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in annual lake level fluctuation were recorded.
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1. Introduction

Climatic changes and their manifestation currently represent one of the
main topics of hydrology (Aizen et al. 1997; Dvorak, Hladny, Kasparek 1997;
Nijssen et al. 2001; Middelkoop et al. 2001; Bates et al., eds. 2008). Glaciers in
high mountain regions of the world are considered very sensitive indicators of
climatic change (Beniston, Diaz, Bradley 1997; Li et al. 2007; Hagg et al. 2007;
Zhou, Jing, Zhao et al. 2010; Jansky et al. 2011). These areas include also the
northern part of the Tien Shan mountain range (Gao et al. 2010). Development
of glacial lakes within Kyrgyz range is monitored in detail since 2004 (Cerny
et al. 2010). The rapid retreat of glaciers causes extreme increase in meltwater
flows in the summer periods, which leads to overfilling of lake basins and
destabilization of their moraine dams (Ageta et al. 2000). These processes
result in frequent outbursts of glacial lakes (Clague, Evans 2000; Kattelmann
2003). The studied lake is a part of a lake system and is a very suitable research
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subject. At this site there is a risk of outbursts and subsequent development of
floods or mudflows threatening Ala Archa Valley, which is very popular with
tourists and is directed towards Bishkek, the capital of Kyrgyzstan.

Adygine Lake is a relatively young glacial lake (began to develop in 1960’s)
dammed by a rock step which is covered by moraine material with buried
ice (Cerny et al, 2010). This type of dam is very frequent in high mountain
areas (Jansky, Sobr, Yerokhin 2006) and is relatively vulnerable in terms of
its stability and given its subsurface outflow paths. The danger then lies in
the fact that Adygine Lake is part of an entire system of dynamically forming
and developing lake basins.

The aim of this paper is to evaluate the hydrological regime of the largest
lake of the site — Adygine Lake — based on climatic and hydrological measure-
ments. The results presented here could be used in the context of further
procedures associated with modelling of possible lake outburst scenarios, or
with installation of a warning system for Bishkek. The results of the work are
compared with relevant literature focusing on similar topics.

2. Glacial Hydrological Regime

Lakes with glacier meltwater inflow show a similar annual and diurnal cycle
of water level fluctuations as glacial streams. Changes in water volume of water
in the lake are caused by changes in the hydrological balance, especially the
inflow. The highest water levels correlate with periods of highest water inflow,
which usually occurs in July and August. The hydrological regime of the lake
inflow is influenced by climatic conditions in the lake catchment. Thanks to
the retention capacity of the lake, however, changes in the water level are
considerably smoother than in rivers (Singh, Singh 2001).

Inflow into a lake is composed of four main sources, the importance and influ-
ence of them changes throughout the year. These are the base flow, snowmelt,
glacier melt and atmospheric precipitation (Singh, Singh 2001). Base flow has
multiple sources, which are described in detail by Rothlisberger and Lang
(1987). One of them is the runoff resulting from melting on the glacier base.
Melting of ice occurs due to friction and energy exchange between the glacier
and its bedrock. Other sources can include gradually released water retained
in glacial cavities, meltwater leaking through the snow or firn or groundwater.
Base flow is a relatively constant source of water for the lake throughout the
year. It is virtually the only source in winter and its share of the total inflow
decreases distinctly in summer.

Another source is water from melting snow. In the studied area, snow begins
to melt in April-May and continues until June, sometimes July. Due to the high
albedo of a new snow, melting is not as intensive as in the case of glacier ice
and the retention capacity of the snow cover slows the meltwater runoff even
further (Singh, Singh 2001). This results in a relatively balanced inflow from
snow melt with rather smaller diurnal fluctuations, which reaches the lake
with a certain delay.

Inflow from glacier surface melting is the main source of water during the
summer period. Glacial ice has lower albedo than snow, therefore it melts faster
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and, moreover, it does not have the same retention capacity as snow. However,
meltwater may be retained in cracks and cavities in the glacier (Réthlisberger,
Lang 1987). Therefore, water flows on the glacier surface as well as through
moulins and channels inside the glacier (R-channels; Rothlisberger 1972) and
then through channels incised into the bedrock or sediment (N-channels; Nye
1973). As summer season progresses, this drainage system is so developed
that the meltwater from the glacier reaches the lake in a relatively short time.
Thanks to the rapid response of the glacier to increased solar radiation and air
temperature, a significant diurnal regime is developed for lakes and streams
supplied from the glacier (Singh, Singh 2001). The water level maximum occurs
several hours after sun culmination, then the inflow slowly declines to the
minimum in the morning followed by a rapid increase (Rothlisberger, Lang
1987). The time lag therefore ranges from dozens of minutes to several hours
(depending on the lake distance from the glacier front). However, shortening
of this time during the ablation season (due to increasingly efficient system of
drainage channels) is particularly important (Singh, Singh 2001).

The fourth source is water from precipitation that occurs mostly during
summer at the studied site. Although the direct effect of precipitation on lake
water level is usually not very important, its indirect effect is rather significant
(Collins 1998). Warm liquid precipitation, especially in late summer, falling
on the glacier surface accelerates its melting, and thus may cause a signifi-
cant increase in runoff from the glacier while solid precipitation (snow) has a
dampening effect, as it almost completely stops surface glacier melting and the
daily glacial regime is replaced by a low base flow even for several days after
the precipitation event (Hubbard, Glasser 2005).

Changes in the runoff volume from a glacier can be monitored at several
time scales. Short-term daily and annual variability is caused by the variability
of meteorological conditions. However, changes in runoff reflecting changes in
mass balance of the glacier can be seen in the long term. Gradual air warming
first leads to an increased runoff from the glacier, but later the runoff decreases
due to a reduction of the glacier area (Benn, Evans 2010).

3. Study Area

The Adygine area is located in the higher eastern part of the Kyrgyz range
which is also called Northern Tien Shan (Adyshev, ed. 1987, Koppes et al.
2008). The Adygine glacier complex (3,400-4,200 m a.s.l.) is located on the
northern side of the Kyrgyz ridge about 40 km south of Bishkek. The study
area is at the end of a tributary valley that joins the main Ala Archa valley
from the west. Several genetic types of glacial lakes could be found in this area
(Fig. 1): morainic-glacier lakes, thermokarst lakes or lakes dammed by a rock
step. The Adygine Glacier as well as the majority of glaciers in Central Asia
has been undergoing significant degradation since mid-1920s, which has even
intensified in recent years (Dyurgerov 2003, Aizen et al. 2006, Unger-Shayesteh
et al. 2013).

The retreat of the glacier front has resulted in formation of five small lakes
in the adjacent depressions dammed by a hummocky moraine. Despite the low
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volume of retained water, these lakes
are considered potentially dangerous
due to their rapid development. The
first signs of the lakes were reported
in 2004 and a year after the largest of
them (Lake 3) had a surface area of
5,700 m? and a depth of 3.8 m (Cerny
et al. 2010). In 2012, the maximum
depth of this lake was already 10.3 m
and the surface area increased to
8,800 m2 The largest lake of this
area, also called Upper Adygine Lake,
is located lower and is dammed by a
rock step (riegel) and partly also by
a moraine with buried ice. There are
two drainage paths from the lake: one
on the surface over a considerably
weathered rock outcrop and the sec-
ond through sujbsurface channels. The gine, 2006. 1 — Lower Adygine. 2 — Upper
entire Compl?x 18 complemer}ted by the Adygine, 3-7 — present ice-contact lakes,
Lower Adygine Lake supplied by the M1, M2: meteorological stations. Source:
surface flow from the higher located Google Earth.

Upper Adygine Lake. It is a thermo-

karst lake without surface outflow with significant fluctuation in water level
and volume of retained water during the day (between 10,000 and 15,000 m?),
which is probably caused by the limited capacity of subsurface drainage routes
(Jansky, Sobr, Engel 2010).

The present study is focused mainly on the largest lake, which is further on
refered to as “Adygine Lake”.

The climate in the study area is continental. In winter it is affected mainly
by the Siberian anticyclone that blocks the progress of air masses from the
west and thus reduces the amount of winter precipitation in the region (Aizen,
Aizen 1994). This is seen especially in the Ala Archa Valley. Total precipitation
in winter is therefore very low (10—20 mm per month, Hagg et al. 2007).

Aizen, Aizen, Melack (1995) describe the distribution of precipitation in the
mountains of Tien Shan during the year. The occurrence of one precipitation
maximum in May—July is typical for mountainous regions of the northern
hemisphere. At altitudes, where the Adygine area is situated, i.e. above 3,400 m
a.s.l., summer precipitation represents according to Aizen, Aizen, Melack (1996)
up to 72% of the annual amount, about 65% of this precipitation falls as snow.
The precipitation minimum occurs in December and January when only 2-5%
of the annual precipitation falls on average (Aizen, Aizen, Melack 1996).

The annual variation in temperature in the lower part of the Ala Archa
Valley (2,200 m a.s.l.) is shown in Figure 2. The temperatures drop to the low-
est point in January (average temperature of —9°C in 2002—-2010, minimum
temperature goes down to —25 °C) and the air temperatures culminate during
July and August with average temperature of 13 °C (Cerny et al. 2010). About
1,500 metres higher in the Adygine area, the temperature cycle during the year

Fig. 1 — Satellite image of study area Ady-
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Fig. 2 — Mean monthly air temperature (left), meteorological station Ala Archa, 2,200 m a.s.1.,
2002-2008 and mean monthly and daily air temperature (right), heat sensor at Adygine,
3,653 m a.s.l., 2011. Source: Cerny et al. 2010.

is similar, however, the air temperatures are lower and the annual amplitude
is smaller. The average temperature of the warmest month (August) is around
5°C, in January the average temperature is mostly around —10 to —15°C (Cerny
et al. 2010).

4. Material and Methods
4.1. Data

Background for research in Adygine area is provided by a research station,
which was built near the outlet from Adygine Lake in 2008. Meteorological data
are provided by two automatic meteorological stations, one of them is located
at an altitude of 3,550 m (“lower”) and the other one (“upper”) is located at an
altitude of 3,800 m a.s.l. To complement the temperature range from weather
stations, data from a sensor located on the right side of the glacier basin at an
altitude of 3,653 m a.s.l. were also used. Data from the national meterological
station (2,200 m a.s.l.) located near the Ala Archa National Park were available
for the description of atmospheric conditions in the lower part of the Ala Archa
Valley.

Hydrological data are provided by a pressure sensor (water level indicator)
which was installed in Adygine Lake in August 2007. From August 19, 2007
until July 24, 2013, only two outages were reported. Unfortunately they were
both relatively long — the series is missing from July 31 till August 22, 2008
and from August 1 till August 17, 2011. A detailed bathymetric map based on
measurements in 2008 (Cerny et al. 2010) has been used to calculate the volume
of the lake at various water levels.

4.2. Methods

Despite annual maintenance, continuous data series are not available from
any of the meteorological stations, which is probably caused by low resistance
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Fig. 3 — Air temperature fluctuations measured at upper meteorological station (left), lower
meteorological station and mean daily air temperature measured by a heat sensor, 2010 and
correlation graph of air temperature (right) from upper (axis x) and lower (axis y) meteoro-
logical station.

to weather conditions (strong wind, low temperatures) and mainly to static
electricity effect during storms. Series from various sources were used for indi-
vidual years due to lack of continuous data from a single station. The maximum
altitude difference between the two meteorological stations is about 250m,
therefore the measured temperatures differ, however, their time development is
analogous (Fiig. 3) — the correlation coefficient of the two monthly temperature
series from the stations is 0.92.

On July 26, 2008 at 7:30 a.m., the lake level was measured by total geodetic
station at 3,542.966 m a.s.l. and this corresponded to 5,966 m at the level
indicator. Therefore, a value of 3,537 m was added to all values measured by
the level indicator to obtain information about the altitude of water levels.

_ The methodology used for the bathymetry measurements is described by
Cesak and Sobr (2005). This methodology was modified for use in high moun-
tain areas and for research of glacial lakes.

Discharge at the outflow from Adygine Lake was measured using a hydro-
metric propeller OTT C2 and in accordance with CSN ISO 748 on 19 verticals
at an interval of 0.5 m (Fig. 4). The only exception was the measurement at the
highest water level (0.67 m), where the width of the outflow was divided into 25
verticals at 0.5 m. The measurements were taken from August 3 to August 5,
2012 at the same location at different water levels. During the measurement,
the value on the water-level measuring pole located near the outlet was re-
corded, so that the corresponding altitude of the lake level could be assigned to
the measured depths of the profiles. Therefore, it was necessary to identify the
relationship between the values on the water-level measuring pole and on the
level indicator: 0.47 m on the pole corresponded to 6.035m on the level indicator.

When measuring the discharge, the maximum water level of the lake reached
3,543.236 m a.s.l., however, the highest level recorded by the level indicator
was 104 mm higher (3,543.340 m on July 6, 2008 at 3:30 p.m.). When creating
the rating curve, it was therefore necessary to extrapolate flow rates for the
highest water levels (above 3,543.236 m a.s.l.).

The annual cycle of lake level fluctuations was divided into three parts.
Water level decline (phase I) was determined from the moment, when the water
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Fig. 4 — Cross section profiles of lake outflow at different water stages. Measurement time:
profile 1 — 3.8. 15:30-16:00; profile 2 — 3.8. 17:45-18:05; profile 3 — 4.8. 8:00-8:15; profile 4 —
4.8. 17:20-17:40; profile 5 — 4.8. 20:10-20:35; profile 6 — 5.8. 10:10-10:30; profile 7 — 5.8.
13:50-14:10; profile 8 — 5.8. 15:00-15:15.

level was only declining to the minimum of the given cycle. This phase was
additionally divided into two parts — in the first part, the level was declining
rapidly, in the second one the decline was significantly slower. The boundary
between the two parts was determined visually from the graph of the annual
variation to November 6 (this day is included in the first part of the decline).
When the minimum water level is reached (stage 1), the filling phase begins
(phase II), which continues until the moment when the water level first begins
to decline after the restoration of the surface outflow from the lake (stage 2).
After the lake basin is filled with meltwater from snow and the glacier, the
stabilization phase occurs (phase III) during which the water level fluctuates
around an altitude of approximately 3,543 m and shows a daily amplitude of
as much as 0.34 m.

There are multiple inflows to the lake, but they are very difficult to measure
and a significant part of water also flows into the lake through subsurface chan-
nels. The inflow was therefore derived from the change in water level, volume
of surface outflow and an approximate calculation of the volume of subsurface
outflow. The arithmetic mean of the values of the decline rate in the first phase
of all monitored years was calculated to determine the approximate subsurface
outflow in the stabilization phase. During filling of the lake, the arithmetic
mean of the second part of the decline was used up to the altitude of 3,541 m
a.s.l. and from this level the same value as during stabilization was used.
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5. Results
5.1. Lake Level Fluctuations

The annual cycle of lake level fluctuations shows a considerable regular-
ity within a monitored period of five consecutive cycles as demonstrated in
Figure 5. Each curve can be divided into three parts: I. level decline, II. filling,
and III. stabilization.

The longest lasting is the first part (about 7 months) during which the lake
water level declines due to outflow through subsurface channels. There is a
significant drop in temperature in September and thus the volume of meltwater
flowing into the lake from the glacier decreases. Around mid-September, the
lake level declines to the point, from which the lake has no surface outflow.
This occurs at a lake level altitude of 3,542.606 m. From this level, the lake
is drained only through subsurface channels, the capacity of which remained
relatively unchanged throughout the monitored period. The convex shape of
the curves shows that some outflow routes are uncovered with the water level
decline and therefore the rate of water level decline decreases (Table 1).

The second phase — filling of the lake — begins after the lowest water level is
reached. The minimum water level varies from year to year — the largest differ-
ence between the measured lowest water levels in individual years was 288 mm
(2008: 3,540.025 m a.s.l.; 2010: 3,540.313 m a.s.l.). Reaching of the minimum
water level is affected by the capacity of drainage channels, available water
input from snowmelt in spring, the volume of base flow, but also by relatively
high air temperatures in September (or October) that could delay the onset of
the water level decline and thereby shorten this period. The beginning, course
and time of filling vary considerably between the monitored years (Table 2).
The earliest beginning of the filling occurred in 2012 (April 17) and the latest
filling began May 3, 2009. The entire filling process depends only on the course
of air temperature and radiation, which affects the intensity of snow melting.
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Fig. 5 — Annual course of water level fluctuation at lake Adygine. Surface outflow altitude
marked with a solid black line.
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Tab. 1 — Parameters of lake water level decline

Year 1% part of decline (until 6" Nov) 2" part of decline (since 7" Nov)
Volume (m?) / water Time Velocity (I/s)/ Volume (m?) / water Time Velocity (I/s)/
level (cm) change  (days) (cm/day) level (cm) change  (days) (cm/day)

2007/08 31,457 /131.6 39 9.34 /] 34 26,854 /126.5 172 1.81/0.74
2008/09 27,691/ 115.0 45 712 /2.6 28,230/ 131.2 179 1.83 / 0.73
2009/10 21,958/ 90.2 28 9.07 | 3.2 30,520/ 139.1 172 2.05 / 0.81
2010/11 23,659/ 97.5 46 595 /2.1 30,007 /137.6 169 2.06 / 0.81
2011/12 23,054/ 94.9 42 6.35 /23 31,529/ 144.7 163 2.23 / 0.89

Tab. 2 — Parameters of lake filling

Year Begin- Stagel End  Stage 2 Time Volume 1l Volume?2  Volume Filling

ning (mas.l) (masl) (days) (m?) (m?3) change  velocity
(m?) U/s)
2008 26.4. 3,540.025 14.5. 3,543.041 I8 137,698 207,076 69,378 44.6
2009 3.5. 3,540.144 8.6. 3,543.292 36 140,088 213,902 73,814 23.7
2010 26.4. 3,540.313 9.6. 3,542.986 44 143,531 205,791 62,260 16.4
2011  23.4. 3,5640.255 5.5. 3,5643.020 12 142,343 206,682 64,339 62.0
2012 17.4. 3,540.210 21.5. 3,542.839 34 141,426 201,969 60,5643 20.6

The third phase of the cycle of the annual evolution of lake water level is
stabilization and daily fluctuations. The longest period of stabilization was
recorded in 2011, when the lake was filled quite early due to increased tempera-
tures in late April and the phase lasted for 133 days. In contrast, the shortest
time of summer water level fluctuation was in 2010, when the water level began
to fluctuate on June 10 and the water level declined already on September 12
due to rather low temperatures in early September. Overall, this phase lasted
only 93 days, which is 70% of the longest period.

The diurnal cycle of lake level fluctuation depends on the diurnal tempera-
ture variability that affects the rate of snow and glacier melting. The highest
water level is usually recorded several hours after the sun culmination, i.e.
around 3-5 p.m. After that, the water level gradually declines and reaches its
minimum in the morning, around 8-10 a.m., which is related to the delayed
inflow into the lake.

A very similar pattern of daily water level fluctuations in the ablation season
(Fig. 6) was identified in the monitored period. The amplitude of the water level
during the day ranges within several tens of millimetres in first weeks. The
daily water level fluctuations increase gradually with increasing air tempera-
ture and radiation intensity, while maximum values were identified in August,
usually in its second half. A maximum value of about 300 mm was identified
in each of the monitored period; however, in 2009 the water level fluctuation
did not exceed 205 mm. The daily fluctuation declines relatively quickly until
it stops completely and is replaced again by a phase of decline.

An interesting phenomenon typical for glacial hydrological regime is a
runoff delay, which is variable throughout the ablation season. A consider-
able reduction of the runoff delay is observed at the beginning of the ablation
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Fig. 6 — Water level fluctuation in ablation seasons of 2008—2011

season. It is attributed to the gradual melting of the snow cover, which slows
down the runoff. At the peak of summer, the glacier responds to the increase
in air temperature more quickly. The delay period thus decreases which is
enhanced by a drainage system created and deepened during the ablation
period and it extends up the glacier so the transport of meltwater becomes
more effective (Hubbard, Glasser 2005). Beitlerova (2010) monitored the run-
off delay for the ablation season

of 2008 (Fig. 7). The first 10 days 14

were of the largest delay, spe- 12 1o .

cifically 10-12 hours, followed by a 10 oW

period with a delay of 4-9 hours % PR O, —
and at the peak of summer with | & %’—10—“00—:+
a fully evolved diurnal cycle the £ 4+ ®o oo o
delay reached only around 4 hours é T et e s

and even significantly lower values
(1 hour) occurred. In late August,

delays of 2—6 hours were detected Fig. 7 — Runoff delay development in ablation
(Beitlerova 2010). season of 2008 (Beitlerova 2010)

28.5. 17.6. 7.7. 27.7. 16.8. 5.9.

5.2. Surface Outflow

The surface outflow from Adygine Lake runs over the lowest point of the
dam starting from the water level reaching the altitude of 3,542.606 m. The
discharge derived from the rating curve depends mainly on the air temperature
at the given location. Due to rapid response of the glacier to increased solar
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Fig. 9 — Mean monthly discharge at lake Adygine outflow, 2008—2012; white dashed outline
noting incomplete data

radiation and air temperature, the lake shows a significant diurnal discharge
regime at the lake outflow.

It is apparent from Figure 8 that the course of the ablation season signifi-
cantly varies between the monitored years. The year 2008 was above-average in
terms of water discharge at the outflow. Surface outflow was recorded relatively
early and the high melting intensity of glacier ice showed in early July due to
high air temperatures. A significant daily regime with maximum flow rates of
over 3 m®.s™* evolved and lasted with short breaks at least throughout July. In
contrast, rather below-average flow rates were recorded in the following year.
There was a very rapid increase in water level and thus also the discharge
right at the beginning of the ablation season. It is likely that it was caused
by intense snow melting over a large area. However, the discharge decreased
and during the summer it did not exceed 1 m®.s™'. The diurnal regime evolved
only in a limited extent. In the following two years (2010, 2011), summer flow
rates were without any abnormalities. As the ablation season progressed, the
diurnal regime evolved and flow rates reached the highest values in the second
half of August.

The year of 2008 has high values of average flow rates for individual months
(Fig. 9). Average monthly flow rates for 2009 are rather low and the similarity
of values for June, July and August is unusual.

5.3. Balance of Lake Inflow and Outflow

The cumulative volume of surface outflow from Adygine Lake for individual
monitored years 2008-2012 is shown in Figure 10. Differences in the initiation
date, the course of outflow accumulation and its total volume for the entire
ablation season are clearly noticeable.
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Fig. 11 — Volume of lake inflow for individual months of 2008—2012; white dashed outline
noting incomplete data

Despite the different date of outflow initiation in individual years, the cumu-
lative volume was around 500,000 m® on June 26 for most of the years. The only
exception was the year 2008 when at this time the accumulated volume was
nearly double. The total outflow volumes for individual years are significantly
different. The most water drained from the lake in 2008 — it was 3.1 million m?
for the measured period. Due to a lack of data (see 4.1. Data), however, this
value does not correspond to the total volume for the entire ablation season.
The actual volume of outflow water drained from the lake is estimated at
3.5—3.8 million m?®. The least amount of water drained from the lake through
surface channel in 2009, specifically 1.9 million m?.
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For a complete description of the hydrological regime of Adygine Lake, it is
necessary to add information on the inflow. The different height of the bars in
the graph (Fig. 11) points to seasonal climate variability in the monitored area.
The graph shows the distribution of inflowing water in individual months —
April to October. Water started to flow into the lake (in a recordable amount)
already in April during the last two monitored years (2011, 2012). In May, a
significant inflow of water was detected in 2008 (nearly 309,000 m?), however, in
2009 and 2010 the inflow was rather low for this month (27,000 and 59,000 m?,
respectively). There are no such major differences for June inflow volumes of
individual years. June 2008 dominates with nearly 920,000 m? and June of the
otherwise cold year 2009 was also relatively rich in water. July and August are
most significant in terms of inflow. During these months >2 million m? of water
flows into the lake, which was the case in 2010 and probably also in 2008. Air
temperatures in September often drop below 0°C and melting is thus limited
reducing the inflow significantly. Relatively high temperatures in the first half
of September 2010 caused that about 254,000 m? of water flowed into the lake
in this month. In 2009, it was only 72,000 m®, however, the air temperature
did not drop in the second half of September and therefore inflow into the lake
was recorded even in early October, which is rather unusual.

6. Discussion

6.1. Uncertainties of Measurements
and Data Processing

It is very difficult to measure precipitation under the given conditions (see
4.2. Methods) at the studied area. Particularly solid precipitation is difficult
to capture, as it is blown out of the rain gauge, which is not heated. There
is not enough sunshine for a solar panel, which could provide heating of the
rain gauge. The rain gauge in the upper meteorological station captures about
300-500 mm of precipitation per year. Given the altitude and the northern as-
pect of the site, the estimated values are around 1,200 mm (Cerny et al. 2010).
Aizen et al. (1996) mention, that there is a single precipitation maximum in the
mountainous areas of the Kyrgyz range, specifically in May — July. At altitudes
where the Adygine complex is situated, i.e. above 3,400m a.s.l., precipitation
in this time period represents up to 72 % of the annual precipitation and about
65% of the precipitation falls down in the form of snow (Aizen, Aizen, Melack
1996). Figure 12 shows daily precipitation for three months of 2012 with the
highest precipitation — May: 58.4 mm, June: 114 mm, July: 79.9 mm (total
of 252.3 mm). It is evident that the measured values do not correspond with
the expected precipitation in this area and substantial part of precipitation is
not detected by the measuring device. The meteorological stations also have
incomplete data series due to technical problems. Therefore, the precipitation
data could be used only in a limited way.

Other inaccuracies can occur during processing of the measured data. Depth
of a certain spot was adjusted within two profiles when calculating the flow
rates. After this adjustment, a rating curve with a higher reliability value was
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Fig. 12 — Daily amount of precipitation for May—June period of 2012, upper meteorological
station

fitted through the points (x — discharge, y — water level). Flow rates for water
levels of the entire monitored period were calculated using the equation of
this curve. Generalization is necessary here, but the question is whether the
number of measurements (eight) is sufficient. Except for one case, all points
were located close to the curve. The reliability value of 0.9914 is satisfactory
in this case. Nevertheless, it is necessary to mention that greater errors could
probably occur here as the values of calculated flow rates are used for further
calculations (e.g. outflow volume).

The calculation of the inflow to the lake is indirect. It was estimated on the
basis of a change in the volume of the lake, surface and subsurface outflow.
Uncertainties associated with the calculation of the volume of the lake and
surface outflow have been outlined above. The exact volume of subsurface run-
off is not known, it is estimated according to the water level decline without
surface outflow. However, the lake is constantly supplied from the base flow
from the glacier and therefore the subsurface runoff from the lake will be
actually slightly higher. In addition, the volume of runoff through subsurface
channels varies during the season and even between individual years as some
of the channels could be closed and new ones opened. Complicated system of
subsurface channels and cracks was confirmed by geophysical measurements
in 2008 (Cerny et al. 2010). This phenomenon was observed by the research
team at similar lake sites in Kyrgyzstan as well. The arithmetic mean of all
monitored years was used to approximate the calculated values to the actual
volume of the inflow.
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6.2. Glacial hydrological regime

In this study, the hydrological regime of Adygine Lake situated near the
glacier front at an altitude of 3,643 m was described. Individual characteristics
of the outflow exhibit elements typical for a glacial hydrological regime, which
is described in detail in studies by Jobard and Dzikowski (2006), Singh et al.
(2006) or Han et al. (2013).

The flow rate in the ablation season is considerably variable and depends
mainly on air temperature and radiation. Starting with rather lower values,
discharge at the outflow from Lake Adygine peaks in mid-summer (mostly in
August). Similar discharge evolution during ablation season was observed also
by Fountain (1985) in North Cascade Mts, USA, or by Jobard and Dzikowski
(2006) in French Alps.

Swift et al. (2005) point out the fact that in spring a large part of short-wave
radiation is reflected due to high albedo of snow and therefore melting occurs
after an increase in air temperature. Therefore, the influence of radiation is
limited here. On the other hand, relatively lower albedo of exposed glacier
increases the importance of radiation, which accelerates melting (the ice-albedo
positive feedback).

The influence of precipitation on flow rate is probably more complex. Some
studies have considered it to be minimal, e.g. Han et al. (2013) did not find
any significant dependence of flow rate on precipitation. In contrast, Fujita
(2008) describes summer precipitation that can accelerate melting and increase
flow rate in a single occurrence. Unfortunately, we don’t have data on state of
precipitation that fall on the study area. However, as maximum precipitation
occurs in summer, it probably has certain influence on the melting process.

The onset and end of the ablation season depends on the latitude, but also
on basin aspect and climatic conditions (air temperature, precipitation) of a
study site. While at the study area and elsewhere in the northern Tien Shan
(Han et al. 2013) or the Swiss Alps (Swift et al. 2005) the temperatures drop
below 0°C already during September, in the Himalayas at 31°N the ablation
season usually does not end before the turn of October and November (Singh et
al. 2006). The complex Adygine is north-oriented and a significant reduction in
solar energy input in September causes rather rapid decline of lake water level.

Well-pronounced daily water level fluctuation was noticed in July and August
at the study site. By this time most snow is already melted and the main
source of meltwater is glacier ice. The proportion of meltwater from snow, firn
and glacier ice in discharge is described by Jansson, Hock, Schneider (2003),
who has observed changes in daily regime as well. A study by Hock (1998)
also confirms that a more distinct daily regime develops after melting of most
snow and the flow rate increases after uncovering of larger area of the glacier.
The development of discharge daily amplitude is similarly described by others
as well (Jobard, Dzikowski 2006; Singh et al. 2006; Han et al. 2013). As the
melting season at Adygine progresses, there are greater differences between
the daily minimum and maximum discharge at lake’s outflow (Fiig. 13). Very
similar evolution of daily discharge amplitude (Fig. 14) was monitored in the
Alps on a stream draining Gornergletscher (Elliston 1973).
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Fig. 13 — Daily discharge amplitude evolution at lake Adygine outflow

Han et al. (2013) focus on the differences between discharges measured
during the day and night. It is affected by cloud cover during the day — “a clear-
weather day” results in larger differences than an overcast day.

Runoff delay is another feature of glacial hydrological regime observed at
Lake Adygine. Richards et al. (1996) also examined the development of runoff
delay in the ablation season finding similar tendency to time lag decline as in
this study. According to Jobard and Dzikowski (2006) snow cover significantly
slows down the runoff, however, when it’s melted, there is a rapid decrease in
the lag time mainly due to gradually developing effective network of drainage
channels (Hubbard, Glasser 2005; Singh et al. 2006). That is why the diurnal
maximum discharge value occurs earlier in peak summer than at the begin-
ning of the ablation season (Fig. 13, Fig. 14). Data presented by Jobard and
Dzikowski (2006) contain similar values of runoff delay to those noticed at Lake
Adygine: in early June values of 8-10 hours, continued by time lag decline till
2—4 hours in mid-July and then time lag stabilization for the rest of the season.
Han et al. (2013) also mention in this context the influence of “consecutive
clear-weather days” which may further reduce the delay. In the middle of an
ablation season, radiation plays a major role — its maximum occurs even several
hours before the maximum air temperature is reached and therefore the runoff
delay gets shorter.

7. Conclusions
The hydrological regime of Adygine Lake shows features typical of the regime

of glacial lakes. Changes in the water level have annual periodicity and a daily
regime develops during the ablation season. Water level fluctuations during
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the year can be divided into three
phases: decline, filling and fluctua-
tions. The longest-lasting phase is
the first mentioned one, when the
water level usually declines from
mid-September with a slowing
tendency until April/May. The
filling phase is highly variable in
terms of timing and duration. The
shortest recorded time was 12 days
(2011), the longest up to 44 days
(2010). It is followed by a phase of
fluctuations during which a daily
regime develops. The fluctuation
of the lake level during the day is
affected by air temperature and
solar radiation intensity and as
the ablation season progresses, the
fluctuation increases due to more
intensive melting on the glacier
surface. The maximum usually
occurs around mid-August. This is
associated with shortening of the
runoff delay during the summer
due to developing drainage system
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Fig. 14 — Course of daily discharge amplitude
at a stream draining Gornergletscher glacier,
Switzerland. Monitored periods in 1959: a)
1720 May b) 14*~17"* June c) 23'-26" June
d) 1922 July. Source: Elliston 1973.

of the glacier.

Adygine Lake has a relatively
regular cycle of fluctuations. No major changes in the hydrological regime
were recorded in the monitored period. Its changes depend on meteorological
conditions in individual years.

Subsurface drainage channels divert water from the lake through the dam
and thereby supplement the surface outflow. Their capacity varies between
years. However, not even here a tendency towards increase or decrease in the
drainage capacity was observed. The slowing decline of the lake water level
during winter indicates the approximate distribution of the drainage channels.
However, their precise distribution and reasons for changes in their capacity
should be subject to further research. Subsurface outflow may lower the dam
stability and finding out more information about the functioning and devel-
opment of these drainage channels could help better identify the risk of an
outburst of Adygine Lake.
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Shrnuti
HYDROLOGICKY REZIM JEZERA ADYGINE, TIEN SHAN, KYRGYZSTAN

Tani ledovct ve vysokohorskych oblastech a s nim souvisejici vznik a vyvoj jezer je predmeé-
tem zdjmu mnoha vyzkumnych tymu pusobicich po celém svété. Ledovcova jezera mohou byt
velmi nestabilni a ohroZovat tak tidoli pod nimi. Zkoumana lokalita se nachézi v Kyrgyzském
hibetu pohoii Tien Shan, asi 40 km jizné od hlavniho mésta Kyrgyzstanu, Biskek. Clanek
se zabyva rozborem hydrologického rezimu nejvétsiho jezera lokality, jezera Adygine Horni.

Diky ziskanym datim z hladinoméru, meteorologickych stanic a méfeni pratoki na odto-
ku z jezera bylo vyhodnoceno kolisani hladiny jezera, vyvoj prutoku v ablaéni sezéné a objem
priteklé a odteklé vody. Ro¢ni cyklus kolisani byl rozdélen do tii fazi — pokles hladiny, plnéni
a ustaleni. Béhem nejdelsi faze poklesu hladiny byl odtok uskuteénovan pouze podzemnimi
odtokovymi kanaly. Diky podrobné batymetrické mapé jezera tak byla vypoctena zména
objemu jezera v této fazi, a tak i priblizn4a kapacita odtokovych kanala. Rychlost poklesu se
v prabéhu této faze snizovala, coz naznacuje rozmisténi téchto kanéli zejména v horni ¢asti
jezerni panve. Faze plnéni piredstavuje pomérné variabilni ¢ast celého cyklu. V zavislosti na
intenzité sluneéniho zafeni a na vzestupu teploty vzduchu se zac¢alo jezero plnit tavnou vodou
ze snéhové pokryvky nejdiive 17. 4. (v roce 2012), nejpozdéji pak 3. 5. (v roce 2009). Nejdéle
trvala tato faze 44 dni (rok 2010, 26. 4.-9. 6.), nejkratsi dobu pak v roce 2011, a to pouhych
12 dni (23. 4.-5. 5.). Nasleduje faze ustdleni, kdy se turoven hladiny jezera pohybuje kolem
nadmotské vysky 3643 m a je obnoven povrchovy odtok. V ramci této faze byly sledovany
dva jevy, a to denni rozkolisanost hladiny a zpozdéni odtoku.

Rozkolisanost hladiny béhem dne je zpo¢atku nevyrazna, pri¢inou je tlumivy efekt snéhu,
ktery tavnou vodu éasteéné zadrzuje. Po roztati snéhové pokryvky je jezero zdsobeno vodou
z tajiciho ledovce a kolisani hladiny se zvétSuje. Nejvétsi rozkolisanost byla zaznamenana
zpravidla ve druhé poloviné srpna, kdy bylo tani diky vysokym teplotdm vzduchu a radiaci
nejintenzivnéjsi. S prichodem zaii se vSak teploty pomérné rychle snizuji a neziidka se
dostavaji i pod 0°C, proto je i denni kolisani hladiny zna¢né shlazeno. Na vyvoj zpozdéni
odtoku ma znaény vliv opét snéhova pokryvka, ktera zpoéatku odtok znaéné zpomaluje. Po
jejim roztati se vSak na povrchu ledovce, uvnit i pod nim zaéne vyvijet drendzni systém
pak dosahuje v srpnu.

Pritoky na odtoku z jezera byly vypoc¢teny pomoci konsumpéni k¥ivky z idaja o drovni
hladiny. Z nich byl dale vypoéten objem vody odteklé povrchovou cestou. Nejvyssi prutoky
i celkovy objem odteklé vody za ablaéni sezénu byl zaznamendn v roce 2008, nasledujici rok
byl naopak maélo vodny. Tomu odpovidaly i vypo¢tené primérné mési¢ni prutoky. Piitokd do
jezera je vice a jejich zméteni nebylo mozné, proto bylo mnozstvi vody odhadnuto ze zmény
urovné hladiny, povrchového a podzemniho odtoku z jezera. Nejvice vody pritéka do jezera
v Cervenci a srpnu, celkem za tyto dva mésice muize pritéct i pfes 2 mil. m? vody (rok 2010,
nejspise i 2008).

Prabéh kolisani hladiny se mezi jednotlivymi roky ve sledovaném obdobi lisil, nebyly
v8ak zaznamendany vyrazné zmény. Pomérné proménliva je kapacita podzemnich odtokovych
kanalu. Pii¢in muze byt vice, opét vSak nebyl zjistén staly posun at jiz k zvétSeni ¢i zmen-
Seni kapacity téchto odtokovych cest. Jejich rozmisténi a proménliva kapacita by mély byt
podrobeny dal§imu zkoumaéni.

Obr. 1 — Satelitni snimek zdjmové oblasti Adygine, rok 2006. 1 — Adygine Dolni, 2 — Adygine
Horni, 3-7 — nova jezera u ¢ela ledovce, M1, M2 — meteostanice. Zdroj: Google Earth.

Obr. 2 — Pramérné mésicéni teploty vzduchu (vlevo), meteostanice Ala Archa, 2200 m n. m.,
2002-2008 a prumérné denni a mésiéni teploty vzduchu v lokalité Adygine (vpravo),
3653 m n. m., 2011.

Obr. 3 — Prubéh teplot namérenych na horni meteostanici, dolni meteostanici a denni pramé-
ry teplot naméiené teplotnim ¢idlem (vlevo) a graf korelace hodnot teploty vzduchu
(vpravo) z horni (osa x) a dolni (osa y) meteostanice.
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Obr. 4 — Pi#iéné profily vytoku z jezera pii raznych vodnich stavech. Doba méteni: profil 1 —
3. 8. 15:30-16:00; profil 2 — 3. 8. 17:45-18:05; profil 3 — 4. 8. 8:00-8:15; profil 4 — 4. 8.
17:20-17:40; profil 5 — 4. 8. 20:10-20:35; profil 6 — 5. 8. 10:10-10:30; profil 7 — 5. 8.
13:50-14:10; profil 8 — 5. 8. 15:00-15:15.

Obr. 5 — Roéni prubéh kolisani hladiny jezera Adygine. Nadmoiska vyska povrchového
odtoku vyznacena plnou éernou ¢arou.

Obr. 6 — Rozkolisanost hladiny v ablaéni sezéné let 2008—2011.

Obr. 7 — Vyvoj zpozdéni odtoku v ablaéni sezéné roku 2008 (podle Beitlerové 2010).

Obr. 8 — Prutok na odtoku z jezera Adygine v prubéhu ablaéni sezény, 2008—2011.

Obr. 9 — Prumérné mésiéni pratoky. Sloupce za srpen 2008 a 2011 jsou ohraniéeny ¢arkované
kvili neuplnosti dat.

Obr. 10 —Kumulativni objem povrchového odtoku za roky 2008—-2012.

Obr. 11 —Objem ptitoku do jezera za jednotlivé mésice v letech 2008—-2012.

Obr. 12 —Denni thrny srazek za obdobi kvéten—Gervenec roku 2012, horni meteostanice.

Obr. 13 —Vyvoj denni amplitudy pratoku na odtoku z jezera Adygine.

Obr. 14 —Vyvoj denni amplitudy priitoku na toku odvodnujici ledovec Gornergletscher,
Svycarsko. Sledovana obdobi roku 1959: a) 17.-20. 5. b) 14.-17. 6. c¢) 23.—26. 6.
d) 19.-22. 7. Zdroj: Elliston (1973).
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