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ARTICLE INFO ABSTRACT
Keywords: Global warming induces spatially heterogeneous changes in precipitation patterns, highlighting
Global climate models the need to assess these changes at regional scales. This assessment is particularly critical for
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Afghanistan, where agriculture serves as the primary livelihood for the population. New global
climate model (GCM) simulations have recently been released for the recently established shared
socioeconomic pathways (SSPs). This requires evaluating projected precipitation changes under
these new scenarios and subsequent policy updates. This research employed six GCMs from the
CMIP6 to project spatial and temporal precipitation changes across Afghanistan under all SSPs,
including SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5. The employed GCMs were bias-
corrected using the Global Precipitation Climatological Center’s (GPCC) monthly gridded pre-
cipitation data with a 1.0° spatial resolution. Subsequently, the climate change factor was
calculated to assess precipitation changes for both the near future (2020-2059) and the distant
future (2060-2099). The bias-corrected projections’ multi-model ensemble (MME) revealed
increased precipitation across most of Afghanistan for SSPs with higher emissions scenarios. The
bias-corrected simulations showed a substantial increase in summer precipitation of around 50%,
projected under SSP1-1.9 in the southwestern region, while a decline of over 50% is projected in
the northwestern region until 2100. The annual precipitation in the northwest region was pro-
jected to increase up to 15% for SSP1-2.6. SSP2-4.5 showed a projected annual precipitation
increase of around 20% in the southwestern and certain eastern regions in the far future.
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Furthermore, a substantial rise of approximately 50% in summer precipitation under SSP3-7.0 is
expected in the central and western regions in the far future. However, it is crucial to note that the
projected changes exhibit considerable uncertainty among different GCMs.

1. Introduction

The anthropogenic emission of greenhouse gases induces a rise in the Earth’s atmospheric temperature, leading to alterations in
worldwide precipitation patterns and temperatures, as evidenced by the investigations undertaken by Refs. [1,2]. Similar variations in
rainfall and temperature have been documented in regional studies conducted by Refs. [3-6]. The modifications influence several
aspects of precipitation, including its frequency, intensity, geographical extent, duration, and timing, as examined in the research
conducted by Refs. [7,8]. The alterations have various effects on physical systems and social and economic sectors. Consequently,
assessing alterations in precipitation patterns has garnered considerable international recognition within the framework of strategies
to mitigate climate change [9-11]. Numerous scholarly investigations have been conducted to analyze modifications in precipitation
patterns at the global, regional, and national scales, uncovering significant variations in trends among diverse geographic regions [8,
12,13]. The impacts of these modifications vary across different locations due to factors such as the density of the population, the
ability to adapt, and the susceptibility of the ecological system [14-16].

Afghanistan, a country that exhibits significant susceptibility to the impacts of climate change, is confronted with escalating
temperatures and diminishing levels of precipitation, resulting in an increased occurrence of droughts that are more severe [17,18].
The nation frequently receives rankings indicating its high vulnerability to the consequences of climate change. This vulnerability is
primarily attributed to its low capacity to adapt and its heightened susceptibility to alterations in climatic patterns. According to
Ref. [19], the country’s infrastructure and institutions have suffered considerable harm as a result of an extended armed war. This has
led to a pervasive state of poverty and underdevelopment, exacerbating the country’s susceptibility to the impacts of climate change.
The nation’s economy mainly depends on agricultural production, where subsistence farming is crucial. Consequently, several sectors,
including water, energy, and agriculture, exhibit heightened vulnerability to the impacts of climate change [20,21]. Afghanistan is
prone to frequent and severe weather events, resulting in significant economic damage and the loss of human lives. This underscores its
limited ability to adjust to prevailing climatic circumstances [20-22].

Afghanistan, a geographical area with a semiarid to dry climate, experiences a recurring occurrence of drought, as documented by
several studies [23-25]. Good natural resource management and climate change adaptation and mitigation techniques cannot be
overstated, particularly in regions with a narrow annual precipitation range of 200-400 mm [26]. The scholarly literature has
extensively examined the effects of climate change on rural populations that are largely dependent on water, soil, forests, and grazing
regions. Notable contributions to this field of research include the works of [23,27-30]. The study undertaken in Afghanistan about
climate change projections for adaptation planning and economic development has been restricted, as indicated by studies conducted
by Refs. [26,31-35].

Research conducted by Aich et al. (2017) employed reanalysis data and Coordinated Regional Climate Downscaling Experiment
(CORDEX)-South Asia simulations to project the climate of Afghanistan. The research primarily examined two scenarios derived from
the Coupled Model Intercomparison Projects Phase 5 (CMIP5), Representative Concentration Pathways (RCP) 4.5 and 8.5. Despite
considerable uncertainty in the precipitation estimation, the study’s findings indicate that the intensification of evapotranspiration has
the potential to worsen the already existing water stress in Afghanistan. Sidiqi et al. [26] projected the climate of the Kabul River basin
in Afghanistan by utilizing Global Climate Models (GCMs) sourced from the CMIP5 dataset. The research investigation centered on two
RCPs, RCP4.5 and RCP8.5. According to their projections, it is anticipated that the mean annual temperature in the basin might
potentially rise by 1.8 °C, 3.5 °C, and 4.8 °C in the 2020s, 2050s, and 2080s, respectively. The anticipated increase in mean annual
precipitation will likely change monthly precipitation patterns across the river basin by 2100 under both scenarios. Azizi and Asaoka
[32] investigated the climatic conditions in the northeastern region of Afghanistan. This investigation involved the utilization of
CMIP5 GCMs and the application of RCPs. Ahmed et al. [36] showed multimodal ensemble (MME) of CMIP5 GCMs indicating increase
in precipitation ranging from — 12.68% to 6.31%, — 9.61%-3.45%, — 8.70%-9.15%, and — 9.40% to 5.47% under RCP2.6, RCP4.5,
RCP6.0, and RCP8.5 scenarios, respectively, in northern regions of Pakistan. Rahimi et al. [37] found annual precipitation in Iran
bordering Afghanistan is projected to decrease by —5.41% (2041-2070) for RCP4.5 and —9.5% for RCP8.5. Furthermore, results of a
study conducted in China revealed a decrease in precipitation up to 14% and 17% under RC4.5 and RCP8.5, respectively in the period
of 2021-2060. It also projected a higher decrease in the period of 2061-2100 in comparison to 2021-2060 [38]. Ali et al. [39] depicted
highest decrease in winter precipitation up to 70% was found in southern and western regions of Pakistan in the period of 2020-2039
for RCP2.6. They also projected a higher decrease in winter precipitation until end of 21st century." The objective of this study was to
evaluate the impacts of climate change on the spatial patterns of snow distribution and river flows within the western
Hindukush-Himalaya area. The research findings revealed alterations in the origins of streams located at elevated altitudes within the
Hindukush Mountains, leading to fluctuations in water allocation further downstream. These investigations emphasize the pressing
requirement for additional research endeavors and strategic initiatives to adequately tackle the difficulties arising from the changing
precipitation patterns in the area.

Scientists utilize mathematical equations of the fundamental physical principles to simulate air circulation and global climate
events [40-42]. Numerous climate research institutions have developed diverse GCMs to improve their precision and spatial resolution
by integrating novel physical mechanisms and reliable data. The Intergovernmental Panel on Climate Change (IPCC) oversees the
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coordination of these updates, facilitated by the Coupled Model Intercomparison Project (CMIP). The most recent GCMs iteration is
CMIP6, which incorporates a broader spectrum of experimental scenarios. The trials encompass novel prospective situations referred
to as SSPs. The formulation of these SSPs is predicated on distinct socioeconomic assumptions, as demonstrated by the works of
[43-45].

Most prior studies have utilized the CMIP5 model to conduct climate projections in Afghanistan for RCPs. Several recent studies
have employed the CMIP6 model to carry out climate projections for Afghanistan’s SSPs [33-35]. However, the scope of these in-
vestigations was quite narrow. Farhat et al. [35] employed just the SSP2-4.5 and SSP5-8.5 in their analysis. SSP1-1.9 and SSP1-2.6 hold
significant relevance in the context of the Paris Agreement and the continuous endeavors aimed at mitigating greenhouse gas emis-
sions. The aforementioned scenarios are in accordance with the objective of the Paris Agreement, which aims to restrict the increase in
global temperatures to 1.5 °C. The attainment of this objective is seen as aspirational [46,47]. The SSP1-1.9 represents a mitigation
approach designed to limit global warming to below 1.9 °C by the conclusion of the 21st century. On the other hand, the SSP1-2.6 is a
trajectory with low emissions that has been formulated to limit the increase in global temperature to below 2.6 °C [48]. The signif-
icance of these situations has escalated due to the recognition by governments and researchers of the urgent necessity to augment
climate action and pursue more ambitious reductions in greenhouse gas emissions to avert the most severe repercussions of climate
change. Using SSP1-1.9 and SSP1-2.6, in conjunction with higher emission scenarios, inside climate modeling offers decision-makers
significant information about the possible advantages and obstacles to attaining the more ambitious climate goals delineated in the
Paris Agreement.

The present investigation employed CMIP6 GCMs to project the geographical and temporal fluctuations in precipitation distri-
butions throughout Afghanistan for two forthcoming periods (2020-2059 and 2060-2099) compared to a baseline period
(1971-2010). The study examined many SSPs to analyze the effects of global temperature rise on precipitation patterns and their
variability. The study included six CMIP6 models to simulate five different SSPs: SSP1-19, SSP1-26, SSP2-45, SSP3-70, and SSP5-85.
The aforementioned scenarios contain a spectrum of potential global temperature rises that may occur by the conclusion of the current
century, varying in magnitude from modest to significant. The originality of this work is to project annual and seasonal precipitation
patterns in Afghanistan for all SSPs, encompassing a spectrum of temperature rises ranging from the least severe (1.5 °C) to the most
extreme (business-as-usual) scenarios. The results obtained from this research possess considerable promise in providing valuable
insights for formulating adaptation strategies and fostering the establishment of a society in Afghanistan that is robust to climate
change impacts.

2. Study area

Afghanistan, located between 29° and 39° N latitude and 60° and 75° E longitude, is a landlocked nation in South-Central Asia. It
shares borders with Pakistan to the south and east, Iran to the west, and Turkmenistan, Uzbekistan, and Tajikistan to the north. In the
northeast, it borders China. The country boasts a diverse topography featuring imposing mountain ranges, expansive plains, and arid
desert regions. Afghanistan’s climate varies significantly across its various topographic zones [35]. The climate ranges from dry to
semiarid, characterized by high temperatures in the summers and low temperatures in the winters. Fig. 1 illustrates the average annual
precipitation across the country, showing a gradual decrease in rainfall from the northeastern region near the Hindukush Mountains to
the southern plateau zone. The region with the lowest mean annual precipitation, around 30 mm, is located in the southwestern
plateau area. In contrast, the northeastern foothills of the Hindukush Mountains receive the highest precipitation, exceeding 1000 mm.
According to Refs. [49,50], there is a gradual increase in the daily mean annual maximum temperature when moving from the
northeastern part of the Hindukush Mountains toward the southeastern plateau regions. The lowest areas in the southeastern zone
experience the highest mean annual maximum temperatures. In Afghanistan, where a significant portion of the population relies on
agriculture, understanding the impact of climate change on precipitation patterns is crucial for implementing sustainable agricultural
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Fig. 1. Geographical distribution of mean annual rainfall (mm/year) in Afghanistan.
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practices. The effect of shifting precipitation patterns on crop growing seasons, particularly concerning the reduction of winter
snowpack and its impact on wheat production yields, has been identified as a critical concern [18].

3. Data and sources
3.1. CMIP6 datasets

The CMIP6 dataset provides climate variable simulations using updated GCMs for various SSPs [51]. This study used six CMIP6
models, as tabulated in (Table 1), based on the availability of precipitation simulations for all SSPs (SSP1-1.9, SSP1-2.6, SSP2-4.5,
SSP3-7.0, and SSP5-8.5) used in this study. Therefore, these specific GCMs were chosen for inclusion in the current investigation.
Table 1 presents the names, modeling centers, and resolutions of the selected GCMs.

3.2. Global precipitation climatology centre (GPCC) gridded precipitation

The GPCC precipitation product is a dataset that provides global precipitation data based on a comprehensive analysis of various
sources, including rain gauge measurements, satellite data, and other meteorological information [52]. The GPCC is a collaboration
between the Deutscher Wetterdienst (German Meteorological Service) and the World Meteorological Organization (WMO). The
dataset is available in various spatial and temporal resolutions, allowing researchers and policymakers to access precipitation infor-
mation at different scales. This study employed 1° x 1° resolution gridded monthly precipitation data for Afghanistan for 1975-2014
as a reference for the downscaling of GCM precipitation. Fig. 1 shows the geographical distribution of the annual mean precipitation of
Afghanistan for the period 1975-2014.

4. Methodology
4.1. Procedure
The procedure adhered to established protocols.

i. The methodology used to assess regional and temporal variations in precipitation patterns in Afghanistan across all SSPs
consisted of four distinct stages, as outlined below. The following subsections provide a comprehensive explanation of the
methodology employed:

ii. Precipitation simulations from the GCMs were adjusted to a standardized resolution of 1.0° x 1.0°. Fig. 2 illustrates the spatial
coordinates of the grid points.

iii. The delta bias correction method was employed to mitigate bias in GCM precipitation data by comparing it to the GPCC pre-
cipitation data.

iv. The Climate Change Factor (CCF) was derived by comparing the historical simulation of GCMs with future projections to assess
potential alterations in precipitation patterns.

v. The multi-model ensemble mean (MME) precipitation time data was generated by averaging historical and future estimates
from multiple GCMs. CCFs were calculated for the MME to assess variations in precipitation.

4.2. Bilinear interpolation
Bilinear interpolation approximates the value at a given interpolation point by calculating a weighted average of the values at the

four closest points on the boundary. The weights used are inverse to the distance between the existing points and the interpolation
sites. The interpolation is performed according to formula (1):

I;=(D, XDy XD, xDy)/(a+b+c+d) (¢D)
Table 1
A comprehensive list of the CMIP6 climate models used.
No Modelling Centre Model Reference Resolution (Lon x
Lat)
1 Canadian Centre for Climate Modelling and Analysis, Canada CanESM3 Swart et al. (2019) 2.8° x 2.8°
2 EC-Earth-Consortium, Europe EC-Earth3- Wyser et al. (2019) 0.7° x 0.7°
Veg
3 Geophysical Fluid Dynamics Laboratory, National Oceanic and Atmospheric GFDL-ESM4 Held et al. (2019) 1.3° x 1°
Administration, USA
4 Institut Pierre-Simon Laplace, Sorbonne Université, France IPSL-CM6A- Olivier et al. (2018) 2.5° x 1.3°
LR
5 Atmosphere and Ocean Research Institute, The University of Tokyo, Japan MIROC6 Tatebe et al. (2019) 1.4° x 1.4°
6 The Meteorological Research Institute, Japan MRI-ESM2-0 Yukimoto et al. 2.8 x 2.8
(2019)
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Fig. 2. The geographical position of Afghanistan in south-central Asia and the grid points used for the precipitation projection.

The interpolated value (I4) is determined based on the values of the adjacent grid points (D, Dy, D¢, and Dg), representing the left,
right, top, and bottom values, respectively. The corresponding distances from the interpolation point are denoted as a, b, ¢, and d. This
approach has been observed in several studies on the impacts of climate change [53-57].

4.3. Bias correction

Various bias correction techniques have been developed to address bias in GCMs [7,58]. This study aimed to assess average
variations in monthly precipitation levels across the geographical region of Afghanistan. Therefore, the mean bias correction technique
was used. This approach suggests that monthly data can be adjusted according to the mean bias observed over the reference period
[58]. Therefore, the bias is estimated using eq. (2):

Fpe=Poem — Frer (2)

The bias correction factor (Fgc) was derived using the GCM simulated precipitation data for the historical period from 1975 to
2014. This factor was determined by comparing the GCM precipitation data (Pgcym) with the GPCC precipitation data (Fggp) for the
same historical period. Fgc was used to correct the inherent bias in GCM-simulated precipitation over the projected period from 2020
to 2099. The method is pictorially presented in Fig. 3(a).

Reference Data rrected

GPCC (1975-2014) GCM (2020-2099)

Precipitation (mm)

Climate Change Factor (CCF)

A_ Correction %

Factor

CCF = GCM{-GCMb

Gemf

Precipitation (mm)

GCM (1975-2014) GCM (2020-2099)
Raw S “ ¢

on

Simulation

(@ (b)

Fig. 3. (a) A schematic diagram illustrating the mean bias correction approach, and (b) the procedure employed to estimate the climatic
change factor.
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4.4. Climate change factor (CCF)

The CCF was estimated using the bias-corrected GCM simulation. CCF is the difference between projected future precipitation and
simulated precipitation for the base period, with both periods of equal duration. The study aims to project potential alterations in
precipitation patterns so CCF indicates expected changes relative to the reference period. The study utilizes datasets spanning 40 years,
consisting of bias-corrected historical GCM simulations and equivalent datasets for the same period, representing bias-corrected future
periods. These datasets are used to calculate CCFs. The methodology used for estimating CCF in this study is depicted in Fig. 3(b).
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Fig. 4. The spatial distribution of the percentage increases in precipitation projected for 2020-2059, as calculated by the GCMs for SSP1-1.9; first
panal: Annul, second panal: Winter, third panal: Spring, fourth panal: Summer, fifth panal: Autumn.
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Fig. 5. The annual and seasonal changes (%) in multi GCM mean precipitation during 2020-2059 (left panal) and 2060-2099 (right panal) for
SSP1-1.9.

While CCF methods can be useful for adjusting historical climate data to represent future projections better, they have several
limitations. The effectiveness of CCF methods relies heavily on the quality and representativeness of the historical data used to
calculate bias factors. Poor quality data can lead to inaccurate bias corrections. The uncertainty in CCF-corrected data based on poor-
quality gridded data is difficult to quantify and propagate through subsequent analyses. Besides, applying CCF methods to gridded data
often involves averaging bias corrections across large spatial extents, which mask important local variations in bias and lead to
inaccurate adjustments in some regions. These drawbacks are handled in this study using GPCC data, which has been found to provide
reliable precipitation throughout the globe [52].
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Fig. 7. The annual and seasonal changes (%) in multi-GCM mean precipitation during 2020-2059 (left panal) and 2060-2099 (right panal) for
SSP1-2.6.

4.5. Precipitation projections

Calculating the projected MME precipitation involves aggregating projected precipitation data from various GCMs for distinct SSPs.
This study examined variations in mean monthly precipitation in Afghanistan over two distinct future periods: the near future
(2020-2059) and the distant future (2060-2099). These periods were compared to the historical period (1971-2010) to evaluate
alterations in precipitation patterns.

5. Modeling results
5.1. Precipitation projections

Fig. 4 illustrates the regional distribution of projected changes in annual and seasonal precipitation (%) in Afghanistan for the near
future (2020-2059) for SSP-11.9. Significant heterogeneity in anticipated precipitation changes was observed among the GCMs. For
example, the MRI-ESM2-0 projected an increase in annual precipitation over most of the nation, while the GFDL-ESM4 model pro-
jected a decrease in annual precipitation. Various GCMs have projected increases and decreases in different regions of Afghanistan.
Most models indicate an expected increase or no change in annual precipitation in the northeastern region, while a decrease in
precipitation is anticipated in the southwestern region, particularly in the southwest. The study revealed a significant inconsistency
across the GCM estimates, resulting in the absence of a consistent projection of precipitation increase or reduction for any specific
location. Diverse fluctuations in precipitation were noted across various seasons. The most significant disparity in projections was
observed during the winter season, which experiences the highest precipitation in most regions in the country. For example, the EC-
Earth-Veg model showed a significant increase in winter precipitation over most of the nation. In contrast, the CanESM5 model
demonstrated decreased precipitation throughout the country. Most models indicated an expected decrease in winter precipitation in
the southwestern region. Expected changes in precipitation patterns include a reduction in spring precipitation in the central area, a
decrease in summer precipitation in both the central and northern regions, and a decrease in fall precipitation, specifically in central
Afghanistan. Consequently, the GCM projections of annual and seasonal precipitation for various future periods and scenarios were
aggregated to create the MME precipitation projections.

5.2. Annual and seasonal precipitation projections for SSP1-1.9

Fig. 5 illustrates the regional distribution of the MME averages of annual and seasonal precipitation variations expressed as per-
centages for two future periods (2020-2059 and 2060-2099) for SSP 1-1.9. The results indicate notable alterations in yearly pre-
cipitation patterns over most of Afghanistan in both future periods for SSP 1-1.9. It is worth noting that there is a projected modest
increase in precipitation between 5% and 10% within a restricted region in the northeast during 2020-2059 and 2060-2099. On the
other hand, there is an expected reduction in precipitation of around 15% in the southwest.

A noticeable distinction in the regional distribution of winter precipitation alterations is observed between the two scenarios in the
immediate future. SSP1-1.9 showed that winter precipitation in the southern areas will experience a reduction of up to 20%.
Conversely, a marginal rise in winter precipitation will be in the northern sections in the far-future period. In contrast, spring pre-
cipitation exhibited an overall increase over the whole nation, with somewhat greater increments expected in the far future compared
to the near future.

Significant alterations are anticipated in summer precipitation. A substantial increase of around 50% is expected in the southwest,
while a decline of over 50% in the northwest. Notably, Afghanistan typically experiences modest summer precipitation; hence, the
substantial variations observed during this season may not significantly influence the overall annual precipitation.

The study’s findings suggest that there would likely be an increase in annual and seasonal precipitation in the northwestern region
of Afghanistan, which typically experiences higher levels of rainfall. In contrast, there will be a decrease in precipitation in the
southwest, which typically receives less rainfall. This implies that under the SSP1-1.9 in Afghanistan, there would be an intensification
of wetness in already wet regions, while dry parts would experience an exacerbation of aridity.

Fig. 6 presents the annual and seasonal mean precipitation with uncertainty for 2020-2099. The black dashed line denotes the
average precipitation, while the pink band indicates the level of uncertainty. The precipitation projection for the entire Afghanistan is
averaged to prepare the graphs. Upon analyzing the annual precipitation time series for SSP119, a slight decrease in precipitation is
observed over time. This decreasing trend is also noticeable in winter and spring precipitation. However, a slight increase in summer
and autumn precipitation is projected towards 2100.

This study showed considerable uncertainty in the annual and seasonal precipitation projections. This suggests that the future
precipitation patterns in Afghanistan are highly uncertain and subject to variability. As a result, the accuracy and reliability of the
projections may be affected by multiple factors. These findings underscore the need for further research and modelling to improve our
understanding of the factors influencing precipitation variability in Afghanistan. It also highlights the importance of considering the
uncertainty in precipitation projections when planning for water resource management, agriculture, and other sectors sensitive to
precipitation changes.
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5.3. Annual and seasonal precipitation projections for SSP1-2.6

The spatial changes in precipitation for SSP126 are presented in Fig. 7. These figures exhibit similar spatial patterns of changes to
those obtained for SSP1-1.9. However, the projected percentage of changes was a bit higher than for SSP1-1.9. For instance, significant
changes in annual precipitation were observed in the northwest region of Afghanistan for both future periods, with increases of up to
15% for SSP1-2.6. Similarly, winter precipitation was expected to reduce in the southern regions. However, the decline might be higher
for the SSP1-2.6 than for the SSP1-1.9.

Fig. 8 shows the annual and seasonal mean precipitation and the associated uncertainty over the entire duration from 2020 to 2099
under the SSP1-2.6. For the SSP1-1.9, the black dashed line depicts the average precipitation, while the pink band represents the range
of uncertainty. The precipitation projection for the entire Afghanistan is averaged to prepare the graphs. Analyzing the annual pre-
cipitation time series for the SSP1-2.6 shows a slight decrease over time, similar to the SSP1-1.9. However, the magnitude of the
reduction was a bit higher for SSP1-2.6 than for SSP1-1.9. Similar decreasing patterns were observed for winter and summer pre-
cipitation, while there was almost no change in spring and autumn precipitation over the century. Notably, a large uncertainty in both
annual and seasonal precipitation projections was observed for SSP1-2.6, just as for SSP1-1.9.
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Fig. 9. The annual and seasonal changes (%) in multi-GCM mean precipitation during 2020-2059 (left panal) and 2060-2099 (right panal) for
SSP2-4.5.
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5.4. Annual and seasonal precipitation projections for other SSPs

The diverse precipitation patterns observed in these scenarios provide valuable insights into the region’s susceptibility to the effects
of climate change. Therefore, this study assessed the changes in precipitation across all SSPs.

Fig. 9 through 12 illustrate the geographical variations in precipitation patterns corresponding to SSP2-4.5, SSP3-7.0, and SSP5-
8.5, respectively. The figures show patterns similar to the geographical variations observed in previous scenarios with lower emis-
sions. However, a significant difference was observed in the expected changes, with much higher percentages for the higher SSPs than
the lower ones.

Fig. 9 shows a projected annual precipitation increase of around 20% in the southwestern and certain eastern regions in the far
future for SSP2-4.5. Conversely, a precipitation increase of approximately 15% is anticipated in the near future over most of the
country. Nevertheless, both upcoming periods suggest a notable decline in winter precipitation, with a potential reduction of up to
30% across most of the territory. The most substantial decrease of 30% is expected in select southern areas within the region. In
contrast, there might be around a 20% increase in spring precipitation throughout most of the region during both future times.
Furthermore, most of the region will experience significant increases in summer precipitation, exceeding 50%, in the near future for
SSP2-4.5. Similarly, the expected changes in fall precipitation indicate a substantial rise of almost 50% in the western regions of the
examined area. Fig. 10 presents data regarding the MME mean and the upper and lower limits of projected precipitation over the entire
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Fig. 11. The annual and seasonal changes (%) in multi-GCM mean precipitation during 2020-2059 (left panal) and 2060-2099 (right panal) for
SSP3-7.0.

future period. This data encompasses the annual, winter, spring, summer, and autumn seasons within the context of the SSP245. The
findings indicate a significant increase in average precipitation during the early years for both the annual and winter seasons, followed
by relatively stable average precipitation until 2100. Similarly, the mean, upper, and lower limits of precipitation during the spring and
summer seasons exhibit slight fluctuations within the projected time frame. The fall season shows limited fluctuation in precipitation
over the remainder of the 21st century. The spring season showed the narrowest uncertainty band, representing a smaller range
between the upper and lower boundaries, with the winter season following a similar pattern.

Fig. 11 displays the anticipated changes in average precipitation, as the mean MME indicates, over different time intervals
(2020-2059 and 2060-2099) under the SSP370. The results suggest that a significant portion of Afghanistan will experience an annual
precipitation increase of around 20% during the upcoming timeframes. Likewise, there is an anticipated 20% increase in the winter
season in the northern and western regions. In the far future, there may be a marginal decline or increase of up to 5% in most of the
country. During both periods, the northern regions would experience the most significant increase in spring precipitation, estimated at
around 20%. However, a substantial rise of approximately 50% in summer precipitation is expected in the central and western regions
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Fig. 13. The annual and seasonal changes (%) in multi-GCM mean precipitation during 2020-2059 (left panal) and 2060-2099 (right panal) for
SSP5-8.5.
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during summer. In the far future, this increase will be limited to the western areas. Conversely, the southern regions of the research
area are expected to see the most significant decrease in fall precipitation, with a projected reduction of up to 25% for both future
periods.

Fig. 12 depicts a time series analysis of projected precipitation for both future periods for SSP370. Generally, there is an oscillating
trend with modest fluctuations in average precipitation. However, notable uncertainty is associated with the confidence intervals for
both the annual and winter periods. In contrast, there is a substantial increase in anticipated precipitation during the spring and
summer seasons from 2060 to 2070. Additionally, there is a slight upward and downward trend in projected precipitation in the fall
season, extending until the end of the 21st century. The season with the narrowest uncertainty band is summer, followed by spring.

Fig. 13 displays geographical variations in the average MME of precipitation for SSP585. The findings suggest a substantial increase
in precipitation, reaching up to 20%, in the northern regions of the research area. The winter season precipitation may experience a
considerable rise of 30% in the north, but central areas may see a decrease of up to 10% in the distant future. Furthermore, there is a
general increase of around 30% in spring precipitation across most of the region for both futures. In the foreseeable future, the central
and western regions are expected to have the most substantial increase in summer precipitation, reaching up to 50%. However, there is
a reduction of up to 10% during the fall season in both periods. Fig. 14 presents a time series of precipitation and the associated
uncertainty band. The results indicate a progressive increase in average annual precipitation throughout the future. Similarly, esti-
mates for the 21st century suggest a modest increase in average precipitation during winter. Mean precipitation during the spring and
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summer seasons shows a slight upward trend until 2050, followed by progressive variability until the end of the 21st century. Notably,
the spring season under SSP585 exhibits the least uncertainty compared to other seasons.

In general, the findings suggest an escalating level of precipitation variability as emissions intensity increases. This underscores the
significant impact of different emission trajectories on future precipitation patterns in the region. The anticipated increases in pre-
cipitation levels under the more ambitious SSPs, particularly SSP5-8.5, indicate the potential for significant alterations in hydrological
patterns in the coming years. Examining geographical variability in annual precipitation reveals that the most substantial changes
occur in the northwestern region of Afghanistan across all SSPs. This underscores the heightened susceptibility of this region to
prospective changes in precipitation trends, highlighting the need for targeted adaptation strategies to address the resulting challenges
effectively. However, it is essential to acknowledge the notable uncertainty associated with annual and seasonal precipitation pro-
jections for all the low SSPs. Uncertainty in the data emphasizes the importance of cautiously interpreting the results.

6. Discussion

This study examined the spatiotemporal precipitation changes within Afghanistan, considering five SSPs and two distinct future
time frames. The MME mean projection of precipitation offers intriguing and insightful trends, shedding light on the evolving climate
dynamics in this region. Notably, the findings showcase a distinct contrast between Afghanistan’s northeast and southwest areas. The
projected increase in annual precipitation in the northeast region emerges as a significant highlight, indicating potential shifts in the
region’s hydrological cycle. This elevation in precipitation levels in other regions would benefit water resources management, agri-
cultural practices, and overall ecosystem dynamics. It presents opportunities for harnessing increased water availability for sustainable
development, including potential benefits for agriculture and livelihoods.

Conversely, the detected decrease in precipitation in the southwest raises concerns about water scarcity and aridity in this already
water-stressed region. Such a decline in annual precipitation could exacerbate environmental challenges, impacting agricultural
productivity, water supply, and local communities’ well-being. This poses a critical challenge to water resource management and
necessitates implementing adaptive measures to ensure water security and resilience in the region. The observed spatiotemporal
variations in precipitation patterns underscore the necessity of divulging the intricacies of precipitation changes at the regional level. It
highlights the necessity of region-specific adaptation strategies, accounting for the divergent impacts of precipitation changes over
Afghanistan. Policymakers and stakeholders must take cognizance of these diverse patterns to develop targeted and effective climate
adaptation and mitigation plans.

Few studies evaluated the precipitation of Afghanistan for limited SSPs [35,59]. They showed similar precipitation alterations in
different Afghanistan regions for various SSPs. Sediqi et al. (2022) showed a large decrease in precipitation by —40% in the southwest
of Afghanistan, which agrees with the findings of this study. Studies conducted in Iran [60,61], bordering Afghanistan in the west, also
agree with this study’s findings. Sediqi et al. (2022) projected significant precipitation increases in the sub-Himalayan northwest,
consistent with this study’s finding. Studies in the nearby Himalayan regions also revealed increased precipitation [62,63].

Generally, rainfall tends to increase with rising temperatures due to the ability of warmer air to hold more moisture [7,42].
However, there are situations where increased temperature can lead to a decrease in rainfall [64,65]. This phenomenon is mainly
attributed to the enhanced evaporation caused by higher temperatures. As temperatures rise, the rate of evaporation from water bodies
and the Earth’s surface increases. This increased evaporation leads to a greater water vapour flux into the atmosphere, increasing the
air moisture content [66]. In regions already characterized by arid or semiarid climates, where water availability is limited, the
heightened evaporation can significantly deplete the available moisture, reducing the probability of rainfall incidents [64,66].

The contrasting trends in precipitation between different regions call for region-specific climate adaptation measures. Policymakers
and local communities need to develop tailored strategies to address both the excess and scarcity of water in Afghanistan. These
strategies should encompass water conservation and storage mechanisms in regions experiencing increasing precipitation while
implementing drought-resistant agricultural practices and efficient water allocation systems in regions facing decreasing precipitation
[67,68].

The obtained results can help climate change adaptation planning and build a climate-resilient society in Afghanistan, a country
facing many environmental challenges [69,70]. As climate change continues to impact the region, understanding the projected
changes in precipitation becomes crucial for policymakers and stakeholders to develop effective strategies and policies. The projected
changes in precipitation patterns provide critical insights into the future availability of water resources in different regions of
Afghanistan. This information can guide decision-makers in developing water management plans that balance water allocation for
agriculture, industry, and domestic use. By anticipating potential changes in water availability, policymakers can ensure sustainable
and equitable access to this essential resource, thereby safeguarding the livelihoods of millions of Afghan citizens.

Moreover, the study’s results offer valuable guidance for the agricultural sector, which forms the backbone of the country’s
economy [18,71]. Understanding the shifts in precipitation patterns can help farmers adopt climate-smart agricultural practices. This
may include promoting drought-resistant crop varieties, implementing efficient irrigation techniques, and adopting sustainable land
management practices to mitigate the impacts of changing water availability on crop yields [72]. The projected precipitation changes
can also inform Afghanistan’s disaster preparedness and response plans. With the likelihood of increased flooding in some regions and
intensified aridity in others [73,74], it is essential to strengthen early warning systems and build resilient infrastructure to mitigate
climate change risks. By doing so, Afghanistan can reduce the impact of natural disasters on communities and minimize damage to
property and infrastructure. Furthermore, the study’s findings can enhance Afghan society’s overall climate resilience. By under-
standing how precipitation patterns may evolve in the coming decades, policymakers can integrate climate considerations into various
sectors, including urban planning, infrastructure development, and public health. This integrated approach can foster a

18



S.T. Rahimi et al. Heliyon 10 (2024) e28433

climate-resilient society that can adapt to the changing climate and withstand future challenges more effectively.

Further research and data collection on precipitation trends is essential to ensure the robustness of the study’s projections.
Collaborative efforts between local institutions, international organizations, and climate scientists can strengthen Afghanistan’s ca-
pacity to generate reliable climate data, improving the accuracy of future projections. Moreover, the study highlights the importance of
enhancing early warning systems and disaster preparedness measures to tackle potential floods resulting from increased precipitation.
Building resilient infrastructure and implementing flood mitigation measures will be crucial to protect communities and reduce the
impact of extreme weather events.

7. Conclusion

The primary objective of this study was to examine the spatiotemporal variations in precipitation patterns across Afghanistan
during five SPPs and two future periods. This study used bilinear interpolation to re-grid GCMs to a standard resolution of 1.0° x 1.0°.
The delta change method was employed to reduce the biases in GCM simulations for assessing the projected changes in precipitation in
the near future (2020-20259) and far future (2060-2099). Furthermore, the MME technique was applied by averaging historical and
future estimates from multiple GCMs. The mean precipitation projections derived from MME reveal significant patterns, including an
increase in annual precipitation in the northeastern region and a decrease in the southwestern region. The key findings obtained from
this study are as follows:

e The areas with high precipitation are likely to experience increased wetness, while locations with low precipitation levels are
expected to face heightened aridity.

e The projections suggest a worrisome decline in precipitation during Afghanistan’s primary rainy season, particularly in the

southwestern region, which traditionally experiences lower levels of rainfall. The decrease in winter precipitation can worsen

aridity in many parts of the nation, especially in the already arid and desert areas in the southern regions. This decrease in pre-

cipitation could expedite the process of desertification and diminish the availability of dry areas, thus presenting significant

environmental challenges.

The rise in precipitation in the northeastern area raises concerns about the possibility of hydrological catastrophes, particularly

flooding. The surplus water from increased rainfall may lead to flooding, threatening communities and infrastructure in the

affected areas. Additionally, the amplified precipitation may cause increased river sedimentation, a significant problem in the

region, affecting water quality and availability.

The study highlights the importance of climate-resilient agricultural practices such as efficient irrigation systems, water man-

agement practices, and drought-adapted crops in the southwestern regions.

In the future, it is crucial to evaluate changes in precipitation separately for different climatic regions within Afghanistan to gain a
more nuanced understanding of localized impacts. Additionally, the projected precipitation data can be used to assess possible changes
in hydrological hazards, such as aridity and droughts, which have severe implications for water resources and agriculture. To enhance
the accuracy and resolution of projections, downscaling the GCMs projections to a higher spatial resolution can provide more detailed
insights into the spatial variability of precipitation changes.

Funding

Research for this paper was carried out under the KICT Research Program (Project No. 20240166-001, Development of IWRM-
Korea Technical Convergence Platform Based on Digital New Deal) funded by the Ministry of Science and ICT.

Institutional review board statement

Not applicable.
Informed consent statement

Not applicable.
Data availability statement

Data can be provided upon request.
CRediT authorship contribution statement

Sayed Tamim Rahimi: Writing — original draft, Visualization, Methodology, Formal analysis, Conceptualization. Ziauddin Safari:
Writing - original draft, Visualization, Validation, Investigation, Formal analysis, Conceptualization. Shamsuddin Shahid: Writing —
original draft, Visualization, Validation, Supervision, Resources, Investigation, Formal analysis, Data curation, Conceptualization. Md.

Munir Hayet Khan: Writing — original draft, Visualization, Validation, Methodology, Investigation, Formal analysis, Data curation.

19



S.T. Rahimi et al. Heliyon 10 (2024) e28433

Zulfiqar Ali: Writing — original draft, Visualization, Validation, Resources, Formal analysis, Data curation. Ghaith Falah Ziarh:
Writing - original draft, Validation, Methodology, Investigation, Formal analysis, Data curation. Mohamad Rajab Houmsi: Writing —
original draft, Visualization, Validation, Resources, Methodology, Formal analysis, Data curation. Mohd Khairul Idlan bin
Muhammad: Writing — original draft, Visualization, Methodology, Investigation, Formal analysis, Data curation. II-Moon Chung:
Writing — original draft, Visualization, Validation, Methodology, Investigation, Data curation, Conceptualization. Sungwon Kim:
Writing — original draft, Visualization, Validation, Formal analysis, Data curation, Conceptualization. Zaher Mundher Yaseen:
Writing — review & editing, Writing — original draft, Visualization, Validation, Supervision, Project administration, Formal analysis,
Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

We do appreciate the technical support by Ministry of Science and ICT. In addition, Zaher Mundher Yaseen thanks the Civil and
Environmental Engineering Department, King Fahd University of Petroleum & Minerals, Saudi Arabia for its support

References

[1] A.A.Barati, M. Zhoolideh, H. Azadi, J.-H. Lee, J. Scheffran, Interactions of land-use cover and climate change at global level: how to mitigate the environmental
risks and warming effects, Ecol. Indicat. 146 (2023) 109829, https://doi.org/10.1016/j.ecolind.2022.109829.

[2] F.Khan, S. Ali, C. Mayer, H. Ullah, S. Muhammad, Climate change and spatio-temporal trend analysis of climate extremes in the homogeneous climatic zones of
Pakistan during 1962-2019, PLoS One 17 (2022) e0271626.

[3] Y.-Y.Ren, G.-Y. Ren, X.-B. Sun, A.B. Shrestha, Q.-L. You, Y.-J. Zhan, R. Rajbhandari, P.-F. Zhang, K.-M. Wen, Observed changes in surface air temperature and
precipitation in the Hindu Kush Himalayan region over the last 100-plus years, Adv. Clim. Chang. Res. 8 (2017) 148-156, https://doi.org/10.1016/j.
accre.2017.08.001.

[4] W. Ullah, T. Nihei, M. Nafees, R. Zaman, M. Ali, Understanding climate change vulnerability, adaptation and risk perceptions at household level in Khyber
Pakhtunkhwa, Pakistan, Int. J. Clim. Chang. Strateg. Manag. 10 (2018) 359-378.

[5] S.Y. Tola, A. Shetty, Quantification of change in land cover and rainfall variability impact on flood hydrology using a hydrological model in the Ethiopian river
basin, Environ. Earth Sci. 82 (2023) 254, https://doi.org/10.1007/s12665-023-10929-9.

[6] A.S.Bhatti, G. Wang, W. Ullah, S. Ullah, D. Fiifi Tawia Hagan, I. Kwesi Nooni, D. Lou, I. Ullah, Trend in extreme precipitation indices based on long term in situ
precipitation records over Pakistan, Water 12 (2020), https://doi.org/10.3390/w12030797.

[7]1 S.H. Pour, S. Shahid, E.-S. Chung, X.-J. Wang, Model output statistics downscaling using support vector machine for the projection of spatial and temporal
changes in rainfall of Bangladesh, Atmos. Res. 213 (2018) 149-162, https://doi.org/10.1016/j.atmosres.2018.06.006.

[8] K. Ahmed, D.A. Sachindra, S. Shahid, M.C. Demirel, E.-S. Chung, Selection of multi-model ensemble of general circulation models for the simulation of
precipitation and maximum and minimum temperature based on spatial assessment metrics, Hydrol. Earth Syst. Sci. 23 (2019) 4803-4824.

[9] M.S. Nashwan, S. Shahid, N.A. Rahim, Unidirectional trends in annual and seasonal climate and extremes in Egypt, Theor. Appl. Climatol. 136 (2019) 457-473.

[10] K. Ahmed, S. Shahid, T. Ismail, N. Nawaz, X. Wang, Absolute homogeneity assessment of precipitation time series in an arid region of Pakistan, Atmésfera 31
(2018) 301-316, https://doi.org/10.20937/ATM.2018.31.03.06.

[11] K.S. Som, M. Dey, Analysis and forecasting of rainfall trends in semi-arid Bundelkhand region of Madhya Pradesh, India: using statistical methods, Environ.
Earth Sci. 81 (2022) 98, https://doi.org/10.1007/512665-021-10159-x.

[12] Z.Sa’adi, S. Shahid, E.-S. Chung, T. bin Ismail, Projection of spatial and temporal changes of rainfall in Sarawak of Borneo Island using statistical downscaling of
CMIP5 models, Atmos. Res. 197 (2017) 446-460, https://doi.org/10.1016/j.atmosres.2017.08.002.

[13] E. Abd Alraheem, N.A. Jaber, M. Jamei, F. Tangang, Assessment of future meteorological drought under representative concentration pathways (RCP8. 5)
scenario: case study of Iraq, Knowledge-Based Eng. Sci. 3 (2022) 64-82.

[14] M.S. Shiru, S. Shahid, E.S. Chung, N. Alias, Changing characteristics of meteorological droughts in Nigeria during 1901-2010, Atmos. Res. (2019), https://doi.
org/10.1016/j.atmosres.2019.03.010.

[15] S. Shahid, X.-J. Wang, S. Bin Harun, S.B. Shamsudin, T. Ismail, A. Minhans, Climate variability and changes in the major cities of Bangladesh: observations,
possible impacts and adaptation, Reg. Environ. Change 16 (2016) 459-471.

[16] S.M. Sarkar, B.K. Dhar, M. Fahlevi, S. Ahmed, M.J. Hossain, M.M. Rahman, M.A.I. Gazi, R. Rajamani, Climate change and aging health in developing countries,
Glob. Challenges. (2023), https://doi.org/10.1002/gch2.202200246.

[17] N.A. Akhundzadah, S. Soltani, V. Aich, Impacts of climate change on the water resources of the kunduz River Basin, Afghanistan, Climate 8 (2020), https://doi.
org/10.3390/¢li8100102.

[18] I. Qutbudin, M.S. Shiru, A. Sharafati, K. Ahmed, N. Al-Ansari, Z.M. Yaseen, S. Shahid, X. Wang, Seasonal drought pattern changes due to climate variability: case
study in Afghanistan, Water 11 (2019) 1096.

[19] A. Privara, M. Privarova, Nexus between climate change, displacement and conflict: Afghanistan case, Sustainability 11 (2019), https://doi.org/10.3390/
sul1205586.

[20] Matthew Savage, Bill Dougherty. Mohammed Hamza, Ruth Butterfield, and Sukaina Bharwani. "Socio-economic impacts of climate change in Afghanistan,
Stockholm Environment Institute, Oxford, UK, 2009.

[21] A. Jawid, M. Khadjavi, Adaptation to climate change in Afghanistan: evidence on the impact of external interventions, Econ. Anal. Pol. 64 (2019) 64-82,
https://doi.org/10.1016/j.eap.2019.07.010.

[22] W. Masood, S. Aquil, H. ullah, A. Nadeem, H. Mehmood, Z. Islam, M.Y. Essar, S. Ahmad, Impact of climate change on health in Afghanistan amidst a
humanitarian crisis, J. Clim. Chang. Heal. 6 (2022) 100139, https://doi.org/10.1016/j.joclim.2022.100139.

[23] N. Omerkhil, T. Chand, D. Valente, J.M. Alatalo, R. Pandey, Climate change vulnerability and adaptation strategies for smallholder farmers in Yangi Qala
District, Takhar, Afghanistan, Ecol. Indicat. 110 (2020) 105863, https://doi.org/10.1016/j.ecolind.2019.105863.

[24] R. Dost, K.S. Kasiviswanathan, Quantification of water resource sustainability in response to drought risk assessment for Afghanistan river basins, Nat. Resour.
Res. 32 (2023) 235-256.

[25] Y. Chen, D. Penton, F. Karim, S. Aryal, S. Wahid, P. Taylor, S.M. Cuddy, Characterisation of meteorological drought at sub-catchment scale in Afghanistan using
station-observed climate data, PLoS One 18 (2023) e0280522.

[26] M. Sidiqi, S. Shrestha, S. Ninsawat, Projection of climate change scenarios in the Kabul River Basin, Afghanistan, Curr. Sci. 114 (2018) 1304-1310.

20


https://doi.org/10.1016/j.ecolind.2022.109829
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref2
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref2
https://doi.org/10.1016/j.accre.2017.08.001
https://doi.org/10.1016/j.accre.2017.08.001
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref4
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref4
https://doi.org/10.1007/s12665-023-10929-9
https://doi.org/10.3390/w12030797
https://doi.org/10.1016/j.atmosres.2018.06.006
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref8
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref8
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref9
https://doi.org/10.20937/ATM.2018.31.03.06
https://doi.org/10.1007/s12665-021-10159-x
https://doi.org/10.1016/j.atmosres.2017.08.002
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref13
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref13
https://doi.org/10.1016/j.atmosres.2019.03.010
https://doi.org/10.1016/j.atmosres.2019.03.010
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref15
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref15
https://doi.org/10.1002/gch2.202200246
https://doi.org/10.3390/cli8100102
https://doi.org/10.3390/cli8100102
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref18
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref18
https://doi.org/10.3390/su11205586
https://doi.org/10.3390/su11205586
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref20
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref20
https://doi.org/10.1016/j.eap.2019.07.010
https://doi.org/10.1016/j.joclim.2022.100139
https://doi.org/10.1016/j.ecolind.2019.105863
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref24
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref24
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref25
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref25
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref26

S.T. Rahimi et al. Heliyon 10 (2024) e28433

[27]1 J.A.N. Shokory, B. Schaefli, S.N. Lane, Water resources of Afghanistan and related hazards under rapid climate warming: a review, Hydrol. Sci. J. 68 (2023)
507-525.

[28] H. Rasouli, Climate change impacts on water resource and air pollution in Kabul Sub-basins, Afghanistan, Adv. Geol. Geotech. Eng. Res. 4 (2022) 11-27.

[29] D. Rajmil, L. Morales, T. Aira, M. Cardona Valles, Afghanistan: a multidimensional crisis, Peace Rev. 34 (2022) 41-50.

[30] Q. Aliyar, F. Zulfigar, A. Datta, J.K.M. Kuwornu, S. Shrestha, Drought perception and field-level adaptation strategies of farming households in drought-prone
areas of Afghanistan, Int. J. Disaster Risk Reduc. 72 (2022) 102862, https://doi.org/10.1016/j.ijdrr.2022.102862.

[31] V. Aich, N. Akhundzadah, A. Knuerr, A. Khoshbeen, F. Hattermann, H. Paeth, A. Scanlon, E. Paton, Climate change in Afghanistan deduced from reanalysis and
coordinated regional climate downscaling experiment (CORDEX)—south Asia simulations, Climate 5 (2017) 38, https://doi.org/10.3390/cli5020038.

[32] A.H. Azizi, Y. Asaoka, Assessment of the impact of climate change on snow distribution and river flows in a snow-dominated mountainous watershed in the
western hindukush-himalaya, Afghanistan, Hydrology 7 (2020), https://doi.org/10.3390/hydrology7040074.

[33] M. Ghulami, P. Gourbesville, P. Audra, L. Shie-Yui, Performance evaluation of CORDEX South Asia models for projections of precipitation over the Kabul basin,
Afghanistan, LHB. 108 (2022) 2095936.

[34] S. Suryavanshi, N. Joshi, H.K. Maurya, D. Gupta, K.K. Sharma, Understanding precipitation characteristics of Afghanistan at provincial scale, Theor. Appl.
Climatol. 150 (2022) 1775-1791, https://doi.org/10.1007/500704-022-04257-4.

[35] F. Farhat, M.T. Kashifi, A. Jamal, I. Saba, Spatiotemporal projections of precipitation and temperature over Afghanistan based on CMIP6 global climate models,
Model. Earth Syst. Environ. 8 (2022) 4229-4242, https://doi.org/10.1007/540808-022-01361-2.

[36] K. Ahmed, Z. Igbal, N. Khan, B. Rasheed, N. Nawaz, I. Malik, M. Noor, Quantitative assessment of precipitation changes under CMIP5 RCP scenarios over the
northern sub-Himalayan region of Pakistan, Environ. Dev. Sustain. (2019), https://doi.org/10.1007/s10668-019-00548-5.

[37]1 J. Rahimi, P. Laux, A. Khalili, Assessment of climate change over Iran: CMIP5 results and their presentation in terms of Koppen-Geiger climate zones, Theor.
Appl. Climatol. 141 (2020) 183-199, https://doi.org/10.1007/s00704-020-03190-8.

[38] M.S. Shiru, E.S. Chung, S. Shahid, X. jun Wang, Comparison of precipitation projections of CMIP5 and CMIP6 global climate models over Yulin, China, Theor.
Appl. Climatol. 147 (2022) 535-548, https://doi.org/10.1007/500704-021-03823-6/FIGURES/6.

[39] S. Ali, M.S. Reboita, R.S. Kiani, 21st century precipitation and monsoonal shift over Pakistan and Upper Indus Basin (UIB) using high-resolution projections, Sci.
Total Environ. 797 (2021) 149139, https://doi.org/10.1016/j.scitotenv.2021.149139.

[40] Z.Iqgbal, S. Shahid, K. Ahmed, T. Ismail, G.F. Ziarh, E.-S. Chung, X. Wang, Evaluation of CMIP6 GCM rainfall in mainland southeast Asia, Atmos. Res. 254 (2021)
105525, https://doi.org/10.1016/j.atmosres.2021.105525.

[41] J.A. Rivera, G. Arnould, Evaluation of the ability of CMIP6 models to simulate precipitation over Southwestern South America: climatic features and long-term
trends (1901-2014), Atmos. Res. 241 (2020) 104953, https://doi.org/10.1016/j.atmosres.2020.104953.

[42] Z. Ali, M.M. Hamed, M.K.I. Muhammad, Z. Igbal, S. Shahid, Performance evaluation of CMIP6 GCMs for the projections of precipitation extremes in Pakistan,
Clim. Dyn. (2023), https://doi.org/10.1007/s00382-023-06831-6.

[43] F. Ma, X. Yuan, Impact of climate and population changes on the increasing exposure to summertime compound hot extremes, Sci. Total Environ. 772 (2021)
145004, https://doi.org/10.1016/j.scitotenv.2021.145004.

[44] J.-N. Song, G. Fu, Y. Xu, Z.-Y. Han, Q.-Z. Sun, H. Wang, Assessment of the capability of CMIP6 global climate models to simulate Arctic cyclones, Adv. Clim.
Chang. Res. 12 (2021) 660-676, https://doi.org/10.1016/j.accre.2021.07.007.

[45] Z. Ali, M.M. Hamed, M.K.I. Muhammad, S. Shahid, A novel approach for evaluation of CMIP6 GCMs in simulating temperature and precipitation extremes of
Pakistan, Int. J. Climatol. (2024).

[46] H. Paltan, M. Allen, K. Haustein, L. Fuldauer, S. Dadson, Global implications of 1.5 °C and 2 °C warmer worlds on extreme river flows, Environ. Res. Lett. 13
(2018) 94003, https://doi.org/10.1088/1748-9326/aad985.

[47] M.M. Hamed, M.S. Nashwan, S. Shahid, Projected changes in thermal bioclimatic indicators over the Middle East and North Africa under Paris climate
agreement, Stoch. Environ. Res. Risk Assess. 37 (2023) 577-594, https://doi.org/10.1007/500477-022-02275-2.

[48] T.A. Feyissa, T.A. Demissie, F. Saathoff, A. Gebissa, Evaluation of general circulation models CMIP6 performance and future climate change over the omo River
Basin, Ethiopia, Sustainability 15 (2023), https://doi.org/10.3390/sul5086507.

[49] T. Aawar, D. Khare, L. Singh, Identification of the trend in precipitation and temperature over the Kabul River sub-basin: a case study of Afghanistan, Model.
Earth Syst. Environ. 5 (2019) 1377-1394.

[50] A.F. Nabizada, I. Rousta, M. Dalvi, H. Olafsson, A. Siedliska, P. Baranowski, J. Krzyszczak, Spatial and temporal assessment of remotely sensed land surface
temperature variability in Afghanistan during 2000-2021, Climate 10 (2022) 111.

[51]1 Z. Hausfather, Explainer: how ‘shared socioeconomic pathways’ explore future climate change, Carbon Br 19 (2018).

[52] D.C. dos Santos, C.A.G. Santos, R.M. Brasil Neto, R.M. da Silva, C.A.C. dos Santos, Precipitation variability using GPCC data and its relationship with
atmospheric teleconnections in Northeast Brazil, Clim. Dyn. (2023), https://doi.org/10.1007/500382-023-06838-z.

[53] O. Salehie, T. bin Ismail, M.M. Hamed, S. Shahid, M.K. Idlan Muhammad, Projection of hot and cold extremes in the amu River Basin of central Asia using GCMs
CMIPS6, Stoch. Environ. Res. Risk Assess. (2022), https://doi.org/10.1007/500477-022-02201-6.

[54] M.M. Hamed, Z. Ali, M.S. Nashwan, S. Shahid, Exposed Population to Hot and Cold Extremes in MENA for Paris Climate Agreement Temperature Goals, 2023.

[55] C. Shen, J. Zha, D. Zhao, J. Wu, W. Fan, M. Yang, Z. Li, Estimating centennial-scale changes in global terrestrial near-surface wind speed based on CMIP6 GCMs,
Environ. Res. Lett. 16 (2021) 84039.

[56] F. Wang, D. Tian, On deep learning-based bias correction and downscaling of multiple climate models simulations, Clim. Dyn. 59 (2022) 3451-3468.

[57] Z. Ali, M.M. Hamed, M.S. Nashwan, S. Shahid, Spatiotemporal analysis of groundwater resources sustainability in South Asia and China using GLDAS data sets,
Environ. Earth Sci. 82 (2023) 586.

[58] M. Noor, T. Ismail, E.-S. Chung, S. Shahid, J. Sung, Uncertainty in rainfall intensity duration frequency curves of peninsular Malaysia under changing climate
scenarios, Water 10 (2018) 1750, https://doi.org/10.3390/w10121750.

[59] M.N. Sedigi, V.S.A. Hendrawan, D. Komori, Climate projections over different climatic regions of Afghanistan under shared socioeconomic scenarios, Theor.
Appl. Climatol. 149 (2022) 511-524, https://doi.org/10.1007/500704-022-04063-y.

[60] S.B.H.S. Asadollah, A. Sharafati, S. Shahid, Application of ensemble machine learning model in downscaling and projecting climate variables over different
climate regions in Iran, Environ. Sci. Pollut. Res. 29 (2022) 17260-17279.

[61] B. Ghazi, E. Jeihouni, Projection of temperature and precipitation under climate change in Tabriz, Iran, Arabian J. Geosci. 15 (2022) 621, https://doi.org/
10.1007/512517-022-09848-z.

[62] V.S. Negi, D.C. Tiwari, L. Singh, S. Thakur, I.D. Bhatt, Review and synthesis of climate change studies in the Himalayan region, Environ. Dev. Sustain. 24 (2022)
10471-10502, https://doi.org/10.1007/s10668-021-01880-5.

[63] S. Mal, M. Arora, A. Banerjee, R.B. Singh, C.A. Scott, S.K. Allen, R. Karki, Spatial variations and long-term trends (1901-2013) of rainfall across Uttarakhand
Himalaya, India, Mt. Landscapes Transit, Eff. L. Use Clim. Chang. (2022) 163-183.

[64] S.H. Pour, A.K. Abd Wahab, S. Shahid, X. Wang, Spatial pattern of the unidirectional trends in thermal bioclimatic indicators in Iran, Sustainability 11 (2019)
2287, https://doi.org/10.3390/su11082287.

[65] S.A. Salman, S. Shahid, T. Ismail, A.M. Al-Abadi, X. jun Wang, E.S. Chung, Selection of gridded precipitation data for Iraq using compromise programming,
Meas. J. Int. Meas. Confed. (2019), https://doi.org/10.1016/j.measurement.2018.09.047.

[66] S.A. Salman, S. Shahid, H.A. Afan, M.S. Shiru, N. Al-Ansari, Z.M. Yaseen, Changes in climatic water availability and crop water demand for Iraq region,
Sustainability 12 (2020) 3437.

[67] Z.M. Yaseen, M. Ali, A. Sharafati, N. Al-Ansari, S. Shahid, Forecasting standardized precipitation index using data intelligence models: regional investigation of
Bangladesh, Sci. Rep. 11 (2021), https://doi.org/10.1038/541598-021-82977-9.

[68] A. Malik, A. Kumar, S.Q. Salih, S. Kim, N.W. Kim, Z.M. Yaseen, V.P. Singh, Drought index prediction using advanced fuzzy logic model: regional case study over
Kumaon in India, PLoS One (2020), https://doi.org/10.1371/journal.pone.0233280.

21


http://refhub.elsevier.com/S2405-8440(24)04464-5/sref27
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref27
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref28
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref29
https://doi.org/10.1016/j.ijdrr.2022.102862
https://doi.org/10.3390/cli5020038
https://doi.org/10.3390/hydrology7040074
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref33
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref33
https://doi.org/10.1007/s00704-022-04257-4
https://doi.org/10.1007/s40808-022-01361-2
https://doi.org/10.1007/s10668-019-00548-5
https://doi.org/10.1007/s00704-020-03190-8
https://doi.org/10.1007/S00704-021-03823-6/FIGURES/6
https://doi.org/10.1016/j.scitotenv.2021.149139
https://doi.org/10.1016/j.atmosres.2021.105525
https://doi.org/10.1016/j.atmosres.2020.104953
https://doi.org/10.1007/s00382-023-06831-6
https://doi.org/10.1016/j.scitotenv.2021.145004
https://doi.org/10.1016/j.accre.2021.07.007
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref45
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref45
https://doi.org/10.1088/1748-9326/aad985
https://doi.org/10.1007/s00477-022-02275-2
https://doi.org/10.3390/su15086507
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref49
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref49
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref50
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref50
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref51
https://doi.org/10.1007/s00382-023-06838-z
https://doi.org/10.1007/s00477-022-02201-6
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref54
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref55
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref55
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref56
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref57
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref57
https://doi.org/10.3390/w10121750
https://doi.org/10.1007/s00704-022-04063-y
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref60
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref60
https://doi.org/10.1007/s12517-022-09848-z
https://doi.org/10.1007/s12517-022-09848-z
https://doi.org/10.1007/s10668-021-01880-5
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref63
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref63
https://doi.org/10.3390/su11082287
https://doi.org/10.1016/j.measurement.2018.09.047
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref66
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref66
https://doi.org/10.1038/s41598-021-82977-9
https://doi.org/10.1371/journal.pone.0233280

S.T. Rahimi et al. Heliyon 10 (2024) 28433

[69]
[70]

[71]
[72]

[73]

[74]

M.F. Asghar, M. Nawaz, K. Munir, Thirsty nations, from conflict to cooperation: navigating the climate change implications on pak-Afghan hydro-politics, Glob.
Int. Relations Rev. VI. (2023) 1-7.

M.E. Bildirici, S. Lousada, S. Yilmaz Geng, Terrorism, freshwater, and environmental pollution: evidence of Afghanistan, Burkina Faso, Iraq, arab republic of
Egypt, Cameroon, Mali, Mozambique, Niger, Nigeria, Somalia, Syrian arab republic, and Pakistan, Water 14 (2022) 2684.

A.J. Muradi, 1. Boz, The contribution of agriculture sector in the economy of Afghanistan, Int. J. Sci. Res. Manag. 6 (2018) 750-755.

Z.H. Doost, Z.M. Yaseen, The impact of land use and land cover on groundwater fluctuations using remote sensing and geographical information system:
Representative case study in Afghanistan, Environ. Dev. Sustain. (2023) 1-24.

M.C. de Ruiter, J.A. de Bruijn, J. Englhardt, J.E. Daniell, H. de Moel, P.J. Ward, The asynergies of structural disaster risk reduction measures: comparing floods
and earthquakes, Earth’s Future 9 (2021) e2020EF001531.

A. Mohanty, M. Hussain, M. Mishra, D.B. Kattel, I. Pal, Exploring community resilience and early warning solution for flash floods, debris flow and landslides in
conflict prone villages of Badakhshan, Afghanistan, Int. J. Disaster Risk Reduc. 33 (2019) 5-15, https://doi.org/10.1016/].ijdrr.2018.07.012.

22


http://refhub.elsevier.com/S2405-8440(24)04464-5/sref69
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref69
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref70
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref70
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref71
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref72
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref72
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref73
http://refhub.elsevier.com/S2405-8440(24)04464-5/sref73
https://doi.org/10.1016/j.ijdrr.2018.07.012

	Spatiotemporal changes in future precipitation of Afghanistan for shared socioeconomic pathways
	1 Introduction
	2 Study area
	3 Data and sources
	3.1 CMIP6 datasets
	3.2 Global precipitation climatology centre (GPCC) gridded precipitation

	4 Methodology
	4.1 Procedure
	4.2 Bilinear interpolation
	4.3 Bias correction
	4.4 Climate change factor (CCF)
	4.5 Precipitation projections

	5 Modeling results
	5.1 Precipitation projections
	5.2 Annual and seasonal precipitation projections for SSP1-1.9
	5.3 Annual and seasonal precipitation projections for SSP1-2.6
	5.4 Annual and seasonal precipitation projections for other SSPs

	6 Discussion
	7 Conclusion
	Funding
	Institutional review board statement
	Informed consent statement
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


