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Spatiotemporal Analysis of the Karakoram sz
Dynamics: A Case Study of the Ghulkin
Glacier, Gilgit Baltistan, Pakistan

Muhammad Amin and Aqil Tariq

Introduction

A glacier is a big, slow-moving mass of thick ice that slides downhill. A glacier’s
upper half is known as the accumulation (input) zone, and it is here that snow and ice
are added to the glacier by compression and snowfall. Ablation (output) zone
describes the bottom part of the glacier where ice is lost due to melting and
evaporation (Majeed et al., 2023). An equilibrium line of height separates the
ablation and accumulation zone, where the annual balance between accumulation
and ablation occurs (Esmaeili et al., 2024). Research on mass balance is critical for
understanding glacial responses to recent climatic changes (Jalayer et al., 2023;
Sharifi et al., 2022a), particularly how an increase in temperature and humidity
causes more melting of the glacier and the formation of new glacier lakes, which
results in a decrease in a glacier’s mass (Basharat et al., 2022; Tariq et al., 2023).
Simulation models imitate complex meteorological, glaciological, periglacial, and
hydrological interactions (Basharat et al., 2022; Bokhari et al., 2023; Tariq et al.,
2023). Simulating glacier dynamics at a regional scale, however, requires the
adoption of “direct” approaches (e.g., in glaciological and budget methods) to
meet model calibration requirements over large distances and on a longer timescale
(Imran et al., 2022; Sharifi et al., 2022b; Tariq et al., 2023b; Tariq & Qin, 2023;
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Zamani et al., 2022). Such labor-intensive approaches have not been considered
practical for poorly surveyed rugged areas of glaciated ranges such as Himalaya
Karakoram and Hindu Kush (HKH) (Baga et al., 2022; Majeed et al., 2022b;
Moazzam et al., 2022), which are melting at a fast rate due to local and global
warming (Hussain et al., 2022a; Khan et al., 2022; Shah et al., 2022).

Among the HKH glaciers, the Karakorum glaciers in Pakistan are greatly affected
by high incoming radiations, humid conditions, and heatwaves (Ghaderizadeh et al.,
2022; Tariq et al., 2022b, c; Wahla et al., 2022). This is due to the increase in glacial
lake formation trends during recent years, which include a high frequency of
avalanches, landslides, and outburst floods from the new glacial lakes, termed glacial
lake outburst floods (GLOFs). All these pose continuous hazards to the lowland
communities (Fu et al., 2022; Haq et al., 2022; Jalayer et al., 2022; Majeed et al.,
2022a). Understanding the current shifts in glaciers’ mass balance and the resulting
risks is hampered by a lack of yearly and seasonal data on glaciological observations
(such as land cover changes, debris, glacial lakes, and climate factors) (Bera et al.,
2022; Hussain et al., 2022b; Khalil et al., 2022b; Tariq et al., 2022a; Ullah et al.,
2022).

For broad areas where field-based glaciological measurements are scarce, remote
sensing (RS) has become increasingly popular due to its high spatial and temporal
resolution, which allows for the estimation of glaciological mass balance and
hydrometeorological changes (da Silva Monteiro et al., 2022; Islam et al., 2022;
Khalil et al., 2022a; Tariq et al., 2022d). Mainly, it has been effective for real-time
glacier monitoring concerning the regional and local climate. To estimate changes in
the glacier surface, i.e., retreat, advance, and glacier lakes, several remote sensing
techniques have been used, such as the Normalized Differentiate Water Index
(NDWI) to detect the glacier lake and the normalized difference snow index
(NDSI) for snow cover changes (Baloch et al., 2021; Khan et al., 2022; Majeed
et al., 2021; Shah et al., 2022). In addition to that, these indicators assist in the
evaluation of the hydrometeorological limits in order to estimate dangers such as
GLOFs (Felegari et al., 2021; Mousa et al., 2020; Sharifi et al., 2021; Tariq, 2023).

The study aims to analyze spatiotemporal changes in the Ghulkin glacier
concerning climate change that has been taking place since 1990. To do so,
(1) extensive field surveys have been conducted in the Ghulkin region to estimate
ice mass/volume losses at the glacier ablation zone, (ii) RS data has been used to
estimate changes in the glacial land cover due to climate change, and (iii) the glacial
mass losses due to climate change have been projected. The findings of this study
show that from 1990 to 2015, there has been an increase in surface temperature and
glacial lake formation at high altitudes and a decrease of ice mass from the side
moraine at the ablation zone Ghulkin glacier.



10 Spatiotemporal Analysis of the Karakoram Dynamics: A Case Study. . . 185

Materials and Methods

Study Area

The research area encompasses the entirety of the Ghulkin glacier and the Hussaini
settlement in the upper Hunza valley (Fig. 10.1). The latitude of the research region
is 5.8026°N, and the longitude is 74.9832° E. The glacier has a total area of 28.5 km?
in its entirety. The Ghulkin glacier is about 17 km long and approximately 70 m
wide. The glacier ablation zone is about 6 km long, but varies with time. The glacier
snout is advanced due to its steep slope, while the tendency of glacier lake formation
has increased, and the ice mass from side moraines has decreased. The GLOF events
are occurring more frequently in HKH glaciers, and the emergence of glacial
ablation zones is the evidence (Felegari et al., 2023; Hu et al., 2021; Siddiqui
et al., 2020). The Gulkin glacier is approximately 17 km in length and 70 m in
width. The settlement of Hussaini can be found on the glacier’s northern flank, while
the village of Gulkin can be found on its southern flank. The Karakoram Highway
and the Upper Hunza River can be found to the east, and the glacier’s source peak
can be found to the west.
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Fig. 10.1 (a) Boundary of Pakistan; (b) Gilgit Baltistan; and (¢) description of the study area and
data collection points at the ablation zone of Ghulkin glacier
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Table 10.1 Historical GLOF

Year Date of event Glacier (GLOF) location River
events from Ghulkin Glacier

2007 | 05-April Gulkin Hunza
2009 | 03-May
2010 | 04-April

2011 28-April
2012 14 May
2014 27-May

The glacier’s melting zone extends for approximately 6 km in length. It has been
noted that the glacier is melting at an alarming rate; this can be deduced from the
appearance of supraglacial lakes that have formed in the ablation zone. It is observed
that five lakes have been included in the glaciers. The construction of lakes on the
glacier is so that two lakes, namely Ashore Baig and Ghowj, are on the northern side
toward Hussaini village at an elevation of 2734 m and 2876 m, respectively. Ashore
Baig is 200 m long and 20 m wide; its depth reaches up to 15 to 20 m, while other
lakes, namely Roud 1 and 2 are located at an elevation of 2856 m in the southern side
toward Gulkin village (Asif et al., 2023; Shah et al., 2021; Tariq & Shu, 2020). The
average length of these two lakes is 40 m and 30 m, respectively, while the width is
25 and 20 m, respectively. These lakes show the formation of supraglacial lakes on
glacier relatively oval shape, and the depth reaches up to 10 m when filled. The
critical point is that all these lakes are formed near the lateral moraines of the
glacier’s left and right flanks. The lakes have been developed in the ablation zone,
where melting is rapidly increasing (Basharat et al., 2022; Tariq et al., 2023, 2023a).
The debris layer covers glaciers also washed out; this can also activate the melting
rate. In the terminus point of the glacier, medium to large craves have been
developed. These crevasses squeeze in winter. It reopens when temperature
increases (freezing and thawing) and gives way to the flow of melting water. On
the Hussaini side near the Ashore Baig lake, the crevasse is traversed in North-East
(NE), and the melting flows into Ashore Baig Lake. In the same line, another lake,
Ghowj, is located at a distance of 1 km upstream. From this lake, a large crevasse is
observed to pass toward the Gulkin side in the direction of North to South East
(N-SE) (CERT monitoring team). A parallel crack in the order of NS is also evident
toward Gulkin near the terminus (see Fig. 10.4). Lateral moraines on either side of
the glacier also spark evidence of the glacier’s melting. It is observed that the
moraines are exposed to 10 to 14 m high, while at the head of the Gulkin village,
the moraines are superimposed by the glacier as the moraines are subsiding/sliding
down due to the pressure of the glacier, as a result of that the moraines are
diminishing and seepage from the glacier.

The villages of Sosot and Khalti in Tehsil Gupis were hit by two GLOFs in 1999.
The Shimshal valley was the site of GLOF incidents in 2000. Six GLOF episodes, all
originating from the Ghulkin glacier between 2007 and 2009 (Table 10.1), caused
extensive damage to the Karakoram highway and local property. In 2009, the Passu
glacier was responsible for one GLOF occurrence. Hundreds of trees were destroyed
in 2012 due to a GLOF event that originated from the Ghulkin glacier. As a result,
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the number of GLOF incidents in the region has increased since 2007, especially
those caused by HKH glaciers like the Ghulkin glacier (Mihalcea et al., 2008).
Therefore, the spatiotemporal effects of climate change on the Ghulkin glacier’s
mass balance and the accompanying hazards must be studied.

Data Sets
Remote Sensing Data

Satellite imagery of Landsat were obtained from the NASA-EROS for the years
1990, 1995, 2000, 2010, and 2015 (Table 10.2). Moreover, four spectral bands with
a 30-m spatial resolution of Landsat-8 were used to cover the 1990-2015 time
periods (Quincey et al., 2009). The geometric and radiometric errors were removed
through pre-processing techniques before utilizing the data for image analysis.

Elevation Data

This research used the digital elevation model (DEM) data of Alospalsar, which was
obtained from the NASA (Round et al., 2017). Recent research have made extensive
use of the data provided by the Alospalsar DEM instrument in order to investigate
spatiotemporal differences in glaciers in relation to variations in the climate of the
Himalayan ranges (Pimentel & Flowers, 2011). High-resolution DEM data, in
comparison to low-resolution ASTER DEM, was used to perform the following
glaciological measurements on the Ghulkin glacier: calculating the total mass-loss
volume at the glacier ablation zone and creating the slope and aspect surfaces for
predicting the glacier mass-loss areas due to climate change.

Table 10.2 Image data specifications of Landsat-5 thematic mapper (TM), Landsat-7 enhanced
thematic mapper plus (ETM+), and Landsat-8 operational land imager

Data

acquisition Satellite Sensor SR TR Path | Row | Source
22/7/1995 Landsat-4 and -5 | TM 30m | 16days | 150 |35 USGS (EROS)
2/7/2000 Landsat-4 and -5 | TM 30m |16 days | 150 |35

17/7/2005 Landsat-7 ETM+ 30m |16 days | 150 |35

14/7/2010 Landsat-7 ETM+ 30m |16 days | 150 |35

14/7/2015 Landsat-8 OLI/TIRS |30 m |16days | 150 |35

11/11/2010 DEM Aster 30 m Earth Data

DEM digital elevation model, ETM+ enhanced thematic mapper plus (ETM+), OLI operational land
imager, SR spatial resolution, 7M thematic mapper, TR temporal resolution
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Mass Balance Data

With the help of the ICIMOD, its geologists, and the community watch group
(CWG), accurate mass-balance data for the Ghulkin glacier’s ablation zone was
gathered through the use of GPS and Rangefinder. FOCUS Pakistan established the
CWG group in 2008 to monitor glacier changes in Gilgit-Baltistan and Chitral under
the project co-funded by ICIMOD. Data collected for 36 heights of side moraines on
the left and right of the glacier is shown in Fig. 10.1.

Methods
Glacier Volume Calculation

Using direct measurements (obtained through GPS and Rangefinder), the total
volume/mass loss was estimated at the glacier ablation zone. First, the inverse
distance weighted (IDW) interpolation method was used to generate the mass-loss
surface from the glacier’s 36 mass-loss measurements. The mass-loss interpolated
surface was converted into the triangular irregular network (TIN) using heights in the
GPS-based field data to calculate volume loss at the glacier ablation zone. The TIN
data structure allows for the inclusion of information about each pixel’s x, y, and
z values, which are required to calculate two- and three-dimensional areas and three-
dimensional volumes. Finally, the derived TIN data was used to calculate glacier
mass loss from the moraines’ sides. These glacier mass losses from moraine sides
were validated using field photographs collected by FOCUS Pakistan geologists and
CWG members. Furthermore, the TIN surface was used to calculate the total mass-
loss volume at the glacier ablation zones through the functional surface tool of three-
dimensional extensions in the ArcGIS environment.

Estimating Land Cover Change of the Ghulkin Glacier

Remote sensing images were analyzed for the delineation of water bodies at the
ablation zone of the glacier and the land cover classification for estimating spatio-
temporal changes in the debris and water bodies from 1990 to 2015. At the same
time, extractions of surface temperatures were also recorded.

Delineation of Water Bodies at the Ablation Zone of the Glacier

Landsat 4, 5, 7, and 8 images were stacked, and the NDWI was calculated as
NDWI = (Green — NIR / Green + NIR), where NIR is the near-infrared band of
Landsat images of 4, 5, 7, and 8. The threshold value is accurately segmented as 0.4
as this threshold of NDWI values represents water bodies; therefore, they were used
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to delineate temporal glacial lakes between 1990 and 2015. In addition, the segre-
gation of the resulting images for glacial lakes was performed by correlating them
with field pictures from 2007 to 2016 which were obtained from the FOCUS
Humanitarian Assistance, Pakistan.

Land Cover Classification of the Ghulkin Glacier

Land cover maps of 1990 and 2015 were prepared using image classification
techniques. To perform supervised classification, training data was collected from
field surveys by collaborating with geologists. In total, 36 ground control points
were observed from the glacier ablation zone between 2008 and 2015. Three land
cover classes were mapped, including snow cover, debris, and lake waters. These
classes were manually delineated with Google imagery to calculate an accurate area
of each land cover class. Finally, NDWI maps were used to delineate recently
formed glacial lakes. Statistics obtained from land cover maps were used to compare
area changes in the glacier snow, debris, and glacier lakes between 1990 and 2015.
The results of the NDWI maps were validated through high-resolution Google
imagery.

Extraction of Surface Temperature on the Ghulkin Glacier

For the same period 1990-2015, thermal bands of Landsat 4-8 were used to extract
temporal variations of the surface temperatures on the Ghulkin glacier. Initially, the
top-of-atmosphere (TOA) radiance was extracted from the reflectance values. Equa-
tion (10.1) was rendered as follows.

T=K,/(Ln (1 K, + (radiance)) —273.15 (10.1)

where T is at-satellite brightness temperature (Celsius), K,denotes the specific
constant band for thermal conversion from the metadata
(K,_CONSTANT_BAND_x, where x is the band number), and K; is the band-
specific ~ constant  for  thermal conversion from the  metadata
(K;_CONSTANT_BAND_x, where x is the band number). The spectral radiance
is calculated as in Eq. (10.2):

(((Lmax — Lmin )/254) % (DN — 1)) + Lm (10.2)

where the values are provided in the Landsat metadata file.
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Table 10.3 Weights assigned Inputs Input values Weights
to Yarious inputs in the . 0-20 9
weighted overlay analysis for
identifying the extensive Slope 20-30 6
mass-loss (snow melting) Above 30 1
areas of the Ghulkin glacier South East 9
due to climate change Aspect East 8
Another slope aspect 1
Above 15 feet 9
Predicted mass-loss 10 feet 6
Below 5 3
0.3 above 9
NDWI 0t00.3 6
Below 0 0

Weighted Overlay Analysis

Weighted overlay analysis was performed to identify the potential site for newly
formed glacier lakes. We have used four datasets in raster format, namely slope,
aspect, NDWI, and interpolation surface of mass loss from the side moraine of the
Ghulkin glacier. These raster surfaces were reclassified and the weights were
assigned in the ArcGIS environment. The consequences (0-9) for the four surfaces
are shown in Table 10.3.

Results

Volume/Mass Loss at the Ablation Zone of the Ghulkin Glacier

Figure 10.2a shows the mass-loss surface of the Ghulkin glacier interpolated from
the glacier’s 36 mass-loss measurements. Comparing the mass-loss sites with field
photographs of the ablation zone during the years 2009, 2011, 2012, and 2013 in
Fig. 10.2b indicates that the ablation zone of the glacier has lost significant glacier
mass (through snow melting), which developed into new water bodies on the glacier
surface. The ablation zone of the glacier had losses of 163,853 cubic meters of
glacier ice mass from the side moraine of the glacier. This can be viewed from
landscape changes in the aerial imagery from 2009, 2011, 2012, and 2013 (see
Fig. 10.2b).
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Fig. 10.2 (a) Map showing mass loss (meters) at the ablation zone of the Ghulkin glacier and (b)
the field photographs of the ablation zone in 2009, 2011, 2012, and 2013

Estimating Land Cover Change of the Ghulkin Glacier
due to Climate Change Through Remote Sensing

Figure 10.3 shows the temporal maps of NDWI for the period 1990 and 2015,
derived from Landsat 4, 5, 7, and 8 data. The glacier lake area/size results were also
validated through high-resolution Google imagery. Figure 10.4 shows spatiotempo-
ral changes in the glacier lakes of the Ghulkin glacier in the years 1990, 1995, 2000,
2010, and 2015. This indicates that the total area covered by Ghulkin lakes has
increased by 18,990 km? from 1990 to 2015. The surface temperature of the glacier
has also increased between 1990 and 2015. This is undeniable evidence of the effects
of global warming on glacier mass balance, the formation of high-altitude glacier
lakes, and the progression of the snow line into the accumulation zone.

Figure 10.5a, b show the land cover change of the Ghulkin glacier from 1990 to
2015. This indicates that the fresh snow covered 87.17% of the glacier in 1995, and
this was reduced to 82.68% in 2015 (i.e., a snow loss of 4.49% in the last 25 years).
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Fig. 10.3 Temporal maps of the NDWI for the period 1990-2015 derived from Landsat 4, 5, and
8 data

Consequently, the total area of the Ghulkin glacier (i.e., glacier and snow cover)
decreased from 24.84 to 23.56 km? from 1990 to 2015 (see Fig. 10.5b). The snow
line uplifting at a higher altitude was due to the increase in temperature. This can be
seen in an increase in the debris cover on the glacier from 12.82% to 17.26% (i.e., a
rise of 4.44%). The 0.005 km? area of glacier lakes in 1990 increased to 0.018 km?
by 2015 (Fig. 10.5b).

Figure 10.6 shows the temporal variation of surface temperatures on the Ghulkin
glacier extracted from the thermal bands of Landsat-4 and -8 for the same period
(1990-2015). Clearly, this increase in temperature explains the increase in the
formation of new glacier lakes during this period. A temperature increase of about
1 to 2 °C is observed locally, particularly at the ablation zone of the glacier from
1990 to 2015, compared to a global temperature increase of 0.8 °C for the same
period (Lutz et al., 2014). Figure 10.7 compares locally varying surface temperatures
of the Ghulkin glacier for the years 1990 and 2015. The blue line indicates 1990 data,
while the red line shows the data for 2015.

This graph shows the comparison of area coverage of temperature between 1990
and 2015. In 1990, the temperature range —19 to —1 °C covered 2365.3 acres of the
glacier, 0 °C covered 1501 acres, and + 1 to +27 °C covered 2621.1 acres, while in
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Fig. 10.4 Spatiotemporal changes in the areas of the Ghulkin glacial lakes (in sq. m) between 1990
and 2015

2015, the temperature range —19 to —1 °C covered 1645.3 acres of glacier, 0 °C
covered 1623.2 acres, and + 1 to +27 °C covered 3218.9 acres. The results show a
significant temperature change with respective area coverage between 1990
and 2015.

Topographic Analysis of the Ghulkin Glacier

Figure 10.8 shows the results of a weighted overlay analysis of the Ghulkin glacier
mass loss. The areas within the brown to red zones (5—7) have a higher probability of
developing new glacier lakes due to extensive snow-cover loss in the ablation zone.
The yellow zones with a value of 4 have a moderate likelihood of such change. The
greener zones (within a range of 0-3) have a very low probability of changing the
glacier ablation zone into glacier lakes.
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Fig. 10.5 (a) Land cover classification of percentage coverage of glacier snow, debris, and glacial
lakes in 1995 and 2015 and (b) comparison of statistics for clean ice area, debris cover area, and
glacial lakes in 1995 and 2015

The slope map in Fig. 10.9a shows that the ablation zone of the Ghulkin glacier
existed within the range of 0-26 degrees. This is a moderate slope which is favorable
for the formation of glacier lakes. The aspect map in Fig. 10.9b shows the slope
directions of the glacier. The central part of the ablation zone has an east, southeast,
and south aspect. These aspects have a higher tendency of solar insolation in
comparison to a north slope aspect. These topographic factors clearly show that
there is a greater chance of glacier lake formations.
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Fig. 10.6 Spatiotemporal distribution of the land surface temperatures in 1999 and 2015 derived
from Landsat-4 and 8 thermal bands (TIRS)

Discussion

This study assessed the impact of climate change on the Ghulkin glacier’s mass
balance by using remote sensing techniques coupled with field measurements. Such
mass-balance estimations are often carried out using (1) volume-area scaling tech-
niques that infer ice volume from the glacier area through scaling relationships
(Quincey et al., 2011), (2) RS geodetic methods, which estimate changes in elevation
using DEMs on a pixel-by-pixel basis; and (3) accumulation area ratio (AAR) or
equilibrium line altitude (ELA) methods, which infer yearly balances of mass from
two parameters associated to a glacier’s mass balance; AAR and ELA were calcu-
lated from field observations or satellite imagery. To estimate the glacier’s mass
balance on the scale of the region, the ELA technique is used with field data to
determine the glacier’s annual mass balance variation.

To delineate debris cover of the Ghulkin glacier, ASTER-derived DEM and field
photographs were used to generate training data for the land cover classification.
This is because the presence of debris cover poses problems in the image
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Fig. 10.9 Maps of slope (a) and aspect (b) of the ablation zone of the Ghulkin glacier

classification, and therefore in the automatic mapping of the glaciers. Moreover,
widespread debris cover on HKH glacial ranges reduces their retreat rates, which are
inappropriate as indicators of recent climate change (Quincey & Luckman, 2014).
Nevertheless, the volume-area scaling techniques are not able to take into account
such debris cover effects.

In addition to the link to changes in glacier measurements, further experimenta-
tion with this approach is needed to assess the impact of climatic variables on the
mass balance of the Ghulkin glacier. This should include the following: (1) evaluat-
ing soil types to investigate further the impact of changes in debris cover on the
glacier movement, (2) using other climatic parameters such as precipitation along
with utilizing runoff data which could be helpful for better estimation of glacier lakes
and GLOFs, and (3) coupling field data with high-resolution imagery which may be
helpful to include the effect of localized seasonal variations over low-lying areas.

An important motivation for this study was to project GLOF sites over the
Karakoram ranges in northern Pakistan. Using the multitemporal earth observation
data, the area of the Ghulkin glacier lakes was found to have increased from
0.0065 km? to 0.02 km? between 1990 and 2015. Consequently, the devastating
GLOF trend that started in 1999 continues under the present climate conditions. Our
future work will extend this approach to model GLOF sites that will affect human
settlements shortly.
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Conclusion

The spatiotemporal analysis reveals that there has been a decrease in the overall
glacier mass. During the last 25 years, the total clean-ice area decreased by 4.51%.
This glacier mass loss caused an increase of 4.44% in the debris-covered area and an
increase of 0.04% in the glacial lakes. The glacier snow areas have expanded from
1990 to 2015, as evidenced by the overlaying maps of glacier surface temperature
and land cover. Specifically, the glacier snow areas measured 9.56 km? compared to
7.85 km? for the colder temperature range of —19 °C to —1 °C, and 6.07 km?
compared to 2.90 km? for 0 °C. In contrast, for the warmer temperature range (+1 °C
to +27 °C), the glacier areas increased from 10.61 km? to 15.49 km?. Conclusively,
the more generous temperature range contained more glacier surface areas in 2015
than in 1990. The total area of the Ghulkin glacier (i.e., glacier and snow cover)
underwent a marked retreat of about 1.28 km? between 1990 and 2015, with an
average retreat rate of 0.05 km” per year. This is obvious from the frequent GLOF
events and corresponding changes in the landscape since 1999.

The devastating GLOF trend recorded since 1999 will continue under the present
climatic conditions. This research will help the local government and other stake-
holders with timely and efficient monitoring of glacier lakes and associated hazards.
Thus, lowland communities can be ready to adapt to the effects of climate change on
the glaciers in a more effective manner.
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