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Abstract
The present study explored the changes in monthly streamflow in the Hindukush-Karakoram-Himalaya
(HKH) region within Pakistan using the recently developed trend analysis method known as Innovative
Polygon Trend Analysis (IPTA). The monthly streamflow data of 34 gauging stations installed in the HKH
region was analyzed, and the Pettitt test was applied to check the homogeneity of the time series. The
entire study area was divided into 13 sub-basins, and then changes in monthly streamflow of each sub-
basin were explored using the IPTA method. The streamflow of high elevated glaciated and snow/ice-
covered sub-basins (e.g., Shyok, Astore, and Chitral) have increased in high flow months (June-August),
where there is a downward trend for the Hunza sub-basin in these months. In the Gilgit sub-basin, a
transition occurred from no trend in May to a decreasing trend from June to August. The upstream gauges
of Swat and Kabul sub-basins showed an increasing trend throughout the year, while downstream
gauging stations in the same sub-basins exhibited a strong decreasing trend only in high flow months
(June-August). The upper reaches of the Indus part in the Upper Indus Basin (UIB) showed increasing
trends in high flow months (June-August), however the downstream gauges of UIB showed decreasing
trends throughout the year. Overall, only the glaciated and snow/ice-covered sub-basins experienced
increasing trends, while most other sub-basins faced decreasing trends in high flow months and
increasing trends in low flow months (October - March). The enhancement of the seasonal pattern of
streamflow in the upper reaches of UIB is possibly due to the melting of snow and ice that potentially
influence floods and hydropower generation. The results of this study can result in a better understanding
of the hydrology of the HKH region and support sustainable water management.

Introduction
The Indus System of Rivers (ISR) consists of three western rivers (Indus, Jhelum, and Chenab) and three
eastern rivers (Ravi, Sutlej, and Bias). According to the Indus Water Treaty (IWT) between India and
Pakistan, the water of the western rivers will be used by Pakistan and the water of the eastern rivers by
India. The five rivers (Jhelum, Chenab, Ravi, Sutlej, and Bias) finally join the Indus River at Panjnad
Barrage, located in Punjab, Pakistan. The western rivers originate from China (Tibetan Plateau) and India
(Kashmir) and finally run through Pakistan (Kalair et al. 2019). Among these, the Indus is vital as it feds
50% of the Indus basin discharge (Rao et al. 2018). The Third Polar Region (TPR) is part of the Hindukush,
Karakoram, and Himalaya (HKH) ranges (Minora et al. 2013; Nie et al. 2021; Smiraglia et al. 2007), and the
upper reaches of the western rivers lay in the TPR and HKH. The western rivers are fed by snow and ice
melt runoff from the HKH region. The HKH region stores a substantial amount of water in the form of
glaciers covering an area of about 16,300 km2 (Akhtar et al. 2008). Immerzeel et al. (2010) stated that
more than 50% of the Indus river water is contributed by glacier and snowmelt runoff from HKH, whereas
the contribution of summer precipitation is relatively small (Immerzeel et al. 2009). The Upper Indus Basin
(UIB) is the Indus basin upstream of Tarbela and Mangla reservoirs, and these reservoirs are the primary
source of irrigation and hydropower generation for Pakistan (Nie et al. 2021; Rashid et al. 2018). The intra-
annual variations in streamflow of the UIB are primarily caused by ablation and seasonal snowfall
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(Forsythe et al. 2017). The changes in air temperature and humidity speed up the ablation of glaciers in
this region (Harpold and Brooks 2018; Immerzeel et al. 2010).

The hydrology of the HKH region is complex and very sensitive to climate change (Fowler and Archer
2006) and susceptible to flooding (Khan 2013). In 2010, floods affected 17,553 villages with a total
flooding area of 160,000 km2 (Rahman and Shaw 2015). There are contradictions in relations between
climate change and glacier mass balances within the Karakoram and Himalaya ranges. For example, the
glaciers located in the Karakoram range are stable, or even some of them expanded, whereas the glaciers
of the Himalaya range declined in the last two decades (Bolch et al. 2012; Brun et al. 2017; Gardelle et al.
2012; Kapnick et al. 2014; Minora et al. 2013). The behavior of glaciers located in the Karakoram range is
known as the Karakoram anomaly (Gardelle et al. 2012; Hewitt 2005). The high altitudes of the Karakoram
range receive about 2/3 of the total snow during the winter season triggered by synoptic western
disturbances, and the remaining part is due to the contribution of monsoonal precipitation (Benn and
Owen 1998; Greene and Robertson 2017; Palazzi et al. 2015). Increased winter snowfall (Farhan et al.
2015; Kapnick et al. 2014; Ridley et al. 2013; Tahir et al. 2011) and debris accumulation on glaciers also
contributed to the Karakoram anomaly (Kraaijenbrink et al. 2017; Minora et al. 2013).

In the last two decades, climate-induced hydro-glaciological regime changes were investigated (Aizen et al.
2002; Hannah et al. 2005; Kehrwald et al. 2008). There has been a reduction in streamflow from the
Central Karakoram sub-basins from 1961–2000 (Archer and Fowler 2004; Fowler and Archer 2006).
Khattak et al. (2011) found an increasing trend in winter streamflow and a decreasing trend in summer
streamflow in the UIB from 1967–2005. These studies used traditional methods (Kendall 1975; Mann
1945; Sen 1968) for trend analysis of hydro-climatic time series. A recent study in this region by Yaseen et
al. (2020) also used the traditional non-parametric Mann Kendall trend test for annual and seasonal
streamflow. The presence of autocorrelation in the time series influenced the Mann Kendall results (Ahmed
et al. 2020b). Therefore, the modified version of the Mann Kendall trend test is prefered to overcome the
autocorrelation in the time series (Hamed and Rao 1998). Else, a pre-whitening approach is recommended
before applying the Mann Kendall trend test to remove the autocorrelation in the time series (Şen 2017a).
These traditional trend detection methods are used for holistic trend detection, and the major limitations
of these methods are assumptions such as serial independence and normality in the time series under
analysis (Sen et al. 2019).

Therefore, this study used the recently introduced assumptions free trend analysis method known as the
Innovative Polygon Trend Analysis (IPTA) from Sen et al. (2019) to address the trends in streamflow in the
UIB. This study investigated the changes in monthly streamflow of sub-basins covering the entire UIB for
34 gauges from 1961–2013. The results of this study are relevant for flood risk assessment and
sustainable water resources management in UIB and downstream riparian areas in Pakistan.

Section 2 describes the study area and streamflow gauge records used in this study, the division of the
HKH region into sub-basins, characteristics of each sub-basin, and the methods applied in this study.
Section 3 contains the results, and Sect. 4 the discussion. The conclusion is described in Sect. 5.
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Material And Methods

2.1. Study area and data
The Upper Indus Basin (UIB) is located between latitudes 33° 40ʹ and 37° 12ʹ and longitudes 70° 30ʹ and
77° 30ʹ. The total catchment area of the UIB is 286,000 km2, with an average elevation of 3750 m Above
Mean Sea Level (AMSL). In the HKH region of Pakistan, there were 34 gauging stations installed for
recording of the river discharge (Fig. 1). The daily streamflow data from 1961–2013 was collected from
the Water and Power Development Authority (WAPDA), Pakistan, with continuous records ranging from 30
to 52 years.
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Table 1
List of streamflow gauges installed in the Hindukush-Karakoram-Himalayas

(HKH) region and data period used in this study
River name @ Gauge name Latitude Longitude Data Period

Shyok River @ Yugo 35.2 76.1 1974–2013

Astore Rive @ Doyian 35.5 74.7 1974–2013

Hunza River @ Dainyor Bridge 35.9 74.4 1966–2013

Gilgit River @ Alam Bridge 35.8 74.6 1966–2013

Gilgit River @ Gilgit 35.9 74.3 1970–2013

Chitral River @ Chitral 35.8 71.8 1964–2013

Swat River @ Chakdara 34.6 72 1962–2013

Swat River @ Kalam 35.5 72.6 1962–2013

Bara River @ Jhansi Post 33.9 71.4 1962–2013

Kabul River @ Nowshera 34 72 1962–2013

Kurram River @ Thal 33.4 70.5 1968–2013

Kunhar River @ Naran 34.9 73.6 1962–2013

Kunhar River @ Garhi Habib Ullah 34.4 73.4 1962–2013

Kanshi River @ Palote 33.2 73.4 1962–2013

Soan River @ Chirah 33.7 73.3 1962–2013

Sil River @ Chahan 33.5 72.9 1962–2013

Sil River @ Kharmong 33.5 72.9 1982–2013

Soan River @ Dhok Pathan 33.1 72.3 1964–2013

Neelum River @ Domel 34.5 73.5 1976–2013

Neelum River @ Muzaffarabad 34.4 73.5 1964–2013

Jhelum River @ Chinari 34.2 73.8 1970–2013

Jhelum River @ Kohala 34.1 73.5 1966–2013

Jhelum River @ Azad Pattan 33.5 73.6 1970–2013

Poonch River @ Kotli 33.5 73.6 1962–2013

Indus River @ Kachura 35.5 75.4 1970–2013

Indus River @ Bunji 35.7 74.6 1962–2013
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River name @ Gauge name Latitude Longitude Data Period

Indus River @ Shatial 35.5 73.6 1984–2013

Indus River @ Besham Qila 34.9 72.9 1970–2013

Gorband River @ Karora 34.6 72.8 1976–2013

Brandu River @ Daggar 34.5 72.5 1970–2013

Siran River @ Phulra 34.3 73.1 1970–2013

Indus River @ Khairabad 33.9 72.2 1982–2013

Haro River @ Garriala 33.8 72.3 1962–2013

Indus River @ Massan 33 71.7 1972–2013

2.2. Sub-basins of the HKH region within Pakistan
The entire HKH region was divided into 13 sub-basins (Fig. 2) using the modified Soil and Water
Assessment Tool (SWAT+) with the QGIS tool. The main characteristics of each sub-basin and streamflow
gauges installed in each sub-basin are provided in Table 2.

Table 2: Sub-basins and relevant characteristics in HKH region within Pakistan.
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Sub -
basin

River name @
Gauge name

Total
number of
streamflow
gauge (s)

Region in
HKH

Catchment
area

(km2)

Glacier/snow
coverage

(% of total
catchment
area)

References

Shyok Shyok River @
Yugo

1 Central
Karakoram
range

33670 24 (Bhambri et
al. 2013;
Hewitt 2014;
ul Hassan et
al. 2018)

Hunza Hunza River @
Dainyor Bridge

1 Southwest
Karakoram
range

13157 21 (Hewitt
2006; ul
Hassan et al.
2018)

Astore Astore Rive @
Doyian

1 Western
Himalaya

3995 6.3 (Muhammad
et al. 2019)

Gilgit Gilgit River @
Alam Bridge

 

Gilgit River @
Gilgit

2 Hindukush
mountain
range

26159 14.2 (Ali et al.
2017; Ul
Hussan et al.
2020)

Chitral Chitral River @
Chitral

1 Hindukush
mountain
range

11396   (Ahmad et
al. 2020)

Swat Swat River @
 Kalam

Swat @
Chakdara
River

2 Hindukush
mountain
range

5776 - -

Kabul Bara River @
Jhansi Post

Kabul River @
Nowshera

2 Hindukush
range

33709 - (Mack et al.
2013)

Kuram Kuram River @
Thal

1 Hindukush
range

- - -

Kunhar Kunhar River
@ Naran

Kunhar River
@ Garhi Habib
Ullah

2 Southern
Himalayas

2354 2.1 (Mahmood
et al. 2016)

Kanshi Kanshi River
@ Palote

1 Southern
Himalayas

- - (Mahmood
et al. 2016)
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Soan Soan River @
Chirah,

Sil River @
Chahan,

Sil River @
Kharmong,
and

Soan River @
Dhok Pathan

4 Eastern
Himalayas

- - (Ashfaq et
al. 2014)

Jhelum
Basin
part of
UIB

 

Neelum River
@ Domel,

Neelum River
@
Muzaffarabad,

Jhelum River
@ Chinari,

Jhelum River
@ Kohala,

Jhelum River
@ Azad
Pattan, and

Poonch River
@ Kotli

6 Southern
Himalayas

4176 4.5 (Khanday et
al. 2021)
(Kalair et al.
2019)

(Singh
Jasrotia et
al. 2021)

Indus
Basin
part of
UIB

Indus River @
Kachura,

Indus River @
Bunji,

Indus River @
Shatial,

Indus River @
Besham Qila,

Gorband River
@ Karora,

Brandu River
@ Daggar,

Siran River @
Phulra,

Indus River @
Khairabad,

Haro River @
Garriala, and

10 Tibetan
Plateau +
Central
Karakoram

55975 - (Kalair et al.
2019)
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Indus River
@Massan

2.3. Change point detection
A rank-based test known as the Pettitt test was used to detect (in)homogeneities (Pettitt 1979) in the
annual time series of streamflow of 34 gauging stations installed across the HKH region. The advantage
of this method is that it checks the homogeneity and locates the abrupt change point (year) of any time
series. This method has been extensively used for hydro-climatic time series worldwide (Ahmed et al.
2020a; Ahmed et al. 2020c; Rocha and de Souza Filho 2020; Thakur et al. 2020). However, in previous
studies conducted within the UIB (Ashraf et al. 2021; Yaseen et al. 2020), no data quality tests were
performed to verify the reliability of the time series before using traditional trend tests (e.g Mann-Kendall,
linear regression, etc.). Therefore, this study verified the reliability of the streamflow time series for 34
gauges by checking the (in)homogeneity in the time series.

2.4. Innovative Polygon Trend Analysis
Innovative Trend Analysis (ITA) developed by (Sen 2012; Şen 2014; Şen 2017a; Şen 2017b) has been
widely used in many river basins of the world to analyze trends, and the advantages of the ITA method
over classical methods have been well established (Caloiero et al. 2018; Guclu 2016; Güçlü 2018; Wu and
Qian 2017). However, in this study, the Innovative Polygon Trend Analysis (IPTA) method, a very recently
developed trend detection method introduced by Sen et al. (2019), is applied. The advantage of IPTA over
ITA is that it detects the trends in a time series and describes the transition between increasing and
decreasing trend months/ seasons in the form of a polygonal graphical display. Sen et al. (2019) stated
that the IPTA graphical method has some advantages over traditional classical methods:

a) IPTA is a non-parametric approach and free from the serial dependency of time series;

b) IPTA provides not only trends but also their transitions (from increasing to decreasing trends and vice
versa) in successive months/ seasons;

c) Trend slopes and lengths can be determined between two consecutive months/ seasons;

d) IPTA provides a good linguistic and numerical interpretation and deduction of trends in the form of a
polygon(s);

e) If more than one polygon is formed, this indicates the complexity and dynamics of the hydro-
meteorological events for that station (Sen et al. 2019).

In order to apply IPTA, we followed the procedure explained below:

i. The monthly streamflow data was divided into two equal time series;

ii. The monthly mean and standard deviation for each time series was calculated;
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iii. The first time period is presented on the x-axis and the second time period on the y-axis in a cartesian
coordinate system;

iv. The months (January up to and including December) were joined by straight lines that resulted in
polygons;

v. The trend length (TL) and trend slope (SL) between every two consecutive months were calculated using
the following formula

where TL and SL are trend length and trend slope, x1 and x2 are two consecutive months in the first period,
and y1 and y2 are two consecutive months in the second period;

vi. Draw the no-trend line (1:1 line) at 45° in the cartesian coordinate system;

vii. The months below (above) the no-trend line shows decreasing (increasing) trends, while the months
close to or on the no-trend line show no particular trend.

Figure 3 illustrates the IPTA method, where a rising streamflow trend is observed for July-December and a
decreasing trend for January-June. The length and slope of the connecting lines between consecutive
months show the relative changes in trend magnitude and direction. The IPTA example presented in Fig. 3
only shows one polygon. A detailed explanation of the IPTA method is available in Sen et al. (2019). The
possibility to interpret periodicity and sequential behavior in a hydro-meteorological time series can also
be assessed using the IPTA method. Moreover, the internal variability quantitatively and qualitatively can
be explored with the IPTA method as well.

Results

5.1. Time series analysis
The annual streamflow time series for the entire HKH region under study were evaluated using the Pettitt
test to ensure homogeneity. The Pettitt test results presented in Table 3 showed that all stations have
inhomogeneous time series. The change point differs from station to station in each sub-basin, except for
the Kunhar sub-basin. In the Kunhar sub-basin, Naran and Garhi Habib Ullah stations have the same
change year (1996). In the Soan sub-basin, the change year is the same (1997) for Chahan and Dhok
Pathan stations, whereas for Chirah and Kharmong stations the change years are 1995 and 2000,
respectively. The Jhelum basin also has the same change year (1996) for all gauging stations except Kotli
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station, which has 1998 as change year. The change years are also different for all stations installed in the
Indus part of the UIB (see Table 3).
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Table 3
The results of the Pettitt test showing the change year in annual

streamflow of sub-basins in the HKH region.
Sub-basin River name @ Gauge name Change Year

Shyok Shyok River @ Yugo 1993

Astore Astore Rive @ Doyian 1985

Hunza Hunza River @ Dainyor Bridge 1985

Gilgit Gilgit River @ Alam Bridge 1973

Gilgit River @ Gilgit 2002

Chitral Chitral River @ Chitral 1987

Swat Swat River @ Chakdara 1989

Swat River @ Kalam 1999

Kabul Bara River @ Jhansi Post 1979

Kabul River @ Nowshera 1969

Kurram Kurram River @ Thal 1994

Kunhar Kunhar River @ Naran 1996

Kunhar River @ Garhi Habib Ullah 1996

Kanshi Kanshi River @ Palote 1999

Soan Soan River @ Chirah 1995

Sil River @ Chahan 1997

Sil River @ Kharmong 2000

Soan River @ Dhok Pathan 1997

Jhelum Neelum River @ Domel 1998

Neelum River @ Muzaffarabad 1996

Jhelum River @ Chinari 1996

Jhelum River @ Kohala 1996

Jhelum River @ Azad Pattan 1996

Poonch River @ Kotli 1998

Indus Indus River @ Kachura 1987

Indus River @ Bunji 1987
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Sub-basin River name @ Gauge name Change Year

Indus River @ Shatial 2002

Indus River @ Besham Qila 1975

Gorband River @ Karora 2000

Brandu River @ Daggar 1975

Siran River @ Phulra 1985

Indus River @ Khairabad 1999

Haro River @ Garriala 1998

Indus River @ Massan 1987

5.2. Interannual variations in streamflow
The mean monthly streamflow and its interannual variation for the entire study area are presented in
Fig. 4. The spatial distribution of the monthly Coefficient of Variation (CV) for all gauges for the available
data period (see Table 1) is presented in Fig. 5. It shows much clearer the intra-annual (between months),
interannual (sizes of the dots) and spatial distribution of CVs. The Yogo, Kharmong, Alam Bridge to
Besham Qila gauging stations have CV values ranging from 0.09–0.39. However, the highest values of CV
were obtained for Chirah, Chahan, Garriala, Dhok Pathan, and Jhansi Post gauges, ranging from 0.39–
2.45. The Chirah gauge has the highest CV value (2.45) in June, followed by Chahan gauge (CV = 2.12) in
September. CV values ranging from 0.26–0.87 were obtained for Thal, Phulra, Kotli and Daggar gauging
stations. There is less variability in CVs upstream might be caused by the storage effects of the glaciers
and snow. Comparing CV values between stations for a particular month shows the similar spatial
patterns in each month. All gauges have similar CV values ranging from 0.09–1.2 in January, November
and October, followed by July-August (CV = 0.13–1.19) and then followed by February and March (CV = 
0.09–1.27). The highest CV values were obtained in September (CV = 0.16 2.12) and June (CV = 0.19–
2.45) for all gauges in the study area.

5.3. Trend Results for each sub-basin

5.3.1. Shyok, Hunza and Astore sub-basins
Figure 6 shows the changes in the mean and standard deviation of monthly streamflow of Shyok, Hunza,
and Astore sub-basins. The monthly means increased in high flow months, while no trends were observed
in the low flow months from October to March/April in Shyok and Astore sub-basins. There is a strong
increasing trend in August and July for the Shyok sub-basin and May for the Astore sub-basin. The
streamflow shows a decreasing trend from June to September in the Hunza sub-basin and no trend for the
other months (October – April). A strong decreasing trend was observed in July and August, whereas the
transition from May (increase) to June (decrease) in mean streamflow also occurred in the same sub-
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basin. For mean monthly IPTA results, the maximum trend lengths were calculated as 1198.7 m3/s, 854.7
m3/s, and 243.7 m3/s for Shyok, Hunza and Astore sub-basins, respectively. The maximum trend slopes
were 1.9, 1.4, and 1.6 for Shyok, Hunza, and Astore sub-basins.

The standard deviation results showed an increasing trend in May and June and a decreasing trend in
July and August for the Shyok sub-basin. There is a strong decreasing trend in the Hunza sub-basin in
July and August, followed by September and June. There is an increasing trend of the standard deviation
in the Astore sub-basin in all months except January-March and December having no trend. The
maximum trend length was 249.4 m3/s, 197.9 m3/s, and 74.6 m3/s for Shyok, Hunza, and Astore sub-
basins, respectively. The maximum trend slope was 6.2, 26.2, and 3.4 for Shyok, Hunza, and Astore sub-
basins, respectively.

5.3.2. Gilgit, Chitral and Swat sub-basins
Figure 7 shows the changes in the mean (row one and three) and standard deviation (row two and four) of
monthly streamflow in Gilgit, Chitral, and Swat sub-basins. The Gilgit River at the Gilgit gauging station
showed an increasing trend from May to September, while the other months have no trend in the mean
and standard deviation. There are decreasing trends for Alam Bridge gauge in high flow months (June to
August), an increasing trend for May, and the other months lies on the no trend line.

In the Chitral sub-basin, the mean IPTA graphs show no trend from October to April and increases from
May to September. There is a strong increasing trend for July compared to the other months in the
summer period. There is a decreasing trend for the standard deviation for June and September.

In the Swat sub-basin, the mean and standard deviation of monthly streamflow for Chakdara gauge
increased for all months. For the mean streamflow at Kalam gauge, an increasing trend was observed for
April and May, however June, July and August show a decreasing trend and there is no trend for the other
months. The standard deviation plots show increasing trends for the same station.

5.3.3. Kabul, Kurram and Kunhar sub-basins
Figure 8 shows the changes in the mean (row one and three) and standard deviation (row two and four) of
monthly streamflow in Kabul, Kurram and Kunhar sub-basins. The Kabul sub-basin at the Jhansi Post
gauging station showed a decreasing trend except for August (increasing trend), whereas no trend was
observed in February during the entire data period. However, a strong decreasing trend exists in April. A
higher trend length was found from March to April, and there is a transition from August (increase) to
September (decrease) in mean streamflow for the Jhansi Post observation gauge. The standard deviation
plots showed a decreasing trend in March, April, October and November with no trend for December and
January, while increasing from February-September. For the Nowshera gauge of the Kabul sub-basin, a
decreasing trend in June and August and an increasing trend in May are found, while other months have
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no trends in mean streamflow. The standard deviation showed a decrease in May and June, while the
other months observed increasing trends.

The Kuram sub-basin showed a decreasing trend in most months except July-September, which observed
an increasing trend in mean streamflow. A shift in trends is found from June (July) decreasing to
increasing, and September (October) increasing to decreasing.

The Kunhar sub-basin at Naran station showed no trend for most of the months except June and July,
which faced decreasing trends for mean streamflow. The standard deviation showed similar results for
June and July and an increasing trend from August-May. There is a shift in trends from May (increasing)
to June (decreasing) and July (decreasing) to August (increasing) in mean and standard deviation for
Naran station. The maximum trend length for the mean and standard deviation plots were 106 m3/s and
26.9 m3/s respectively, and the maximum trend slopes were 3.7 and 3.2, respectively. For Garhi Habib
Ullah gauge of Kunhar sub-basin, similar trends were observed for mean streamflow, and there is only a
decrease in June for the standard deviation. The maximum trend lengths are 127.4 m3/s and 43.8 m3/s
for the mean and standard deviation plots, respectively and the trend slopes were 2.2 and 8.3 for the mean
and standard deviation plots.

5.3.4. Kanshi and Soan sub-basins
In the Kanshi sub-basin, there is an increasing trend in July and a decreasing trend in August- September,
while the rest of the months have no trends in mean streamflow (Fig. 9). The mean trend length is 23.4
m3/s. A decreasing trend in the standard deviation of monthly streamflow was observed in January,
March, June, August, October and November,, while the other months have increasing trends in the
standard deviation. There is a transition from increasing to decreasing from July to August. The
maximum trend length of the standard deviation was 21.5 m3/s and the maximum trend slope was 9.4 in
the Kanshi sub-basin.

Decreasing trends or no trends in mean streamflow were observed for all four gauging stations in the
Soan sub-basin, while the standard deviation showed increasing and decreasing trends (see Fig. 9). The
maximum trend length (slope) values for mean plots were recorded as 17.2 m3/s (10.6), 6.2 m3/s (3.1),
910.7 m3/s (1.9), and 154.1 m3/s (2) for Chirah, Chahan, Kharmong, and Dhok Pathan gauges in the Soan
sub-basin, respectively.

5.3.5. Jhelum Basin part of UIB
Figure 10 shows the IPTA results for the Jhelum Basin of UIB for the mean and standard deviation of
monthly streamflow. There is a strong decreasing trend for mean streamflow for Domel, Muzaffarabad
and Chinari gauges. However, there was no trend for low flow months (September to February) for all
these gauges. The maximum trend lengths for mean IPTA plots were 299.4 m3/s, 423 m3/s, and 268.4
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m3/s for Domel, Muzaffarabad, and Chinari stations, respectively. The maximum trend slopes were 1, 1.7,
and 1.5 for Domel, Muzaffarabad, and Chinari stations, respectively. The standard deviation showed a
decreasing trend for Domel (September-October) and Chinari in May, August, November, and December.
However, January and February have no trend for these stations, while for Domel (Chinari) increasing
trends in March to August (April June, July and September). The maximum trend length for standard
deviation plots of Domel, Muzaffarabad, and Chinari stations was calculated as 130.2 m3/s, 130.6 m3/s,
and 112 m3/s, respectively.

The Kohala and Azad Pattan gauges have also observed decreasing trends in high flow months (June,
July, and August) and no trends in mean streamflow for the rest of the months, whereas Kotli station
showed an increasing trend for February, March, and September. On the contrary, standard deviation plots
for Kohala, Azad Pattan, and Kotli stations resulted in a rising trend for most of the months. The
maximum trend lengths were 763 m3/s, 775.1 m3/s, and 183.3 m3/s for Kohala, Kotli, and Azad Patan
stations, respectively.

5.3.6. Indus Basin part of UIB
For the Indus Basin part of UIB, the IPTA plots showed increasing trends in mean streamflow for Kachura,
Bunji, and Shatial Bridge gauging stations in spring and summer months (May-September), whereas no
trends were recorded for October-April (Fig. 11). However, the standard deviation showed a decreasing
trend in June and July and a strong increasing trend in August. A transition exists from July to August
from decreasing to increasing, while the rest of the months have no trends for Kachura station. The
standard deviation plots for the Bunji station showed an increasing (decreasing) trend in May, August
(June and July). The Shatial Bridge standard deviation plots are similar to the results of mean plots
(Fig. 11). The maximum trend lengths for the mean (standard deviation) plots were 2494.6 (435.8) m3/s,
4167.3 (547.5) m3/s, and 4497.8 (964.2) m3/s for Kachura, Bunji, and Shatial Bridge station, respectively.

For Besham Qila station, there is a decreasing trend in mean streamflow only in August and September
and no trend in October, whereas the rest of the months showed a strong increasing trend (Fig. 11).
However, this station has a complex polygon, which shows that this region has remained in non-
systematic weather transitions. Similar behavior is shown in the plots for Daggar station, while Karora
station showed continuous decreasing trends for most months except November to February. The
standard deviation plots for Behsam Qila station showed decreasing trends from June to November and
an increasing one in August. For Karora station, standard deviation plots are similar to the plots for mean
streamflow. Daggar station also has a complex polygon that indicates the non-symmetry in the climatic
conditions (e.g. uneven precipitation (temperature) patterns, timings and intensities) of this region. The
maximum trend lengths of mean plots were 6.4 m3/s, 24 m3/s, and 6.2 m3/s for Besham Qila, Karora, and
Daggar stations, respectively, and the maximum trend lengths for the standard deviation were 5.6 m3/s,
9.9 m3/s, and 6.3 m3/s, respectively.
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For Phulra station, there are increasing and decreasing trends in mean streamflow in different months;
however, these trends are very close to the no trend line. For Garraila station, decreasing trends in mean
streamflow occur in most of the months and there is no trend from October to February (Fig. 11). In
Khairabad station, all months show decreasing trends. The standard deviation plots for Phulra, Garraila,
and Khariabad stations showed increasing trends for most of the months (Fig. 11). The maximum trend
lengths were 22.2 m3/s, 72.8 m3/s, and 4380.5 m3/s for mean plots, and 17 m3/s, 77.4 m3/s, and 1560.8
m3/s for standard deviation plots in Phulra, Garraila, and Khairabad, respectively.

Massan hydrological station is the last streamflow gauging station in the HKH basin in UIB. The mean
streamflow is decreasing in June, July and August and shows no trend in the other months (Fig. 11). For
the standard deviation, an increasing trend was observed only in August. There is a sharp transition from
August to September from increasing to decreasing trends. The maximum trend lengths were 4984.1 m3/s
and 2110.7 m3/s for the mean and standard deviation, respectively. The maximum trend slopes were 2.1
and 2.5 for the mean and standard deviation plots, respectively.

Discussion
The hydrology of the Hindukush Karakoram Himalaya (HKH) region is very sensitive to climate change
(Fowler and Archer 2006) and prone to flooding (Khan 2013). The flood of 2010 affected 17,553 villages
and flooded an area of 160,000 km2 (Rahman and Shaw 2015). In this study, the variations and changes
in monthly streamflow in the sub-basins of the HKH region within Pakistan were analyzed using the
recently developed trend analysis method known as the Innovative Polygon Trend Analysis (IPTA) method
(Sen et al. 2019). Ul Hussan et al. (2020) and Sharif et al. (2013) reported that the streamflow increased
for glacier and snow-fed sub-basins in the HKH region of Pakistan during December-June, whereas in our
study, there is an increasing trend for all months in the glacial and snow-fed sub-basins Shyok and Astore
of HKH. This contradiction is due to differences in the design of classical Mann Kendall trend test used in
these studies and the recent assumptions free IPTA trend analysis method used in this study. Furthermore,
Ul Hussan et al. (2020) and Sharif et al. (2013) reported that the Hunza sub-basin trends showed
decreasing behavior in July and August, whereas in our study, there is also a decrease in June and
September. The Gilgit sub-basin at Alam Bridge gauge showed a decreasing trend in high flow months
(June-August), which is inconsistent with the findings of Ul Hussan et al. (2020) and Sharif et al. (2013)
because they reported an increasing trend in high flows months for same sub-basin. For the Swat sub-
basin, the trends in streamflow are increasing for May and November, which is consistent with Sharif et al.
(2013), while contradictory findings were reported for the rest of the year. Our study results are also
different from Yaseen et al. (2020) for Kunhar, Kanshi and Soan sub-basins due to the statistical test used
in these studies. Sharif et al. (2013) reported upward trends in April and May and downward trends for the
rest of the year in Kunhar and Kanshi sub-basins, however in our study, downward trends were observed
from June to August. The current hydrological regimes largely depend on the timing of precipitation, its
trends and duration, and additionally the snow-ice glacial reserves in the upper reaches of UIB (Archer
2003; Sharif et al. 2013). The enhancement of the seasonal pattern of streamflow in the upper reaches of
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UIB is possibly due to the melting of snow and ice that potentially influence floods and hydropower
generation (Biemans et al. 2019).

In the Jhelum basin, upward trends were found for Muzaffarabad station from August to May and
decreasing ones for June and July (Sharif et al. 2013). However, in our study, decreasing trends are found
for April-August, while other months show increasing trends except for October (which showed no trend).
Lutz et al. (2016) reported an increase in streamflow of the upper river reaches in the Karakoram region
and decreasing trends for lower reaches of the same region. In the Indus basin part of UIB, streamflow at
Kachura and Bunji stations increased in all months and this is in agreement with Sharif et al. (2013). For
Besham Qila, our findings are also consistent with (Sharif et al. 2013) for January-March, while opposite
results were obtained for other months for this station. Behsam Qila station showed a decreasing trend in
August-September using the IPTA method, whereas Ul Hussan et al. (2020) found an increasing trend.
Karora station showed a decreasing trend throughout the year, which shows the consistency with Ul
Hussan et al. (2020). Daggar station of Indus basin showed a decreasing trend in March-April, and August-
September (Ul Hussan et al. 2020), while in our study, only the streamflow in August was decreasing.

Conclusion
In this study, the variations and changes in monthly streamflow of the Hindukush Karakoram Himalaya
(HKH) region were investigated using the recently introduced Innovative Polygon Trend Analysis (IPTA)
method. The entire HKH region of Pakistan was divided into 13 sub-basins and the IPTA method was
applied to each gauging station in each sub-basin. There were 34 streamflow gauging stations installed in
the study area, and change point analysis was carried out to check the (in)homogeneity in the time series.
The IPTA method showed that streamflow in high elevated glaciated and snow/ice-covered sub-basins
(Shyok, Astore, Gilgit, and Chitral) increased for high flow months (June-August), whereas in the Hunza
sub-basin, a decreasing trend in high flow months and no trend in low flow months was observed. In the
Swat and Kabul sub-basins, the upstream gauges showed an upward trend throughout the year, while the
downstream gauges exhibited a strong decrease in the high flow months (June-August). In the Kunhar and
Soan sub-basins, the streamflow decreased in the high flow months (June-August), while the other months
showed no trend.

In the Jhelum basin part of UIB, Muzaffarabad, Chinari, and Azad Pattan gauges showed a decreasing
trend in the high flow months (June-August), while in the other months, mostly no trend was observed. The
Kohala and Kotli stations also showed decreasing trends in the high flow months, while increasing trends
were found from February to May. In the Indus basin part of the UIB, the results showed that upstream
gauges located in snow and ice-covered regions (Kachura, Bunji, Shatial Bridge and Behsam Qila)
observed an upward trend in most of the months except November-February, which showed no trend.
However, stations installed in the middle reaches (Daggar and Phulra) showed a mixed trend
(increasing/decreasing). The lower altitude stations (Garriala, Khairabad, and Massan) of the UIB showed
decreasing trends throughout the year. The results derived from this study can support decision and policy
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makers in sustainable water management and help to understand the complex hydrology of sub-basins in
the HKH region of Pakistan.
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Figures

Figure 1

Location of streamflow gauges in the Hindukush Karakoram Himalayas (HKH) region.
Note: The
designations employed and the presentation of the material on this map do not imply the expression of
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any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.

Figure 2

Sub-basin distribution in the Hindukush Karakoram Himalaya (HKH) region.
Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or area
or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.
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Figure 3

Innovative Polygon Trend Analysis (IPTA) graphical example.
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Figure 4

Monthly variation in streamflow along with the 25%-75% inter-quantile range (IQR) representing
interannual variability and mean values connected by red lines for all streamflow gauges.
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Figure 5

Coefficient of variation (CV) of monthly streamflow for all gauges in the entire data period.
Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.
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Figure 6

IPTA graphical display of changes in the mean and standard deviation of monthly streamflow for Shyok,
Hunza, and Astore sub -basins of UIB.
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Figure 7

IPTA graphical display of changes in the mean and standard deviation of monthly streamflow for Gilgit,
Chitral, and Swat sub -basins of the UIB.
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Figure 8

IPTA graphical display of changes in the mean and standard deviation of monthly streamflow for Kabul,
Kurram and Kunhar sub-basins of the UIB.



Page 32/34

Figure 9

IPTA graphical display of changes in the mean and standard deviation of monthly streamflow for Kanshi
and Soan sub-basins of the UIB.
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Figure 10

IPTA graphical display of changes in the mean and standard deviation of monthly streamflow for the
Jhelum basin part of UIB.
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Figure 11

IPTA graphical display of changes in the mean and standard deviation of monthly streamflow for the
Indus basin part of UIB.


