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S now cover dynamism is an important component of the UIB’s (Upper Indus Basin)

hydrodynamics in the context of snow building up and reduction occurring seasonally.

This study incorporates investigation into the dynamics of snow covers in relation to the
hydrodynamics of the region. Data acquired through remotely sensed MODIS (Moderate
Resolution Imaging Spectro-Radiometer) satellite for the duration of 20 years from 2000-2020,
together with additional variables of hydrometeorology was utilized in the assessment of spatial
and temporal fluctuation in snow-covered areas of Gilgit Baltistan (GB). The snow cover
analysis was done temporally with an evaluation of its relationship with the hydro-meteorological
variables through the application of Pearson correlation, Principal Component Analysis (PCA),
and basin-wise zonal analysis. The investigation revealed that glacial ice covered an area of 25 to
50% and that the SCA (Snow Covered Area) may expand to 80 to 90% of the region on the
amassment of snow in the snowy season. Trends from hydro-meteorological correlativity
demonstrate a greatly considerable proportionality of R = 0.78, between the maximal and
minimal temperature zones and river drains. However, no noticeable correlativity was found
between precipitation and river drains (R = -0.04). For the region of Hunza, a statistically
important negative correlativity was observed between the river drains and precipitation i.e., R
= —0.83. The minus factor indicates an increase in river drainage with increased melting of snow
covers due to high temperatures. This investigation infers a close association of river runoffs of
the GB area with its snow cover dynamism. Discharge of rivers is a consequence of melting
snow in the basin due to rising temperature and thus it speeds up at the beginning of summers
mainly during April and May. Snow and ice start melting from the bottom and then reaches the
top areas that have greater upstanding glacial mass.
Keywords: Hydrology; Snow Cover Dynamics; Upper Indus Basin; Principal Component
Analysis; Hydro-Meteorological and MODIS

e RESEARCHBIB .
K ; CiteFactor R ACADEMIC RESOURCE INDEX @IDEAS
JOURNALS ROTINI ili iNFOBASE INDEX
—— MASTER LIST @ SCIIIt
™ - IHEITHIN]] £ @i
== - ResearchGate  WIKIDATA

DRJI Crossref

Sep2023 | Vol 5] Issue 3 Page | 193


mailto:rzzi.aftab@hotmail.com

/)
OPEN (5 ) ACCESS . . . .
International Journal of Innovations in Science & Technology

Introduction:

Pakistan is known for the abundance of glaciers amounting to 5000 including the world’s
second-biggest Siachen glacier [1]. Glacier snow and ice store freshwater throughout the winter
season and release it into rivers in summers as a result of high-temperature ice melting. Pakistan
has a greater economic reliance on agricultural systems that have a 21% contribution to National
GDP. The Indus Irrigation system meets the water demands for agricultural purposes [2].
However, there has been a significant reduction observed in the water supply of the Indus River
in comparison to the past 5 years particularly during the spring and summers which rebuts the
past studies that regarded the river’s water availability as constant or increasing [3].

Snow is a necessary component of the climate with an ability to regulate hydrological
and atmospheric phenomena owing to its greater albedo and lesser thermic conductibility [4]. In
the regulation of hydrology, snow plays a significant role as a freshwater reservoir and source
during summers in the form of ice melts for high altitude basins [5]. The Indus Basin is the best
example in this case where the seasonal melting of snow becomes the prime source of water
after a prolonged dry season from October to March [6]. It is so because the precipitation
received by the Indus Basin during winters is primarily in the frozen states coming from the
northern HKH region [7].

Recently, water scarcity has turned into a critical problem for the world with declining
water availability per unit of the world population and with an exponential increase in the
population of the world specifically in Asia, the issue is getting intense. In Pakistan [8], the major
water consumption sectors include agricultural systems (92%), domestic (6%) and commercial
use (2%). The major spot of water availability for the regional tributaries and community
sustenance is the region of HKH that supports the lives of many people around the coast [7].
Considering the semi-dry climate of the riverside, there is an increased need for adequate water
supply for harvesting and glaciers are the source for it which is why they are regarded to be the
significant regulators of climate; however, their evaluation is restricted due to the regional natural
unapproachability.

UIB has its hydrologic area at an elevation in the region of HKH [9]. The top of the
river Indus receives a water flow of above 60% yearly from the perennially persistent seasonal
snowfields [10][11][12]. Glaciers at a height of more than 3500 m also add to this flow of water
[13]. The HKH region is a source of about 90% of runoff for the Indus River System [14]. The
2007 report from IPCC (Inter-Governmental Panel on Climate Change), predicted a rapid snow
cover reduction during the whole of the 21st century with consequent water scarcity and
significant alteration in seasonal runoffs from ice melts [15]. Various studies conducted within
the region of Hindukush Karakoram Himalayas, signify a rapid snow cover depletion [9]
[16][17][18][19] whereas a snow cover expansion has been recorded in the west of the Himalayan
and Karakoram region [20].

Gurung et al. [16], indicated that in addition to being a great water reservoir, the glaciers
when melted are also a major source for the regions that have a dry or a semi-dry climate. Around
17% of wotld inhabitants rely on water from ice melts every summer season [5]. As established
eatlier, the Indus river system receives more than 50% of water flow from the same ice bodies
[21]. The investigation of Bajracharya and Shrestha in 2011 [22], declared that the net area of
the Indus Basin covered by glaciers is 21193 km2. The IPCC report of 2013 indicated a
substantial thermic increase in the Himalayan region as a result of global warming [15][23][24]
and this temperature increase resulted in a 16% approximate reduction in Snow Covered Area
(SCA) across the Himalayas during the period between 1990 to 2001 [25]. Immerzeel indicated
an identical ice cover drop for the period 2000 to 2008 [9].

The water cycle in the mountainous region is a part of hydrometeorology that assists the
evaluation of the hydrological stability of the region along with the supply of water in the usually
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dry area. When the hydrograph statistics for the up and downriver currents are analyzed, it is
observed that the peak deflection occurs during the summer season when ice is melting in the
Indus Basin [26]. For the UIB in the west of HKH, it is still unknown what part is played by the
melting of snow in the water supply. Immerzeel et al. [9] noted the ice melt contribution in the
UIB to be around 40%. This observation was derived through modelling investigation that is
prone to errors and biases. Therefore, considering the significance of ice melts in water flow,
there is a need for precise estimation and evaluation of its distributional trend across the region
of UIB along with its implications on climate. In addition to that, the snow cover investigation
is also important in calibrating the disseminated hydrological patterns [27], and in making
seasonal predictions of water availability.

In conformity with the unconventional global warming, IPCC AR4, 2007), the Himalayan region
is also recorded to be subject to rapid heating up in recent years [15] . Due to this heating up,
there has been a considerable decrease in the yearly mean snowfield area; during the period 1990
to 2001 only, a snow reduction of approximately 16% has been observed across the Himalayan
region.|25]. An identical pattern of snow reduction has been observed for the years 2000 to 2008
by Immerzeel et al. [9] and for the years 2000 to 2010 by Gurung et al. [16]. This implies a
significant depletion of ice caps with some regional exceptions. Contrastingly, UIB shows a
different side of climate variations with increased precipitation and decreased temperature [28].
Precipitation trends based on tree ring observation validate this climatic condition by declaring
the region as the moistest for the past thousand years [29].

On the other hand, the major part of glaciers of the Himalayas has suffered retraction
and loss of ice mass for a long time since the later part of the ice age and has caught an average
speed up after 1990. The glacial ranges of the Karakoram have shown a certain irregularity for
a considerable period with the last ten years marked by balanced budgets [12][30][31][32]. Due
to this conflicting nature of the region, the evaluation of snow caps has not been successful
which leaves the process of water managing operation uncertain.

Due to the lack of minimum-distance high-elevation stations for meteorology in the
Upper Indus Basin, the snow cap evaluation has become difficult on both local and sub-basin
levels. The rough climate and land of the Hindukush Karakoram Himalayas do not allow any
snow assessment for the region. In addition to that, the snow evaluation and mapping require a
suitable temporal resolution owing to its increasingly fluctuating nature, unlike the glacial mass
that can be mapped by using appropriate planar resolution only. For this purpose, applying data
from integrated Remote Sensing (RS) and GIS (Geographical Information System) method has
made snow mapping feasible even in remote regions [33][34].

Remote Sensing via satellites has been the most useful method of evaluating snow caps
in inaccessible and harsh regions [13]. Many researchers have worked in this domain and found
significant results, for instance, Maurer [35] discovered a significant increment of snow through
Moderate Resolution Imaging Spectro-Radiometer

(MODIS) snow data of the basin of Columbia River with complicated topography and
this method proved more useful than the other. Similarly, Immerzeel [9] tested the precision of
MODIS in assessing river flows by evaluating the correlation of snow cover dynamism with the
upper Indus runoff within the constraints of the hydrological flow system. This accuracy and
authenticity of the MODIS snow product make the evaluation of spatially variable snow covers
possible at different heights and areas of the UIB. For this reason. MODIS data have been
regarded as sufficient for basin wise evaluation and used for the same purpose [36]. As stated by
the research in the Astore basin led by Forsythe [37] MODIS products are an effective means
of monitoring remote regions with quite a few restrictions, for instance, the cloud cover.
However, the cloud cover influence can be minimized by replacing a single day figure with an
8-daily product. MODIS has had extensive use worldwide by various scientists and researchers
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in snow cover estimation around the world. Lee [38] confirmed the precision of MODIS by
using its data in SRM (Snowmelt Runoff Model) for the estimation of river runoff in the Upper
Rio Grande basin. Tahir [39] and Tekeli [40] compared data from surface observatories with
MODIS data of 500x500m resolution for snow cap estimation. Another comparison of the
precision of MODIS with ASTER, revealed snow cover estimation at low, medium, and high
elevation to be 75%, 95%, and 99% respectively and 62-82% when compared with surface
observations.

This study was carried out to evaluate the dynamic of snow covers in the region of GB
during the period 2000 to 2020 and its relationship with hydro-meteorological parameters using
satellite products. The research area was classified into basins based on regional catchments. The
major goals of the study were:

1. To comprehend hydrological trends and the possible implications of meteorological
variables such as thermos-dynamics and precipitation variability on ground runoffs at
various catchment areas,

2. To examine the dynamism of snow covers spatially and temporally,

3. To examine the feasibility of satellite data for snow covers and confirm its precision in
estimating the participation of ice melts in the river runoffs.

The study also demonstrates a correlation between the hydro-meteorological variables
that contribute to surface discharge with respect to the snow cover.

Study Area:

The study area confines the territorial dimension of 30-38 N and 67-84°E, including
ten sub-basins i.e., Astore, Diamir, Ghanche, Ghizer, Gilgit, Hunza, Kharmang, Nagar, Shigar
and Skardu (Figure 1). The basins under investigation lie at the centre of two grand scale
configuration systems: the disturbances at mid-latitude of the west and the summer monsoonal
model of South Asia [26]. The hydrological dynamics of the sub-basins at higher elevation i.e.,
Hunza, Shigar, Ghanche and Astore are influenced by the disturbances of the western mid-
latitude in winters and the spring [7][41][42]. These sub-basins of high elevations are shadowed
by the precipitation of the west Himalayan region and thus gets the minimum rainfall in the
summer monsoon [43], which is majorly concentrated over the low elevation sub-basins i.e.,
Diamir and Gilgit.

The Upper Indus Bain exhibits uncommon trends of estimated climatic variability.
Around 50% of the observational data for this region since 1955 reveals an inclination of average
annually and seasonally recorded temperatures towards colder environment except during the
winter season [28]. Furthermore, an increase in the DTR (Diurnal Temperature Range) can be
observed over the year [28] when it has been decreasing in the rest of the world since 1950
[44][45].

Streamflow coming from the basins under study is in the form of both snow and rain
with the high elevated zones releasing snow and ice melts and low-lying areas releasing a fast
flow of rainfall [46]. However, it is limited to the summer season during the time between June
and August and is dependent on the glacier melt runoff [42]. The climatological runoff
observations in the past for the basins of Gilgit Baltistan have declared these sub-basins as a
source of around 80% of annually received water in Pakistan through IRS [43]. According to
Fowler and Archer [28], the entire region of IB can be categorized into high, mid, and low
altitude basins based on their hydro-meteorological features:

High altitude basins are characterized by a greater glacier mass aka glacier-fed basins.
Their hydrological characteristics are dependent on ice melt discharge during the melting season
that is linked with identical summer temperatures. The dissemination of snowfall has a
considerable influence on the temporal and quantitative parameters of ice melt discharge from
the basin.
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Mid altitude basins are located at a relatively lower altitude/latitude and receive a lesser
amount of glacier mass which is why they are known as snow-fed basins. The hydrological
properties of these basins are influenced by the discharge from the melting of snow that is linked
with the snowfall of the preceding season.

Low altitude basins are based on the foothill catchments that collect precipitation in the
form of fast rainfall which is why they are known as rain-fed basins. According to the division
of all basins into glacier-fed, snow-fed, and rain-fed categories, Hunza, Shigar and Ghanche
basins fall in the glacier-fed category, while Astore, Gilgit, Ghizer, and Skardu are classified as
snow-fed basins, and Diamir and Kharmang fall under rainfed basins (Figure 1). Table 2
illustrates the net area covered by the basins. As the runoff from snow-fed basins depends on
the past winter and the runoff from the glacier-fed basins depends on the identical temperatures,
this dependency along with the clashing precipitation and temperature variables across the HKH
are of the Indus Basin, makes one expect substantial variations in the snow covers can be
expected with significant climate changes that consequently impacts the hydrology and glacier
persistence in the region. Glacier and seasonally occurring snow cover melting is the primary
source of river runoffs with an intermittent contribution of rainfall. Figure 1 illustrates the map
of the region under study.
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Figure 1. Map of the region under study
Materials and Methods:
Data Sources:
Hydro-Meteorological Data:

Precipitation and temperature data were acquired from the PMD (Pakistan
Meteorological department) for the time of 1951 to 2016. The diurnal runoff data were obtained
from WAPDA (Water and Power Development Authority) for the sub-basins of UIB for the
time between the years 1960-2015.

Satellite Data:

MODIS products have had the greatest suitability in the basin-wise analyses [36] and a

MODIS product with a spatial resolution of 500m is proven to be used in the estimation of SCA
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of the basins covering a total area of around 10,000 km2 or above [47]. For this study, the
MODIS 8-daily product was selected to estimate the concerned SCA. Satellite data clusters
(MOD10A2) from the beginning of the year 2000 to the end of 2020 were obtained through
downloading and re-projection was done using the WGS 1984 UTM ZONE 43N projection
system of the Geospatial Data Abstraction Library (GDAL) image processing system.

Table 1 Hydro-metrological stations name and elevations

St. No Stations Mean Elevation (m)
1 Astore 2168
2 Bunji 1372
3 Chilas 1250
4 Gilgit 1460
5 Gupis 2156
6 Skardu 2317

Table 2 Basins name and elevations
Basin Name Area (sq km)
Astore 5178.93
Diamir 6935.21
Ghanche 8624.46
Ghizer 12043.59
Gilgit 4032.70
Hunza 11326.99
Kharmang 2803.65
Nagar 3001.48
Shigar 8962.33
Skardu 7119.47

Methodology:

MODIS snow product of 500m spatial resolution was made to undergo regional
sinusoidal re-projected into Universal Transverse Mercator (UTM) Zone 43N projection with
datum WGS-1984 using GDAL. The extraction of SCA was done using the 8-day MODIS
product for the duration of 2000 to 2020 for the region under study.

The basin-wide height of the region under study was extracted by the 30m resolution
SRTM DEM. The SCA extraction from the sinusoidally reprojected 8-day MODIS product was
done using the sub-catchments. Consequently, the snow cover dynamism was evaluated in
relation to varying altitudes. Hypsometric slopes were created according to the altitude. The
derivation of SCDC (Snow Cover Depletion Curve) and SCIC (Snow cover Inclination Curve)
was carried out from the zonal SCA. The derivation of SCDC and SCIC was made from the
MODIS SCA data. Multiple statistical analyses were conducted to verify the accuracy of data
before using them for the evaluation of hydrology.

For the investigation of the interlinks of the climate data from differently elevated
stations, Pearson correlation was applied. The assessment of climate data (1951-20106) pattern
of the study region was done for six ground stations of meteorology in the sub-basins. The
average for diurnal maximum, minimum, and mean thermic values was taken for the ground
meteorological observatories to derive the corresponding daily temperature values of the sub-
basin. The aggregate of daily precipitation was taken for all observatories. After obtaining the
average values for daily temperature and precipitation, the total temperature and precipitation
for the entire period were calculated.

Correlation Analysis:

Correlation analysis was applied to estimate the intensity of correlation among seasonal

runoffs, hydro-meteorological variables, and snow cover areas determined by correlation
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coefficient (R). R ranges from — 1 to + 1 and determines the course and intensity of the linear
relationship between the two parameters [48]. The formula for the sample correlation coefficient
is:

_ cov(x,y)

/si * SZ

Where, cov (x,y) is the covariance of x and y defined as”

_IG-DE-9)

sx2 and sy2 are the sample variances of x and y, defined as
s2 = L%z 4 532/ _ Ly-y2
-1 n-1

Regression Analysis:

Regression analysis was used to trace the magnitude of reliance of seasonal runoffs with
hydro-meteorological variables and snow cover. Runoff was considered as a dependent variable
(Y), and hydro-meteorological parameters and snow cover at different zones were taken as
independent variables (X) using the best fit line.

Y=a+bxX+e

Where
a: intercept,

Slope of the line, and
e: Error.

The hydro-meteorological data were divided into three periods: snow melting period,
snow accumulation period, and snow constant period. Statistical evaluation was done for the
runoff data.

Results:
GB Hypsometry:

The hypsometric curve for the GB area indicates the range of elevation for major snow
covers in the area under study to be between 3500 to 6000 m above mean sea level (a.m.s.l.)
(Figure 2). This covers 85% of the total GB area. The total aggregative area of above 5000m
a.m.s.l. for the basin represents the most glaciated areas and the remaining basin area under
3000m a.m.s.l. represents the least glaciated areas (Figure 2).

% Area per elevation band of 500 m
0.00 5.00 10.00 15,00 20.00 25.00
9000
800D
7000

6000

5000

4000 22.48

Elevation (m)

21,10
3000

2000

1000 @

0.00 20,00 40,00 60,00 80.00 100.00 120.00

Area (km2)
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Figure. 2. Hypsometric curve and distribution of the area by layer under each 500 m elevation
band.
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Basin-Wide Snow Cover Estimation
Snow Cover:

The greatest yearly snow cover average is attributed to the sub-basins of Hunza, Shigar
and Ghizar (Figure 3). The variation for snow caps for these sub-basins is greater than other
sub-basins specifically the ones lying at the lower elevation. Moreover, the Kharmang sub-basin
displays the minimum snow cap area majorly because of being located at a lower altitude on the
south-eastern side. Astore and Gilgit encounter comparatively less cloud cover and more
fluctuation during the periods of amassment and reduction. An acute decline in the curve for
snow covers indicates minimum participation of these glaciers in the water management of the
basin, therefore, the region relies greatly on melting of snow instead.

Snow Cover Trends:

A considerable fluctuation in the snow cover trends can be observed for the region of
GB and all the basins that fall under it. These basins lie under the influence of western
disturbances. Contrastingly, a small variation is observed for the remaining basins under analysis
that lie under the implications of monsoon, however, these trends were statistically
inconsequential. On the evaluation of yeatly trends, it was revealed that they had a certain
correspondence to the historically drastic drought of Pakistan that started during the years
1998/1999 to 2002/2003 and diminished in 2003 and 2004 on the occutrence of greater winter
rainfall [49][50]. An identical drought occurrence was recorded from 2006 to 2009 as well. The
analysis conducted seasonally, for they sow covers, revealed a declining pattern for most of the
basins understudy during the seasons of winter and fall. This decline in snow covers during fall
and winters align with the recorded observations of its rise during the spring and summer
(cooling and warming patterns) [28]. No statistically significant methodical alteration has been
noted, however, a greater general variability has been noted to exist. This may affect the temporal
melt runoffs. For this study, data for only 21 years could be accumulated which implies that
long-term trends cannot be deduced forms limited amount of data.

Altitude Dependence of Snow Cover Estimates:

We have recorded a great seasonal alteration in the altitude-dependent snow covers for
the mid-altitudinal basins in comparison with the high-altitude basins all over the year (Figure
3). The highest mass of snow cover for the glacier-fed basins can be observed during the winter
season, whereas for the snow/rain-fed basins, the same is observed during spring (Figure 4). For
the majority of the basins, an excessively great amount of the snow cover is received from the
highly elevated areas that incorporate minimum surface areas, for instance, the areas at a height
of more than 500m a.s.l. for the Astore, Hunza, Ghanche, Shigar. On the contrary, the Diamir
and Kharmang basins have more surface areas i.e, less than 2000 m a.sl. that show an
inconsequential proportion of snow covers (Figure 1). Based on the altitude reliant temporal
trends of snow covers, a calculation of the end of regional summer snow line altitude (SLA) area
was done. The variability of the SLLA area offers an accurate estimate of prevalent regional
climate states (such as the precipitation contribution and synchronous temperature dynamics)
and the mass balance fluctuations of hydrology. The zonal increase of SLA implies a rise in
melting occurrences and vulnerability of the snow-less glaciers to withdrawal. Whereas its
decrease brings about an inverse situation with an implication of rising mass balance for glaciers.
Based on the observational temperature drop [28] and snow cover rise in the summers, an
assumption was made of a declining tendency of the local SLLA area. For the verification of this
assumption, a comparison of interannual alterations of the late summer SILA area was done with
the median altitude of glaciers of the basin. The median altitude of the glacier is a logical
representation of the long period ELA (Equilibrium Line Altitude referring to the altitude where
total mass gain/loss is zero) for the existing according to the data acquired from their
topography [51]. Our study has revealed the location of observed local SLLA areas inside the
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basins being beneath the median glacier altitude. These deductions indicate a positive mass
balance for the present glaciers during the study period. Correlating the snow covers with the
curve, we anticipate the high elevation basins to have a comparatively less snow cover area at
higher inclines because of mass runoff of collected snow. Alternatively, for the snow-fed basins,
lesser snow cover is assumed at lower inclines due to the greater portion of these glaciers
stretching to high-temperature mountainous areas.

200 / ___M
100
50 g E

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

% Astore - Diamir Ghanche Ghizer <% Gilgit +4@FKamrang =k=Nagar ==3higar ==Skardu =@ Hunza

Figure 3. Annual mean snow cover for all basins for the period 2000—2020
Results:

The snow cover dynamics for the region of GB was evaluated with the help of MODIS
products. The evaluation involved hypsometric curves for the basin, snow cover decline curves
for the sub-basins, snow cover inclination curves for sub-basins, analysis of temporal trends,
hydro-meteorological variables, evaluation of scatter plot, the net snow cover patterns for the
GB area and associated relationships.

Snow Cover Dynamics and Associated Variations:

As per the average trend data of regional snow cover, temperature, precipitation, and
river runoff for the duration of 65 years; 1951-2016, basin wise analysis reveals the following
attributes:

Astore:

This sub-basin shows the largest snow cover data during the winter months of
December and January. The variability in snow covers is noted to be ranging from 10% to 90%.
According to Figure. 3, 2007 and 2016 experienced the lowest snow covers whereas the years
2009 and 2019 observed the highest snow cover record. The accumulated snow starts melting
in April consequent to temperature increase and by the time till August the entire accumulated
snow mass disappears (Figure 4).

Diamir:

This sub-basin retains the peak snow covers during December and January. The
variability of snow cover is recorded to be 5 to 68%. Referring to Figure 3, the minimum snow
cover observations were taken in 2007 and 2016, whereas the maximum snow cover appearance
was noted in 2009 and 2019. The melting period begins in February and finishes in August due
to a rise in temperature (Figure 4).

Ghanche:

The peak of snow covers for this sub-basin is recorded to be in December and January.

Snow cover variability is between 43-80%. Figure 3 shows 2005 and 2012 to be the minimal
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snow cover period and 2009 and 2015 to be the maximal snow cover period. The melting period
begins in March and ends in August owing to rising summer temperature (Figure 4).
Ghizer:

This sub-basin shows the largest snow cover data during the winter months of
December and January. The variability in snow covers is noted to be ranging from 40% to 50%.
According to Figure 3, 2007 and 2017 experienced the lowest snow covers whereas the years
2009 and 2018 observed the highest snow cover record. The accumulated snow starts melting
in March consequent to temperature increase and by the time till the end of August, the entire
accumulated snow mass disappears (Figure 4).

Gilgit:

This sub-basin displays the peak snow covers during December and January. The
variability of snow cover is recorded to be 40-90%. Referring to Figure 3, the minimum snow
cover observations were taken in 2007 and 2016, whereas the maximum snow cover appearance
was noted in 2009 and 2015. The melting period begins in February and finishes after melting
all of the snow covers in August due to a rise in temperature (Figure 4).

Hunza:

In this sub-basin, the peak of snow covers is recorded to be in December and January.
Snow cover variability is between 40-50%. Figure 3 shows the 2008 and 2012 to be the minimal
snow cover period and 2009 and 2018 to be the maximal snow cover period. The melting period
begins in March and ends in late August owing to rising summer temperature (Figure 4).
Kharmang:

This sub-basin shows the largest snow cover data during the winter months of
December and January. The variability in snow covers is noted to be ranging from 10% to 90%.
According to Figure 3, 2007 and 2016 experienced the lowest snow covers whereas the years
2009 and 2019 observed the highest snow cover record. The accumulated snow starts melting
in February consequent to temperature increase and by the time till the end of August, the entire
accumulated snow mass disappears (Figure 4).

Nagar:

The peak of snow covers for this sub-basin is recorded to be in December and January.
Snow cover variability is between 40-80%. Figure 3 shows 2007 and 2016 to be the minimal
snow cover period and 2009 and 2018 to be the maximal snow cover period. The melting period
begins in March and ends in August owing to rising summer temperature (Figure 4).

Shigar:

The peak of snow covers for this sub-basin is recorded to be in December and January.
Snow cover variability is between 50-85%. Figure 3 shows 2007 and 2012 to be the minimal
snow cover period and 2009 and 2018 to be the maximal snow cover period. The melting period
begins in February and ends in August owing to rising summer temperature (Figure 4).
Skardu:

In this sub-basin, the peak of snow covers is recorded to be in December and January.
Snow cover variability is between 25-90%. Figure 3 shows 2007 and 2016 to be the minimal
snow cover period and 2009 and 2015 to be the maximal snow cover period. The melting period
begins in February and ends in late August owing to rising summer temperature (Figure 4).
Long Term and Seasonal Snow Cover Trends:

The fluctuations in SCA (Snow Cover Area) were analyzed basin wise using an 8-daily
MODIS product on a diurnal, periodical, and annual basis for the duration of 2000-2020 (Figure
4). The snow cover figures for the region of Gilgit Baltistan revealed three definite seasonal
petiods namely snow cover withdrawal/depletion petiod, accumulation period, and the petiod
with minimum snow cover period during March-June, July-August, and September to February
respectively (Figure. 4, Appendix A: 1,2). SCA trends for Astore, Hunza and Shigar Basin display
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a minor increase whereas a significant fluctuation exists in the remaining sub-basins. Figure 5
illustrates Snow cover variations in every month of 2018 year.

ASTORE

SKARDU

Figure 4: Inter-Annual snow cover inclination and depletion curves from 2000-2020 showing
quantitative variations of seasonal snow cover over for Astore and Skardu basin. (Rest of the
basin maps are in appendix Al and A2)

Climatic Data Variation
Trend Analysis:

No substantial trend exists (P > 0.05) for the yearly average of least and highest
temperature and precipitation (Table 3).

Correlation Analysis:

As demonstrated in Figure 6, the correlation between various climatic variables such as
temperature and precipitation were evaluated. For the explanation of this correlation, the
implementation of Pearson and Kendall rank correlation tests (significance level, p = 5%) was
done. Results for correlation between Astore and Bunji revealed a maximum coefficient of
correlation for minimum temperature (R = 0.49). Similarly, the lowest correlation was displayed
by Astore and Chillas; Bunji and Skardu (R = 0.13) with each other. Figure. 6 illustrates the
tigures of correlation for climatic parameters (temperature and precipitation) and snow covers
of individual basins. Pearson correlation was demonstrated at 5% signification to assess the
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correlation between the lowest and highest climatic parameters. If the value of the correlation
coefficient is negative, it means that river discharge is dependent on the rate of melting of snow
cover (depleting snow covers) due to a rise in temperature.

January Foabounry March Apnl

May June

Oetobor Navembor Decambor

N
— — c— Legend
0 60 180 380 540 120 o Soow [ scov I covo R Oetos Soow
Kilomelers

Figure 5: Variations in Monthly Snow Cover of GB area for the year 2018.
Table 3. Mann-Kendall Test P-values (level of significance at 0.05%) and Sen’s Slope for
Annual Minimum, Maximum and Mean Precipitation

Precipitation | Maximum temperature | Minimum temperature |
) Kendall's Sen's Kendall's Sen's Kendall's Sen's
Stations p-value p-value p-value
tau slope tau slope tau slope

Astore -0.121 0.166 -0.116 0.250 0.004 0.015 0.199 0.022 0.011
Buniji 0.150 0.086 0.065 -0.080 0.359 -0.005 -0.269 0.002 -0.022
Chilas -0.045 0.606 -0.024 -0.008 0.932 0.000 0.264 0.002 0.016
Gilgit 0.139 0.112 0.046 0.440 0.000 0.033 -0.342 0.000 -0.025
Gupis 0.130 0.140 0.095 0.308 0.000 0.023 -0.386 0.000 -0.030
Skardu 0.088 0.313 0.062 0.516 0.000 0.046 -0.230 0.008 -0.013

Meteorological Data Station:

For the climatic parameters, the figures for the correlation coefficient show snow cover
analysis in individual sub-basins. This correlation examination is carried out by Pearson
correlation assessment by applying it at 5% signification and deriving the relation between the
lowest and highest temperature and precipitation. Results showed light correlation products of
R=0.18, R =0.23,R=0.2.
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Figure 6. (a) Correlation Matrices Station-wise Maximum Temperature (b) Minimum
Temperature (c) precipitation and Flow data at Gilgit Station and runoff at Gilgit river
Principal Component Analysis
Climate Data Variation Analysis:

The Principal Component Analysis (PCA) was done to analyze the correlation between
temperature, precipitation and snow cover adjacent to the environment slope. In the analysis of
all such correlating parameters, the first two major constituents gave the explanation of more
the 80% of fluctuation. The ordination for the hydro-meteorological variables namely lowest
and highest temperature and precipitation was carried out in six spatial observatories in Hunza.
According to Figure 7a, thermic variables display a high correlation while the precipitation
variables do not show any dependence and have specific values for spatial distribution. The
ordination of SCA and minimum and maximum temperature activity, (Figure 7b, ¢) had the
primary constituents describe timely correlations between SCA and temperature. It displayed a
slope for both amassment and reduction of snow. A proportionality is observed between the
minimum and maximum temperature variability and snow reduction that causes significant
streamflow.
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Figure 7. Principal Component Analysis (PCA) for Hydro-meteorological parameters
precipitation and minimum temperature, maximum temperature and snow cover of basins

Discussion:

The extensive evaluation of SCA using the MODIS (MOD10A2) data declared snow
accumulation and reduction as seasonal and periodic across the basins under study. A certain
variability is observed, however, in the year-to-year snow trends owing to interannually variable
precipitation coming from the west over Hunza. Interannual precipitation has been studied
extensively [52][53][54][55]. The topography of the basins under study is complex and
incorporates area-wise snow cover dynamism. 80% of all the snow cover formation takes place
on latitudes of 6000 m (a.m.s.l.). Going beyond 5000 m (a.m.s.l.), glaciated zones can be found
however, the zones under 3000 m (a.m.s.l.) display the lowest precipitation trend. The findings
indicate the reliability of the MODIS (MOD10A2) product in the evaluation of dynamism of
SCA having a 90% consensus with the data acquired from products with a relatively higher
resolution. It also validates the research led by Shrestha [24]. A minute rise in trend is observed
for the interannually recorded snow covers at Hunza and Shigar which indicates an increased
amount of snowfall during the precipitation season. Many studies reveal an overall decline in the
observed patterns of glacial volume, however, Kumar [55] has specifically discovered a recent
increase in the SCA of the central Karakoram which is known as the Karakoram anomaly.

The snow cover figures for the Gilgit Baltistan Area offer three separate seasonal periods
ie., snow cover withdrawal/depletion period, accumulation petiod, and the period with

b
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minimum snow cover period during April-June, July-September, and October to March
respectively. For the area under study, the three periods of snow cover mobility area. (i)
Accumulation period (October—March September—February) (i) Depletion period (March—
June) and (iii) Period with the lowest snow cover (July—August).

The positive relationship between the hydro-meteorological variables and the SCA indicates that
snow cover amassment and reduction are reliant on temperature. As the temperature rises in
late April, the river runoff increases on the rapid melting of snow covers; however, they may
behave differently on different elevations. At a lower elevation, the melting begins as early as
February, and rainfall has a certain intermittent contribution to the streamflow. Hussain [§]
reported a year-to-year variability of runoffs due to rainfall in the snow amassment phase.
Heading to the final part of the month of May, the stream flows are reduced, however, at the
beginning of June, they start increasing again and are at their highest in the month of August
due to high melting rates in elevated basins. The stream flows reduce in the amount in late
September and early October. Hussain [8] also explained that the snow starts melting in February
as soon as the temperature levels start rising and by the time of May and June almost all of it
runs off.

The analysis of the hydro-meteorological characteristics of snow covers along with its
statistical features, periodical, annual and inter-annual changeability and slow trend dynamism,
is important to understand its consequential impacts on the hydrological and socio-economic
systems of the region. This study offers the same. The high-resolution MODIS products were
the most useful for this purpose. The main hindrance in the accurate snow cover evaluation was
the existence of cloud cover. It was noted that the Aqua snow product had more cloud cover
than the Terra snow product for the study area. The cloud filtering method was employed to get
rid of the cloud cover and it performed well overall, however, it could not completely exclude
the cloud cover factor from the input snow data. It usually happens if the clouds are bigger or
remain for a significantly longer period than the time the window dimension of the applied
spatiotemporal filter. For the study region, such occurrences are observed during the spring and
winters. Summers and fall generally have minimal clouds and a clear sky with a constant cloud
cover reading. Therefore, the cloud filtering method is not fully successful during winters
especially for the glacier bodies at high elevated sub-basins. With the overall performance of this
cloud filtering technique as sufficient, it is advised to use this filter prior to working on the
evaluation of snow products. In this perspective, the results based on cloud-filter hyper-
temporal snow representations for all the basin areas are exceptional in the face of many
geographical variables. Some modelling procedures [56][15][34] using 8-daily MODIS snow
datasets, free of cloud cover filter present the runoff evaluations against variable climate. We
consider such evaluations as less accurate when it comes to assessing the correlation of snow
cover with the runoff and studying their implications quantitatively.

Pakistan’s water storage capability was originally 13% of the exiting mean annual runoffs
at the time of initial basin engineering, however, currently, it has reduced to 9% and is suffering
a constant decline due to heavy alluviation from young HKH mountain ranges [49]. This calls
for sufficient adaptative measures and research into the prospective changeability in the
hydrology of the region.

Conclusions:

The snow cover mechanism is an essential component of the regional water cycle as it
regulates hydrological availability through the dynamics of snow amassment and depletion. In
this way, the snow cover mechanism with respect to different altitudes of a basin area identify
the hydrological dynamics of the region. A direct relation has been observed between the
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temperature characteristics of the region and melting of snow covers that contribute to the
streamflow.

The major contribution in this hydro-meteorological analysis of the basin region was of
MODIS satellite dataset MOD10A2 useful for its greater resolution and accurate predictions
about the hydrology of inaccessible regions. The evaluation of MODIS products from 21 years
indicated an overall minor rise in the mean SCA with some basins showing slight variability. The
subordinate basins of Gilgit Baltistan are stretched across mid and high latitudes with the
streamflow relying more on the amassment and melting of snow consequent to temperature
variation than precipitation. Additionally, glaciers are spread across 20-25% of the region and
snow accumulates over 85-90% of the area under study.

Time-related data indicates three different periods of snow cover mechanisms: (i)
Accumulation period during Sept-Feb (i) Reduction period during Mar-June (iii) Minimum
snow cover period between Jul-Aug. A station-based longitudinal assessment of snow extent is
essential in the evaluation of comparative mass participation from varying altitudes to investigate
regional hydrology. This study asserts that it is important to investigate ice and water dynamics
on the regional and basin level. In addition to that, there is a need of filling up the data gaps
from ground stations to give a comprehensive account of snow cover correlation with
meteorological variables in relation to altitudinal variability.

The dataset requires a short time limit to derive accurate results of analysis of long-term
data for snow covers. This study has enabled an insight into the current snow cover state along
with its spatiotemporal variability and other dynamics in relation to the geographical and
meteorological features of the areas under study. The findings of this study are relevant to the
hydrology of the region and can thus be instrumental in hydrological modelling and validating
methods of operation. The results for the correlation of climatic and snow cover dynamics can
serve as hydrological and streamflow forecasts to manage water sources.
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Appendix A:
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Figure Al: Inter-Annual snow cover inclination and depletion curves from 2000—2020
showing quantitative variations of seasonal snow cover over for Diamir, Gilgit and their sub-
basin.
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Figure A2: Inter-Annual snow cover inclination and depletion curves from 2000—-2020

showing quantitative variations of seasonal snow cover over for other basins.
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