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Abstract

Glacial lake outburst floods (GLOFs) represent an extreme threat to high mountain areas and their
infrastructure, especially in Central Asia, where glacier retreat is accelerated and new lakes are
formed. This research examines the recent history of GLOFs from Baralmos glacier in Tajikistan,
concentrating on its supraglacial pond systems. This research pays great attention to the high-
resolution PlanetScope imagery and Landsat data, which improves the assessment accuracy for

seasonal and yearly dynamics of pond area and volume changes.

Using the NDWI and thresholding techniques, the study identifies patterns of pond evolution and
drainage, highlighting critical outburst events. Water scale area-volume relationships were utilized
to estimate the amount of water, which can help to define the possible flood size. Moreover, the
Pleiades stereo DEMs will be used to examine the channel erosion and deposition of the sediments

after outburst events.

Key findings reveal substantial increases in pond areas and volumes from 2017 to 2024. Significant
drainage events, particularly during mid-to-late summer, were identified as critical periods for
potential GLOF occurrence. The research highlights complex hydrological interconnections
between supraglacial ponds during some drainage events, emphasizing the need for advanced
monitoring to predict these hazards. Additionally, geomorphological analysis of DEMs reveals
extensive erosion and sediment deposition along drainage channels, underscoring the destructive
downstream impacts of outburst floods. The long-term effects of glacier retreat and surges on
supraglacial pond dynamics are demonstrated by contrasting historical and recent period data.
Even though the 1998 surge event drastically decreased the amount of water that could be stored
on the glacier surface, the glacier's subsequent rebound and the emergence of new ponds show its

increased GLOF potential.
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1. Introduction

1.1. Research context and relevance

Global climate change has a significant impact on the highlands and contributes to the increasing
frequency and intensity of the most dangerous natural processes (Bajracharya and Mool, 2009;
Hock et al., 2022). One of the clearest signs of this is the worldwide retreating of glaciers, which
is regarded as a direct result of increased temperatures (Huggel et al., 2020). Active degradation
of mountain glaciation is currently observed in Central Asia (Barandun et al., 2020; Hock et al.,
2022). This leads to a violation of the stability of moraine-glacial complexes and is one of the
leading factors contributing to the formation of glacial genesis debris flows (Bolch et al., 2008;
Zaginaev et al., 2019). Furthermore, climate change and the concomitant retreat of glaciers have
caused the development and growth of glacial lakes in mountainous regions of the world (Bolch
etal., 2012; Zheng et al., 2019). A study by Furian et al. (2021) suggests that the majority of future
lakes in High Mountain Asia (HMA) will form in the still heavily glaciated regions of the Pamir,

Tien Shan, and Karakoram.

Lake outbursts are difficult to predict, yet they can lead to significant destruction, as debris flows
have the potential to cause extensive damage further down the valleys. This is particularly
concerning, given that, about 10% (671 million people) of the world's population lived in high-
altitude regions in 2010. By 2050, this number is expected to grow even further, with estimates
ranging between 736 and 844 million people (Frey et al., 2010). This population growth highlights
the growing risk posed by natural disasters caused by climate change to human settlements and

infrastructure in mountainous areas.

About 90% of Tajikistan's territory is mountainous, with elevations ranging from a few hundred
meters to 6000 to 7000 meters above sea level. The country suffers significantly from natural
disasters such as landslides, earthquakes, debris flows, and avalanches (Zafar and Uchimura,
2023). Among all of these, debris flows are one of the most disastrous and costly. Every year, they
cause extensive damage to miles of highways, bridges, buildings, and other infrastructure in a very
short period. As of 2003, Tajikistan has 1,449 lakes with a total area of 716 km?. Approximately
80% of them are located in mountainous regions at elevations of 2,500 to 5,000 meters above sea

level (Shafiev, 2018).

Baralmos Glacier in Tajikistan has repeatedly triggered outburst floods in recent years, resulting

in significant damage to essential transportation infrastructure. Unlike typical discharge events

1



caused by a large proglacial lake, these floods originate from water stored within the glacier itself
(englacial) and from supraglacial ponds on the glacier's surface (Miles et al., 2018a; Narama et al.,
2018, 2017). Although these ponds are small, they can develop quickly over a few weeks or months
as seasonal snow melts, posing a considerable risk despite their size. Even though glacier outburst
floods originating from supraglacial and englacial sources are smaller in magnitude than those
from subglacial lakes, they can still cause significant damage to infrastructure (Rounce et al.,

2017).

1.2. Objectives

The objective of this Master's Thesis is to investigate the recent history and dynamics of outburst
floods originating from the Baralmos Glacier. Due to the small size and rapid evolution of the
Baralmos ponds, monitoring and early hazard identification are particularly challenging using
traditional satellite methods. To address these limitations, this study emphasizes the need for
analyzing high-resolution satellite imagery, ideally supplemented with in situ observations, to
better understand the recent evolution of these systems and the processes leading to outburst

floods.

In accordance with the objective of this thesis, it aims to answer the following research questions:

1. What is the frequency and size of pond drainages observed in satellite imagery during the
recent period (2017-2024)?

2. How do the recent surface water storage areas compare to those from the historical period
(1990-present)?

3. Are there clear signs of geomorphological changes linked to pond drainage events?

4. Are changes in pond water areas for major events interconnected, or do they occur

independently of one another?

By answering these questions, this research aims to contribute valuable insights into the dynamics
of glacial lake outburst floods, enhancing both scientific understanding and practical approaches

to hazard management.



2. Scientific background

2.1. GLOFs characteristics and lake types

Glacial lake outburst floods (GLOFs) are sudden and rapid releases of significant volumes of water
from different glacier lake types (Carrivick and Tweed, 2016; Emmer et al., 2022b; Mergili et al.,
2011). Glacial lakes are more sensitive to climate change and more prone to outburst floods than
larger lakes or lakes further away from glaciers (Zhang et al., 2015). Ultimately, the nature and
impact of a GLOF depend on various elements, such as the volume of the lake, the type of dam

that holds it, as well as the nature of the drainage route.

The volume of water released during the GLOF, the direction the flood disperses to, and the
population around that vicinity determine the level of damage the glacier lake outburst floods can
cause (Nie et al., 2018). Lake outbursts occur rapidly, with the entire event unfolding within a very
short time (Mergili and Schneider, 2011). However, other cases have demonstrated that the glacial
lakes can take multiple days if not weeks, to drain completely (Daiyrov and Narama, 2021). The
volume of water in the lakes, the stability of the dam, and the characteristics of the drainage
pathway all determine how long a GLOF will last. For instance, slower drainage may occur when
the outflow is moderated by partially blocked channels or gradual dam erosion, whereas rapid

drainage is more common in cases of sudden dam failure.

A universal standard for the classification of glacial lakes does not currently exist globally (Yao
et al., 2018). Different researchers or organizations have created classification systems oriented
toward their research context. In the Inventory of Glaciers, Glacial Lakes and Glacial Lake
Outburst Floods (Mool, 2002) it is indicated that a glacial lake is a body of water that exists in
sufficient quantity and extends with a free surface inside, under, next to, and/or in front of a glacier
and arises as a result of the process of glacier retreat. Glacial lakes can be situated in various
positions relative to a glacier: beneath (subglacial), alongside, in front (proglacial), within
(englacial), or on the surface (supraglacial) (Figure 1) (Allen et al., 2022). Typically, these lakes
are held back by natural dams composed of ice, moraine (glacial debris), or bedrock. Depending
on the type of dam, glacial lakes are classified into three main categories: moraine-dammed, ice-
dammed, and bedrock-dammed lakes (Huggel et al., 2004). Bedrock-dammed lakes are the most
stable, whereas moraine- and ice-dammed lakes are generally more susceptible to failure (Huggel

et al., 2004; Jakob and Hungr, 2005).
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Figure 1. Supraglacial ponds on Baralmos glacier, August 2024 (photo by Evan S. Miles).

GLOFs can evolve in different ways (Mergili et al., 2011) (Figure 2). Ice-dammed lakes can drain
through various mechanisms, including the flotation of the ice dam followed by subglacial
discharge, the erosion of an overflow channel on the dam's surface, ice-marginal drainage where
the glacier meets the valley wall, or through the mechanical failure of the dam itself (Richardson
and Reynolds, 2000). Many ice-dammed lakes follow seasonal cycles of filling and outburst with
Lake Merzbacher in Tian Shan (Kyrgyzstan) being one of the most well-known examples (Xie et

al., 2013).

———N L
\ ice avalanche

landslide or
rock fall into the lake

destruction of dam by overflow
or intemnal degradation

= entrainment
debris flow =% — increasing sediment concentration

deposition at outlet of valley
possibly blocking of main river valley

== increased runoff and sediment load downstream

Figure 2. Representation of a glacial lake outburst flood and its downstream impacts (Adopted from
Mergili et al., 2011).

Outbursts from moraine-dammed lakes (Figure 3) usually happen when the lake water overflows
and erodes the moraine dam, resulting in catastrophic failure once the hydrostatic pressure
surpasses the restraining lithostatic pressure (Richardson and Reynolds, 2000). Outbursts through
moraine dams usually lead to floods of higher intensity (Costa and Schuster, 1987).



Figure 3. Schematic representation of a hazardous moraine-dammed glacial lake, illustrating potential
triggers, conditioning factors, and key stages of a GLOF event. Stages of GLOF include: (1) displacement
or seiche waves propagating in the lake and/or piping through the dam; (2) breach creation and
commencement, and (3) the propagation of the resulting flood wave or waves down-valley (Adopted from
Westoby et al., 2014).

Outburst events can also happen in bedrock-dammed lakes, where water is held above an
impermeable bedrock layer. Although these lakes are considered the most stable among different
types due to their resistance to dam failure, they remain vulnerable to GLOFs triggered by mass
movements, such as various types of avalanches and landslides, entering the lake (Huggel et al.,

2004).

We can also identify short-lived or non-stationary lakes (Erokhin et al., 2018), which form quickly
and can trigger dangerous debris flows. These lakes typically develop in depressions within ice-
cored moraine complexes at the glacier front (Daiyrov and Narama, 2021). Their drainage occurs
through an ice tunnel or subsurface channel within the moraine complex (Narama et al., 2018),

which can lead to sudden and destructive outflows.

This thesis focuses on the dynamics of water stored within supraglacial ponds. These ponds can
form rapidly, often within a few weeks or months during seasonal snowmelt. They nonetheless

stay small in size, limited by the local glacier surface morphology and hydrological conditions.

GLOFs can be initiated by a range of factors, often acting in combination. Different aspects
concerning the ice and moraine dam stability and failure mechanisms in different areas have been
discussed in many papers (Huggel et al., 2004; Richardson and Reynolds, 2000). For instance, in
the Himalayas, 53% of lake outbursts were the consequence of ice avalanches whereas 8% were
caused by rock avalanches, 12% were due to water infiltration of moraines that resulted in their
collapse, and 4% were due to the thawing of the moraines’ ice core. In comparison, the causes of
23% of outbursts remain unknown (Richardson and Reynolds, 2000). Furthermore, outbursts can

be caused by extreme heat and/or liquid precipitation, the collapse of a moraine's inner slope into
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the lake, changes in the subglacial and englacial drainage systems, and surface overflow across the

ice.

GLOFs do not immediately turn into debris flows, since there is rarely a sufficient amount of
destructible material near the riverbed (Cui et al., 2010). Specifically, poorly sorted coarse-grained
sediments from moraine are rarely enough to convert the entire runoff into a debris flow. Factors
that enhance the development of debris flow include steep slopes, highly dissected terrain, and the
presence of abundant loose sediment in the riverbed and along valley slopes (Cui et al., 2010). In
most cases these are mixtures of fine-grained material and larger debris, providing the necessary
composition for debris flow mobilization (Iverson, 2012; Jakob and Hungr, 2005). Glacial and
proluvial deposits are more active in debris flow formation, as they contain more dust and clay
fractions, while alluvial and fluvioglacial deposits are much more inert (Erokhin and Zaginaev,
2017). In the origin zone of most glacial debris flows in the Pamirs, vegetation is practically absent
due to the high absolute heights, which also positively affects the mobility of the loose sediment
cover (Huggel et al., 2004).

A geomorphological response to high-magnitude floods can include both erosion of riverbanks
and the riverbed, and deposition of sediments, as well as breached dams and pre-GLOF water level
evidence (Emmer, 2023; Tomczyk et al., 2020). In some cases, these floods may penetrate deeper
into the valley, reshaping the landscape and creating new geomorphological features. For example,
the Kedarnath catastrophe in India in 2013, in which the floodwaters followed multiple steep

channels (Figure 4), demonstrated significant erosional impacts (Allen et al., 2016). The impacts

of this event extended 20 km downstream along the Mandakini River.

Figure 4. Post-disaster landscape and flow pathways, Kedarnath catastrophe (2013). (1) The main
component turned south to follow the Mandakini River directly towards Kedarnath, (2) A second large
component (Allen et al., 2016).



2.2. Factors influencing glacial lake formation

Glacial lakes are complex dynamic elements of the glacial landscapes of Central Asia. The
development of lake basins and their evolution through time is controlled by a variety of factors.
Glacial lakes are deeply entangled with weather and climate, meltwater and sediment flows, and
glacier and ice sheet dynamics (Carrivick and Tweed, 2013). The retreat of glaciers, mainly caused
by global climate change, is one of the most significant factors contributing to glacial lake
formation. An increase in air temperature stimulates a significant degradation of glaciers (Sorg et
al., 2012). With increasing temperatures comes increased ice melt and glacier thinning; large
over-deepened basins form and fill with meltwater (Bolch et al., 2012; Huggel et al., 2020).
Seasonal variations further determine the water input into these basins, with higher meltwater
discharge during the ablation season (Fujita, 2008). This has resulted in an increase in the size and
number of moraine-dammed supraglacial and proglacial lake systems in recent decades (Komori,
2008; Westoby et al., 2014; Zheng et al., 2021). The study by Zheng et al. (2021) shows that the
lake area in HMA has grown by 6.8% between 1990 and 2015, with moraine-dammed lakes
expanding by 31.3% in the same period. It is expected that the continued growth of glacial lakes
will lead to an increase in the GLOF hazard and risk (Furian et al., 2021; Zheng et al., 2021).

According to the IPCC report (Hock et al., 2022), the average surface air temperature in Central
Asia has hovered at 1-2 °C for two centuries. However, the report did not contain any specific
information about its temporal (for example, the time of sudden temperature changes) or spatial
(for example, areas of significant increase or decrease in temperature) variations (Hu et al., 2014).
In addition, spatial interpolation or extrapolation is particularly prone to errors in this region due
to the small number of weather stations. Some local sources in Tajikistan report that the average
annual air temperature in mountainous regions at an altitude of 1000 to 2500 meters above sea
level increased by 0,3-0,5 °C, and in areas above 2500 meters above sea level, the increase was
0,2-0,4 °C (Safarov and Fazylov, 2023). Most meteorological stations in Tajikistan have recorded
a positive trend in the mean annual air temperature for the period 1940-2000 (Makhmadaliev et
al., 2008). In addition to rising temperatures, it is important to mention that glaciers in the HMA
are more affected by the seasonality and intensity of precipitation than by changes in total annual
precipitation. For instance, in regions where accumulation coincides with warming, such as in
summer, rising temperatures not only accelerate melting but also increase the proportion of

precipitation falling as rain rather than snow (Fujita, 2008).
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2.3. Distribution and frequency of GLOFs

Mountain lake outburst floods have been documented in numerous high-altitude regions around
the world, highlighting the global nature of this hazard. Events of this kind have been documented
not only in the European Alps (Huggel et al., 2004, 2002) but also in the Karakoram Range (Bazai
et al., 2021; Bhambri et al., 2019), the Himalayas (Nie et al., 2018; Richardson and Reynolds,
2000), and the Tian Shan mountains (Erokhin et al., 2018; Narama et al., 2018; Zaginaev et al.,
2019), as well as Pamirs (Mergili et al., 2011). In North America, similar outburst floods have
been recorded in the Rocky Mountains (Evans and Clague, 1994). The phenomenon is also
prevalent in the Andes (Emmer et al., 2016; Mergili et al., 2020; Wilson et al., 2018),

demonstrating its global reach.

Over the last decades, research activity in this area has increased (Emmer et al., 2022a), which is
nicely documented by the increasing number of scientific publications. The article by Emmer
(2018) proves that studies regarding the glacial lake outburst floods have acquired relevance over

the past few decades (analyzed period 1979-2016) (Figure 6).

There are several studies that have investigated trends and the number of GLOFs on regional and
global scales (Carrivick and Tweed, 2016; Emmer et al., 2022b; Falatkova, 2016; Harrison et al.,

2018; Veh et al., 2022, 2018). A study by Falatkova (2016) analyzed the temporal distribution of
8



GLOF events in HMA and assessed their causes. The database spans a wide temporal range, from
1533 to 2012, with most recorded events occurring in the 19th and 20th centuries. A global spatial
and temporal assessment of moraine-dammed GLOFs was also conducted by Harrison et al.
(2018). Notably, in the Pamir and Tien Shan mountains of Central Asia, 20 events were recorded,
with most occurring between the late 1960s and early 1980s. This pattern can be linked to a broader
temporal trend, as from 1930 to 1970, the increased frequency of GLOFs was likely a delayed
response to the warming that marked the end of the LIA (Little Ice Age) (Harrison et al., 2018).
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Figure 6. The annual number of articles on GLOFs published in the WOS Core Collection database
(Adopted from Emmer, 2018).

High Mountain Asia, which includes some of the highest and most glaciated regions on the planet,
such as the Himalayas, Karakoram, Tien Shan, and Pamir mountains, is particularly vulnerable to
GLOFs. This region ranks highest globally in terms of GLOF danger (Figure 7), with ~9.3 million
people exposed to potential outburst events (Taylor et al., 2023). HMA recorded the second-
highest number of GLOFs events globally, surpassed only by the Pacific Northwest (Veh et al.,
2022).

As mentioned earlier, Tajikistan is highly susceptible to GLOFs due to its mountainous terrain and
extensive glacier coverage. The study area experiences GLOF-associated debris events each year.
The consequence of these events is debris flows and flash floods that spread for tens of kilometers
down the valley. For instance, in 2021, the Lyakhsh region experienced a particularly destructive
debris flow caused by the outburst of a lake on the surface of the Baralmos Glacier. In 2023, five
powerful debris flows were recorded: June 14, July 21, July 28, July 31, and August 7 (Baralmos
Field Report 2023). All events were followed by the destruction of the international road in the
Lyakhsh region (Figures 8 and 9).
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Figure 7. Spatial distribution of GLOF danger in HMA at basin scale from high (red) to low (blue) risk
(Adopted from Taylor et al., 2023).
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Figure 8. Consequences of an outburst flood and mudflow from Baralmos Glacier, July 2023. The image
shows the geomorphological impacts downstream, including sediment deposition and flooding of the area,
including automobile road.
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The occurrence of these events in the Pamir region emphasizes the necessity for improved hazard

assessment and monitoring of glacial lakes and the implementation of mitigation strategies to

protect communities and infrastructure.

Figure 9. Closure of the Surkhob riverbed after the event (left) and the destroyed international road in the
Lyakhsh region (right) (photos from Baralmos field report 2023).

2.4. Socio-economic impacts of GLOFs

In the high-mountain areas, GLOFs present significant social and economic problems by
threatening lives, damaging infrastructure, and prohibiting the growth of local economies. Those
communities that are situated below the glacial lakes are always in danger due to the sudden and
uncertain nature of GLOFs (Ahmed, 2024). The aspect that makes GLOF the most dangerous is
the fact that they are unpredictable. Among the worst GLOF disasters was the one that took place
in Huaraz Peru in the year 1941, when the Lake Palcacocha outburst floods caused the death of
5,000 people and destroyed a third of the town (Carey et al., 2012). In Nepal, Dig Tsho GLOF
1985 destroyed a newly built hydroelectric power plant crucial to the local economy, resulting in
widespread flooding, loss of crucial crops, destruction of houses, and loss of lives (Vuichard and

Zimmermann, 1987).

Moreover, GLOFs have far-reaching impacts aside from just agriculture suffering losses, water
scarcity, and depletion of infrastructure to support local trade. The end result of which is
communities struggling in poverty with no aid to improve their situation. The burden often shifts

to local governments which as a result stop being able to fund any future improvements.

Regular monitoring of glacial lake dynamics, with a particular emphasis on hazardous glacial
lakes, is a necessary condition for preventing glacial lake failure (Wang and Zhou, 2017). Disaster
risk reduction strategies include structural and engineering interventions, strategic land use and

planning, community-based disaster preparedness, monitoring, and early warning systems.
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Important elements of GLOF mitigation include engineering solutions such as lake-lowering
projects, protection barriers, and drainage canals. For example, drainage systems that have been
implemented at Lake Palcacocha in Peru have decreased its capacity and decreased the probability
of future GLOFs (Carey, 2008). To reduce the amount of infrastructure development in high-risk
locations, it can be beneficial to analyze probable GLOF hazard areas and create distinct hazard
zones depending on various GLOF scenarios with the appropriate zoning laws and building norms

(Sattar et al., 2023).

The involvement of local communities during disaster preparedness increases the efficiency of
responding to GLOF incidences. For example, locals in Peru have opposed hazard-zoning laws
that would have prohibited building within possible flood routes (Emmer et al., 2022a). Therefore,
educational campaigns are crucial in increasing public knowledge of the risks posed by GLOFs

and the value of readiness.

The entire process of preventing and lowering the risks of a GLOF disaster should involve various
stakeholders, including governments at all levels, specialists, businesses, nongovernmental

organizations, and citizens (Thompson et al., 2020).
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3. Study area

3.1. Location and glaciation characteristics

The Petra Pervogo range (also called “Peter the First” or “Peter the Great” range) is situated in
central Tajikistan, northwest of the Pamir mountain system. It extends from west to east for 180
km from the confluence of the Surkhob and Obikhingou rivers up to the Academy of Sciences
ridge. The Baralmos Glacier (39.101°N, 71.387°E) (Figure 10) is located on the northern slope of
the Peter I Ridge of the Surkhob River (also known as Vakhsh River) basin, covering an area of
6.3 km? and ranging between 3440 to 4420 m asl (Catalogue of Glaciers of the USSR, 1978;
Safarov et al., 2024). The Kyzylsu Glacier (39.095°N, 71.418°E) (Figure 11) is next to the

Baralmos Glacier (Figure 12).

Figure 10. Baralmos Glacier. Photo from the study site, August 2024 (photo by Evan S. Miles).

Figure 11. Kyzylsu glacier viewed from the eastern side, 2023 (photo by Jason Klimatsas).
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The Obikhingou River basin contains numerous complex valley glaciers, primarily located in the
highest sections of ridges, predominantly on north-facing slopes (Catalogue of Glaciers of the
USSR, 1978). Many of these valley glaciers have limited accumulation areas as they lie entirely in
narrow, deep valleys. Together with constant avalanches, a large amount of debris falls on the

surface of glaciers.

What distinguishes the Pamirs is that, from all other high-mountain regions, the abundance of
surging glaciers predominates there. As it was specified by Kotlyakov et al. (2021), at least ten
glaciers come into that active phase of movement every year. In most cases, the time from the
origin of kinematic waves propagating through a glacier to the full development of the pulsation
process ranges from one to two but sometimes as long as five years. These surging glaciers pose a
significant glaciological hazard by blocking proglacial water flows, which can lead to the

formation of glacial lakes and increase the risk of flooding caused by GLOFs (Vale et al., 2021).

[ Glaciated areas (RGI)
— Rivers and streams

Elevation (m)
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Figure 12. Map of study site in Tajikistan with the indication of Baralmos and Kyzylsu glaciers. Glaciated
areas were delineated using the RGI dataset, and the background elevation data and hillshade were derived
from the SRTM DEM (USGS), upper map and water objects were obtained from OpenStreetMap.
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In the northwestern part of the Pamirs, surge-type glaciers are present in the Surkhob and
Obikhingou river basins. Between 2015 and 2020, six glaciers in the Surkhob basin experienced

surges, including one of the most well-known glaciers, the Didal Glacier (Kotlyakov et al., 2021).

The Baralmos Glacier is a surge-type, complex valley glacier, that is formed by the confluence of
two almost equally large streams of ice. The accumulation area is not morphologically expressed,
and the firn line aligns with the lower boundary of large avalanche cones (Catalogue of Glaciers
of the USSR, 1978; Safarov et al., 2024). The tongue of the glacier is almost completely covered

with a moraine (Figure 13). There are also a large number of lakes and crevasses on the glacier.

Currently, Baralmos Glacier is in the quiescent phase of its surge cycle, meaning the glacier's
terminus is gradually melting without the supply of new ice. This downwasting, especially around
surface ponds, is a notable characteristic during this stage of the glacier's development (Thompson
et al., 2012). Two key processes are associated with this: first, the production of excess local
meltwater during the ablation season (Miles et al., 2018b), the second one is the enhanced water
retention potential in the glacier’s terminus area (King et al., 2020). As a result, while outburst
floods are related to seasonal variations in stored surface water, it is crucial to take into account

the general trends and the time series when examining the variations in surface water storage.

Figure 13. Moraine-covered tongue area of Baralmos glacier. Photo from the study site, August 2024
(Evan S. Miles).

3.2. Weather and climate
The Pamirs have a continental, arid climate, characterized by frigid winters and warm, relatively

dry summers (Encyclopedia Britannica, 2024). In general, the area is dominated by westerly

winds, Siberian cyclones, and a weakening southwest Indian monsoon (Zhang and Kang, 2017).
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Among these, the westerly wind has the most dominating effect on the Pamirs, combining to bring
very scarce precipitation. In the western Pamirs, annual precipitation averages 600 mm, mostly
occurring in winter and spring, whereas in the eastern Pamirs, it reaches only 100 mm, with most
rainfall happening in spring and summer (Khromova et al., 2006). According to the Global
Permafrost Map, permafrost in the Pamirs is discontinuous because of varied altitudes and climatic
conditions in the region (Obu et al., 2019). In particular, permafrost occurs within those areas

where temperatures in the ground fluctuate above and below freezing.

Key climatic information for the area can be obtained from two meteorological stations (for the
period of 1879 — 2003), one at Rasht/Garm (1316 m; 39.02° N, 70.37° E), located in the Surkhob
Valley and the other at Lyairun (2008 m; 38.89° N, 70.93° E), situated over the Obikhingou River
(Williams and Konovalov, 2008). However, it should be pointed out that both stations are situated
at a considerable distance from the Baralmos glaciers and as such, the climate data provided would

be quite unsuitable for the conditions prevailing in the glacier portion of the environment.

In June 2021, a monitoring network was established in the Jirgatol district of Tajikistan through a
collaboration between researchers from the Swiss Federal Research Institute WSL and the Center
for the Research of Glaciers of the Tajik Academy of Sciences (CRG). The network includes
several stations (Automatic Weather Station (AWS), pluviometer station, and several
meteorological stations) strategically positioned near the Kyzylsu Glacier to capture detailed
climatic data. Hourly multi-variable downscaled and bias-corrected meteorological data (prepared
by Achille Jouberton) for a station located in the Kyzylsu catchment, were used to gain valuable

information about the local climatic conditions.
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Figure 14. Change in the average annual temperature (1970-2023) in the study area based on hourly
multi-variable downscaled and bias-corrected meteorological data
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Based on the data provided, a graph was obtained (Figure 14), which illustrates the change in the
average annual temperature in the study area from 1970 to 2023. The general trend indicates a

steady increase in average temperatures, which is consistent with broader trends in climate change.

In the Pamir region, the effects of temperature and precipitation on cryospheric changes have been
extensively researched (Pohl et al., 2014; Safarov et al., 2024). There are notable fluctuations in
the temperature and monthly precipitation in the Baralmos glacier. For example, from 2002 to
2022, the research area had an increase in July temperatures (1.34°C/decade; p < 0.05) and a
decrease in December precipitation (-1.19 mm/decade) (Safarov et al.,, 2024). Higher July
temperatures promote surface melting during the ablation season, which increases meltwater
production and promotes the expansion and drainage of supraglacial ponds. At the same time, less
precipitation in December probably means less snow accumulation in the winter, which limits the

glacier's capacity to regain mass.
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4. Data and Methods
4.1. Approach

The following sections in this chapter outline the analysis performed to achieve the research goals

presented in the introduction.

For the first objective, which revolves around analyzing the contemporary history of outburst
floods and their impacts, I focused on high-resolution multispectral images. Analysis of pond
locations and their changes in sub-seasonal periods was done to establish the timing and scale of
large drainage events. The methodological steps for image processing and pond mapping are
specified in Section 4.3. Then, applying an area-volume scaling approach (Section 4.4) that had
been determined for these types of supraglacial water bodies, I estimated water volume changes
for individual ponds and the entire pond system which can be used for further flood magnitude

estimations.

Towards objective 2, which seeks to compare the recent ponding activity to historical activity, |
integrated the historical (1990s-2015) Landsat Imagery with the recent PlanetScope Imagery used
in previous sections. This permitted a long-term assessment of changes in surface water storage
that occurred on the glacier, as well as capturing key transitions such as the effects of the 1998
glacier surge on pond dynamics and subsequent recovery of water storage. The data used for these
analyses are further described in Section 4.2.1, and the methodological steps for image processing

can also be found in Sections 4.3 and 4.4.

Objective 3 aims to investigate whether there are clear signs of geomorphological changes linked
to pond drainage events. In order to do this, I used high-resolution Pleiades stereo imagery taken

between 2021-2023 for the study area. The methods for this part are discussed in Section 4.6.

Finally, fulfilling objective 4, which is to focus on the relationships of changes in pond areas, |
performed an analysis of separate pond areas extracted from NDWI-based masks. With the help
of these analyses, I could investigate relationships between the ponds and possible hydrologic

connections, and determine whether draining one pond affected the activities of other ponds.
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4.2. Remote sensing data

4.2.1. Satellite images

The dynamics of the ponds on the Baralmos Glacier were examined in this research based on

remote sensing data.

The primary data source was PlanetScope imagery (2017-2024), which offers high spatial
resolution (3 meters) across four spectral bands: blue, green, red, and near-infrared (NIR). These
high-resolution images were key for detecting small water bodies and analyzing their spatial and
temporal dynamics in detail. For the Baralmos Glacier, 171 PlanetScope images were used
together with additional 2023-2024 ones for Kyzylsu Glacier for similar pattern analysis. It is
important to mention that the early snowmelt period (May-June) faced a high cloud and snow

coverage, which affected some satellite images acquisition.

In addition, this study also utilized Landsat imagery from Landsat 4, 5, and 7 to provide a historical
context. Although Landsat imagery has a lower resolution than PlanetScope, it helped analyze
long-term variations in glacial lake changes at Baralmos Glacier. The combination of high-
resolution recent datasets with historical datasets enabled an all-around evaluation of both recent

fluctuations as well as long-time tendencies.

Table 1 gives an overview of this study's satellite data, including their spatial resolution, temporal

coverage, and sources.

Table 1. Satellite data summary

Satellite image | Dates Resolution Source

type (m)

PlanetScope  (for | 2017 — 2024 3 European Space Agency (ESA)

Baralmos) PlanetScope Archive

PlanetScope  (for | 2023 — 2024 3 European Space Agency (ESA)

Kyzylsu) PlanetScope Archive

Landsat 4/5/7 (for | 20.08.1993; 21.09.1993; | 30 U.S. Geological Survey Earth
23.08.1994;  02.10.1997; .

Baralmos) 02.08.1998 03.09.1998: Resources Observation and
05.08.2002; 13.08.2008; Science — earthexplorer.usgs.gov
04.09.2010;  26.07.2013;
16.07.2015.
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4.2.2. DEM

This work also used high-resolution Pleiades stereo imagery (Shean et al., 2020) acquired for the
Baralmos and Kyzylsu glaciers during 2021-2023. As part of the PAMIR project, datasets for 2022
and 2023 were processed into DEMs (Digital Elevation Models) and orthoimages, which allowed
detailed analysis of surface topography and glacial lake geometries. The high spatial resolution of
Pleiades imagery made it possible to capture supraglacial ponds, moraine structures, and erosion
channels. One limitation factor is that DEMs, especially those derived from satellite imagery like
the Pleiades, can contain striping artifacts or systematic patterns caused during data acquisition

and processing.
4.3. NDWI

The NDWI (Normalised Difference Water Index) is one of the most common methods used in
remote sensing for distinguishing water bodies from satellite images through the reflection
properties of water in certain spectral ranges (Guo et al., 2017). High absorption of near-infrared
(NIR) radiation and strong reflectance of green light by the water surfaces make this index
effective in separating water from adjacent terrain, vegetation, and other land features. The NDWI

is calculated using the formula:

NDWI = ~greennir (McFeeters, 1996).

XgreentXnir
The NDWI is a zero-centered index with a value range of [ — 1, 1]. Water strongly absorbs NIR
wavelengths but reflects green light, so positive values (>0) indicate the presence of water. Non-
water surfaces like vegetation or soil usually have negative values because their reflectance

properties in such spectral bands differ.

NDWTI has been commonly used in monitoring the supraglacial lakes, glacial melt ponds, and
proglacial water body dynamics in high-mountain environments (Jha and Khare, 2017; Miles et
al., 2018a; Wangchuk and Bolch, 2020; Zhang et al., 2022). Its ability to detect subtle water body
changes is critical for areas like Baralmos Glacier where ponds develop rapidly during the ablation

period.

The NDWI was calculated for each scene using the green and NIR bands of PlanetScope imagery.
To automate and improve this procedure, a customized Python workflow that integrated advanced

geospatial libraries including rasterio, numpy, geopandas, and matplotlib was created (Figure 15).
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Figure 15. Workflow for NDWI calculations. This diagram illustrates the step-by-step process for
extracting water bodies from satellite imagery.

The Python code executed a systematic workflow for NDWI computation and water body
detection. The initial step involved loading and rasterio pre-processing of satellite imagery in order
to cut and mask data to the study area boundary based on the glacier shapefile. After that, the
formula for NDWI was applied. Figure 16 shows how all the index calculation steps were

visualized. The histogram shows the distribution of NDWI values.
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Figure 16. Results of NDWI analysis on Baralmos Glacier (8" of July 2021). From left to right: (1) NDWI
values, (2) NDWI histogram, (3) binary water mask generated by Otsu's threshold, and (4) the original
image in true colors.
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The computed NDWI values were subjected to Otsu’s thresholding method using Python libraries
such as scikit-image for accuracy enhancement. This histogram-based adaptive technique,
introduced by Otsu (1979), identifies an optimal threshold value that minimizes intra-class
variance, effectively separating water pixels from non-water pixels (Cooley et al., 2017; Otsu,
1979). By automating the thresholding process, Otsu’s method reduces the potential for subjective
bias and ensures consistency across datasets. The workflow also implemented an iterative
refinement procedure, which divided the NDWI image into smaller sub-regions and recalculated
the threshold for each region (Figure 17). This step was particularly effective in detecting small or
partially obscured water bodies. The results were manually reviewed for each date to address

potential biases or misclassifications due to limitation factors like clouds and snow cover.
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Figure 17. NDWI analysis with iterative refinement for Baralmos Glacier (8th of July 2021). Histogram
(3) presents the distribution of NDWI values with the optimized threshold value.
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The rasters were converted into vector polygons after classification using rasterio.features.shapes
and the results were saved in geopandas as GeoDataFrames. Finally, the outputs were exported

as Excel files for further analysis.

In addition to the primary analysis, the lake-frequency map was generated by aggregating the
binary water masks over the entire time series. Using NumPy, the binary masks were simply
summed pixel-wise, providing the number of times each pixel was classified as water. The total
number of images in the dataset was then used to normalize this count, yielding a water frequency

value for each pixel expressed as a percentage.
4.4. Area and volume estimations of Baralmos ponds

Determining the volume of water can be difficult in mountainous conditions, due to the
inaccessibility of the lakes, the inability to use heavy equipment (boats, echo sounders), the
likelihood of dangerous processes threatening the researcher's life (collapses, separation of
icebergs of glaciers), the inability to fully explore the surface of the lake. In such cases, empirical
formulas can be used to determine the volume of the lake. One widely applied model (Byers et al.,
2013; Jain et al., 2012; Mergili and Schneider, 2011) is by Huggel et al. (2002), which provides
an empirical relationship for moraine-dammed lakes. This dependence is based on a study of
glacial lakes in North America, South America, the Himalayas, Iceland, and the European Alps.
Watson et al. (2017) developed an improved model for supraglacial and proglacial lake volume
estimation using high-altitude Himalayan lakes. This paper served as the basis for calculating the

volume of ponds on the Baralmos Glacier in this study.

Water body pixels, received after NDWI calculations, were converted into vector polygons,

enabling area measurements in square meters. Only polygons with an area greater than two pixels
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were retained to eliminate noise and improve accuracy. To estimate pond volumes, the method
utilized the empirical formula proposed by Watson et al. (2017) (Figure 18), where pond volume
is approximated as: V = 0,1535A"%, where A is the area (m>).
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Figure 18. The data of the Watson et al. study combined with the compiled dataset of Cook and Quincey
(2015). The scatter plot shows a strong correlation between pond area and volume.

Using this workflow, both the total areas and volumes of Baralmos Glacier ponds and the areas
and volumes of individual ponds were calculated. For historical comparisons, data derived from
30 m resolution Landsat imagery were also analyzed. However, due to the coarse resolution,
automatic NDWI-based classification was not always feasible, and manual adjustments were
necessary. This may cause some estimation bias, especially for smaller ponds that could not be

identified at this resolution.
4.5. Interconnectivity analysis

This part of the research focuses on the interconnectivity of the supraglacial ponds at Baralmos
Glacier during notable area changes. The objective is to find out whether, during major events or
processes, ponds experience changes autonomously or not. To determine the interconnections of

the pond area changes, several supraglacial lakes were studied (Figure 19).
For each pond, the percentage change was calculated relative to the previous observation:
Percentage Change = (Area at Time: — Area at Time:-1)/Area at Timee-1x100

This approach allowed for a detailed assessment of lake dynamics. The primary changes were
identified and their magnitudes were estimated by comparing the area before and after major

drainage events.
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Figure 19. The satellite image shows the spatial locations of analyzed ponds ([1], [2], [3], and [4]) on
Baralmos glacier, which can be also seen on the lake-frequency map (Figure 32).

4.6. DEM analysis

This study used DEM analysis to identify geomorphological changes caused by GLOFs and assess

stream channel erosion and sedimentation. The workflow (Figure 20) was created in Python, using

various advanced geospatial libraries such as xdem, geoutils, and rasterio. This code is inspired by

the open-source Github (Shean et al., 2016) and adapted to the specific requirements of this study.
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Figure 20. DEM Analysis Workflow. The procedure for examining Digital Elevation Models (DEMs) in
order to identify elevation variations and other geomorphological changes is described in this diagram.

The raw DEM preparation process began with the reprojection to ensure alignment in spatial

resolution and coordinate systems. A stable terrain mask was generated to isolate areas that exhibit

minimal change over time such as bare ground (using Bare Ground 30 m mask) (Hansen et al.,
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2013) and slopes below 30 degrees, while excluding dynamic features like glaciers (using RGI 7.0
glacier outlines) (RGI Consortium, 2023) and stream channels. These masks ensured that reference
points for coregistration were robust and unaffected by geomorphic processes. Figure 21 illustrates

the bare ground mask and slope mask, while Figure 22 shows the final stable terrain mask.
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Figure 21. Bare ground (left) and slope (right) masks. The function xdem.terrain.slope was used to
calculate the slope from the input DEM to create the slope mask. The slope mask finds areas with slopes
below a specified threshold (30°) to guarantee the stability of the terrain, the bare ground mask was applied
to isolate non-glacierized stable terrain. These masks were employed to delineate further stable terrain for
accurate and precise coregistration of DEMs and detection of changes.

To correct for horizontal and vertical systematic offsets between DEMs resulting from acquisition
and processing, the coregistration involved adopting Nuth and Kddb (2011) method. The cosine
equation between terrain slope, aspect, and elevation differences is solved iteratively by this
method to evaluate horizontal displacement. The iteration is stopped if the maximum number of

iterations is reached or if the shift’s amplitude of iteration falls below the given tolerance value.

A representation of the difference in heights before and after using Nuth and Kaab's registration
approach is plotted using the histogram (Figure 23). After adjusting for systematic errors, the
median and normalized median absolute deviation (NMAD) values are improved. This was
followed by calculating elevation differences between the two DEMs to identify erosion and

deposition areas.
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Figure 22. A stable terrain mask was generated in the Python environment. The mask identifies unstable
regions (black areas) and stable terrain (white areas) based on the above mentioned masks.
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Figure 23. Histogram of elevation differences (before and after correction). The blue histogram captures
the differences in elevations before coregistration and bias correction, while the green histogram
represents the differences post-coregistration. The median elevation difference and NMAD values are
presented for both cases, showing the improvement achieved after coregistration.
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5. Results

5.1. Temporal dynamics of supraglacial ponds

5.1.1. Seasonal and multi-year dynamics for the recent period

The seasonal and multi-year trends of pond activity on the Baralmos Glacier from 2017 to 2024
are examined in this section. These results can help to comprehend the dynamics of recent changes
and are supported by the techniques described in the previous chapter, such as area-volume scaling
and NDWI computations. 171 satellite images for 2017-2024 were analyzed. Additionally, for
2023-2024, 24 images were analyzed for the Kyzylsu glacier, which, as mentioned earlier, is
located next to the Baralmos glacier. All numerical data (volume and area) for this chapter can be
found in the Appendix (Tables 2, 3, and 4) and area and volume graphs for each year if they are

not shown in the chapter.

Seasonal activity trends indicate that the area and volume of ponds reach their peak in July and
August. These peaks across multiple years align with the snowmelt period. This snowmelt exposes
pre-existing lakes while also supplying meltwater to fill depressions, resulting in consistent annual
increases in lake area and volume. By mid to late summer, the majority of years show rapid drops
due to drainage events. Three big drops were recorded in July, making it the month with the most
significant drainage occurrences. The lake's area and volume have increased throughout time,
according to the results (Figures 24 and 25), especially in 2020 and the years that followed (2021—
2024).
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Figure 24. Total pond areas over time (2017-2024) for Baralmos glacier.

Pond area and estimated volume are generally smaller in 2017-2019 than in more recent years.

The majority of pond area and volume numbers fall between 12,000 and 21,000 m? and 50,000
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and 90,000 m?, respectively. Pond areas in other years, particularly 2020, 2022, 2023, and 2024
are much larger (up to ~61,000 m? in 2020).
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Figure 25. Total estimated pond volumes over time (2017-2024) for Baralmos glacier based on a
formula from Watson et al., 2017.

There is a noticeable seasonal trend, with late June to August usually seeing the largest overall
pond areas. Over several years, July typically has the highest pond coverage. However, these peak
values' magnitudes differ yearly (see Figure 26). Notably, the overall pond area has grown since

2019, especially in 2020, 2022, and 2024, when the pond covering surpassed 60,000 m?.
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Figure 26. Total pond areas on Baralmos Glacier from 2017 to 2024, plotted by the day of the year. Each
line represents a different year.

In contrast to more recent years, when we observe more noticeable peaks and falls, 2017 shows
more consistent and minor variations in pond area and volume. Although there was a peak in July

and August 2017, it was not as noticeable as those seen in subsequent years (Figure 27). The graph
28



shows that the largest drainage event for this year was between 8 and 15 August. In 2018, by
contrast, a significant drainage event occurred at the beginning of July.
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Figure 27. Total pond areas over time (2017).

In 2020, the most significant drainage event occurred between 29 July 2020 and 5 August 2020.
During this period, the total pond area dropped sharply from 61,002 m? to 44,406 m?, and the
estimated volume decreased from 375,848 m3 to 267,621 m?3. Further, the area of the lakes

continued to decline, which most likely indicates a series of ongoing water discharges.

In 2021, a drainage event was observed between 11 July 2021 and 17 July 2021, when the total
pond area decreased significantly from 46,655 m? to 29,223 m?, while the estimated volume
dropped from 268,502 m?® to 136,562 m* (Figure 28), which caused the debris flow down the

valley. After that, the volume and area values remained stable, with minimal fluctuations.
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Figure 28. Total estimated volume over time (2021) based on a formula from Watson et al., 2017.
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A significant drainage event in 2022 occurred from July 25 to July 28. The estimated volume of
the pond dropped from 295,295 m? to 139,712 m3, with the overall area shrank from 47,070 m? to
29,016 m? (Figures 29 and 30). It is essential to mention that the drainage of glacial lakes continued

for several days, with a minimum of areas and volumes reaching on July 28.
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Figure 29. Total pond areas over time (2022).

NDWI, 2022-07-25 NDWI, 2022-07-26

Original Image in True Colors

Original Image in True Colors

Figure 30. Sequence of NDWI and true-color imagery illustrating the 2022 drainage event on Baralmos
Glacier. The images show that the pond areas have decreased, especially in the main pond—pixel
resolution: 3x3 meters per pixel.

In 2023, a significant drainage event was observed between 19 July 2023 and 22 July 2023 (Figure
31). The total pond area dropped from 49,437 m? to 41,058 m?, and the corresponding volume
decreased from 310,118 m? to 221,050 m?. An illustration of this event can be found in Figure 32,
which displays true-color satellite pictures and NDWI maps from July 19 and 22, 2023. The NDWI
maps clearly depict the reduction in pond areas between these dates, evidenced by the shrinking

bright blue regions that represent water bodies.
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Figure 31. Total pond areas over time (2023).
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NDWI, 19Jul2023

Figure 32. Sequence of NDWI and true-color imagery illustrating the 2023 drainage event on Baralmos
Glacier. The images show how the pond areas changed between July 19 and July 22, 2023. The NDWI
imagery shows a noticeable decrease in these ponds' area by July 22—pixel resolution: 3x3 meters per
pixel.

For 2024, a major drainage event most likely took place between June 27 and July 3, with
additional area loss continuing until July 7 (Figure 33). Unfortunately, earlier satellite imagery
from June could not be analyzed due to extensive cloud cover, which limits our ability to observe

lake growth dynamics before the event.
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Figure 33. Total pond volumes over time (2024) based on a formula from Watson et al., 2017.
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Figure 34. Lake-frequency map across the Baralmos glacier (2017-2024) with locations of further analyzed

ponds ([1], [2], [3], and [4]). On leeward slopes, a few outlier pixels resemble windblown snow, which,
however, don’t make a difference.
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The map of supraglacial pond frequency on Baralmos Glacier, which was created by analyzing
NDWI from satellite images obtained between 2017 and 2024, is displayed in Figure 34. The
gradient represents the proportion of the entire period in which each pixel was categorized as
water. Orange and red regions represent locations with low water frequency, whereas blue regions
reveal areas with a high water frequency value. The high-frequency regions line up with
supraglacial ponds that, over multiple years, appear in similar locations, indicating stable
depressions in the glacier surface. For instance, pond [1] appears to be consistently larger and
subject to higher variability in area. We can also identify ponds [2] and [3], which in recent years
(2022-2024) have begun to accumulate more water during the ablation period and therefore grow

in size.
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Figure 35. Lake-frequency maps across the Baralmos glacier for 2017 and 2024.

In addition to the lake-frequency map for the whole study period, comparative maps for 2017 and
2024 (Figure 35) were made, providing a visual representation of how water coverage on the
glacier has evolved. 2017 water bodies were relatively small, but by 2024, the distribution and size
of supraglacial ponds have changed. Pond [1], for instance, increased in area, as did the other

ponds, which now appear more stable, as denoted by higher frequency indicators as their water
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volume. The 2024 map shows changes in the configurations of the position of water bodies, with

ponds located at different places and having a larger surface area than before.
5.1.2. Historical period

The analysis of Landsat data from the 1990s shows how the supraglacial pond areas on Baralmos
Glacier have evolved over the years with respect to the 1998 surge event. Before the 1998 surge,
the pond areas exceeded 150000 m? (Figures 36 and 37). However, the 1998 surge shown by the
red line on the graph greatly decreased the total ponds area. This is likely because the surge
disturbed the glacier surface, causing existing ponds to drain or disappear.
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Figure 36. Long-term evolution of supraglacial pond areas on Baralmos glacier based on Landsat and
PlanetScope data.
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Figure 37. Baralmos glacier before (1 and 2) and after (3) the surge. The surge event leads to significant
drainage and disappearance of main water bodies by September 1998—pixel resolution: 30x30 meters
per pixel.
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The analysis of historical data shows that the main problematic pond in recent years (Pond [1])
occupies a similar position on the glacier as the one before the 1998 surge. After the surge event,

some pond areas recovered; however, they did not reach the size before the event.
5.1.3. Kyzylsu glacier

The information gathered from the analysis of satellite photos of the Kyzylsu glacier was also
processed during the course of this research. Received data illustrate the spatial dynamics of
supraglacial ponds, with the largest pond observable on June 11, 2023, covering an area of
approximately 43,587 m?. However, by June 19, the total pond area decreased dramatically to
7,146 m? (Figure 38), corresponding to an estimated volume reduction from 362,904 m? to 19,799
m? (see Table 3). By late June and July 2023, the total pond area further declined, reaching a

minimum of just 936 m? on July 11, with an estimated volume of 2,071 m?.
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Figure 38. Sequence of NDWI imagery illustrating the 2023 drainage event, Kyzylsu glacier. The main
supraglacial pond can be detected on the 11" of June, but it disappears by June 19—pixel resolution: 3x3
meters per pixel.

In the following year (2024), the total pond area for May was 24,053 m? (151,007 m? volume),
which grew to a peak of 36,684 m? by June 15 (297,583 m?). However, similar to 2023, a drainage
event was observed in late June. In August and early September 2024, the total pond area stabilized

at smaller extents, typically under 3,000 m?, with estimated volumes remaining below 10,000 m?.

The Kyzylsu Glacier's patterns align closely with those observed at Baralmos glacier, suggesting

regional-scale similarities in hydrological behavior.
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5.1.4. Interconnectivity of pond areas changes

The interconnectivity of supraglacial ponds plays a crucial role in understanding their hydrological
dynamics. While some ponds may act as isolated water bodies, others show signs of water
redistribution, particularly during significant drainage events. This section examines the extent of
interconnectivity between ponds from 2017 to 2024, assessing whether pond drainage is localized

or system-wide.

The individual ponds showed variability during the study period. After quantifying the area
changes for major events and producing stacked charts for visualization, it became clear that the
system driver is the pond [1], which dominantly showed the greatest fluctuations. Quantitatively,
69% of major drainage events involved multiple ponds, suggesting some degree of system-wide
interconnectivity. This suggests that when Pond [1] drains, it often triggers water loss in the lower

ponds as well, rather than redistributing water among them.

Water redistribution from the pond [1] to the lower ponds was only observed in 2017, 2019, and
weakly in 2023, while in 2020-2024, only ~18% of main drainage events showed signs of water
redistribution. Recent years show a predominance of system-wide drainage rather than

redistribution.

Now, I’ll provide examples. In 2017-2018, it was pretty difficult to identify major drainage events,
as the lake areas are quite small compared to recent years (as mentioned earlier in section 5.1.1).
However, an interesting dynamic of water distribution between ponds is already present. For
example, in the period from 08 August 2017 to 15 August 2017, the area of the pond [1] decreased
significantly (-51%), while the area of lower ponds [2] and [3] increased (11 and 16%,
respectively). This indicates that water from the upper pond may be partially redistributed to the

lower ponds.

However, in 2018, during the main drainage event, there was no redistribution of water from the
upper lake to the lower one. As for 2019, during the main drainage event in July, the upper pond
was also unlikely to drain into the underlying ones. All the lakes have decreased in area.
Interestingly, in the period 2017-2019, It was observed that water from the upper lake was often
redistributed to the lower ones outside the main drains. For example, between September 1 and 2,
2019, the area of pond [1] decreased by 20 percent, while the areas of lakes [2] and [3] increased
by 19 and 11, respectively.
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In 2020, a major drainage event took place from July 29 to August 5, pond [1] experienced the
greatest area shrinkage by 58.7%, from 14,706 m? to 6075 m?. Ponds [1] and [2] experienced a
shrinkage of 5.8% and 7.5%, and the pond [4] area decreased by 21%. It is important to note that
further between August 8 and 17, the area of pond [1] did not change, when both ponds 2 and 3

experienced a decrease in area by 72 and 50 %, respectively.

In 2021, the pond [1] exhibited notable variability (Figure 39). The area of this lake on the 3rd of
July, 2021 was 8343 m? and gradually went up to 22608 m? by the 11 July. This was followed by
drainage to 10,197 m? by 17 July 2021 (percentage change of ~55%). Ponds [2] and [3] did not
increase in their area, which could indicate the intake of water from pond [1], but on the contrary
also drained, showing a decrease in area of 14% and 23%, respectively. Pond [4], as in 2020,

showed minimal fluctuations, reinforcing its isolated nature in 2021.

Repeating the trend, in 2022, pond [1] experienced a major drainage event from 25 July to 28 July
(previously also mentioned in section 5.1.1), during which the pond [1] decreased in the area from
23913 m? to 9927 m? (~58,5%) (Figure 40). During these events, ponds [2], [3], and [4] did not

increase in volume, but on the contrary, also drained.
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Figure 39. Separate pond areas and total pond area over time (2021). The black line represents the total
area.

In 2023, there was a major drainage event in the pond [1] from 19 July to 22 July, when its area
was lowered from 24,363 m? to 13,941 m?, which stands for a ~ 42.8% reduction. Ponds [2] and

[3] increased in area by ~5%, while pond [4] showed around a 10% area increase.
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Figure 40. Separate pond areas and total pond area over time (2022). The black line represents the total
area.

5.2. Drainage events and geomorphological changes

This results section examines whether there are clear signs of geomorphological changes
associated with GLOF events in the study area. The analysis includes two parts: (1) an assessment
of elevation differences based on DEMs and (2) a comparison study of satellite images taken
before and after the major drainage events for 2022 to 2024 to look for changes in the debris flow

fan and the stream channel.

The initial stage of this research objective work was related to the analysis of the DEM. After
processing the DEM for 2022 and 2023, a residual elevation difference map was obtained (Figure
41).

After a close examination and analysis of the main drainage channels of the glacier for signs of
erosion or accumulation of material, it was found that the main drainage channel (number 1, Figure
40) for the pond [1] shows practically no significant changes in height, which indicates the relative
stability of its geomorphological structure. In contrast, the channel down the valley shows a mix
of material deposition (indicated by areas of elevation gain, shown in red) and erosion (indicated
by areas of elevation loss, shown in blue) (number 2, Figure 40). Erosional areas are indicative of
the zones from where flowing water has eroded the sediments whereas depositional features are
evidence of the sediments being transported and placed at further locations downstream. A
zoomed-in view of the area was analyzed in detail to clarify the geomorphological changes in this
channel (Figure 42). In this focused image, red zones show an increase in elevation, with changes
up to +4 meters, and blue zones show a reduction in elevation, with changes reaching up to -4

meters.
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Figure 41. Elevation difference picture obtained after DEM-correction, based on Pleiades DEMs for
2022-2023. (1) main drainage channel from pond [1]; (2) channel further down the valley, where we can
see elevation differences
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Figure 42. Elevation differences along the drainage channel down the valley between 2022 and 2023,
showing areas of erosion (blue) and deposition (red) derived from DEM analysis.

39



The second part of the analysis for Research Objective 3 included a visual examination of high-
resolution PlanetScope satellite images with a focus on signs of erosion and deposition before and

after major outburst events in 2022-2024, as well as overall dynamics for the recent period.
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Figure 43. PlanetScope satellite images in pseudo-colors before (22.07.2022) and after (26.07.2022) the
outburst event.

Most prominent changes are observed at the confluence of the river running from the Baralmos
glacier into the Surkhob (Vakhsh) River. Significant changes in the landscape can be observed on
the satellite images in pseudo-colors before and after the outburst events. For example, in the
images for 2022 and 2023 (Figures 43 and 44), the mudflow cone at the confluence appears flooded

in the post-event image, indicating the impact of increased water flow.
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Figure 44. PlanetScope satellite images in pseudo-colors before (19.07.2023) and after (22.07.2023) the
outburst event. (1) Flooded mudflow cone and new material deposition, (2) flooded Surkhob River.
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In the Baralmos field report (September 2023), within the framework of the GLOFCA project, the
transit and accumulation zones of the debris flow basin were studied (Figure 45). The report says
that the walls of the gorge are mainly composed of loose rock, which causes instability and
constant landslides. It gives solid material for the debris flow. According to the representative of
the Emergency Department of the Lyakhsh district, the valley slopes have been increasingly
eroding in recent years. It was pointed out that there are some areas where vegetation, including

shrubs and thickets, has completely disappeared.

™

Figure 45. Debris flow deposition area (Baralmos Field Report, 2023), which can also be identified on
satellite images.

It is important to mention that there are no notable morphological changes upstream (nearer the
glacier tongue), suggesting that the area is rather stable. At the same time, within the main drainage
stream channel, after outburst events, there is an observed increase in water flow (Figure 46),

which can be explained by higher discharge levels caused by the outburst event.

To visually assess geomorphological transformations, satellite images from 2017 and 2024 were
analyzed in regions exhibiting the most pronounced topographic changes, as identified in the DEM
analysis. The visual comparison (Figures 47 and 48) highlights significant morphological
alterations. Over the years, the debris flow transit channel has experienced substantial widening,

with its walls receding by at least 20 meters.
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Figure 46. PlanetScope satellite images in pseudo-colors before (27.06.2024) and after (03.07.2024) the
outburst event. (1) An increased water flow through the channel.
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Figure 47. PlanetScope satellite images (natural colors) in 2017 and 2024. (1) and (2) channel slopes
erosion; (3) sediment deposition
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Figure 48. PlanetScope satellite images (natural colors) in 2017 and 2024. (1) channel slope erosion, (2)
sediment deposition

Combined DEM and visual analysis show that major glacier lake outburst floods can cause
geomorphological changes in the study area valley. While the main drainage channel from the
glacier appears to be geomorphologically stable, the downstream valley consistently exhibits
significant changes. This demonstrates that water from drainage events primarily affects distant,

flatter areas where sediment is deposited after being mobilized from upstream.
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6. Discussion

Results obtained during this work reveal important information about the Baralmos Glacier
supraglacial pond’s dynamic. In this chapter, I will try to discuss these findings in relation to the
study's objectives, explore the limitations of the methods and data, and reflect on the broader

implications of this research.

What is the frequency and size of pond drainages observed in satellite imagery during the recent
period (2017-2024)? How do the recent surface water storage areas compare to those from the

historical period (1990—present)?

The area and volume of the supraglacial ponds are increasing with time. The glacier's ability to
store surface water has risen steadily, according to observations made between 2017 and 2024.
The total supraglacial pond area increased by 42%. Estimated pond volumes rose from an average
of 50,000 m? in 2017 to approximately 90,000 m? in recent years. This trend is consistent with
previous studies that note glacial lake growth caused by increased ablation during warmer summer

months and decreased December precipitation (Safarov et al., 2024).

Also, the data obtained show that the drainage of supraglacial lakes on the Baralmos glacier occurs
mainly during the ablation season, with peak activity occurring in July and August. This pattern is
consistent with seasonal snowmelt and temperature-dependent hydrological factors. The most
significant outburst events, such as the one in 2023, caused marked reductions in pond areas and
volumes. Specifically, between July 19 and July 22, 2023, the estimated volume of ponds
decreased from 310,118 m? to 221,050 m>.

The comparison of recent data (2017-2024) and historical data shows how drastically the Baralmos
Glacier surface hydrology changed after the 1998 surge event. Before the surge, the pond areas
were over 150,000 m? but drained and disrupted throughout the event. Over time, similar
depressions on the glacier surface have been refilled with water, indicating the persistence of
surface morphology despite periodic disruptions. By 2024, the volumetric and areal expanse of the
ponds had greatly increased relative to the duration immediately post-surge. This may indicate the

continued expansion of water storage capacity due to the retreating and thinning of glaciers.

These findings are consistent with recent studies, which highlighted the growth of glacial lakes in
response to climate change across HMA (Bolch et al., 2012; Fujita and Nuimura, 2011; Shugar et
al., 2020; Wang et al., 2020). The growth of certain supraglacial ponds can also be considered a
self-reinforcing process of glacier movement and hydrological storage. As Kotlyakov et al. (2021)
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noted, the surging behavior seems to periodically reset the surface features, while inter-surge
periods enable the gradual formation of ponds. Nanni et al. (2023) provide additional context by
looking at the seasonal velocity fluctuations of Pamir glaciers. Results showed that supraglacial
pond drainage events directly impacted the hydrological conditions below the glacier and can be
a reason for the seasonal or interannual changes in the glacier movement. As an example, the
spring/summer accelerations and autumnal velocity increases on Pamir glaciers correlate with
meltwater supply and drainage events, which means that supraglacial ponds are major contributors
to basal sliding and hydrological pressurization. In addition, this study highlights processes of
supraglacial pond drainage and its potential role in the generation of local instabilities that may

travel as kinematic waves similar to surges of low magnitude.

The Baralmos Glacier case can provide an opportunity to investigate how supraglacial hydrology

affects glacier movement and related risks across the Pamir.

Are changes in pond water areas for major events interconnected, or do they occur independently

of one another?

Further analysis revealed that while some drainage events appear independent, others show
evidence of interconnectivity between ponds. I suggest that the hydrological pathways of Baralmos
glacier are complex, including surface and subsurface drainage networks. Pond [1] acts as a
primary driver of water redistribution or loss, significantly influencing the hydrological behavior
of the supraglacial pond network. The results show that 69% of major drainage events involved
multiple ponds, indicating system-wide interconnectivity. However, rather than redistributing

water among the lower ponds, pond [1] often triggered simultaneous drainage in connected ponds.

The trend of pond interconnectivity evolved over time. Water redistribution from the pond [1] to
the lower ponds was only clearly observed in 2017, 2019, and weakly in 2023. In contrast, in the
period from 2020 to 2024, only ~18% of significant drainage events showed evidence of water
redistribution. It is important to note that the hydrological systems of debris-covered glaciers, such
as the Baralmos Glacier, differ from glacier systems with pure ice, which leads to a relatively

limited understanding of the flow paths (Miles et al., 2017).

Are there clear signs of geomorphological changes linked to pond drainage events?

Geomorphological analysis using DEM data from 2022 to 2023, combined with satellite imagery,
revealed substantial geomorphological transformations along drainage channels. Areas of erosion

and sediment deposition were identified, highlighting the impact of pond drainage events on
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downstream landscapes. Outburst events tend to cause some serious changes to the riverbanks,
valley slopes, and vegetation. The analysis shows that, between 2022 and 2023, elevation
differences along the primary drainage channel ranged from -4 m (erosion) to +4 m (deposition).
These changes are consistent with observations in glaciated regions documenting similar
geomorphic responses to GLOFs (Cenderelli and Wohl, 2003; Emmer, 2023). The impact of these
changes extends beyond immediate geomorphological shifts, as they can alter future flood

pathways and sediment transport regimes.

Limitations

The methodology used in this study provides a detailed analysis of supraglacial pond dynamics;

however, several uncertainties and limitations must be acknowledged.

Cloud or snow coverage obscured the initial stages of pond activities occurring in May and June,
making it impossible to ascertain the exact time of lake drainages. This problem could be solved
by obtaining additional information from loggers. Pressure transducer and water temperature
datasets were collected at Baralmos Glacier in 2021 for the pond [3] and captured a major drainage

event in July. However, sensors that were installed in 2023 were later washed away.

NDWI-based water body detection has a number of drawbacks, such as missing small water bodies
and being sensitive to cloud cover and snow contamination. However, I addressed these challenges
by implementing a structured processing workflow. Otsu's thresholding approach was applied to
the calculated NDWI data to improve accuracy. Otsu's approach minimized the possibility of
subjective bias and guaranteed consistency among datasets by automating the thresholding
procedure. Additionally, iterative refinement techniques were developed to split the NDWI image
into bounding boxes and update the NDWI value per region. This additional step greatly assisted
in ensuring reliability in detecting small or partially obscured water bodies, making the final results

more reliable.

Another limitation relates to the empirical methods used to estimate the volume, including scaling
the area by volume. While these methods provide reasonable approximations, direct bathymetric
measurements would improve accuracy. During the fieldwork in 2024, a bathymetry survey was
conducted, and the results aligned well with the preliminary data. A detailed DEM-based analysis
of the glacier's closed surface catchments (Miles et al., 2017) can also be performed to identify

surface drainage pathways and englacial drainage points.
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All DEMs inherently contain some level of horizontal and vertical geolocation error, which can
introduce biases in elevation measurements and affect interpretations of geomorphological
changes. It is crucial to remove relative offsets when differencing DEMs for elevation change
analyses, as failing to do so may result in overestimations or underestimations of erosion and
sediment deposition. I applied a co-registration correction to address this issue by aligning the

DEMs with stable terrain features.

Social impacts and further work opportunities

The impact of GLOFs extends beyond hydrological and geomorphological processes, affecting
infrastructure and local communities. While no villages are impacted by floods from Baralmos
Glacier, a major event comparable to the 1998 surge could have severe consequences. Recent
events, such as the destruction of the Surkhob River bridge and road closures in 2023, underscore
the vulnerability of key transportation routes. A more extreme flood could lead to substantial
sediment deposition, making transportation impossible for weeks or months. Such an event could
also result in prolonged riverbed aggradation, raising the Surkhob River stage and altering
downstream hydrology. These changes might increase the risk of future flooding. Economic and
social disruption is another potential consequence, with frequent road closures limiting access to
markets, emergency services, and essential goods. Prolonged disruptions could necessitate

community relocation or contribute to regional economic decline.

This study presents opportunities for further work. The development of the Early Warning System
(EWS) for the Baralmos Glacier using the data obtained during this work can help mitigate the
risk of GLOFs. For example, the monitoring systems in Nepal offer a model for integrating real-
time water level sensors with satellite monitoring and community-based alert mechanisms (Smith
et al., 2017). A similar system adapted for the study area and similar regions could enhance local
disaster preparedness. Another great chance is the possibility of better monitoring surges. Using
systems for tracking velocity (for example, SAR offset-tracking methods) (Strozzi et al., 2002),
together with high-resolution images, can significantly improve the understanding of surge triggers
with the dynamics of supraglacial ponds. Moreover, making interregional comparisons with other
surge-type glaciers of the Pamirs, like the Kyzylsu Glacier, may uncover additional features and

enhance the understanding of glacier behavior in the context of climate warming.
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7. Conclusion

This Master’s thesis investigates the dynamics and threats of glacial lake outburst floods (GLOFs)
from the Baralmos Glacier in Tajikistan. The research enables an understanding of supraglacial
ponds' evolution, drainage processes, and consequential geomorphological phenomena using the
PlanetScope and historical Landsat imagery together with Pleiades DEMs geomorphological
analysis. The study's findings contribute to the body of knowledge regarding glacial lake dynamics

and the need for better hazard mitigation planning for high mountain regions.

A historical perspective reveals that supraglacial pond coverage was significantly higher in the
early 1990s, with peak values exceeding 150,000 m?. However, the 1998 surge event drastically
decreased stored surface water, leading to rapid drainage and a near-total disappearance of
supraglacial lakes. The 1998 surge event did not permanently eliminate supraglacial pond
formation. The analysis revealed significant temporal trends in pond area and volume, with notable
increases observed over the recent period (2017-2024). There is a 42% increase in total
supraglacial pond area between 2017 and 2024, accompanied by an estimated rise in pond volumes

from 50,000 m? in 2017 to approximately 90,000 m? in recent years.

Crucially, this research demonstrates the increasing complexity of supraglacial pond systems, with
evidence of interconnectivity between ponds during some drainage events, suggesting
hydrological interactions within the glacier. While the surge initially reduced supraglacial pond
areas, the long-term trend shows that pond formation resumed. This suggests that surges may act

as temporary resets but do not eliminate future GLOF risks.

Analysis of Pleiades DEMs from 2022 to 2023 reveals substantial geomorphological changes
along drainage pathways. The dynamic reconfiguration of the glacier's hydrological system is
demonstrated by the elevation changes along the principal drainage channel, which range from -4
meters (erosion) to +4 meters (sediment deposition). Additionally, the walls of the debris flow
transit channel have receded by at least 20 meters over time, indicating increasing channel
degradation brought on by frequent outburst episodes. Further evidence of the movement of
substantial amounts of debris is provided by sediment deposition in downstream areas, which
supports the idea that GLOFs alter the shape of valley floors and raise the risk of flooding

downstream.

These results are essential for comprehending the downstream effects of GLOFs, which present
significant threats to residents and infrastructure. For example, the Baralmos Glacier has been

connected to several damaging outburst episodes in recent years, which have caused dammed river
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channels and destroyed roads. These incidents' recurrent nature emphasizes the necessity of

ongoing observation and the creation of efficient early warning systems.

Along with its scientific discoveries, this thesis emphasizes the practical applications of
understanding GLOF dynamics. The approaches used — such as NDWI-based water body
recognition, area-volume scaling, and DEM analysis — provide a solid foundation for analyzing
GLOF dangers in similar high-mountain situations. These methods can help identify areas of
vulnerability and anticipate flood magnitude. Furthermore, the study emphasizes combining high-
resolution remote sensing data with field-based observations to capture the fast-paced and
frequently unpredictable nature of glacial lake dynamics. In terms of new measures, this research
seeks to promote investment in monitoring systems and community-based disaster preparedness
initiatives in GLOF-prone regions. The findings also emphasize the importance of interdisciplinary
collaboration among scientists, policymakers, and local stakeholders in developing adaptive
solutions to the immediate and long-term difficulties posed by GLOFs. The lessons learned from
the Baralmos Glacier can be a useful guide for managing glacial dangers in other high-mountain

regions worldwide as global temperatures continue to rise.
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9. Appendices

9.1. Main raw data

Table 2. Total area and volume estimates for supraglacial ponds on Baralmos glacier (2017-2024)

Date

29.06.2017
04.07.2017
06.07.2017
11.07.2017
21.07.2017
06.08.2017
08.08.2017
15.08.2017
16.08.2017
18.08.2017
19.08.2017
28.08.2017
31.08.2017
07.09.2017
09.09.2017
15.09.2017
21.09.2017
26.09.2017
28.09.2017
26.06.2018
30.06.2018
01.07.2018
06.07.2018
14.07.2018
18.07.2018
22.07.2018
23.07.2018
25.07.2018
03.08.2018
11.08.2018
12.08.2018
13.08.2018
16.08.2018
20.08.2018
27.08.2018
31.08.2018
01.09.2018
02.09.2018
03.09.2018
04.09.2018
05.09.2018

Total ponds area [m?]

14058,00
14463,00
13284,00
12438,00
14904,00
14067,00
19215,00
16470,00
14670,00
16065,00
16020,00
14094,00
18189,00
15390,00
19692,00
19377,00
20061,00
17334,00
21483,00
16065,00
22581,00
28413,00
17145,00
17415,00
20754,00
21699,00
24237,00
22230,00
20889,00
20034,00
19656,00
20601,00
17343,00
20142,00
16893,00
16785,00
24489,00
27972,00
25200,00
30123,00
24912,00

Total estimated volume [m?]

53072,675
55106,261
45515,353
47465,770
57276,731
53289,339
74991,276
66186,349
58186,698
64200,619
63771,871
55124,532
76756,939
60474,724
84936,371
80696,407
85641,947
68803,407
88511,376
70414,472

107945,225

151585,039
73467,652
76634,703
95521,535

101285,153

118890,899

104743,656
94748,555
91134,057
89866,010
92849,679
74747,921
91065,636
71008,223
68924,372

116903,521

140615,500

125633,340

156033,319

119271,091
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07.09.2018
08.09.2018
10.09.2018
28.06.2019
11.07.2019
18.07.2019
23.07.2019
26.07.2019
30.07.2019
08.08.2019
10.08.2019
11.08.2019
19.08.2019
22.08.2019
28.08.2019
29.08.2019
01.09.2019
02.09.2019
03.09.2019
04.09.2019
10.09.2019
21.09.2019
20.06.2020
21.06.2020
03.07.2020
07.07.2020
20.07.2020
25.07.2020
29.07.2020
05.08.2020
08.08.2020
17.08.2020
23.08.2020
02.09.2020
05.09.2020
07.09.2020
10.09.2020
13.09.2020
21.09.2020
22.09.2020
02.06.2021
06.06.2021
11.06.2021
18.06.2021
28.06.2021
03.07.2021
08.07.2021
09.07.2021

22644,00
25479,00
25398,00
30186,00
37719,00
32094,00
30447,00
36873,00
25992,00
34740,00
31365,00
31923,00
31635,00
30924,00
34299,00
40725,00
35460,00
37827,00
37917,00
31860,00
25200,00
36549,00
33930,00
40464,00
46656,00
34704,00
40590,00
41949,00
61002,00
44406,00
39060,00
25776,00
23868,00
24345,00
25641,00
26685,00
32202,00
27792,00
29403,00
29556,00
16425,00
23715,00
34254,00
20322,00
27351,00
16200,00
39663,00
35271,00

107926,492
125130,984
118202,405
133838,392
187405,988
162614,010
156812,070
196342,782
132153,260
187192,937
166208,165
166331,593
168610,887
163743,735
188929,793
235840,348
201581,782
207489,988
206672,983
168776,344
123733,942
200456,665
171927,212
227443573
257929,999
194508,563
235762,545
243823,178
375847,942
267621,081
227932,520
109224,681
104557,842
105626,804
114586,785
121979,817
151117,407
119976,859
134722,003
136198,493

61258,165

98040,879
173725,708

78898,353
117156,772

76464,161
199145,690
182592,186
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10.07.2021
11.07.2021
17.07.2021
24.07.2021
09.08.2021
11.08.2021
13.08.2021
17.08.2021
23.08.2021
06.09.2021
07.09.2021
08.09.2021
12.09.2021
13.09.2021
20.09.2021
25.09.2021
27.06.2022
03.07.2022
15.07.2022
17.07.2022
18.07.2022
19.07.2022
20.07.2022
21.07.2022
22.07.2022
23.07.2022
25.07.2022
26.07.2022
28.07.2022
07.08.2022
13.08.2022
19.08.2022
29.08.2022
07.09.2022
15.09.2022
23.09.2022
29.09.2022
11.06.2023
17.06.2023
18.06.2023
21.06.2023
23.06.2023
25.06.2023
01.07.2023
11.07.2023
14.07.2023
15.07.2023
19.07.2023

38547,00
46655,00
29223,00
30870,00
31608,00
29862,00
28710,00
30672,00
28890,00
30213,00
30537,00
34164,00
29511,00
31509,00
31347,00
31095,00
38466,00
42039,00
38997,00
33255,00
40140,00
33975,00
38763,00
41796,00
43029,00
43893,00
47070,00
36675,00
29016,00
39348,00
41526,00
37017,00
36567,00
40770,00
35928,00
37224,00
28620,00
44343,00
39636,00
35316,00
43371,00
36144,00
39564,00
40482,00
47322,00
46458,00
48797,00
49437,00

220277,701
268501,722
136561,609
145077,361
150760,627
132038,967
129897,253
145366,432
135928,746
141595,202
145267,993
166937,175
137575,417
151308,199
149700,072
150696,903
188041,430
219343,993
202788,559
169116,600
216328,864
179332,580
212294,443
232736,618
249364,412
264042,762
295295,096
189137,573
139712,143
209181,063
221954,398
191038,410
188342,665
213699,321
184155,896
195148,547
145116,521
251042,218
204780,050
178393,557
228648,615
182370,616
200652,161
211498,534
262481,959
267671,269
297428,680
310117,609
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22.07.2023
03.08.2023
10.08.2023
15.08.2023
17.08.2023
18.08.2023
19.08.2023
20.08.2023
21.08.2023
29.08.2023
02.09.2023
06.09.2023
12.09.2023
14.09.2023
22.09.2023
27.09.2023
27.06.2024
03.07.2024
05.07.2024
07.07.2024
17.07.2024
27.07.2024
28.07.2024
05.08.2024
08.08.2024
14.08.2024
25.08.2024
27.08.2024
31.08.2024
02.09.2024
06.09.2024
13.09.2024
22.09.2024
24.09.2024

41058,00
44937,00
49095,00
45234,00
45333,00
46413,00
47511,00
46773,00
43308,00
47952,00
45054,00
46494,00
43299,00
42453,00
45936,00
42129,00
62370,00
49653,00
48951,00
47394,00
52749,00
52803,00
53280,00
56295,00
54567,00
52659,00
59310,00
56187,00
59004,00
53478,00
52407,00
53325,00
51480,00
53748,00

221050,444
253767,614
285642,254
258925,989
260660,626
264473,189
271881,915
274246,703
248143,235
273924,850
263194,365
275641,504
258859,249
251705,627
276837,133
245600,567
426222,610
297280,200
293200,850
282984,090
320411,360
317556,720
321496,800
350035,640
330013,080
317456,420
372858,820
351764,110
370105,040
330045,300
322918,710
336467,170
321590,120
335499,740

Table 3. Total area and volume estimates for supraglacial ponds on Kyzylsu glacier (2023-2024)

Date Total ponds area [m?] Total estimated volume [m?]
06.11.2023 43587,0 362904,393

19.06.2023 7146,0 19799,389

21.06.2023 7911,0 26726,457

27.06.2023 7884,0 26726,457

11.07.2023 936,0 2071,008

19.07.2023 2484.,0 5127,820

15.08.2023 1080,0 1477,422

21.08.2023 360,0 548,743

22.05.2024 24053,3 151007,197
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13.06.2024
15.06.2024
25.06.2024
28.07.2024
08.08.2024
26.08.2024
30.08.2024
03.09.2024

30636,0
36684,0
7710,9
4536,0
2475,0
2592,0
2889,0
2826,0

253431,550
297583,094
29657,684
14439,149
8001,620
8532,200
9737,160
9621,387

Table 4. Area estimates for supraglacial ponds on Baralmos glacier for historical period

Date

20.08.1993
21.09.1993
23.08.1994
02.10.1997
02.08.1998
03.09.1998
05.08.2002
13.08.2008
04.09.2010
26.07.2013
16.07.2015

Total ponds area [m?]

171900,00
128700,00
114300,00
166500,00
147600,00
12359,72
3628,81
41123,00
33506,00
30321,00
9825,78

For every year, the following charts—which were not included in the main text—will be shown.
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Figure 49. Total pond volumes over time (2017) based on a formula from Watson et al., 2017.
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Figure 52. Total pond areas over time (2019).
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Figure 53. Total pond volumes over time (2019) based on a formula from Watson et al., 2017.
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Figure 54. Total pond areas over time (2020).
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Figure 55. Total pond volumes over time (2020) based on a formula from Watson et al., 2017.
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Figure 56. Total pond areas over time (2021).
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Figure 57. Total pond volumes over time (2022) based on a formula from Watson et al., 2017.
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Figure 58. Total pond volumes over time (2023) based on a formula from Watson et al., 2017.
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Figure 59. Total pond areas over time (2024).
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