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Abstract: Glaciers are generally believed to be subjugating by global warming but the Karakoram
glaciers are reportedly maintaining their balance. Earlier studies in the Karakoram and its sub-basins
have mostly addressed a short span of time and used complex models to understand the phenomenon.
Thus, this study is based on a long-term trend analysis of the computed runoff components using
satellite data with continuous spatial and temporal coverage incorporated into a simple degree day
Snowmelt Runoff Model (SRM). The trends of melt runoff components can help us understanding the
future scenarios of the glaciers in the study area. The SRM was calibrated against the recorded river
flows in the Hunza River Basin (HRB). Our simulations showed that runoff contribution from rain,
snow, and glaciers are 14.4%, 34.2%, and 51.4%, respectively during 1995-2010. The melting during
the summer has slightly increased, suggesting overall but modest glacier mass loss which consistent
with a few recent studies. The annual stream flows showed a rising trend during the 1995-2010
period, while, rainfall and temperatures showed contrasting increasing/decreasing behavior in the
July, August, and September months during the same period. The average decreasing temperatures
(0.08 °C per annum) in July, August, and September makes it challenging and unclear to explain the
reason for this rising trend of runoff but a rise in precipitation in the same months affirms the rise
in basin flows. At times, the warmer rainwater over the snow and glacier surfaces also contributed
to excessive melting. Moreover, the uncertainties in the recorded hydrological, meteorological, and
remote sensing data due to low temporal and spatial resolution also portrayed contrasting results.
Gradual climate change in the HRB can affect river flows in the near future, requiring effective
water resource management to mitigate any adverse impacts. This study shows that assessment of
long-term runoff components can be a good alternative to detect changes in melting glaciers with
minimal field observations.

Keywords: melt runoff components; snowmelt runoff model; glacier mass; Hunza River Basin

1. Introduction

The increase in global population during the past century up to 6 billion caused a six-
fold increase in the demand for freshwater [1]. The fresh water demand is further projected
to increase by 20% to 30%, i.e., from about 4600 km? per year to 5500 to 6000 km? per year,
by 2050 [2]. With glaciers being perennial ice features that store fresh water, the fate of
glaciers and sustainability of downstream fresh water availability are critically linked [3].
Climate change has been seriously affecting water resources since 1850 by increasing glacier
melting across the globe [4-8]. This loss of glacier mass will affect the future availability of
fresh water downstream [9], with serious consequences for dependent populations [10-13].
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Furthermore, depletion of mountain glaciers have accounted for approximately 15-20%
of the global sea level rise during the second half of the 20th century [14], and alarming
forecasts of sea level rises of 5-17 cm [15,16] by the end of the 21st century. Furthermore,
excessive melting along with other factors has caused massive rock and ice avalanches in
the past [15], which very recently at Chamoli, Indian Himalaya in February 2021, turning
into a disaster by killing 200 people and causing collateral damages [17]. Enhanced solar
absorption by dust on snow and glacier surfaces causes excessive melting [18,19]. Glaciers
are studied worldwide using satellite data (both optical and SAR) and derived products for
their extent/volume quantification/glacier surface velocities [20,21], but sometimes they
may give deceiving signals due to uncertainties in measurements and interpretation [22].

Glacier melt water in Hindukush, Karakoram, and Himalaya (HKH) mountain ranges
has proven to be the major source of river flows, besides seasonal snow melt and rain-
fall runoff [23]. The entire Indus Basin is likely to be the most susceptible basin in the
Hindukush-Karakoram-Himalaya (HKH) region to a reduction in river flows after the
2050s [23]. The yearly flow of the entire Indus River Basin (IRB) is more than 65% from
snowfields, especially those which are above 3500 m in altitude [24-29]. The basin upstream
of the Tarbela dam in Pakistan is generally referred to as the Upper Indus Basin (UIB) [24].
Archer et al. [30] used long-term stream flow data from nineteen low-altitude stations, to
scrutinize the annual and seasonal flows in the UIB. Summer runoff in the UIB was closely
correlated with the mean summer temperature causing melting of snow and glaciers [30].
Glaciers in the UIB cover approximately 17-22% of the High Mountain Asian region [31,32]
and their melt water, therefore, makes an important contribution to the hydrology of the
basin, providing 40% of the total downstream runoff [33]. Climate change is expected to
alter the agro-climatic zones, ultimately reducing water availability [23,34-37].

The Karakoram Mountains alone accommodate 70% of the glaciers in the UIB [38]. The
glaciers in Karakoram are considered to be stable [5,39—-43] in the context of “Karakoram
Anomaly” and are out of phase with global warming. The Hunza River Basin (HRB) is one
of the most densely glacierized sub-basins of the UIB, situated in the western Karakoram
mountain ranges. The current impact of climate change on the HRB glaciers is quite
uncertain because of the scarcity of ground-based data—especially from higher altitudes,
the low quality of the available observational data, and the low spatial and temporal
resolution of the remote sensing data for cryospheric mapping.

Earlier investigations [31,44—49] have used optical/SAR remote sensing data and
digital elevation models to estimate the extent as well as altitudinal changes in the glaciers
within the basin. Few research studies [20,21] have utilized optical/SAR data for estimation
of glacier surface velocities and their temporal variation. Others [24,50-52] have used
temperature, precipitation, and river flow recordings for finding trends and determining
their usefulness in snowmelt runoff modelling. They observed an increase in precipitation,
a slight cooling in the summer, and a slight warming in the winter and spring, but nothing
was statistically significant, as per their analysis. The glaciers in this area have been reported
to be retreating by 1.36% on average during 1973 and 2015 [45], and are considered relatively
stable compared to those in the Hindukush and Trans-Himalaya regions [31]. However,
some observations [46,48] on selected glaciers in the HRB suggest a significant (7.6% of the
glaciers area) retreat during the 1977-2014 period. A reduction in summer runoff (i.e., in
melt runoff) was reported between 1967 and 2005 in Indus at Besham [50]. The evaluation of
long-term changes to glaciers is challenging due to the shortage of mass balance studies and
limited observation data [53]. Mass balance studies for glaciers in the Hunza River Basin
mostly reported a stable or nearly stable situation during the 1970-2016 period [32,54,55],
besides observed surface lowering and slightly negative mass balances of a few individual
glaciers [55]. These studies were mostly based on only two-times satellite/geodetic data and
thus lacked in providing a clearer picture of long-term continuous and annual variations.

Mass balance studies [32,54,55], with the help of extensive fieldwork, can provide au-
thentic information of volume and mass changes. The rugged terrain of mountain glaciers,
however, is the main hurdle to conduct field work thus making field data unavailable most
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of the time. Alternative methods are, therefore, must be explored to understand the fate of
glaciers and hence, the climate in the region. Long-term annual variations in the runoff
components to river flows can reflect climatic variations, a correlation that may be useful to
know the volume changes in the glaciers and for future water resource management.

This study was conducted with the objective of assessing the glaciers” health through
long-term trend analysis of annual melt-runoff components. Trend analysis can be per-
formed using either physically based distributed models or simple degree day models. The
hydrological models based on the physical parameters require extensive input variables
during calibration, which is extremely difficult in mountainous regions, particularly in Asia.
Therefore, we used a degree day Snowmelt Runoff Model (SRM) to quantify the rainfall,
snowmelt, and glacier-melt runoff. Satellite remote sensing data was used for quantifying
the snow cover fraction, which was an important input to the SRM. The output simulations,
meteorological data, and hydrological data were analyzed to assess the glacial status and
climate trends in the basin.

2. Study Region and Meteorological Conditions

The HRB is situated in the western Karakoram range of Pakistan between longitudes
74.02°E and 75.78°E, and between latitudes 35.93°N and 37.09°N, covering an area of
13,876 square kilometers. The basin hosts Batura and Hispar glaciers that are more than
50 km long and are among seven longest glaciers in the world outside the polar regions.
The hypsometric mean elevation of the basin is 4641 m above sea level (m.a.s.l.). The
basin boundary is defined by the location of the stream gauge (here we call it the pour
point). The catchment area and hypsometric mean elevation depend on the pour point
selected. Therefore, our figure (13,876 sq km) for the Hunza Basin may differ from those of
other investigations. The glacierized area is 4262 km? according to the Randolph Glacier
Inventory Version 6.0 (RGI 6.0), and 4053 km? according to an estimate by [31], which is
almost 30% of the HRB. The equilibrium line altitude (ELA) in the Hunza Basin has been
estimated to be between 4500 m and 5500 m.a.s.1. [42,45,56-59].

The westerly circulations have a significant impact on the climate of the Karakoram
region, with the winter and spring months receiving the most precipitation [28] and
the summer months receiving the least amount of precipitation due to weak monsoonal
incursions [60]. The mean annual precipitations recorded over sixteen years (1995-2010)
at the Naltar, Ziarat, and Khunjerab meteorological stations were 680 mm, 225 mm, and
170 mm, respectively. Similarly, the mean annual temperatures at the Naltar, Ziarat, and
Khunjerab meteorological stations were 6.4 °C, 2.6 °C, and —5.5 °C during the same period.
The area covered under the snow in the study area fluctuates from 30% in summer to greater
than 80% in winter [24]. The HRB contains six or seven sub-basins, making it too complex
to be adequately represented by observations from just three stations, especially when all
three of them are located in valleys. Figure 1 provides the locations of the meteorological
and hydrological stations in the Hunza River Basin.
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Figure 1. Study area in northern Pakistan, representing the streams, valleys, and locations of the
meteorological and hydrological stations.

3. Data Sets and Methods
3.1. Digital Elevation Models (DEM) Data

The DEM data derived from the Shuttle Radar Topography Mission (SRTM) was
downloaded from www.earthexplorer.usgs.gov (accessed on 12 June 2022). The DEM, with
a spatial resolution of 1 arc-second (equivalent to 30 m), was used to extract the basin
characteristics, i.e., basin outline (boundary), elevation zones, and zonal hypsometric mean
elevation required for the SRM. The Hunza basin was divided into 8 elevation zones, at
intervals of 800 m (Figure 2b). The DEM was also used to extract zonal snow cover area,
the total basin area, drainage network, and reference elevation of the basin outlet (River
Gauge Station) as shown in Figure 2.
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Figure 2. (a) Cumulative area vs. elevation curve used for hypsometric mean elevations within the
study area (red asterisks represent boundaries among elevation zones). (b) Hunza basin elevation
zones and the drainage network.
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3.2. Hydrological and Meteorological Data

The hydrological data of Pakistan was acquired from the Water and Power Develop-
ment Authority (WAPDA) recorded under the Surface Water Hydrology Project (SWHP).
Daily average river flows (in cubic meters per second) recorded at the Dainyour Bridge
on the Hunza River during the 1966-2010 period were used in this study. Unfortunately,
hydrological data was not available for the years 1999, 2005, 2006, and 2007. The recession
coefficient (k) is vital for the SRM because (1-k) is the fraction of the daily melt-water that
appears instantly in the runoff [61]. The available observational data was used to estimate
the historical flow trends and calculate the recession coefficient (k). The observational
hydrological data was used as an input to the model as well to assess the performance of
the model by comparing the simulated runoff with the observed runoff.

The meteorological data was also acquired through the WAPDA Surface Water Hy-
drology Project (SWHP). The data from the Naltar (2810 m.a.s.1.), Ziarat (3669 m.a.s.1.), and
Khunjerab (4730 m.a.s.l.) stations covered the period from 1995 to 2010. In addition to
daily precipitation data, daily minimum and maximum temperatures were also used as
input into the degree day SRM. Figure 3 represents the hydrological and meteorological
observations during the respective periods.
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Figure 3. (a) Monthly average discharge (m3/s), total precipitation (mm), and average tempera-
ture (°C) data for Hunza River Basin during the 19662010 period. (b) Total annual precipitation
recorded at the three meteorological stations (Naltar, Ziarat, and Khunjerab) in Hunza Basin during
the 1995-2010 period.

3.3. Remote Sensing of Snow Cover

Satellite data has been used for extracting snow cover extent in the different elevation
zones, which was an important input for the SRM. There is no need to discriminate between
snow and glacier, rather, snow and glacier are collectively taken as the “snow fraction”
used in the SRM as input. However, such discrimination is possible in several ways.
One way is to mask snow cover based on glacier outlines. Depending upon the time
(season) and space (altitude) of the image pixels representing snow in a particular zone,
relevant degree day factor values can be selected to simulate the runoff. Images stacked in a
7-2-1 (as RGB) band combination, with a 250 m spatial resolution (most of the studies have
used comparatively low resolution data of 500 m) from the Moderate Resolution Imaging
Spectro-radiometer (MODIS) sensors on the Terra and Aqua satellites, were downloaded
from the NASA Worldview Snapshots website https://wvs.earthdata.nasa.gov/ (accessed
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on 1 February 2022). These images were processed and classified into snow and snow-free
areas using supervised classification. Even though daily images were available from both
these satellites, getting cloud-free images was not always possible. Snow-covered areas
on cloudy days were therefore calculated using a linear interpolation technique between
images from cloud-free days. It is important to mention that uncertainties in satellite-based
snow cover, due to mixing of snow pixels in areas of forest cover or vegetation cover [62],
requires careful evaluation to map snow cover in forested areas. The processing of snow
cover raster data using DEM resulted in the snow fraction for each elevation zone. MODIS
data was available for the period 2000-2010, whereas for the years earlier to 2000 (i.e., for
1995-1999), cloud-free higher spatial resolution Landsat images were used to determine
the snow cover. Available cloud-free Landsat images were also used to modify the average
snow depletion curves obtained from the Terra and Aqua satellite data for 2000-2010,
which were then referred to as modified depletion curves, and these were used as input
to the SRM for the period from 1995 to 1999. The SRM needs daily snow input which is
possible only by daily passes of the Terra and Aqua satellites. Although high resolution
Landsat data is available during 2001-2010, the acquisition of cloud-free images as well as
daily temporal coverage (due to temporal resolution of 16 days) was not possible. Similarly,
geo-stationary satellite imagery have been utilized [63] to estimate the snow cover, but
the Hunza basin is relatively small and the resolution of such imagery was too coarse for
this purpose in the basin. SAR data can be utilized to discriminate between wet and dry
snow [64], but further classification of snow classes into wet and dry snow was also not the
primary scope of this study. Therefore, MODIS images were mostly utilized for snow cover
extraction in this study.

It is important to note that most of the seasonal snow is melted by June, except at
higher elevation zones (Figure 4). In contrast, the hydrographs show increased river flows
in July and August, indicating the increased proportion of ice melting that is mostly from
glaciers in these months. This fact supports the reasoning for higher proportions of glacier
melt in river runoff.
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Figure 4. (a) Monthly images acquired by MODIS sensors on the Terra and Aqua satellites, superim-
posed with glacier outlines. (b) Monthly snow cover (derived from satellite data shown in cyan color)
variations vs. glacier cover shown in white (RGI 6.0) within the Hunza Basin.
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3.4. Methods

The Snowmelt Runoff Model (SRM) was used to simulate the daily runoff contributions
to river flows, compared to the observational discharge data (Figure 3). Satellite-based
snow cover fractions were integrated with the SRM for runoff estimation. Chronological
calibration, validation, simulation, and statistical analyses of the observational data were
conducted. The SRM parameters were derived by analyzing the hydrological data, basin
characteristics, and universal physical laws. The SRM was calibrated and validated by
achieving correlation between recorded and simulated streamflow (graphical display),
using Nash-Sutcliffe Efficiency (NSE) and the percent volume difference (%Dy) (statistical)
as discussed in Section 3.4.1. The SRM uses the degree day factor to convert the daily degree
days into melt depths (Equation (1)). To make the SRM semi-distributed, the basin was
divided into eight elevation zones and runoff components from each zone were simulated
using (Equation (2)). The distribution of the basin in several elevation zones is useful for
model value parameterization.

M=axT 1)

"

where “a” is the degree day factor (DDF) [cm °C~! d '] representing the depth of snow
and glacier melt “M (cm)” resulting from one degree day, and T is the degree days [°C-d].
The model execution in no-snow mode provided the rainfall runoff component which
was subtracted from the model simulation in snow mode to separate melt runoff. The
distribution of melt runoff into snow and glacier melt was carried by a hypothesis that
“in summer, we see that most of the seasonal snow has disappeared and permanent snow
remained the major source for melt runoff (Figure 4)”.

Meteorological data were analyzed to compute the variations in runoff components.
The flowchart (Figure 5) shows the required basin variables, input model parameters, and
meteorological data and their trend analysis.
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PR . Contribution of Snow Hypothetical Approach
Contribution of Rain . . .
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(No-Snow Mode) . .
(Snow Mode) Estimation

Figure 5. Flowchart explaining methodology used in the study.

3.4.1. Structure of SRM

The SRM was developed by Martinec in 1975. The core advantage of the SRM is
the requirement of minimal amounts of input data. This makes it most suitable for data
sparse regions, e.g., HKH. The degree day method is used in most of the conceptual
hydrological models because it requires the least amount of data [65]; it does not consider
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other energy components, especially the solar incoming radiation, besides wind parameters
and latent heat of condensation. SRM parameters are very difficult to measure precisely in
the field, therefore, they were mostly derived by analysis of recorded hydrological data,
basin characteristics, and universal physical laws [66].

The structure of the SRM is based on the following equation:

10,000
86,400

Qn+1 = {[Csn 'an(Tn +ATH)STI +Crn 'Pn} “A- ( ) : (1 _kn+1)} + ann-H- (2)

where Q is the mean daily discharge [m? s71]; C; and C, are the runoff coefficients for snow
for rain, respectively; a is the degree day factor (DDF) [cm °C~! d 1] representing the depth
of snow melt resulting from one degree day; T is the degree days [°C-d]; P is precipitation
input to runoff [cm]; AT is the change in temperature, i.e., lapse rate for extrapolating the
temperature recorded at the base station to the mean elevation of any zone [°C-d]; S is the
fraction of snow in each elevation zone; A is the basin or zonal area [km?]; k represents the
recession coefficient indicating the decline in discharge when there is no runoff from snow
melt or rainfall; 10,000/86,400 is for converting cm-km?-d 1 tom3s 1, and n represents
the sequence of days of the discharge period.

The SRM consists of a graphical display of computed hydrographs against the mea-
sured runoff. The accuracy criteria of the SRM consists of the Nash-Sutcliffe Efficiency
(NSE) measurements and the percent volume difference (%D,).

The NSE value portrays the accuracy in daily computed flows against daily recorded
flows and is as follows:

(Qi — Q)

NSE=1-"1 3)

Tt |Tra=

N2
(Qi - Q)
1
where Q; is the recorded daily discharge, Q'; is the simulated daily discharge, and Q is
the yearly averaged recorded discharge. The percent runoff volume, %D, is computed
as follows:
Vg —V'r

%Dy =
4 Vi

100. 4)
where Vy is the measured yearly or seasonal runoff volume and V' is the computed yearly
or seasonal runoff volume. Therefore, %D, provides the error in annual computed volume
against annual recorded volume.

3.4.2. Calibration and Validation of SRM

The first and most important step in the calibration of the SRM model was calculating
the precise recession coefficient (k) value for the basin under study. By definition, “k”
for each day is dependent on recession constants (x, y) and the previous day’s recorded
streamflow as is evident from Equation (5).

kn"’] =X * Q;y (5)

If “k” values are appropriate, i.e., x, y constants are precisely derived, then the modelled
streamflow will follow the pattern of recorded streamflow. The required constants were
derived from historical recorded stream flows and hence, the SRM successfully achieved
the pattern of recorded stream flows. The second step was the analysis of over and
underestimation in the modelled stream flows against the recorded stream flows. It was
achieved by calibrating the model input parameters (Table 1). The SRM is more sensitive
to temperature lapse rate, followed by the degree day factor and runoff coefficients for
rain and snow (Table 2). Therefore, initially, careful adjustments were carried out in those
parameters to which the SRM is more sensitive. Graphical display and accuracy criteria
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(NSE and %D;) were the indicators of a successful calibration (Section 4.2). The SRM was
calibrated for 2008, 2009, and 2010.

Table 1. Values of calibration parameters for SRM simulations.

Parameter Name Values Used in the Study Remarks
Recession Constants (x,y) x=1.06 y=0.02 Constant for all zones
Temperature Lapse Rate (TLR) 0.60 (winter)-0.65 (summer) °C per 100 m Variable (monthly and by zone)
Degree Day Factor 0.35t0 0.65 mm °C~1 d ! Variable (monthly and by zone)
Critical Temperature 1.5°C Constant for all zones
Runoff Coefficients (Rain) 0.5t00.7 Variable (monthly and by zone)
Runoff Coefficients (Snow) 0.5t00.7 Variable (monthly and by zone)
Rainfall Contributing Area (RCA) Oto1l variable (by zone)
Time Lag 18h Constant for all zones
Table 2. Sensitivity analysis of SRM (Original Results: NSE = 0.966 and %D, = —1.1165%).
S.No Parameter Name NSE %D, Remarks
TLR + 10% of TLR 0.9116 20.073% SRM is most sensitive to changes in TLR.
1 Increase/decrease in TLR brought the
TLR — 10% of TLR 0.7702 —28.843% worst results, especially in %D5.
DDF + 10% of DDF 0.9295 —10.692%
2 DDF — 10% of DDF 0.9643 08.454% DDF and Cr were the second most
- S sensitive parameters of SRM, affecting
3 Cs + 10% of Cs 0.9295 —10.661% D/ODU more than the NSE values
Cs — 10% of Cs 0.9643 08.423%
4 Cr +10% of Cr 0.9654 —1.532%
Cr — 10% of Cr 0.9665 —0.701%
- - 10% increase or decrease in Cr, Tcrit, and
Terit + 10% of Terit 0.9660 —1.117% - Lo
5 Terit — 10% of Terit 0.9660 ~1.117% RCA brought no visible changes in NSE
and %D,
6 RCA =1 0.9648 —1.729%
RCA =0 0.9660 —1.117%

The parameters of the SRM are shown in the flowchart presented in Figure 5. The time
frame of 2000 to 2004 was selected for SRM validation (Table 3). Tcgyr is the critical temper-
ature deciding the type of precipitation either in form of rain or snow. For quantification
of rainfall runoff and snow/glacier melt runoff, the model was executed in two separate
modes, namely snow mode and no-snow mode. The no-snow mode provided the rainfall
contribution to runoff for each year during the 1995-2010 period. The remaining river flow
was taken as the contribution from snow and glacier melt.

3.4.3. Sources of Uncertainty

The uncertainty starts with the input parameters of the SRM. The degree day factor is
dependent on snow and ice densities as well as air temperatures [67] varying with time
and space. Temperature lapse rate varies with altitude as well as with slope aspect and
is even more complex based on time scales [68-71]. This means that the nature of lapse
rate variation is temporally and spatially non-linear (heterogeneous), but is close to the
global values (e.g., 0.63-0.65 °C per 100 m change in altitude) on average. As a result, we
used long-term averaged values for temperature lapse rate. The situation is similar for
other input parameters as well, such as runoff coefficients for rain and snow, due to their
dependence on land cover and land use. Some uncertainties also exist in assigning monthly
percentages to snow and glaciers. Uncertainties in spatial coverage and discontinuities
in meteorological and hydrological data cause more trouble in runoff simulations and in
conducting long-term studies.
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Table 3. Accuracy statistics for SRM simulations during the 1995-2010 period.

% Dv is
Annual Rainfall Total Annual Volumetric
Year Runoff Only Runoff—Simulated Error NSE
(10° m3) (10° m3) (Simulated vs.
Gauged)
1995 1064.35 11,189.79 —25.63 0.85
1996 1574.51 9735.38 —18.57 0.858
1997 985.07 10,735.26 —69.5 —0.71
1998 1380.78 10,431.77 0.227 0.77
1999 720 937154 ... i
2000 1459.16 12,350.93 —37.98 0.527
2001 961.16 13,042.46 16.47 0.90
2002 1387.14 9280.66 —10.33 0.91
2003 1492.29 10,721.81 —10.08 0.91
2004 1328.66 8424.89 —6.22 0.893
2005 1539.08 9628.69  .o.ee e
2006 1584.15 8460.04 ... i
2007 980.78 10,461.66 ..o o
2008 978.18 11,242.87 —1.8 0.96
2009 1389.05 8768.82 10.7 0.84
2010 1543.14 7687.94 23.37 0.77
4. Results

4.1. Trend Analysis of Meteorological and Hydrological Data

There are three high altitude meteorological stations in the HRB and one hydrological
station measuring river discharge at Dainyour Bridge. The average annual temperatures of
the stations at Naltar, Ziarat, and Khunjerab are 6.4 °C, 2.6 °C, and —5.5 °C, respectively.
Statistical analysis showed that July was the hottest month each year. Recordings at these
three stations indicated an annual average temperature lapse rate (TLR) of 0.62 °C per
100 m altitudinal change. The seasonal values equal the annual average temperature lapse
rate value, but there are monthly variations. The model simulations were based on the
observed monthly average TLR values. The TLR for July was 0.61, and 0.59 for August
and September. Seasonal (winter and summer) and annual variations in temperature and
precipitation are shown in Figure 6a—f. The average winter temperatures of the three
stations showed an increasing trend of ~1.47 °C (during the 19952010 period), in contrast
to a decreasing summer temperatures trend of ~0.33°C (Figure 6a—c). The decreasing
summer trend was more gradual than the increasing trend in winter, resulting in a slightly
increased annual trend (~0.6°C increase for the whole study period, i.e., during 1995-2010)
in the observation. Figure 6a—c also shows the increase in winter temperatures at high
altitudes compared to lower altitudes.

Precipitation varied laterally and with elevation during the sixteen-year period (1995-2010)
with an average annual total of 182 mm, 228 mm, and 684 mm recorded at Khunjerab, Ziarat,
and Naltar, respectively (Figure 6d). Note that the above mentioned total annual recorded
precipitation with a decreasing trend with increasing in altitudes are not compatible with
earlier studies [25,72,73], suggesting 5-10 times more precipitation at high altitudes than at
the valley floor, thus leaving a question about the quality of the recorded data.

The winter precipitation showed an increasing trend at all three stations, while the
summer precipitation showed a decreasing trend (Figure 6e—f). The total annual precipita-
tion showed a general, non-monotonic increasing trend. The average annual precipitation
averaged over all three stations over the sixteen years was 365 mm, which is very low
compared to the estimates of 836 mm [74] and 1238 mm [75].
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Figure 6. The left side shows annual, summer, and winter temperatures from top to bottom (a—c),
whereas the right side shows respective precipitation having the same pattern (d—f) during the
1995-2010 period from all three stations in the Hunza Basin. The blue solid line represents recordings
at Naltar, the red dashed line at Ziarat, and the purple solid line at Khunjerab.

The seasonal precipitation pattern at Naltar and Ziarat was heterogeneous, with
summer rainfall dominant in some years while winter rainfall was dominant in others.
However, the summer precipitation recorded at the Khunjerab station was almost double
the winter precipitation. The spatial variability of meteorological parameters in such
complex terrain is always challenging [24,76] and cannot be fully covered by only three
observation stations at the valley floor. Model simulations inherit these uncertainties in
the observational data [75]. The increasing trend in recorded winter precipitation suggests
more snow accumulation which is available for melting in summer, i.e., increases in summer
river flows.

The decreasing summer temperatures (Figure 6) make it difficult to explain the reason
behind increasing river flows. We, therefore, further investigated the available data by
making groups of months (i.e., January, February, and March as JFM; April, May, and June
as AMJ; July, August, and September as JAS; and October, November, and December as
OND) (Figure 7). We found that the only difference between temperature and river flows is
in the JAS group, as shown in the figure below. Furthermore, mass balance studies [32,38,55]
showed slight negative mass balances, so the increased runoff is probably the result of
excessive melting during the 1995-2010 period (Figure 7).

River runoff was on the rise in all four groups which can be explained in groups JFM,
AM]J, and OND (with a rise in temperature supported by an occasional rise in precipitation)
but group JAS is exceptional, where temperatures showed a declining trend (Figure 7).
However, precipitation was rising in the same group and supports the rise in runoff.
Average temperatures were highest in this group among all four groups, and the decreasing
trend was 0.08 °C per year during the 1995-2010 period. It is important to mention
that warmer rain water over the glacier surface can cause accelerated melting called
rain-induced melting [77-79]. We believe that this would have happened in study area
as well. Moreover, the Hunza basin is a very complex basin and there are chances of
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missing heavy rain events and temperature recordings in sub-basins where there are no
observation stations. At times, the quality of recorded data also limited the explanation of
such situations.
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Figure 7. Comparison among the recorded hydrological and meteorological data during the
1995-2010 period; grouped as JEM (January, February, March), AMJ (April, May, June), JAS (July,
August, September), and OND (October, November, December).

Annual and seasonal flow were analyzed from the recorded hydrological data. Figure 8
shows the average monthly, seasonal, and annual river flows at the Dainyour Bridge on the
Hunza River. The annual river flows showed a decreasing trend (Figure 8a), mostly dominated
by summer flows (Figure 8b,c) during the 19662010 period. However, an increasing trend in
annual flows was visible during 1995 and 2010 (Figure 8a). This increasing trend corroborates
the increasing summer flows (Figure 7). On average, winter discharge contributed only 8%
to the annual flows during the observation period, with only minor variations (Figure 8c).
Further investigations revealed that the summer hydrographs were dominated by flows in
July and August, with intermediate flows in June and September (Figure 8b).

4.2. SRM Simulations and Quantification of Runoff Components

The results of the SRM simulations for 1995-2010 are shown in Table 3 and Figure 9a—c.
The Nash-Sutcliffe Efficiency (NSE) values show that the SRM performed effectively
for most of the years with two exceptions, 1997 and 2000, where the model performed
poorly (Figure 9a,b), as indicated by the values for NSE (—0.49, 0.564) and %D, (—65.26%,
—35.45%). The black line (Figure 9c) represents the observed river discharge data and the
red line represents the SRM simulations. The model accurately simulated the low and high
flows (Figure 9c¢), as confirmed by the accuracy assessment for the validation years shown
in Figure 9b and for the calibration years in Figure 9a, with encouraging NSE values.
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Figure 8. (a) Annual river flows during 1966 and 2010 (stars indicate annual flows during 1995 and
2010 only) with linear trends. (b) Box plot of monthly flows during 1966 and 2010, dominated by
flows in July and August followed by June and September. (c) Winter flows were very low, whereas
summer and annual flows followed the same pattern which means annual flows are governed by
summer flows.

The poor performance in the years 1997 and 2000 were due to inefficient simulations
of the flows in July, August, and September (summer months), and in May and July in
the respective years. The SRM significantly overestimated the river flows during these
specific periods. Further investigations of meteorological observations for the year 1997
revealed that the average monthly temperatures in July, August, and September were
above the 16-year average temperatures. This suggest that more positive degree days
were available for melting. Total monthly rainfall values were also above the long-term
average for the year 1997. Total annual flow volume during this year were below average,
so inconsistency in observation data is also possible. The meteorological data for the year
2000 showed that the rainfall remained above long-term monthly averages in the respective
summer months. This appeared to be one of the reasons for an overestimation by the
SRM for the year 2000. The simulations showed an overestimation of annual flow volume
in 1995 and underestimation in 2010 (Figure 10c,d), as can be seen from the %D, values
(—25.63%, 23.37%), but were still good enough based on NSE values (0.85, 0.77). The SRM
underestimated the annual flows in June, July, and August of 2010 and overestimated flows
in July, September, and October in 1995. The rainfall recordings in June, July, and August
of 2010 were well above the long-term averages, but the SRM showed underestimations.
This means that the values of C; for these respective months in 2010 were considered too
low compared to the actual high values, hence, forcing the SRM to underestimate these
values. The above average rainfall also suggests that there would be more melting if
rainfall occurred on the surface of the snow and ice. The inconsistent simulations in 1995,
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1997, 2000, and 2010 revealed that the SRM cannot simulate extreme scenarios where the
conditions are not similar to the calibration year. This fact was also accepted by [80] that
showed that models using calibrated parameters generally cope less well with extreme
years and exceptional runoff situations. Above all, the inconsistent simulations may also
occur due to limited amounts and quality of input data (temperature, precipitation, river

flows), which mostly had to be interpolated to obtain the respective missing data.
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Figure 9. (a) Simulated vs. recorded flows during calibration period (2008-2010). (b) Simulated flows
versus observed flows during the validation period (1995-2004). (c¢) Comparison between observed

and simulated flows in the Hunza River Basin during 1995 and 2010.
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The SRM performed well for the remaining years during the 1995-2010 period, with
an average NSE value of 0.88 and %D, value of —1.7. The detailed statistics are given in
Table 3. To avoid any miscalculation due to over and underestimation, the rainfall runoff is
subtracted from observational data for the snow—glacier components calculation.

5. Discussion

The estimated snow-glacier proportional contribution demonstrated that the glacier melt
runoff component is explicitly dominant in the Hunza River Basin, e.g., 51.4% from glacier
melt runoff on average during 1995 and 2010. The runoff derived from snow melt averaged
34.2% and runoff due to rainfall was 14.4% during the same period. [80] and [75] have used
physically based distributed hydrological models for the quantification of runoff components
in the HRB. Our results are comparable to those obtained by [81], who used a conceptual
distributed hydrological model HBV (Hydrolo-giska Byrdns Vatten-balansavdelning). This
study estimated the average runoff contributions of 64%, 16.5%, and 19.4% from glacier melt,
snow melt, and rain, respectively, to the Hunza River. However, [75] found contradictory
percentages of snow and glacier melt runoff for the same basin, suggesting 50% of runoff
was from baseflow and only 33% from glacier melt. Another study [51] obtained 38.73% as
the total runoff contribution from snow and glacier melt whereas the base flow remained
as the dominant contributor. The observational data in this study clearly depicted that
the annual flows were governed by summer month flows (Figure 8c) where most of the
seasonal snow has melted with some exceptions at higher altitudes; therefore, we adhere
with our findings that glacier melt runoff should be dominant in summer and throughout
the annual flows. Thus, a simple degree day model appeared to be successful in simulating
comparable results with those by distributed hydrological models. Analysis of all of these
investigations, including our own, indicated that individual contributions from snow and
glacier melt may be different, but there is less disagreement on their combined effect, i.e.,
snow—glacier melt were collectively contributing 81-86% of the total runoff followed by
14-19% by rainfall (Table 4). Using a fully distributed hydrological model including all
cryospheric processes, the authors of [33] measured the hydrological regimes of five major
river basins in High Mountain Asia (HMA), including the UIB. Lutz [33] found that the
UIB is dominated by glacier melt, contributing up to 40.6% of the total runoff. In an another
study [38], it was reported that the Karakoram Mountains alone accommodate 70% of the
glaciers in the UIB, indicating that the glacier melt runoff contribution would be greater
than 40.6% as mentioned by Lutz [33]. It can therefore be assumed that the findings of our
analysis i.e., the dominance of glacier melt runoff in HRB is valid. The results of this study
corroborate with a few earlier studies validating the dominancy of melt runoff in flows
of the Indus River and its tributaries. Thus, variations in river flows in the HKH region
would be dominated by melt runoff i.e., fluctuations in the volume of glaciers.

Table 4. Results comparison with similar studies in the Hunza basin.

Snow Melt Glacier Melt Snow and Glacier

Type of Model Rainfall Runoff Runoff Runoff Melt Runoff Reference
SRM Model 14.40% 34.20% 51.40% 85.60% Current Study
Distributed HBV 19.40% 16.50% 64.10% 80.60% [80]
Model
Distributed
WEB-DHM-S 17.34 49.33% 33.33% 82.66% [75]
Model

Figure 11a,b shows the rain, snow, and glacier melt runoff percentages. The results
showed that rainfall runoff was gradually decreasing, while melt runoff due to snow and
glaciers was gradually increasing. As discussed in the results section, the temperature and
precipitation data in JEM, AMJ, and OND months supported the rising melt runoff except
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for the July, August, and September (JAS) group throughout the study period. Only the
temperature data showed a mismatch in Figure 7 whereas the precipitation data followed
the rising pattern of melt runoff in all groups except for the April, May, and June group in
Figure 7. The uncertainties in the model input parameters and hydrological and meteoro-
logical observations discussed in Section 3.4.3 may be the reason for mismatches in melt
runoff trends and their causative factors. Similarly, remote sensing data also contain uncer-
tainties in the estimation of the regional or basin-scale glacier mass balance, mainly due
to coarse spatial resolution, seasonality of data acquisition, and density assumptions [27].
Besides the existing uncertainties, our results are corroborated by some recent studies.
Brun et al. [32] calculated the total glacier mass change in the HMA from 2000 to 2016, and
concluded that the Karakoram was a region of transition from positive to negative mass
balance, implying a slight increase in glacier melting. Muhammad et al. [31] also reported
slight mass losses of —0.02 &£ 0.12 in the western Karakoram (Hunza) and a relatively
more negative mass balance of —0.26 &= 0.21 m w.e. a~! in the eastern (Shyok) Karakoram,
which is in agreement with our results. Lutz et al. [33] concluded a slight decrease in the
future snow melt runoff component in the UIB against our marginally rising pattern of the
respective runoff component.
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Figure 11. Annual variations in runoff components between 1995 and 2010. (a): stacked percent
snow, glacier melt runoff along with percent rainfall runoff of the respective years, (b): percent runoff
components of the respective years.

The unavailability of consistent long-term data as well as desired spatial and temporal
resolution of hydrological and meteorological observational data is still a challenge for
an accurate explanation of the evidence of climate change in the basin. Nonetheless, the
continuation of the ongoing increasing trend in melt runoff for yet another decade or more
has the potential to predominantly affect the hydrology of the basin. Over time, it will
affect the availability of fresh water at the right time for agriculture, besides other domestic
and commercial uses. These challenges can be mitigated by developing water reservoirs to
conserve and control the use of freshwater resources.

The comparison of our research with previous research work indicated that the quan-
tification of melt runoff components and their long-term annual patterns have provided
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valuable information on the health of glaciers in the HRB and can be generalized globally
in other glacierized regions.

6. Conclusions

Long-term river runoff trends (especially melt-runoff trends) can be a potential sur-
rogate for mountain glacier changes. It is a widely accepted indicator of human-induced
climate change worldwide. We used a satellite data-dependent degree day snowmelt runoff
modeling approach to quantify the runoff components and assess their annual trends across
the Hunza River Basin, i.e., one of the most densely glacierized sub-basins in the HKH
region. For the period assessed (1950-2010), the temperature and precipitation data showed
a rising trend in the winter, relatively higher than the summer reductions, resulting in
slightly increased annual runoff trends. The decrease in JAS temperatures was inconsistent
with the increase in river flows. The precipitation data showed a rising trend for the same
period. The rising trends of river flows, especially the rise in melt runoff, were found to be
supported by rising trends of precipitation, rain-induced melting, and possible missing
information from recordings of heavy rain events.

The contributions of rainfall, snow, and glacier melt runoff components to river flows
in the HRB were found to be 14.6%, 34.2%, and 51.2%, respectively. There are monotonic
rising or declining patterns in runoff, but a gradual increase in snow and glacier melt was
observed for the 1995-2010 period. This increased melting is considered an indicator of
climate-induced change in the volume of glaciers in the study region.

There are indeed certain limitations of this study and the methods that were used in
this study, e.g., discontinuity in the availability of observational hydrological and mete-
orological data, unavailability of daily cloud-free satellite images, unavailability of well-
distributed recorded meteorological data both horizontally and vertically, and unavailabil-
ity of actual parameter values in the study area. However, the consistency of the model
results with mass balance studies of the same period and other studies confirms the usabil-
ity of the SRM in other glaciated areas of the world. Such an approach can be especially
useful for the areas where long-term mass balance studies are difficult to conduct. It can
be concluded from this study that fluctuations in fresh water availability will occur due to
climate-induced variations in melt runoff in the HRB. To cope with the freshwater fluctua-
tions and possible shortages, effective management of the water supplies is advised, with a
view to safeguarding the future water supply for the dependent population downstream.
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