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Abstract: The Potwar Plateau region (PPR) is one of the most climate-sensitive areas of Pakistan,
where variability in temperature and precipitation poses significant challenges to water resources
and rain-fed agriculture. This study examined long-term trends and variability in annual mean
temperature (Tmean) and total precipitation (PPT) over a 41-year period (1982-2022) using data
from six meteorological stations. Data homogeneity was assessed using RHtestsV3, with log-
transformed precipitation data to ensure consistency and reliability. Trend detection was performed
using the nonparametric Mann—Kendall test and Sen’s slope estimator, while spatial patterns were
analyzed through ordinary kriging in ArcGIS. Hydroclimatic variability and dry-wet conditions were
further evaluated using the Standardized Precipitation Anomaly (SPA) index. The results revealed
pronounced seasonal temperature variability, with January minima ranging from 5.57 °C (Chakwal)
to 12.45 °C (Jhelum), and June maxima ranging from 30.09 °C (Murree) to 35.2 °C (Jhelum).
However, long-term temperature trends remained weak and statistically insignificant, as indicated
by Attock (B =—0.016 °C/year, p = 0.221). In contrast, precipitation exhibited substantial spatial and
temporal variability, with annual totals ranging from approximately 200 to over 3300 mm; July was
consistently identified as the wettest month across all stations. A statistically significant increasing
trend in precipitation was observed at Attock (f = 15.688 mm/year, p = 0.003), while other stations
showed nonsignificant positive trends. SPA analysis indicated alternating phases of near-normal,
mildly dry, and wet conditions, with a prolonged period of mild dryness from the mid-1990s to around
2015, followed by a short but intense wet phase during 2018—-2021. Negative anomalies generally


mailto:wangqixiang@sxu.edu.cn

629

remain within moderate ranges and do not indicate severe drought conditions. Overall, the findings
highlight increasing hydroclimatic variability rather than a consistent long-term trend, emphasizing
growing uncertainty in precipitation patterns. These results underscore the need for improved climate
monitoring, adaptive water resource management, and region-specific resilience strategies in the
Potwar Plateau region.

Keywords: climate change; temperature trends; precipitation extremes; Mann-Kendall test; Potwar
plateau

1. Introduction

Climate change is increasingly recognized as one of the most significant global challenges of the
21st century, with profound implications for ecological systems, water resources, and socioeconomic
development [1,2]. According to the Intergovernmental Panel on Climate Change (IPCC), the global
mean surface temperature increased by approximately 0.85 °C between 1880 and 2012, primarily due
to anthropogenic greenhouse gas emissions (IPCC, 2014) [3]. Although extreme weather events such
as floods, droughts, and heatwaves are statistically infrequent, their frequency, intensity, and
persistence have risen in recent decades, exerting disproportionate impacts on both human and natural
systems [4,5]. These extremes threaten environmental stability, water and food security, public health,
and infrastructure, particularly in developing countries with limited adaptive capacity. Precipitation
and temperature extremes are critical indicators of climate variability and serve as early warnings of
longer-term climate shifts [6,7].

The IPCC projects an increase in the occurrence and severity of climate extremes across all regions,
with particularly serious implications for low- and middle-income countries (IPCC, 2021). South Asia,
with its complex monsoon systems and densely populated river basins, is highly vulnerable [5].
Fluctuations in rainfall patterns, coupled with rising temperatures, have already begun to disrupt water
availability, agricultural productivity, and disaster preparedness across the region. Pakistan exemplifies
this vulnerability [8,9]. Positioned at the intersection of the South Asian monsoon and western weather
systems, the country is increasingly exposed to climate-induced hazards such as prolonged droughts,
record-breaking heatwaves, and catastrophic floods [8,10]. The 2010 floods, which inundated
approximately 20% of Pakistan’s land area and displaced nearly 20 million people, resulted in damages
estimated at USD 10 billion, primarily in the agricultural sector [11,12]. In addition to flooding,
Pakistan has experienced severe temperature-related extremes, including prolonged heatwaves and
drought episodes, which have intensified water scarcity and agricultural stress, particularly in semi-
arid regions [13]. Between 1999 and 2018, Pakistan consistently ranked among the top five countries
most affected by climate change, highlighting the urgent need for localized climate assessments to
inform resilience strategies [12,14].

Despite increasing research on climate change in Pakistan, much of it remains concentrated at
national or provincial scales, leaving mesoscale and ecologically sensitive regions under-examined.
One such region is the Potwar Plateau in northern Pakistan [15,16]. This transitional zone between the
Himalayan foothills and the arid plains of Punjab is characterized by complex topography, semi-arid
conditions, and dual influences from both the southwest monsoon and western disturbances [17,18]. The
region exhibits pronounced spatial variability in temperature and precipitation due to elevation gradients,
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with high-altitude areas such as Murree experiencing cooler temperatures and higher precipitation, while
lowland areas such as Attock and Chakwal are comparatively warmer and drier [19]. This heterogeneity
makes the Potwar Plateau a critical natural laboratory for understanding localized climate responses to
global warming [20]. The Plateau plays a crucial role in the Upper Indus River system and supports a
mix of rain-fed agriculture, dryland farming, and small-scale irrigation. However, recent climate
variability has posed significant risks to water availability, soil moisture retention, and food production
in the region [1,2].

Historically, the region and its surroundings have been affected by multiple climate-related
disasters, highlighting their vulnerability. For instance, major flood events in 1950, 1973, 1992, 1998,
2010, and 2022 caused widespread damage, with affected populations reaching millions, and economic
losses exceeding USD 1 billion. Similarly, extreme climatic variability has contributed to drought
conditions and thermal stress in recent decades, exacerbating hydrological instability [21-23]. These
recurring hazards underscore the sensitivity of the region to both precipitation variability and
temperature fluctuations. While national studies highlight rising aridity and shifting precipitation
patterns, localized assessments in Potwar remain scarce, undermining policymakers’ and communities’
ability to implement effective adaptation strategies [24,25].

This study addresses that gap by analyzing long-term trends (1982-2022) in temperature and
precipitation variability across the Potwar Plateau using high-resolution climate data. The specific
objectives are to (i) quantify temporal trends in temperature and rainfall, (ii) evaluate seasonal and
annual variability, and (iii) identify emerging risks to water security and agricultural resilience. The
findings provide crucial insights into the evolving hydro-meteorological behavior of the Potwar
Plateau and serve as a baseline for engineers, water managers, and policymakers in designing climate-
resilient infrastructure, irrigation systems, and conservation strategies. By linking localized climate
variability with documented disaster impacts, this study strengthens the understanding of how regional
climate behavior contributes to broader climate risk patterns under global warming.

2. Materials and methods
2.1. Study area

The Potwar Plateau is located in northern Pakistan between latitudes 32°30'N and 34°00'N and
longitudes 71°45'E and 73°45'E (Figure 1). It is geographically bounded by the Indus River to the west
and the Jhelum River to the east, forming a transitional zone between the Himalayan foothills and the
Punjab plains [26]. The landscape consists of undulating hills, valleys, and ridges, with elevations
ranging from 300 to 1000 meters above sea level. The region features a semi-arid climate with
subtropical highland influences, governed by both the southwest monsoon and western disturbances.
Summer temperatures (May—September) typically range from 30 to over 40 °C, while winter
temperatures (December—February) drop to between 4 and 10 °C [27]. Annual precipitation ranges
from 500 to 1500 mm, with most rainfall concentrated during the monsoon season (July—September).
Recent climatic shifts, including increased frequency of extreme temperatures and uneven rainfall
distribution, have had significant effects on agriculture, water availability, and biodiversity [7,28].

To assess climatic variability across this heterogeneous landscape, six key meteorological stations
(Attock, Chakwal, Jhelum, Islamabad, Murree, and Rawalpindi) have been utilized [29]. These stations
provide long-term data on temperature and precipitation, enabling localized trend analysis [30]. Murree
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represents high-altitude climatic conditions; Chakwal and Attock reflect semi-arid agricultural zones;
Islamabad and Rawalpindi offer insights into urban climate dynamics; and Jhelum captures the eastern
riverine environment [31]. Physiographically, the Plateau’s loamy soils support dryland and rain-fed
agriculture, primarily wheat, barley, and orchard crops [32]. The region is also rich in natural resources
such as limestone, coal, and rock salt. Surrounding features, including the Margalla Hills and
Himalayan foothills to the north, the Salt Range to the south, and major river systems on both flanks,
significantly influence the region’s climate, hydrology, and land-use patterns [30]. These
characteristics make the Potwar Plateau a strategically important but underexplored region for studying
long-term hydroclimatic trends in Pakistan [33,34].
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Figure 1. Study area map of the Potwar Plateau, Pakistan, illustrating its geographical
location within the country and Punjab province. The map highlights the spatial
distribution of six meteorological stations (Attock, Chakwal, Jhelum, Islamabad, Murree,
and Rawalpindi) used in this study. Elevation variations across the plateau are also depicted,
emphasizing the region’s complex topography and its influence on local climate patterns.

2.2. Data

Monthly mean air temperature and total precipitation data for the Potwar Plateau region over 41
years (1982-2022) may be obtained from global data repositories such as the National Oceanic and
Atmospheric Administration (NOAA), particularly through datasets like NOAAGlobalTemp
(available at https://www.ncei.noaa.gov/products/land-based-station/noaa-global-temp).  These
datasets provide reliable, standardized climate records that can support comprehensive analyses of
temperature and precipitation variability in the study area. Detailed information on these stations,
including their geographic coordinates, elevation, and climatic characteristics, is presented in Figure 1
and Table 1. Station selection was based on their spatial distribution across the plateau and the
availability of consistent, long-term datasets suitable for climate trend analysis [35]. To facilitate
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temporal assessment, monthly precipitation values were aggregated to generate annual totals, while
monthly temperature values were averaged to compute annual mean temperatures [36]. The primary
focus of the analysis was to identify long-term trends in temperature and precipitation at each station.
Additionally, interstation comparisons were conducted, particularly for precipitation data, to explore
spatial variability and regional coherence across the plateau [37].

Table 1. List of meteorological stations in the Potwar Plateau region, northern Pakistan.
Geographical coordinates (longitude and latitude), altitude, and data type [temperature
(Tem) and precipitation (Preci)] are provided. All stations were used for the analysis of
climate variability and extremes in the study area.

Station name Longitude (°E) Latitude (°N) Altitude (m) Data type

Attock Station 72.3667 33.9167 212 m Tem, Preci
Chakwal Station 72.8500 32.9333 508 m Tem, Preci
ISB Station 73.0479 33.6844 507 m Tem, Preci
Jhelum Station 73.7333 32.9500 247 m Tem, Preci
Murree Station 73.3908 33.9025 2,291m Tem, Preci
RWP Station 73.0748 33.6259 518 m Tem, Preci

2.3. Methods

To evaluate long-term climate variability across the Potwar Plateau region (PPR) from 1982 to 2022,
both monotonic and abrupt (step) trends were analyzed. Monotonic trends, indicating consistent
increases or decreases over time, were assessed using the Mann—Kendall test, a nonparametric method
robust to non-normal distributions and missing values [38]. The magnitude of trends was estimated using
Sen’s slope estimator, which is resistant to the influence of outliers. To account for serial correlation in
the time series, we applied the iterative pre-whitening procedure proposed by before conducting the trend
analysis. All statistical analyses were performed in R [39] using the trend, Kendall, and Zyp
packages. This nonparametric test compares the distributions of two groups (pre- and post-change point)
without assuming normality. Homogeneity testing was conducted using the RHtestsV3 software, with
log-transformed precipitation data to improve statistical robustness [40,41].

To assess field significance, i.e., whether observed local trends are regionally coherent, we
employed a Monte Carlo simulation approach. For each climate variable, 1000 simulations were
conducted. In each iteration, the time series at each spatial grid point was randomly permuted while
preserving the spatial structure of the dataset [42]. Mann—Kendall Z-statistics were recalculated for
each permutation. If the proportion of grid points with statistically significant trends (p < 0.05) in the
observed data exceeded the 95th percentile of the simulated distribution, the trend was considered
field-significant. Spatial patterns of climate trends were visualized using ordinary Kriging
interpolation, implemented in both ArcGIS Pro and the gstat package in R [43]. This geo-statistical
method accounts for both spatial proximity and autocorrelation, enabling the generation of continuous
trend surfaces for temperature and precipitation across the PPR [44].
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3. Results
3.1. Spatio-temporal patterns of air temperature in the Potwar Plateau region, Pakistan

The long-term dynamics of air temperature across the Potwar Plateau were examined using
observations from six meteorological stations, with the analysis standardized over the common period
of 19822022 to ensure consistency and comparability among sites [29]. Although minor differences
existed in data availability, rigorous data quality control and completeness checks were performed
before analysis, thereby ensuring the reliability of the results [45]. The assessment was conducted at
both temporal (monthly and annual) and spatial scales, enabling a comprehensive evaluation of
temperature variability across the region [46]. Figure 2 illustrates the distribution of monthly average
temperatures, highlighting clear spatial contrasts that are largely influenced by elevation and
geographic setting.
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Figure 2. Monthly average temperatures for six stations in the Potwar Plateau (1982-2022).
Temperatures rise from winter to a peak in June—July and decline toward December.
Murree remains cooler due to its higher elevation, while other stations show similar
seasonal patterns.

The results indicate that Jhelum consistently records the highest mean monthly temperatures, with
a pronounced peak in June (35.2 + 0.8 °C), which can be attributed to its low elevation (233 m above
sea level) and inland location that favors heat accumulation [47]. A similar seasonal pattern is observed
at other stations, where maximum temperatures also occur in June, including Attock (34.8 °C),
Chakwal (34.7 °C), and Islamabad and Rawalpindi (33.8 °C), reflecting the regional influence of
continental heating during the pre-monsoon period [48]. In contrast, Murree, located at a substantially
higher elevation (2291 m), exhibits significantly lower temperatures, with a June average of 30.1 °C,
thereby demonstrating the strong moderating effect of altitude. Seasonal variability is comparatively
reduced during the winter months, particularly January and December, when temperatures reach their
annual minima; notably, Murree records the lowest January average (8.2 °C), whereas the remaining
stations range between 10.8 °C and 12.5 °C [49]. These patterns collectively underscore the dominant
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role of elevation, continentality, and seasonal atmospheric processes in shaping the temperature regime

of the Potwar Plateau [50].

3.2. Descriptive statistics and temperature seasonal variability across the Potwar Plateau

Table 2. Monthly minimum, mean, and maximum temperature (°C), along with standard
deviation, for six meteorological stations in the Potwar Plateau (1982-2022). The data
highlight clear seasonal patterns, with the lowest temperatures in winter (January) and the
highest values in summer (June—July). Standard deviation values indicate increased
variability during the pre-monsoon period, particularly in May, across all stations.

Station name Month Minimum Maximum Mean Std. deviation
Attock January 9.000 13.890 11.501 1.206
February 10.370 17.480 13.665 1.631
March 14.470 24.060 18.710 2.049
April 20.590 28.810 24.732 1.898
May 26.370 34.870 30.760 2.238
June 29.350 37.320 34.812 1.493
July 29.690 37.100 33.699 1.643
August 28.850 34.570 31.522 1.617
September 26.860 32.500 29.229 1.413
October 22.550 26.250 24.322 1.043
November 15.580 20.230 18.531 1.073
December 11.590 17.230 13.748 1.326
Chakwal January 5.570 10.660 8.208 1.259
February 6.990 14.150 10.063 1.660
March 11.020 19.780 14.809 1.951
April 16.410 24.290 20.501 1.894
May 21.740 30.730 26.336 2.253
June 25.200 32.470 30.088 1.408
July 25.610 32.080 28.605 1.466
August 24.690 29.370 26.525 1.323
September 21.960 27.260 24.503 1.247
October 18.460 22.480 19.976 1.084
November 12.180 16.560 14.718 1.022
December 8.340 14.170 10.491 1.369
Islamabad January 8.620 13.230 10.803 1.197
February 9.800 16.910 12.995 1.574
March 13.880 22.870 17.920 1.993
April 19.610 28.260 23.933 2.065
May 24.610 34.350 30.156 2.377
June 28.080 35.970 33.832 1.555
July 28.660 35.860 32.030 1.613
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Month Minimum Maximum Mean Std. deviation
August 27.610 32.950 29.757 1.489
September 25.080 30.870 27.619 1.538
October 21.090 25.730 22.910 1.245
November 14.810 19.420 17.391 1.094
December 10.890 16.480 12.969 1.312
Jhelum January 10.300 14.600 12.471 1.108
February 11.480 19.090 14.828 1.572
March 15.550 24.590 19.958 2.042
April 21.510 29.980 26.051 2.053
May 26.190 35.550 32.114 2.177
June 30.030 36.960 35.197 1.418
July 29.750 36.650 33.121 1.552
August 28.620 34.900 30.902 1.436
September 26.640 32.300 28.986 1.411
October 22.870 27.230 24.537 1.090
November 17.050 20.900 19.186 0.998
December 12.450 17.910 14.662 1.232
Murree January 5.570 10.660 8.208 1.259
February 6.990 14.150 10.063 1.660
March 11.020 19.780 14.809 1.951
April 16.410 24.290 20.501 1.894
May 21.740 30.730 26.336 2.253
June 25.200 32.470 30.088 1.408
July 25.610 32.080 28.605 1.466
August 24.690 29.370 26.525 1.323
September 21.960 27.260 24.503 1.247
October 18.460 22.480 19.976 1.084
November 12.180 16.560 14.718 1.022
December 8.340 14.170 10.491 1.369
Rawalpindi January 8.620 13.230 10.803 1.197
February 9.800 16.910 12.995 1.574
March 13.880 22.870 17.920 1.993
April 19.610 28.260 23.933 2.065
May 24.610 34.350 30.156 2.377
June 28.080 35.970 33.832 1.555
July 28.660 35.860 32.030 1.613
August 27.610 32.950 29.757 1.489
September 25.080 30.870 27.619 1.538
October 21.090 25.730 22.910 1.245
November 14.810 19.420 17.391 1.094
December 10.890 16.480 12.969 1.312
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A comprehensive summary of the minimum, mean, and maximum monthly temperatures, along
with their corresponding standard deviations for six meteorological stations in the Potwar Plateau from
1982 to 2022, is presented in Table 2, providing insight into both seasonal patterns and regional
variability [51]. The results indicate a well-defined seasonal cycle, with January consistently recording
the lowest minimum temperatures, reflecting the peak of winter conditions; for instance, Chakwal and
Murree both report minima of 5.57 °C, whereas Attock exhibits relatively warmer conditions at 9.0 °C,
likely due to its lower elevation and geographic setting [46]. In contrast, the summer months (June—
July) represent the warmest period, with Jhelum recording the highest mean temperature in June
(35.2 °C), which can be attributed to its low elevation (233 m) and inland location that enhances heat
accumulation [52]. Similarly, maximum temperatures peak during June across most stations, including
Attock (37.32 °C) and Islamabad and Rawalpindi (35.97 °C), while Murree records comparatively
lower maxima (30.09 °C), reflecting the moderating influence of higher elevation [53].

In addition to seasonal contrasts, the analysis highlights notable intra-annual temperature variability,
as indicated by standard deviation values, which are consistently highest during the pre-monsoon month
of May across all stations [31]. For example, Islamabad and Rawalpindi exhibit the greatest variability
(2.377 °C), whereas Chakwal and Murree show similarly elevated fluctuations (2.25 °C), suggesting
enhanced atmospheric instability and transitional climatic conditions during this period. This increased
variability likely results from the interaction of continental heating, pre-monsoonal convection, and
shifting synoptic systems, which contribute to greater temperature fluctuations before the onset of the
monsoon [54]. These findings reflect the characteristics of a continental climate regime in northern
Pakistan, marked by hot summers, cool winters, and pronounced seasonal and diurnal variability, and
they underscore the importance of temperature dynamics for agricultural productivity, water resource
management, and climate adaptation planning in the Potwar Plateau [55].

3.3. Annual mean temperature trends and variability in the Potwar Plateau region

The linear regression trends of mean annual temperatures from 1982 to 2022 across six
meteorological stations (Attock, Chakwal, Islamabad, Jhelum, Murree, and Rawalpindi) are presented
in Figure 3, capturing both the magnitude of interannual variability and the direction of long-term
temperature changes in the Potwar Plateau [56]. Although considerable year-to-year fluctuations are
evident in the temperature records, linear regression was applied to quantify potential long-term trends;
however, the results consistently indicate only marginal declining tendencies at all stations, none of
which attain statistical significance [57]. This is clearly reflected in the very low coefficients of
determination (R? values ranging from 0.0016 to 0.0453), suggesting that the temporal component
explains only a minimal fraction of the observed variability [58]. For instance, Attock exhibits the most
pronounced decline with a regression slope of —0.016 °C year (R* = 0.0453), while Chakwal and
Murree both show very slight decreases of —0.0029 °C year! (R* = 0.0016). Similarly, Islamabad
records a modest negative trend (—0.0071 °C year !, R2=0.0077), whereas Rawalpindi follows a nearly
identical pattern, and Jhelum shows the weakest decline (—0.0013 °C year™', R? = 0.004), collectively
demonstrating a consistent but weak downward tendency across the region [59].
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Figure 3. Annual mean temperature variations for six meteorological stations (Attock,
Chakwal, Jhelum, Islamabad, Murree, and Rawalpindi) in the Potwar Plateau region from
1982 to 2022. Linear regression lines show slight declining trends at all stations with very
low R? values, indicating weak relationships. Overall, the figure reflects notable
interannual variability and no statistically significant long-term temperature trends across

the study area.
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These results strongly suggest that there is no statistically meaningful linear trend in annual mean
temperatures at any of the stations over the 41-year study period, despite the presence of observable
interannual fluctuations [58]. The persistently low R? values indicate that a substantial proportion of
temperature variability remains unexplained by time alone, thereby implying that other controlling
factors such as natural climate variability, local topographic influences, and potential urban heat island
effects in rapidly urbanizing areas like Islamabad and Rawalpindi likely play a more dominant role in
shaping the observed temperature patterns [60]. Furthermore, the uniformity of weak and
nonsignificant trends across all stations suggests that regional-scale warming or cooling signals are
either absent or too subtle to be captured through simple linear regression techniques [61].
Consequently, these findings highlight the need for more robust analytical approaches, including
nonparametric trend detection methods (e.g., Mann—Kendall and Sen’s slope) and seasonally
disaggregated analyses, which may provide deeper insights into underlying climatic changes and help
identify subtle shifts that are otherwise masked within annual aggregates [62].

3.4. Sen'’s slope (p) and Mann—Kendall (p) trend analysis of annual mean temperature in the Potwar
Plateau

Table 3. Magnitude of trends (Sen’s slope, ) and Mann—Kendall (MK) test results (p-
values) for annual mean temperature. Results are presented for all meteorological stations
in the Potwar Plateau region. Analysis covers the period from 1982 to 2022.

Annual temperature

Station name Sen’s slope (B) MK test (p)
Attock -0.019 0.221
Chakwal —0.004 0.857
ISB —-0.010 0.515
Jhelum —0.003 0.805
Murree —0.004 0.857
RWP —0.032 1.000

Sen’s slope (B) and the corresponding Mann—Kendall (MK) p-values, which indicate the
direction, magnitude, and statistical significance of annual mean temperature trends from 1982 to
2022 across six meteorological stations in the Potwar Plateau region, are presented in Table 3. All
stations exhibit negative Sen’s slope values, suggesting slight downward trends; however, none were
statistically significant at the 95% confidence level (p > 0.05) [63]. Attock station showed the
steepest decline (B =—0.019 °C year, p = 0.221), while Rawalpindi also exhibited a modest negative
trend (B = —0.032 °C year), though its MK p-value of 1.000 indicates no statistical significance.
Similarly, Chakwal (B =-0.004, p=0.857), Murree (f =—0.004, p=0.857), and Jhelum ( = —0.003,
p = 0.805) displayed minimal decreases, lacking any statistical support [64]. [slamabad’s trend (f =
—0.010 °C year, p = 0.515) was likewise nonsignificant. Overall, the analysis indicates no significant
long-term warming or cooling trends in annual mean temperatures across the region. The weak trends
and low significance levels suggest that observed interannual variations may be due to short-term
fluctuations or inherent climate variability rather than persistent directional changes [65]. These
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findings underscore the need for seasonal or extreme-value analyses to capture subtler climate
dynamics potentially obscured in annual aggregates.

3.5. Spatial distribution and elevation-controlled variability of annual mean temperature in the
Potwar Plateau

The spatial distribution of mean annual temperatures across the Potwar Plateau from 1982 to 2022
consistently reflects a clear elevation-driven gradient, with cooler temperatures prevailing at higher
altitudes. Specifically, the northeastern high-elevation region, including Murree station, consistently
recorded the lowest mean temperatures, while the southwestern lowland stations, such as Attock and
Chakwal, exhibited relatively higher annual averages [66]. This pattern remained stable throughout the
study period, as illustrated by decadal analyses (Figure 4a—d) and corroborated by preliminary 2022
observations (Figure 4e). Long-term trend analyses using linear regression (Figure 3) revealed
marginal declines in mean annual temperatures at all six meteorological stations, with slopes ranging
from —0.0029 to —0.016 °C/year; however, these trends were not statistically significant, as evidenced
by low coefficients of determination (R? values between 0.0016 and 0.0453) [67].

Similarly, nonparametric Sen’s slope estimates (Table 3) confirmed slight negative trends across
all stations (B values from —0.003 to —0.032 °C/year), none reaching significance at the 95%
confidence level (p > 0.05). For example, Attock exhibited the steepest, yet nonsignificant, decline
(B=-0.019 °Cl/year, p = 0.221), while Rawalpindi showed a minimal trend with a nonsignificant p-
value of 1.000. These results indicate that, despite subtle downward tendencies in annual mean
temperatures, no statistically meaningful long-term warming or cooling trends exist across the
Potwar Plateau during these 41 years [68,69]. The persistent temperature elevation gradient
(Pearson’s r = —0.87, p < 0.01) highlights topography as the dominant factor shaping spatial
temperature patterns, while the weak temporal trends and low significance levels suggest that
interannual variability and local factors, such as microclimate effects and land-use changes, may
largely drive observed fluctuations [70]. Future investigations employing seasonal or extreme-event
analyses may better elucidate finer-scale climatic changes potentially masked in annual mean values.

AIMS Geosciences Volume 12, Issue 3, 628-663.



640

L T AT

e e e,
' £
HEO) (8) £
3 N 4 H N H
@ @
s §
H 't £ :
A B s | © # & Wetversains
C5 otwas it C3 Toimar P
Tl 1_1992
o
o s
[T
[Tt RIT
o0 ms-2031
v w  a w w Cew W W 6 vann
o e ——— 6 ui-nn
L R L e e e
e mrE o
s ey e
¢ £
’ .
O 3 1 5
3 AR N F
2 2

oy Weather stva,

€73 rorwar tesn
Tan
[ RILA

O sy
08 .

L6
6w
" 10

L) 2
Cwy W W W 0 2s-nm
———— e St
, . . 96 15
i kT e

T wer T

e WL AL L L L

/o, Weather entons

(B Potvar Blteun

Tam

o}

[ QIR
o 22-nn
98 s

e — e
s 0L TIE T 04T

Figure 4. Spatial distribution of mean annual temperature across the Potwar Plateau, Pakistan,
for multiple periods: (a) 1982—1992, (b) 1992-2002, (c) 2002-2012, (d) 20122022, (e) 2022
onward, and (f) 1998-2022. Cooler conditions persist in the northeastern highlands (Murree),
while warmer temperatures dominate the southwestern lowlands (Attock and Chakwal).
Meteorological stations (Attock, Chakwal, Islamabad, Jhelum, Murree, and Rawalpindi) are
shown, highlighting a stable elevation-driven temperature pattern.
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4. Comprehensive analysis of precipitation variability and trends in the Potwar Plateau

Precipitation is a key climatic parameter influencing hydrological processes, agricultural systems,
and climate variability across the Potwar Plateau. Similar to temperature, precipitation exhibits notable
spatial and temporal variability due to the combined effects of regional atmospheric circulation and
local topographic controls [71]. To ensure consistency with the temperature analysis, precipitation was
evaluated at monthly, annual, and spatial scales using descriptive statistics, linear regression, Sen’s
slope estimator, and the Mann—Kendall test for trend detection over the period 1982-2022 [72]. The
analysis focuses on six meteorological stations (Attock, Chakwal, Islamabad, Jhelum, Murree, and
Rawalpindi) to assess seasonal patterns, interannual variability, and long-term trends. Monthly
analysis captures the dominant monsoonal precipitation regime, while annual and trend-based analyses
provide insights into variability and directional changes. In addition, standardized precipitation
anomalies (SPA) were used to identify drought and wet periods, and spatial interpolation techniques
were applied to examine the geographical distribution of precipitation across the plateau [73]. This
approach ensures methodological consistency with the temperature analysis and enables a
comprehensive evaluation of precipitation dynamics in the region. The results highlight the influence
of monsoon systems, western disturbances, and elevation gradients, while also capturing variability
and emerging changes in precipitation behavior [74,75]. Such integrated analysis is essential for
understanding hydroclimatic conditions and supporting water resource management and climate
adaptation strategies in the Potwar Plateau.

4.1. Seasonal characteristics and precipitation monthly variability in the Potwar Plateau

Monthly average precipitation across the Potwar Plateau from 1982 to 2022 exhibits a distinct
seasonal pattern, characterized by peak rainfall during the summer monsoon months (July—August), as
shown in Figure 5. Among all stations, Jhelum recorded the highest average July precipitation (204.74
mm), followed by Islamabad and Rawalpindi (202.76 mm), Chakwal (188.05 mm), Murree (185.00
mm), and Attock (120.08 mm) [76]. This peak is attributed to the southwest monsoon system, which
dominates the regional rainfall regime. In contrast, the lowest monthly precipitation totals were
observed during the winter and post-monsoon months (October and December), with values generally
below 20 mm across all stations [77]. The precipitation pattern was broadly consistent among stations,
except during July and August, when Jhelum consistently received markedly higher rainfall, likely due
to localized orographic enhancement and convective storm activity. The pronounced summer rainfall
concentration reflects the influence of a monsoonal climate, rather than a maritime regime, with over
60% of annual precipitation occurring between June and September [78]. These findings align with
previous hydro-meteorological studies in the region and underscore the vulnerability of the Potwar
Plateau to seasonal flooding, particularly under intensifying monsoon extremes. Further analysis
incorporating trend detection techniques and event-based precipitation indices may provide deeper
insights into long-term variability and its implications for water resource management and flood risk
in the region [79].
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Figure S. Average monthly precipitation at six meteorological stations (Jhelum, Islamabad,
Rawalpindi, Chakwal, Murree, and Attock) in the Potwar Plateau region. Precipitation
exhibits strong seasonal variability, with peaks during the monsoon months and lower
values in winter. Murree generally records higher precipitation due to elevation, while
other stations show relatively similar patterns.

4.2. Descriptive statistics and spatio-temporal precipitation variability in the Potwar Plateau

The minimum, mean, and maximum annual precipitation values, along with standard deviations,
for six meteorological stations across the Potwar Plateau from 1982 to 2022 are presented in Table 4.
Substantial interannual and monthly variability is evident, particularly during the summer monsoon
season [80]. The highest monthly rainfall occurred in June, while July recorded the highest mean.
Annual precipitation ranged from 200.39 to 3301.17 mm, with a mean of 697.15 mm. Chakwal
exhibited a similar pattern, with June and July being the wettest months; notably, July recorded both
the highest mean and minimum monthly rainfall. The annual average was 753.83 mm, with a range of
195.12 to 2863.48 mm [81]. In Islamabad, monsoon months (June, July, and August) dominated
precipitation totals. July had the highest average, while August registered the highest minimum.
Annual precipitation ranged from 226.76 to 3791.60 mm, with a mean of 905.79 mm. A nearly
identical pattern was observed in Rawalpindi, likely due to the stations’ close geographic proximity
and shared climatic regime . At Jhelum, July emerged as the peak rainfall month, recording both the
highest maximum and minimum values. The annual mean was 799.32 mm, with totals ranging from
205.66 to 2167.38 mm.
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Table 4. Monthly minimum, maximum, and mean precipitation (mm), along with standard

deviation, for all meteorological stations in the Potwar Plateau region. The data covers the
period from 1982 to 2022.

Station name Month Minimum Maximum Mean Std. deviation
Attock January 0.000 171.840 34.802 39.003
February 0.000 406.050 78.429 79.992
March 0.000 485.160 82.657 79.881
April 5.270 247.850 59.474 56.102
May 0.000 453.520 38.627 70.425
June 0.000 643.360 47.864 100.092
July 5.270 421.640 120.836 103.057
August 5.270 379.690 111.563 73.209
September 0.000 199.990 49.317 45.297
October 0.000 180.870 25.929 37.106
November 0.000 116.020 20.009 27.814
December 0.000 188.730 27.641 40.041
Chakwal January 0.000 153.010 30.613 30.558
February 0.000 427.150 62.888 84.791
March 0.000 379.690 61.664 68.152
April 0.000 195.120 42.571 43.586
May 0.000 406.050 30.835 64.096
June 0.000 748.830 63.540 117.286
July 26.370 570.630 188.052 103.498
August 21.090 363.870 154.990 77.612
September 0.000 288.710 69.970 60.256
October 0.000 115.550 18.171 21.584
November 0.000 72.220 10.256 15.112
December 0.000 79.100 20.279 23.210
Islamabad January 0.000 174.720 37.960 37.672
February 0.000 580.080 80.803 111.769
March 0.000 485.160 82.122 82.967
April 0.000 263.670 59.710 59.095
May 0.000 580.080 42.658 90.882
June 0.000 980.860 77.347 151.261
July 31.640 579.030 202.757 116.769
August 36.910 384.960 177.876 82.478
September 0.000 250.450 77.644 61.176
October 0.000 175.290 23.704 30.775
November 0.000 100.200 14.991 22.266
December 0.000 164.410 28.213 36.962
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Month Minimum Maximum Mean Std. deviation

Jhelum January 0.000 172.580 36.107 36.123
February 0.000 274.220 59.922 61.249
March 0.000 337.500 63.778 68.580
April 0.000 210.940 44.452 44.112
May 0.000 216.210 30.259 39.379
June 0.000 374.410 59.469 65.853
July 36.910 581.840 204.743 110.957
August 31.640 432.420 173.012 85.321
September 5.270 300.830 73.934 63.021
October 0.000 107.100 19.956 22.443
November 0.000 64.960 11.371 15.264
December 0.000 68.550 22.310 24.842

Murree January 0.000 176.570 41.992 40.629
February 0.000 411.330 82.915 82.880
March 0.000 479.880 92.607 81.218
April 5.270 305.860 74.931 69.068
May 5.270 448.240 44.723 71.764
June 0.000 632.810 69.673 98.890
July 15.820 532.620 185.002 107.516
August 42.190 395.510 168.811 81.126
September 0.000 237.300 75.980 57.774
October 0.000 182.900 27.410 34.414
November 0.000 121.290 19.675 28.169
December 0.000 212.250 33.896 45.782

Rawalpindi January 0.000 174.720 37.960 37.672
February 0.000 580.080 80.803 111.769
March 0.000 485.160 82.122 82.967
April 0.000 263.670 59.710 59.095
May 0.000 580.080 42.658 90.882
June 0.000 980.860 77.347 151.261
July 31.640 579.030 202.757 116.769
August 36.910 384.960 177.876 82.478
September 0.000 250.450 77.644 61.176
October 0.000 175.290 23.704 30.775
November 0.000 100.200 14.991 22.266
December 0.000 164.410 28.213 36.962

In Murree, located at higher elevations, the strongest precipitation occurred in June and July,
while August had the highest minimum monthly rainfall, indicating persistent late-monsoon
contributions. Murree recorded the highest annual mean among all stations (917.62 mm), with values
ranging between 284.77 and 3306.45 mm [82]. Collectively, all stations demonstrated pronounced
intra- and interannual variability, with the bulk of precipitation concentrated in the summer monsoon
season (June—September). These results underscore the dominant influence of the southwest monsoon
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and localized orographic effects in shaping the precipitation dynamics across the Potwar Plateau [83].
The observed variability highlights the importance of localized hydrological planning and climate
adaptation strategies, particularly in light of the potential intensification of monsoon extremes under
future climate change scenarios.

4.3. Pearson correlation values of precipitation at different stations on the Potwar Plateau

Table 5 presents the Pearson correlation coefficients for precipitation among six meteorological
stations (Attock, Chakwal, Islamabad, Jhelum, Murree, and Rawalpindi) in the Potwar Plateau region
of Pakistan [27]. The results indicate strong positive correlations, ranging from 0.900 to 0.989, between
all station pairs. This high degree of correlation suggests that precipitation variability across the region
is spatially coherent, with rainfall patterns responding similarly to regional-scale atmospheric
processes. The strongest correlations are observed between geographically closer stations, particularly
Islamabad and Rawalpindi (r = 1.000) and Chakwal with Islamabad and Rawalpindi (r = 0.989),
reflecting their proximity and shared climatic conditions. Even stations with relatively different
elevations, such as Murree, show consistently high correlations (>0.937), indicating that although
absolute precipitation amounts may vary due to orographic effects, the temporal distribution of rainfall
remains synchronized across the plateau [45]. Collectively, these findings imply that precipitation in
the Potwar Plateau is primarily controlled by large-scale weather systems, such as the southwest
monsoon and western disturbances, leading to regionally consistent rainfall events. This strong spatial
association is important for hydrological modeling, agricultural planning, and disaster risk
management, as it suggests that precipitation extremes and anomalies are likely to impact the entire
region simultaneously rather than occurring in isolation [84,85].

Table 5. Pearson correlation coefficients of precipitation among six meteorological
stations in the Potwar Plateau region. Strong positive correlations (0.900—0.989) indicate
high spatial coherence of rainfall patterns across the region. Results suggest precipitation
is largely controlled by common large-scale weather systems such as the monsoon and
western disturbances.

Attock Chakwal Islamabad Jhelum Murree Rawalpindi

station station station station station station

Attock station 1

Chakwal 0.952 1

station

Islamabad 0.966 0.989 1

station

Jhelum station ~ 0.900 0.962 0.934 1

Murree station ~ 0.956 0.970 0.987 0.937 1

RWP station 0.966 0.989 1 0.934 0.987 1

AIMS Geosciences Volume 12, Issue 3, 628-663.



646

4.4. Assessment of annual precipitation trends using linear regression in the Potwar Plateau
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Figure 6. Linear regression of annual precipitation at six meteorological stations (Attock,
Chakwal, Jhelum, Islamabad, Murree, and Rawalpindi) from 1982 to 2022. The results
show high interannual variability with generally weak trends, as indicated by low R? values.
A noticeable increase in precipitation is observed after 2015, with a regional peak in 2021
across all stations.
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The temporal evolution of annual precipitation across six meteorological stations in the Potwar
Plateau from 1982 to 2022 is illustrated in Figure 6, highlighting both interannual variability and potential
long-term trends in regional rainfall behavior. The results demonstrate pronounced year-to-year
fluctuations, with a distinct and spatially coherent regional peak in 2021 observed across all stations,
indicating a widespread extreme precipitation event [86]. Although linear regression was employed to
assess long-term tendencies, the analysis reveals weak relationships, as reflected by low coefficients of
determination (R? = 0.1012-0.2733), suggesting that time alone explains only a small fraction of the
observed precipitation variability [87]. Station-wise analysis shows largely consistent patterns, with
Attock exhibiting the strongest, yet still weak, trend (R? = 0.2733), while Jhelum displays the lowest
explanatory power (R* = 0.1012). In addition, Islamabad and Rawalpindi demonstrate nearly identical
temporal behavior, reflecting their close geographic proximity and shared climatic controls, whereas
Murree shows a slight increasing tendency, likely influenced by orographic effects, although the trend
remains statistically weak [60]. Further examination of temporal patterns indicates a predominantly
irregular and weakly declining phase from 1982 to 2015, characterized by considerable variability and
the absence of a clear directional trend. This phase is followed by a coherent and region-wide upward
shift in precipitation after 2015, culminating in the pronounced maximum observed in 2021, which is
consistently reflected across all stations [88]. The transition from a weakly declining regime to a period
of intensified precipitation suggests a potential shift in regional precipitation dynamics, possibly
associated with enhanced monsoonal activity or broader climatic variability. Despite the limited
statistical strength of the regression models, the synchronized increase across all stations provides
compelling evidence of an emerging regional signal that warrants further attention [27].

The analysis indicates that precipitation in the Potwar Plateau is dominated by strong interannual
variability and weak linear trends (R? = 0.1012-0.2733); however, the recent and consistent increase
in precipitation after 2015, culminating in the 2021 peak, suggests a potential intensification of rainfall
regimes across the region [89]. These findings highlight the limitations of linear trend analysis in
capturing complex hydroclimatic behavior and emphasize the need for seasonal-scale and extreme-
event investigations to better understand evolving precipitation patterns and their implications for
climate variability, water resources, and hazards management.

4.5. Trend analysis of annual precipitation using Sen’s slope and Mann—Kendall test in the Potwar
Plateau

Table 6 summarizes the results of Sen’s slope () and the Mann—Kendall (MK) test applied to
annual precipitation series across six meteorological stations in the Potwar Plateau for the period 1982—
2022. The analysis indicates a general increasing tendency in precipitation at all stations, with Sen’s
slope values ranging from 5.383 to 15.688 mm/year [90]. However, statistical significance is observed
only at Attock station (B = 15.688 mm/year, p = 0.004), indicating a robust and consistent upward
trend in annual precipitation over the study period. All other stations exhibit positive but statistically
nonsignificant trends, including Chakwal ( =5.383, p =0.129), Islamabad and Rawalpindi (3 =8.118,
p = 0.154), Jhelum (B = 7.031, p = 0.132), and Murree (p = 7.277, p = 0.181) [91]. The relatively
higher slope at Attock suggests a more pronounced increase in precipitation intensity or frequency,
while the moderate slopes at other stations reflect weaker and more variable upward tendencies. The
lack of statistical significance across most locations highlights the influence of strong interannual
variability and spatial heterogeneity, which likely obscures consistent long-term trends [92].

AIMS Geosciences Volume 12, Issue 3, 628-663.



648

Table 6. Sen’s slope (B) and Mann—Kendall (MK) test (p-values) for annual precipitation
trends at six stations in the Potwar Plateau (1982—2022). All stations show positive trends
(B=5.383-15.688 mm/year), with statistical significance observed only at Attock. Results
indicate increasing precipitation tendencies with strong spatial variability and generally
weak statistical significance.

Annual precipitation

Station name Sen’s slope (B) MK test (p)
Attock 15.688 0.004
Chakwal 5.383 0.129
Islamabad 8.118 0.154
Jhelum 7.031 0.132
Murree 7.277 0.181
RWP 8.118 0.154

These results suggest that, while precipitation across the Potwar Plateau is generally increasing,
the trend is not uniform or statistically robust across the region. The significant increase at Attock may
indicate localized climatic or hydrological changes, whereas the broader pattern points to emerging
but still uncertain shifts in precipitation regimes, potentially linked to variability in monsoonal
dynamics [93]. These findings emphasize the need for seasonal-scale and extreme-event analyses to
better capture underlying changes in precipitation behavior under evolving climate conditions.

4.6. Temporal variability and intensification of drought based on standardized precipitation
anomalies in the Potwar Plateau

Standardized precipitation anomalies (SPA) for six stations in the Potwar Plateau from 1982 to
2022 are presented in Figure 7, illustrating clear temporal variability in precipitation patterns. During
the early period (1982—-1990), SPA values at most stations fluctuated near zero, generally within 0.5,
indicating relatively stable and near-normal precipitation conditions with only minor wet and dry
variations [94]. A shift toward negative anomalies is observed during 1995-2005, where most stations
exhibit values ranging between —0.3 and —0.8 [95]. These values suggest mild to moderate dry
conditions, rather than severe drought, with occasional positive anomalies interrupting the pattern.
From 2005 to 2015, the anomalies remained predominantly negative but less pronounced, typically
between —0.2 and —0.6, indicating continued but relatively moderate dryness across the region [96]. A
notable transition occurs after 2018, when all stations record strong positive anomalies, reflecting
wetter-than-normal conditions. The most prominent peak appears around 20202021, with SPA values
reaching approximately 1.5 to 2.0 at several stations, particularly Rawalpindi, Chakwal, and Islamabad,
indicating significantly wet conditions [97].

AIMS Geosciences Volume 12, Issue 3, 628-663.



649

SPA for Attock Station SPA for Chakwal Station
2.00
2.00
1.50
1.50
. B 1.00
¢ 1.00 o
E g 0.0
g 0.50 =
< < 0.00
0.00 0.50
-0.50 -1.00
1982 1987 1992 1997 2002 2007 2012 2017 2022 1982 1987 1992 1997 2002 2007 2012 2017 2022
Year Year
SPA for Jehlum Station SPA for ISB Station
2.00
2.00
1.50
1.50
& 100 ..
=] =
g 00 : 1.00
= =)
< 0.00 g 0s0
1l l 1.
-050 000 T ||||||'| T
-1.00 -0.50
1982 1987 1992 1997 2002 2007 2012 2017 2022
1982 1987 1992 1997 2002 2007 2012
Year
Year
SPA for Murree Station SPA for RWP Station
2.00 250
1.50 2.00
& 1.00 ,. 150
[=] '
& 050 g 100
g g 050
< 0.00 2
0.00
-0-30 -0.50
-1.00 -1.00
1982 1987 1992 1997 2002 2007 2012 2017 2022 1982 1987 1992 1997 2002 2007 2012 2017 2022
Year Year

Figure 7. Standardized precipitation anomalies (SPA) for six stations in the Potwar Plateau
from 1982 to 2022. Negative anomalies dominate after 2000, indicating increasing drought
frequency and persistence across the region. The most severe drought conditions were
observed in 2022, reflecting a shift toward intensified hydroclimatic stress.

However, in 2022, a decline in anomalies is observed at some stations, suggesting a return to
variability in precipitation patterns. Collectively, the SPA series demonstrates alternating phases of
relatively dry and wet conditions, with a prolonged period of mild dryness (1995-2015) followed by
a short but intense wet phase (2018—2021). These findings indicate that precipitation variability in
the Potwar Plateau is characterized by multi-decadal fluctuations rather than a consistent long-term
drying trend [98]. The observed pattern suggests increasing variability, with shifts between
moderately dry conditions and episodic wet events, highlighting the dynamic nature of hydroclimatic

conditions in the region.
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4.7. Spatial distribution of precipitation in the Potwar Plateau under changing climate conditions

The spatial distribution of annual precipitation across the Potwar Plateau (Figure 8A-F) reveals
a persistent northwest-southeast gradient, strongly governed by orographic controls and regional
atmospheric circulation, alongside pronounced temporal variability during 1982-2022. In the early
period (1982-1992), precipitation ranged from approximately 786 to >1300 mm, with the highest
values concentrated in the northeastern highlands (Murree region) [99]. This is consistent with
station-based observations, where Murree recorded a mean annual precipitation of approximately
918 mm, significantly higher than lower-elevation stations such as Attock (697 mm). This decade
was characterized by relatively stable hydroclimatic conditions and a clear elevation-dependent
rainfall pattern. A marked decline in precipitation intensity occurred during 1992-2002, with spatial
values decreasing to approximately 638—970 mm, particularly across central and southern parts of
the plateau [100]. This dry phase is supported by regression analysis showing weak or negligible
trends (R? as low as 0.1012) and extremely low annual totals, such as 200 mm at Attock during
drought years. The consistency between spatial patterns and SPA results confirms a region-wide
reduction in precipitation during this period. Between 2002 and 2012, precipitation exhibited partial
recovery and spatial reorganization, with mean annual rainfall at stations such as Chakwal reaching
approximately 754 mm [101]. A notable feature during this period is the emergence of a localized
rainfall “bullseye” around Chakwal, indicating enhanced convective precipitation activity, deviating
from the previously dominant elevation-controlled pattern [102]. Although Sen’s slope estimates were
positive (e.g., Chakwal B = 5.383 mm/year, p = 0.129), these trends remained statistically
nonsignificant, reflecting continued variability.

The most recent period (2012-2022) is characterized by renewed intensification of precipitation,
particularly after 2015, culminating in a regional peak in 2021 across all stations. High-elevation
areas maintained dominance, with Murree recording extreme annual totals exceeding 3300 mm,
while mid- and low-elevation stations such as Islamabad averaged around ~900 mm annually [103].
Importantly, Attock exhibited the only statistically significant increasing trend (B = 15.7 mm/year,
p = 0.003), indicating a notable shift in precipitation behavior in traditionally drier western regions.
Concurrently, the Chakwal-centered rainfall core intensified, further highlighting localized
variability and spatial heterogeneity [104]. The results demonstrate that precipitation dynamics in
the Potwar Plateau are controlled by a dual mechanism: persistent orographic forcing and evolving
climatic variability. While the elevation-driven gradient remains stable, the region has undergone a
clear multi-decadal transition, from relatively stable conditions in the 1980s to a prolonged dry phase
(1990s to early 2000s), followed by localized convective intensification (2000s) and a recent phase
of increased precipitation (post-2015) [105]. The coexistence of extended drought periods (as
indicated by SPA) and recent extreme wet events underscores increasing hydroclimatic instability.
These analyses suggest that the Potwar Plateau is experiencing a shift toward greater precipitation
variability and intensification, likely linked to changes in monsoonal dynamics and broader regional
climate forcing [106]. The emergence of spatially heterogeneous rainfall patterns, including
localized hotspots and significant trends at specific stations, highlights the need for location-specific
climate adaptation strategies. This has critical implications for water resource management,
agricultural planning, and flood risk mitigation, particularly under future climate change scenarios
where precipitation extremes are expected to intensify [107].
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Figure 8. Spatial distribution of annual precipitation across the Potwar Plateau for multiple
periods: (a) 1982-1992, (b) 1992-2002, (c) 2002-2012, (d) 2012-2022, (e) 2022 onward,
and (f) 1998-2022. Precipitation shows a strong elevation-controlled pattern, with higher
values in the northeastern highlands (Murree) and lower amounts in the southwestern
lowlands. The maps highlight substantial temporal variability and recent intensification of
precipitation, particularly after 2015, across all stations.
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5. Discussion

This study examined long-term air temperature and precipitation variability across the Potwar
Plateau from 1982 to 2022, providing important insights into the region’s climatic behavior under the
combined influence of topography and monsoonal systems. The climate of the Potwar Plateau is
distinctly continental, characterized by hot summers and cold winters, with clear modulation by
elevation. June consistently emerged as the warmest month across all stations, with maximum mean
temperatures reaching 35.2 °C in Jhelum and 30.09 °C in Murree, whereas January represented the
coldest period, with Murree recording a minimum of 8.21 °C and Chakwal the lowest overall
temperature at 5.57 °C [108,109]. These spatial differences clearly reflect the influence of altitude on
thermal distribution across the region. Seasonal transitions further contribute to temperature variability,
with monthly fluctuations peaking in May, particularly in Islamabad and Rawalpindi (2.377 °C),
indicating strong transitional dynamics between spring and summer. However, despite these
pronounced seasonal variations, long-term temperature trends remain weak and statistically
insignificant. Sen’s slope estimates indicate slight negative trends in Attock (f = —0.019 °C/year, p =
0.221) and Islamabad (B = —0.010 °C/year, p = 0.515), while very low coefficients of determination
(e.g., Chakwal R? = 0.0016) suggest that temporal changes explain only a minimal proportion of
temperature variability [110,111]. This indicates that the thermal regime over the 40 years has remained
relatively stable, with interannual variability playing a more dominant role than any consistent long-
term warming or cooling signal.

In contrast, precipitation exhibits substantially greater variability both spatially and temporally,
largely governed by monsoonal dynamics and topographic influences. July consistently recorded the
highest monthly rainfall across all stations, with a peak of 204.74 mm in Jhelum and values exceeding
200 mm in Islamabad and Rawalpindi [112]. At the same time, notable intra-month variability is
evident, as demonstrated by Chakwal receiving as little as 10.26 mm during July. Annual precipitation
totals show a wide range, from approximately 200 to over 3300 mm, with Murree and Chakwal
experiencing localized maxima, likely due to orographic uplift and convective processes associated
with elevated terrain [27,113]. Although interannual variability dominates precipitation behavior,
trend analysis reveals modest but spatially variable tendencies. Attock exhibits a statistically
significant increasing trend (3 = 15.688 mm/year, p = 0.003), while other stations, including Chakwal
(B = 5.383 mm/year, p = 0.129) and Jhelum (f = 7.031 mm/year, p = 0.132), show positive but
nonsignificant trends [114]. These patterns suggest a gradual intensification of precipitation,
particularly in localized areas, although strong year-to-year fluctuations obscure the emergence of a
consistent long-term signal. The occurrence of peak precipitation in 2021 across multiple stations
further highlights the role of large-scale atmospheric processes in generating synchronized extreme
rainfall events across the plateau [49].

Importantly, the observed variability in temperature and precipitation over the Potwar Plateau is
strongly influenced by large-scale atmospheric circulation patterns and regional topographic controls.
The interaction between the South Asian summer monsoon and mid-latitude western disturbances
governs seasonal and interannual precipitation variability, often leading to synchronized rainfall
anomalies across stations [115]. In addition, broader climate drivers such as the El Nifo-Southern
Oscillation (ENSO) and the Indian Ocean Dipole (IOD) play a significant role in modulating moisture
transport and atmospheric instability over northern Pakistan. The relatively moderate warming
observed in parts of the region, despite global warming trends, may be attributed to elevation effects,
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land—atmosphere interactions, and localized cooling influences associated with soil moisture and
vegetation feedbacks [84,116]. Furthermore, the complex topography of the Potwar Plateau modifies
airflow patterns, enhances orographic precipitation in higher elevations such as Murree, and
contributes to comparatively drier conditions in lowland areas such as Attock and Chakwal [84]. These
combined circulation and topographic mechanisms provide a physical explanation for the spatial
heterogeneity and temporal variability observed in the study, reinforcing the importance of considering
regional climate drivers in interpreting long-term hydroclimatic trends.

The standardized precipitation anomaly (SPA) analysis provides additional insight into
hydroclimatic variability by revealing shifts in drought patterns over time. While precipitation
remained relatively stable between 1982 and 1990, a transition toward drier conditions is evident from
1990 to 2000, characterized by increased frequency and severity of drought events [117,118]. This
trend continued into the 2000s, with predominantly negative SPA values, and intensified further after
2010, culminating in a significant precipitation deficit in 2022. Notably, despite the increasing
precipitation trend observed in Attock, other stations remain vulnerable to drought conditions,
indicating pronounced spatial heterogeneity in hydrological responses across the region [119,120].
Taken together, the combined temperature and precipitation analyses indicate that the Potwar Plateau
is characterized by a stable thermal regime but a highly variable and evolving precipitation system.
While temperature trends remain weak and statistically insignificant, precipitation patterns show signs
of increasing variability and localized intensification, particularly in the post-2015 period and during
extreme events such as the 2021 peak [121,122]. This apparent divergence suggests that climatic
changes in the region are not expressed through gradual shifts in mean temperature but rather through
increased variability and extremity in precipitation.

Collectively, the climate of the Potwar Plateau appears to be transitioning toward a more
variable hydroclimatic regime, where strong interannual fluctuations, localized extremes, and
increasing drought frequency coexist. Such conditions reflect the combined influence of monsoonal
variability, topographic controls, and broader atmospheric processes, which together shape the
region’s complex climate dynamics. These findings highlight the limitations of relying solely on
linear trend analysis to interpret climatic changes and emphasize the importance of incorporating
variability and extreme-event analysis to better understand emerging patterns. From a practical
perspective, the increasing variability in precipitation, coupled with stable temperature conditions,
has important implications for water resource management, agriculture, and disaster risk reduction.
The coexistence of extreme rainfall events and recurrent droughts increases the likelihood of both
flooding and water scarcity, particularly in topographically sensitive areas such as Murree and
Chakwal. Therefore, strengthening climate monitoring systems, improving hydrological modeling,
and developing targeted adaptation strategies are essential to address the growing hydroclimatic
uncertainty in the Potwar Plateau. Given the observed shifts in temperature and precipitation, future
research should extend climate analyses beyond 2022 to better capture long-term variability and
emerging trends. Integrating hydrological modeling will be essential for developing climate-resilient
agricultural and water management strategies in the region. Additionally, further studies should
incorporate socioeconomic and ecological dimensions, including vulnerability assessments and
ecosystem responses to climate variability. Comparative analyses combined with local knowledge
can enhance adaptive strategies and support sustainable development planning aligned with regional
and global climate goals.
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5.1. Limitations of the study

This study is limited by the use of only six meteorological stations, which may not fully capture
the spatial heterogeneity and micro-climatic variability of the Potwar Plateau. The station-based
approach may overlook localized extremes occurring between observation points. In addition, the
absence of population density and socio-economic data restricts a more comprehensive assessment of
climate impacts on human and environmental systems. Despite these limitations, the dataset provides
a reliable basis for evaluating long-term hydroclimatic trends in the region.

6. Conclusions

This study presents a comprehensive assessment of temperature and precipitation variability
across the Potwar Plateau over the period 1982-2022, highlighting significant spatial and temporal
heterogeneity driven by topographic controls and monsoonal influences. Temperature patterns
exhibit a clear elevation-dependent gradient, with higher mean values observed at low-altitude
stations such as Jhelum (35.2 °C in June) and comparatively lower values at elevated locations like
Murree (30.09 °C). Similarly, minimum temperatures range from 12.47 °C at Jhelum to 8.21 °C at
Murree, while Chakwal records the lowest value (5.57 °C), emphasizing the role of altitude in
regulating thermal conditions. Despite these distinct spatial patterns, long-term temperature trends
remain weak and statistically insignificant. Sen’s slope estimates indicate slight declines at several
stations, and low coefficients of determination (R? < 0.05) confirm that temperature variability is
primarily driven by interannual fluctuations rather than sustained warming or cooling, indicating
relative thermal stability over the study period. In contrast, precipitation demonstrates substantially
greater variability, both seasonally and interannually, reflecting the dominant influence of the
southwest monsoon and localized topographic effects. July consistently represents the peak rainfall
month across all stations, with values reaching 204.74 mm at Jhelum and exceeding 200 mm at
Islamabad and Rawalpindi, while Murree records 185 mm. However, pronounced intra-month
variability is evident, with minimum values as low as 10.26 mm in Chakwal and 11.37 mm in Jhelum,
highlighting the erratic nature of monsoonal rainfall. Annual precipitation varies widely, ranging
from approximately 200 to 3300 mm, with mean values between 697 and 917.62 mm across stations,
indicating strong interannual variability. Trend analysis reveals spatially heterogeneous precipitation
changes. Attock is the only station exhibiting a statistically significant increasing trend ( = 15.688
mm/year, p = 0.003, R? = 0.27), while other stations show positive but nonsignificant trends,
suggesting gradual but uneven intensification. The synchronized peak in 2021 further indicates
recent monsoonal intensification driven by large-scale atmospheric processes. Additionally,
standardized precipitation anomaly analysis reveals increasing drought frequency after 2000,
intensifying after 2010, and culminating in a severe deficit in 2022. Overall, the findings indicate
that while temperature remains relatively stable, precipitation patterns are becoming increasingly
variable and extreme. This shift toward heightened hydroclimatic variability underscores growing
environmental uncertainty and highlights the need for improved climate monitoring and adaptive
water resource management strategies in the Potwar Plateau.
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7. Practical implications

1. This research highlights the plateau's drought vulnerability, emphasizing the need for adaptive
water management, including water conservation, reservoir improvements, and rainwater harvesting.

2. High monsoon precipitation in low-lying areas like Jhelum and Islamabad calls for targeted
flood mitigation measures such as early warning systems, flood barriers, and improved drainage.

3. Documented shifts in precipitation and drought patterns underscore the need for climate-smart
agriculture, including crop rotation, drought-resistant crops, and soil conservation.

4. The study provides climate data essential for developing adaptive policies, aiding local
governments in formulating climate action plans, and achieving sustainable development goals.

8. Policy recommendations

1. Regional climate adaptation plans must address the Potwar Plateau’s variable temperatures and
rainfall to tackle water shortages and agricultural challenges effectively.

2. Pakistan should prioritize renewable energy, as shifting climate patterns may affect hydroelectricity
on the Potwar Plateau, making solar, wind, and diversified hydropower investments crucial.

3. Climate-resilient agricultural policies are needed to counter droughts and irregular rainfall,
focusing on crop diversification, soil management, and drought-resistant crops.

4. Rising flood risks in Islamabad, Attock, and Jhelum necessitate flood barriers, improved
drainage, and early warning systems to protect communities.
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