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Abstract: Glacier retreat, a major impact of climate change that continues to occur in many parts of the world,
continues to increase the risk of glacial lake outburst floods (GLOFs) in northern Pakistan. The rapid melting of
glaciers in the mountains of Northern Pakistan, including the Hindu Kush, the Himalayas and the Karakoram, has led
to the formation of 3044 glacial lakes, with 33 identified as particularly vulnerable to GLOFs. This study uses remote
sensing and geographic information systems (GIS) methods for mapping and representing GLOFs. Based on the
observational data oflake area, volume, and depth, empirical equations were developed through statistical methods.
Only two lakes, Chitral-GL2 and Swat-G31, are classified as lakes with high potential for GLOF. Through modeling
techniques using HEC-RAS and HEC-GeoRAS spatial hydrological models integrated with GIS remote sensing, the
spatial extent and depth of inundations under different lake volumes are assessed. The analysis reveals that a total
area of 20.56 km? is susceptible to submersion by GLOFs, with Chitral-GL2 flooding area of 14.80 km? and Swat-G31
5.79 km?. Different land types are impacted by critical water depths, with built-up and agricultural lands totaling
2.7 km?, and barren lands 8.93 km? under different flood depths ranging from less than 5 m to over 15 m.
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1. Introduction

Globally, recent climate change has led to an increase in the frequency and size of GLOFs [1]. GLOFs are one
of severe meteorological disasters that causes damage to human life, infrastructure, and property [2]. The
melting of glaciers lead to the development of new water bodies and expansion of existing lakes that can pose a
great threat to downstream exposed communities in the case of glacial lake outburst floods. GLOFs are
particularly significant as they have the potential to impact areas tens to hundreds of kilometers [3]. The
complex combination of environmental and social factors has led to the GLOF disasters [4]. The risk related to
GLOFs includes not only the hazards of GLOFs, but can be defined as the product of outburst volume and
outburst probability. Temperature changes have a significant influence on glaciers worldwide, particularly in the
Hindu Kush Himalayan (HKH) areas. The glaciers are decreasing rapidly, resulting in reduced snow
accumulation. Glacier lake outburst floods can cause a significant hazard to vulnerable downstream populations
due to the slow formation of new water bodies and the expansion of existing ones. The analysis of the GLOF
disasters shows that these events are linked with extreme weather conditions such as rising temperature and
intensive rainfall [5,6].

The main source of GLOFs is the failure of lakes blocked by ice or moraine; the latter form between the
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frontal positions of receding glaciers and terminal moraine ridges, representing the maximum extent of previous
advances [7]. New glacial lakes are being formed, old moraine-dammed lakes are being extended, and the
probability of GLOFs is rising as a result of rapid glacier melting. The Himalayan region's temperatures are
predicted to increase by 1 to 6 °C in 2100 by the Intergovernmental Panel on Climate Change (IPCC) [8]. Given
that increased glacier loss may eventually affect millions of people, high mountain areas in Asia are prioritized as
particularly susceptible to climate change [9]. The Hindu Kush region is also characterized by the widespread
presence of such glacial lakes, many of which pose potential flooding risks [10]. Eastern Hindu Kush region is
prone to geological and hydro-meteorological disaters and has experienced major GLOFs in more than 8000
glacial lakes and 209 potentially hazardous glacial lakes (PDGLs), 52 of which are in Pakistan, have been found in
the Hindu Kush by previous studies [6,11].

The International Center for Integrated Mountain Development (ICIMOD) released glacier and sea level
statistics in 2005, demonstrating that the Hindu Kush Himalayan (HKH) region were warmer than the global
average level. The study identified all 2420 known glacial lakes in 10 rivers; the largest amount of freshwater is
found in the Indus Basin (574), and the Gilgit River Basin (614). 380 out of 614 glacial lakes along the Gilgit River
have been classified as large glacial lakes [12].

The GLOF risk is directly proportional to the exposed elements. In 1986, the International Centre for
Integrated Mountain Development (ICIMOD) actively carried out an inventory of glaciers and glacial lakes, as
well as the identification of potential problematic glacial lakem [13]. Glacial lake temporal mapping can be used
as an indication to track shifting climatic trends [14]. GLOF risk and hazard evaluations, modelling history, and
possible GLOFs in the future have been the subject of several research conducted globally [15]. High mountain
regions often face the risk of glacial disasters worldwide. The recent disasters in Himalayan have demonstrated
this, causing deaths and significant damage to infrastructure that disrupt people’s daily life [16].

Natural disasters, such as snow avalanches, GLOFs, and landslides, are common in this area [17]. The
destabilization of glaciers, especially in the Karakoram Mountains has caused several glacial lakes with a high
risk of GLOF. In the Himalayas, the severity of GLOF varies, occurring every three to ten years. A comprehensive
analysis and evaluation of the consequences of future GLOF disasters in the Great Lakes region is of great
significance, especially in the context of climate change [18]. In particular, Hindu Kush-Karakoram-Himalayan
regions have experienced more frequent floods and flood-induced secondary disasters in recent years [19].
Among these catastrophic events, most GLOFs events happened in the Karakoram region of Gilgit Baltistan,
mainly due to heavy rains, sudden temperature rise, and heat wave [20]. The Latest events include the DLOFs
from 2007 and 2008 on the Passu Glaciers [21]. In 2003 and 2008-2017, due to the sudden rupture of the
supraglacial glacial lake in the Gurkin Valley and other reasons, the Reshun Valley experienced GLOF. Another
area quite vulnerable to flooding because of the migration of the Muchowar and Shisper glaciers is the
Hassanabad Basin [22]. The Hassan Abad Basin has experienced five minor events between 1890 and 1905 [23].
Recently, three major GLOF events were observed in 2019 and 2020 [24]. The most recent Chamoli catastrophe
occurred on 7 February 2021, causeing the death of more than 150 people [25], amd the inundation of
surrounding rivers, impacting the river water [26].

There are the records of documented cases of GLOFs across the world. In 1941, the Peruvian city of Huaraz
was destroyed by a flood, killing 4500 people [27]. In 1968-1970, explosives from Swiss high mountain lakes
caused debris and significant damage in the town of Saas Balen [28]. The 1968 event alone swept through about
400,000 m?® of debris. The main objective of this study is to analyze the extent of GLOF impact on downstream by
using remote sensing/GIS and hydrological techniques.

2. Study Area

The focus of the study is on the eastern region of Hindu Kush in northwestern Pakistan. Geographically, the
eastern part of Hindu Kush extends from 34°34'11" N to 36°54'30" N, and from 71°11'56" E to 73°52'5" E
(Figure 1). The districts of Chitral, Upper Dir, Lower Dir, and Swat make up Eastern Hindu Kush. Physically, it is
characterized by two mountain ranges: the eastern and western ranges [29]. The Kabul basin is divided by the
western range, and the Swat basin is divided by the eastern range. These snow-capped mountains have several
glaciers in valleys at an altitude of 4000 m above sea level [30]. The climate of the study area changed from cool
to warm, with temperatures ranging from 16 °C and 32 °C. Typically from December to February, wintertime
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temperatures drop below freezing, and snowfall is a common sight. There is a range of 823 to 2149 mm of annual
precipitation. When the weather gets cold, snowfall often starts in November and lasts until December [31].
Snow melting starts in March and continues depending on elevation.
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Figure 1. Location of study area.
3. Research Methodology

The study utilized Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital
Elevation Model (ASTER GDEM) with Landsat imagery at a 30-metre elevation and Sentinel-2 with a 10-metre
elevation imagery are available from the United States Geological Survey (USGS) open-source geospatial
database. Meteorological data covering the period from 1991 to 2019 was acquired from the Regional
Meteorological Center in Lahore. Population data was sourced from the Pakistan Bureau of Statistics.

Remotely sensed data served two primary purposes: firstly, assess temperature and rainfall variations in
the Hindu Kush region, and secondly, identify the effects of rainfall and temperature on glacial lakes.

3.1. Lake Discharge Estimation

Historically, various empirical formulas have been employed to estimate lake discharge following collapses
of natural dams (such as moraines or bedrock dams). Inputs for these calculations usually include lake area,
volume, dam height, and water depth. For example, the peak discharge (Qmax) caused by the failure of an ice-
dammed lake, as observed in Keara, was estimated by using Walder and Costa’s (1988) equation for floods that
are not tunneled, in Equation (1).

Qumax = 1100 x (V/106)044 (1)
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3.2. Satellite Image Classification

Firstly, in order to classify satellite images, a suitable categorization technique for the study area must be
used. As a result, this study identified many types of Land use/Land Cover (LULC) through a modified
classification technique. Satellite imaging pixels were categorized by using supervised classification according to
comparable or identical spectral reflectance properties [32]. To detect LULC in the 200 Landsat pictures, the
supervised classification strategy used the maximum likelihood algorithm in ERDAS images. The three Steps in
the classification process are selection, classification, and evaluation or accuracy assessment of the training
sample. There are about fifty training examples ready for each lesson and eighty training examples given on each
map.

The maximum likelihood technique is the most popular and extensively utilized parametric classifier for
examining changes in LULC [33]. The multidimensional space of each class sample's cell is determined by
applying Bayes' theorem, which forms the basis of the maximum likelihood classification framework [34].

3.3. Spatial Hydrological Modeling

The Hydrologic Engineering Center of the US Army Corps of Engineers developed the Geographical River
Analysis System (HEC-GeoRAS or HEC-RAS). Figure 2 shows the river geometry GIS data may be prepared for
input into HECRAS, which is subsequently used to create the final inundation map, using a number of techniques,
tools, and utilities included in the HEC-GeoRAS GIS extension.

Triangular Irregular Network (TIN), digital elevation model (DEM), and land use are required inputs for
river geometry preparation using the HEC-GeoRAS model. The water level elevation along a river is determined
by HEC-RAS by using stream flow data and the river geometry file.

The HEC-GeoRAS interface should be used to digitize the river stream centerline, bank lines, flow route
centerlines, and XS cut lines from a previous river file, aerial photos, or topographical data. The geographic
database files saved in HEC-GeoRAS include river reach (river segment between junctions), cross-sections, and
other related data. All other attributes are obtained automatically by HEC-GeoRAS; however, the river and cross-
section data layers are built by using predefined attribute tables that are manually input for the river and reach
names.

The interface collects geometric data in an xml format, which is then loaded into HEC-RAS. The simulation
results of the HEC-RAS model will be transferred into the GIS environment, and the HEC-GeoRAS tool will be
used for further research. The sdf format is used for the GIS data that is transferred between ArcGIS and HEC-
RAS. The HEC-RAS editing tools may be used to modify the output GIS geometric data in the model. A total of 67
cross sections are drawn perpendicular to the streamlines at 1000 m intervals at a depth of 1500 m.
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Figure 2. Spatial hydrological modeling.
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4. Analysis, Result and Discussion

4.1. Climate Change Impact on Glacial Lakes

The climate of the eastern Hindu Kush is classified as semi-arid to arid, with little precipitation and
humidity and high temperatures [35]. The location lies under the Himalayan rain shadow and receives little
monsoonal precipitation. Drosh and Chitral get an average of 600 and 450 mm of precipitation per year,
respectively, with the majority falling in the spring and winter. Summer and autumn are often dry, with just 10—
25 mm of rainfall each month. While the average summer and winter temperatures in the southern foothills are
around 30 and 18 °C, the mean temperature in summer in the central valley of the the Himalayas is between 15
and 25 °C, as shown in Figure 3.

During the time of heavy rains in the Hindu Kush area, new lakes arise as well as old lakes merge and
expand. These two lakes are located in a region with heavy rainfall.
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Figure 3. Spatial pattern of average rainfall (mm) and temperature (°C) of Eastern Hindu Kush (1991-2020).

The temperature is maximum in July and minimum in January. The total average of maximum temperature
showed that June is the hottest month in the last 10 years with the temperature of 36.6 °C whereas January is the
coldest month with the temperature of 9.9 °C. The temperature variation could be clearly seen in Figure 4. Lowe
Dir Upper Dir and Sidhu Sharif show the highest temperature.
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Figure 4. Average temperature (°C) of the Eastern Hindu Kush region.

The rainfall trend could be seen in Figure 5, with more rainfall in January, February, March, and November,
while less rainfall in June, July, August, and October. The rainfall in March and November is the highest. Generally,
there is more rainfall in January, February, and March. The analysis of ten-year data reveals that the rainfall
patterns in January, April and May show a downward trend, while in November they show an upward trend.
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Figure 5. Average rainfall (mm) of the Eastern Hindu Kush region.

4.2. GLOF Modelling Using Spatial Hydrological Approach

The geometric data (Figure 6) shows that the unsteady flow conditions were input into HEC-RAS and the
simulation was carried out. In HEC-RAS, after the analysis of unsteady flow, these data were used for the
development of flood maps. The data were input into the ArcGIS environment to produce maps. The flood
polygons were overlaid with infrastructure data (collected in the field) and identified infrastructure at risk of
possible flood zones.
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Figure 6. Stream geometry extracted from digital elevation model.

4.3. Spatial Extent of Estimated Floods

The spatial extent of flood peaks with Lake Volume is variable along the selected reach of Chitral-GL2. The
extent of flood decreases towards downstream shown as Figure 7. In the selected reach, upper section of 3.08Km
is wide having narrow particularly over the right bank and deep with average width of 0.142 km and the middle
section of 2.26 km is narrow and deep the lower section of 1 km wide is also narrow and depth with average
width of 0.046 km. Total 14.86 km2 area submerge Chitral-GL2 the extent and depth of Swat-GL31 flood depth is
5-10 m. the upper section flood extend is 1.1 km wide having narrow. The middle section of 1.0 km and lower
section is 1.5 km wide and narrow depth. Total 5.79 km2 area submerge in Swat-GL31.
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Figure 7. Spatial extent and vertical profile of estimated GLOF.

4.4. Velocity of Estimated Flood

The peak flood velocity map (Figure 8) illustrates the risk of high-intensity flooding close to the channel,
whereas downstream regions seem to experience lower-intensity flooding. This is because of the channel's
breadth. In Swat GL31, the flood are is 10.42 km?2 whereas in Chitral GL2, it is 12.36 km?2.
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According to Figure 9, Agriculture (2504.52 km?, 23.75% of the total studied area) is the largest land use
group, and Builtup (2840.34 km?, 26.93% of the total area) is the second-largest land use group. The other land
use classifications are Barren Land (3589.53 km?, 34.04% of the total area), and Water (1609.36 km?, 15.26% of
the total area).
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Figure 9. Land cover of Eastern Hindu Kush.

Table 1 shows the summary of flood effect area in km? and the proportion in %, downstream flood. A total
area of 20.56 km? was assessed to be flooded at different depth. About 2 km? builtup and agricultural land was
calculated to be flooded in two flood scenarios. Similarly, 8.93 km? of barren land was expected to be flooded.

Table 1. Estimated land covers exposed to GLOF in Eastern Hindu Kush.

Serial No. Land Cover Area (km?) Proportion (%)
1 Agriculture 2.70 13.13
2 Water 6.93 33.70
3 Barren land 8.93 43.43
4 Builtup 2.00 9.74

Figure 10 shows the same result that because of the low-gradient downstream, the crucial depth of flood
affects most types of land. A total area of 20.56 km? was assessed to be flooded at different depths. Builtup and
Agricultural land of about 2 km? was calculated to be flooded in two flood scenarios. Similarly, 8.93 km? barren
land was expected to be flooded at depths ranging from 5 m to 15 m.
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Figure 10. Estimated land cover exposed to GLOF in Eastern Hindu Kush.

5. Discussion

This study utilized remote sensing data sets and GIS techniques, and HCE-RAS hydraulic modelling to
examine the GLOF event in Eastern Hindu Kush. Additionally, risk assessment methodology was created to
determine the glacial lake's downstream flood. In particular, the total surface area of glacial lakes expanded from
9.72 km? to 12.36 km? between 2000 and 2020, despite the fact that there were 101 glacial lakes in 2000. Of
them, 31 were identified as Potentially Dangerous Glacial Lakes (PDGL), 16 in Swat, 9 in Upper Dir, and 6 in
Chitral. Two lakes, with estimated depths of 41.86 m and 30.43 m, were designated as high potential glacial lakes
and downstream flood risk area identified through HEC-RAS. Figure 2 shows the detail methodology of
Hydrological Modeling. Figure 3 shows the spatial pattern of average rainfall (mm) and temperature (°C) of
Eastern Hindu Kush under the Himalayan rain shadow, receiving little monsoonal precipitation. Drosh and
Chitral get an average of 600 and 450 mm of precipitation per year, respectively, with most falling in the spring
and winter. It is often dry in summer and autumn, with just 10-25 mm of rainfall each month. Figure 4 shows
that the average temperature (°C) of the Eastern Hindu Kush region is maximum in July, whereas it is minimum
in January. The total average of maximum temperature shows that June is the hottest month in the last 10 years
with the temperature of 36.6 °C, whereas January is the coldest month with the temperature of 9.9 °C. The
rainfall trend could be seen in Figure 5, with more rainfall in January, February, March, and November, and less
rainfall in June, July, August, and October. The rainfall in March and November is the highest in history. Generally,
January, February and March receive more rainfall. The analysis of ten-year data reveals that there is a
decreasing trend in the rainfall patterns in May, April and January, but an increasing trend in November. Figure 6
Shows the geometric data and unsteady flow conditions were input into HEC-RAS and the simulation was carried
out. In HEC-RAS, after the analysis of unsteady flow, these data were used for the development of flood maps.
The data were input into the ArcGIS environment to produce maps.

Figure 7 shows that the upper portion of the selected reach, spanning 3.08 km, has become wide from
narrow, particularly below the right bank, which is deep and narrow with an average width of 0.142 km?. The
center part, which is 2.26 km? broad and deep, is similarly deep and narrow, with an average width of 0.046 km?2.
A total area of 14.86 km? is submerged in Chitral-GL 2. The extent and depth of the Swat-GL31 flood is thin, with
a depth mostly ranging from 5 to 10 meters. The upper section of the flood extends to 1.1 km in width, remaining
narrow. The middle section spans 1.0 km?, while the lower section covers 1.5 km?, both being wide and narrow
in depth. A total area of 5.79 km?® was submerged in Swat-GL31.

Figure 8 illustrates the risk of high-intensity flooding close to the channel, whereas downstream regions
seem to experience lower-intensity flooding. According to Figure 9, Green Cover, which comprises 2504.52 km?
(23.75% of the total studied area), is the largest land use group. Built-up areas, covering 2840.34 km? (26.93% of
the total area), form the second-largest land use group. Other land use classifications include Barren Land
(3589.53 km?, 34.06% of the total area) and Water (1609.36 km?, 15.26% of the total area).

Table 1 and Figure 10 show similar results, indicating that due to the low-gradient downstream, the crucial
depth of the flood affects most types of land. A total area of 20.56 km? was assessed to be flooded at different
depths. Built-up and agricultural land of about 2 km? was calculated to be flooded in two flood scenarios.
Similarly, 8.93 km? of barren land was expected to be flooded at depths ranging from 5 to 15 meters.
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It is imperative to prioritize further research efforts to better understand and mitigate the risks associated
with GLOFs, including comprehensive monitoring of glacier retreat, lake expansion, and potential triggering
events. Implementing proactive measures, such as early warning systems and community-based disaster
preparedness initiatives, is essential to enhance resilience and reduce the potential impact of future GLOF events
on vulnerable communities in the region.

Continuous monitoring of these glacial lakes and their vulnerability to GLOFs is critical due to continuous
climate change. In response to recognized climate fluctuation in the area, the frequency and magnitude have
grown during the last three decades [36,37]. Global warming has long been recognized as a cause of glacier
melting [38]. Since the end of the Little Ice Age, the average surface temperature on Earth has risen.
Temperatures have risen by 0.3 °C-0.6 °C during the past century. The Intergovernmental Panel on Climate
Change (IPCC) anticipated that temperatures in the Himalayas will climb by 1 °C to 6 °C from 2100 [7,39].
Previous studies have revealed that high-intensity flooding affects 40% of the Hindu Kush Karakorum and
Himalayas, causing property damage possibly [40]. The potential of InSAR technology to identify shifts in slope
and instability in moraine dams makes it valuable [41]. We recommend frequent and continuous monitoring of
the lake and its adjacent areas.

Furthermore, the utilization of the HEC-RAS 1-D steady-flow hydraulic model allows for the simulation of
GLOF events and the routing of GLOF hydrographs to downstream locations, aiding in defining flood
characteristics. Data analysis and the outcomes of the simulation indicate that in the Eastern Hindu Kush,
glaciers are retreating rapidly, causing the expansion of lakes at an unprecedented pace and posing imminent
dangers to settlements.

The GLOF phenomena occurs in mountainous regions worldwide, causing significant damage to property,
infrastructure, and life in the downstream. Therefore, it is imperative to conduct thorough research to better
understand GLOFs and develop strategies to mitigate their impacts. Specifically, detailed studies examining the
capacity of lake outlets and the development of relocation strategies for households at risk are strongly
recommended to enhance preparedness and resilience for future GLOF events.

6. Conclusions

In conclusion, the study reveals that a significant area of 20.56 km? is susceptible to submersion by glacial
lake outburst floods (GLOFs) based on the flood scenario analyzed. The velocity of the flood in Chitral-GL2 is
notably higher compared to Swat-GL31 due to the steeper floodplain gradient of Chitral-GL2 in contrast with
Swat-GL31. Specifically, an area of 14.80 km? in Chitral-GL2 is inundated, while the area in Swat-GL31 is 5.79
km?.

The analysis highlights the critical impact of flood depth on various land types, particularly affecting built-
up and agricultural lands totaling 2.7 km? and barren lands spanning 8.93 km? under different flood depth
scenarios ranging from less than 5 m to 15 m.

Moreover, the findings underscore the alarming pace at which glaciers are retreating and lakes are
expanding, posing imminent hazards to settlements. Particularly in the northern regions, unstable slopes present
additional risks, with potential triggering events such as avalanches or earthquakes exacerbating the likelihood
of GLOFs.

The following are suggestions for the above conclusions.

Regular monitoring of glaciers and glacial lakes, as well as adaptation measures such as early warning
systems and mitigation, are necessary in areas susceptible to Glacial Lake Outburst Floods (GLOFs). To control
GLOFs, it is essential to reduce temperatures to slow glacial melting. Areas prone to flooding should be identified,
and the construction of houses, roads, and other infrastructure near these areas should be avoided. Field surveys
can be conducted to fully understand the mechanisms of dam collapses and GLOFs.

Constructing dams for the gradual release of water can help reduce the impacts of floods. Raising awareness
among people about flood risks can help prevent the destruction of crops. The Ministry of Environment and the
National Disaster Management Authority (NDMA) are improving risk mapping, early warning systems, and
disaster prevention planning, including GLOF risk recording and management at village and district levels.
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Local planning and long-term development programs in the region should place greater importance on
research and development, aim to limit the exposure of human settlements to GLOFs, and increase
communication and participation of the local population. In the Eastern Hindu Kush region, GLOFs have caused
severe damage. The damages were not only caused by the discharge of water but also by debris flow and silt
deposits. To minimize potential damages in the future, it is essential to monitor the downstream floodplain and
its geomorphology. High-resolution images can be used to identify glacial lakes for further investigation using
the AHP (Analytic Hierarchy Process) method.

The findings of this study can help the Provincial Disaster Management Authority (PDMA), National Disaster
Management Authority (NDMA), Soil Department, and Irrigation Department develop methods to reduce GLOF
risks.
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