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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 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 determine 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.

Key words: Glacial lake, Proglacial area, Lake outburst, Hydrological regime, Glacial
meltwater



Abstrakt

Prace se zabyva hydrologickymi poméry v proglacidlnim prostiedi, se zaméfenim na vyvoj
ledovcovych jezer a zhodnoceni jejich nachylnosti k privalu. Studovanou lokalitou je
ledovcovo-morénovy komplex Adygine, nachazejici se v severné orientovaném udoli v pohofi
severni Tien Shan, Kyrgyzstan, v nadmoiské vysce 3400-4200 m n. m. Ustupujici ledovec
podminil za poslednich 50 let vznik n¢kolika jezer, jez lezi ve tfech vySkovych trovnich a maji
hydrologické propojeni s ledovcem. Pod ¢elem ledovce se nachézi komplex ne€kolika generaci
morén, jimz je tavna voda z ledovce odvadéna z lokality. Cili prace bylo vyhodnotit dosavadni
vyvoj jednotlivych jezer, jejich nachylnost k nahlému vyprazdnéni a mozné pficiny, zjistit
pravdépodobny vyvoj lokality v budoucnu, analyzovat hydrologicky rezim jezer a ziskat blizsi
informace o podpovrchovém proudéni vody z lokality do toku. Pro ucely vyhodnoceni vyvoje
jezer byla pouzita data ziskana v terénu (geodetické zamétovani biehové linie, batymetricka
meéteni), ale 1 satelitni a letecké snimky. Kolisani hladiny jezer bylo sledovdno pomoci
tlakovych cidel a zpracovani téchto dat umoznilo analyzovat hydrologicky rezim téchto jezer
v dennim, sezénnim a ro¢nim méfitku. Pro Gcely zhodnoceni néchylnosti jezer k pravalu byl
vytvoren regiondlné¢ zaméieny postup vyuzivajici data a pozorovani z terénu i digitalni mapové
podklady. Pravdépodobny dalsi vyvoj lokality (ustup ledovce, vznik novych jezer) byl
pfedstaven pomoci vystupli z modelu GERM. Na zavér byl zkoumén prichod tavné vody
podpovrchovymi cestami v morénovém komplexu - spojeni mezi spodnim jezerem a stalym
ledovcovym tokem bylo testovano pomoci stopovaciho barviva. Podle zjisténych koncentraci
barviva v toku bylo mozné urcit dobu prichodu vody i silné nafedéni oznacené vody
v systému. Napojeni malych termokrasovych jezirek nachéazejicich se v morénovém komplexu
na tavnou vodu z ledovce bylo zji§téno pomoci analyzy izotopového slozeni jejich vody.
Nektera jezirka skutecné vykazovala velmi podobné sloZeni vody jako velka jezera napdjena
vodou z ledovce, u jinych se prokéazal jen ¢asteCny nebo velmi maly vliv tavné vody na jejich

hydrologickou bilanci.

Klicova slova: Ledovcové jezero, Proglacidlni prostfedi, Prival jezera, Hydrologicky rezim,

Ledovcova tavna voda



1. Introduction

In the new millennium, the pronounced retreat of mountain glaciers in high-altitude regions
of the world (Barry, 2006; Radi¢ 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; 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.

2. Aims of the study

The aim of the thesis was to investigate the proglacial lakes dynamics and water flow
from glacier to a stream. 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;

- To summarize circumstances of GLOF cases in high-mountain Asia;

- To investigate subsurface water passage through a glacio-morainic complex to a stream.

3. Material and methods

The study site is the Adygine glacial-morainic complex, a north-facing valley of the Kyrgyz
Ridge, northern Tien Shan, Kyrgyzstan, at an altitude of 3400-4200 m a.s.l. (Fig. 1).

3.1 Development of the lakes

The gradual glacier terminus retreat and resulting formation of lakes was analysed based
on the 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). The satellite imagery includes
freely available Landsat data accessible via USGS portal, but also a purchased VHR image
from WorldView-2. The lakes’ spatial development and further terminus retreat has been
observed in detail since 2007 by means of geodetic surveying. The total station Leica TCR 705



with a reflective prism was used, accuracy of the measurement is 0.005 m. Since 2008, the lake
basins have been surveyed repeatedly with an echosounder (Garmin Fishfinder). The method
of bathymetric measurement is described in detail by Sobr and Ceséak (2005).

- Proglacial lakes
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Figure 1. 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.

3.2 Hydrology of the site

In order to determine and monitor hydrological regime of the site, pressure sensors (Levelogger
M35, Solinst) were installed in the main three lakes which are fed by glacier meltwater. 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 (2007-2017), the other two lakes (Lake 1 and 3) were monitored in the
period of 2012-2015. The lake level fluctuation data were supplemented with meteorological
data from automated weather stations installed at the site at the altitude of 3550 m and
3700 m a.s.l. At the outflow from Lake 2, we measured the flow rate (3—5 August 2012)
with a hydraulic propeller (OTT C2) in accordance with CSN ISO 748. A rating curve was
established based on the measured flow rates and the respective water level values.



Besides the main lakes, small tarns situated on the glacio-morainic landform were studied
in terms of their possible linkage to meltwater. Water from the tarns was sampled (25 July
2017) in order to have it analysed for ratio of stable isotopes of '*O and *H. The analysis was
carried out in the Isotopic laboratory in Ceske Budejovice, Academy of Sciences of the Czech
Republic.

At last, to examine the underground meltwater passage through the morainic landform
to a stream, a dye tracer test was carried out (22—24 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 at very low concentration (107'2 g ml™!). An amount
of 3000 g of uranine was injected to Lake 1. The water samples were collected in 1-hour
intervals from a stream, 3100 m downstream from the injection spot. 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 10711012 g mlI”!', and a breakthrough
curve was plotted.

3.3 Lake outburst susceptibility

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
I-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. 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 the dam.

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 inner
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). 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, ESRI).

4. Results and discussion

The problematics of glacial lake development and hydrological conditions of a proglacial area
was addressed within four scientific papers. Here is the summary of results and linkage
of the individual findings:



- Lake development (Fig. 2) 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, 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. Besides that,
measurement of precipitation totals at this exposed site was rather unsuccessful. The summer
inflow rates of Lake 2 were estimated based on the discharge measurements of the lake’s
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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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Figure 2. Bathymetric map and area changes of Lake 3 between 2007 and 2017.

5. Conclusions

Development of lakes in proglacial area can be, besides contact with a glacier terminus, linked
to melting of buried ice blocks and lenses; in that case, the position of 0°C isotherm plays
a major role. Mechanism and trigger of lake outburst differs from region to region and thus
the susceptibility assessment should be adjusted to local environment. In our case, an important
factor is lake’s drainage system, which can represent a weak point. Proglacial lakes are
the obvious hydrological features of glacier forefield, however, large volume of water can be
stored in proglacial landforms (moraine complexes, rock glaciers), which have potential
to balance out variations in glacier runoff.






1. Uvod

V novém tisicileti se vyrazny ustup ledovcti ve vysokohorskych oblastech svéta (Barry, 2006,
Radi¢ a kol., 2014, Zemp a kol., 2015) a jeho disledky staly vSudypfitomnym tématem
na geovédnich setkanich a konferencich, bylo publikovano nespocet védeckych praci
zamétenych na rizné aspekty této problematiky. Jednim z dasledkd ustupu ledoveti jsou zmény
v hydrologickych podminkéach proglacidlniho prostiedi (Yao et al., 2007; Moore et al., 2009;
Huss et al., 2010; Bliss et al., 2014), které jsou vysledkem méniciho se pritoku tavné vody
a geomorfologickych zmén prostfedi. Tavna voda z ledovce je dilezitou slozkou odtoku
v ledovcovych povodich, zadsobuje tok predevsim v letni sezon€ a je nepostradatelnym zdrojem
vody v mnoha oblastech (Bradley et al., 2006, Yao et al., 2007, Akhtar et al., 2008; Sorg et al.,
2012). Vedle piinost, které ptfindsi jako zdroj vody pro zemédé€lstvi ¢i vyrobu energie, tavna
voda nahromadéna v depresich tvofici ledovcova jezera mize piedstavovat hrozbu pro nize
lezici sidla a infrastrukturu. Proglacidlni prostfedi je oblast pfed ledovcovym celem, ktera
vznikla poté, co ledovec ustoupil do vyssi nadmotské vysky a zanechal za sebou morénové
akumulace. Jeho dynamika souvisi také s pritomnosti permafrostu a jeho degradaci,
odhalovanim a tanim pohibeného ledu a ucinkem (erozni, tepelny) vody protékajici timto
prostfedim. Vzhledem k tomu, Ze toto specifické hydrologické prostedi kontroluje prichod
vody z ledovce do toku a mé tak potencidl zménit odtok z povodi, je dulezité prohlubovat
znalosti o jeho hydrologickém fungovani.

2. Cile prace

Cilem prace bylo analyzovat dynamiku proglacialnich jezer a prichod vody z ledovce do toku.
Jednotlivé cile byly nésledujici:

- Vyhodnotit vznik a vyvoj ledovcovych jezer v souvislosti s tstupem ledovce;
- Monitorovat a vyhodnotit hydrologicky reZim proglacialnich jezer;

- Shrnout okolnosti piipadt privali jezer ve vysokohorské Asii;

- Vytvofit regionalni postup zhodnoceni nachylnosti jezer k pravalu;

- Prozkoumat prichod vody skrze morénovy komplex do toku.

3. Material a metodika

Studovanou lokalitou je ledovcovo-morénovy komplex Adygine, nachazejici se v severné
orientovaném udoli Kyrgyzského hibetu, severni Tien Shan, Kyrgyzstan, v nadmotské vySce
3400-4200 m a.s. (Obr. 1).

3.1 Vyvoj jezer

Postupny Ustup ledovcového cela a vznik jezer byl analyzovan na zéklad¢ historickych
leteckych a satelitnich snimka. Nejstarsi letecké snimky tohoto mista pochazeji z roku 1962
(meftitko: 1:38 600, rozliSeni: 1 m). Déle byly pouzity satelitni snimky - voln¢ dostupna data
Landsat pfistupnd pies portdl USGS a snimek s velmi vysokym rozliSenim WorldView-2



zroku 2011. Zmény v rozloze jezer jsou od roku 2007 zaznamenavany pomoci geodetickych
meéieni. Byla pouzita totalni stanice Leica TCR 705 s reflexnim hranolem, pfesnost méteni
je 0,005 m. Od roku 2008 byla také opakované métena hloubka jezer pomoci sonaru (Garmin
Fishfinder); metoda batymetrického méfeni je podrobné popséana v praci Sobr a Cesak (2005).

Ledovec
- Proglacialni jezera

Termokras. jezera
e Tlakovy sensor

A  Meteo stanice

——— GPR profil
ERT profil

Povrchovy tok

Podpovrchovy tok

Obrazek 1. Studovana lokalita Adygine v Kyrgyzském hibetu, severni Tien Shan. Cisla 1-7
odpovidaji proglacidlnim jezertm. Poloha lokality oznacena Sipkou na map¢ Kyrgyzstanu, levy
horni roh.

3.2 Hydrologické poméry lokality

Za ucelem monitorovani hydrologického rezimu byly ve tfech hlavnich jezerech, kterd jsou
napdjena ledovcovou tavnou vodou, instalovany snimace tlaku (Levelogger M5, Solinst).
Hladina vody v jezefe byla zaznamenéavana v 30-ti minutovych intervalech s ptesnosti 0,006 m.
Nejdelsi datova fada je dostupné pro Jezero 2 (2007-2017), dalsi dve jezera (Jezero 1 a 3) byla
sledovana v obdobi 2012-2015. Udaje o kolisani hladiny jezer byly doplnény
meteorologickymi daty z automatickych meteorologickych stanic instalovanych v nadmoiské
vysce 3550 m a 3700 m n.m. Pfi odtoku z Jezera 2 byl zméfen pritok (3.-5. srpna 2012)
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pomoci hydraulické vrtule (OTT C2) v souladu s CSN ISO 748. Mér4 kiivka prutokd byla
vytvotfena na zakladé namétenych pratoki a ptislusnych hodnot vysky hladiny.

Vedle hlavnich jezer byla studovana také mala termokrasova jezirka, kterd se nachazeji
v morénovém komplexu; zkouméno bylo jejich mozné napojeni na podpovrchovy odtok tavné
vody z lokality. Voda z téchto jezer byla odebrana (25.7. 2017) kviili analyze poméru stabilnich
izotopti '®0 a ?H. Analyza byla provedena v izotopové laboratoii v Ceskych Budgjovicich,
Akademie véd Ceské republiky.

K prozkoumani podpovrchového toku tavné vody morénou byla provedena stopovaci zkouska
(22.-24.7. 2017). Pro tento ucel bylo vybrano fluorescen¢ni barvivo nazvané uranin (sodna siil
fluoresceinu), protoze je netoxické, snadno rozpustné ve vode a je detekovatelné i pfi velmi
nizké koncentraci (1072 g ml™!). Do Jezera 1 bylo injektovano 3000 g uraninu. Vzorky vody
byly odebirany z toku v hodinovych intervalech, v misté vzdaleném 3100 m od mista injektace.
Vzorky byly analyzovany ve fluorometru (LS55, Perkin Elmer) s excitacni vinovou délkou
492 mm, vrchol emise uranu byl pozorovan pfi intenzit¢ 512 mm. Vyska vysledného vrcholu
byla srovnavéna se standardnimi koncentracemi 10'% - 10" g ml™!.

3.3 Nachylnost jezer k pravalu

Za Ucelem posouzeni moznych spousStécl privalu jezer byla pouzita kombinace mapovani
v terénu, analyzy DEM a satelitnich snimk. Digitalni model terénu SRTM (rozliSeni ~30 m)
slouzil k posouzeni sklonitosti svahli v okoli jezer, které by mohly byt mistem zahajeni
gravitacniho procesu, jako je skalni ficeni, sesuv nebo lavina. Geofyzikalni prizkum provedeny
v roce 2008 spolecnosti G Impuls Praha spol. s r.0. (metoda elektrické odporové tomografie)
slouzil ke zjisténi pfitomnosti pohibené¢ho ledu a prisakovych cest skrz hraz jezer.

Parametry charakterizujici nachylnost jezera k pruvalu a vzniku povodné byly vybrany podle
regionalnich charakteristik a zalozené na znalostech z ptedchozich ptipadi privall v regionu.
Schéma kvalitativniho posouzeni nachylnosti k pritvalu cerpa také z né€kolika publikovanych
postupll hodnoceni (Ives et al., 2010, Allen a kol., 2016, Frey et al., 2010 a Huggel a kol.,
2004). Celkové nebezpeci je piedstaveno jako kombinace néachylnosti samotného jezera
a pritomnosti moznych spoustéct, které mohou prival vyvolat. Odhad budouciho vyvoje
lokality je zaloZen na vysledcich modelu GERM (Huss et al., 2008). Na casti reliéfu, kde se
kolem roku 2050 pfedpoklada uplné zmizeni ledovce, byla identifikovdna potencialni mista pro
vznik novych jezer. Hodnoty mocnosti ledu byly ziskany z prizkumu pomoci georadaru, ktery
v roce 2012 provedl Doc. Z. Engel.

4. Vysledky a diskuse

Problematika vyvoje ledovcovych jezer a hydrologickych podminek proglacidlni oblasti byla
feSena v ramci Ctyf odbornych ¢lankd. Zde je shrnuti vysledkii a propojeni jednotlivych
zjisténi:

- Vyvoj jezer (Obr. 2) je siln€ ovlivnén kontaktem s ledovcem a ptitomnosti pohibeného ledu
a promrzlého materidlu tvoficiho jezerni panev. Jezera ve vnitromorénové depresi tak maji sviij
vyvoj spojeny predevsim s pozustatky ledovce a ledovych ¢ocek v morénovych akumulacich.
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- Nejbéznéjsi typ ledovcového jezera a také spoustéci mechanismus privalu se v horskych
oblastech 1i§i. Ve studované oblasti se jezera nejCastéji vytvaii ve vnitromorénové depresi
a jejich nahlé vyprazdnéni je casto umoznéno podpovrchovymi odtokovymi cestami.
V souvislosti s tim se k vyhodnoceni nachylnosti jezer k privalu pouziva postup hodnoceni
ptizpisobeny mistnim podminkam.

- Zména nachylnosti k privalu bude v budoucnu pravdépodobné spojena s degradaci
permafrostu (poruchy stability svahu), s obnazenim a tdnim pohibeného ledu, vznikem novych
jezer v odlednénych ¢astech terénu a také se zménou rezimu ledovcového odtoku. Ocekava se,
ze ablacni sezéona bude oproti soucasnosti delSi, tdni sn¢hu zacne diive a tim dojde

v rezimu pritékajici tavné vody a nacasovani pravall jezer se pravdépodobné zméeni.

- Jelikoz jsou jezera napdjena tavnou vodou z ledovce, sledovani kolisani hladiny v jezete
poskytlo uzitecné informace o dennich a sezénnich zménach odtoku z ledovce. Proglacialni
jezera vykazuji typicky ledovcovy rezim - béhem abla¢niho obdobi dochazi k vyvoji nékolika
charakteristik kolisani hladiny, jmenovit¢ denni amplitudy, nacasovani denniho maxima
a ¢asového zpozdéni denniho maxima za maximalni teplotou vzduchu. Kolisani hladiny vody
v chladné sezong, kdy je ptitok z ledovce minimalni, odhalilo vice o vlastnostech podzemniho
odvodiiovaciho systému jezer (zmény kapacity odvodiovacich kanald, jejich hloubka
pod povrchem).

- Stopovaci zkouska pomohla popsat parametry prichodu vody proglacidlnim prostfedim.
Podle zjisténych koncentraci barviva v toku se zda, Ze vramci morénového komplexu
se vyvinul dvoji systém odtoku - malé ¢ast prichozi vody je efektivné odvadéna do toku, vétsi
¢ast je zpozdéna v systému. Porovnanim izotopového slozeni vody jednotlivych jezer se urcil
vliv tavné vody na jejich hydrologickou bilanci. Podobnost izotopového slozeni nékolika
jezirek v morénovém komplexu s ledovcem napajenymi jezery naznacuje jejich podpovrchové
spojeni s odtokovym systémem.

Existuje nékolik tematickych okruhi, které nebyly v této praci feSeny do hloubky, at’ jiz kvili
nedostatku dat, Casu, zdroji nebo kvili relativné Sirokému tematickému zabéru této prace.
Jednim z nich je role permafrostu ve vyvoji proglacidlnich jezer, jejich nachylnosti k privalu
a v podpovrchovém proudéni vody. Na zakladé odborné literatury a primérné rocni teploty
vzduchu v lokalité je horni ¢ast lokality velmi pravdépodobné v souvislé zoné¢ permafrostu,
dolni ¢ast (morénovy komplex ve vySce pifiblizn€ 3500 m n.m.) se nachazi v nesouvislé¢ zoné
permafrostu. Nicméné pro podrobnéjs$i popis naptiklad role permafrostu v podpovrchovém
odtokovém systému morénového komplexu by byla nezbytnd pfesnd data z vrtd
nebo geofyzikalnich méfeni.

RovnéZ nebylo mozné ur¢it hydrologickou bilanci hlavnich studovanych jezer, protoZe vétSina
pritokli a odtokll je vedena pod povrchem a je tak obtizné je kvantifikovat. Mimo to
se dlouhodobé nedafilo zajistit spolehlivé méfeni srazkovych thrnti na této lokalité. Ptitok
do Jezera 2 byl odhadnut na zékladé¢ méteni pritoku povrchového odtoku z jezera a piiblizné
kapacity jeho podpovrchovych odtokovych kanali (na zakladé poklesu hladiny v chladném
obdobi). Nicmén¢ bez znalosti rozsahu povodi tohoto jezera (rozmisténi vnitroledovcovych
odtokovych kanall) nebylo mozné urcit podil ledovcové tavné vody prochazejici timto jezerem
ani celkovy odtok z ledovce.
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Porovnani podilu stabilnich izotopi vody v jednotlivych jezerech piineslo urcité¢ vysledky,
které poukazaly na vyrazné rozdily mezi jezirky v morénovém komplexu. Na téchto prvnich
vysledcich by bylo dobré stavét dalsi analyzy a sledovat zmény stabilnich izotopt vody
v prubéhu ablacniho obdobi a bé&hem néckolika let. Dlouhodobéjsi data by mohla pfinést
informace o moznych zménach v odtokovém systému morénového komplexu.

Depth [m]

[Jo-25
[]25-5
[5-75
[J75-10
[ 10-12
[l 12-14

Obrazek 2. Batymetrickd mapa a zmény rozlohy Jezera 3 mezi roky 2007 a 2017.

5. Zavéry

Vyvoj jezer v proglacialni oblasti mize byt, kromé& kontaktu s ledovcem, spojen s tanim
pohibenych ledovcovych bloka a ¢ocek; v tomto pripadé hraje vyznamnou roli poloha nulové
izotermy. Mechanismus a spousSténi privalu jezera se liSi od regionu k regionu, proto by
i posouzeni nachylnosti k privalu by mélo byt prizpisobeno danému prostiedi. V nasem
piipadé je dulezitym faktorem podpovrchovy systém odtoku z jezera. Proglacidlni jezera jsou
zjevnymi hydrologickymi prvky ledovcového piedpoli, avSak velké mnozstvi vody muize byt
tako zadrzeno v proglacialnich akumulacich jako jsou morénové komplexy ¢i skalni ledovce.
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