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Abstract

The uneven hydro-climatic changes and droughts have significantly affected the socioeconomic condition of people dependent
on the Indus basin, Pakistan. This study aims to examine the annual and seasonal hydro-climatic trends for the Upper Indus Basin
(UIB), Middle Indus Basin (MIB) and Lower Indus Basin (LIB). The mean monthly data from 44 meteorological and 30
hydrological stations have been analyzed. The Mann Kendall test, Spearman’s rho test, linear trend estimation method and
Van Belle and Hughes test have been used to perform analysis of hydro-climatic trends. The Standardized Precipitation Index
(SPI), Sequential Mann Kendall test and rescaled range analysis have been introduced to detect the seasonal and annual drought.
The results showed that significant warming has been observed throughout the Indus basin. The spring precipitation decreased
significantly in the UIB with the maximum decrease of 5.3 mm/year. The streamflow of UIB has presented significant increasing
trends on annual basis and spring season due to significant warming and glacier melt. The streamflow of MIB presented a
significant increase in spring, and it decreased in summer, which can be related to significant warming. The annual precipitation
of LIB presented significant increasing trends, and a similar trend has been observed in autumn. However, the LIB showed
decreasing streamflow trends on an annual and seasonal basis which is possible due to significant warming trends and water
regulation in upstream. The Hurst index value indicates that the Indus basin is expected to maintain current trends and the degree
of drought is expected to increase in the future.
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1 Introduction 2015; Porter et al. 2014). The projected warming trends can

disturb the global hydrological system. This disturbance can
In the twenty-first century, climate change is the key challenge ~ be in the form of changes in average water availability and
for agriculture and water resources management (Lu et al.  extreme hydrological events. Such changes in the global hy-
drological system can cause water insecurity especially in de-
veloping countries (Khattak et al. 2011; Mahmood and Jia
2017; Shahid et al. 2016). The climate of a region can be
accessed by the trend analysis of its historical climatic data.
The climate data can provide information about the variation
of climatic variables in a specific period. Several studies have
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Global climate risk index shows that Pakistan is the 7th
most vulnerable country in the context of climate change
(Eckstein et al. 2017). The Hindukush Karakoram
Mountains contain the largest glaciers outside the Polar
Regions, and it is known as “The Third Pole” of the earth
(Soncini et al. 2015). These mountains are considered as
the water towers for the Indus River, which originates from
these mountains (Bashir et al. 2017; Immerzeel et al. 2010;
Ragettli et al. 2016). Several studies investigated the
hydro-climatic trends in different parts of the Indus basin
(Ahmad et al. 2014; Archer and Fowler 2004; Bashir et al.
2017; Bocchiola and Diolaiuti 2013; Fowler and Archer
2005; Fowler and Archer 2006; Hasson et al. 2017;
Khattak et al. 2011; Mukhopadhyay et al. 2015; Sheikh
et al. 2009). Most of the studies mentioned above have
focused on the UIB and only considered the trends of
temperature and precipitation. Ahmad et al. (2014) per-
formed the trend analysis of precipitation and temperature
data of the MIB and LIB over the period of 1971-2010.
The impact of climate change on the Indus basin has been
briefly discussed in literature and some of the recent stud-
ies (Azmat et al. 2019; Forsythe et al. 2019; Khan 2015;
Khan et al. 2015a; Khan et al. 2015b; Latif et al. 2018;
Mahmood et al. 2016; Nepal and Shrestha 2015; Shrestha
et al. 2019) have significant conclusions in this regard.
Moreover, the impact of climate change has been reported
in the Ganga river basin (Khan et al. 2016a; Khan et al.
2016b) which exist near the Indus basin.

In UIB, the observations have been analyzed from man-
ually operated stations existing at a lower elevation.
Whereas the streamflow of UIB mostly originates from
elevation 2500-5500 m.a.s.l (Faruqui 1997). The serial
correlation and seasonality of the data are not considered
which can affect the results(Caloiero et al. 2011; Cong
et al. 2017; Yue et al. 2002). Moreover, these studies used
the data of limited meteorological stations, e.g., Ahmad
et al. (2014) used the data of seven and five meteorological
stations for the Middle and Lower Indus basins respective-
ly. It has been observed that the historical climatic trends of
the UIB are not consistent with the global trends, e.g.,
seasonal temperature (Fowler and Archer 2006) and sea-
sonal precipitation (Archer and Fowler 2004). Similarly,
Sheikh et al. (2009) concluded that the climatic trends of
Pakistan show significant departure from global trends.
However, limited attention has been paid to the river flow
trends, which can reflect the impact of the climatic vari-
ables over the catchment. Moreover, many hydropower
projects have been proposed at different sections of the
Indus basin (Ullah et al., 2018), and trend analysis of
hydro-climatic variables could be used as a reference. A
detailed assessment of sub-regional hydro-climatic trend
assessment is still lacking and hence this study aims to
contribute in this knowledge gap. The present work covers

the hydro-climatic stations from the entire Indus basin ly-
ing in Pakistan. Apart from temperature and precipitation,
streamflow trends are also investigated in this study.

Accordingly, this study presents a comprehensive trend
analysis of hydro-climatic variables in the Indus basin
Pakistan. The streamflow data of 30 hydrological stations
and climatic data of 14 manual and 30 automatic weather
stations have been used in this study. In this study, the
climatic data represents precipitation and temperature
(maximum and minimum) data. The Manan Kendall test,
Spearman’s rho test, linear trend estimation method and
Van Belle and Hughes tests have been used to perform
analysis of hydro-climatic trends. The Standardized
Precipitation Index (SPI), Sequential Mann Kendall test
and rescaled range analysis has been used to detect the
seasonal and annual drought. The objectives of this study
are as follows: (1) to identify the characteristics of the
Hydro-climatic variables in the Indus basin during the past
two and a half decades. (2) to analyze the trends of Hydro-
climatic variables at different time scales based on sequen-
tial autocorrelation. (3) to investigate the meteorological
drought based on SPI index.

2 Data and Methodology
2.1 Indus River Basin

The Indus basin covers an area of 1,120,000 km?, with
56% distributed in Pakistan, 6.7% in Afghanistan, 10.7%
in China and 26.6% in India (Wolf et al. 1999). More than
40% of the Indus basin is located at an elevation higher
than 2000 m above sea level. The Indus River is the main
river within the Indus basin which originates from the
Tibetan Plateau and flows through Kashmir and Pakistan
before draining into the Arabian Sea (Negi 1991). The
other rivers that flow through the Indus basin are the
Jhelum, Chenab, Ravi, Beas, Sutlej, and Kabul. All these
rivers are tributaries of the Indus River. The irrigated arca
of the Indus basin is 228,694 km? which is 21% of total
area, about 60.9% of the irrigated area is located in
Pakistan, 37.2% in India and 1.9% in Afghanistan. The
Indus Basin Irrigation System (IBIS) is considered one of
the largest irrigation systems in the world (Laghari et al.
2012). The hydrology of the Indus basin is complex the
streamflow in the upper part of the basin mainly receives
snow/glacier melting water (Hewitt 2011). However, the
middle and lower parts receive monsoon rainfall as the
main source of water (Ali et al. 2009). The streamflow of
the Indus River and its tributaries varies between seasons.
It is low in the winter and increases in summer when snow
in the mountain regions starts to melt. Mostly rivers of the
basin receive discharge during July to September, which is
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a monsoonal season (Hartmann and Buchanan 2014). The
study area for the present study is confined to the major
part of the Indus basin, which mostly lies in Pakistan. It
lies between the latitude 24.02° and 37.07°N and the lon-
gitude 66.2° and 82.5°E, covering a total area of
855,045 km?. Tarbela Dam is the first reservoir constructed
on the Indus River in Pakistan, and the Warsak, Mangla
and Marala dams are constructed on its tributaries. In the
present study, the area above the Tarbela Dam is referred as
the Upper Indus Basin (UIB), the area up to the Dhoke
Pathan flow gauge is referred as the Middle Indus basin
(MIB), and the rest area is regarded as the Lower Indus
basin (LIB) as shown in Fig. 1.

2.2 Data Description

The catchment boundary and stream networks are delin-
eated by using a digital elevation model (Farr et al. 2007).
The Indus basin is poorly gauged basin, and the meteoro-
logical stations are sparsely distributed within Pakistan.
The major meteorological networks are operated by
Pakistan meteorological department (PMD) and the
Snow and Ice Hydrology Project (SIHP) of the Water
and Power Development Authority (WAPDA), Pakistan.
The monthly maximum temperature (hereafter7,,,y), min-
imum temperature (hereafter7,,;,) and precipitation
(hereafterP) data have been collected for 44 stations. Out
of 44 stations, we obtained the meteorological data of 28
stations (14 automatic and 14 manual) from PMD, 12
automatic weather stations data from WAPDA, 2 automat-
ic weather stations data from China Meteorological
Administration, and 2 automatic weather stations data
from Indian meteorological department (IMD). The data
of IMD stations is downloaded from the website of the
Global Historical Climatology Network (GHCN). Out of
44 meteorological stations, 22 stations are in UIB, 13
stations are in MIB and 9 stations are in LIB. The mete-
orological stations of UIB are represented as MUI to
MU22, MIB are represented as MMI to MM13 and LIB
are represented as MLI to ML9. The meteorological data
of stations MU11-MU22 cover the period from 1995 to
2013, and the other station’s data is available for 1986—
2015. The flow data (hereafterQ) of Indus River and its
tributaries are recorded by WAPDA. According to the
geographic location and period of availability, the data
of Qis collected for 30 hydrological stations. The hydro-
logical data records of the stations start in 1985 and end in
the year 2015. The stations with ID HU1 to HUI2 are
located in UIB, HM1 to HM15 are located in MIB and
HLI to HL3 are located in LIB. The location map of the
hydro-meteorological stations is also presented in Fig. 1.
The Indus basin has four seasons: Winter from December
to February, spring from March to May, summer or

monsoon season from June to August and autumn from
September to November. The spatial distribution of pre-
cipitation is highly variable in the Indus basin. The mon-
soon rainfall is the main source of water for the Indus
basin. The climate of the Indus basin is diverse regarding
climatic variables. The mean annual T,,,, is between —1
and 35°C and the mean annual 7,,;, is between —10 and
22°C. The Tpay of 35°Cis recorded at station ML2 and the
Tominof =10 °C is recorded at station MU14The mean an-
nual P ranges from 80 mm to 1776 mm. The mean annual
maximum Pof 1776 mm is recorded at station MM4, and
the mean annual minimum P of 80 mm is recorded at
station MUS.

2.3 Preliminary Data Analysis

Statistical analysis is necessary to understand the character-
istics of hydro-climatic time series. The homogeneity and
autocorrelation test are performed for the hydro-climatic var-
iables of the Indus basin. Homogeneity test is a fundamental
test in hydrology (Kang and Yusof 2012; Qin et al. 2009). It
is used to check the data variability, and it gives information
about homogeneity or heterogeneity of data. If the data series
shows shomogeneity then it is considered that data has been
recorded with a similar instrument, techniques, and environ-
ment (Kang and Yusof 2012; Seyam and Othman 2015).
Different tests are available in the literature to test the homo-
geneity such as Buishand’s test, Pettitt’s test and von
Neumann test (Bartels 1984; Buishand 1982; Pettitt 1979).
In literature, the Pettit’s test is mostly used to check the
homogeneity (Cong et al. 2017; Shahid et al. 2017). In the
present study, Pettitt’s test is used to check the homogeneity
of hydro-climatic variables. The presence of autocorrelation
can distort the results; the two-tailed test is used to check the
serial correlation of data series. The trend-free pre-whitening
(TFPW) approach is applied to remove the serial correlation
in data series.

2.4 Statistical Test for Trend Analysis

The trends of the hydro-climatic variables have been tested by
using three methods. The nonparametric Mann Kendall (MK)
test, the nonparametric Spearmen’s rho test (SR) and the para-
metric linear regression (LR) test. These methods do not re-
quire a normal distribution for data series. The equations of the
MK test, SR test, and LR test are presented in supplementary
material. The MK test requires serially independent data. The
MK test can overestimate, the significance for positively cor-
related data and it underestimate the significance of the trend if
data has a negative correlation. The serial correlation has been
checked by using a two-tailed test, and TFPW method is ap-
plied to remove serial correlation as discussed in the prelimi-
nary data analysis section. Many studies have compared the
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Fig. 1 Location map of the Indus basin and distribution of Hydro-meteorological stations

results of these three methods when performing trend analysis
(Fathian et al. 2015; Tehrani et al. 2018; Zhao et al. 2017). All
these methods have their strength and weakness, and their
results can complement each other. The readers interested in
a detailed explanation of these methods are referred to (Burn
and Elnur 2002; Helsel and Hirsch 1992).

@ Springer @ Korean Meteorological Society

2.5 Test for Trend Homogeneity

The three methods used in this study implicitly assume the
trend homogeneity between different seasons. (Belle and
Hughes 1984) concluded that the overall statistics show no
trends although there is a significant trend in data series.
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Therefore, an overall trend test leads to an ambiguous conclu-
sion when data have heterogeneous trends. This test uses Chi-
square () tests to determine the homogeneity of trends. The
Chi-square statistics are calculated by the Van Belle and
Hughes equations for homogeneity of the station, season and
station season interaction as follows:

q m
xtzotal,qm = z Z Zzl?f (1)
k=1 j-1
5 _ qg m = 2
X homogeneity,gm-1 = 121 /; (ij Z) (2)
2 A =\?
X season,g—1 = mkgl (Zk—z) (3)
By m N2
X stations,m—1 = qul (ZJ_Z) (4)
) qg m \2
X stat—season,(g—1)(m—1) = kz] 'Zl (ij_Zk_Zj + Z) (5)
=1 /=
5 _2
X trend, 1 — qu (6)

In these equations Z is the normalized Kendall’s statistic
such that Z; is the average Zvalue over mstations for kseasons,
Z; is the average Zvalue over gseasons for jstations, Z;; is
Zvalue for the season k at the station j and Z is overall average
Zvalue. The computed values of X stations X season A0 X sation
_ season are compared with critical values of Chi-square table
with (g — 1), (m—1) and (g — 1) = (m — 1) DF (degree of free-
dom) respectively. If the computed x> value of station, season
and station-season interaction exceed from the critical value of
Chi-square, then trends are considered as significant and het-
erogeneous. The Eq. (3), Eq. (4) and Eq. (5) can be used to
determine homogeneity between seasons, stations and seasons
stations interaction respectively. The overall global trend in a
basin can be tested; in this regard, (Kahya and Kalayci 2004),
discussed four scenarios as follows:

1. When Xzstaliom Xzseason and Xzstation — season aI® not Sigl’lif-
icant then overall trend can be tested by comparing x,ena
with Chi-square value at DF = 1.

2. When Xzseason is significant but Xzsmﬁ(m is not significant
then different trend direction in each season should be
tested from ¢.Z%.

3. When x*usion 18 significant but X season 1S 11O significant
then trend should be tested at each station by using msz

4. When both Xzs,a,,-o,, and szson are significant, then indi-
vidual station season interaction, i.e., Zy(k=1,2,3,4),
J=(1,2,3,.. ...m)are tested for significance of trends.
This can be done by refereeing each station’s Zystatistics
to the critical value of standard normal distribution at o =
0.05. The null hypothesis of no trend is accepted if-Z,,»
< Zj;< Zyp, Where £Z,,, is the standard normal deviate at

a=0.05. The overall trend significance can be tested by
using Eq. (6). (Vousoughi et al. 2013).

2.6 Drought Analysis

The intensity of drought or wet events can be measured by
standardized precipitation index (SPI). It is suitable for com-
paring the drought disorder at different time scales and regions
having different climatic situations (Bonaccorso et al. 2003). It
is recommended by the World Meteorological Organization
(WMO) to monitor drought, and it has been used in different
studies (Gocic and Trajkovic 2013; He et al. 2015). It depends
on the equal probability transformation of accumulated
monthly precipitation data into a standard normal variable. It
works at 1, 3, 6, 12, 24 monthly scale precipitation data series.
In this study, the SPI has been calculated at the seasonal scale
(SPI-3) and annual scale (SPI-12). According to (McKee et al.
1993) for SPI value: 0 to 0.99 drought will be near normal, 1
to 1.49 drought will be moderate wet, 1.5 to 1.9 drought will
be very wet, and for greater than 2 it will be extremely wet.
Similarly, for SPI (=1 to —1.49), drought will be moderate,
(=1.5 to —1.99) drought will be severe and for (<—2) it will
be extreme drought. The positive value of SPI indicates that
the precipitation is above average and negative SPI value in-
dicates that precipitation is below average. The calculation
procedure of SPI is available in WMO user guide (Svoboda
et al. 2012). The Sequential Mann Kendall (SMK) test has
been used to detect abrupt changes in SPI. The SMK test is
suitable to detect the abrupt changes in data series. A detailed
explanation of SMK test is presented in (Han et al. 2016). The
long-term correlation of time series is evaluated by rescaled
range analysis (Salomao et al. 2009) the detailed explanation
of MK, SR, LR test and rescaled range analysis method is
presented in the appendix.

3 Results and Discussion

3.1 Statistical Characteristics of Hydro- Climatic
Variables

The hydro-climatic data is analyzed before processing homo-
geneity, and autocorrelation of the data series. It has been
observed that the climatic data of some stations have shown
non-homogeneous behavior. The non-homogeneous behavior
has been observed for Tyax, Tmin, P, and mostly non-
homogeneity is recorded between 1997 and 2005 as presented
in Table 1. Similarly, the flow data is non-homogeneous for
stations HU6, HU3, HU10, HM7, and HL2. Inhomogeneities
have been reported regarding different stations in the Indus
basin(Archer and Fowler 2004; del Rio et al. 2013; Forsythe
et al. 2015; Fowler and Archer 2005), and such

3‘ Korean Meteorological Society @ Springer



196

M. Shahid, K. U. Rahman

Table 1 List of stations

presenting non homogeneous Station ID for Tinin Year Station ID for Tiyax Year Station ID for P Year
behavior for Minimum
Temperature (Tyin),Maximum MU3 2005 MUI 1996 MM4 1998
Temperature (7inay) and MU6 2005 MM2 1997 MUS5 2001
Precipitation (P) MM?7 1997 MU2 1996 MM6 1997

MU8 1997 MM3 1997 MU7 2000

MU9 1997 MU3 1996 ML4 2000

ML1 2005 MU4 1996

ML2 2005 MM4 1997

ML4 1997 MM6 1996

MMI10 1997 MMS8 1999

MMI1 1997 MU8 1998

MLS5 1998 ML6 1997

ML6 1997 MM12 1997

ML3 2000 MM1 2002

MM13 1997

MM1 1997

inhomogeneities are attributable to environmental changes
(Bashir et al. 2017). Therefore, for careful interpretation of
results, no correction method has been applied here. The au-
tocorrelation is checked for hydro-climatic data series, and
20% (551 out of 2754) presented autocorrelation. It is ob-
served that about 4%, 7%, 3% and 6% series of T ax, Tmins P
and Q presented autocorrelation respectively which can influ-
ence the results of trends. The results for autocorrelation of
data series are presented in Fig. 2 and it has been removed
through TFPW method and then MK test, Spearmen’s rho test
and linear trend estimation methods are applied to these series.

3.2 Hydro-Climatic Trend Analysis
3.2.1 Results of Trend Tests

The MK test and SR test are used to perform trend analysis of
hydro-climatic variables at a significance level of 5%, and

25

results are presented in Table 2. The Van Belle and Hughes’
test of trend homogeneity has been used to understand the
overall trends of hydro-climatic variables closely. The homo-
geneity test results of all variables are presented in Table 3.
The sub-basin wise annual significant trends and trends ho-
mogeneity forP, Tax, Tminand Q are discussed here. The trend
slope of hydro-climatic variables are estimated by linear trend
estimation method, and slope changes for all stations are pre-
sented in supplementary material Table S1-S3.

The trend analysis results in Table S2 show that the Pof
UIB stations has not presented any significant trend on an
annual basis. The MIB stations presented both positive and
negativePtrends on an annual basis, and 2 stations presented
positive and negative trends respectively. The magnitude of
decreasing annual trend (—14.6 mm/year) has been observed
more significant as compared to the magnitude of the positive
trend (10 mm/year). The LIB stations presented positive
Ptrends on an annual basis, and only one station presented

Fig. 2 Number of stations
showing significant

autocorrelation "

15

10

Number of stations having autocorrelation
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Table 2 Number of stations presenting significant Positive (P) and
Negative (N) trends at annual and seasonal scale. UIB, MIB and LIB
have 22, 13, 9 meteorological stations and 12, 15, 3 hydrological stations
respectively

UIB Variables Annual ~ Winter  Spring  Summer  Autumn
P N P N P N P N P N
P o o0 4 0 0 5 2 1 4 2
Trvax 31 2 1 7 0 2 0 1 1
Tnin 30 2 0 3 1 2 1 3 0
0 4 0 1 0 4 0 2 1 2 0
MIB Variables
P 2 2 o 0 0 1 o0 0 1 0
Tinax 301 32 3 0 O 1 1 1
Tnin 2 0 0 1 30 2 0 1 0
0 0 0 1 0 2 0 O 3 0 1
LIB Variables
P 1 0 o 0 0 0 O 0 3 0
Tinax 1 0 2 1 1 0 1 1 2 0
Tinin 30 1 0 3 0 2 0 4 0
0 0 1 o 0 o0 1 o0 0 0 1

this trend. The results for temperature trends are presented in
Table S1 and these results show that UIB experienced
warming trends on an annual basis, three stations presented
positive trends and only one station presented a negative
trend. The magnitude of annual 7}, trend varied between
—0.01 °C/year and 0.05 °C/year. The T, also presented sim-
ilar trends for UIB stations and positive trends are more sig-
nificant. On an annual basis, three stations presented positive
trends, and the highest trend magnitude is observed as
0.03 °Cl/year. The T},,.x of MIB stations presented significant
trends at annual scale, three stations presented a positive trend,
and the negative trend has been observed in one station. The
magnitude of annual trend varied between —0.01 °C/year and
0.05 °Clyear. The T,,;, of the MIB presented positive trend at
an annual basis. Two stations presented a positive trend on an
annual basis and highest trend magnitude of 0.02 °C/year has
been observed. Similarly, the 7},.x of LIB presented signifi-
cant trends on the annual scale, and only one station presented
a positive trend with the magnitude of 0.04 °C/year. The T,
of LIB also presented significant positive trends on an annual
basis. Three stations presented positive trends on an annual
basis and the highest trend magnitude of 0.03 °C/year has
been observed. The result of streamflow trends are presented
in Table S3 and these results show that Qof UIB has experi-
enced a positive trend on an annual basis. The positive trends
have been observed for four stations, and trend magnitude
ranged from 1.2 mm/year to 12.5 mm/year. The Qof MIB
stations have not presented any significant trend on an annual
basis. The Qof LIB stations presented a negative trend on an

annual basis, and this trend has been observed in only one
station. The magnitude of annual trends has been observed
as —0.2 mm/year.

3.2.2 Precipitation Trends

The seasonal trends of the hydro climatic variables are
discussed in this section, and spatial variation for hydro-
climatic variables are presented in Figs. S1-S4. The trend
analysis results of precipitation are presented in Fig. S1 which
show that P of UIB has presented both positive and negative
trends on a seasonal basis. Winter Pshowed positive trends
and four stations presented significant positive trends.
During winter the magnitude of the highest increasing trend
has been found as 2.9 mm/year. Spring Ppresented significant
negative trends and these trends have been observed for five
stations. The magnitude of the highest trend slope has been
observed as —5.3 mm/year. Summer and autumn Ppresented
contrasting trends, in summer 3 stations (2 positive and 1
negative) and in autumn 6 stations (4 positive and 2 negative)
presented the significant trends. The results of the homogene-
ity test revealed that Pof the UIB has not presented an overall
homogeneous trends. The MIB stations have not presented
any significant Ptrends for winter and summer season.
However, only one station presented positive and negative
trend for autumn and spring season respectively. The trend
magnitude of a negative trend in spring (—0.9 mm/year) has
been found more significant as compared to autumn trend
(0.6 mm/year). The homogeneity test showed that Pof the
MIB has not presented an overall homogeneous trend. The
LIB stations presented significant seasonal P trends, and 3
stations presented a positive trend for autumn. The trend slope
of autumn season has been observed as 1 mm/year. The over-
all trend of season-station interaction has been found to be
homogeneous for the P of LIB. The results of the homogene-
ity test for seasonal Ptrends of LIB are consistent with the
trend analysis by MK and SR test as shown in Fig. S1, all
stations presented an increasing trend in the autumn season.
(Archer and Fowler 2004; Khattak et al. 2011)) performed
trend analysis of P in UIB. Comparing the current UIB sta-
tions results with these studies show both similarities and dis-
similarities. In both studies increasing trends have been ob-
served for winter which is similar with UIB stations results in
this study.(Archer and Fowler 2004)) found increasing annual
and summer Ptrends for several stations and (Khattak et al.
2011)) presented similar trends for few stations. In this study,
no significant trends have been observed on an annual basis,
and contrasting trends have been observed in the summer
season. The possible reasons include the difference in the
study period (although there is an overlap) and (Archer and
Fowler 2004) did not consider the serial correlation and sea-
sonality of the data series. Similarly, (Ahmad et al. 2014))
have not found any significant annual and seasonal trends
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Table 3  Results of Van Belle and Hughes homogeneity test for seasonal trends in hydro-climatic variables. Here, DF = degree of freedom

Stations sites Total Homogeneity Season Station Season-station Trend Z
Precipitation (P)

UIB

b 211.65 210.93 71.31% 73.14%* 250.27%* 0.72 0.09
DF 88 87 3 21 63 1

MIB

X’ 73.06 65.57 13.31* 55.23%* 85.92% 3.49 0.26
DF 88 87 3 12 36 1

LIB

X’ 39.69 255 7.42%% 8.1 27.05%* 9.61 0.52
DF 88 87 3 8 24 1

UIB Maximum Temperature (7}ax)

i 201.4 192.35 43.83* 54.72% 106.01* 9.05 0.32
DF 88 87 3 21 63 1

MIB

X’ 233.89 190.73 43.73* 94.67* 97.30% 43.16 0.91
DF 88 87 3 21 63 1

LIB

i 12591 125.56 32.02% 77.79% 72.95% 0.44 0.11
DF 88 87 3 21 63 1

UIB Minimum Temperature (7 ;)

b 302.36 302.22 29.10% 95.49%* 214.74%* 0.14 —0.04
DF 88 87 3 21 63 1

MIB

X 200.11 199.89 48.19* 38.75% 173.47* 0.22 —0.66
DF 88 87 3 21 63 1

LIB

i 227.01 194.99 57.51* 23.710* 240.85* 33 1.79
DF 88 87 3 21 63 1

UIB Streamflow (Q)

i 106.38 94.24 9.75% 90.32%* 84.23* 12.14 0.5
DF 48 47 3 11 33 1

MIB

X’ 62.92 58.58 19.79% 9.76%* 45.59%: 434 -0.27
DF 60 59 3 14 42 1

LIB

i 16.22 8.99 12.45% 2.810%* 10.92%* 7.23 -0.77
DF 12 11 3 2 6 1

Note: * indicate that the trends are significant and heterogeneous i.e. the given chi-square values are greater than the critical value atcv = 0.01. Whereas **

indicates trends are not significant

for Pof LIB. In the present studyPof LIB presented significant
increasing trends in the autumn season. The possible reasons
include the difference in the study period and number of sta-
tions. They analyzed data of 5 stations, but data of 9 stations
have been evaluated in the present study.

3.2.3 Temperature Trends

The MK and SR test results for 7},,,<data are presented in Fig.
S2 which show that UIB experienced warming trends on a

seasonal basis. On a seasonal basis, seven and two stations
presented positive trends in spring and summer respectively.
The spring season trend magnitude varied between —0.02 °C/
year and 0.08 °C/year, for summer highest trend has been
observed as 0.05 °C/year. The Tp,.x trends of winter (two
positive, one negative) and autumn (one positive, one nega-
tive) are contrasting. In general, it can be concluded that 7},
presented the most significant warming trends in the spring
season. On the other hand, the results of trend analysis for 7,
are presented in Fig. S3, which also presented similar trends



Identifying the Annual and Seasonal Trends of Hydrological and Climatic Variables in the Indus Basin... 199

for UIB stations, and positive trends are more significant. On a
seasonal basis, two stations presented positive trends in win-
ter, and three stations presented similar trends in the autumn
season. Winter and autumn seasons highest trend magnitude
has been observed as 0.03 °C/year and 0.02 °C/year respec-
tively. Spring presented (three positive, one negative) trends
and summer presented (two positive, one negative) trends.
These findings do not agree with (Khattak et al. 2011)) as they
observed annual and seasonal decreasing trends in 7j;,. It
might be due to the difference of elevation as they used the
data of stations at low elevation (1465-2394 m.a.s.l).
However, the warming trends are found to be consistent with
decreasing snow cover in spring over the Northern
Hemisphere (Stocker et al. 2013). The results of the homoge-
neity test showed that the overall trends of Tj.and T, are
heterogeneous for UIB stations.

The T.« of MIB stations presented significant trends at
seasonal scale. The significant warming trends have been ob-
served in the spring, and three stations presented positive
trends. The highest trend magnitude of 0.07 °C/year has been
observed in the spring season. Winter and autumn presented
contrasting trends, and only one station presented a negative
trend in the summer season. On the other hand T,;, of the
MIB presented positive trends in spring, summer, and autumn.
The maximum positive trend has been observed in the spring,
and three stations presented these trends. The highest trend
magnitude of 0.03 °C/year has been observed in spring.
Similarly, the 7)., of LIB also presented significant trends
on a seasonal scale. During winter three stations (two positive
and one negative) presented a significant trend. Only one sta-
tion presented a positive trend in spring, and two stations
presented a positive trend in autumn. The highest trend mag-
nitude of 0.06 °C/year has been observed in autumn. On the
other hand T,,;, of LIB also presented significant positive
seasonal trends. On a seasonal basis, one station in winter,
three stations in spring, two stations in summer and four sta-
tions in autumn presented positive trends. The highest trend
magnitude of 0.03 °C/year has been observed in the autumn
season. The warming trends in MIB and LIB are consistent
with the findings of(Ahmad et al. 2014)). The overall trends of
Tmaxand Tppnare found to be heterogeneous for MIB and LIB.

3.2.4 Streamflow Trends

The trend analysis results for streamflow are presented in
Fig. S4 which show that Qof UIB has experienced signifi-
cant seasonal trends. On a seasonal basis, four stations pre-
sented significant positive trends in the spring season and
trend magnitude of 11 mm/year has been observed.
Similarly, one station presented a positive trend in winter,
and 2 stations presented a positive trend in autumn. The
contrasting trend has been observed for summer where two
stations presented a positive trend, and the negative trend has

been observed for one station. The homogeneity test revealed
that overall trends are found to be heterogeneous for Qof
UIB. The Qof MIB stations presented contrasting trends on
a seasonal basis. Winter and spring presented positive trends
for one and two stations respectively. The highest trend mag-
nitude of 0.5 mm/year has been observed for spring trends.
The summer and autumn presented negative trends for three
and one stations respectively and most sign cant trend mag-
nitude of —1.2 mm/year has been observed in summer. The
Qof LIB stations also presented seasonal trends, and only
one station presented a negative trend in the spring and au-
tumn season respectively. The most significant trend magni-
tude of —0.5 mm/year has been observed in the spring sea-
son. The other seasons have not presented any significant
trend. It has been concluded from the homogeneity test that
Qof MIB and LIB presented homogeneous trends for sea-
sons. The decreasing trends in Qof MIB and LIB are most
probably due to increasing trends of temperature and other
changes like industrialization, agriculture demand, urbaniza-
tion, and land use change.

3.3 Analysis of Drought Condition

The SPI analysis has been performed for seasonal and annual
scale. The SPI-3 (3-month scale) values in February, May,
August, and November represent the winter, spring, summer
and autumn respectively. The SPI-12 (12-month scale) values
in December represent the whole year. Table 4 shows the trend
analysis results of seasonal and annual SPI at each station of
sub-basins. The annual and seasonal MK and SR statistics of
SPI differed at each station, and few stations presented signif-
icant trends. In UIB, the SPI generally increased in winter and
autumn season. However, it presented no significant on an
annual basis and decreased in other seasons. In MIB, the SPI
presented increasing trends in the autumn season, and it de-
creased in other seasons and annual basis. Similarly, the SPI
exhibited increasing annual and seasonal trends in LIB. Thus
all seasons show humid behavior for LIB. While in UIB and
MIB spring and summer showed arid behavior. Although
trends are not significant but SPI value of UIB and MIB are
trending toward drought conditions.

The SMK statistics of all sub-basins are presented in
Supplementary Figs. S5, S6. The stations of the Indus basin
has not presented any abrupt change for SPI. However, it can
be observed that most of the stations UF(k) curves are below
the y =0 line. Thus in most of the stations, there is a contin-
uous decrease in annual SPI trends. The MK and SR tests are
used to analyze the present trends while SMK is used to find
abrupt trends. The rescaled range analysis R/S has been per-
formed to understand the long-term correlation in data series
(Huihui et al. 2016). The rescaled range is a statistical mea-
sure used to calculate the variability of a time series. The
combination of these methods has been found useful to
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Table 4 The trend analysis results of seasonal and annual SPI

D Test Win Spr Sum Aut Ann ID Test Win Spr Sum Aut Ann
MU1 S 0 -1.8 -0.7 -0.5 -1.5 MMI1 S 0.8 0.8 0.9 0.9 0.8
Z 0.2 -1.6 -0.7 -04 -1.5 z 0.8 1 0.9 0.9
MU2 S 0.4 2.8 -0.9 —0.1 -14 MM2 S -0.6 -2.6 -1 0.1 -1.7
V4 0.5 -2.5 -1.1 0 -14 V4 -0.7 -2.2 -1.1 0.2 -1.6
MU3 S 0.9 0.4 -0.1 1.7 1.1 MM3 S 0.1 -2.3 -1.5 -0.8 =25
V4 1 0.3 -0.2 1.8 1 V4 0.1 =17 -1.6 -0.9 -24
MU4 S 1.8 0 —-0.1 0.8 0.7 MM4 S -1.5 -24 -1.5 0.3 -2.6
V4 1.5 0.2 —-0.1 0.8 1 zZ -1.5 -2 -1.5 0.3 =22
MUS S —-0.7 29 -12 0 24 MMS5 S 0 -1.2 0.3 1.2 0.1
Z -0.5 -2.6 -14 0.2 2.2 zZ 0.1 -1.2 0.2 1.3 -0.2
MU6 S 0.3 2.2 -0.6 -0.5 -1.5 MM6 S -1.2 -1.3 -0.9 -1.7 -3.5
Z 0.3 -1.9 -0.8 -0.3 -1.6 z -1.3 -1.1 -1 -1.6 -3.1
MU7 S -0.4 -2.7 -1 -04 2.1 MM7 S -1 -1.1 -14 -0.4 -1
Z -0.3 2.4 -1 -0.2 -1.7 V4 -1 -1.2 -1.1 -0.2 -0.9
MUS S 0.1 -0.3 0.7 0.2 0.6 MMS8 S 1 -0.4 1.9 0.9 1.8
V4 -0.3 -04 0.6 0 0.5 V4 1 -0.4 1.8 1 1.7
MU9 S 0.1 -14 1.3 0.6 1.2 MM9 S -1.1 -1.1 -0.9 0.2 -1.1
V4 0.1 -14 1.3 0.7 14 V4 -1 -1.2 -0.7 0.1 -1
MU10 S 3.3 —-0.1 3.2 22 3 MM10 S -1.2 -0.4 -0.2 1 0.8
V4 2.9 —-0.1 3.0 2.2 3 V4 -1.3 -0.4 0 0.9 1
MUI11 S 3.1 -14 -0.8 2 -04 MMI11 S 34 0.3 1 24 2.5
Z 2.6 -1.1 -0.6 2 -0.6 V4 29 0.3 1 2 2.5
MU12 S 2.9 2.1 -0.2 0.2 0.7 MM12 S 1 1.6 1.5 0.3 24
Z 2.8 -1.9 —-0.1 0.3 0.4 V4 1.2 1.6 13 0.1 2.3
MU13 S 2.6 -0.8 -34 0.6 0.3 MM13 S -0.6 -1.6 -0.3 0.2 -0.5
Z 2.3 -0.9 2.9 0.4 0.6 Z -0.7 -1.6 -0.4 0.3 -04
MU14 S 34 2.5 -2.7 2.6 -1.6 MLI1 S -0.3 0.6 0.1 2.3 0.2
Z 2.7 22 -2.2 2.5 -1.7 z -1.2 0.6 0.1 1.6 0.2
MUI5 S 1 -2.6 -14 -0.2 -1.6 ML2 S 0.7 1.4 -0.2 2.1 0.6
V4 1 =22 -1.5 —0.1 -1.7 V4 0.1 1.5 -04 1.8 0.6
MuUl6 S 24 -1.6 0.5 0.5 0.5 ML3 S —0.1 0.9 0.1 22 0.1
V4 2.5 -1.6 0.3 0.5 0.7 V4 -0.5 0.2 0.2 0.8 0.1
MU17 S 1.5 -2.5 -1.6 1.1 -1 MLA4 S 0.7 0.3 1.3 24 3.5
Z 1.3 2.2 -1.7 1 -1.2 zZ 0.5 0.3 13 24 2.9
MUI8 S -0.3 -1.3 -0.6 =23 -1.2 MLS5 S 0.6 0.7 —0.6 1.5 1
Z -0.3 -1.2 -1 =21 -0.9 zZ 0.7 0.7 -0.7 1.3 0.9
MUI19 S 0.2 -0.8 -1.5 -3 -14 ML6 S 14 -0.6 0.4 0.4 1.1
Z 0.1 -0.5 -1.7 =22 -1.5 zZ 1.3 -0.6 0.4 0.2 1.1
MU20 S 1.7 -1.7 0.9 -2.3 0.9 ML7 S -1.4 -3.8 0.1 1.5 -1
VA 1.6 -1.5 1 =22 0.8 z -1.2 -3 0.2 1.5 -1
MU21 S 2.9 -0.5 0.5 4.1 1.5 MLS8 S 1.1 -0.6 1.2 0 0.9
Z 2.5 -04 0.1 3.2 1 z 1.1 —0.6 13 -0.5 1
MU22 S 2.9 -0.7 2.1 1 1.2 ML9 S 1.1 -1.3 1.9 1.6 1.7
Z 2.7 -0.7 1.9 1.1 1.1 V4 1.1 -1.1 1.7 1.6 1.6

Note: The terms in first row are abbreviations i.e. Win (Winter), Spr (Spring), Sum (Summer), Aut (Autumn) and Ann (Annual). The italic numbers
represent the significant trends

understand the current and future trends of data series (Zhao  basins are presented in Fig. 3 and Fig. 4. It can be observed
et al. 2017). The Hurst index value of annual SPI for all sub that for all stations the annual SPI Hurst index value is
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Fig. 3 Rescale range test for annual SPI of UIB. lg (number of test) and 1g(R/S) represent the Log of number of test and rescale range respectively

between 0.5 to 1 which indicate that all the stations are
expected to maintain current trends. The SPI-12 can be used
to find the dry and wet conditions of the subsequent year.
The drought frequencies of each sub-basin are presented in
Fig. 5. The Fig. 5a and Fig. 5b represents the drought fre-
quency in UIB during 1985-2015 and 1995-2013 respec-
tively. During 1985-2015, the drought frequencies of MIB
and LIB are presented in Fig. 5¢ and Fig. 5d respectively.
The frequency of M1 station of MIB is not considered as it is
the only station in MIB which have data from 1995 to 2013.
Fig. 5 shows that the wet and dry year’s frequencies varied
in each sub-basin and most of the years have normal fre-
quencies. In all sub-basins, the normal frequencies year
accounted for more than 60% at all stations and exceeded
56% at the majority of the stations. The dry and wet frequen-
cies have been observed in concentrated periods, and persis-
tent drought is dominant in recent years.

4 Conclusion

This study analyses the precipitation, temperature and
streamflow trends of the Indus basin. The TFPW, SR,
MK and LR, SPI, SMK, and rescaled range methods have
been used to perform the analysis. The TFPW is used to
remove the serial correlation in data series. The SR, MK
and LR methods have been used to identify the trends in a
hydro-climatic variable. The SPI method is used to calcu-
late the drought intensity, and SMK is used to detect
abrupt changes in SPI. The rescaled range method has
been used to evaluate the long-term correlation of SPI.
The P of UIB presented the significant mixed (increas-
ing/decreasing) trend in winter and spring and no signif-
icant trend has been observed on annual basis. The P of
MIB has not presented any significant seasonal trend and
significant negative trends have been observed on annual
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Fig. 4 Rescale range test for annual SPI of MIB and LIB. lg (number of test) and 1g(R/S) represent the Log of number of test and rescale range
respectively
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Fig. 5 Frequencies of dry and wet phenomena (a) in UIB during 1985-2015, (b) in UIB during 1995-2013. (c, d) in MIB and LIB during 1985-2015

basis.In LIB, positive trends have been observed on an
annual basis and seasonal basis and autumn season pre-
sented the most significant trend. The sub-basins of Indus
basin presented both cooling and warming trends on an
annual and seasonal basis. However, the warming trends
dominated. The streamflow of the Indus basin presented
contrasting trends. In UIB increasing seasonal and annual
trends have been observed, MIB presented increasing
streamflow trends in the spring, and it presented decreas-
ing trends in summer. The LIB showed decreasing
streamflow trends at the annual basis, and the decreasing
trend has been observed in spring and autumn. The in-
creasing streamflow trends of UIB are possible due to
significant warming and glacier melt. The streamflow de-
crease of MIB in summer may be due to increasing tem-
perature trends which enhance potential evapotranspira-
tion. The decrease in LIB is possibly due to water regu-
lation for agriculture and power generation purpose. The
Van Belle and Hughes test has been used to check the
general homogeneity of the trends. This test confirmed
that seasons are found to be homogeneous for precipita-
tion of LIB and streamflow of MIB and LIB. The trends
of other climatic variables have been found heteroge-
neous. It is not difficult to explain this because of the
Indus basin span different climatic zones. Moreover, the
altitudinal variation of precipitation and temperature are
remarkable in UIB.

The SPI of the UIB exhibited increasing trends for winter
and autumn seasons. Thus both show humid behavior.
However, in MIB, SPI only showed increasing trends in the
autumn season, and it decreased in other seasons and annual
basis. Which means except autumn all seasons exhibited arid
behavior in MIB. Similarly, the SPI of LIB exhibited increas-
ing seasonal and annual trends that illustrate annual and sea-
sonal humid behavior for LIB. The Hurst index value indi-
cates that all sub-basins are expected to maintain current
trends and the degree of drought is expected to increase in
the future. The results of the trend analysis show a relation-
ship between streamflow and climatic variables. The increase
in streamflow of UIB may be due to warming trends and
glacier melt. Similarly, a decrease in streamflow on MIB is
possible due to a decrease in precipitation. The decrease of
LIB streamflow is possible due to water regulation in up-
stream. These results may not explain the streamflow vari-
ability due to catchment properties. Moreover, it is still de-
batable whether these trends constitute a change in climate.
Why stations presented trends in some seasons and not in
others. Overall, it is concluded that this study provides a
useful overview of annual and seasonal hydro climatic trends
in the Indus basin.
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