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Abstract

Regional climate change (CC) and land use changes (LUCs) can significantly influence the hydrological processes at water-
shed scale. Different studies have investigated the impact of climate change in the Indus Basin. However, there is a need to
investigate the impact of environmental changes on the regional hydrology over a complex topographic region. This study
quantitatively assesses the relative contributions of CC and LUC on runoff alterations across Gilgit watershed by using
multivariable calibration approach using the Soil and Water Assessment Tool (SWAT). Mann—Kendall (MK) and Pettitt tests
are applied to identify the trends and changes in runoff and climatic variables during 1985-2013. The supervised classifica-
tion is performed to acquire land use maps and other quantitative details required for the analyses. Moreover, Indicators of
Hydrologic Alterations (IHA) analyses were performed for the first time in the Gilgit watershed to investigate the impact of
CC and LUCs during the pre- and post-impact periods. The results demonstrated that precipitation, temperature, and runoff
of the Gilgit watershed presented significant increasing trends. The change point using Pettitt test is depicted in 1999, 1995,
and 1998, respectively. The mean annual increasing rate of precipitation, temperature, and runoff is 4.92 mm/year, 0.04 °C/
year, and 2.60 m>/year, respectively. SWAT model performed well and the relative attributed contribution of CC to runoff
change is 97.22% and it is 2.78% for LUC. The IHA results showed that runoff has significantly increased in post-impact
(1999-2013) as compared to pre-impact (1985-1998), which was further confirmed by analyzing the IHA results using
percent bias (PBIAS). Significant overestimation of runoff (higher runoff in post-impact period) was observed in the wet
(maximum runoff) season. This study demonstrated that the high contribution of CC to runoff change is mainly due to the
change in climate variables and global warming trends.
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Climate and land use changes are the two important fac-
tors responsible for the runoff changes (Chen et al. 2019;
Jiang et al. 2017; Li et al. 2018; Su et al. 2006). Climate
change (hereinafter, CC) can significantly alter the runoff by
changing the spatial and temporal distribution of precipita-
tion (Ay and Kisi 2015; Dahal et al. 2019; Shi et al. 2014).
The land use changes (hereinafter, LUC) directly affect the
flow and runoff generation processes. The anthropogenic
activities (changes taking place due to human influence)
are the main sources for LUC in a watershed (Langat et al.
2019; Latif et al. 2018; Li et al. 2019; Osei et al. 2019),
whichsignificantly affect the flow generation and impact the
runoff in the middle or lower reaches of a stream network
(Anand et al. 2018; Rahman et al. 2017; Zhang et al. 2019).
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Different studies have reported the impact of CC and LUC
on runoff and other variables associated with runoff, e.g.,
Murphy et al. (2020) reported changes in sediment due to
LUC. Similarly, Liu et al. (2021) and Pham-Duc et al. (2020)
concluded that climate change has a significant impact on
water resources. Therefore, to better understand and manage
the runoff of a watershed, it is essential to assess the impact
of regional CC and LUC (Seyam and Othman 2015; Shahid
et al. 2018; Shang et al. 2019). There are different methods
to understand the effect of LUCs and CCs on the gener-
ated runoff in a watershed. Such analyses are challenging for
large-scale watersheds, and hydrological models are consid-
ered to be an important tool to perform runoff attribution in
such a watershed (Bocchiola and Diolaiuti 2013; Guan et al.
2019; Jiang et al. 2017).

Runoffs mostly originate from mountainous regions,
which is necessary for the sustainable management of eco-
system (Mohsin and Gough 2010; Oliveira et al. 2017; Vivi-
roli et al. 2007). Due to its importance in water resources
management, the assessment of hydrological processes in
the mountains has achieved great attention (De Jong et al.
2005; Fathian et al. 2015; Seyam and Othman 2015). The
accurate estimation of the hydrological processes is essen-
tial for water resources of Hindu Kush Himalayas (HKH)
that provide water to one-tenth of the global population.
The water from these mountains is necessary for the people
residing in the downstream parts of the watershed. Due to
its importance, the glacial regions of HKH are also referred
to as the water towers of Asia (Ali et al. 2017; Scott et al.
2019). Previous studies concluded that during the past
few decades, the temperature has increased in the HKH
(Krishnan et al. 2019). The proper management of water
resources of the HKH is a global challenge, as any change
in this region will affect the largest population of the world
(Immerzeel et al. 2010; Tiwari and Joshi 2012).

Hydrological models are essential tools and enhance our
understanding about the hydrological processes of river
watersheds. These models support the operational manage-
ment of watersheds, which have spatial and temporal vari-
ability (Lutz et al. 2016; Rahman et al. 2017). Moreover,
an accurate estimation of the hydrological process in the
mountains can be performed by using the hydrological mod-
els. Hydrological modeling in the mountain is a challenging
task due to a few reasons including steep elevations, com-
plex topography, complex dynamics of hydrological vari-
ables, and insufficient measurements of variables (de Jong
2015; Nolin 2012). The hydrological process may vary from
region to region, and CC plays an important role affecting
the hydrological process even in similar climatic conditions
(Oliveira et al. 2017; Pagliero et al. 2019). Several studies
have applied different hydrological models including semi-
distributed conceptual hydrological HBV models (HBV-Met
and HBV-PRECIS), SWAT, and fully distributed SPHY
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(Spatial Processes in Hydrology) model in HKH region
(Akhtar et al. 2008; Garee et al. 2017; Lutz et al. 2016).
These models are applied in the Upper Indus basin (UIB)
and also across different sub-basins of the UIB. In a few
studies, the future runoff is predicted using General Circula-
tion Models (GCMs) (Igbal et al. 2018; Yu et al. 2013). Only
a few studies have used multivariable calibration approaches
(Konz et al 2007; Pellicciotti et al. 2012; Rao et al. 2018).
Moreover, Akhtar et al. (2008), Immerzeel et al. (2010)
and Lutz et al. (2016) used conceptual and fully distributed
models instead of the physical hydrological model. The sim-
ple lumped and temperature-based models have been used,
which do not represent the physical properties of the Indus
basin.

The aforementioned studies have used hydrological mod-
els for runoff simulations only, while there are no studies
thoroughly investigating the hydrological effects in chang-
ing environments. The hydrological processes are changing
rapidly in some parts of the HKH, which needs proper atten-
tion and investigation for sustainable water management
practices. Moreover, in the HKH region, fewer information
is available about the application and the performance of
the Soil and Water Assessment Tool (SWAT), which is a
physically based hydrological model. Therefore, the objec-
tive of the current study is to evaluate the runoff regime
in the Gilgit watershed using SWAT and to quantitatively
analyze the contributions of CC and LUCs to runoff/runoff
changes. Further, the Indicators of Hydrologic Alteration
(IHA) analyses are performed for the first time across the
Gilgit watershed to demonstrate the components of runoff,
which are changing most significantly under the CC and
LUC scenarios.

The current study is structured as follows: “Materials and
methods” represents the study area, datasets and method-
ology, “Results” introduces comprehensive interpretation
of the results and discussion, and “Discussion and Conclu-
sions” lists the main findings of the current research.

Materials and methods
Study area

The Gilgit watershed, which is the originating source of
Gilgit River (a main tributary of the Indus Basin) and a
major watershed of Gilgit—Baltistan, is considered for the
current study. The Gilgit River flows southeast of Gilgit Dis-
trict where the Hunza River joins it, and both rivers meet the
Indus River at Bunji. The watershed has the highest peaks
of Hindukush Mountains, and its slope varies from gentle to
steep (31°—45°) (Ali et al. 2019). The study area lies between
35 and 37° N and 72 and 75° E with an area of 12,708 km?.
The elevation of the study area ranges from 1452 to 7060 m
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a.m.s.l. (above mean sea level), while the majority of the
Gilgit watershed lies between 4000 and 5500 m. The water-
shed area above 5000-m elevation is mainly covered with
snow and glaciers. The Gilgit watershed has a maximum
snow cover area in winter, and it decreases in summer. The
glaciers and snowmelt during the summer season signifi-
cantly contribute to the runoff of the Gilgit and Indus rivers.
The melting process of glaciers start in July and continues
until October. The study area lies in a cold desert climatic
regime and has ten districts. The climate of the study area
ranges from arid to semi-arid, where vegetation, bare land
and forest are the dominant land use types. The vegetation
types include grass, perennial herbs, herbs, forbs, trees and
shrub. The population of the study area increased rapidly
during the past few decades and is reported as 1.2 million.
Agriculture is the main source of livelihood and the crop-
ping pattern includes wheat, maize, barely, potato, vegeta-
bles and fruits (Ahmed and Joyia 2003; Anwar et al. 2019;
Adnan et al. 2017a, b). The CC in the Gilgit watershed may
affect its frozen water resources. Moreover, during the last
few decades, the economic and development activities rap-
idly increased in the Gilgit watershed (Ali et al. 2019).

Methodological framework

The methodological framework for the current study com-
prise an overview of the available data and procedures
related to hydrological modeling using SWAT model. The
main steps of the methodological framework include trend
analysis of the hydrological and meteorological variables,
procedure to quantify the relative contribution of LUC and
CC, and description and preparation of datasets for SWAT
model. The trend analysis was performed to identify the
change point and magnitude of variables. Moreover, DEM,
soil data and land use maps were prepared for the SWAT
model. Finally, calibration and validation of the SWAT
model was performed and the Indicators of Hydrologic
Alterations method was used to identify the indicators that
significantly affected the runoff. A detailed description of
this framework is presented in the following sections.

Overview and description of data

The Gilgit watershed is a poorly gauged watershed with
few meteorological stations, which collect the weather and
climate data of the watershed. The meteorological stations
consist of Yasin, Gupis, Ushkore, and Gilgit stations, which
either exist within or in the vicinity of the Gilgit water-
shed. The meteorological data of Gilgit and Gupis stations,
obtained from Pakistan Meteorological Department (PMD)
and Water and Power Development Authority (WAPDA),
are available for the long time period, while the data of
other stations are available for a shorter duration of time.

Therefore, the meteorological data of Gilgit and Gupis sta-
tions have been used in this study. The precipitation, temper-
ature, relative humidity, wind speed, and solar radiation data
of Gilgit and Gupis stations available from 1985 to 2013
were used for analyses in the current study. The runoff data
of the Gilgit watershed, obtained from WAPDA, available
during 1985-2013 was used for runoff simulation and IHA
analyses in the current study. Figure 1 shows the location of
weather/climate stations and runoff gauge in the study area.

The mean monthly maximum and minimum tempera-
tures are estimated from collected data obtained from
WAPDA/PMD. The mean maximum monthly and mean
minimum monthly temperatures are ranging from 9.2 to 36.5
°C and — 2.2 to 18.5 °C, respectively. The mean annual
observed precipitation (calculated) in the Gilgit watershed
is 175.4 mm. The mean annual flow of the Gilgit watershed
recorded at the Gilgit gauge is 275.3 m%/s. The collected
weather data are directly used in SWAT, and no interpolation
method has been utilized because the available stations are
not sufficient to apply an interpolation method.

The elevation information of the Gilgit watershed
obtained from the digital elevation model (DEM). DEM of
the study area was retrieved from ASTERGDEM, its resolu-
tion is 30 m, and it is a global product, which is freely avail-
able on the website (http://reverb.echo.nasa.gov/reverb/).
The soil data were obtained from the FAO digital soil maps
in the scale of 1: 5,000,000; the land use maps for the years
1996 and 2012 were sourced from the Landsat images. The
supervised classification method was performed to develop
land use maps of the Gilgit watershed from Landsat images.
The detailed description of the supervised classification
method is available at Butt et al. (2015), Khare et al. (2017)
and Pande et al. (2018). The stratified random method was
used to evaluate the accuracy of the classified images. It
is performed by visual interpretation and using 50 points
ground truth data. The classified data are statistically com-
pared with reference data and an error matrix is developed.
The statistical significance of the classification matrix was
evaluated through the kappa coefficient (Congalton, 1991;
Gwet, 2002; Shahid et al., 2018).

Trend analysis and runoff attribution

The Mann—Kendall (MK) test is used to identify the long-
term trends in the hydroclimatic variables including precipi-
tation, temperature, and runoff data. The MK test does not
require statistical distribution for the datasets and cannot
be affected by the outliers. This test is suitable to evaluate
the hydrological and meteorological data (Shen et al., 2017;
Shahid et al., 2020). Moreover, the Pettitt test (of change
point) is also used to identify the abrupt change in the runoff
series(Cong et al. 2017) The readers are referred to Shahid
et al. (2018), Su et al. (2006), Subash and Sikka (2014) and
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Fig. 1 Study area map with its location in Pakistan and distribution of weather and runoff stations

Tehrani et al. (2019) for detailed description of the MK test
and the Pettitt test. Based on the Pettitt test results, runoff
time series is divided into pre- and post-change periods. The
terms Q‘l’bs and ngs represent the mean annual runoff during
pre- and post-change periods, respectively. The final mean
annual runoff change (AQ) during pre- and post-change peri-
ods due to the combined effects of LUC and CC is calculated
using the Eq. (1).

AQ =0 -0 M)

AQ is due to climate variability and the difference in
watershed characteristics during the two periods and can
be represented as:

AQ=AQ. +AQ, 2)

where AQ is the change in the total mean annual runoff, AQ,
indicates the runoff change attributed to climate variability,
and AQ, represents the land use attributed changes to runoff.

The AQ, and AQ, are further analyzed to invistigate the
changes in runoff associated with the impact of CC and
LUCs. The land use conditions in the pre- and the post-
change periods are represented as LU, and LU,, respectively.
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Further, SWAT model calibraton and validation are per-
formed during the pre- and post-change periods, respec-
tively, to understand and quantify the LUC and CC impacts
on annual runoff. Moreover, the LUCs are assumed to be
stable during the calibration and validation periods. The
calibrated parameters of SWAT and land use conditions dur-
ing pre-change period (hereinafter, period-1), and climate
condition of post-change period (hereinafter, period-2) are
used to simulate the runoff during period-2 Q;im. The dif-
ference between the observed (Q5™) and simulated (Q5™

runoff during period 2 is considered as the change in runoff
AQ, attributed to LUCs. On the other hand, the difference
between Q‘l’bS (observed runoff during period-1) and Q;im
is considered to be the runoff change attributed to CC. The
relative contribution of CC (5,) and LUC () is estimated as:

AQ,

n=5g X 100% 3)
A

= A—%‘ x 100%. @)
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SWAT model setup

SWAT is a semi-distributed and process-based hydrologi-
cal model developed by the Agricultural Research Service
of the United States, Department of Agriculture-Agricul-
tural Research Service (Arnold et al. 1998). Hydrological
response units (HRUs) are the smallest units of SWAT model
and divide HRUs into a number of HRUs. HRUs are gener-
ated with the combination of different datasets, i.e., land
use, soil data and slope. The hydrological cycle is estimated
using the water balance technique, which is dependent on
the climate variables, i.e., precipitation and temperature.
There are two stages for the simulation of the hydrological
process, i.e., land base stage and routing stage. During the
land base stage, the hydrological cycle is simulated using the
soil water balance. In the SWAT model, the water circula-
tion follows the water balance law, and its equation can be
expressed as:

t
SWt = SWO + Z (Rday - QSurf - Ea - WSeep - ng)' )

i=1

The terms SW,, and SW, represent the initial and final
soil moisture conditions, respectively, while “f” represent
time, Ry,, is the rainfall in a particular day, Qg is a surface
runoff for a particular day, E, is daily evapotranspiration,
Wseep 18 seepage to the soil, and Q,,, is return flow. Note that
all these variables are in “mm”. The surface runoff in the
SWAT model is estimated using either the SCS curve num-
ber method or amp-green infiltration method. The SCS curve

Fig.2 The process flowchart of
the SWAT model

number method requires daily precipitation data, while the
Ampt infiltration method requires the sub-daily precipitation
data. The routing stage handles the movement of nutrition
and sediment loads from the channel to the outlet of the river
basin. In the current study, the SCS curve method has been
used to simulate runoff. The runoff simulation in SWAT is
based on the water balance equation (Shang et al. 2019).
Manning’s equation is used to define the rate and velocity
of channel runoff. The water flowing through the channel is
routed by using the Muskingum method or variable storage
method. The elevation band method is used to model the
snow and glacier melting process, because the SWAT model
uses the temperature index method. The SWAT model can
divide the sub-basins into ten different elevations and simu-
lates the snow and glacier melt separately for each elevation
band. Moreover, the SWAT model offers different methods
to calculate the evapotranspiration. These methods include
Priestley—Taylor, Food, and Agriculture Organization Pen-
man—-Monteith (FAO-PM) and Hargreaves methods. The
process flowchart of the SWAT model is presented in Fig. 2,
and detailed information of the SWAT model can be down-
loaded from https://www.card.iastate.edu/swat_articles/.

Model calibration and evaluation

In the present study, SWAT model scenarios have been
developed at a monthly temporal scale. The SWAT model
calibration and validation is performed during period 1 and
monthly runoff is simulated. The SWAT model is automati-
cally calibrated using the SWAT-CUP (SWAT Calibration
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and Uncertainty Program) tool. The Sequential Uncertainty
Fitting algorithm version 2 (SUFI-2) of SWAT-CUP is
used to calibrate and validate SWAT model. Furthermore,
one-at-a-time sensitivity analyses procedure is adopted to
identify the sensitive parameters (Abbaspour et al. 2015).
The parameters are selected based on previous studies con-
ducted over similar region (Rahman et al., 2020; Tuo et al.,
2016; Duan et al., 2019). Initially, the range of parameters
values were considered wide and further narrowed down
after each simulation. For the sake of parameters’ sensitivity,
we considered more than 30 parameters which are further
reduced based on their sensitivity analyses. The streamflow
simulated after each iteration is compared with observed
flow and simulated flow (simulated using the previous itera-
tions). A threshold of 0.01 (probability value, p value) is
considered for the final selection of sensitive parameters.
This procedure evaluates the sensitivity of the model by
changing one parameter, and during this process, all other
parameters remain constant; a total of three to four itera-
tions are performed. The snow parameters are considered
as sensitive parameters and can influence the simulation
results. The initial set of parameters are found in accept-
able range according to the previous studies (Garee et al.
2017) in similar regions and SWAT official guidelines. A
total of 1200 simulations are performed for each iteration
and ranges of parameters are constricted down after each
simulation according to the new suggested parameters and
protocol defined by Abbaspour et al. (2015). The Nash—Sut-
cliffe efficiency (NSE) (Nash and Sutcliffe 1970); Criss and
Winston 2008) the percent bias (PBIAS, %) and the coef-
ficient of determination R? statistical metrics are used to
assess the model performance. NSE evaluates the degree
of variation between the observed and simulated runoff and
its value ranges from O to 1 (a perfect estimate). A negative
NSE value depicts the incompetency of the model to simu-
late the runoff. PBIAS indicates the magnitude how much
simulated values are higher or lower as compared to the
measured/observed values. The ideal value of PBIAS is zero,
and its positive and negative values indicate overestimation
and underestimation, respectively. Similarly, the value of
R? also ranges from O to 1, and it represents the similarity
index between the observed and simulated runoff. In the pre-
sent study, the model performance was evaluated as follows:
unsatisfactory (NSE <0.50 and PBIAS > +25%), satisfac-
tory (0.50 <NSE <0.65 and + 15% <PBIAS < +25%), good
(0.65<NSE<0.75;+10% <PBIAS < +15%) and very good
(NSE>0.75, PBIAS < +10%) (Moriasi et al. 2007; Zhang
et al. 2009).

Indicators of hydrologic alterations (IHA)

Assessment of hydrologic alterations in a runoff is of sig-
nificant importance in managing the water resources of a
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watershed and for establishing sustainable ecological condi-
tions for a biological health in a stream (Bunn and Arthing-
ton 2002; Lytle and Poff 2004; Poff and Zimmerman 2010).
Several hydrological indicators are available to assess the
impact of human-induced changes on the nature and magni-
tude of the runoff (Gao et al. 2009; Li et al. 2017; Magilligan
and Nislow 2005; Olden and Poff 2003; Richter et al. 1997,
Wang et al. 2016). One of the common indicators is [HA
developed by Richter et al. (1997).

There are two types of analyses to assess the hydro-
logic alterations in runoff, i.e., RVA (range of variability
approach) and 33 indicators of IHA (Richter et al. 1997).
RVA is one the earliest approaches, which calculates the var-
iation in runoff in terms of frequency, duration, magnitude,
time and rate of change of flow events. These five indicators
are later on included in 33 indicators of IHA (Richter et al.
1997). Readers interested in IHA analyses are referred to
Richter et al. (1997), Gao et al. (2009), Mathews and Richter
(2007) and Lee et al. (2014).

IHA analyses are included in the current study to amend
our understanding about the CC and LUCs impact on
runoff. RVA analyses are performed by dividing the flow
into two periods, i.e., period 1 (1985-1998) and period 2
(1999-2013). Period 1 and period 2 in RVA analyses are
referred to as pre-impact and post-impact periods, respec-
tively. Moreover, the flow is divided into extreme low flow,
low flow, high flow pulse, small flood and large flood events.
The IHA analyses will help the water resource managers for
sustainable management and planning of water resources in
the Gilgit watershed as well as downstream watersheds of
the Indus Basin.

Results
Trends in hydrological variables

The long-term precipitation, temperature, and runoff
trends of the Gilgit watershed have been analyzed during
1985-2013 using the MK test. The temperature data are
the arithmetic mean of maximum and minimum tempera-
ture of the Gilgit watershed. Figure 3 shows the average
annual variability of precipitation, temperature and runoff
during 1985-2013. The corresponding statistics of the MK
test at a significant level of 0.05 is presented in Table 1.
It can be observed that the precipitation, temperature, and
runoff of the Gilgit watershed presented significant upward
(increasing) trends. The increasing rate of precipitation is
4.92 mm/year, which is 2.80% of the mean annual precipita-
tion (shown in Fig. 3 and Table 1). Similarly, the increasing
rates of temperature and runoff are 0.04 °C and 2.60 m*/year
representing 0.17% of the average annual temperature and
average annual runoff, respectively. It is concluded that the
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Fig.3 Annual trend of the average annual a precipitation, b temperature and ¢ runoff in the Gilgit Watershed during 1985-2013

Table 1, '.The. changes in trends Variable name Mean annual Significance (p=0.05) Trend Change rate

of precipitation, temperature

and runoff data Precipitation (mm/year) 175.40 Significant Increased 4.92 (2.80%)
Temperature (°C/year) 23.46 Significant Increased 0.04 (0.17%)
Runoff (mm/year) 275.30 Significant Increased 2.60 (0.96%)
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climate of the Gilgit watershed is getting warmer and wet-
ter every year. These findings are consistent with previous
studies (Adnan et al. 2017a, b; Farhan et al., 2020; Yaseen
et al 2020 and Latif et al. 2021). Adnan et al. (2017a, b),
Farhan et al. (2020) and Yaseen et al. (2020) evaluated the
precipitation and temperature data of the Gilgit watershed
stations during 1961-2010 and concluded that both of these

variables significantly changed during 1986-2010. Latif
et al. (2021) performed trend analysis during 1961-2013 and
reported significant warming and wetting in the study area.

The Pettitt test was applied to all variables to investigate
the change point of the considered variables and results are
shown in Fig. 4. The results show the precipitation, tem-
perature and runoff presented a change point in the years
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Fig. 4 Pettitt change point test results for a precipitation, b temperature and ¢ runoff in the Gilgit Watershed during 1985-2013
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1999, 1995, and 1998, respectively. According to the change
point detection in runoff and other variables, it can be con-
cluded that the Gilgit watershed has experienced significant
alterations both in climate and land use. These findings are
consistent with previous studies (Adnan et al. 2017a, b;
Farhan et al., 2020; Yaseen et al. 2020; Latif et al. 2021).
All these studies have evaluated the trends in precipitation
and temperature for different periods and have consistently
concluded similar changes in these variables. Similarly,
Anwar et al. (2019) concluded that after the construction of
Karakoram Highway, significant land use changes have been
observed in Gilgit due to accessibility and improvements
in marketing system where the local agriculture products
become valuable. The change point in runoff is somehow
consistent with the change point in temperature and pre-
cipitation. This could be due to global warming and climate
change during the past few years, Pakistan is listed among
those countries, which are vulnerable to climate change
(Stocker et al. 2013). Moreover, Adnan et al. 2017a,b) used

the historical data of these three variables and reported a
change point in 1985. Due to changes in temperature and
precipitation data series, runoff response also changed which
resulted in a consistent change point. To comprehensively
understand the change in runoff, the runoff series is divided
into two parts, i.e., the pre-changed period (1985-1998) and
the post-change period (1999-2013) based on the change
point detected in the year 1998.

SWAT model performance

A detailed depiction of the dominant land use types and their
SWAT codes used for this study are presented in Table 2.
In the current study, three iterations were performed for
sensitivity analysis. During sensitivity analyses of differ-
ent parameters associated with runoff were evaluated and
20 parameters were found to be sensitive, as presented in
Table 3. The SWAT model was calibrated and validated dur-
ing the pre-change period, i.e., 1985-1998, and simulations

Table 2 Land use types and

. ‘ . . Land use type Land use classification SWAT code
their classification for the Gilgit
watershed Forest Evergreen forest, mixed forest, and deciduous forest FRST
Vegetation High, covered grassland, medium-covered grassland HAY
Bare soil Bare exposed rocks, bare ground, sand, clay SWRN
Water Water bodies, open water WATR
Urban area Urban area, residential land URLD
Snow Snow fields, ice SNOW
Tablg; List of selecteq . Parameter name Description Physical range Fitted value
sensitive parameters with their
description, physical range and r_ CN2.mgt SCS curve number 35-98 - 132
f;f?fe;‘r‘l‘;z;s oy tiv"there r_PLAPS.sub Precipitation laps —~ 1000-1000 ~0.56
change to the parameters’ initial r__SOL_AWC().sol Available soil water capacity 0-1 0.5
values, replacement of default r__SOL_K().sol Saturated hydraulic conductivity 0-2000 6.5
values by the specified value, v__ALPHA_BNK.rte Base flow factor 0-1 0.07
?é“:h‘;dg;?iﬁtovf;ﬂz’c‘rizzgefg;‘:ly v__CH_KI.sub Hydraulic conductivity effect 0-300 0.9
(Abbaspour et al. 2015) v__CH_K2.rte Channels hydraulic conductivity —0.01-500 —-0.03
v__CH_NI1.sub Manning (n) value for channels 0.01-30 0.16
v__CH_S1.sub Slope of channel 0.001-10 312
v__DEEPST.gw Initial aquifer depth 0-50,000 0.25
v__EPCO.hru Plant evaporation factor 0-1 0.33
v__ESCO.hru Soil evaporation factor 0-1 0.54
v_GW_REVAP.gw Groundwater coefficient 0-500 0.25
v__RCHRG_DP.gw Aquifer percolation 0-1 0.85
v__REVAPMN.gw Threshold depth 0-5000 74.34
v__SHALLST.gw Initial depth of Aquifer 0-5000 0.5
v__SLSOIL.hru Slope length for subsurface flow Variable 322
v__SUB_SMFMZX().sno Summer solstice 0-20 18.5
v__SUB_SMTMP().sno Winter solstice 0-20 18.7
v__TLAPS.sub Temperature laps - 10-10 —-74
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were carried out for the post-change period (1998-2013).
The model was calibrated during 1985-1991, where the sen-
sitive parameters were used to fit the daily-observed runoff
data. The SWAT model was validated during the period
1992-1998. The comparison of the monthly simulated and
observed runoff during the calibration and validation periods
is presented in Fig. 5.

Influence of LUC and CC on runoff

To evaluate the impact of CC and LUC on runoff generation,
the runoff in period 2 was simulated using the SWAT model.
The runoff was simulated using the climate conditions of
period 2 and land use conditions of period 1. Results of the

simulated runoff during period 2 are presented in Fig. 6. The
relative contributions of LUC and CC were calculated by
using Eqs. (1) to (4) and the results are shown in Table 4. It
is observed that the runoff of the Gilgit watershed is mainly
increased due to CC, and the LUC contributions are mini-
mal. The results also show that the relative contribution of
CC to runoff change is 97.22% and it is 2.78% for the LUC.

To investigate the impact of CC on runoff of the Gilgit
watershed, the results of MK and Pettitt tests are considered
for further analyses (Fig. 4). The results show that a signifi-
cant change was observed for both variables when the tem-
perature and precipitation data were analyzed. The tempera-
ture data of the Gilgit watershed presented 1995 as a change
point, and after 1995 the temperature significantly increased.

(a)
1200 + NSE = 0.71 —— Observed Runoff - @+ Simulated Runoff
R2=0.78
PBIAS = 14.20
900 - e \ b4
5 500 ’ i o .
=) A i oG P :
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300 1 p ; 3 .1 ‘ ' :: . .
5 o5 e ’ °
o s . o L e o oo o NE g %
.. 3 ¢ '@ y ® ® ® 4
0
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siii333iiiisiniciEaid2398333383483853838;35+3
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Fig.5 Observed and simulated runoft using the SWAT model during (a) calibration and (b) validation periods
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Fig.6 Comparison of simulated and observed monthly runoff during the post-change period

Table4 Annual runoft changes induced by CC and LUCs, and the
relative contribution of these changes to runoff change

Study period Runoff m*s Changes m®/s Relative contribution
@(199972013) 297.0 AQ(:: 38.5 AQC=9722%

2
Q;im(1999_2013) 295.9 AQ=1.1 AQ,=2.78%

The results of the MK test also presented an increase of 0.04
°Clyear in the mean annual temperature.

The increase in temperature shows that the watershed
showed significant warming trends. Similarly, the precipi-
tation data also presented a change point in 1997, and this
indicates that after 1997, the basin showed wetting trends.
These results show that the high relative contribution of CC
to runoff change is mainly due to change in these two vari-
ables. The land use data of the Gilgit watershed was ana-
lyzed for 1996 and 2012, as presented in Fig. 7 and Table 5.
The results of the overall classification and kappa values
showed high accuracy for both classified images. The overall
classification values and kappa coefficient ranged from 88 to
92% and 0.88 to 0.9, which are considered to be good (Lea
et al. 2010).

The land use maps (Fig. 7) and land use statistics
(Table 5) show that significant LUCs were observed dur-
ing 1996-2012. The forest, vegetation and snow/ice areas
in the Gilgit watershed are decreased by 12.38 km?, 500
km?, and 463 km?, respectively. On the other hand, the bare

soil and urban areas are increased by 800 km?, and 276
km?. The observed changes can be considered as a reason
for the increase in surface runoff, and the most significant
is the decrease in snow/ice area. The decrease in snow/ice
area during 19962012 shows that the snow/ice melted in
this period, supporting the results of MK and Pettitt tests,
which showed increasing temperature trends after the change
point around 1995. Hussain et al. (2019) performed a study
on the same watershed to understand the snow cover area
from 2001 to 2013. They used moderate resolution imaging
spectroradiometer (MODIS) data to understand the snow
dynamics. They concluded that the snow cover area showed
a decreasing trend during this period. Global warming and
the increase in temperature are the main reasons for the
decrease in snow cover. These findings support the results
of the current study, which also shows that the snow cover
area decreased and the decrease is due to an increase in the
temperature of the study area.

Indicators of hydrologic alteration (IHA)

Figure 8 shows the comparison of runoff during two dif-
ferent seasons, i.e., dry season characterized by minimum
runoff (January) and wet season characterized by maxi-
mum runoff (August). The results are obtained using the
RVA analyses by dividing the runoff into two periods, i.e.,
pre-impact (period-1) and post-impact (period-2). The
results depict that the runoff in the post-impact period is
relatively higher than that in the pre-impact period, which
confirms the results of the MK and Pettitt tests. The results
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Fig.7 Land use changes in the
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Table5 The observed LUCs in the Gilgit watershed during 1996—
2012

Land use type 1996 2012 Change
Forest 192.78 180.40 —12.38
Vegetation 8368.47 7868.50 —500.00
Bare soil 775.98 1576.00 +800
Water 130.00 130.00 0.00
Urban area 891.00 1167.00 276.00
Snow/ice 2349.81 1886.80 —463.00
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also show that there is significant change (increase) in the
runoff magnitude during the wet seasons as compared to
the dry season.

The IHA analyses are further carried out to divide the
runoff into five major environmental flow components
(EFCs). The EFCs include extremely low flow, low flow,
high flow pulse, small floods and large floods events
(shown in Fig. 9). The figure shows a number of high flow
pulses and small floods during 1985-2013. However, only
four major flood events were observed across the Gilgit
watershed. All the maximum runoff events were observed
during the summer season (May—September), which are
due to extensive snow/glacier melt in the region (reduction
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(a) Gilgit watershed monthly streamflow (minimum magnitude) during January
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Fig. 8 Comparison of runoff during the dry a January and wet b July months using I[HA (RVA) analyses

of 463 km? of snow observed during the land use impact
analyses in the current study).

The analyses of IHA are further evaluated to demon-
strate the alteration in runoff during period 1 and period 2
(Table 6). A statistical metric PBIAS is used to quantify
the impact of CC and LUC on runoff during period 1 and
period 2. The analyses show that the runoff in period 2 is
always higher (overestimated) than the runoff in period 2.
However, the runoff overestimation is proportional to the
magnitude of runoff, i.e., higher overestimation in the wet
season but lower estimation in dry seasons

Discussion and conclusions

CC and LUCs are two main factors responsible for the
runoff changes in a watershed. Therefore, to better under-
stand and manage the water resources of a watershed, it
is important to evaluate the impact of LUC and CC. The
accurate estimation of the hydrological processes is essen-
tial for the water resources of the Hindu Kush Himala-
yas (HKH) region that provides water to one-tenth of the
global population. Therefore, the main objective of this
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Gilgit watershed Environmental Flow Components (1985-2013)
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Fig. 9 Environmental flow components (EFCs) analyzed using IHA across the Gilgit watershed

Table 6 Average values of PBIAS calculated by comparing the pre-impact and post-impact values of RVA analyses

Jan Feb March April May June

July Aug Sep Oct Nov Dec

- 13.37 -16.09 — 14.64 —35.63 -51.35 —53.07

—64.00 —32.88 —24.47 —25.60 —-23.23 - 17.63

Note that all values are presented in percentage (%) and negative values show overestimation of runoff during the post-impact period

study was to evaluate the runoff regime in the Gilgit water-
shed and to quantitatively assess the contribution of CC
and LUC to runoff changes during 1985-2013. The MK
and Pettitt test are used to evaluate the trends and change
points in the hydroclimatic variables.

The SWAT model is used to analyze the relationship
of LUC and CC on runoff across the Gilgit watershed.
Researchers used hydrological modeling approach to eval-
uate the impacts of CC in different regions of the Upper
Indus Basin (Akhtar et al. 2008; Immerzeel et al. 2010;
Tahir et al. 2011; Lutz et al. 2016; Garee et al. 2017; Adnan
et al. 2017a, b). It has been reported that the overall runoff
presented declining trend at Tarbela dam station; however,
rising trends are being observed in the Gilgit River flows
since 1986. There are no consistent conclusions regarding
the contribution of snowmelt and precipitation in overall
flow of the Indus Basin. For instance, Piracha and Majeed
(2011)concluded that 75% summer flow is due to snowmelt
and Siddique and Hashmi (2012) concluded that contribu-
tion of snowmelt to runoff is 90%. Similarly, Adnan et al.
(2017a, b) studied the runoff across Gilgit River watershed

@ Springer

and concluded that snowmelt is the main contributor (81%)
in runoff and precipitation just contribute 19%.

In the present study it has been concluded that tem-
perature trends are increasing due to which the process
of snowmelt has increased; therefore, runoff presented an
increasing trend. It has been reported that an increase in
temperature can be attributed to a decrease in snow cover
area (Brown and Robinson, 2011; Peng et al. 2013). The
sunshine hours and temperature are the primary factors
that control snowmelt and increase in snow cover may
reduce local temperature as snow reflects most of the
solar radiation, which supports our conclusion. However,
this conclusion may be uncertain due to some reasons.
The availability of data and selection of study period can
be one reason as it is reported that during 2001-2012,
snow cover decreased in the Gilgit basin during winter
and autumn seasons, but increased during summer (Tahir
et al. 2011; Hasson et al. 2014). The snow cover increase
in summer has been associated with winter warming and
summer cooling effects (Fowler and Archer, 2006). Hasson
et al. (2014) also concluded that the snow cover and snow
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accumulation are directly linked, which can be attributed
to increase in precipitation trends (Minora et al. 2013).
Moreover, Latif et al. (2018) evaluated the hydroclimatic
trends of the Gilgit basin during 1991-2013 and reported
decreasing trends for the annual and seasonal tempera-
ture. The winter westerly disturbances enhanced by global
warming can be a reason, as an increase in global tem-
perature will increase moisture absorbing ability of atmos-
phere, which may increase the snow cover.

The distribution of gauges can be another reason; there
are too much elevation differences in the study area, where
the available meteorological stations cannot truly represent
the regional climate. For example, using the climate data of
Khunjerab station, it has been concluded that at such eleva-
tions temperature remains below — 6 °C for almost 6 months
in a year. This shows most of the precipitation falls as snow
and at such monthly temperature, probability of snow is
almost 100% (Bilal et al. 2019), which supports the increas-
ing trends of precipitation as reported in the current study.
For sustainable management of water resources of the study
area, it is recommended to increase the number of meteoro-
logical stations. Due to parameters’ sensitivity, there can be
uncertainties in calculated relative contributions of LUC and
CC. Further investigations should be carried out to under-
stand the contribution of LUC in runoff of the Upper Indus
Basin. Further, this study has not used recent data, which
is one of the listed limitations and results may change with
latest datasets. There are different sub-basins in the Upper
Indus Basin and all these basins can be studied to evaluate
the overall impact of CC and LUC on water resources of the
Indus Basin.

The main findings of this research are listed below.

1. The Pettitt test was used to calculate the change point in
hydro-climatic variables including precipitation, tem-
perature and runoff data. The change point was observed
in the years 1999, 1995 and 1998, respectively.

2. The increasing rate in climatic variable calculated
through the MK test was 4.92 mm/year, 0.04 °C/year,
and 2.60 m*/year mean annual increase in precipitation,
temperature, and runoff, respectively.

3. The relative contribution of CC to runoff was estimated
as 97.22% and it is 2.78% for LUC.

4. Runoff simulated using the SWAT model and evaluated
using Nash—Sutcliffe efficiency (NSE), the percent bias
(PBIAS, %), and the coefficient of determination (R?)
revealed very good performance in the Gilgit watershed.

5. The land use analyses are performed across two differ-
ent periods, i.e., 1996 and 2012. The results show that
the forest area decreased by 12.38 km?, vegetation area
decreased by 500 km? and snow/ice decreased by 463
km?. The bare soil increased by 800 km?, and urban
areas increased by 276 km?.

6. IHA (RVA) analyses confirmed that the flow is increased
(overestimated) after the change point. High overestima-
tion is observed during the wet season (May—September)
when the flow increased.

7. THA analyses also presented maximum number of high
flow pulses, small floods and even large floods, which
confirmed the snow melt contribution to runoff. The
decrease in snow area supports the significant warm-
ing trends and significant contribution of CC to runoff
change.
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