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Abstract: Assessing the long-term precipitation changes is of utmost importance for understanding
the impact of climate change. This study investigated the variability of extreme precipitation events
over Pakistan on the basis of daily precipitation data from 51 weather stations from 1980-2016. The
non-parametric Mann-Kendall, Sen’s slope estimator, least squares method, and two-tailed simple
t-test methods were used to assess the trend in eight precipitation extreme indices. These indices
were wet days (R1 >1 mm), heavy precipitation days (R10 > 10 mm), very heavy precipitation days
(R20 > 20 mm), severe precipitation (R50 > 50 mm), very wet days (R95p) defining daily precipitation
> 95 percentile, extremely wet days (R99p) defining daily precipitation > 99 percentile, annual total
precipitation in wet days (PRCPTOT), and mean precipitation amount on wet days as simple daily
intensity index (SDII). The study is unique in terms of using high stations’ density, extended temporal
coverage, advanced statistical techniques, and additional extreme indices. Furthermore, this study
is the first of its kind to detect abrupt changes in the temporal trend of precipitation extremes over
Pakistan. The results showed that the spatial distribution of trends in different precipitation extreme
indices over the study region increased as a whole; however, the monsoon and westerlies humid
regions experienced a decreasing trend of extreme precipitation indices during the study period. The
results of the sequential Mann-Kendall (SqMK) test showed that all precipitation extremes exhibited
abrupt dynamic changes in temporal trend during the study period; however, the most frequent
mutation points with increasing tendency were observed during 2011 and onward. The results further
illustrated that the linear trend of all extreme indices showed an increasing tendency from 1980-
2016. Similarly, for elevation, most of the precipitation extremes showed an inverse relationship,
suggesting a decrease of precipitation along the latitudinal extent of the country. The spatiotemporal
variations in precipitation extremes give a possible indication of the ongoing phenomena of climate
change and variability that modified the precipitation regime of Pakistan. On the basis of the current
findings, the study recommends that future studies focus on underlying physical and natural drivers
of precipitation variability over the study region.
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1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) stated in its Fifth Assessment Report
(ARD) that global warming-induced climate change has affected the frequency, intensity, and duration
of extreme precipitation (P) events in both space and time [1,2]. These variations in P extremes result in
floods, droughts, and heatwaves [3-5], which have serious health, social, economic, and environmental
implications on millions of people and on ecosystems across the globe [6-8]. However, the severity,
duration, and geographical extent of these extreme events and their impacts vary from region to
region [9,10]. In recent studies, it has been reported that the changes detected in P extremes during
the late 20th century are projected to continue into the future with even more severe impacts [11-13].
Due to the current and future intensification, the study of P extremes has gained significant attention
among climate scientists in recent times [14,15]. The robust trend analysis of historical P extremes plays
a key role in regional climate assessment, water resource management, and sustainable agricultural
practices [16,17]. Moreover, the information obtained from such analysis is crucial in devising a
compressive plan for future climate change adaptation and mitigation strategies at regional and local
scales [18,19].

Several research studies have been conducted to assess the spatiotemporal trends in P extremes in
different regions of the world. Most of these studies reported positive trends in P extremes [20-22];
however, a high spatiotemporal variability exists in the frequency and intensity of extreme P events
over different climatological regions of the world [1]. In recent studies, an increasing trend has been
reported in P extremes over the Tibetan Plateau [20,23,24], South Asia [25-27], Central Asia [28-30],
Europe [31,32], and the Arab region [33,34]. In addition, the frequency and intensity of extreme P
events have shown an increasing trend in mainland China over the last few decades [35-38]. Similarly,
the increasing trend of P extremes has been reported over Bangladesh in recent years [39-41]. In
addition, Deshpande et al. [42] reported a positive trend in extreme P events in India during the period
of 1951-2013. The findings of the aforementioned studies indicate that climate change has intensified
spatiotemporal variability of P extremes over different regions of the world.

Pakistan is one of the countries highly vulnerable to climate change due to its complex topography,
geographical location, dynamic climatology, and low coping capacity [27,43]. Similar to global
patterns, climate change has significantly affected the spatiotemporal variability of P extremes in
Pakistan [44—46]. According to the worldwide climate risk index, Pakistan is among the top 10 countries
affected by climate change [1,47]. Recently, many studies have reported dynamic changes in extreme P
events over different parts of Pakistan [25,27,48-52]. The spatiotemporal variability of P extremes has
imbalanced the availability of water resources and caused several hydro-meteorological disasters in
the country [53,54]. The recent floods (of 2010) and prolonged drought (of 1997-2002) bear witness to
climate change-induced extremes, which have affected millions of people across the country [18,55-57].
Thus, more research is needed to assess the magnitude of the changes for a better understanding of the
regional scale impact of climate change.

As a developing country, Pakistan needs advanced knowledge, innovative ideas, and a better
understanding of the P extremes and their effects on our ecosystem and different sectors of the
society [19,58]. Therefore, it is critical to assess the long-term spatiotemporal variations in P extremes
and proposed useful recommendations for climate change adaptation and disaster risk reduction
in the region. The objective of this study was to determine the spatial and temporal changes in
extreme P events in Pakistan from 1980 to 2016. The novelty of this study is its use of high stations’
density, extended temporal coverage, advanced statistical techniques, and additional extreme indices.
Furthermore, this study is the first of its kind to detect abrupt changes in the temporal trend of
precipitation extremes over the target region.

The remainder of the paper is organized as follows. In Section 2, we briefly describe the study
area as well as the data and methods. Section 3 presents the results for the study. The discussion and
conclusions are summarized in Sections 4 and 5, respectively.
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2. Study Area

Pakistan is located in a sub-tropical to tropical region with a latitudinal span of 23°N to 37°N and
a longitudinal span of 61°E to 78°E (Figure 1). The elevation of the country varies from a few meters
in the south to over 6000 meters in the north [46,59]. The country exhibits a multifaceted landscape
with elevated mountains in the upper reach, flat agricultural land in middle reach, and the coastal belt
in the lower reach (see Figure 1) [43,60]. The hydrological cycle of the country varies along with the
latitudinal extent with minimum P in the lower reach (<150 mm) and maximum in the upper reach
(>500mm) annually [61,62]. In terms of temperature (T) distribution, the maximum average T (>35°C)
is found in the lower reach, whereas the upper reach records a minimum average T (<0°C) [43,59,63].
The dominant P seasons of the region are monsoon and westerlies, which occur during summer and
winter seasons, altogether driving the local hydrological cycle [46,61]. The recent warming hiatus of
the globe appeared to be impacting the hydrometeorological cycle of Pakistan [27,64], with apparent
changes in P [46,65].
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Figure 1. Map of the study area showing political boundary of Pakistan with altitude and
selected stations.

3. Data and Methods

3.1. Data

To document changes in extreme P events during 1980-2016, the daily P records of 51 stations were
obtained from the Pakistan Meteorological Department (PMD) (Figure 1). The PMD operates a dense
network of synoptic-scale weather stations across the country to monitor different hydrometeorological
variables for their proper use and related studies [63]. To ensure quality of the datasets, extensive visual
and numeric checks for any missing and homogeneity issues were conducted [66]. The commonly
used approaches for homogeneity testing such as the standardized normal homogeneity test (SNHT)
was adopted [59]. The homogenization practice intended to detect outliers or spikes in the observation
dataset, as well as in the instrumentations, relocations, replacements, environment, and procedures
during the data collection process, caused after unavoidable errors [36,63]. This test has been widely
used by different researchers in hydrometeorological studies [14,59,67-69]. We found only a small
amount of data (<3%) were missing in a few stations, which may not have influenced the results of the
study to a greater extent. The datasets were further processed to estimate the regional scale and station
scale P climatology at seasonal and annual timescale.
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3.2. Precipitation Indices

In this study, we used six indices from the list of the Experts Team on Climate Change Detection
Indices (ETCCDI) of the World Meteorological Organization (WMO) [70,71]. The details of the selected
indices are presented in Table 1. These indices were suitable to assess and quantify the impacts of
climate change over Pakistan. Moreover, the evaluation of indices can provide solid evidence of the
current and future climate change in the country.

Table 1. List of selected precipitation indices.

Name ID Definition
Wet days R1 mm Annual count of days when precipitation > 1 mm
Heavy precipitation days R10 mm Annual count of days when precipitation > 10 mm
Very heavy precipitation days R20 mm Annual count of days when precipitation > 20 mm
Severe precipitation days R50 mm Annual count of days when precipitation > 50 mm
Annual total precipitation PRCPTOT Annual total precipitation in wet days
Simple daily intensity index SDII Mean precipitation amount on wet days
Very wet days R95p Annual precipitation > 95 percentile
Extremely wet days R99p Annual precipitation > 99 percentile

3.3. Statistical Techniques

To assess the spatiotemporal changes’ precipitation extremes over Pakistan, this study used
different statistical approaches: Mann—-Kendall (MK), Sen’s slope (SS) estimator, linear regression, and
Student’s t-test. The non-parametric MK test was used to determine significant trends in precipitation
indices [72,73], whereas the SS estimator was employed to calculate the magnitude of the trend in the
selected indices [74]. To detect abrupt changes or shifts in the temporal trend of precipitation indices,
we used the non-parametric sequential Mann-Kendall (SqMK) test. Moreover, linear regression and
two tailed Student’s t-test were used to detect the significant linear trends in the precipitation indices
over the study region [75,76]. The selected statistical techniques have been widely used by various
researchers in their climatological and hydrological studies over different climatic regions of the
world [18,52,77-81]. These statistical tests are briefly discussed in the following sections.

3.3.1. Mann-Kendall (MK) Test

The MK test was applied to determine the significance test in time series of precipitation indices.
The test does not require normal distribution of data and does not depend on the space-time of
monitoring and the magnitude of data missing values. The following mathematical expression of a
standardized MK trend statistic (Equation (1)) was used to generate a significance test of the monotonic
trend, which was based on the Kendall rank correlation:

i sig(x — )

I=k+1

-1

3

T
I

where Sig (x; and x;) can be computed by Equation (2):

1 X1 > Xj
sig(x;j—x) = ¢ 0 x| =Xk @
1 Xy < Xj

where x; and x;, are the data points of the time series and m is the data length of the time-series. In
detecting the trend, a hypothesis was set as follows: null hypothesis (Hy) signified no trend, and
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the alternative hypothesis (H;) indicated the presence of a trend, either an increasing or decreasing
monotonic trend. The variance of S was calculated using Equation (3):
m(m—1)(2m+5)

Variance (S) = 13 3)

The probability associated with S and the sample size, n, was calculated to assess the significance
of the trend. The significance of the trend was determined using a Z value, where a negative (positive)
score of Z denotes a downward (upward) trend. For a two-tailed test, at a given o (0.05) level of
significance, H1 is accepted if the | Z | > Z1 — /2, where Z1 — «/2 is tabulated from the standard
normal distribution tables. The probability associated with MK and sample size n was computed to
statistically quantify the significance of the trend. The normalized test statistic, Z, was calculated using
Equation (4):

—=l if $>0
Variance(S)
Z=1 0 ifS<0 )
S if$<0
Variance(S)

The trend is considered decreasing if Z is negative and computed probability is greater than the
level of significance. This methodology has been successfully employed in many related studies thus
far [63,82,83].

3.3.2. Sen’s Slope Estimator

The nonparametric Sen’s slope estimator (Sen 1968) test was used to estimate the magnitude of
trends, which assumes that the trend is linear. When a linear trend exists in a time series, then the
slope (Qi) of a time series can be expressed as X = xj—xyand N = j—kif j >k, and calculated as

X
Q;, = ?fori:1,2,3...n 5)
where X represent the difference of annual values.

3.3.3. Sequential Mann-Kendall (SqMK) Test

The SqMK test was introduced by [84] to determine the significant mutation points in a time series.
The abrupt changes in the temporal trend are estimated by the series of the forward sequential statistic
(ut) and backward sequential statistic (u’t). The sequential behaviors of ut fluctuate around the zero,
as it is a standardized variable with zero mean and unit standard deviation. Moreover, it has the same
nature as that of Z values, starting from the first to last data point. On the other hand, the value of u’t
is computed backward, starting from the endpoint to the first point of a time series. The test considers
relative values of all terms in a time series (x1,x 2, ... , xn). The following steps can express the test.

Firstly, the magnitudes of xj annual mean time series (j=1,...,n) and xk,(k =1, ... j—1) are
compared. The number of cases xj >x k is counted, and nj denotes the outcome.

The test statistic t is computed by Equation (6):

The mean and variance of the t are calculated by Equations (7) and (8), respectively:
E(@®)=[n(n-1]/4 @)

Var () =j(G-1)(2j+5)/72 (8)
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At the end, the sequential values of ut and u’t are calculated by Equation (9):
ut (t) = [f E(1)] / Vvar(t)) )

If | ut (t) | < ut (t) 1— 2, where ut (t) 1_4 is the critical value of the standard normal distribution
with a probability value exceeding o/2, the null hypothesis would be accepted at a significance level in
the trend test. In this study, we set the « value as 0.05. The decreasing values of ut and u’t indicate
a negative trend, whereas the increasing values represent a positive trend in the time series. The
intersection points of ut and ut curves indicate the possible turning year of the trend within a time.
The trend turning point is considered significant at the corresponding threshold level (i.e., + 1.96 for
95% significance level).

4. Results

4.1. Long-Term Climatology of Pakistan

The precipitation (P) variability of the region is shown in Figure 2, indicating the long-term
mean precipitation at station scale (Figure 2a), and mean monthly P averaged for the whole stations
(Figure 2b) in the study region. From Figure 2a, the annual mean P pattern appeared to be following
a distint latitudinal variation from south to northwards. In the upper reach (i.e., northern humid
region), the annual mean P ranged from >30 mm to >150 mm. The region was located in the foothills
of the Himalayan Mountains, and is the core monsoon region. Moreover, the region also received
an adequate amount of seasonal P from the westerlies system. However, the extreme northern parts
appeared to show a decrease in annual mean (1.0 to 30mm) due to their geographical location, where
only westerlies were the primary source of local scale hydrological cycle [62]. Similarly, the lower
reach (i.e., southern parts) were characterized by arid and semi-arid climates with minimal quantity of
precipitation (<30 mm). It should be noted that the southern parts of Pakistan are dominated by the
coastal and tropical climate and are isolated from the monsoon and westerlies systems [46,59].
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Figure 2. Spatial map of (a) climatological mean annual precipitation and (b) mean monthly precipitation
during 1980-2016.

From Figure 2b, clear P seasonality can be seen with two modes of P: one during winter months,
pre-monsoon due to western P system, and one during summer months due to the monsoon system.
The two modes of P were locally driving the hydrological cycle by maintaining the perennial flow
in the Indus basin river system. The peak P months during westerlies were found to be February,
March, and April, whereas July and August were found as the peak P months during monsoon season.
Altogether, these two P patterns are responsible for supporting the local water supply, agricultural
production, and hydropower generation. The latitudinal variability added the benefit of holding all
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precipitating water inside the country. However, excess/deficit of these two P systems also appeared to
be affecting the region adversely [46,52].

4.2. The Trend in Extreme Precipitation Indices

Figure 3 shows the spatial distribution of trend in different P indices, as described in the Methods
section. From Figure 3a, it can be seen that the number of rainy days (P > 1mm) increased (0.40 days)
in the study region. The increase was more evident in the eastern and northern parts, whereas the
southwestern arid and central humid regions showed a decrease (—0.39 days) during the study period.
The analysis further illustrated that the heavy precipitating days with a magnitude of >10 mm showed
a significant decrease (Figure 3b) in humid and northern semi-arid regions of the country (—0.25 days).
It was interesting to see an increasing trend of > 0.2 days in the heavy P in the central and eastern parts
of the country, whereas there was a decrease of < —0.2 days in the southern and southwestern regions.
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Figure 3. Spatial distribution of trend in different precipitation (P) indices over the study region: (a) R1
> 1 mm, (b) R10 > 10 mm, (c) R20 > 20 mm, (d) R50 > 50 mm, (e) annual total precipitation in wet days
(PRCPTOT), (f) simple daily intensity index (SDII), (g) very wet days (R95p), and (h) extremely wet days
(R99p). The black dots in the colored circles indicate a significant trend at the 0.05 significance level.

An asymmetric pattern can be seen for the very heavy precipitating days with a magnitude
>20 mm (Figure 3c) in the region with a decrease (increase) in the northern and southern (central)
regions of the country at the rate of —0.2 days (0.25 days). For severe P days (P > 50 mm), except
for a few stations in the humid region (see Figure 3d), the remainder of the country showed a slight
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decline with < —0.03 days during the study period. The annual total P (Figure 3e) exhibited an overall
increasing trend of > 0.01 mm in the eastern and northern parts of the study region.

Few stations in the humid and semi-arid core monsoon region of the country and southwestern
coastal part exhibited a decreasing trend of <—9.9 mm during 1980-2016. The magnitude of mean P
(Figure 3f) showed an overall increase of >0.14 mm in monsoon P regions of the country, whereas a
decrease can be seen in the northern and southern arid regions (< —0.1 mm) of the country. The humid,
and high-altitude regions of the country in the north appeared to be under decreasing P (< —0.17mm)
with 95th percentile (Figure 3g), whereas an increase of > 0.015 mm can be seen in the eastern and
southeastern parts of the country. The 99th percentile P (Figure 3h) appeared to be decreasing at the
rate of <—0.08 mm over the southwestern coastal and northern regions of the country. At the same
time, an increase of >0.06 mm was reported in the 99th percentile over the central and western parts of
the country.

From Figure 3, it can be concluded that the P as a whole appeared to be increasing in the study
region; however, there were certain modes for each index. The central arid regions experienced a rise
in P magnitude, events, and frequency during the study period. It was noteworthy that the extreme
P magnitude appeared to be least affected with an increasing marginal trend of the 95th and 99th
percentile P events. The findings were rather interesting to see, as the core monsoon and westerlies
humid regions were drying due to a decrease in P indices, whereas the southern and western parts
exhibited an increasing trend, suggesting a potential shift in the monsoon maxima from the humid
regions towards the western arid regions of the country.

At the same time, the indices experienced an increase in the general monsoon domain, suggesting
a possible expansion in the monsoon span over the study region; however, the impact of westerlies
should also be considered, which have been increased over the recent past. The increasing trend could
suggest more extreme events can induce potential risks in the form of riverine floods, flash floods, and
drought over different parts of the country. The dynamic variability of these extremes can increase
the degree of exposure and vulnerability of the communities living in the downstream regions of
the Indus River Basin. The overall results appeared to be similar to those of [48,85], who reported
comparable findings.

Figure 4 shows the SqQMK test statistics in the time domain for the selected P indices over the region.
The results inferred that rainy days (R1 mm) followed a decreasing trend (Figure 4a) in the early 1980s,
followed by a distinct increase (decrease) in early 1990 (2000) and a smooth increase later on from 2011
onward. The heavy (Figure 4b), very heavy (Figure 4c), severe P events (Figure 4d), and annual total P
(Figure 4e) appeared to be following the same pattern with an evident decrease (increase) in 1980 (1990).
The trend seemed to be smoothly increasing after 2005, inferring an increased frequency of extreme
P events in the study region. The systematic increase/decrease in extreme precipitation in terms of
magnitude coincides with the wet/dry events observed in the study region [46,85], possibly induced by
anomalous large-scale circulation or oceanic indices and thus requires further exploration [55,86-88].
The increase in these events at the later part of the study further suggests that the footprints of climate
change-induced variability in water cycle are obvious at a regional scale and thus may enhance the
frequency of flooding events as observed over the past years [47,57]. The mean P on wet days (Figure 4f)
exhibited a small variability until 2000, and a significant smooth drop can be seen during early 2000,
followed by a significant increase for the rest of the study duration. The 95th percentile P events
(Figure 4g) exhibited a decreasing trend, which was significant in the recent decade around 2012 and
continued to decrease later on. The 99th percentile P events (Figure 4h) appeared to be varying on a
small scale over the study duration; however, a more prominent decrease can be seen at the end of the
study duration, suggesting a decrease in extreme P events.
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Figure 4. Sequential Mann-Kendal (SqMK) trend in different precipitation indices used in the study:
(a) R1 > 1 mm, (b) R10 > 10 mm, (c) R20 > 20 mm, (d) R50 > 50 mm, (e) PRCPTOT, (f) SDII, (g) R95p,
and (h) R99p.

Overall, Figure 4 can be summarized as the P indices exhibited an obvious increasing trend,
especially during recent years. The turning points suggested that during the study duration, certain
shifts (increase/decrease) occurred in P indices. The extreme P (95th) events appeared to be decreasing
in recent years, whereas the severe events (99th) underwent a slight decrease during recent years.
The study findings for the P-based magnitude and frequency are in line with those of [46,51] in
the context of global climate change. For the last two indices, it is noteworthy to mention that the
decreasing shift could have been due to the area average rather than the regional average, and thus
some regions might have experienced an increasing/decreasing trend. However, the area averaging
statistics might have suppressed the dominant signal [46]. The regional and large-scale drivers of
these precipitation events can possibly be linked to those of monsoon and westerlies precipitation
that occurs during the summer and winter seasons, respectively. Recent studies have reported an
obvious increase in these precipitation patterns [44,46,59]. The reported increase is generally attributed
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to enhanced frequency and intensity of extreme precipitation events, which are usually followed by
heavy flooding events in the study region [56,57]. Such events have a long history over Pakistan,
and have resulted in huge losses of agricultural lands, civil and hydrological structures, and human
lives [20,47]. The data uncertainty is another limitation because the station data is usually subjected to
synoptic-scale application, and recording skills are also presently subjected to deviations and thus
can be acknowledged in this study [59,89]. Thus, a detail examination using advanced methods,
simulations, and projections could be the alternative approach to better understand such precipitation
behaviors at a regional scale [61,85].

Figure 5 shows the linear regression of the different precipitation indices used in the study. The
green line shows the P indices, the dashed blue line shows 5-year moving average, and the red line
shows the regression line/best-fit line. For rainy days (Figure 5a), the overall trend appeared to be
increasing with the slope/regression coefficient of 0.059; however, a sharp variability during the study
duration was distinct with peaks/troughs suggesting the wet/dry events of the region. The heavy
(Figure 5b), very heavy (Figure 5c), and severe precipitation events (Figure 5d) appeared to be following
similar patterns, as observed for daily rainy days, with an increasing trend and regression magnitudes
of 0.017, 0.027, and 0.005, respectively. This increasing trend of precipitation events can be interpreted
with emphasis on agriculture and thus may boost the crop and vegetation output of the study region,
which is mostly comprised of arid and semi-regions with sparse vegetation. However, the heavy, very
heavy, and severe precipitation events can further expose the livelihood of the community, which
are already vulnerable to flood hazards. The indirect impact of these events can further also be felt
in the downstream areas of the Indus basin with direct physical losses and indirect losses through
waterlogging, land degradation, and deposition of transported sediments [53,56].

The temporal variability of these indices (Figure 5b—d) showed a peak in the early 1990s, followed
by a decrease during 2000-2005 and then a constant increase during the later years. The annual total P
(Figure 5e) and wet days mean P (Figure 5f) also increased with regression coefficients of 0.62 and 0.054,
respectively. However, the increase in total P was higher as compared to mean wet days P, inferring
more P magnitude on annual scale attributed to extreme events. The extreme P percentiles exhibited
an increasing trend with regression coefficients of 0.046 and 0.019 for 95th and 99th percentile P events,
respectively (Figure 5g,h). The dry conditions of the later 1990s and early 2000s was evident in all
indices, especially in the extreme indices of 95th and 99th percentiles.

From the results of Figure 5, it can be inferred that the overall frequency and magnitude of
precipitation extremes were continuously increasing during the study period. The highest increase can
be seen for mean annual total precipitation on wet days. The results of linear regression were different
from the SQMK trend test, where a decline in some indices was noticeable. On the contrary, an increase
in the extreme indices, especially after 2000, inferred more extreme events to occur over the study
region. The drought event was evident in all indices and could potentially be the reason for different
statistical outputs, as observed in previous sections.

In summary, the increase in the recent years in all indices was noticeable and thus needs to be
considered for regional-scale decision making such as those involving floods, food security, disaster
risk, and vulnerability at a regional scale. The underlying dynamics associated with these changes in
extreme precipitation events could possibly be large-scale atmospheric and oceanic factors that have
been studied in similar studies over the region [57,86,88]. The findings are in line with the recent trend
induced by global warming, as depicted in the IPCC recent assessment report [1,46,59,85].
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Figure 5. Linear trend in different P indices during the study period: (a) R1 > 1 mm, (b) R10 > 10 mm,
(c) R20 > 20 mm, (d) R50 > 50 mm, (e) PRCPTOT, (f) SDII, (g) R95p, and (h) R99p.

Figure 6 shows the linear trend estimated for extreme precipitation indices versus the altitude
of the study region. It should be noted that the study region experiences high variation in P along
the latitude, thus it can also be termed as a latitudinal variation. The results suggest that wet days
were slightly increasing along with the altitude (Figure 6a), inferring an increase in P from the south
towards the north. Usually, the central and eastern parts of the study region experience two dominant
precipitation patterns during winter, associated with western disturbances and South Asian monsoon
precipitation [59,62,90]. An increasing trend in precipitation along the latitude/altitude suggests
that northern and western parts of the study region are becoming relatively wetter than the rest of
the region [44,46]. This can be associated with an increase in westerlies and monsoon precipitation
altogether, and thus further studies to explore this pattern in more detail are required for this region,
which serves as the source of water supply for the perennial river flow into the downstream parts of
Indus basin. For heavy and very heavy P events (Figure 6b,c), a slight decrease in the magnitude along
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altitude is obvious, suggesting an increase in the heavy P events in plane arid/semi-arid valleys and
decrease in the upper humid/arid high-altitude regions. The severe P events (Figure 6d) appeared to
be decreasing along with the altitude; however, in the mid-altitude monsoon regions, some stations
have shown an increasing pattern. This infers that the monsoon core regions might be susceptible to
these changes on a more higher pace than other parts of the region, as the eastern and southeastern
regions usually receive >60% of its precipitation during monsoon season.
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Figure 6. Linear trend in different P indices with respect to elevation used in the study: (a) R1 > 1 mm,
(b) R10 > 10 mm, (c) R20 > 20 mm, (d) R50 > 50 mm, (e) PRCPTOT, (f) SDII, (g) R95p, and (h) R99p.
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The overall severe P events appeared to be decreasing from southern arid/semi-arid regions
towards the northern parts of the region. The daily wet days mean P (Figure 6e) and annual total P
(Figure 6f) showed a slight decrease, along with the altitude with an initial increase and then decrease
in the high-altitude regions. The extreme P percentile, i.e., 95th and 99th (Figure 6g,h), also exhibited
an increase along the latitude, with an initial increase in coastal low altitude regions and a decrease in
the central arid valley and a smooth increase in remainder of the region.

The findings of Figure 6 explain a decrease in P frequency from the south towards the north,
inferring a decrease (increase) in these events in northern (southern) parts of the country, as can be
seen from previous findings reported by [46,61]. For extreme P events, an increase can be seen from
the south towards the north, suggesting that the region has experienced an increase in the P extreme
events towards northern parts of the country. At the same time, the frequency of heavy and severe
P increased in the arid southern parts of the country. The findings of the study are in line with the
recent global warming trend in the region and associated changes projected by IPCC in AR5 [1,59,85].
A change in the local hydrological cycle is expected, which needs to be considered for future planning
of water resources in the region [19,43,54]; however, more detailed studies can further explore such
patterns in more particular ways.

5. Discussion and Conclusions

Extreme P events have increased in recent years and are projected to increase in the near future. The
frequent and intense P extremes can increase the associated risk and vulnerability in terms of a riverine
flood or flash flood, due to which susceptible regions are expected to be exposed exponentially across
the globe. Pakistan is among the topmost vulnerable regions [4,47] due to climate change-induced P
extremes, and its local hydrological cycle has been significantly affected in recent years. Moreover, it
is expected that the diversity in seasonal P along the latitude/longitude and perennial flow pattern
have strongly influenced the local and remote scale fauna and flora in the study region. Due to these
constraints and vulnerabilities, the current study was framed to assess changes in extreme P events on
the basis of selected extreme indices over the target region during 1980-2016.

The results inferred that the seasonal P is attributable to two dominant modes: westerlies in winter
and pre-monsoon and monsoon seasons. The climatology inferred a consistent increase in P from the
south towards the north that follows latitudinal P variability, and from the west towards east along the
longitudes. On a seasonal scale, the two peak precipitating seasons are winter (January—April) that
results in snowfall in northern mountains and summer monsoon season (June-September); together,
these two systems drive the local water cycle of the country [59]. The increasing trend in total annual
wet days (RImm), R10mm, and R20mm infer an increase in the wet days and magnitude of precipitation.
This could be associated with an increase in air T, which enhances the water holding capacity of the air
and results in more water vapor in the air. The water holding capacity of the atmosphere has increased
by 7% due to changes in global T, which, as stated by [65], can explain the result of more P events. P
events with a magnitude of 50mm showed a slight decrease in some parts of the country, but overall
the decrease was not so obvious, except for in the northern parts of the country.

PRCTOT and SDII both appeared to be increasing in the majority of the stations; the temporal
evolution of the trend for both indices showed the peak wetting and drying pattern of the region.
Apart from the increasing temperature in the study region [43], the large scale global warming and
increased sea surface temperature could also affect the reasons for an increasing trend in these indices.
Such mixed behaviors could be due to the geographical location of the region because Pakistan marks
the boundary of their influence [59,89] for both precipitating seasons, and thus no distinct pattern can
be seen throughout the region. For the rest of the P indices, the increase in the central Indus basin and
decrease in the monsoon central and core western disturbance regions was found to be significant,
except for the 99th percentile. A possible explanation could be attributed to two different aspects of
the region that include the aridity of the region and moisture sources of the P for both P modes in
the region.



Water 2020, 12, 797 14 of 19

The aridity classes of the region are mostly comprised of arid to semi-arid and extremely arid [59,91].
The occurrence of P mainly results in more infiltration and less runoff. With less runoff, the amount
of evaporation and moisture recycling through evapotranspiration is limited, and hence less water
is recycled through convective activities [86]. The second aspect can be explained through moisture
location for both P modes that drive the regional water cycle. The shift in trend could be attributed
to possible trajectory shift in the monsoon and westerlies disturbances circulations [90,92,93]. The
moisture source for the summer season is over the Indian Ocean, whereas for winter it is over the
Mediterranean region; the shift in the trajectory of the circulation patterns can relocate the P maxima
and thus affect changes in P.

The variability in the climatology of the extreme P indices further suggests that the region
experienced an increase in the extreme events during early 1990, followed by a drought event during
2000 and vice versa. The increase in extreme precipitation indices have shown an overall increase in
precipitation in recent years. This increase in precipitation can impact the shifting of center of maxima
and intensity of extreme precipitation events. Thus, the changes observed may alter the patterns of
extreme weather events, especially flash and riverine floods in the target regions with high vulnerability
to natural hazards [20,53,81]. The arid/semi-arid region in southern Pakistan, where the extreme
precipitation events are decreasing, can play a major role in defining droughts. However, precipitation
is not the only factor for weather and drought estimation/prediction, as the increase in temperature
due to global warming is also very certain and can significantly impact drought and precipitation [87].
The integrated role of both precipitation and temperature can be further explored in unraveling the
historic/future drought events and types, as well as in extreme precipitation events in the region that
are not addressed in current work and thus will be explored in a separate study. Elevation-dependent
increase was not so evident, except for the 95th percentile. This suggests that changes in P extremes
over Pakistan on the daily scale may not be attributed to a specific season or months, as the mixed
response from SqQMK and linear trend suggest that both latitudinal and longitudinal precipitation
extreme variability over the region is distinct.

Apart from the usual P systems, large scale circulation indices such as South Asian high, Himalayan
forcing, and oceanic forcing could also be part of the shift [88,94,95]. Due to changes in global mean T,
the current trend observed for the P extreme may further intensify due to strong land-ocean thermal
gradient and can lead to more catastrophic events. The extreme P indices infer a general increasing
trend in the extreme P events over Pakistan, and thus the associated risk may also increase. The
increasing trends of these extreme P indices can be linked to global warming-induced changes in
circulation, large scale indices, and land-ocean thermal gradient.

The findings of the study are based on the long-term observation records of in situ P and do
not consider the direct influence of large-scale circulation and oceanic and associated drivers. These
aspects will be covered in a separate study in more detail. Furthermore, the spatial distribution of the
in situ stations across the country is also susceptible to substantial uncertainties such as the ability to
capture trace P amount, rain shadow regions, and P bimodality due to two fronts during cold and
warm seasons. These aspects may need to be considered in interpreting the localized trends and thus
are well-acknowledged in the current study. Future studies should focus on the risk, exposure index,
and associated remedies of such extreme precipitation indices in the region.
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