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Abstract: In rainfed areas, precipitation variations directly impact wheat growth stages such as
emergence, tillering, jointing and booting, and maturity. Evaluating the impact of climate change on
precipitation patterns during these critical growth stages is crucial for adapting climate change and
ensuring global food security. In this study, projections of five General Circulation models (GCMs)
under two shared socioeconomic pathways (SSPs) were used to predict the changing characteristics
of precipitation during four main growth stages of wheat in the rainfed region of the Pothwar Plateau,
Pakistan. Historical datasets of daily precipitation at six weather stations were analyzed to check the
past changes in the precipitation patterns. During the baseline period (1985–2014), the annual average
precipitation decreased at a rate of −9.75 mm/decade, while the amount of precipitation during
the rabi season (wheat-growing season) decreased at a rate of −20.47 mm/decade. An increase
in the precipitation was found during the fourth (flowering) stage of crop growth, while the first
three stages experienced a decrease in the precipitation amount. The multimodal ensembled data,
under the SSP2-4.5 scenario, revealed a significant decline (at the rate of −16.63 mm/decade) in
the future annual precipitation. However, it is projected that, under SSP2-4.5, there may be a slight
increase (4.03 mm/decade) in the total precipitation amount during the future rabi season. Under the
SSP5-8.5 scenario, average annual precipitation exhibited a slightly increasing trend, increasing by
1.0 mm/decade. However, during the rabi season, there was a possibility of a decrease in precipitation
amount, with a rate of 11.64 mm/decade. It is also expected that the precipitation amount may vary
significantly during the crown root initiation, jointing and booting, and flowering stages in the near
future. These results provide a framework for the planning of wheat production in the Pothwar
region of Pakistan, taking into account the potential impact of shifting weather patterns, particularly
in terms of uneven precipitation.

Keywords: climate change; precipitation patterns; GCMs; SSPs; wheat crop; rainfed; Pothwar Plateau

1. Introduction

Climate change poses a serious threat to the world’s food security. It will particu-
larly impact rainfed agriculture, a food supply source for millions of people [1,2]. Plant
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development relies heavily on the amount of precipitation, as this directly impacts the
moisture levels in the soil. Adequate soil moisture is essential for plants to effectively
absorb nutrients and carry out the process of photosynthesis. Consistent and plentiful
precipitation is essential for the healthy growth of plants. On the other hand, irregular and
insufficient precipitation can lead to stress in crops and a reduction in their overall yield.
Crop water scarcity is increasing due to changes in the natural cycles of water availability
caused by rising temperatures and unexpected precipitation patterns [3]. This is a serious
problem for regions where agricultural development is mainly dependent on precipitation.

According to the IPCC (Intergovernmental Panel on Climate Change), agricultural
productivity in low-latitude nations is going to decrease as a result of climate change.
However, in northern latitudes, the effects of climate change on crop production may
be either positive or negative [4]. While certain high-latitude areas may have improved
climatic conditions for growing crops, the long-term growth in agricultural productivity in
these regions may be limited by factors such as water availability and soil health. It was
predicted that, in comparison to a scenario in which the temperature remains unchanged,
the yield of wheat and rice may decrease globally by 17% by 2050, based on the climatic
models under the maximum warming scenario [5]. Several previous studies have reported
the effect of changing precipitation patterns on agricultural water availability, specifically
in rainfed agricultural regions [6–8]. According to the findings of Kotz et al. [9], changing
weather characteristics have the potential to affect the global as well as regional economies.
According to findings of Nie et al. [10], the main factor that is limiting crop growth in
China’s Yanhuai basin is the unpredictable and uneven distribution of precipitation. The
changes in precipitation characteristics affect crop production in addition to altering sowing
patterns and making crops more susceptible to pests and diseases.

Wheat (Triticum aestivum L.) is an important cereal food crop, fulfilling 20% of the
world’s food demand [11]. Rising air temperatures and variations in precipitation are
anticipated to be the primary factors that will significantly affect global wheat crop during
the next few decades [12]. Particularly in rainfed agricultural regions, wheat crop is highly
susceptible to changes in precipitation patterns. According to the findings of a study that
was conducted by Azmat et al. [13], changes in precipitation have a substantial impact
on wheat production in the highland rainfed regions. They found that both excessive
and inadequate precipitation led to decreased productivity. Bannayan and Rezaei [14]
highlighted the susceptibility of rainfed wheat to climatic variability in Iran by concluding
that drought stress during the critical growth stages can drastically reduce wheat yields. In
a recent study, it was concluded that the climate change accounts for 28–63% of the variation
in wheat yield anomalies in Europe [15]. The effect of climatic change on the yield of wheat
crops in the Tibetan Plateau was investigated in a recent study [16]. The results showed
that from 1961 to 2017, the Tibetan Plateau—one of China’s most vulnerable regions to
global warming—experienced an annual increase in air temperature of 0.32 ◦C/decade.
This trend is expected to continue until 2050; with adequate irrigation, this change could
increase winter wheat yields by 81%. These findings highlight both the potential risks and
benefits of agricultural adaptation.

In Pakistan, wheat is grown over about nine million hectares, or about 40% of total
agricultural land of the country [17,18]. About 37% of food demand of the country is being
fulfilled by this crop [13], which is more nutritional than the majority of other grains and
foods. Wheat is a rabi season crop and sown in Pakistan from October to December, and it
is harvested from April to May. The rising temperatures across southern areas of Pakistan
will likely decrease wheat crop yield by shortening the crop lifecycle [19,20]. Therefore,
it is expected that the southern parts of the country may eventually become unsuitable
for wheat production. Under this context, expanding cultivation in the northwestern
and midwestern regions can help mitigate the impact of climate change on wheat crop
in Pakistan [17]. Wheat crop requires from four to five irrigations at various growth
stages because of the high temperatures in the region. The first irrigation is given by
20–25 days after sowing and substitute irrigations provided with the interval of 25–30 days.
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In this region, the reproductive stages of the wheat crop, namely crown root initiation
(Stage-1), tillering (Stage-2), jointing and booting (Stage-3), and flowering (Stage-4), are
extremely vulnerable to water stress. Inadequate irrigation and a lack of precipitation
can negatively affect crop growth during these stages, which will ultimately result in a
decrease of crop yield. Over the growth season, wheat in the semi-arid region of Punjab,
Pakistan, requires about 325–450 mm of water [21], whereas across the entire country, wheat
crop water requirement varies from 180 to 450 mm [22], and in the Pothwar region, wheat
requires about 330 mm of water [23]. Precipitation distribution in the rabi season is very
critical for wheat crop production, particularly in the rainfed areas of Pakistan. Therefore,
comprehensive understanding of the interannual and seasonal precipitation characteristics
is very important for sustainable food production in the rainfed agricultural regions.

As a result of ongoing global warming, the crop production in the Pothwar Plateau
of Pakistan is also being affected. The production of wheat in this important agricul-
tural region contributes significantly to the nation’s food supply chain. Nevertheless, the
cultivation of crops in this plateau relies mainly on precipitation, especially during the
rabi cropping season (November–April). To ensure not only Pakistan’s food security but
also to contribute to the stability of the global food chain, it is essential to have a solid
understanding of how climate change may alter the patterns of precipitation in this region.

Several researchers have previously assessed the impact of climate change on wheat
production in Pakistan, including different aspects such as phenology, grain composition
and quality, and overall yield [13,24,25]. However, there has been no study focused on ana-
lyzing the spatiotemporal changes in precipitation patterns during the key growth stages
of the wheat crop. Previous studies of climate change in the Pothwar Plateau, such as those
by Ahmad et al. [22] and Hussain et al. [24], have documented the spatial and temporal
variability of precipitation in the region. Recent research indicated a declining trend in
the annual average precipitation over the plateau [23]. Analysis showed that the majority
of precipitation (about 70%) occurred during the monsoon season (from July to August),
while only about 20% fell during the wheat-growing season (rabi season) [25]. The primary
challenge for crop growth in the Pothwar Plateau was the unpredictable and inconsistent
distribution of rainfall. The unequal distribution of precipitation during different growth
phases of the rabi wheat crop negatively impacted its yield potential. Therefore, it was
crucial to characterize and describe the attributes of precipitation specifically during the
rabi season in the Pothwar Plateau.

While previous studies [23,25,26] have primarily focused on the spatiotemporal distri-
bution of precipitation across the Pothwar Plateau, there is a lack of detailed information
regarding rainfall patterns during the different growth stages of rabi wheat. The current ev-
idence is insufficient to guide sustainable wheat production in the rainfed Pothwar Plateau.
Moreover, previous studies have assessed the climate change in the Pothwar Plateau using
the projections of the general circulation models (GCMs) from the coupled model inter-
comparison project phase 5 (CMIP5). This study aimed to fill this gap by examining the
changes in historical (1985–2014) and future (2021–2050) precipitation in relation to the
main growth stages of the wheat crop. Additionally, we projected spatiotemporal changes
in total precipitation during the rabi season and on an annual scale using the projections of
the CMIP6 GCMs.

2. Materials and Methods
2.1. Study Area

The Pothwar Plateau is surrounded in the south by the Himalayan Salt Range, in the
north by the Hazara Hills, in the west by the Indus River, and in the east by the Jhelum
River. The landscape of the plateau is regarded as undulating, with an average slope of
8–40%. This plateau is situated between 32.0◦ N and 34.0◦ N Latitude and between 71.5◦ E
and 74.0◦ E Longitude. It covers an area of around 22,254.0 Km2 and has a population of
over 17,464,800. The elevation in the plateau varies between 300 and 2300 m and consists of
residual hills and hillocks that were produced by glacier debris during the Ice Age. Figure 1
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displays the geographical location and topography of the plateau and the location of the
weather stations considered for this study.
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Figure 1. Location map of the Pothwar Plateau and the considered weather stations.

The main crop of this rainfed plateau is wheat, followed by barley and sorghum.
The annual average precipitation across the plateau varies between 589 and 1682 mm.
The amount of annual average precipitation varies greatly from the northeast to south
direction. Figure 2 displays the spatial variability of annual average precipitation across the
Pothwar Plateau. It is well documented that precipitation is the major source of water for
crop production in this region. Historical variations in the patterns of precipitation have
led to changes in wheat productivity in the Pothwar Plateau. There has been a general
downward trend in wheat yields in the region over the past few decades, according to
historical statistics. This is mostly attributable to the fact that rainfall has been inconsistent
during the wheat-growing season. For instance, studies conducted by Ahmad et al. [22]
and Hussain et al. [24] have emphasized that wheat yields have been adversely affected by
prolonged dry spells and erratic precipitation in this region.
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Figure 2. Spatial variability of annual average precipitation over the Pothwar region of Pakistan.

2.2. Data Acquisition
2.2.1. Observed Data

The daily observed data of precipitation and temperature were acquired from the
Pakistan Metrological Department (PMD) and the Soil and Water Conservation Research
Institute (SWCRI), Chakwal, Pakistan. In this region, PMD has installed and managed
five weather stations (Cherat, Islamabad, Jhelum, Murree, and Rawalpindi), while the
SWCRI is responsible for recording and maintaining one weather station (Chakwal). Both
organizations have been following the standard guidelines of the WMO (World Meteoro-
logical Organization) for the recording and maintenance of weather data. The historical
(1985–2014) daily observed data of key climatic variables (precipitation and temperature),
at the above-mentioned stations, were obtained from both of the organizations. The salient
features of weather stations are given in Table 1.

Table 1. Salient features of the weather stations.

Sr. No. Stations Lat. (◦) Long. (◦) Elevation (m) Precipitation
(mm/year)

Mean Temperature
(◦C/year)

1 CHERAT 33.82 71.88 892 661 17
2 ISLAMABAD 33.73 73.09 569 1255 22
3 JHELUM 32.94 73.37 287 854 24
4 MURREE 33.92 73.38 2025 1682 13
5 CHAKWAL 32.93 72.85 522 589 22
6 RAWALPINDI 33.59 73.04 540 1239 22

2.2.2. Model Data

For the future prediction of precipitation, from 2021 to 2050, the outputs of five GCMs
(General Circulation Models) of Coupled Model Intercomparison Project Phase 6 (CMIP6),
under two future scenarios (SSP2-4.5 and SSP5-8.5), were downloaded from the IPCC
website. The five GCMs (ACCESS-CM2, EC-EARTH3-CC, MPI-ESM1-2-LR, MRI-ESM2-0,
and NESM-3) of different spatial resolutions were selected from the literature review [26,27],
and on data availability for the study area. Details of these GCMs are mentioned in Table 2.
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Table 2. Details of selected Coupled Model Intercomparison Project Phase 6 (CMIP6) models.

CMIP6 GCM Description Spatial Resolution Institution Advantages Limitations

ACCESS-CM-2

Australian
Community
Climate and Earth
System Simulator-
Coupled Model
Version 2.0

1.25◦ × 1.875◦

Commonwealth
Scientific and
Industrial
Organization
(CSIRO), Australia,
and Bureau of
Meteorology
(BOM), Australia.

High level of
performance in the
simulation of rainfall
variability and
extremes.

There are some
biases in the
simulation of
tropical storm
activity and
specific patterns of
precipitation.

EC-Earth3-CC
Earth
Consortium-Earth
3 Model

0.35◦ × 0.35◦
Twenty-seven
research institutes
from 10 European
countries.

Good performance in
the representation of
regional trends of
precipitation and
temperature.

Some inaccuracies
in modeling ocean
circulation and sea
surface
temperatures.

MPI-ESM1-2-LR

Max Planck
Institute for
Meteorology Earth
System Model
Version 1.2 with
lower resolution

1.50◦ × 1.50◦
Max Planck
Institute for
Meteorology,
Germany

Capable of accurately
replicating large-scale
climate events like the
El Niño-Southern
Oscillation (ENSO).

It has a tendency
to overestimate the
amount of rainfall
in tropical regions.

MRI-ESM2.0

Meteorological
Research Institute
Earth System
Model Version 2.0

1.125◦ × 1.125◦
Meteorological
Research Institute,
Japan

Strong ability to
simulate extreme
weather occurrences
and monsoon systems.

Some biases in the
simulation of
climatic variability
at high latitudes

NESM-3
The NUIST Earth
System Model
version 3

2.00◦ × 2.00◦

Nanjing University
of Information
Science and
Technology,
Nanjing, China

High accuracy in
simulating
temperature extremes
and precipitation
variability, with a
focus on improving
monsoon modelling.

Less global
validation than
other GCMs.

The Shared Socioeconomic Pathways (SSPs) are utilized in climate modelling to project
future climatic changes by considering various degrees of greenhouse gas emissions and
socioeconomic advancements. SSP2-4.5 and SSP5-8.5s are two scenarios that depict distinct
paths for future climatic and socioeconomic circumstances. SSP2-4.5 depicts a “Middle
of the Road” scenario in which societal development proceeds primarily in accordance
with historical trends. In this scenario, moderate mitigation efforts are achieved through
the implementation of global policies and programs aimed at reducing greenhouse gas
emissions. Based on SSP2-4.5, radiative forcing is expected to stabilize at 4.5 W/m2 by
2100. According to this scenario, sustainability will be approached in a balanced manner,
with progressive transitions to renewable energy sources and increases in energy efficiency.
SSP5-8.5 is an example of a “Fossil-Fueled Development” scenario, in which significant
technological developments and heavy consumption of fossil fuels are the primary drivers
of rapid economic growth in the world. This scenario assumes a low level of action to
reduce greenhouse gas emissions. In the scenario SSP5-8.5, the amount of radiative forcing
is projected to increase to 8.5 W/m2 by the year 2100. This situation gives rise to elevated
levels of greenhouse gas emissions and substantial global warming, which in turn leads to
more pronounced climate consequences.
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2.3. Bias Correction of GCMs Data

To adjust for bias in precipitation and temperature projections of GCMs, researchers
frequently employ the change factor method (CFM) [28–30]. Anandhi et al. [31] and
Goodarzi et al. [32] have effectively used it to address the discrepancy between GCM-
based simulated and gauge-based observed meteorological variables in different regions.
Anandhi et al. [31] have reported that the CFM is a dependable and resilient technique for
refining the output of GCMs for hydro-meteorological investigations. The CFM utilizes the
average changes in precipitation and temperature during a reference period and incorpo-
rates them into the anticipated future predictions of the GCMs. This robust approach was
applied in the present study under SSP2-4.5 and SSP5-8.5 scenarios to bias correct the GCM
results across the near-future time range (2021–2050). The equations given below were
used for calculations in the CFM, i.e., CFadd and CFmul were calculated using Equation (1)
and Equation (2), respectively.

CFadd = Pe − Pb (1)

CFmul = Pe/Pb (2)

where Pb and Pe denote the mean precipitation for the baseline and evaluation periods,
respectively. The downscaled precipitation values were calculated by employing CF to the
observed precipitation data using either Equation (3) or Equation (4).

LSFadd,i = Obsi + CFadd (3)

LSFmul,i = Obsi × CFmul (4)

where LSFadd,i and LSFmul,i are the downscaled values of the additive and multiplicative
situations. Obsi denotes the observed precipitation data at each time step during the
entire period.

2.4. Wheat Crop Growth Stages in the Pothwar Plateau

According to the local practices in the region, the growing season of the wheat crop
in the Pothwar Plateau was divided into four distinct stages of development [33]. The
calendar of growth stages in the plateau is given in Table 3.

Table 3. Calander of wheat crop growth stages in the Pothwar Plateau.

Growth Stage
S-1 S-2 S-3 S-4

Emergence Tillering Jointing and Booting Maturity

Time Mid-November–the
Start of December December–January January–February March–April

2.5. Data Analysis

Daily data of precipitation were processed and converted into annual, seasonal (rabi
season), and stage basis (wheat irrigation stages). The “Mann-Kendall Test” (MK) and
“Theil-Sen’s Slope Estimator Test” were used to check the availability of rainwater in the
Pothwar region. The mathematical equations of Mann-Kendall for calculating S, “variance”
V(S), “Standardized test statistics” Z, and “corrected variance” V*(S) are given below:

S = ∑n−1
j=1 ∑n

k=j+1 sgn
(
xk − xj

)
, (5)

sgn
(
xk − xj ) =


1 i f xk − xj > 0
0 i f xk − xj = 0
−1 i f xk − xj < 0

, (6)

V(S) =
[
n(n − 1)(2n + 5)− ∑ tt(t − 1)(2t + 5)/18

]
, (7)
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V*(S) = V(S) Cor, (8)

where
Cor = 1 +

2
n(n − 1)(n − 2)∑

n−1
i=1 (n − 1)(n − i − 1)(n − i − 2)ps(i), (9)

Z =


s−1√
V(S

) iF S > 0

0 iF S = 0
s+1√
V(S)

iF S < 0

, (10)

where xj and xk are the values of j and k in the time series, n is the number of observations,
t is the length of time, and s(i) is the significant autocorrelation function of the ranks of the
observations in these equations. Z values that are positive or negative show an increasing
or falling trend, respectively. The trend’s significance was determined at the 5% level
of significance. To estimate the rate of trend, Theil–Sen Slope Estimator test was used.
According to TS, the slope was computed as follows:

Ti =
xj − xk

j − k
(11)

The notations xj is the data value at time j and xk is the data value at time k.

Qi =

{
TN+1

2
N is odd

1
2

(
TN

2
+ TN+2

2

)
N is even

}
, (12)

3. Results
3.1. Variations of Precipitation during the Different Growth Stages

Figure 3 shows the fluctuation in precipitation in the Pothwar Plateau from 1985 to 2014
during the rabi season and the various growth phases of the wheat crop (Stages 1–4). During
Stage-1, the median precipitation was around 5 mm, with a relatively small interquartile
range (IQR) ranging from approximately 1 mm to 19 mm. This suggests that there was
little variability in the precipitation. However, there were occasional outliers that could
reach up to about 110 mm. Stage-2 exhibited a comparable low median precipitation of
approximately 10 mm, but with a broader interquartile range (IQR) spanning from around
2 mm to 46 mm. This indicates a greater degree of variability and occasional extreme
values, with outliers reaching as high as 161 mm. Stage-3 exhibited a greater median
precipitation of around 42 mm and an interquartile range spanning from approximately
15 mm to 83 mm. This range was characterized by notable variability and included outliers
reaching up to 151 mm. Stage-4 was characterized by the highest median precipitation
of roughly 50 mm and the widest interquartile range (IQR) ranging from around 14 mm
to 96 mm. This indicates a significant amount of variability, with fewer extreme values
reaching up to 185 mm. The rabi season, including all its stages, had the highest median
precipitation of around 168 mm. The interquartile range (IQR) for precipitation during this
season was quite large, ranging from approximately 113 mm to 238 mm. This indicates
significant annual variations in precipitation, with some extreme values as high as 292 mm.
The comparisons reveal substantial disparities in precipitation patterns during different
growth stages, with the rabi season exhibiting the greatest fluctuation. This is crucial for
efficient agricultural planning and water resource management in the region.
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3.2. Historical Changes in the Precipitation Patterns

Based on gauge-based climate data during the baseline period (1985–2014), changes
in the patterns of the precipitation during different growth stages of wheat crop were
analyzed. For this study, four different stages of wheat crop growth were considered, as
reported by [33]. Moreover, changes in the precipitation patterns during the entire rabi
season (from November to April) and on the annual time scale were also assessed during
the baseline period. Changing characteristics of precipitation patterns were assessed at
different spatial scales (i.e., at the station level and the entire plateau scale). Results of the
MMK test and Theil–Sen Slope (TSS) estimator are presented in Table 4.

Table 4. Significance level (Z) and rate of change (Q) of precipitation during the baseline period
(1985–2014) in the Pothwar region. Bold values represent the significant change.

Location
Stage 1 Stage 2 Stage 3 Stage 4 Rabi Season Annual

Z Q Z Q Z Q Z Q Z Q Z Q

Cherat −1.16 −0.40 −1.79 −0.53 −0.18 −0.56 2.03 20.18 0.11 2.46 1.5 54.82
Jhelum −1.40 −1.05 −2.16 −2.13 0.32 1.54 1.07 5.00 −1.21 −19.74 −1.18 −52.05
Murree −1.75 −4.33 −1.85 −9.80 −0.71 −9.15 1.12 16.19 −1.86 −96.44 −2.64 −210.62

Rawalpindi −1.25 −2.11 −2.34 −7.28 0.29 1.45 1.28 13.43 −0.29 −9.27 0.82 55.56
Islamabad −1.20 −1.47 −1.61 −4.49 0.29 1.63 1.57 16.94 −0.01 −1.34 0.68 −9.75
Chakwal −0.67 0.00 −1.51 −2.20 −0.48 −2.50 1.82 8.88 1.18 18.59 1.86 68.00
Pothwar −1.89 −2.28 −2.14 −7.13 −0.29 −1.24 1.61 14.68 −0.86 −20.47 −0.18 −9.75

During the baseline period, it was found that the precipitation was decreasing, at all
stations and across the entire plateau, during the first two stages of the growing season.
At the plateau scale, the decreasing rate of precipitation during the first stage was about
−2.28 mm/decade, with the highest rate of decreasing trend found at the Murree station.
During the second stage, the precipitation decreased significantly across the entire plateau,
at a rate of −7.13 mm/decade, with the highest rate of decreasing trend (−7.28 mm/decade)
at the Rawalpindi station. During the third stage, the overall trend of precipitation was
decreasing across the plateau; however, two stations showed a slightly increasing trend
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during this stage. Surprisingly, the precipitation was increasing during the fourth stage
of the growing season. At the plateau scale, the precipitation was increasing at a rate of
14.68 mm/decade, whereas it was increasing significantly at the Cherat station, at a rate
of 20.18 mm/decade. In the rabi season, the total precipitation decreased at the plateau
scale and at four stations. The highest rate of decreasing trend (−96.44 mm/decade) was
found at the Murree station. Across the entire plateau, the decreasing trend of precipitation
during the entire growing season was about −20.47 mm/decade. At the annual scale, the
precipitation was decreasing, at a rate of −9.75 mm/year, across the entire plateau. The
annual average precipitation was significantly decreased at the Murree station, at a rate of
−210.62 mm/year. However, among three stations (Cherat, Rawalpindi, and Chakwal), the
highest rate of increasing trend (68.0 mm/year) was found at the Chakwal station. Figure 4
shows the trends in precipitation during four stages of wheat crop growth.
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Figure 4. Trends of precipitation during four different growth stages of wheat crop.

Figure 5a shows the spatial variability of the rate of change in annual average pre-
cipitation across the Pothwar region. During the baseline period, the annual precipitation
decreased over the northern and eastern parts of the plateau. However, the annual precipi-
tation increased over the central and western parts of the plateau. The spatial variability
of the rate of change of wheat-growing season (rabi) is shown in Figure 5b. The spatial
distribution of the rate of change of the rabi season precipitation showed a decreasing trend
of rabi season precipitation over the majority of the parts of the plateau, except over the
central parts, where precipitation was increased during the wheat-growing season.
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3.3. Changes in the Projected Precipitation across the Pothwar Plateau

Before analyzing the trends of projected precipitation for the future period (2021–2050),
the spatial variations of annual average precipitation under the SSP2-4.5 and SSP5-8.5
scenarios were analyzed. Under the SSP2-4.5 scenario, the annual average precipitation
was predicted to follow a pattern similar to the historical precipitation, ranging from
549 mm/year in the southern parts to 1531 mm/year in the northern areas. The expected
annual average precipitation under the SSP5-8.5 scenario ranged from 556 mm/year in the
middle and western parts to 1528 mm/year in the northeastern areas. Historical patterns
will persist in the regions with higher precipitation in both SSPs. In general, the average
annual precipitation was predicted to decline in the near future, as suggested by the
ensembled predictions of multiple models under SSP2-4.5 and SSP5-8.5 scenarios. Figure 6
displays the spatial variability maps of annual average precipitation under both SSPs.
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3.3.1. Trend Analysis of Projected Precipitation

Table 5 shows the results of predicted precipitation trends for the Pothwar Plateau
under SSP2-4.5 and SSP5-8.5 from 2021 to 2050, in four growth stages of wheat crop, the
rabi season, and the yearly scale. Under SSP2-4.5, all of the five GCMs projected a slightly
increasing trend of precipitation during the S-1; however, no trend was statistically signifi-
cant at a 5% significance level. The increasing rate varied between 0.01 and 3.6 mm/decade.
During S-2, four GCMs showed a decreasing tendency of precipitation, while one GCM
(ACESS-CM-2) showed an increasing potential for future precipitation. During S-3, three
GCMs (ACESS-CM-2, MRI-ESM2.0, and NESM-3) showed an increasing potential of pre-
cipitation, while two GCMs (EC-Earth3-cc and MPI-ESMI-2-LR) showed a decreasing trend
of precipitation during S-3. In the case of S-4, only one GCM (MRI-ESM2.0) exhibited
a decreasing potential of precipitation, whereas all other GCMs indicated an increasing
trend of precipitation. For the rabi season, three GCMs showed an increasing potential
for precipitation. The increasing rate of projected precipitation varied between 14.58 and
42.51 mm/decade. It is expected that the annual precipitation may increase across the
plateau, as indicated by the projected results of three GCMs. The annual precipitation
may increase at a rate of 14.58–49.28 mm per decade. Under the SSP2-4.5, no trend (either
increasing or decreasing) was statistically significant at 5% significance level. The results
of the multi-model ensemble (MME) show that the precipitation may increase in the first,
third, and fourth stages of wheat growth. Overall, an increase in the precipitation amount
is expected in the future rabi season, at a rate of 4.34 mm/decade. However, the annual
average precipitation may decline in the future at the rate of −16.26 mm/decade. The
trends of future precipitation during different growth stages are shown in Figure 7. These
trends were assessed using the multi-model ensembled data.
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Figure 7. Trends of projected precipitation (during 2021–2050) in four growth stages of wheat under
SSP2-4.5.
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Table 5. Future Changes in Precipitation under SSP Scenarios over the Pothwar Region.

GCM
Stage 1 Stage 2 Stage 3 Stage 4 Rabi Season Annual

Z Q Z Q Z Q Z Q Z Q Z Q

SSP2-4.5

ACCESS-CM-2 1.37 2.44 0.29 1.32 0.05 0.49 0.27 3.80 0.29 14.58 0.86 49.28
EC-Earth3-CC 0.36 0.15 −1.34 −4.68 −0.05 −0.48 0.18 0.88 −0.86 −48.02 −1.57 −104.59
MPI-ESMI-2-LR 0.29 0.01 −0.74 0.00 −0.48 −0.56 0.86 1.34 1.14 42.51 0.50 44.11
MRI-ESM2.0 1.64 3.60 −1.14 −4.04 1.50 11.29 −1.82 −15.11 −0.36 −11.14 −0.11 −17.44
NESM-3 0.34 0.03 −0.41 −0.03 0.37 2.07 0.09 0.01 0.57 22.24 −0.57 −54.49
MME 0.78 1.22 −0.66 −1.47 0.25 2.456 0.02 1.81 0.17 4.34 −0.16 −16.26

SSP5-8.5

ACCESS-CM-2 −0.86 −2.02 0.77 2.48 −0.11 −1.55 −1.77 −4.65 −1.68 −77.29 −0.61 −44.51
EC-Earth3-CC −1.68 −1.88 0.87 0.15 −0.91 −7.83 −0.93 −7.08 0.36 11.57 1.14 86.93
MPI-ESMI-2-LR −0.41 −0.01 0.52 0.00 −1.02 −4.46 1.15 3.62 0.25 4.74 0.00 −2.67
MRI-ESM2.0 −0.82 −1.05 0.36 0.97 0.89 8.09 −0.43 −4.09 −0.75 −15.31 −1.14 −90.10
NESM-3 1.15 0.00 0.59 1.16 1.11 6.68 −0.07 −0.01 0.36 18.07 0.61 55.36
MME −0.54 −1.10 0.64 0.93 0.08 0.29 −0.41 −2.44 0.29 2.64 −0.12 −2.20

Under the SSP5-8.5 scenario, four GCMs showed a decreasing trend of future precipi-
tation in S-1. The decreasing rate varied between −0.01 and −2.02 mm/decade. Stage-2
may experience a higher rate of precipitation in the future, as indicated by the projections of
all GCMs during S-2. For S-3, the projections of three GCMs showed an increasing trend of
precipitation in S-3. Projections of four GCMs showed a decreasing trend of precipitation in
S-4. The maximum decreasing trend (−7.08 mm/decade) was projected by EC-Earth3-CC.
In the case of the rabi season, three GCMs showed an increasing tendency of precipitation;
however, two GCMs showed a decreasing trend of future precipitation in the rabi season.
On the annual scale, three GCMs projected a decreasing tendency of precipitation. The
maximum decreasing rate (−90.10 mm/decade) was projected by MRI-ESM2.0. The results
of MME under SSP5-8.5 indicated a decreasing trend of annual precipitation at a rate of
−2.20 mm/decade, whereas an increase in the precipitation is expected in the future rabi
season at a rate of 2.64 mm/decade.

Figure 7 shows the trends of projected precipitation (from 2021 to 2050) in the plateau
during four different growth stages of wheat under SSP2-4.5 scenario. Based on the
multimodal projections of CMIP6, it is expected that the precipitation may increase in the
first, third, and fourth stages of wheat; however, precipitation may decrease in the second
growth stage. None of the trends in future precipitation were statistically significant. The
highest increasing trend (5.75 mm/decade) of precipitation was found in the fourth stage.
The decreasing rate of precipitation in the second stage was about −5.79 mm/decade.

Figure 8 displays the expected trends of future precipitation (for the period 2021–2050)
in the four growth stages of wheat under SSP5-8.5. Under this scenario, projections of the
multimodal ensembles showed that the magnitude of precipitation may decrease in the
first, third, and fourth stages of the crop. All of these trends non-significant. It is expected
that the precipitation amount may increase significantly, at the rate of 8.57 mm/decade, in
the second growth stage.
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Figure 8. Projected temporal variabilities of precipitation, during 2021–2050, in four growth stages of
wheat crop in the Pothwar Plateau under SSP5-8.5.

3.3.2. Relative Change in Projected Precipitation with Reference to the Baseline Period

Figure 9 displays the relative changes in projected precipitation (2021–2050) with
reference to the baseline period (1985–2014). It is expected that, under SSP2-4.5, the
Pothwar Plateau may receive less precipitation in future in all wheat crop growth stages.
The amount of total precipitation may also decrease in the entire rabi season and on the
annual scale as compared to the baseline period. The NESM-3 GCM showed the highest
decrease in the future precipitation. Under SSP2-4.5, the outputs of multimodal ensembles
showed that the expected decrease in the amount of precipitation during the entire rabi
season was about −8.12% as compared with the baseline period. The annual precipitation
in the future may decrease about −4.29%. In case of growth stages of wheat crop, the
expected decrease in the precipitation amount in the first stage was about −1.49%; in the
second stage, about −0.46%; in the third stage, about −1.81%; and in the fourth stage,
about −1.87%.

Under SSP5-8.5 scenario, it is expected that the predicted precipitation may also less
that in the baseline period in all growth stages, the entire growing (rabi) season, and on
the annual scale. Relative changes in the amount of precipitation during different stages,
the rabi season, and the annual scale (as projected by different GCMs and multimodal
ensemble) are shown in Figure 10. The projections of two GCMs (ACCESS-CM2 and
MRI-ESM2-0) showed less than 2% reduction in the projected precipitation on all temporal
scales. EC-EARTH3-CC showed a decreased precipitation at all temporal scales, with
the highest decrease during Stage-2 (−9.43% as compared with the baseline period). As
per predictions of MPI-ESM1-2LR, the precipitation may decrease significantly in Stage-
2 (−11.77%), during rabi season (−8.41%), and on the annual scale (−12.01%). As per
predictions of NESM-3, the precipitation may decrease significantly in the rabi season
(about −11.58%) and on the annual scale (−24.88%).
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Figure 9. Relative changes in projected precipitation (2021–2050) with reference to the baseline period
(1985–2014) under SSP2-4.5.
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Figure 10. Relative changes in projected precipitation with reference to the baseline period under
SSP5-8.5.

4. Discussion

The main challenge for rainfed agriculture in the Pothwar Plateau of Pakistan is
the irregular and unexpected distribution of precipitation, which has a significant effect
on the growth phases of wheat, namely emergence, tillering, jointing and booting, and
maturity. The uneven distribution of precipitation during these crucial growth stages
also makes it very difficult to sustain wheat yields. This study aimed to address these
challenges by conducting a comprehensive analysis of historical (1985–2014) and projected
(2021–2050) precipitation data, with a particular emphasis on the rabi season. In this study,
we comprehensively investigated the changes in the spatial and temporal patterns of
historical data and future predictions of precipitation, using outputs of five GCMs under
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two SSPs, during four growth stages of wheat crop. The results exhibited considerable
changes in precipitation patterns which can have a substantial effect on crop yield and
food security. The results are consistent with other prior studies emphasizing a decreasing
tendency of precipitation during wheat-growing season in many regions for agriculture.

The downward trend in annual and seasonal precipitation was highlighted by the
historical analysis, which covered the past three decades (from 1985 to 2014). The annual
average precipitation had a decreasing trend, at the rate of −9.75 mm/decade. This
finding is consistent with previous studies conducted in the same region, which also
documented a decrease in precipitation over the past few decades [34,35]. The observed
precipitation decline (−20.47 mm/decade) during the rabi season is especially concerning
because it occurred during the critical wheat growth season. This result is consistent with
findings from other wheat-growing regions that are undergoing climate change [36]. The
constant decrease in water availability highlights the need for adaptable solutions in wheat
agriculture to address this issue.

Changes in the spatiotemporal patterns of precipitation predicted by the two SSP
scenarios provide a complex picture. The total annual precipitation was projected to
decline significantly (at a rate of 16.63 mm/decade) under SSP2-4.5 for the future period
(2021–2050). On the other hand, future projections for the rabi season indicated a slight
increase in precipitation (4.03 mm/decade), which could provide some relief during the
wheat-growing season. Sustainable wheat production in this region may be challenging,
nevertheless, due to the likelihood of unequal distribution of precipitation across the four
growth stages. The localized climate impacts are complex, and this is seen by the pattern
of precipitation during the rabi season, which is in contradiction to the overall trend of
declining annual precipitation. This is consistent with the concerns presented in the sixth
assessment report of the International Panel on Climate Change’s (IPCC), which emphasizes
the possibility of greater precipitation unpredictability in climate change scenarios.

According to the SSP5-8.5 scenario, the average annual precipitation showed a slight
upward tendency (1.0 mm/decade), which could imply a less significant effect on the
overall availability of water. Nevertheless, the rabi season may still encounter a decline in
precipitation at a rate of 11.64 mm/decade. The presence of this mix of patterns highlights
the need for adaptable and responsive solutions for managing water, as there is still a poten-
tial threat to the precipitation during critical growth stages of wheat crop. It is possible that
the anticipated decline in precipitation, under SSP5-8.5, during the important emergence,
jointing and booting, and maturity stages (stages 1, 3, and 4) will have a substantial impact
on the growth of plants and the yield of wheat crop in the Pothwar Plateau.

The projections emphasize the necessity of implementing adaptation measures in
the Pothwar Plateau in Pakistan. Water-saving methods, effective irrigation systems, and
drought-resistant wheat cultivars may be vital in light of the possible decrease in future
precipitation during the critical growth stages. Mulching and conservation tillage, which
increase soil moisture retention, may also help lessen the negative effects of decreased
precipitation on the early growth stage.

The main contribution of this study is its comprehensive projections of the spatial
and temporal changes in precipitation across critical wheat growth stages. This will help
farmers and policymakers devise strategies to adapt to climate variability and ensure
sustainable wheat production in the region. Furthermore, the results of this study might be
useful for legislators and agricultural planners in order to create resilient farming methods.

5. Conclusions

This study examined the past (from 1985 to 2014) and predicted (for the period
2021–2050) the effects of climate change on the spatiotemporal patterns of precipitation
in the Pothwar Plateau, a major rainfed wheat-growing area in Pakistan. The changing
behavior of precipitation was predicted through the use of the bias-corrected outputs of
five GCMs (ACCESS-CM2, EC-EARTH3-CC, MPI-ESM1-2-LR, MRI-ESM2-0, and NESM-3)
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under two SSPs (SSP2-4.5 and SSP5-8.5). This study provides the following results by
assessing historical data (from 1985 to 2014) and future projections (from 2021 to 2050):

• Historically, the annual average precipitation across the Pothwar Plateau varied from
589 to 1682 mm (1985–2014). Future projections showed a decreased precipitation, with
expected ranges of 549–1531 mm under SSP2-4.5 and 556–1528 mm under SSP5-8.5.

• During the past three decades, the Pothwar Plateau has experienced a considerable
decline in annual average precipitation, at the rate of −9.75 mm/decade. The decline
was particularly significant during the wheat-growing (rabi) season, at a rate of
−20.47 mm/decade. These changes in the historical data highlight the need for
adaptive strategies to mitigate the effects of reduced precipitation on wheat production.

• During the baseline period, the precipitation amount in the first three growth stages
decreased at the rates of 2.28 mm/decade, 7.13 mm/decade, and 1.24 mm/decade,
respectively. However, the precipitation increased, at a rate of 14.68 mm/decade, in
the fourth stage. The assessment of stage-specific variation in precipitation is very
important for creating tailored interventions to help rainfed wheat growth during the
most susceptible stages.

• The future predictions under the SSP2-4.5 scenario showed a combination of different
patterns. Although the ACCESS-CM2 and MPI-ESM1-2-LR models indicated an in-
crease in yearly precipitation, the majority of other models exhibited a declining trend
in future precipitation. More precisely, the ensembled percentage for the rabi season
showed a decline of 4.29%, emphasizing the necessity for continuous monitoring and
adaptation measures.

• According to the SSP5-8.5 scenario, while two GCMs (EC-EARTH3-CC and NESM-3)
predicted a general increase in yearly precipitation, the combined predictions from
multiple models suggested a decrease of 4.28% in the rabi season. This shows that
the rabi season wheat crop may still have water shortages despite increased annual
precipitation, stressing the necessity for effective water management.

Wheat production in the Pothwar Plateau is at serious risk due to the decrease in
precipitation as a consequence of climate change that has been observed during critical
growth stages and the entire wheat-growing season (rabi). Farmers of this region are rec-
ommended to implement water-conservation methods, such as utilizing efficient irrigation
systems and cultivating drought-tolerant crop varieties, in order to ensure sustainable
wheat production. In addition, implementing better techniques to retain soil moisture will
be crucial in reducing the impacts of less precipitation.

Policymakers should utilize these results to develop inclusive water management
plans that tackle the expected fluctuations in precipitation. To support the agricultural sec-
tor, investments in early warning systems, sophisticated weather forecasting technologies,
and water storage and distribution infrastructure are required. Policies should additionally
encourage research and development in enhancing the ability of crops to withstand stress
and in implementing agricultural techniques that can be maintained over the long term.

It is important to mention the limitations of this study. Firstly, this study used GCM
projections, which may introduce climate modeling uncertainty. Utilizing projections
of GCMs involves making certain assumptions and simplifications that can potentially
impact the precision of future climate projections. Furthermore, regional climate models
(RCMs), which could offer finer-scale projections specific to regional features and enhance
the resolution of climate data, were not included in this study.

Future research could be enhanced by implementing several modifications to increase
the robustness and application of findings. Integrating RCMs with GCMs would offer a
more comprehensive and specific understanding of climate projections. This is especially
crucial for areas such as the Pothwar Plateau, which has intricate topography and diverse
microclimates. In addition, incorporating a wider array of Shared Socioeconomic Pathways
(SSPs) in the analysis would encompass a more extensive range of future socio-economic
circumstances and their possible effects on agricultural practices and adaptation techniques.
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Despite some limitations, this study offers specific insights into precipitation variability
and its effects on rainfed wheat crop water availability during the critical growth stages,
which makes a significant contribution to the broader fields of agricultural water research
and climate change studies. The methodology and results can be used as a framework
for comparable studies in rainfed agricultural regions across the world. This research
underscores the need of analyzing precipitation patterns at various stages, emphasizing
the necessity of conducting thorough evaluations of climate impacts to guide adaptive
agricultural practices and policy.
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