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Abstract

This research aims to evaluate the impacts of climate changes and reveal the future trends on meteorological parameters,
i.e., precipitation and temperature effects, in three major cities in Iraq, namely Baghdad, Wasit, and Maysan, which are
located along the Tigris River basin. The LARS-WG8.0 model was employed, and five GCMs were used within CMIP6
under three different scenarios, i.e., SSP126, SSP245, and SSP585, for the period 2021-2100. The observed and simulated
data were tested by the statistical criteria R, R?, NSE, and RMSE through the baseline period 2003-2022. In addition, using
the K-S test for validation of the LARS-WG8.0 model resulted in accuracy and reliability. The future projections indicate
that the average temperatures will increase until the end of the current century, with a difference of 1.86, 2.85, and 5.36°C.
The fluctuations in precipitation occur throughout the winter, spring, and autumn months. The highest precipitation was
recorded in December and January. Therefore, all GCMs give a unified indicator of future climate forecasts. Rising
temperatures and fluctuations in precipitation negatively impacted water and food security. As a result, this will impact the
water resources and agricultural sectors. This research contributes to exploring the future climate behavior of the study area.
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1. Introduction

Climate change is a global concern with far-reaching ramifications in terms of its impact on the ecological and
hydrological systems [1], as well as social and economic aspects, such as its impact on water and food security
represented by the sectors of water resources and agriculture [2, 3]. Moreover, climate change behavior is interpreted
based on a comprehensive analysis of previous climate data through projected precipitation patterns and temperatures
[4]. Human activities, including the utilization of fossil fuels, deforestation, and industrial processes that generate
greenhouse gases into the atmosphere, are mostly to blame. These gases trap heat from the sun, causing global
temperatures to rise and shifting weather patterns across the earth, according to IPCC-ARG6 2022. In its ARG report, the
IPCC assessed projected temperature outcomes for a set of five-stage scenarios under the CMIP framework; these
scenarios are named SSPs (SSP1-SSP5) based on the anticipated range of radiative effect in 2100 (1.9-8.5 W/m?) [5,
6]. The CMIP is a collaborative effort framework designed to facilitate the development of GCMs, which provide climate
projections globally, allowing policymakers to develop more effective strategies for managing the impacts of global
warming depending on the information presented [7].

The Middle East is recognized as the most impacted portion of the world by global climate change during the past
few years due to an arid and semi-arid nature [8, 9]. Therefore, decreased precipitation combined with rising
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temperatures will eventually lead to water scarcity and increased drought [10]. As a result, it is expected that the region
will face environmental problems such as reduced water availability, extreme heat waves, flash floods, and frequent dust
storms [11]. The extreme increase in climate phenomena leads to environmental deterioration in most parts of the
country, which makes it necessary to evaluate the impact of climate and hydrological changes on water availability. This
is what was presented by the latest studies, which concluded that the observed climate phenomena tend to increase due
to climate change in the countries of the Middle East [12-15]. Therefore, understanding the consequences of climate
change requires the use of software techniques and methods; one of these methods is the use of weather generator
models, which are computerization and statistical models that simulate weather conditions based on recorded
meteorological data to fill in missing values and create a synthetic series of data [16, 17]. Thus, weather generators are
important in studying climate change and its impacts on several sectors, such as hydrology, agriculture, energy, and
urban planning. GCMs provide data with limited spatial resolution; hence, they cannot be directly used to evaluate the
influences of climate change. However, to improve the spatial accuracy of the data, downscaling techniques must be
applied [18, 19]. There are several random weather generators specialized in the field of future and current climate
predictions; one of these generators is the LARS-WG model issued by “Long Ashton Research Station”. The LARS-
WG model is widely used for climate projections and downscaling of present and future climate data [20]. It was
developed specifically to assess the consequences of climatic changes and tested under different conditions, where it
showed its superiority over other weather generators.

In the literature, there are many successful applications of LARS-WG in different locations of the world [20-22]
considering various GCMs [23-25]. Semenov et al. [26] evaluated the LARS-WGB8.0 weather generator in the study
area of Great Britain (England, Scotland, and Wales) using observed climate data from 85 meteorological stations of the
period 1985-2015 to generate projected future data of precipitation and temperatures for the periods 2021-2040 and
2041-2060. Five GCMs from the CMIP6 report were used, namely ACCESS-ESM1-5, CNRM-CM6-1, HadGEM3-
GC31-LL, MPI-ESM1-2-LR, and MRI-ESM2-0. It was demonstrated that the LARS-WG model effectively forecasts
future climate fluctuations and extreme events. Shahi et al. [27] studied the impact of climate change on meteorological
variables and surface water in a study area located in the Iranian Semnan Province to manage flood control and store
excess water in non-agricultural seasons. They predicted future precipitation and temperatures using the LARS-WG
model during the period 2002-2020. Two different GCMs, namely CaneSM5 and HadGem3, were used under three
different scenarios, namely SSP126, SSP245, and SSP585, to generate future data for the period 2020-2040. They
noticed that there was inherent uncertainty among the imposed climate scenarios due to the complexity of the climate
systems, which was attributed to the difference between future conditions and the selected study period. However, they
recommended intensifying future studies and providing more detailed predictions to mitigate the effects of climate
change.

Nouri et al. [28] assessed the environmental and hydrological impact of climate change in two regions, Taham and
Golabar, within Zanjan Province. The climate variables for the future periods 2020-2030 and 2046-2065 were predicted
based on historical data through the application of the LARS-WG. They used three different GCMs, namely HADCM3,
CSIROMKS3, and IPSLCM4, under two different scenarios, namely A1B and B1. The LARS-WG model demonstrated
its ability and effectiveness in producing forecast results that are more accurate and reliable in terms of downscaled
outputs and statistical representation. They found that the uncertainty in the scenarios used is relatively low for
temperature forecasts but higher for precipitation because of its fluctuations in future projections.

Muheisen et al. [29] used the LARS-WG6.0 in the Mosul Dam watershed to study future trends in temperature and
precipitation projections during the future periods by applying four GCMs, namely BCC-CSM1-1, CSIRO_MK3.6,
HaDGEMZ2-ES, and NorESM1-M, under three different scenarios, namely RCP2.6, RCP4.5, and RCP8.5. They revealed
an increase in temperature rates of 1.3, 2.4, and 4.5 °C, as well as a decrease in the simulated average annual precipitation
to 772, 756.7, and 741.6 mm/year at the end of the current century under the RCP2.6, RCP4.5, and RCP8.5 scenarios,
respectively. Al-Hasani et al. [30] studied the impact of long-term climate change in Kirkuk Governorate in Iraq by
predicting precipitation during the future period using the LARS-WG7.0 model. They used five different GCMs, namely
CSIRO-Mk3.6.0, HadGEM2-ES, CanESM2, MIROCS5, and NorESM1-M, to analyze water scarcity due to climate
change in arid and semi-arid regions. They found that there was a decrease in precipitation, which led to a significant
reduction in surface runoff flow.

Saeed et al. [31] employed LARS-WG6.0 in the Diyala River basin shared between Iraq and Iran to evaluate the
hydrological response under the influence of climate change during the future periods 2021-2040, 2041-2060, and 2061-
2080, under three different scenarios, namely RCP2.6. , RCP4.5, and RCP8.5, and five GCMs, namely BCC-CSM1,
CanESM2, CSIRO-MK36, HadGEM2-ES, and NorESM1. The study addressed future trends in climate variables during
the future period, which contributed to providing insights into how climate change will impact water availability in
basins located within arid and semi-arid regions. They revealed that the basin will experience a temperature rise of 6.6,
10.1, and 16.6% for scenarios RCP2.6, RCP4.5, and RCP8.5, respectively. Furthermore, precipitation will probably
decrease by 3.2, 6.4, and 8.7%, leading to a 38.8, 47.9, and 52.8% decrease in streamflow under scenarios RCP2.6,
RCP4.5, and RCP8.5, in the order given.
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In this study, the effects of future climate changes on precipitation and temperature data for three meteorological
sites representing central and southern Irag, located on the Tigris River basin, namely Baghdad, Wasit, and Maysan,
were identified. The LARS-WG8.0 model was employed to downscale five GCMs data, i.e., ACCESS-ESM1-5,
CNRM-CM6-1, HadGEM3-GC31-LL, MPI-ESM1-2-LR, and MRI-ESM2-0, under three different scenarios, SSP126,
SSP245, and SSP585. The future trends of the meteorological parameters were analyzed over four future periods, i.e.,
2021-2040, 2041-2060, 2061-2080, and 2081-2100. The findings of this study could be used to introduce a better plan
for water management in the study area.

2. Research Methodology
2.1. Description of Study Area Data

Iraq is a Middle Eastern country with a total area of 437,072 km?2 and is located in an area with consistent climate
fluctuations. Its lands are occasionally exposed to aridity and drought, which negatively impact water resources and
agriculture. Therefore, it is important to investigate its vulnerability to the negative consequences of climate changes.
This study includes three meteorological stations located in three governorates along the Tigris River basin, namely
Baghdad, Wasit, and Maysan, as shown in Figure 1. Table 1 provides information on the locations of the three
meteorological stations.

47°0'0"E 49°0'0"E

T T T T
45°0'0"E 47°0'0"E

Figure 1. A map showing the study area

Table 1. Location details of the three meteorological stations in three governorates in Iraq

Location Latitude Longitude  Altitude
Baghdad 33°18'N 44°24° E 31.7m
Wiasit 32°3'N 45°49" E 19m
Maysan 31°5" N 47°1 E 9.5m

The data collected includes daily precipitation, solar radiation, and MAX/MIN temperatures at the studied stations.
The source of this data was NASA satellite observations (https://power.larc.nasa.gov) with a resolution of 0.5x0.5
degrees per grid and CHIRPS (https://app.climateengine.org/climateEngine) with a high resolution of 0.05x0.05 degrees
per grid. The period 2003-2022 was adopted as a baseline period and used to validate the model. The satellite data were
initially validated against counterpart data from ground stations.

2.2. LARS-WG Model Description

LARS-WG is a stochastic weather generator that is an effective tool for downscaling daily climate data generated to
assess climate changes based on GCMs estimates. It has been used in many regions for studies and research, where it
has been extensively verified in a variety of regions throughout the world [31]. The LARS-WG simulation requires four
weather variables: maximum temperature (Tmax), minimum temperature (Tmin), Solar radiation, and precipitation. Using
a complicated statistical distribution model, it produces daily time series data that are statistically comparable to actual
data that was observed. LARS-WG's modeling depends on the length of dry and wet periods, so it evaluates recorded
weather based on characteristics of statistics and generates a site-specific accumulated probability of wet and dry series
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distributions for various meteorological variables such as daily MIN and MAX temperature and precipitation. Through
LARS-WG, better results and estimates of site parameters are obtained when using observed data for at least 20-30
years, which is statistically sufficient to ensure that all climate events, including extreme events, are considered. This is
considered extremely important to ensure the accuracy of the results. A semi-empirical distribution is employed in the
LARS-WG model, which represents a more accurate distribution, and it is based on estimating the wet/dry sequences
distributions of daily MAX/MIN temperatures and precipitation, where Pi and Xi represent probability and climate
variables, respectively, as shown in the following formula:

Xi=min[X:P Xos<X)>=Pi]li=0, ..., n, (1)
Xo = min{ Xobs }, 2
Xn = max{ Xobs }. (3)

The probability P depends entirely on the observed variables Xobs, Where its values range from 0 to 1. One of the
advantages of the LARS-WG model is that it accurately approximates variables with extreme values by specifying a set
of probabilities Pi for low values that are close to zero and for high values that are close to one. The values of the
remaining variables are distributed equally during the interval between the highest and lowest values of the observed
data for the same month, according to the probability value Pi for each variable. The high probability value P for the
occurrence of daily precipitation, whose value as a variable is relatively low, is less than 1 mm. Its impact on the model’s
outputs will be minimal. Therefore, it is calculated according to probabilities through Pi = P (Xops < Xi); i =1, 2, and
this indicates that the amount of precipitation is insufficient to exceed the observed value because it is less than 1 mm
despite its high probability value Pi. It is being calculated using two values close to one for a very long wet and dry
series. For example, the values Pn.1 = 0.99 and Py, = 0.98 are used. As for calculating the MAX/MIN temperatures, they
are limited to between 0 and 1 by choosing two values. close to zero and two values close to one; for instance,
Pn1=0.99, Pn» =0.98, P, =0.01, and P3 = 0.02. That is, all probability values are P; (0 <i < 1).

The LARS-WG8.0 version includes 15 GCMs representing climate projections from the latest CMIP6 ensemble
utilized in the IPCC-AR6. The LARS-WG has several properties that make it appropriate for weather projections. Five
different GCMs were used in this study, as shown in Table 2. Future climate data are predicted and evaluated according
to the practical steps of the methodology used in this research, demonstrated in Figure 2.

Table 2. Selected five GCMs from IPCC-ARG6 incorporated into the LARS-WG8.0 in this study

Grid resolution

GCM Center of Research Location
(lat. x long.)

ACCESS-ESM1-5 Commonwealth Scientific and Industrial Research Organization (CSIRO) Australia ~ 1.25° x 1.875°
Centre National de Recherche’s Methodologies (CNRM), Centre European

CNRM-CM6-1 de Recherche et de Formation Advance en Calcul Scientifique (CERFACS) France 1.40° x 1.406°
HadGEM3-GC31-LL UK Met Office Hadley Centre (MOHC) UK 1.25° x 1.88°
MPI-ESM1-2-LR Max Planck Institute for Meteorology (MPI-M) Germany 1.39° x 1.41°

MRI-ESM2-0 Meteorological Research Institute (MRI) Japan 1.113° x 1.125°

2.3. LARS-WG Model Performance Indices

A set of statistical assessment tests was employed in this study to conduct the calibration and validation of the model,
where the K-S test was adopted as a statistical test to verify the seasonal distributions, such as the correspondence of the
wet/dry series, as well as the distributions of daily temperatures and precipitation. Through the K-S test, indicators of
acceptance and rejection can be obtained using the P-value of 0.05, which shows that the hypothesis between the
distributions is identical or vice versa [32—34], as shown in Table 3.

Table 3. Lists the acceptable limits of K-S test values used in evaluating the LARS-WG outcomes

Range Classification
P-value = 1 Perfect
0.7 <P-value<1 Very good
0.4 <P-value<0.7 Good
0.4 > P-value Poor

Sometimes, differences in results may appear between the observed and generated data due to several factors,
including errors in transmitting the observed data and random variation occurring in the data. In addition to abnormal
climate events observed at one of the stations, which may classify that point as anomalous due to its deviation from the
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rest of the observed points. This is known as extreme weather, which will negatively impact the data accuracy during
its verification. Therefore, other statistical indices were used to demonstrate the application performance. Four statistical
standards were used, namely the correlation coefficient R (Equation 4), the determination coefficient R? (Equation 5),
the Nash-Sutcliff efficiency coefficient NSE (Equation 6), and the root mean square error RMSE (Equation 7).

Z[Ai — Aav][Bi — Bav]

~ JE(4i - Aav)? 2(Bi - Bav)? Q)
R = O s poey (5)

_ 5 Xii(4i-Biy?
NSE =1 ST (Al Bavy (6)

RMSE = [EE(i— ey’ (")
m

where A; is observed value, Aqy is average observed value, B; is simulated value, Bay is average simulated value, and m
is number of values. R, R?, and NSE give the best result when they are closer to 1, while the lowest value of RMSE
indicates accurate model results and vice versa.
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Figure 2. Flow chart of research methodology

3. Results and Discussion
3.1. LARS-WG Model Calibration and Validation Results

Validating the performance of the LARS-WG model is extremely important to identify the accuracy of its results. In
this study, the K-S test was utilized to compare the seasonal distributions of the wet/dry series between the observed
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and simulated values. Table 4 displays the statistical analysis findings of observed seasonal data for the selected
meteorological stations. Table 5 presents the K-S test results for average monthly precipitation distributions. The P-
value is evaluated according to the criteria set out in Table 3.

Table 4. The values of the (K-S) test for seasonal distributions of wet/dry series

Season (K-S)test P-value N  Wet/Dry Assessment
Baghdad station
0.041 1 12 wet Perfect
DJF
0.089 1 12 dry Perfect
0.015 1 12 wet Perfect
MAM
0.094 1 12 dry Perfect
0.044 1 12 wet Perfect
JIA
0.391 0.043 12 dry Poor
0.092 1 12 wet Perfect
SON
0.136 0974 12 dry Very good
Wasit station
0.058 1 12 wet Perfect
DJF
0.106 0.999 12 dry Very good
0.054 1 12 wet Perfect
MAM
0.138 0.971 12 dry Very good
0 1 12 wet Perfect
JIA
0.348 0.096 12 dry Poor
0.051 1 12 wet Perfect
SON
0.242 0454 12 dry Good
Maysan station
0.068 1 12 wet Perfect
DJF
0.083 1 12 dry Perfect
0.063 1 12 wet Perfect
MAM
0.283 0.267 12 dry Poor
1A 0.131 0.982 12 wet Very good
0.435 0.017 12 dry Poor
0.044 1 12 wet Perfect
SON
0.184 0.789 12 dry Very good

Table 5. The values of the (K-S) test for daily precipitation distributions

Month (K-S)test P-value N  Assessment
Baghdad station
January 0.13 0.984 12 Verygood
February 0.064 1 12 Perfect
March 0.188 0.767 12 Verygood
April 0.151 0.937 12 Verygood
May 0.235 0.492 12 Good
June 0.305 0.193 12 Poor
July No Precipitation
August No Precipitation
September 0.565 0.001 12 Poor
October 0.165 0.884 12 Verygood
November 0.115 0.996 12 Verygood
December 0.093 1 12 Perfect
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Wasit station

January 0.065 1 12 Perfect
February 0.065 1 12 Perfect
March 0.129 0.985 12 Very good
April 0.05 1 12 Perfect
May 0.03 1 12 Perfect
June 1 0 12 Poor
July No Precipitation
August 1 0 12 Poor
September 0.493 0.004 12 Poor
October 0.19 0.755 12 Very good
November 0.119 0994 12 Verygood
December 0.13 0984 12 Verygood
Maysan station
January 0.13 0984 12  Verygood
February 0.065 1 12 Perfect
March 0.215 0.607 12 Good
April 0.07 1 12 Perfect
May 0.349 0.094 12 Poor
June 0.131 0.982 12 Very good
July No Precipitation
August 1 0 12 Poor
September 0.477 0.007 12 Poor
October 0.206 0.661 12 Good
November 0.119 0994 12 Verygood
December 0.207 0.655 12 Good

The evaluation results shown in Tables 4 and 5 indicate that the performance of the LARS-WG model for simulating
precipitation with seasonal and daily distributions is closer to the perfect fit in all seasons except in the summer.
Especially those within the dry series distributions in which the precipitation rate is rather low. In Tables 4 and 5, it is
clear that the model performs well in analyzing and interpreting the distribution of the wet / dry series. In the autumn
seasons (SON) and winter (DJF), the evaluation ranges between very good and close to perfect. In contrast, in the spring
season (MAM), the assessment varied between very good and perfect. In the summer season, (JJA) gives poor results
in the dry series distributions due to the reduction of precipitation, which is considered a natural occurrence in Irag, as
there is no precipitation in the summer season. Figure 3 shows the observed versus simulated mean, standard deviation
of precipitation, and temperatures across the three sites within the study area. It is noticeable that the model performed
well in reproducing the standard deviation and mean of the evaluated parameters at all sites. As such, the LARS-WG8.0
model has proven its ability and efficiency in forecasting precipitation and MAX / MIN temperatures, suggesting its
possibility to be applied as a weather generator model in arid and semi-arid regions.
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Table 6 shows the statistical description of MAX/MIN temperatures and precipitation for the study area that was
recorded over 20 years of the baseline (2003-2022). It is evident from the data recorded in the recent years of the
historical period (base period) that the highest average monthly temperatures were recorded (in July), which exceeded
48 °C in the three locations. On the other side, the monthly precipitation rates were limited between the years 2018 and
2019 (in January and November), while the lowest average temperatures and the lowest precipitation rate were recorded
in January during the year 2008. Therefore, it can be judged that the relationship between the two variables, temperature
and precipitation, is very complex in the study area.

Table 6. Precipitation, and MAX / MIN temperatures recorded during the study period 2003-2022

MAX value MIN value
Location
Tmax Tmin Rain Tmax Tmin Rain
48.32 31.52 65.24 12.91 0.13 0
Baghdad
Jul-2020  Jul-2021  Jan-2019  Jan-2008 Jan-2008 -
Wasit 48.93 32.50 81.84 13.37 1.85 0
asi
Jul-2017  Jul-2020 Nov-2018 Jan-2008 Jan-2008 -
49.97 32.99 88.78 14.25 231 0
Maysan

Jul-2017  Jul-2020  Nov-2018 Jan-2008  Jan-2008 -

Table 7 shows the statistical indicators used between the observed and simulated parameters during the baseline
period. Figure 4 depicts the error bar of the simulation results during the baseline. All results were satisfactory and
within the limits of acceptance, which indicates the efficiency of the model to be used for future predictions.

Table 7. The statistical indicators used for verification of the LARS-WG model during 2003-2022

Station Variable R Rz NSE RMSE
Trnax 099 098 098 1.67
Baghdad Trmin 099 097 097 1.56
Precipitation 0.88 0.77 0.72 7.10
Trax 099 098 0.98 1.68
Wasit Trmin 099 097 097 1.52
Precipitation 0.76 0.58 0.52 9.79
Trmax 099 097 097 1.73
Maysan Tomin 084 071 0.67 5.30
Precipitation 0.76 058 051  10.71
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Figure 4. Error bar between simulated and observed MAX/MIN temperatures and precipitation
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3.2. Temperature Projection in the Future

In this study, five different GCMs within CMIP6 are used for future climate projections under three different
scenarios issued from the IPCC recommendations in their sixth report. The scenarios consist of the initial scenario,
SSP126; the moderate scenario, SSP245; and the severe scenario, SSP585. The study area includes three lIraqi
governorates located on the Tigris River basin, namely Baghdad, Wasit, and Maysan. The LARS-WG model was
initially validated during the baseline before it was applied to project the future precipitation trend and temperatures.
Figure 5 shows the future trend of annual mean MAX/MIN temperatures for all five GCMs under all three scenarios,
SSP126, SSP245, and SSP585, for the entire study area. From the results, it is clear that future projections of the trend
of MAX/MIN temperatures tend to rise gradually compared to the observed data until the end of the current century in
2100, where the annual average maximum temperatures during the period 2081-2100 are expected to reach 35.28, 36.27,
and 38.78 °C under scenarios SSP126, SSP245, and SSP585, respectively. This implies that the expected increase in
temperatures will be 1.86, 2.85, and 5.36 °C for the three scenarios, in the order given. Tables 8 and 9 show the highest
and lowest values of the mean of MAX / MIN temperatures. The highest temperatures were recorded in the summer
season in July and August, while the lowest value of MIN temperature was recorded in the winter season, especially in
January.

It is noted that the forecasts for the lowest average minimum temperatures will be recorded in the near future, i.e., at
the beginning of the future period, specifically in January in the year 2032 for all scenarios, while the forecasts for the
highest average maximum temperatures in the distant future will be recorded in July of the year 2070 under scenario
SSP126 and will be limited to July and August in the period 2070-2100. These results are consistent with those reported
by Muheisen et al. [29, 35] and Saeed et al. [31]. Figure 6 shows average monthly temperatures during the future periods
along with those of the baseline. It is noticeable that there is a continuous increase in the average projected MAX/MIN
temperatures for the five GCMs during future periods. Suggesting that the study area is highly vulnerable to the impacts
of climate change, which in turn might influence the water resources sector and agricultural activities in the region.
Figure 7 shows the relative differences and the percentage increase in the annual average of MAX/MIN temperatures
compared to the observed period. Undoubtedly, it is noticed that the entire area witnesses a positive relative difference,
viz., there is an upward trend in the future temperatures concerning the baseline.
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of the study area
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Table 8. The highest mean of MAX temperature recorded through the future period

SSP126 SSP245 SSP585
GCM
Value Date Value Date Value Date
ACCESS-ESM1-5 50.27 51.25 Aug-2100 53.36 Aug-2100
CNRM-CM6-1 53.03 54.14 Jul-2090 58.25 Jul-2090

HadGEM3-GC31-LL  50.41 Jul-2070  51.53 Jul-2090 5445  Aug-2100
MPI-ESM1-2-LR 49.58 50.41 Jul-2070 52.85  Aug-2100

MRI-ESM2-0 50.08 50.89 Jul-2070 53.51 Jul-2090

Table 9. The lowest mean of MIN temperature was recorded through the future period

SSP126 SSP245 SSP585
GCM
Value Date Value Date Value Date
ACCESS-ESM1-5 4.96 523 5.08
CNRM-CM6-1 5.56 5.84 5.81

HadGEM3-GC31-LL 524  Jan-2032 5.39 Jan-2032 6.05 Jan-2032

MPI-ESM1-2-LR 481 4.84 4.99
MRI-ESM2-0 5.22 5.19 5.18
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Figure 6. Comparison of observed average monthly MAX/MIN temperatures data vs. future projections under all scenarios
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Figure 7. Relative change in average annual MAX/MIN temperatures
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Figure 8 shows the future average monthly MAX/MIN temperatures from the five GCMs under the three scenarios
of the selected stations. It is demonstrated that the Wasit station recorded the highest predicted estimate of monthly
MAX temperatures according to the CNRM-CM6-1 model under scenario SSP585, with a difference of 7.5 °C from
what was observed during the baseline. It was followed by Maysan station, then Baghdad station, with a slight difference
recorded as 7.28 and 7.45 °C, respectively (Tables 8 and 9). The MAX/MIN temperatures continued to increase
according to the CNRM-CM6-1 model, followed by the HadGEM3-GC31-LL model. In contrast, the MPI-ESM1-2-LR
model remained the lowest among all five GCMs, which recorded 4.3, 4.41, and 4.36 °C at Baghdad, Wasit, and Maysan
stations, respectively (Figure 8).
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Figure 8. Comparison of future average monthly MAX /MIN temperatures by using five GCMs under the three scenarios

3.3. Precipitation Projection in the Future

The five GCMs proved varying results in precipitation under the three scenarios adopted in this study. The
fluctuations in precipitation occur due to their continuous variation between time periods and different locations, which
records missing data during the months of the year due to its non-occurrence, especially in the summer season during
June, July, and August. This implies that using an individual model will increase the uncertainty of the forecasted results,
so it requires adopting different models in predicting future precipitation. In this study, the results of the precipitation
average varied in some future periods. However, the potential trends in precipitation across the entire study area will
increase at the end of the current century but slightly compared to the base period, as shown in Figure 9. The SSP585
scenario represents the highest record of future precipitation projections compared to other scenarios; the highest
precipitation in future forecasts results during the period 2081-2100, which will occur in December, January, and
February (the winter season) and will fluctuate in the spring and autumn seasons, while it will almost disappear in June,
July, and August (the summer season). This is normal since Iraq is characterized by its dry climate, as presented by Al-
Maliki et al. [36]. Especially in the southern governorates. Figure 10 shows the relative change in precipitation between
future and observed periods from the five GCMs. In all scenarios, there is a fluctuating variation in the occurrence of
precipitation in Baghdad, while in Wasit Maysan, it will decrease in all months except October, in which the incidence
of precipitation will be higher than recorded in the historical period. It is also noticed that there is a fluctuation in
precipitation even in the same model and scenario, as shown in Figure 11. For instance, according to the HadGEM3-
GC31-LL model, the highest values of the annual average precipitation of 14.5, 18.5, 17.79, and 19.33 mm were
recorded for the periods 2021-2040, 2041-2060, 2061-2080, and 2081-2100, respectively, in the SSP126 scenario at the
Baghdad station. This applies to the rest of the sites, GCMs, and scenarios. However, it was found that the HaddGEM3-
GC31-LL model, in all scenarios, had the highest record of future forecasts of precipitation in the coming periods until
the end of the century. In contrast, it was found in the MPI-ESM1-2-LR model, which is quite the opposite. It had the
lowest record of precipitation data. The location in Wasit had the highest and lowest annual precipitation rates, which
were 20.36 and 8.46 mm in the same scenario, SSP585, then followed by Maysan and Baghdad.
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Figure 9. Comparison of observed average monthly precipitation versus future projections under all scenarios

In general, future trends in precipitation fluctuate between increases and decreases, even if the change is slight.
Accordingly, the study area will experience different patterns of precipitation during the future period. Moreover,
the presented results are consistent with the findings of Muheisen et al. [29, 35], Al-Hasani et al. [30], and Saeed et
al. [31].
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4. Conclusions

The climate change occurring in Irag and its surrounding areas is a source of concern because it is located within
arid and semi-arid lands that have been impacted by global climate change. This, in turn, led to an accelerated change
in climate variables, especially precipitation and MAX/MIN temperatures. This study aimed to clarify and understand
the behavior and trends of climate variables such as precipitation and temperatures, whether increasing, decreasing, or
both. The study area, which consists of three governorates, Baghdad, Wasit, and Maysan, is located along the Tigris
River basin in Irag. The LARS-WG was evaluated to elucidate future trends for the parameters using five different
GCMs, namely ACCESS-ESM1-5, CNRM-CM6-1, HadGEM3-GC31-LL, MPI-ESM1-2-LR, and MRI-ESM2-0, under
the three scenarios, i.e., SSP126, SSP245, and SSP585.

It was concluded that the LARS-WG model was superior for projecting the frequency of observed precipitation and
temperatures during the baseline period of 2003-2022, indicating the ability of the model to be used in the future for
various scientific and practical applications. It was shown that temperature trends will be increasing and continuing until
the end of the current century according to all five GCMs under the three scenarios (SSP126, SSP245, and SSP585).
However, the model CNRM-CM6-1 was the highest one to project the future increase/decrease of temperatures/
precipitation among all five GCMs under the three scenarios. Mean temperatures were expected to rise above those
observed at the end of the future period (2081-2100) for scenario SSP585 by 7.28, 7.5, and 7.45 °C at the Baghdad,
Wasit, and Maysan stations, respectively, according to the CNRM-CM6-1 model. The MPI-ESM1-2-LR model was the
lowest in projecting mean temperatures by 4.3, 4.41, and 4.36 °C at the Baghdad, Wasit, and Maysan stations,
respectively. Therefore, it is recommended that several GCMs be used in future forecasts to reduce uncertainty. For
precipitation, the results showed a clear fluctuation during the months of the year according to all GCMs under the three
scenarios. However, the LARS-WG8.0 model gave a clear interpretation by recording the highest amount of
precipitation during the winter season, which was in December, January, and February of each year. The results showed
fluctuations in the spring and autumn seasons. Still, it was poor in the summer, particularly in June, July, and August,
which are among the hottest months in Iraq and its neighboring regions. The highest mean precipitation was recorded
according to the HadGEM3-GC31-LL model. The MPI-ESM1-2-LR model was the opposite.

Therefore, the changes in climate variables will negatively impact water and agricultural resources. This impact will
extend to a broader ambit on the economic side and socially concerning increasing population and urban
expansion, accompanied by an increase in drought, desertification, and water scarcity due to the continuous rise in
temperatures and fluctuations in precipitation, which will influence economic and social factors. Accordingly, this study
helps those interested in this field in reading the future visualization of the study area and adapting suitable measures to
mitigate the negative consequences of climate changes.

5. List of Abbreviations

(K-S) test Kolmogorov-Smirnov tests R Pearson Correlation Coefficient
AR6 Sixth assessment report R? Determination Coefficient

Av Average RCP Representative concentration pathway
°C Celsius degree RMSE  Root Mean Square Error

CHIRPS Climate hazards group infrared precipitation with station data  SD Standard Deviation

CMIP Climate Model Intercomparison Project Sim Simulated

DJF December, January, and February SON September, October, and November
F-test F-Test Statistic SSP Shared socio-economic pathway
GCMs Global Climate Models Temp temperature

IPCC Intergovernmental Panel on Climate Change Tmax Maximum Temperature

JA June, July, and August Tmin Minimum Temperature

LARS-WG Long Ashton Research Station Weather Generator T-test Hypothesis Test Statistic

Lat Latitude UK United Kingdom

Long Longitude Xi Any variable rank in the time series
MAM March, April, and May Kobs Observed Variable

MAX Maximum Xo Minimum of Xops

MIN Minimum Xn Maximum of Xops

N Number of tests n The last rank of the variable values
NASA National Aeronautics and Space Administration Pi The probability distribution for X;
NSE Nash-Sutcliff Efficiency Py The probability distribution for X
Obs Observed Ps The probability distribution for X,
P Probability
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