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Abstract: The Hindukush-Karakoram-Himalayan (HKH) ranges and their massive cryosphere extend
over the Upper Indus Basin (UIB) and are prone to incapacitated water supply due to the proclivity
of globally increased temperature. Due to excessive carbon emissions, frequent incursions including
extreme climatic events, are likely to happen sooner than expected on a regional scale due to recent
climate change. The present study examined the variability of climatic extremes (18 indices) during
1971 to2018 over the UIB. The Mann-Kendall (MK) test and Sen’s methods were applied for statistical
analysis as the former deals with the magnitude of trends while the direction of observed trends was
identified by the latter in climatological time-series data. The frequency and intensity of summer days
(SU25 > 25 ◦C/year) at 13 out of 27 stations significantly increased, particularly in lower regions. The
same warming proclivity was dominant in tropical nights (TR20 > 20 ◦C/year) at 20 stations including
Astore, Bunji, Gilgit, Gupis, Murree and Skardu. Similarly, significant increases were observed in
extremes of annual precipitation in western and high northern areas; however, significantly, the highest
drops in R25 and R5day were exhibited in Chitral at the rates of 13 and 29 days, respectively. These
findings tend to support the accelerated summer warming and a rather stable winter warming while
stable winter warming showed that overall the UIB seems to be more sensitive towards warming.

Keywords: extreme climate; cooling and warming extremes; Upper Indus Basin; Mann-Kendall test

1. Introduction

The increasing temperature makes Pakistan highly vulnerable in response to changing
climate. The global temperature increased by 0.89 ◦C from 1901 to2012 [1]. Such a high-level
increment in temperature not only influences the seawater and wind circulation at the
global scale but also affects regional-scale climate. Weather and climate events occur in
response to natural variability and anthropogenic climate changes [2].
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Previously, a significant number of studies conducted in Pakistan concerning analy-
sis of hydro-climatological trends have been conducted in Pakistan [3–13], revealing an
increasing trend of extreme temperatures. Previously [14] indicated the increasing trend of
extreme temperature in Pakistan [14]. Pakistan is partitioned into five locales. The northern
parts, southwestern parts included Baluchistan Level, and the upper and lower Indus
fields have a warming pattern yet, shockingly, northwestern sloping territories showed a
cooling pattern in January. In addition, the northern and western rough domains of the
nation demonstrate bigger inter-annual temperature variability. Similarly, Ref. [6] exhibited
that patterns of anticipated temperature and rainfall along the scope (north–south). The
anticipated temperature ascends all through Pakistan in one decade from now might be
ascribed to provincial atmosphere changes, an unnatural weather change [8,15].

Global warming causes heat waves and high flooding in response to extreme weather
regionally. Particularly, extreme warming (temperature) and severe droughts (precipitation)
events occurred in last few decades. These heat waves were high intensity while drought
period was consistent and lasted longer than usual [7,16]. Extreme climate events and
abrupt weather variability may have calamitous impacts on various potential sectors of
water resources, agriculture, energy, economy, health and infrastructure [2,11,16]. Spa-
tiotemporal variation in meteorological variables resulted in weather extremes in Pakistan
too. In 2017, Turbat, Blaochitan province exhibited 54 ◦C in 2017. This temperature was not
only the highest temperature ever recorded in Pakistan so far but the hottest temperature on
the earth’s surface in Asian continent. Similarly, in the same year a severe heat wave was ob-
served as 50 ◦C in southern areas of Pakistan as the highest temperature in April. Moreover,
620 mm of 24-h rainfall event was observed in Islamabad on 23 July 2001 [7]. Developing
countries are sensitive to extreme weather and climate change due to limited resources,
which enhances further economic loss. IPCC Third Assessment Report [17] revealed signifi-
cantly decreased frequency of the monthly and seasonal temperatures extremes globally in
19th century. However, during latter half of 20th century a 2–4% increase in the frequency
of heavy precipitation was observed over the Northern Hemisphere. Around 0.6 ◦C incre-
ment in January temperature was seen during 1961–2006. In Gilgit Baltistan-Azad Kashmir
(GB-AK), Balochistan, KP-TA, Punjab and Sindh mean decadal temperature peculiarities
were 0.10 ◦C, 0.23 ◦C, −0.15 ◦C, 0.06 ◦C and 0.16 ◦C, respectively. The highest temperature
irregularity was observed in the southwestern part of Sindh (Karachi) attributed to urban
warmth island effect. During the recent three decades, western parts of Balochistan, in-
cluding Chaghi and Quetta demonstrated highest temperature inconsistencies between
0.5 ◦C to 1.5 ◦C in January. Several previous investigations widely used the Mann-Kendall
(MK) test for trends evaluation of extreme temperature and precipitation [18–26]. Previ-
ously [20,21] indicated the changes in wet/dry periods and extreme temperatures during
50 years using the same MK test. Similarly, [27] used the pre-whitening test to eliminate the
effect of autocorrelation time series data. After removing the influence effect, a trend test
was applied. Many studies also used the pre-whitening test [28–33]. Recently, a study in
this region addressed the temperature and precipitation extremes using a similar method of
MK test for trend significance (1980–2019) [34]. They observed spring as the hottest season
which exhibited warm nights at the rate of 0.49 ◦C/decade. It’s worth mentioning that
previous studies were mainly restricted to particular climate variability in terms of a single
variable and extreme weather events in UIB. These studies addressed overall trends and
extreme analysis based on single climatic variables. The present study seeks spatial variabil-
ity in trends of observed maximum/minimum temperature and precipitation concerning
hot/cool and wet/dry days, respectively in UIB Pakistan. We used extreme temperature
and precipitation indices for station data from 1971 to 2018. The used dataset features an
updated record with a wide coverage of daily temperature and precipitation observatories
in selected areas of UIB. Based on the updated analysis, we address the inter-annual and
seasonal variability of extreme events of temperatures and precipitation
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2. Study Area and Datasets

The Indus is considered to be one of the biggest transboundary basins which en-
compasses 1.1 × 106 km2 sharing borders with its neighbours; Afghanistan (6.7%), China
(10.7%), India (26.6%), and Pakistan (56%) [35]. The Indus River is 3180km long, flowing
from the northern Tibetan Plateau to India, and finally enters into the Pakistan’s territory at
the Kharmong flow gauging station [36].

The catchment area upstream of Tarbela Dam is referred to as the Upper Indus, while
downstream is called Lower Indus Basin. Geographically, it is situated between 33◦40′ to
37◦12′ N latitude and 70◦30′ to 77◦30′ E longitude in the HKH region. The upper Indus
Basin also serves as the Water Tower of Pakistan due to the vast size of its glacier, which
supplies water for water resources (reservoirs) and hydropower generation. The melt-water
produces runoff from the UIB and precipitation in winter primarily consists of solid/liquid
snow. The melt process in summer for snow and glaciers is generally initiated in the
mid to late ablation period. The runoff volume is reliant on winter snow and subsequent
temperature in spring to summer. The study area is shown in Figure 1.
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Figure 1. Network of installed climatic stations in the UIB.

We used daily data for the trend analysis with temperature and precipitation being
the core variables. The description of each climatic station is given in Table 1.

Table 1. Meteorological stations used in UIB.

Station
Latitude Longitude Elevation Mean Annual Temperature % of Missing Values

(dd) (dd) (m) Max. Temp
(◦C)

Min. Temp
(◦C)

Rainfall
(mm)

Max.
Temp

Min.
Temp Rainfall

Astore 35.2 74.5 2168 15.6 4.0 482 3.1 3.3 0.1
Bagh 34.0 73.8 1067 21.7 12.4 1440 2.3 2.2 2.2

Balakot 34.6 73.4 996 24.9 11.9 1563 0.4 0.1 0.7
Bunji 35.6 74.6 1372 23.8 8.4 175 0.4 0.4 0.2

Cherat 33.5 71.3 1372 21.4 14.4 608 2.1 1.7 0.1
Chilas 35.3 74.1 1250 26.4 14.1 192 2.0 0.7 7.7
Chitral 35.9 71.8 1498 23.3 8.6 471 0.6 0.7 2.8

Dir 35.2 71.9 1375 22.9 8.0 1356 0.7 0.4 0.2
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Table 1. Cont.

Station
Latitude Longitude Elevation Mean Annual Temperature % of Missing Values

(dd) (dd) (m) Max. Temp
(◦C)

Min. Temp
(◦C)

Rainfall
(mm)

Max.
Temp

Min.
Temp Rainfall

Drosh 35.4 71.7 1462 24.1 16.0 593 0.7 0.5 0.4
Garidopatta 34.2 73.6 814 25.9 12.2 1487 1.2 3.7 2.2

Gilgit 35.6 74.2 1460 23.9 7.7 137 0.8 0.3 0.1
Gujar Khan 33.3 73.3 457 28.7 14.9 815 2.3 0.2 2.7

Gupis 36.1 73.2 2156 18.8 6.6 188 1.3 0.8 1.0
Kakul 34.1 73.2 1308 23.0 10.8 1302 0.8 0.8 0.1
Kohat 34.0 72.5 1440 29.6 17.1 696 0.4 1.6 0.2
Kotli 33.5 73.9 610 28.4 15.8 1230 2.0 0.5 3.8

Mangla 33.1 73.6 282 29.7 17.3 849 0.3 0.3 0.2
Murree 33.9 73.4 2206 17.2 8.7 1748 1.5 2.2 1.4

Muzaffarabad 34.4 73.5 702 27.6 13.6 1483 1.5 0.9 2.2
Naran 34.9 73.7 2363 11.8 9.1 1654 1.1 3.1 0.4

Palandri 33.7 73.7 1402 15.6 12.4 1424 0.7 0.2 0.5
Parachinar 33.5 70.1 1725 21.1 8.0 847 1.3 1.4 0.2
Peshawar 34.0 71.5 320 37.4 16.2 449 1.1 0.9 0.3
Rawalakot 34.0 74.0 1677 20.7 9.2 1349 2.3 0.1 0.6
Risalpur 34.0 72.0 575 29.7 14.5 572 1.4 0.2 0.4

Saidu Sharif 34.4 72.2 961 26.1 12.0 1066 1.9 1.1 0.3
Skardu 35.2 75.4 2317 18.6 4.9 224 0.6 0.4 0.1

dd, decimal degrees.

Temperature and Precipitation Extreme Indices

The frequency, intensisty, and persistence of temperature and precipitation extremes
might be compromised due to the changing climate. There is no particular definition
for an extreme event, however, several definitions have previously been proposed and
applied [2,37]. The expert team on climate change detection, Monitoring and Indices
(ETCCDMI), developed with the help of the WMO Commission for Climatology and the
Research Programme on Climate Variability and Predictability (CLIVAR) 27 climate-change
indices, many of which have been widely used in evaluating extreme temperature and
precipitation in the Middle East, central Asia, etc. [38,39]. This method has also been
applied in southeast Mediterranean climate patterns [40].

Similar definitions for extreme climate events are also seen in many other studies [41].
In the EMULATE (European and North Atlantic daily to multi-decadal climate variability)
project, 64 more detailed climate indices are defined [42–44]. Accordingly, it was beneficial
to apply various indices to obtain a broad and more reliable picture of climatic behavior in
the study area.

In this study, a set of 17 indices was used to examine spatial and temporal variability
of temperature and precipitation extremes. These are detailed in Table 2. All these indices
were calculated on an annual basis for each independent time series during the 46-year
period (1971–2018). As indicated in Table 2, the indices were defined in different ways,
varying from a certain fixed threshold (summer days (SU25) and tropical nights (TR20).
These definitions are objective, site-independent, and facilitate direct comparisons between
different regions [45]. Our study area is a typical case, whereby complex terrain and diverse
climates are evident.

In contrast to other studies, our study used the extremes which exceed the generally
used climatic thresholds for instance, summer days (SU25: Tmax > 25 ◦C), tropical nights
(TR20: Tmin > 20 ◦C), and frost days (FD, Tmin < 0 ◦C). This method enables reliable as-
sessment of climate impacts in terms of climatic variables. The following four indices (TXx,
TXn, TNx, and TNn) refer to absolute values and highly sensitive data quality. We used
annual precipitation as the basic indicator due to the association of annual precipitation
with extreme precipitation events.
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Table 2. Indices for maximum and minimum temperature and precipitation extremes.

ID Description Unit

Maximum Temperature

SU25 Summer days (SU25), number of days with maximum temperature >25 ◦C Days
TXx Maximum value of daily maximum temperature/year ◦C
TXn Minimum value of daily maximum temperature/year ◦C
TXm Annual average maximum temperature ◦C

Minimum Temperature
FD0 Frost days (FD0) Number of days with minimum temperature <0 ◦C Days
TNx Maximum value of daily minimum temperature/year ◦C
TNn Minimum value of daily minimum temperature/year ◦C
TR20 Tropical nights (TR20), number of days with minimum temperature >20 ◦C ◦C
TNm Annual average minimum temperature ◦C

Precipitation
Rm Annual average precipitation of all days in the year mm
WD Length of total rainy days/wet days with PRCP > 1 mm in the year days
CDD Length of total non-rainy days/dry days with PRCP <1 mm in the year days
Rsum Annual total precipitation. mm
SDII Simple daily intensity index. mm day-1
Rx Maximum precipitation mm
R25 The R25, PRCP > 25 mm days

R5day R5day is the annual maximum consecutive 5-day precipitation amount mm

Rm is the annual average precipitation of all days in the year. WD is the length of
total rainy days or wet days where precipitation is >1 mm during during a year whereas
the consecutive dry days (CDD) refers to the length of total non-rainy days. A wet day
refers to a day where precipitation is >1 mm within a day, while a dry day shows where
precipitation < 1 mm within day. Rsum represents the total sum of all daily precipitation
within a year. SDII represents the simple daily intensity index which is the average wet
day precipitation intensity.

SDII is measured in millimeters mm/day. It is also called the precipitation intensity.
Rx represents the highest daily precipitation within a year. The R25 exhibit threshold index
refers the frequency of intense precipitation. i.e., the annual total number of days when
precipitation is >25.4 mm (1 inch). R25 is measured in days. R5d represents the annual
maximum consecutive precipitation amount (mm) over five days. Rm is annual average
precipitation of all days in the year with units in millimeters. The consecutive dry days
(CDD) is measured I, days and shows the maximum number of consecutive dry days.

3. Material and Methods
3.1. Trend Detection

Trend identification by parametric or non-parametric statistical tests seeks the existence
of significance and governs the values of a random variable which increases/decreases
over a period of time in statistical terms [46,47]. The Mann-Kendall (MK) test and Sen’s
robust slope estimator (SS) have been widely used in trend detection and estimation [48–50].
Previously [27] concluded that the results of the MK and Spearman rank correlation tests
are similar. We applied these two tests for trend identification, the methodology flowchart
is given in Figure 2.

3.1.1. Assessment of Autocorrelation

Autocorrelation is the mutual correlation of a variable with itself during the following
time interval prior to test application. In particular, presence of the positive autocorrelation
verifies the significant trend in time series data [50]. Some studies suggested the ‘pre-
whitening’ of data for removing to autocorrelation [51–55].
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Figure 2. Methodology flowchart for trend analysis of climatic extremes.

The method of ‘pre-whitening’ is appliead as follows

Yi = Xi − (β× i) (1)

The trend (β) represents slope which was calculated by Sen’s estimator to make a
linear trend, given as follows

β = midian
(Xi − Xj

i− j

)
, ∀j < i (2)

where 1 < j < i < n. The r1 represents the lag-1 autocorrelation. The method of data refining
is applied where r1 is significant, however, in the case of insignificant r1 at the 5% level,
original values will be required for test application. The pre-whitening method is applied
as follows

Y′ i = Yi − r1×Yi−1
Y′′ i = Y′ i + (β× i)

Y′′ i is pre−whitened time series.
(3)

3.1.2. Mann-Kendal Test for Trend Detection

The trend identification for climate change impact assessment is carried out by MK
statistical test [56–58]. It is very suitable due to its simple data requirements such as that
the data must not be normally distributed and data breaks do not compromise the results
of time-series data [56].

Test statistic Zmk, is calculated using the following relation:

Zmk =


S−1

σs
i f S > 0

0 i f S = 0
S+1

σs
i f S < 0

 (4)
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S can be found as:

S =
n−1

∑
k=1

n

∑
j=k+1

sgn
(
Xj − Xk

)
(5)

where n is the number of years, xj and xk, are the annual values in the years j and k, re-
spectively. The function sgn(xj − xk) is an indicator function that takes the value 1, 0, or −1
according to sign of difference (xj − xk), where j > k:

sgn
(
Xj − Xk

)
=


1 i f xj − xk > 0
0 i f xj − xk = 0
−1 i f xj − xk < 0

 (6)

Zmk might be positive or negative with respect to data, designating an upward
(warming) or negative (cooling) trend. Significance level α of an existing trend depends
upon the test statistic (S) which may follow the standard normal distribution if there is the
probability under the null hypothesis Ho, of observing a value higher than the test statistic
Zmk. The null hypothesis Ho stands true in the absence of a trend, Ho will be rejected. For
the direction of a trend (positive/negative) a two-tailed test at α level of significance Ho is
rejected if the absolute value of Zmk > Z1-a/2 at the α-level of significance.

3.1.3. Sen’s Slope Estimator

The changes over the period (1971–2018) were computed from the slope estimated by
Sen’s method [48]. The slope estimates of N pairs of data using the following equation

Qi =
xj−xk

j− k
If j > k (7)

where xj and xk represent annual values of the year’s j and k, respectively, while Sen’s
shows the median of these N values of Q. N values of Qi are arranged in increasing order
for slope estimation using the following

Sen′s estimator = Q[(N+1)/2] if N was odd and (8)

1
2

(
QN/2 + Q[(N+2)/2)]

)
if N was even (9)

Lastly, two-sided test at 100 (1 − α) % is applied to assess Qmed at the certain
confidence interval.

3.1.4. Inhomogeneity and Change-Point Analysis

The homogeneity of climatic records might be affected by the method of gauging and
data collection, the conditions around the station, the station location, and the reliability
of the measurement tools. Homogeneous climate time-series may be defined as the series
only influenced by the variations in climate. For this reason, the reliability and quality of
the data taken from the observation stations need to be tested statistically prior to their
used in hydrological modelling and research studies. It can be stated that the natural
structure of the observation values does not deteriorate when the climatic time-series have
a homogenous structure. Homogeneity is important in detecting the variability of the data.
The homogeneity tests are classified into two groups: absolute tests and relative tests. In the
absolute method, different tests are applied separately for each station while in the relative
method, the neighboring (reference) stations are also used in the testing [59]. In literature,
many methods such as the standard normal homogeneity test (SNHT), the Buishand
range (BR) test, the Pettitt test, and the Von Neumann tests were proposed for testing the
homogeneity of meteorological variables such as precipitation and temperature [60–64].
These methods have been often applied in studies aiming to analyze the variability in the
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hydro-meteorological time series over different regions of the world [65–69]. We have used
XLSTAT for trend analysis, slope detection, and change-point identification.

4. Results

We analyzed changes in climatic extremes for the selected weather stations in dif-
ferent sub-basins of the UIB, as shown in Figure 3. The maps show the magnitude of
positive/negative changes in detected trends at selected locations.
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4.1. Extreme Tmax Variablity

We observed significant upward trends in most of the temperature extremes. On
average, such increases were prominent for summer days (SU25), TXx, TXn, and TXm
during 1971 to 2018. Figure 3a also indicates that SU25 and TXm increased significantly at
more than 50% of the stations. Similarly, TXx and TXn were significantly increased at 20%
and 30% of the stations, respectively. On the other hand, these extremes were negative at
fewer than 20% of the stations. These trends support the concept of warming prevailing at
most of the stations in terms of increasing numbers of summer days and annual average
maximum temperature in UIB.

We observed a prominent warming pattern in all indices of Tmax during 1971 to
2018; in particular, the warming signal was stronger at Mangla Kotli and Kallar as shown
in Figure 3. Similarly, some stations including Astore, Murree and Naran exhibited a
strong cooling signal. TXm for Naran has been decreased but increased for Murree during
1971–2016. Similarly, the number of SU25 for Murree and Naran increased.

The variation in climatic extremes at a different location is attributed to land-use
changes, vegetative cover, and urbanization in the UIB. Most of the stations exhibited
positive trends with a large variation in magnitude at the regional scale. More warming
trends were found in the lower region of the UIB compared to the higher region. We found
that summer day SU25 extremes showed positive trends at most of the stations as shown in
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Figure 4a. The highest number of decreasing SU25 was seen at Bagh with a rate of 15.4 days
per decade (significant with p < 0.01). However, Rawalakot showed the highest increasing
trend (significant with p < 0.01) at the rate of 14.4 days per decade.
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TXx, TXn, and TXm are changing throughout the UIB revealing a substantial incon-
sistency spatially in hot extremes. The trend value in TXm varied from −1.3 to 0.7 ◦C per
decade. A statistically significant increase in TXm was experienced at twelve stations and
trend values varied up to 0.7 ◦C per decade, while only three stations Naran, Bagh and
Chilas showing a negative trend.

4.2. Extreme Tmin Variablity

We observed that most of the cold extreme indices exhibited a decreasing trend.
Significantly increasing trends were found for frost days (FDo) and tropical nights (TR20)
at 80% (36% were significant) and 92% (76% were significant) of the stations, respectively,
for the 1971–2018 period whereas TNx, TNn, and TXm showed more negative trends at
20% (56%), 48% (56%) and 42% (40%) of the stations, respectively. In contrast, FDo, TNx,
TNn, TR20 and TNm increased significantly at the rates of 72, 64, 68, and 48% of the
observatories, respectively, including both warming and cooling trends. We noted a similar
prominent warming pattern in all indices of Tmin to those observed for Tmax. In particular,
the warming signal was stronger in TR20 at most of the stations, however, FD0 exhibited
overall cooling patterns, as shown in Figure 5. The cooling tendency was prominent in
TNm, TNn, TNx at Astore, Saidu Sharif, and Naran but warming was observed in FD0.
The highest temperature drop was observed at Skardu for both time-series, followed by
Bagh and Murree.
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The spatial patterns in minimum temperature trends for the frost days (FDo) exhibited
negative trends on eastern side of the UIB along the line-of-control (LOC). The rest of the
stations revealed positive trends, as shown in Figure 5a. Significant decreased FDo were
experienced at Astore (significant with p < 0.05), Bagh (p < 0.1), and Plandri (p < 0.05)
with the rate of 3.5, 0.2, and 4.5 days per decade, respectively. In contrast, increased FDo
were observed at Chitral (p < 0.05), Dir (p < 0.1), Gujar Khan (p < 0.05), Murree (p < 0.001),
Muzaffarabad (p < 0.01), Naran (p < 0.1), Rawalakot (p < 0.001), Skardu (p < 0.01), and Saidu
Sharif (p < 0.001) with rates of 3.9, 2.3, 0.4, 10.1, 6.4, 0.4, 0.2, 4.0 and 1.2 day per decade,
respectively. Figure 4 also depicts the extreme of annual high minimum temperature across
the whole region. Just two stations Bagh (p < 0.1) and Plandri (p < 0.05) exhibited a warming
pattern at 0.5 and 0.4 ◦C per decade, respectively. The spatial variation of trend value varied
from −1.3 to 0.5 ◦C per decade.

The downward trend in TNx was associated with decreasing temperature at night,
which increased frost days and extension of cooling duration, with snowfall duration.
Trends of low minimum temperature were similar to those of high minimum temperature
extremes. The highest rate of decrease was observed at Muzaffarabad (p < 0.001) with the
rate of 1.4◦C per decade. However, for the trend of tropical nights TR20, warming was
experienced across the whole of the UIB. No significant cooling trend was observed.

4.3. Variability in Extreme Precipitation

We observed a consistent pattern of mixed trends, particularly for, Rm, Rsum, Rx,
and R25 for which downward trends prevailed, while the other four extreme indices WD,
CDD, SDII and Rx exhibited upward trends at most of the stations. The Rm showed more
negative trends at 57% of the stations but only 20% were observed as significant, as shown
in Figure 3c.

We found an overall decreasing pattern, spatially and temporally, as shown in Figure 6.
Rx and R5day increased at Astore, Bagh, and Balakot, however, Rsum and Rm increased
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markedly in Naran. We observed that WD and R25 increased markedly at Naran and
Chitral stations, respectively, as shown in Figure 6b,g.
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We found significant WD at nine station across the entire UIB. The number of WD
increased significantly at a few stations, but decreased at many stations. The CDD showed
significant positive trends at 27% of stations and the same pattern was found in intensity
index SDII at 30% of stations. The Rx and R25 decreased at 53% of the stations.

Total precipitation might be associated with changes in the frequency of rainy days or
average intensity of the events. For further verification of this, trends in annual number
of rain days and average daily precipitation during rainy days was calculated during
the study period. Except in eastern UIB, rainy days significantly increased supporting
increased precipitation frequency in most of the regions.

The wet/rainy days (WD) exhibited a decreasing pattern in eastern UIB mainly in
the catchment area of the Mangla Dam while the rest of the UIB exhibited increased rainy
days. We observed that average daily rain rate and rainy days were similar and increased
significantly over almost all the UIB except for some stations in the Jhelum basin.

We also found the annual frequency of extreme precipitation days, R25 (Figure 6g), was
the same as that of annual total precipitation (Figure 6d). The varied from −3.5 to 2 days
per decade.

Decreasing trends appeared over the lower eastern part of the UIB, mainly in the
Mangla catchment, however, increasing trends were observed, mainly located in the west-
ern and upper regions. The trend variation in highest precipitation, from−14% to 18%, also
increased in the higher western and northern regions of the UIB while lower and eastern
region had decreasing trends, as shown in Figure 6f.

5. Discussion

We observed the recent changes in climatic extremes in terms of precipitation and
temperature all over the UIB during 1981–2018. According to updated analysis, we noted a
significant increase in summer days and warming trends in annual average temperature at
13 stations. These findings are consistent with [70], who reported seven stations exhibiting
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warming trends in annual maximum temperature within the UIB. A similar dominance of
warming trends at lower altitude stations was revealed by a study during 1981–2013 [30].
Our finding of significant warming of tropical nights (TR20) also supports the idea of
winter warming during 1967–2005 suggested by [14]. The significant increases in warming
trends of the present study are also endorsed by the extent of the shrinkage of global
spring-snow cover in Northern Hemisphere [2] and the UIB/Gilgit Basin [33,71]. The
increase in night temperature has led to a limited new snow events ultimately resulting
in less snow cover. Warmer days expedite the snow melting process so the snow cover
is decreasing all over the UIB. Similar consistent increase in maximum temperatures and
warming patterns were observed at high altitude regions of Khunjrab and Naltar [30]. An
increasing number of TR20 over the UIB might be attributed to cloud cover, short/long-
wave radiation, and energy budget. Some authors [71] observed decreases in daytime cloud
cover and increases in low-level cloud at night. The warming of tropical nights is associated
with such phenomena. Our findings of increasing summer-days are fully consistent with
the results of [30] who reported significant autumn warming and significant positive trends
at Astore, Bunji, and Saidu Sharif during the previous two decades (1991–2013).

The progressive warming supports rapid the melting of the Himalayan, Hindukush,
and Karakoram glaciers, resulting in glacial lake outburst flood (GLOF), jeopardizing the
neighboring towns and roads (e.g., the Shishper glacier). The effect of temperature variation
on snow accumulation is difficult to estimate accurately due to large variations in precipita-
tion amount and phase (solid/liquid) according to changing altitude [72–74]. Increasing
temperatures may create serious concerns regarding early spring snowmelt and glacier
melting in the ablation period, which results in flooding. Some recent studies suggested
that increased runoff in Gilgit Basin with snow/glacier melt contribution attributed to
increased temperature [33]. The precise snow and glaciers melting assessment requires
remotely-sensed data in combination with field-based estimates of melting rates of snow,
permafrost, and glaciers which might be employed in future studies.

We must control anthropogenic activities in downstream areas to maintain a sustainable
environment under this changing climate. Being an agricultural country, our farming com-
munity will be compromised in upstream and downstream areas, particularly in arid regions
where most crops are precipitation-dependent. Increasing summer days will reduce soil
moisture memory (persistence to hold moisture) of cultivated lands which will ultimately
lead to barren lands. Increased summer days will reduce the duration of winter season so
there will be less solid snow accumulation in the winter. Furthermore, the reduced accu-
mulated snow will melt early causing severe floods. The increasing summer temperature
will further enhance the early melting rates of fresh snow and permafrost ultimately leading
to rapid glacier melting. Some glacier-mass-balance studies proposed that eastern and
central Karakoram glaciers exhibit glacier retreat in accordance with global glacier shrinkage
trends [75]. Furthermore, recent field-based estimations [76–78] suggested enhanced areal
coverage of debris-covered areas. One may expect due to this fact that increased summer
days will enhance melting rates and a further increase debris-covered area.

Climate change in terms of increasing temperature, is occurring strikingly in the UIB.
According to our key findings, most areas exhibited significant increases in summer days
with negative trends in annual precipitation. Some recent and previous studies observed
cooling/warming of temperature and increased/decreased amount of precipitation in the
UIB, as discussed. We observed a strong relationship between precipitation extremes and
total precipitation in all areas. Moreover, the total precipitation was positively correlated
with precipitation extremes concerning Rx, R25, and R5 days. These trends suggest that
precipitation is getting frequent but less intense at most parts of the UIB. Conversely,
it is getting intense but less frequent in the Mangla watershed. The positive trends in
total precipitation within the UIB generally align with increasing average precipitation
frequency and intensity. We observed that negative trends in total precipitation in eastern
UIB, mainly in the catchment area of the Mangla Dam are associated with a reduced number
of rainy days. However, average intensity was higher but was unable to compensate for
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the loss of total precipitation in terms of fewer rainy days. Our results showed significantly
decreasing Rx, R25, and R5 days at most of the stations. These negative precipitation
extremes are consistent with regional trends suggesting spring-dying in the UIB [5,31],
ultimately leading to lower crop yields in mountain agricultural areas. Our findings
are consistent with recent studies [34,79,80] in terms of warm tropical nights, summer
warming, and decreased precipitation. Similarly, some authors reported decreased winter
precipitation but unaltered trends of annual precipitation in the Himalayan region [6].
However, we observed significantly decreased annual precipitation. As far as temperature
trends are concerned, we observed a significant increase in warming days at low-altitude
stations which is inconsistent with high altitude cooling trends [30] but the drop in annual
precipitation is consistent with [31]. Some studies observed increased winter and monsoon
precipitation [70], however, our observed trends revealed significant annual precipitation
even in monsoon-dominant areas. We observed that the number of wet days has been
significantly decreased in terms of R25 and R5 days which is inconsistent with [81–83]. Our
findings of wet/dry days will further help with sustainable agricultural planning [84].

6. Conclusions

The present study focused on the variation in extreme temperature and precipitation
indices over the past 48 years in the UIB, Pakistan.

According to the observations, our results agree with the regional findings observed
in the Northern Hemisphere in response to global warming. We observed large variations
all across the UIB attributed to changing temperature, elevation, landforms, and vegetation.
The present study suggests a prevailing impact of positive trends in the frequency and
intensity of hot extremes with considerable regional differences throughout the basin.
Furthermore, warming trends were dominant at lower regions of the UIB compared to the
higher areas. On the other hand, cold extremes exhibited a down ward trend tendency. We
found the extremes largely shifted during hot season as compared to the cold season. More
warming was seen through FDo and TR20 whereas, TNx, TNn, and TX exhibited more
negative trends. The comparison between warming and cooling temperature extremes
was directly affected by the climate change impacts. In particular, shifting in the warming
tendency was more sensitive when compared to the cooling tendency.

We found significant changes in precipitation extremes concerning the frequency and
intensity of hot events. Generally, positive trends in wet days and rainfall intensity domi-
nated, while precipitation frequency decreased in the UIB. Western and higher northern
areas of the UIB experienced significant increases in annual total precipitation while eastern
areas, mainly the Mangla catchment exhibited significant decreases.

Increase in temperature and precipitation extremes is the major aspect of global
warming. This indicates that temperatures will continue to rise in the UIB. Therefore, there
is the need to build capacity and to decrease the vulnerability to extreme temperature. The
major result of this investigation is the detection of the trends and variability in extreme
temperature and precipitation. Therefore, this investigation was important in investigating
the changes in climate hazards. It is evident that the outcomes of this study will assist in
future adaptation and mitigation planning to combat the effects of extreme temperature in
the UIB, Pakistan.
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