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Abstract 

The thesis deals with hydrological conditions in a proglacial environment, focusing  

on the development of glacial lakes and the assessment of their susceptibility to outburst.  

The study site is the Adygine glacier-moraine complex located in the north-facing valley  

of the Kyrgyz Ridge, northern Tien Shan, Kyrgyzstan, at an altitude of 3400-4200 m a.s.l.  

In the past 50 years, the receding glacier allowed formation of several lakes, which form  

a three-level cascade and are fed by glacier meltwater. Below the glacier, there is a complex 

of several generations of moraines, through which the glacier meltwater is routed 

downstream. The aims of the work were to evaluate the development of individual lakes, their 

susceptibility to sudden outburst and possible triggers, to estimate the probable development 

of the site in the future, to analyse the hydrological regime of the lakes and to obtain basic 

information on the subsurface flow of water from the site to the stream. For the purposes  

of assessing the development of the lakes, the data obtained in the field (geodetic surveying  

of a shore line, bathymetric measurements), as well as satellite and aerial images were used. 

Fluctuation of lake water level was monitored by pressure sensors and the processing of this 

data allowed to analyse the hydrological regime of these lakes on a daily, seasonal, and annual 

scale. For the purposes of assessing the susceptibility of lakes to outburst, a regionally-based 

approach, using field data and observation together with digital map data, have been 

developed. The probable further development of the site (glacier retreat, formation of new 

lakes) was introduced using GERM model outputs. Lastly, the passage of meltwater through 

subsurface routes in the morainic complex was investigated - the connection between  

the lower lake and the stream was tested with dye tracing method. Thanks to the observed dye 

concentrations in the stream it was possible to determine the duration of the water passage  

as well as significant dilution of the traced water in the drainage system. The connection  

of small tarns found in the morainic complex to melt water was found by analysing  

the isotopic composition of their water. Some of the tarns actually had a very similar water 

composition to the large lakes fed by glacier meltwater, others showed only partial or very 

little influence of meltwater on their hydrological balance. 
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Abstrakt 

Práce se zabývá hydrologickými poměry v proglaciálním prostředí, se zaměřením na vývoj 

ledovcových jezer a zhodnocení jejich náchylnosti k průvalu. Studovanou lokalitou je 

ledovcovo-morénový komplex Adygine, nacházející se v severně orientovaném údolí v pohoří 

severní Tien Shan, Kyrgyzstán, v nadmořské výšce 3400-4200 m n. m. Ustupující ledovec 

podmínil za posledních 50 let vznik několika jezer, jež leží ve třech výškových úrovních  

a mají hydrologické propojení s ledovcem. Pod čelem ledovce se nachází komplex několika 

generací morén, jímž je tavná voda z ledovce odváděna z lokality. Cíli práce bylo vyhodnotit 

dosavadní vývoj jednotlivých jezer, jejich náchylnost k náhlému vyprázdnění a možné 

příčiny, odhadnout pravděpodobný vývoj lokality v budoucnu, analyzovat hydrologický režim 

jezer a získat bližší informace o podpovrchovém proudění vody z lokality do toku. Pro účely 

vyhodnocení vývoje jezer byla použita data získaná v terénu (geodetické zaměřování břehové 

linie, batymetrická měření), ale i satelitní a letecké snímky. Kolísání hladiny jezer bylo 

sledováno pomocí tlakových čidel a zpracování těchto dat umožnilo analyzovat hydrologický 

režim těchto jezer v denním, sezónním a ročním měřítku. Pro účely zhodnocení náchylnosti 

jezer k průvalu byl vytvořen regionálně zaměřený postup využívající data a pozorování 

z terénu i digitální mapové podklady. Pravděpodobný další vývoj lokality (ústup ledovce, 

vznik nových jezer) byl představen pomocí výstupů z modelu GERM. Na závěr byl zkoumán 

průchod tavné vody podpovrchovými cestami v morénovém komplexu - spojení mezi 

spodním jezerem a stálým ledovcovým tokem bylo testováno pomocí stopovacího barviva. 

Podle zjištěných koncentrací barviva v toku bylo možné určit dobu průchodu vody i silné 

naředění označené vody v systému. Napojení malých termokrasových jezírek nacházejících se 

v morénovém komplexu na tavnou vodu z ledovce bylo zjištěno pomocí analýzy izotopového 

složení jejich vody. Některá jezírka skutečně vykazovala velmi podobné složení vody jako 

velká jezera napájená vodou z ledovce, u jiných se prokázal jen částečný nebo velmi malý 

vliv tavné vody na jejich hydrologickou bilanci. 
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1. Introduction and objectives 

In the new millennium, the pronounced retreat of mountain glaciers in high-altitude 

regions of the world (Barry, 2006; Radić et al., 2014; Zemp et al., 2015) and its 

consequences have been a ubiquitous topic at geoscientific meetings and conferences, 

countless scientific papers addressing various aspects of the problematics have been 

published. One of the implications of glacier recession are changes in proglacial 

hydrological conditions (Yao et al., 2007; Moore et al., 2009; Huss et al., 2010; Bliss et 

al., 2014) that result from varying meltwater supply and geomorphological changes  

of the environment. Glacier meltwater is an important component of runoff in glaciated 

basins, supplying the stream in a summer season it is an indispensable water source in 

many regions (Bradley et al., 2006; Yao et al., 2007; Akhtar et al., 2008; Sorg et al., 

2012). Besides the benefits it brings in terms of fresh water source (agriculture, power 

generation), the meltwater accumulated in depressions forming glacial lakes can pose  

a threat to downstream settlements and infrastructure.  

Proglacial area is a zone in front of the glacier terminus, formed after glacier tongue 

receded to higher altitude and left behind accumulations of debris. Its dynamics is 

connected to presence of permafrost and its degradation, exposure and melting of 

glacier ice remnants and buried ice, and the effect (erosional, thermal) of water flowing 

through this environment. As this specific hydrological environment controls meltwater 

passage from glacier to a stream and thus has potential to alter the basin runoff, 

deepening the knowledge of hydrological functioning of proglacial areas is essential. 

This thesis presents results on research of hydrological conditions at the proglacial area 

in the Adygine Valley, northern Tien Shan, Kyrgyzstan. Although the research was 

carried out mainly at one site, the findings are transferable and hopefully bring new 

insights into the high-mountain (glacier-related) hydrology. The aim of the thesis was  

to investigate the proglacial lakes dynamics and water flow from glacier to a stream. 

The results are included within four scientific papers (Section 5.15.4) addressing  

the objectives to fulfil the common aim of the thesis.  

The individual objectives were the following: 

- To evaluate formation and development of glacial lakes in relation to glacier retreat; 

- To monitor and assess hydrological regime of proglacial lakes; 

- To construct a region-specified assessment of lake outburst susceptibility; 
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- To summarize circumstances of GLOF cases in high-mountain Asia; 

- To investigate subsurface water passage through a glacio-morainic complex  

to a stream. 

The work summarized in this thesis partly builds upon and thematically supplements  

an extensive research carried out by a research team of the Department of Physical 

Geography and Geoecology of Charles University, which was initiated in 2004.  

The research of dangerous lakes in Kyrgyzstan was conducted in cooperation with 

Czech geological company Geomin s r.o. and the Kyrgyz Integrated Hydrogeological 

Expedition of the State Committee for Industry, Energy and Subsoil Use of the Kyrgyz 

Republic, under two development cooperation projects of the Ministry  

of the Environment of the Czech Republic. The first one (2004-2007) was entitled 

"Monitoring of alpine glacial lakes and protection of the population from  

the catastrophic consequences of floods from moraine dam failures".  It was followed 

by the second one (2007-2010): "Risk analysis and mitigation of the consequences  

of rupture of alpine lakes". Another project addressing the issue was supported  

by NATO SPS (2012-2013): "Glacier hazards in Kyrgyzstan: implications for resource 

development and water security in Central Asia". Within the first years of field work in 

Kyrgyzstan, the Adygine Valley was selected for further, more detailed survey  

and monitoring because of the convenient conditions for research of a glacio-morainic 

complex. Thus, in 2008 a research station was built close to the glacier terminus,  

on the shore of a large proglacial lake (Fig. 1). The hazard arising from the formation 

and development of several proglacial lakes was noticed and because the potentially 

inundated zone included settlements and infrastructure in the main Ala Archa Valley, 

further evaluation of lake’s outburst susceptibility was recommended. 

 

Figure 1. The research station Adygine after a night snowfall. View towards the south-east, 22 July 2013.  
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2. Scientific background 

Glaciers are a major source of water, which transforms the proglacial area  

and determines its hydrological conditions. In the following chapters, formation  

and development of several types of glacial lakes is described, with focus on their 

stability and hazard they may pose. Lake’s hydrological regime – one of the influencing 

factors of a hazard assessment, is presented together with meltwater runoff 

characteristics.  

 

2.1 Formation and development of glacial lakes 

Glacial lakes form as a consequence of glacier retreat, buried ice melting or by filling  

of a depression by glacier meltwater. Lake formation as well as its further development 

depends on characteristics of a dam, a basin, and lake’s surroundings, which can be 

summarized by a lake type (Korup and Tweed, 2007). A simple distinction was used,  

for example, by Huggel et al. (2004), who categorized glacial lakes according to their 

dam into moraine-dammed, ice-dammed, and dammed by a rock step. There are also 

more complex typologies, e.g. by Janský et al. (2006), taking into account the process  

of lake formation besides the material forming a dam. Here, I present formation  

and factors influencing the development of several glacial lake types. The selection  

of lake types corresponds to their occurrence in the Tien Shan (Tab. 1).  

 

Table 1. Representation of different lake types in the Kyrgyz Ridge, northern Tien Shan, in 2017.  

Only lakes with minimum area of 1500 m2 were categorised. Based on manual mapping using satellite 

imagery in Google Earth and refined with field data included in Erokhin and Zaginaev (2016). 

Lake type Number Share 

Moraine-dammed 

Rock step (+moraine) 

Intramorainic depression 

Ice dam 

Landslide dam 

13 

17 

48 

4 

8 

14.5 % 

18.9 % 

53.3 % 

4.4 % 

8.9 % 

Total 90 100 % 

Surface drainage 

Subsurface drainage 

21 

69 

23.3 % 

76.7 % 

 

Formation of lakes dammed by a moraine is linked to recession and thinning of a glacier 

tongue. Meltwater starts to gather behind a ridge of morainic material (former frontal 

moraine) left in a lower part of a valley, downstream of a current glacier terminus 
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position. Lateral moraines blocking tributary valleys or moraine complexes can serve  

as a barrier as well and detain large amount of water. Depending on a dam material 

composition, such lakes can be drained by seepage that can gradually lead to formation 

of underground channels, or by a surface channel eroded into a dam by overflow 

(Clague and Evans, 2000). Development of these lakes is linked to a glacier – often 

starting as lakes in contact with glacier terminus, they grow as the terminus recedes 

further up. They enlarge due to melting of subaerial and subaqueous ice and also  

by calving of the terminus (Thompson et al., 2012). The lake’s main development is 

completed when it loses the contact. Further changes in lake’s area are mostly caused  

by changes in subsurface channels capacity or an overall stability of the dam (presence 

of an ice core; Richardson and Reynolds, 2000b). 

Similarly to moraine-dammed lakes, formation of lakes dammed by a rock step is linked 

to retreat of a glacier tongue. In this case, it is the topography of exposed area that 

determines where a new lake can be formed (Linsbauer et al., 2012). An outcrop  

of resistant rock, often covered by a layer of morainic material, serves as a barrier 

behind which meltwater is collected. A depression behind such a step, where a glacial 

lake forms, is called an overdeepening. A lake enlarges when in contact with receding 

terminus and finds a steady state after the contact is lost. A dam consisting of a solid 

rock outcrop is much more stable compared to the one from morainic material, thus 

little changes in a lake’s morphometry are expected after the glacier-related expansion is 

ended. These lakes are drained by a surface channel situated at the lowest part  

of the rock step, or by seepage through an eroded material covering the step  

(at the interface between the two layers; Janský et al., 2006). 

Also in the third category of lakes, morainic material forms a lake basin; this type is  

a lake in an intramorainic (thermokarst) depression (Janský et al., 2009). Both formation 

and development of these lakes is not as closely linked to glacier and its dynamics  

as the two previous types. Buried ice and its melting is the main factor here, driving  

the lake’s expansion. Moraine complexes in a proglacial area contain ice blocks  

or lenses, pieces of disintegrated glacier tongue which was covered with debris  

and subjected to thinning. Partial exposure of such an ice block leads to its accelerated 

melting and formation of a depression (Fig. 2). Another means of lake basin creation is 

subsidence due to internal melting caused by heat transfer from water flowing through  

a moraine. These lakes are drained by subsurface channels and thus lake filling  

and emptying depends on their characteristics (location, capacity). In some cases, these 
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basins stay empty most of the time, filling up only occasionally when the draining 

routes are blocked or the volume of incoming water is significantly increased. Erokhin 

et al. (2018) call them non-stationary lakes and highlight their dynamic nature – as long 

as there is ice in the basin surroundings, the lake’s development is not terminated  

and thus it cannot be regarded as stable.  

 

 

Figure 2. Exposed buried ice in an empty lake basin, Adygine, Kyrgyzstan. 

 

An ice-dammed lake forms when a glacier tongue in a main valley blocks a stream 

draining a tributary valley or vice versa (Ding and Liu, 1992). In case of a glacier surge, 

such ice barrier can be of a temporary character. Lakes of this type also form at the 

margin of a glacier or on its surface (‘supraglacial pond’; Benn et al., 2001). It is 

important to note that formation of some large lakes was initiated as gradual 

coalescence of several supraglacial ponds (Watanabe et al., 2009). Growth of these 

lakes is caused by heat transfer at the contact of lake water and the ice forming the basin 

walls and/or bottom (Sakai et al., 2009). There are several mechanisms allowing 

drainage of ice-dammed lakes: ice-dam floatation (vertical displacement) leading  

to subglacial drainage, overflow and incision of a surface channel, drainage along  

a glacier-valley side interface, and mechanical failure of a dam (Richardson  

and Reynolds, 2000a). Some of these lakes drain regularly, when the lake level rises  

to the point at which the ice dam cannot withstand the increased hydrostatic pressure 

and thus a subglacial channel is opened (Glazirin, 2010; Huss et al., 2007). 

Rock glaciers, lobate proglacial landforms with typical arcuate ridges, can also block  

a stream and impound a lake. Although rock glaciers have seldom been studied in terms 
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of their influence on a river network, the number of lakes formed behind such barrier is 

not negligible (Blöthe et al., 2018). As Ischuk (2013) argues, these dams blocking  

a river were quite often misinterpreted as land- or rock slides. Inner structure of these 

landforms can vary significantly, and so does the hydrological network of drainage 

channels within the rock glacier body (Brenning, 2005; Rangecroft et al., 2015). A lake 

dammed by a rock glacier can thus be drained either by channels through the barrier  

or by an overspill usually and the contact of the lobe front and a valley side.  

In general, it is very hard to predict further development of a lake without detailed 

knowledge of a lake’s basin, especially when there is buried ice within lake basin.  

An important factor in this instance is the position of a lake in relation to the local water 

table, in other words, whether a lake is above or at the water table. A perched lake 

(above water table) can be drained suddenly when a subsurface conduit is created.  

In case of a base-level lake (at the water table), the local water table must have been 

lowered (e.g. by incision of a spillway) if the lake water level is decreased (Thompson 

et al., 2012).  

 

2.2 Glacial lake stability and outburst hazard 

When we talk about glacial hydrology and, specifically, about glacial lakes, it is 

impossible not to mention hazard connected to these lakes. A now very well-known 

abbreviation – GLOF, describes a flood initiated by a glacial lake outburst (a GLOF 

database was established by Vilímek et al., 2014). The high-altitude position  

(and therefore high potential energy of the water body), often not stable construction  

of its natural dam, and presence of steep slopes in its surroundings make a glacial lake 

potentially dangerous for downstream areas. Since recognition of this hazard, there have 

been attempts to identify the spots and evaluate the degree of danger that individual 

lakes represent. 

There are numerous methods of GLOF hazard assessment, a good overview of different 

approaches is presented, for example, in Emmer and Vilímek (2013). The approaches  

to hazard evaluation vary in several respects, it can be qualitative, using the distinction 

of low, medium, high level of hazard (Huggel et al., 2004), or quantitative, assigning 

each parameter a certain weight (McKillop and Clague, 2007a). The approaches may 

vary in comprehensiveness. It does not refer only to the number of employed 

parameters/variables (ranging from 2 (O’Connor et al., 2001) to 17 (Emmer and 
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Vilímek, 2014)), some assessments are elaborated solely for lakes dammed  

by a moraine (McKillop and Clague, 2007b) while others aspire to be applicable  

to more glacial lake types (Mergili and Schneider, 2011). The complexity  

of an assessment is, of course, connected to the type of required input data (only remote 

sensing-based (Bolch et al., 2008) or including field data) and also depends on whether 

it is regionally specific. In the latter case, the suggested procedure is adjusted  

to the region’s characteristics in terms of suitable and capturing parameters (according 

to, e.g. common dam failure mechanism, lake type, presence of ice core in a moraine; 

Clague and Evans, 2000; Worni et al., 2013; Kougkoulos et al., 2018a) or limitations  

in form of data availability (Frey et al., 2015).  

The full procedure contains three main steps: 1) identification of potentially dangerous 

lakes (also called a first-order assessment); 2) detailed evaluation of the hazard (at lakes 

marked within the first step); 3) application of mitigation measures (at lakes posing  

a threat). The first step is typically an almost fully-automated process run over a large 

area (e.g. a mountain range), using satellite imagery and a digital elevation model 

(DEM; Quincey et al., 2007; Rounce et al., 2016). All lakes are identified using  

a normalized differenced water index (NDWI) and then selected variables are tested  

to determine the lakes that are potentially dangerous (Bolch et al., 2011). The second 

step usually includes detailed evaluation of the hazard, incorporating field survey (lake 

bathymetry, dam inner structure) and/or modelling of the outburst and subsequent flood 

(map of possibly affected area; Bajracharya et al., 2007; Schneider et al., 2014).  

To address the problem of downstream impact of a possible outburst, mitigation 

measures can be implemented in form of engineering solutions of lake stabilization 

(water level lowering, dam or spillway reinforcement; Reynolds, 1998). To lower the 

risk, measures lowering the possible impact of GLOF are taken, e.g. installation of an 

early warning system, demarcation of inundation zones (Hegglin and Huggel, 2008).  

An example of a comprehensive hazard assessment procedure is a technical guidance 

document by GAPHAZ (2017) or a strategy prepared by ICIMOD (Ives et al., 2010), 

focused on the high-mountain region of Himalayas-Karakoram. 

Probability of a lake outburst and thus existence of a hazard is determined by lake dam 

stability and potential for an outburst triggering process (Richardson and Reynolds, 

2000a). Whether a lake is susceptible to failure, is commonly determined from dam 

material (ice, moraine, rock type), dam geometry (width-to-height ratio, freeboard, 

slope of a downstream side), dam inner structure (ice core, piping/seepage) or lake 
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characteristics (lake area and its changes, depth, volume, drainage type) (Worni et al., 

2013; Kougkoulos et al., 2018b). The possible external triggers (Fig. 3) of an outburst 

include impact of a mass into a lake (landslide, rock fall, ice/snow avalanche, calving 

glacier terminus), increased inflow (outburst of an upstream lake, heavy rainfall, intense 

snow/ice melt) or seismic activity (Clague and Evans, 2000; Yamada, 1998). The main 

mechanisms of a lake outburst are overtopping due to a displacement wave or increased 

volume, dam failure and drainage by subsurface channels. In the first case, a surface 

channel may be created by erosion, lead to further incision and lake water level 

lowering (so called progressive breach; Worni et al., 2014). A collapse of a dam is 

linked to weakened inner structure (moraine dam degradation due to melting buried ice, 

Richardson and Reynolds, 2000b) and can be initiated by a subsurface channel opening.  

A glacial lake can also drain, partially or completely, by subsurface channel opening, 

leaving the dam intact. This case is relatively common in Tien Shan (Erokhin et al., 

2018). 

 

 

Figure 3. Possible triggers of a glacial lake outburst flood. (Source: Westoby et al., 2014) 

 

With changing climate and expected further glacier retreat, a question of future lake 

outburst hazard situation arises (Dussaillant et al., 2010). Although it is hard to predict 

many aspects of a hazard development, some influencing factors can be well estimated 

or modelled. Possible shifts in temporal and spatial distribution of precipitation  

and higher mean air temperatures lead not only to glacier tongue recession (Sorg et al., 

2012), but also to a change in permafrost distribution and destabilization of slopes 

(Haeberli et al., 2017). Glacier melting pattern throughout the ablation season can 

change as well (Immerzeel et al., 2012), having consequences on lakes’ hydrological 

regime (and thus their stability) that are difficult to estimate. In terms of emergence of 
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new lakes in response to glacier retreat, focus has been put on modelling of glacier bed 

topography and detection of overdeepenings (Linsbauer et al., 2012; Frey et al., 2010). 

These newly formed lakes can present a new threat but also contribute to higher hazard 

in connection to downstream-lying ones, creating a precondition for a chain-reaction. 

 

2.3 Glacial hydrological regime 

Hydrological regime is commonly assigned to a stream, whereas lakes are described  

by their hydrological balance. However, in case of lakes with a notable inflow we can 

describe their hydrological regime on the basis of their water level fluctuation.  

To determine a lake’s regime, the major source of incoming water must be recognized. 

There are four main water sources that can contribute to a flow – it is glacier ice melt, 

snow melt, precipitation, and groundwater. In case of a glacial regime, glacier meltwater 

plays a dominant role; however, the other components can be present as well. The 

volume and/or share of each source on the flow changes throughout the year (Singh and 

Singh, 2001). In a flow with a typical glacial regime (if we take an example  

from the northern hemisphere), the ice melting contributes mainly from June/July  

to September, supplemented with snow meltwater from late April to June; a certain 

share comes upon precipitation (annual distribution dependent on a climate zone)  

and groundwater (minor intra-annual changes; Röthlisberger and Lang, 1987).  

A glacial hydrological regime can be described in different temporal scales, following  

a water level fluctuation during a day, its development in an ablation season, and also 

throughout a year – i.e. in a daily, seasonal, and annual time frame. A pronounced daily 

fluctuation is typical for a glacial regime and it has a distinct character (Singh and 

Singh, 2001). The lowest water level is observed in the morning a certain period of time 

after the ice melting starts. The water level (or discharge in case of a stream) rises  

till the afternoon when a peak occurs (a certain time after the sun’s culmination,  

i.e. highest intensity of melting). This time lag depends on a distance of the gauging 

station (or spot of measurement) from a glacier terminus and timing within an ablation 

season (Irvine-Fynn et al., 2011). Since the water level reaches its daily maximum,  

it declines until the next morning. The daily fluctuation occurs only during ablation 

season (mainly July and August) when glacier ice melts.  

There are also typical seasonal features characterizing glacial hydrological regime.  

Due to a changing share of snow melt in favour of ice melt in the first part  
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of an ablation season, the daily water level fluctuation changes. To be specific, the daily 

water level peaks become higher because glacier ice has much lower albedo than snow 

(and it becomes even lower with impurity accumulation) and thus melting is more 

intensive (Hock, 2005). Moreover, water storage capacity of ice is minor compared  

to the one of a snow cover. Not only the peak value, but also the amplitude of such 

fluctuation increases (Huss et al., 2007) because glacier melting is dampened during  

the night. The third distinct characteristic is an earlier occurrence of daily peak water 

level (Fig. 4). It is linked to the gradual development of glacier drainage channel 

network that becomes more effective and routes the meltwater faster to the glacier 

foreground (Nienow et al., 1998). 

 

 

Figure 4. Development of a daily amplitude of a glacier meltwater-fed stream. a) 1720 May, b) 1417 

June, c) 2326 June, d) 1922 July. (Source: Hubbard and Glasser, 2005) 

 

As mentioned before, the main component of glacial regime is glacier meltwater  

and thus the annual course of water level corresponds to that (Déry et al., 2009; Janský 

et al., 2011). During the winter, the flow is fed mainly by groundwater so it is rather low 

without notable daily or monthly changes (Nepal et al., 2016). By the end of April  

or in May, snow cover accumulated during the cold season starts to melt and the water 

level rises. The water level fluctuations are often on a several-day basis depending  

on the air temperature. More pronounced peaks that occur in this period can be linked  

to rain-on-snow events which cause accelerated melting (Singh et al., 1997). As a snow 
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cover of the lowest part of a glacier melts away, ice is exposed and its meltwater begin 

to contribute to the total runoff (usually during June). This brings subdued daily 

fluctuation which gradually develops and becomes more pronounced as the runoff share 

of ice meltwater increases. September or early October is characterized by subdued 

daily fluctuation and overall lower water level, followed bya drop to the base level 

values of a cold season. Summer liquid precipitation plays a certain role reflected  

in rainfall episodes and temporal increase of water level. In the glaciated basins 

influenced by summer monsoon (Thayyen and Gergan, 2010), the influence of rainfall 

is significantly higher (precipitation maximum overlaps with glacier melting 

maximum). Glacier, however, serves as an important balancing factor concerning 

runoff. When it comes to larger timescales, the larger the glacier-covered part  

of the basin, the lower inter-annual variability of runoff there is (Fleming and Clarke, 

2005; Moore et al., 2009). 

Hydrological regime is not monitored often at glacial lakes, the focus is mainly on lake 

area changes and its dam. However, lake’s hydrological conditions are considered one 

of the factors influencing lake hazard. McKillop and Clague (2007) mention knowledge 

of seepage, lake bathymetry and its changes as important information for understanding 

dam hydraulic conditions, Bolch et al. (2008) highlight knowledge gaps in subsurface 

glacier meltwater routing into a lake. It is often an ice-dammed lake that is studied also 

from the hydrological perspective as these lakes tend to burst repeatedly. Lake 

Merzbacher in central Tien Shan, Kyrgyzstan, could serve as an example. The lake is 

dammed by the southern branch of Inylchek Glacier and its outbursts have been 

recorded since the beginning of the 20th century (Glazirin, 2010). For that reason,  

the lake level has been monitored in order to forsee the upcoming outburst. Similar case 

is Görnersee, an ice-marginal lake situated at the confluence of two tributaries  

of the Gornergletscher, Switzerland. The annual regime of both lakes is very similar: 

they start to fill-up at the beginning of an ablation season and then drain abruptly  

by subglacial channels within several days (Huss et al., 2007). The level fluctuation  

of both Görnersee and Lake Merzbacher exhibit a certain development over  

the monitored period, leading to earlier timing of water release (Glazirin, 2010; Huss et 

al., 2007). This could be attributed to earlier onset of a melting season, more intensive 

melting, or thinning of the ice-dam and changes in its internal structure (Huss et al., 

2007). 
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2.4 Glacier meltwater passage and runoff changes in future 

A glacier meltwater component of a basin’s total runoff emerges on a surface and within 

glacier itself, passes through the glacier, then it may be delayed while passing through  

a proglacial area, to finally form a stream. Glacial drainage systems can be divided  

into a supraglacial, englacial, and subglacial one. Water from melting of glacier surface 

merges into streams that route the water off the glacier body, incising sinuous or even 

meandering channels (Cuffey and Paterson, 2010). The surface water system is 

connected with subglacial system by moulins and crevasses that route meltwater into 

the glacier (Fountain and Walder, 1998). The inner hydrological system could  

be described by concepts of channelized (Röthlisberger, 1972; Nye, 1976)  

and distributed drainage (Flowers and Clarke, 2002), seasonal changes between the two 

(Nienow et al., 1998), a fast (arborescent) or slow (non-arborescent) drainage system 

(linked-cavity network; Shreve, 1972; Fountain et al., 2005), where water flows 

according to hydraulic potential but its movement is also driven by differences  

in channels’ water pressure (Mathews, 1964). The complexity of water flow through  

a glacier is well summarized in a paper by Walder (2010). 

Proglacial area can have a substantial influence on glacial stream discharge 

characteristics. Meltwater can be delayed on the surface, when impounded  

in a depression as a proglacial lake, or when routed through underground channels. 

Proglacial landforms, such as a moraine complex or a rock glacier, represent a largely 

permeable environment through which water flows but are considered an important 

water storage as well (Jones et al., 2018a). Thanks to that, they have a significant impact 

on basin’s hydrology acting as ‘a buffer’, because their contribution can balance out low 

flows during a dry season or in arid climate (Croce and Milana, 2002; Rangecroft et al., 

2015; Duguay et al., 2015). Hydrological systems of these landforms are thus studied 

just due to their impact on a stream’s discharge (both its volume and timing of peaks; 

Langston et al., 2011; Jones et al., 2018b). Very useful methods uncovering  

the hydrological functioning of a such landform include a GPR survey, seismic 

refraction, tracer tests or analysis of chemical properties of water (Buchli et al., 2013; 

Langston et al., 2013; Krainer and Mostler, 2002; Penna et al., 2014). The underground 

flow is influenced by interaction with surface water bodies, presence of buried ice 

blocks and lenses, position of 0°C isotherm and presence of permafrost (Buchli et al., 

2013). Due to the complex inner structure of these landforms (layers and positions  

of varying permeability), routing of water through the system has dual character 
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(Winkler et al., 2016) – there is a fast flow closer to surface (flow velocity reaching  

up to 0.09 m3 s-1; Krainer and Mostler, 2002) and a deeper, slow flow which can delay 

water within the landform for months or even years (Pauritsch et al., 2017).  

Due to changing climatic conditions in mountain regions all over the world (Pepin et al., 

2015), changes in hydrological functioning of this ‘buffer area’ can be expected  

as a result of changing input (i.e. glacier runoff), melting of buried ice blocks  

or permafrost degradation (Cooper et al., 2011).  

Notable hydrological changes in high-altitude areas are expected due to overall 

warming throughout the 21st century (IPCC, 2014). As a result of more intensive glacier 

melting and thus long-term negative mass balance, most mountain glaciers are expected 

to shrink and cause a distinct change in runoff (Huss and Hock, 2018). The most 

prominent impact is expected at basins with rather dry climatic conditions where glacier 

meltwater signifies a vital water source (Milner et al., 2017). Also the underground 

water levels in proglacial area are expected to be affected by glacier retreat (Levy et al., 

2015). Most projections of future hydrological response of glaciated catchments are 

consistent regarding the general development (Lutz et al., 2014; Huss et al., 2010; Hagg 

et al., 2013) – earlier start of an ablation season and thus runoff from melting snow, 

followed by earlier onset of exposed glacier ice melting. The peak runoff will therefore 

shift from July/August to July and later to June (Bliss et al., 2014). The shift  

of a snowline to higher elevation will cause more precipitation to fall as rain instead  

of snow and so a basin will have lower snow storage capacity (Nepal et al., 2016). This 

will result in lowered base flow, which may initially seem like a minor problem, but  

in long-term (when glacier meltwater contribution to total runoff will be lowered)  

the insufficient recharge of groundwater may lead to serious trouble for water resource 

management (Nepal et al., 2016). The impact of the climate changes on hydrology  

of individual high-mountain regions are presented in numerous scientific papers; here is 

an example from the Himalayas (Miller et al., 2012), the Tien Shan (Sorg et al., 2012), 

the Alps (Huss, 2011), the Canadian Rocky mountains (Stahl et al., 2008), or the Andes 

(Vuille et al., 2008). The overall prolongation of ablation season and variations  

in glacier runoff pattern will also lead to changes in proglacial lakes’ hydrological 

regime and hardly predictable effect on their stability. 
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3. Applied methods and data 

The first part of this chapter is dedicated to the description of the study site‘s (3.1).  

The following subsections describe the methods used to investigate the formation  

and development of proglacial lakes (3.2), hydrological conditions of the site (3.3),  

and to assess lake outburst susceptibility (3.4).  

 

3.1 The study site 

The study site (42°30’10’’ N, 74°26’20’’ E; Fig. 5), a glacier-moraine complex 

Adygine, consists of a relatively small-sized glacier (area of 2.8 km2), a three-level 

cascade of lakes of varying age and type, and a large morainic landform with buried ice. 

The proglacial lakes formed after recession of the glacier tongue, the first (Lake 2) 

appearing around 1960 behind a rock outcrop (3540 m a.s.l.), the second (Lake 1)  

in the late 1980s in a morainic depression (3450 m a.s.l.), and the last generation  

of lakes has emerged in the proximity of the current terminus position (3600 m a.s.l.) 

since 2005. All these lakes are fed by glacier meltwater and are interconnected  

by surface or subsurface channels. The lakes’ development is linked to the glacier (lake 

growth when in contact with the tongue), meltwater routing, character of a basin  

and subsurface drainage channels, and melting of buried ice in the lake’s vicinity.  

On the morainic landform in the lower part of the complex, there are also a number  

of tarns - small ponds of meltwater without surface inflow or outflow, which formed  

as a result of thermokarst processes.  

After reaching the glacier terminus, the meltwater continues via two main routes: larger 

part through small proglacial lakes to Lake 2 and by a surface channel to Lake 1; eastern 

part of the glacier is drained by sub- or englacial channels into Lake 3 and then water 

flows below surface into Lake 1. As this lake is situated in a deep morainic depression, 

it is drained solely by subsurface channels. It is therefore the lowest spot where water 

flows on the surface. The meltwater emerges to the surface forming a stream only  

after more than 3 km, at an elevation of 2900 m a.s.l.  

The site was selected for further research due to several reasons. First, the glacier itself  

is a good representative of glaciers in the region. Compared to those within the Kyrgyz 

Ridge, it is actually of medium size (Bolch, 2015). Because of its fast retreat, it is 

possible to observe dynamic changes of the proglacial area in a relatively short time  

(60 years). Several generations of moraines, large amounts of perennially frozen 
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creeping debris mixed with buried ice blocks, complete the overall complex appearance 

of the site, which shows favourable conditions for lake formation. Also, the possibility 

to study development of different lake types at one site is an advantage. Some lakes are 

in the early stage of the development, others are stagnant or their basins are filled  

with sediments. Finally, the site’s position increases its importance, especially in terms 

of creating an outburst hazard assessment. The Adygine valley is a left tributary  

of the Ala Archa valley, where a well visited National Park was established in 1976. 

The main valley is then directing all the meltwater through several villages towards  

the Kyrgyz capital, Bishkek, which is only about 40 km distant. 

 

 

Figure 5. The study site Adygine in the Kyrgyz Ridge, northern Tien Shan. The numbers 1-7 refer to 

studied proglacial lakes. The site’s position marked with an arrow on the map of Kyrgyzstan, upper left 

corner. 
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3.2 Formation and development of the lakes 

First, the possible extent of the problematics in the study site’s region was investigated.  

In order to assess the number of glacial lakes in the Kyrgyz Ala-Too, freely available 

multispectral satellite images from USGS portal Earth Explorer were used. After 

merging the individual images into a mosaic, a normalized difference water index  

(NDWI = [NIR-blue] / [NIR+blue]) was applied, which is commonly used to detect 

water bodies (Bolch et al., 2008). Manual corrections of the automatically delineated 

areas (e.g. misclassification of shadows) improved the result.  

In terms of the study site, we analysed the gradual glacier terminus retreat and resulting 

formation of lakes based on analysis of historical aerial and satellite imagery. The oldest 

aerial images of the site date back to 1962 (scale of the survey: 1:38 600, image 

resolution: 1 m) and were acquired from the Integrated Kyrgyz Hydrogeological 

Expedition under Kyrgyz State Committee for Industry, Energy and Subsoil Use, 

Bishkek, Kyrgyzstan. The satellite imagery includes freely available Landsat data 

accessible via USGS portal, but also a purchased VHR image from WorldView-2.  

The glacier terminus outline and lakes’ shoreline were vectorised manually based  

on individual orthorectified images. The spatial resolution of the images vary from 30 m 

(Landsat) to 2 m (WorldView-2), however, for the scope of the approximate dating  

of lakes formation, it is sufficient. The lakes’s spatial development and further terminus 

retreat has been observed in detail since 2007 by means of geodetic surveying. A system 

of control points was established at the site in order to create reference for the mapping 

results of the individual years. The total station Leica TCR 705 with a reflective prism 

was used, accuracy of the measurement is 0.005 m.  

As lake development isn’t limited to its areal extent, so the lake basins have been 

surveyed repeatedly as well since 2008. The method of bathymetric measurement is 

described in detail by Šobr and Česák (2005). We used an echo sounder (Garmin 

Fishfinder) mounted to a boat and measured lake depths at previously determined 

profiles with a step of 2.5 or 5 meters (the latter used at the largest lake). The data points 

were processed in ArcMap (ESRI software) and a suitable interpolation method was 

applied. With regard to the expected gradual changes in basin morphometry  

and irregular distribution of data points (due to measurement along profiles), the most 

suitable method proved to be Kriging. A volumetric curve (showing dependence of lake 

volume on depth) was created for each lake. Based on the curve and known lake water 
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level (3.3), volumetric changes of lakes could be determined both inter-annually  

and on a daily scale.  

3.3 Hydrology of the site 

In order to determine and monitor hydrological regime of the site, pressure sensors 

(Levelogger M5, Solinst) were installed in the main three lakes which are fed by glacier 

meltwater. These sensors measure lake water level fluctuation based on differences  

of absolute pressure (i.e. water (gauge) pressure + atmospheric pressure).  

To compensate for atmospheric pressure changes, data from a barometer (Barologger 

Edge, Solinst) installed at the site were used. The lake water level is recorded  

in 30-minute steps with accuracy of 0.006 m. The longest data series is available  

for Lake 2 (20072017), the other two lakes were monitored in the period  

of 20122015. The data processing and further analysis were carried out in R software. 

The lake level fluctuation data were supplemented with meteorological data (mainly air 

temperature) from automated weather stations installed at the site at the altitude  

of 3550 m and 3700 m a.s.l.  

The glacier meltwater flows mainly through subsurface channels in the proglacial area, 

thus it is problematic to measure the total discharge. The only spot where a discharge 

measurement is possible is the surface stream leading water from Lake 2 to Lake 1.  

We measured the flow rate (35 August 2012) with a hydraulic propeller (OTT C2)  

in accordance with ČSN ISO 748 at 19 verticals with a 0.5 m steps. A rating curve was 

established based on the measured flow rates and the respective water level values.  

The calculated discharges (for every water level value, i.e. in 0.5-hour steps) served  

to quantify the water volume which passes through the lake on a daily, monthly,  

or seasonal scale. Unfortunately, the same could not be carried out for Lake 3, through 

which meltwater from the eastern part of the glacier’s watershed is transported, as both 

inflow and outflow from the lake are of subsurface character. 

Besides the main lakes, small tarns situated on the glacio-morainic landform were 

studied in terms of their possible linkage to groundwater. These ponds, having  

no surface inflow or outflow, differ in water colour (turbidity), thus were suspected  

to have varying level of subsurface meltwater recharge. Water from the tarns was 

sampled (25 July 2017) in order to have it analysed for ratio of stable isotopes  

of oxygen (18O) and hydrogen (2H). The analysis was carried out in the Isotopic 

laboratory in Ceske Budejovice, Academy of Sciences of the Czech Republic.  
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The resulting values of individual lakes were compared with the ratio found at the main 

lakes and also in solid precipitation at the site. Similarity to the lakes fed by glacier 

meltwater would suggest significant share of glacier meltwater recharge in a tarn’s 

balance. Samples enriched in heavy isotopes or having lower D-excess value could,  

on the contrary, point to notable influence of liquid (summer) precipitation or influence 

of evaporation (Fig. 6). To check the correctness of the results and to put it in a broader 

perspective, freely available data from the region were used. Through the Nucleus portal 

of the International Atomic Energy Agency (IAEA), data from Global network  

of isotopes in precipitation and in rivers (GNIP and GNIR databases) were employed 

for comparison. 

 

 

Figure 6. Summary of effects of climate and hydrological processes on isotopic composition of water.  

(Source: Clark and Fritz, 1997) 

 

At last, to examine the underground meltwater passage through the morainic material  

to a stream, a dye tracer test was carried out (2224 July 2017). A fluorescent dye called 

uranine (Fluorescein Sodium salt) was selected for this purpose as it is non-toxic, 

readily soluble in water, and it is detectable even in very low concentration  

(10-12 g ml-1). The disadvantages include lowering dye detectability with low pH 

(fluorescence at 50% of maxima when pH is 6.5, Käss 1998), light sensitivity,  

and adsorption onto organic matter. In our case, the pH of water is sufficiently high 

(7.2), significant sorption of the dye is not probable, and the test was planned  
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for the night time. An amount of 3000 g of uranine was injected to Lake 1 because  

from there on, the meltwater is routed only below the surface. The water samples were 

collected in 1-hour intervals from a stream, 3100 m downstream from the injection spot 

(straight-line distance). As a back-up, three passive samplers with granulated charcoal 

were installed in the stream. Before the test itself, blank samples were collected  

to establish background concentrations. The samples were analysed in a fluorometer 

(LS55, Perkin Elmer) with an excitation wavelength of 492 mm, the uranine emission 

peak was observed at the intensity of 512 mm. The height of the resulting peak was 

compared to the standard concentrations of 10-1010-12 g ml-1, and a breakthrough curve 

was plotted. 

 

3.4 Lake outburst susceptibility 

The research on lake outburst susceptibility was initiated with a scientific literature 

search of GLOF cases in Asian high-mountain areas. The cases were categorized 

according to the outburst causes, mountain ranges, and date of occurrence. Temporal 

analysis was carried out focusing on GLOF occurrence throughout the 20th century  

and distribution of the cases within an ablation season.  

In order to assess the possible triggers of lake outburst at the site, a combination  

of repeated field mapping, analysis of DEM and satellite images was applied.  

The global 1-arcsecond SRTM DEM (resolution of ~30 m) served to assess steepness  

of slopes (surrounding the lakes) that could be a spot of initiation of a gravitational 

process such as rock fall, landslide, or snow/ice avalanche. Information on development 

of the site’s geomorphological features were derived from temporal series of satellite 

images available through Google Earth platform. These include buried ice exposure, 

erosion of lake banks or changes in surface channel network. Other possible triggers 

(mainly connected to lake dam stability and hydrological conditions of the site) had  

to be evaluated according to the results of a field survey. Hydrological methods applied 

at the site are described in Section 3.3, for examination of inner dam stability,  

a geophysical survey was carried out in 2008 by a company G Impuls Praha spol. s r.o. 

Methods of electrical resistivity tomography and spontaneous polarisation were used  

to investigate presence (and depth) of buried ice and seepage routes leading through  

a dam. 
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The parameters characterizing lake’s susceptibility to burst and cause flooding were 

selected according to the regional characteristics and based on knowledge of previous 

outburst cases in the region. The qualitative assessment scheme of the outburst hazard 

draws also from several published assessment procedures (Ives et al., 2010; Allen et al., 

2016; Frey et al., 2010; and Huggel et al., 2004). The total hazard is introduced  

as a combination of a lake’s susceptibility to burst and presence of possible triggers that 

have capacity to cause outburst. 

Future development of the site is built upon results of glacier evolution model (GERM, 

Huss et al., 2008). Because of the expected reduction of the glacier area extent in 2050,  

the topography of the glacier bed was calculated by subtraction of a glacier thickness 

layer from the DEM. The glacier ice thickness values were obtained from a GPR 

(ground penetrating radar) survey carried out in 2012 by Dr. Z. Engel. With the known 

exposed topography, potential spots for formation of new lakes were identified 

(detection of overdeepenings in ArcMap software). Besides formation of new lakes, 

there are other factors that could influence the outburst hazard in the future –  

e.g. changes in glacier runoff which would have an impact on hydrological regime  

of lakes. 
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Figure 7. Proglacial area below the Adygine glacier. View from the south-west, July 2012. 
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5.2 Lakes‘ development and related outburst susceptibility 
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5.3 Hydrological regime of a proglacial lake 
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5.4 Glacial meltwater flow through proglacial area 
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6. Conclusions and discussion 

 

The problematics of glacial lake development and hydrological conditions  

of a proglacial area was addressed within four scientific papers presented in the result 

section of this thesis. Here is the summary of results and linkage of the individual 

findings: 

- Lake development is strongly influenced by the contact with a glacier and presence  

of buried ice (ice-rich debris) in basin bottom and sides. Lakes in intramorainic 

depression thus have their development linked to buried glacier remnants, ice blocks 

and lenses within debris accumulations. 

- The most common type of glacial lake and also an outburst trigger (mechanism) varies 

across mountain areas. In the studied region, the typical lake is formed  

in an intramorainic depression and its sudden drainage is often caused by subsurface 

channel opening. In relation to that, an assessment procedure adapted to regional 

conditions is used to evaluate lake outburst susceptibility. 

- Change of outburst susceptibility in future will be linked to permafrost degradation 

(slope failures), buried ice exposure and melting, formation of new lakes  

in overdeepenings of the exposed glacier bed, and also change in glacier runoff regime. 

The ablation season is expected to last longer, snow melting to occur earlier and shift 

exposure and melting of glacier ice to earlier time of a year. Lake stability may be 

influenced by varied meltwater inflow and temporal distribution of outburst cases will 

likely change its pattern.  

- As the lakes are fed by glacier meltwater, monitoring of lake water level fluctuations 

provided useful information on daily and seasonal variations of glacier meltwater 

runoff. The proglacial lakes showed a typical glacial regime – during an ablation 

season, there was a distinct evolution of several water level fluctuation characteristics, 

namely daily amplitude, timing of daily peak, and time lag of daily peak after air 

temperature maximum. Water level fluctuation during a cold season, when inflow  

from glacier is very low, revealed properties of lakes’ subsurface drainage system 

(changes in drainage channels capacity, their depth below surface). 

- A dye tracer test helped to describe characteristics of water passage through  

the proglacial environment. According to the observed dye concentrations in the stream, 
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the morainic landform involves a dual system – small part of incoming water is routed 

efficiently to the stream, larger part is delayed in the system. This system was also 

described in some moraine complexes and rock glaciers. By comparing the water 

isotopic composition of individual lakes, the influence of meltwater on a lake’s balance 

was determined. Similarity of isotopic composition between several tarns in the moraine 

complex and glacier-fed lakes suggest that the tarns have subsurface connection  

to the meltwater. 

There are several thematic areas that were not addressed thoroughly in this thesis,  

either due to the lack of data, time, resources, or due to the relatively wide thematic 

scope of this work. One of them is the role of permafrost in the proglacial lake 

development, their outburst susceptibility, and subsurface water routing. According  

to the scientific literature and the mean annual air temperature of the site, the upper part 

of the study site is very likely within the continual permafrost zone, the lower part 

(morainic complex at ~3500 m a.s.l.) is within the discontinual permafrost zone. 

However, to describe, for example, the role of permafrost in subsurface drainage system 

of the lower parts in more detail, precise borehole or geophysical data would be 

necessary.  

Also, proper hydrological balance of the main lakes could not be determined as most  

of the lakes’ inflow and outflow is below the surface and thus hard to quantify.  

The summer inflow rates of Lake 2 were estimated based on the discharge 

measurements of the lake’s surface outflow and approximate capacity of the subsurface 

drainage channels (based on the cold season water level decline). However, without 

further knowledge of the lake’s watershed (englacial meltwater routing), the share  

of glacial meltwater passing through this lake (and also the total glacier runoff) cannot 

be determined.  

The comparison of stable water isotopes share in individual water bodies yielded certain 

results, showing distinctive differences among the tarns. These first-step findings could 

be build upon with further analyses of stable water isotopic changes within an ablation 

season and over the course of several years. The data could indicate possible changes  

in the drainage system of the moraine complex resulting from melting of buried ice  

or permafrost degradation. 
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