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Abstract:

This article deals with the research of glacial runoff. The
general characteristic of glaciation of the northern slope of the
Ile Alatau is given. The glacio-hydro-meteorological data of the
glaciation zone, such as glacier morphometry, air temperature,
precipitation, and river runoff, are collected and analyzed. The
reconstruction of the annual runoff series of the studied rivers
is carried out before the estimated period. The analysis of
existing methods for calculating glacial runoff is performed.
The glacial runoff of the Ile Alatau rivers is calculated for
specific years of a long-term period by two methods: taking
into account the runoff from individual morphological parts of
the glacier and without dividing it into components (according
to ablation formulas). For specific years 1955-2013, glacial
runoff is calculated in six options for ten basins of the major
rivers and along the slope as a whole, according to the formulas
of different authors. The dynamics of glacial runoff is
investigated. The trends of the further evolution of glaciation in
this area are revealed. New dependences and formulas are
proposed for calculating the temperature coefficients of snow
and ice melting, as well as for determining the height of the firn
line and the ablation value.
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I. INTRODUCTION

The relevance of this work is determined by the need for further
research of glacial runoff. It is aimed at improving existing and
developing new methods for calculating glacial runoff on a
modern basis, as well as evaluating and studying the dynamics
of glacial runoff of the lle Alatau rivers in the context of global
warming and glaciation degradation.

Il. MATERIAL RESEARCH METHODS

The research was carried out on the example of the northern
slope of the lle Alatau, a typical mountainous region of the
Northern Tien Shan. The representativeness of this region as a
whole and the Kishi Almaty river basin in particular was
discussed by I.S. Sosedov [1], A.F. Litovchenko [2], L.P.
Mazur [3], E.N. Vilesov, I.S. Sosedov, K.G. Makarevich [4],
Konovalov V.G. and Pimankina N.V. [5].
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The lle Alatau is located deep in the mainland. The main
watershed ridge reaches a maximum height of 5,017 m a.s.l.
here (Talgar peak). The northern slope of the lle Alatau
stretches from the western watershed of the Uzynkargaly river
in the west to the watershed of the Shilik river in the east. In
geological and tectonic terms, the lle Alatau belongs to the
Northern Tien Shan fold system. The characteristic features of
the climate are continentality, its change with the height of the
area, and a significant aggravation of frontal processes. The
region’s rivers belong to the basin of the Ile river, which flows
into Lake Balkash.

The research methodology is based on the geo-hydrological
method. The water balance method was also widely used. For
clarifying existing and developing new calculation methods,
the study used the methods of physical and mathematical
modeling, hydrological analogy, interpolation, extrapolation,
and mathematical statistics.

The data on water runoff through 2015, taken from
hydrological yearbooks and cadastral publications for gauging
river sections, was used. The specific water content of the
region’s rivers varies from 1.5-4 1/(sxkm?) at altitudes of 1,500-
1,600 m to 30-33.5 I/(sxkm?) at altitudes of 3,200-3,600 m. The
greatest water content is peculiar to the central part of the ridge
— the Kishi Almaty river basin, and the smallest — to the river
of its western and eastern parts. The variation coefficients of
the annual runoff (Cv) of the rivers of this region range within
0.13-1.09.

Precipitation on the territory of the lle Alatau is mainly
measured by Tretyakov’s precipitation gauges with petal
protection and OSK-2 and M-70 total precipitation gauges. The
central, highest part of the ridge is characterized by the greatest
amount of precipitation, while to the east and west the amount
of precipitation decreases.

Modern glaciation on the northern slope of the lle Alatau is
located between 76°18'E and 78°00'E. The first river in the west
with glacier nourishment is the Uzynkargaly river. The
Shamalgan, Kaskelen, Aksai, Kishi and Ulken Almaty, Talgar,
Yesik and Turgen rivers flow to the east of the Uzynkargaly
river. According to the data given in [6], 441 glaciers were
registered on the northern slope of the lle Alatau in 2008, with
a total open area of 171.96 km?, an ice volume of 6.897 km3, a
moraine area of 91.63 km? and a buried ice volume of 1.723
km3. For comparison, in the Catalog [10] for 1955, 307 glaciers
were recorded with a total open area of 287.3 km? and an ice
volume of 11.540 km?.

To study the changes in mountain-glacier systems, geographic
information systems and Earth remote sensing data are
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currently used. Glacier monitoring has also been developed,
which can be considered the main stage of the glaciological
forecast [6].

In 1955, E.N. Vilesov and R.V. Khonin compiled the first
Catalog of Glaciers of the northern slope of the lle Alatau [10].
The last Catalog for this region was compiled by I.N.
Shesterova and A.L. Kokarev by 2013, on the basis of new
areas recorded for 2008. Changes in the glaciation area for the
period from 1955 to 2008, excluding Fernau stage moraines,
are given in Table 1. The highest rates of degradation are

observed in the basins of the Shamalgan river (1.08 %/year) and
the Ulken Almaty river (0.94 %/year). The lowest rates were
noted in the basins of the Aksai river (0.68 %/year) and the
Yesik river (0.66 %/year) [6, 11].

Currently, glaciers occupy only the uppermost sections of
valleys and mountain slopes. Glaciation areas are located
mainly in the height range of 3,600-4,200 m. About 40% of the
glaciation area is occupied by most massive valley and kettle-
hole glaciers.

Table 1. Changes in the open area of glaciers of the northern slope of the Ile Alatau for the period 1955-2008 [6]

Area, km? Area change
River basin kmZiye _ _ R?
1955 | 1974 | 1979 | 1990 | 2008 ar km?/period | %/period | %/year
Uzyn-Kargaly 12,9 11,3 10,3 9,9 7,8 -0,09 4,77 -39 -0,74 | 0,985
Shamalgan 2,6 3,1 2,2 18 1,3 -0,03 -1,59 -57 -1,08 | 0,680
Kaskelen 13,5 13,9 12,9 10,1 8,7 -0,10 -5,30 -41 -0,77 | 0,799
Aksai 13,5 13,3 12,5 10,2 9,3 -0,09 -4,77 -36 -0,68 | 0,864
Karagalinka 3,9 3,2 2,9 2,8 2,3 -0,03 -1,59 -39 -0,74 | 0,947
Ulken Almaty 33,9 27,2 25,3 21,0 174 | -0,32 -16,96 -50 -0,94 | 0,982
Kishi Almaty 9,3 7,4 8,1 6,5 57 -0,07 -3,71 -39 -0,74 | 0,911
Talgar 1125 | 93,6 89,2 80,7 67,4 | -0,84 -44,52 -40 -0,75 | 0,992
Yesik 49,5 41,3 36,8 35,8 315 | -0,33 -17,49 -35 -0,66 | 0,924
Turgen 35,7 31,0 28,9 26,0 20,5 | -0,29 -15,37 -43 -0,81 | 0,996
Total 287,3 | 2451 | 229,1 | 204,7 | 1719 | -2,20 -116,60 -41 -0,77 | 0,994

The first data on the magnitude of glacial runoff in the lle
Alatau were obtained by the KazUGMS in 1937-41 [12]. A
detailed study of glacial runoff during the International
Hydrological Year, the International Hydrological Decade
(1965-1974) and in subsequent years was primarily carried out

at the Central Tuyuksu glacier, in the Kishi Almaty river basin
[13, 14].

The Tuyuksu glacier is representative of the northern slope of
the lle Alatau, since it has hypsometric, morphometric (Fig. 1),
exposure and other indicators close to the average for the ridge.
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Fig. 1. Combined distribution graph of the glaciation area of the Kishi Almaty river and the Tuyuksu glacier as of 1990 [15]
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The Tuyuksu glacier is the most studied in Kazakhstan and
Central Asia and is one of the ten most studied glaciers on
Earth.

Glacial runoff is difficult to be determined due to the lack of
unity in the interpretation of the concept of “glacial runoff” [4],
[14], [16-21]. Our studies [3, 15, 22] used the methodology
described in [4] with some refinements to evaluate glacial
runoff.

The calculation method according to empirical and semi-
empirical formulas, using various hydrometeorological
characteristics (average summer air temperature, precipitation,
etc.) [15], as well as mathematical modeling methods [23-27]
are also used to calculate glacial runoff.

To determine glacial runoff from individual morphological
parts of the glacial zone, it is advisable to apply the method
developed by the Academy of Sciences of the Kazakh SSR [4],
with some refinements given in [14, 22], using the sums of
positive average daily air temperatures and temperature melting
coefficients.

The total runoff from the glacial zone (y) according to the
indicated method has the following values: runoff from melting
seasonal snow in the tongues of glaciers (s) and frontal
moraines (m); runoff from melting snow and firn in the
accumulation area of glaciers (f); runoff from melting ice in the
tongues of glaciers (i) and frontal moraines (d); runoff from
subglacial melting on the lower surfaces of glaciers (g), i.e.:

y = f+s+m+i+d+g

M

According to I.S. Sosedov [1], the error in calculating glacial
runoff by formula (1) ranges within 14-20%.

To calculate the ablation of glaciers and glacial runoff, it is
essential to correctly determine the vertical gradients of air
temperature with increasing terrain height, as well as the
temperature coefficients of snow melting (Cs), ice (Ci) and
mixed melting (Cmm), mm/degxday. The temperature gradients
of the southern and western exposures are 6-7% higher than
those for the slopes of the northern and eastern exposures [15].

The temperature melting coefficients Ci, Cs and Crmm Were also
investigated. It is quite clearly seen that the averaged values of
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Ci, Cs and Cym depend on terrain height [26 28]. The equation
of the obtained dependence for Cs has the form:

Cs = 0,005H-13,2 )

where H is terrain height, m. The equation is justified by actual
data in the height range of 3,600-4,200 m a.s.l.

The equation for determining C; is as follows:

Ci=1,7x1,54" 3)

where H is terrain height, km. The equation is justified by
actual data in the height range of 3.4-4.1 km a.s.l. The error in
the calculation of C; was +16% [28].

Of great importance for determining ablation and runoff from
the glacial zone is the determination of the height of the firn
line, which acts as the equilibrium line and separates the
nourishment and melting regions of glaciers. The height of the
firn line can be evaluated from the data on glacier melting, from
aerial photographs and satellite images, as well as from direct
observations of its height.

Based on available observational materials on the height of the
firn line in the glacial zone of the Kishi Almaty river and N.N.
Palgov’s concept of the formula [12, 29], L.P. Mazur proposed
several formulas for calculating the height of the firn line for
specific years [3, 26 28, 28 30]. The formula proposed in [28
30] was refined using more extensive factual material on the
height of the firn line. The refined version of the formula has
the following form:

F = 3800 + 70At — 0,56Ax @)

where F is the height of the firn line for a particular year, m
a.s.l; At is the deviation from the norm of the air temperature
average for VI-VIII at the Mynzhilki weather station for a
particular year, in °C; Ax is the deviation from the norm of
precipitation, in mm for the period from September of the
previous year to August of the current year at the same weather
station. The average calculation error by formula (4) is £25 m.

Fig. 2 shows the combined long-term course of the height of
the firn line in the glacial zone of the Kishi Almaty river basin,
annual (September-August) precipitation and summer air
temperature (average for June-August) at the Mynzhilki
weather station.
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Fig. 2. Combined graph of the long-term course of the height of the firn line (H, m), precipitation (X, mm) and air temperature
(t, °C) for the period 1937-1997 [15]

It should be noted that using the method [4], earlier, for the first
time, we obtained some extensive calculation material on
glacial runoff for specific years in the major river basins of the
northern slope of the lle Alatau: f = 14%; S = 37%; m = 13%; i
= 35%; d = 1%, and the total mean annual volume of glacial
runoff amounted to 263 million m® [3]. When performing
calculations for the period 1961-1988, with minor changes in
the calculation procedure, the following data were obtained: f
=15%; S = 35%; m = 14%; i = 35%; d = 1%, and the total mean
annual volume of glacial runoff was 274 million m® [28].

The semi-empirical calculation method of A.N. Krenke and
V.G. Khodakov has become widely adopted [31]. As the main
argument in calculating annual ablation, they took the average
air temperature over the glacier for 3 summer months (June-
August). The calculation formula is:

Ag = (t June-August + 915)3 (5)

where Agis the total annual ablation of snow and ice, mm; t
June-August 1S the average air temperature for June-August at the
calculated height level.

Formula (5) has a global extent. The average error in
determining the total annual ablation based on formula (5) in
the northern slope of the Ile Alatau according to our
calculations is £35.3%. Therefore, we have derived a regional
formula for the lle Alatau:

A=644x1,44! (6)

where A is the total annual ablation, mm, at the calculated
height level; t is the air temperature average for VI-VIII at this
level, °C [3, 28].
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IV. RESULTS AND DISCUSSION

Our studies of glacial runoff began during the International
Hydrological Year (1957-1959) and continue to this day. Since
there are no actual data on the measurements of glacial runoff,
in order to evaluate the methods recommended for its
calculations, they were thoroughly analyzed [3, 15, 28, 30].

Empirical and semi-empirical formulas for ablation
calculations began to be applied more widely, which was
caused by the need to calculate glacial runoff over long periods,
to evaluate its dynamics in the context of glaciation degradation
and to solve a number of practical problems in using river
runoff. In the work of Vilesov E.N. [32], glacial runoff for a
specific year in each basin of the Ile Alatau is calculated by the
following formula:

W, = 1,07 Apx Fy ©)

where Ap = (tg + 11,83)% is the ablation calculated for a height
of 3,800 m; tq is the average summer air temperature above the
glacier at a height of 3,800 m; 1.07 is a coefficient that takes
into account 7% of liquid precipitation during the summer
period; 3,800 m a.s.l. is the height corresponding to the average
long-term level of the snowline on the macroscope as a whole.

For the first time, according to the method [32], taking into
account glaciation degradation and changes in the main
climatic factors, we calculated the glacial runoff of ten major
rivers of the northern slope of the lle Alatau for specific years
of the period 1955-2013 in six options and considered the
dynamics using average glacial runoff values from these
options [31], [14], [15, 28, 30].

A.N. Krenke and V.G. Khodakov’s formulas:
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A=(t, +95)° (5)

(8)

ty is the average temperature of three summer months — June-
August.

E.N. Vilesov and V.N. Uvarov’s formulas:
A, = (t, +10)° 9)

ty is the average temperature of three summer months — June-
August.

A=133(t, +9,66)>%

A, = (t, +11,83)° (10)

ty is the average temperature of five summer months — May-
September at a height of 3,800 m according to the Baltic system
of heights.

L.P. Masur’s formulas:

A, = 644 x1,44% (6)

where tyivii is the average temperature of three summer
months — June-August;

A, =933x1,46" > (11)

tv_ix is the average temperature of five summer months — May-
September.

To calculate the volume of glacial runoff, one should find the
value of the glacier open areas for all the major river basins of

the northern slope of the Ile Alatau in the period 1955-2013.
The ablation areas between their values in the “reference” years
(1955, 1979, 1990 and 2008) were calculated taking into
account the average air temperatures in these periods and the
modular air temperature coefficients for specific years.

The annual ablation layer was multiplied by a factor of 1.07 to
take into account the layer of liquid precipitation that fell in
summer. The average value of the total glacial runoff of the
rivers of the northern slope of the lle Alatau for six calculation
options was 300.4 million m®, with an average deviation of the
data obtained for specific options of £8.2%.

The calculation of river runoff for each year of a multi-year
period (1955-2013) is important. The actual data were
summarized on average monthly and annual water flow rates
for ten rivers, available in the materials of long-term
observations on the network of the RSE “Kazhydromet”. The
work was carried out on the reconstruction of the series of
annual runoff and runoff for the growing season of the major
rivers. Two statistical series of the same duration of 1955-2013
were obtained: glacial runoff and river runoff in gauging
hydrometric sections, combined with temperature fluctuations
over three summer months, which are shown in Fig. 3.

High-water years and periods for glacial runoff are accounted
for by low-water years of river runoff in gauging sections. The
asynchrony of fluctuations in the total glacial runoff and the
total river runoff is shown in Fig. 4.
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Fig. 3. Combined graph of fluctuations in the total volumes of river runoff, total glacial runoff of the major rivers of the lle Alatau
and the average temperature of three summer months (June-August) for the period from 1955-2013
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Fig. 4. Combined difference integral curves of the modular coefficients of the total glacial runoff of the rivers of the northern
slope of the lle Alatau for the period 1955-2013

A comparison of the volumes of glacial runoff with annual northern slope of the lle Alatau on average for 1955-2013 is
runoff and runoff for the growing season of the rivers of the shown in Table 2.

Table 2. Comparison of the volumes of glacial runoff (W, min m3) with annual runoff and runoff for the growing season for the
major river basins of the northern slope of the Ile Alatau on average for the period 1955-2013

Water flow rate Runoff volume Glacial runoff volume (average)
River basin Qaa;]\;]eur:?e Qgrowing, | Wannual, | Wgrowing, | Wglacial, | in% of | in % of
' md/s min m? min m3 minm® | annual | growing
md/s
Uzunkargaly — Fabrichny
town 3,47 4,66 109,4 72,6 13,9 13,1 19,8
Shamalgan — Shamalgan
village, 6 km above the
settlement 1,31 1,67 41,4 26,0 2,8 7,1 11,4
Kaskelen — Kaskelen city 4,24 6,20 133,8 96,8 15,6 12,0 16,7
Aksai — Aksai border 2,34 3,45 73,7 53,8 15,6 22,0 30,3
Kargaly — Chapaev town 0,62 0,83 19,6 12,9 4,0 21,4 32,5
Ulken Almaty — below
the mouth of Terisbutak
river 4,99 6,64 157,5 103,7 32,6 21,2 32,4
Kishi Almaty — Almaty
city 2,20 3,06 69,4 47,7 9,8 15,0 23,1
Talgar — Talgar city 10,41 15,49 328,4 241,7 117,6 36,1 49,1
Yesik — Yesik city 5,01 7,31 158,0 114,0 52,2 33,7 46,9
Turgen — Tauturgen
village 7,25 11,19 228,7 174,6 37,5 16,8 22,1
Total - - 1319,9 943,8 300,4 - -
Average - - - - - 19,8 28,4

424



International Journal of Engineering Research and Technology. ISSN 0974-3154, Volume 13, Number 3 (2020), pp. 419-426
© International Research Publication House. https://dx.doi.org/10.37624/IJERT/13.3.2020.419-426

In the context of the entire glacial system of the northern slope
of the lle Alatau, according to our data, glacial runoff amounted
to 22.8% of the total annual runoff of the major ten rivers of the
region on average for the period 1955-2013 and 31.8% of the
total runoff of these rivers for the growing season.

In 1955-1972, glacial runoff fluctuated around average values
over the entire 58-year period. In the second period (1973-
1990), despite the continuing degradation of glaciation, glacial
runoff increased, reaching its highest value in 1990 (see Fig. 3
and Fig. 4), which is due to an increase in air temperature and
the ablation layer. Since 1991, an increase in the ablation layer
with a further increase in air temperature could no longer
compensate for the decrease in the area of glaciers.

The glaciological forecast is a scientifically based judgment on
the state and development trends of glaciation in the near and
distant future [32], [33], [34-38]. According to E.N. Vilesov’s
method of chronoanalogy [32], the glaciers of the entire glacial
system of the northern slope of the Ile Alatau will disappear by
2091.

In our studies, we used data on five reference points (1955,
1974, 1979, 1990, and 2008) and data on areas obtained by
interpolation between reference points for all ten basins of the
major rivers of the northern slope of the lle Alatau. We
determined the dates of disappearance of glaciers in specific
river basins of the region: Shamalgan — 2050; Ulken Almaty —
2065; Kargalinka — 2070; Uzynkargaly, Kishi Almaty, Turgen
—2080; Aksai, Kaskelen — 2085; Talgar — 2090; Yesik — 2097,
and in the entire glacial system of the northern slope of the lle
Alatau as a whole — by about 2100. These dates are approximate
and possible in the absence of significant climatic changes.

V. CONCLUSIONS

The dynamics of glacial runoff is considered using the
calculated data for the period 1955-2013. The results can be
applied in the practice of hydrological, meteorological, water
balance and water management calculations, the preparation of
hydrological forecasts, the design of water management
structures, as well as the analysis of the conditions for the
formation of runoff and the implementation of various
theoretical studies for the mountainous conditions of the lle
Alatau. The recommendations and conclusions obtained are
physically justified, therefore, can be useful in similar
calculations for other mountainous regions.
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