January has the lowest averages of temperatures, while
July and august have the highest average temperature
in all four stations. Kerbala will record the highest value
of maximum predicted temperatures in the far future
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Fig.2 (continued)

(2081-2100) under scenario RCP8.5, reaching a peak of
51.16 °Cin August.

Figure 5 shows the annual temperatures differences
between three periods that predicted by the selected
five GCMs models and observed period. The charts
appear the average annual maximum temperatures will
be risen during the twenty-first century for all four sta-
tions; Kerbala, Najaf, Hadithah and Rutba under each
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scenario (RCP4.5 and RCP8.5) for the five GCMs models
by about (0.62-3.25) °C under RCP4.5, (0.83-5.91) °C
under RCP 8.5 for Kerbala station, (0.68-3.3) °C under
RCP4.5, (0.86-5.95) °C under RCP8.5 for Najaf station.
For a Hadithah and Rutba stations, the increase will be
between (0.63-3.29) °C and (0.57-3.29) °C under RCP4.5,
(0.86-5.81) °C and (0.8-5.72) °C under RCP8.5. The least
difference of maximum temperature was predicted by
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Table 5 Statistical indexes of calibration and validation model for
Tmax, Tmin and Precipitation

Station Climate variable ~ R? RMSE MBE
Kerbala Tmax 0.9996  0.198305 —0.10083
Tmin 0.9997 0.179884  —-0.0275
Precipitation 0.8948 1.927446  —0.06333
Najaf Tmax 0.9995  0.248831 —-0.105
Tmin 09996 0.186503 —0.00167
Precipitation 0.8961 1.852977 -0.61583
Hadithah ~ Tmax 0.9998 0.170318  —0.0625
Tmin 0.9998  0.14151 —0.03583
Precipitation 0.9668  1.537406 —0.28167
Rutba Tmax 0.9995 0.223644 —0.08667
Tmin 0.9997  0.126984 0.000833
Precipitation 09273  1.389862  —0.55833

CSIRO-MK3.6.0 model under RCP4.5 and NorESM1-M
model add to it under RCP8.5 while HadGEM2-ES model
have the highest difference of temperatures under each
scenario RCP4.5 and RCP8.5. The highest of difference
Tmax was at Najaf station, about 5.95 °C under RCP8.5
for HadGEM2-ES model. The average annual increases in
minimum and maximum temperatures for all four stations
are shown in Fig. 6. The result of the RCP 8.5 showed the
biggest difference in temperatures range (1.07-4.9) °C for
Tmax and (1.13-5.07) °C for Tmin while RCP 4.5 showed
the smallest difference, with (0.93-2.64) °C for Tmax and
(0.95-2.52) °C for Tmin. Overall, the average increasing
of predicted temperature during twenty-first century is
between 0.94 and 4.98 °C for all four selected stations
(Fig. 7). Figure 7a and b show the Spatial distribution of
the projected changes in average temperature relative to
the reference baseline historical data (1990-2020) and the
projected average temperatures under RCP 4.5 and RCP
8.5 scenarios for future periods (2021-2100). These results
are consistent with previous studies by Salman et al. [70],
Pirttioja et al. [71], Hassan and Hashim [72].

3.3 Projection of future precipitation

The results show a clear temporal and spatial variation in
the amounts of precipitation, its intensity, directions, and
timing in the study area. This is due to the lack of continu-
ity of precipitation during the year and its lack and scar-
city in the summer months, it is difficult to obtain a stable
trend of precipitation in the study area. In general, the
most common characteristic is that most of the rain tends
towards a fluctuate increase in its amounts annually and
monthly during the rainy months (from October to May),
except some months that will witness a decrease from
the monitored amounts, such as December in Kerbala,
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February in Rutba, (February and January) in Najaf, and
(April and October with a very few drops) in Hadithah
station, as shown in Fig. 8. The charts show, a variation
in precipitation during the near, medium and long future
periods for each station.

Figure 9 shows the seasonal difference in precipita-
tion for the five models for three periods; The near future
(2021-2040), the medium future (2051-2070), and the dis-
tant future (2081-2100). The results show that the highest
increase in precipitation amounts, for each scenario RCP4.5
and RCP8.5, was predicted by the CanESM2 model. Where
the highest amount of precipitation increased from the
average by 12.2 mm in the Hadithah station of the model
CanESM2 under the scenario RCP8.5 in winter (DJF) for
the period 2081-2100. While the least estimated rainfall
decrease is predicted by the model MIROC5 under a sce-
nario RCP8.5 in winter (DJF) and for a period 2081-2100 in
Kerbala station about 5.62 mm. The percentage of annual
increase in precipitation in the rainy months begin of
October to May for average of the four stations (Kerbala,
Najaf, Hadithah and Rutba) and according to future peri-
ods from 2021 until the end of the twenty-first century is
shown in Fig. 10. Where the figure shows that the annual
percentage increase in precipitation over the observed is
variable for each period and under each of the scenarios
(RCP4.5 and RCP8.5). It ranges between (6.09-14.31%) for
RCP4.5 and (11.25-20.97%) for RCP8.5. These results are
consistent with previous research by Hassan [73].

4 Discussion

According to the results of the statistical indexes used, the
LARS-WG model can be considered reasonably good for
generating projected temperatures and precipitation in
the study area (the middle and western regions of Iraq),
allowing it to be used to forecast the weather in the future.

For the temperatures, the results indicate an increase
projected for all four selected field stations of an average
of 0.94-4.98 °C for the future period of the twenty-first
century. This wide variation in the projected increase is
due to the different emission scenarios used in the study.
On the other side, the uncertainty of the downscaling pro-
cess can be a direct effect of the projected results. In gen-
eral, the results are consistent with many previous studies
conducted by researchers in Iraq, such as researchers [50,
52,72, 74]. Moreover, the results of these studies and the
current study show that the general trend of projected
increasing temperatures in Iraq tends towards an increase
in rates that vary according to location. Where the increase
is to a lesser degree in the northern regions, it increases
more towards the central and western regions and reaches
its peak in the southern regions of Iraq.
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Fig.4 Comparison average monthly temperatures of observed (1990-2020) with values forecast by using five GCMs models under scenar-
ios RCP4.5 and RCP8.5 for three periods (2021-2040, 2051-2070, 2081-2100)

These rises in temperatures are expected to accelerate
desertification [75], impacting agriculture [52], land use,
land cover changes, and water supplies in Iraq. Increased
surface water evaporation promotes water shortages,
highlighting the need for sustainable solutions to reduce
and adjust to these consequences. According to studies
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conducted in Iraq and around the world by research-
ers [76, 77], climate variations are a significant factor in
the growth of sand and dust storms and other extreme
weather events, which the regions in Iraq suffered from
during recent periods.
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Fig.4 (continued)

For the precipitation, the study revealed that the annual
precipitation increase over the observed period is variable
across periods and scenarios (RCP4.5 and RCP8.5), ranging
from +6.09 to + 14.31% and + 11.25 to +20.97%, respec-
tively. These results of increasing the amount of annual
rainfall are consistent with previous research by research-
ers [73]. Also, this increase may be due to extreme rainy
events that may occur unevenly during the rainy seasons.
The projected increase in the amount and intensity of
future rain events raises risks to the infrastructure and
its resilience and may lead to flooding in the drainage

systems in the future. A study by researchers [78, 79] in Iraq
examines the link between 500 hPa geopotential height
patterns and surface cyclones. Results show that an upper
trough over the eastern Mediterranean increases warm
and moist air advection, leading to baroclinic instability,
significant heavy precipitation, and floods. According to
the study, these aberrant atmospheric shifts might lead to
the formation of extreme weather across the study region
throughout the study time. The increase in rainfall in the
rainy months for the study area can be beneficial to com-
pensate for drought and water shortages in the summer
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Fig. 5 Annual temperatures differences between three periods (2021-2040, 2051-2070, 2081-2100) and observed period (1990-2020)

months and be invested well and reasonably for agricul-
ture, rainwater harvesting techniques, and others.
Although the phenomenon of climate change is
a physical process linked to changes in climatic vari-
ables, it is also influenced by economic, environmen-
tal, and social processes involved in how civilization
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evolves over time. Mitigation and adaptation to climate
change effects are based on proactive steps taken by
socioeconomic groups in the study area. Techniques
for climate change adaptation and mitigation include
various fields, such as water management strategy,
including long-term integrated national water resource
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Fig. 7 a) Spatial distribution of the projected average temperature changes (°C) based on the baseline historical data (1990-2020), and b)
projected average temperatures under RCP 4.5 and RCP 8.5 scenarios for future periods (2021-2100)

management and planning, rehabilitation of water
treatment plant infrastructure, and the use of alterna-
tive water resources such as recycled waste water by
establishing recycling water plants as well as water har-

environment.

vesting. Renewable energy investment opportunities

and green infrastructure strategies, including solar
and wind energy instead of fossil fuels, are needed to
reduce greenhouse gas emissions and improve the
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Fig. 8 Comparison average monthly precipitation of observed (1990-2020) with values forecast by using five GCMs models under scenarios
RCP4.5 and RCP8.5 for three periods (2021-2040, 2051-2070, 2081-2100)

5 Conclusions

Climate change, especially rising temperatures in arid
and semi-arid regions, is one of the most critical envi-
ronmental challenges in human society, with several
studies devoted to it in recent years. This study is essen-
tial for recognizing and evaluating the effects of climate
change on the daily maximum temperatures, minimum
temperatures, and precipitation for the middle and west
regions of Iraq during the twenty-first century, divided
into three future periods: the near future (2021-2040),
medium future (2051-2070), and far future (2081-2100).
Five GCM models (HadGEM2-ES, NorESM1-M, CanESM2,
CSIRO-MK3.6.0, and MIROC5 models) under IPCC (AR5)
scenarios (RCP4.5 and RCP8.5) are downscaled by using
the LARS-WG model, which has been employed for this
purpose. Based on the baseline data of 30 years from
1990 to 2020, it was used for the purpose of calibration
and validation of the ability of the model to downscale
and generate climate changes in the future for the four
selected stations (Kerbala, Najaf, Hadithah, and Rutba)
that represent the study area in the west and middle of
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Iraq. The outcomes of this study showed that the LARS-
WG model performed well for downscaling daily tem-
peratures and precipitation. The results of the calibra-
tion process show that the model was skilled enough to
simulate future climatic data. And statistical indicators
R2, RMSE, and MBE showed a good correlation between
the observed and generated data. Thus, increased confi-
dence in the results of current research and the possibil-
ity of using the model in future applications. Compared
to the baseline period, the LARS-WG model predicted a
steady increase in temperature during the current cen-
tury and reached its peak in the far future (2081-2100).
Under both scenarios, RCP4.5 and RCP8.5, it is expected
that the minimum and maximum annual temperatures
will rise at all selected stations across future periods by
an average of 0.94 and 4.98 °C. The HadGEM2-ES GCM
model predicted a higher temperature rise for both
scenarios than other models. The future predictions
obtained by this study show a more extreme climate.
Where it shows dry weather and high and increasing
temperatures until the end of the twenty-first century.
As a result, it may cause risks such as damage to the
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Fig. 9 Seasonal Precipitation differences between future and observed periods

production of agricultural crops, an increase in dust
storms in the summer months, and drought. Keep in
mind that a large percentage of the study area is desert.

And the study shows that the amount of rain during the
rainy months in the study area will increase and vary
according to each of the five selected models. Rainfall
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Fig. 10 Percentage of average annual precipitation increases for
four stations

increases during the rainy season can help compensate
for droughts and summer water shortages and can be
wisely invested for agriculture, rainwater gathering tech-
niques, and other purposes. The results of this study will
be useful to decision-makers in order to assist in devel-
oping the necessary plans to adapt to the effects of cli-
mate change in the region.
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