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Abstract—The climatic changes taking place in Northern Eurasia, which have become especially aggravated
in the past few decades, in combination with the anthropogenic impact on ecosystems, are causing noticeable
changes in the hydrological characteristics of mineral lakes. Based on the results of daily measurements of
brightness temperature 7, from the SMOS (Soil Moisture and Ocean Solution) satellite, the long-term sea-
sonal dynamics of hydrological changes in some large mineral lakes of Northern Eurasia (Caspian Sea, Kara-
Bogaz-Gol Bay, Aral Sea, lakes Sarykamyshskoe, Kulunda, Ubsu-Nur) from 2012 to 2022 was studied. The
analysis of the seasonal and interannual dynamics of 7} and thermodynamic temperature of the underlying
surface was performed on the basis of the SMOS L1C and MODIS MODI11A1 (Moderate Resolution Imaging
Spectroradiometer) products, respectively. Four periods were identified with different behavior of the radiative
characteristics of mineral lakes, associated with a decrease in temperature below the freezing point of salt water,
the formation and melting of ice cover on the water surface, changes in the area of the water table, and salinity
of water. In the northern Caspian Sea, the influence of the phenological phases of ice cover on the change in the
microwave radiation of the underlying surface was noted. The features of microwave radiation of the western
(deep water) and northern parts of the Aral Sea are studied. The seasonal dynamics of 7y, is associated with the
processes of formation of ice cover on the water surface. Judging by the changed seasonal dynamics of the 7y,
the Sarykamysh Lake was transformed into a year-round ice-free lake. Peculiarities of the seasonal dynamics of
T, for Lake Ubsu-Nur are revealed that may be associated with rainfall in the winter—spring season, as well as
with the early opening of rivers and flooding of the ice cover of the lake with river water.

Keywords: salt lakes of Northern Eurasia, remote sensing, microwave range, radio brightness temperature,

SMOS satellite
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INTRODUCTION

Mineral lakes, which are widespread across the
globe and found in different regions of the world, are
extremely sensitive to climate change. Water level and
water-surface area are specific indicators of climate
change are [36]. During low-water periods, lakes of
small area may dry out partially or completely [ 14, 33].
The drying out of large lakes affects many atmospheric
and hydrosphere processes occurring on a regional
and global scale. The atmospheric transfer of toxic
salts from the surface of the water and the dried bot-
tom of the lake contributes to an increase in soil salin-
ity, which, in turn, leads to suppression of vegetation
cover, changes in the species composition of vegeta-
tion and desertification [13].

Current information on hydrological changes in
large mineral lakes, which is of great importance in
planning measures to protect the environment and
adapt society to new living conditions, can be obtained

based on space monitoring methods [18, 28]. An
important task is to study the long-term seasonal
dynamics of radio brightness temperature 7,(JD)
(Julian Day) of the underlying surface in different
regions of Northern Eurasia, depending on meteoro-
logical conditions, as well as on the area and radio emis-
sion characteristics of different landscapes (water sur-
face, exposed bottom dry lake, soil cover, forest) [17].
The microwave radiation of the underlying surface,
which includes a mineral lake, can vary within signifi-
cant limits. For example, 7, of a drying salt Lake Eyre
(Australia), determined from the SMOS (Soil Mois-
ture and Ocean Solution) satellite data, changes
during the season from 7}, of water surface temperature
to T, of dry soil temperature [21]. Using satellite data
from ALOS PALSAR (Advanced Land Observing Sat-
ellite; Phased Array type L-band Synthetic Aperture
Radar), the coastline of the dried-up Lake Lop Nur,
located in the eastern part of the Tarim Basin in north-
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Fig. 1. Schematic map of the location of test sites in Northern Eurasia. (/, 2) Northern and southern parts of the Caspian Sea,
(3) Kara-Bogaz-Gol Bay; (4) Lake Sarykamysh; (5, 6) western and northern parts of the Aral Sea; (7) Lake Kulunda; (8) Lake
Ubsu-Nur.

western China, was contoured [24]. For remote mon-
itoring of the drying out of mineral lakes, data from
EOS/MODIS (MOD13Q1) (Earth Observing Sys-
tem/Moderate Resolution Imaging Spectroradiome-
ter) [34], as well as Landsat-5 TM and Landsat-8[10],
are used. The paper [19] studied seasonal variations in
T, of mineral lakes, the area of which is smaller than
the area of the SMOS pixel. It has been shown that sea-
sonal variations in 7}, depend on physical temperature
and water salinity, as well as the presence and thick-
ness of ice cover formed on the water surface during
the cold period.

MATERIALS AND METHODS

The main objects of the study were large mineral
lakes of Northern Eurasia, differing in water surface
area, water salinity, concentration and type of dis-
solved salts, located in different natural zones, at dif-
ferent altitudes above sea level (northern and south-
ern parts of the Caspian Sea, Kara-Bogaz-Gol Bay,
sections of the Aral Sea after catastrophic drying out,
and Sarykamysh, Kulunda, and Ubsu-Nur lakes)
(Fig. 1).

The microwave radiation of the underlying surface,
recorded by the sensors of the 2D MIRAS (Microwave
Imaging Radiometer with Aperture Synthesis) radi-
ometer (1.41 GHz) and calibrated in units of radio
brightness temperature 7;, was extracted from SMOS
products [35] of the L1C processing level version v620
[12]. This study presents 7, values measured at hori-
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zontal polarization at a probing angle of 42.5°. The
longitudinal and transverse spatial resolution of the
radiometer is 64 and 35 km, respectively. L1C data are
georeferenced to the discrete geodetic grid DGG
ISEA 4H9 (Discrete Global Grid Snyder Icosahedron
grid with equal area) [23]. The linear size of the cells of
this grid is 16 km, the area is 195 km?. The T, value for
any cell in the L1C product is determined by a section
of the Earth’s surface with an area of 1760 km?.

For a homogeneous, slightly rough underlying sur-
face, T, can be calculated using the formula [15, 25, 32]

7-'b = X,T5

where x and T are the emissivity and physical tem-
perature of the underlying surface.

When areas with different radio-emitting charac-
teristics (lakes, coastal zones, and adjacent land areas
with poorly developed vegetation) fall into the geo-
detic grid, the measured T, values represent a superpo-

sition 7/ of these areas, taking into account the contri-
bution of their areas to the total area of the emitting
surface area [20]. In this case, 7, can be calculated
using the formula

n
T, =Y. TS,
=
where Tbj and S§; are the radio brightness temperature
and area of individual areas.
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Respectively, 7, b’ of a separate ith section with area

S, at known values of 7;/ and §; for other areas can be
calculated using the formula

T,- Y TS,
Jj=1

L=y (M
RESEARCH RESULTS

Figure 2 shows graphs of the long-term seasonal
dynamics of 7,(JD) of test sites from 2012 to 2022. The
abscissa axis shows the values of the Julian day JD,,,,
counted from the beginning of the observation period
(January 1, 2012). In all graphs, straight lines indicate
long-term dependences of 7, and 7, which make it
possible to assess the changes occurring over the
period from 2012 to 2021.

T,(JD) variations in the northern part of the Cas-
pian Sea (see Fig. 2a) are associated with the seasonal
formation of ice cover on the water surface, with
changes in ice cover, temperature and salinity of the
sea surface [2, 3]. T, values vary from 90 K during
periods of open water to 270 K during periods of freez-
ing. The type of 7,(JD) dependence is typical for res-
ervoirs with seasonal ice cover that forms on the water
surface. Numbers 1—4 indicate points corresponding
to qualitative changes in the characteristics of the
microwave radiation of the underlying surface. Point 1
(JD,) corresponds to the temperature at which saline
water begins to freeze (changes in its state of aggrega-
tion as a result of ice formation). Point 2 (JD,) corre-
sponds to an ice thickness equal to the skin layer. A fur-
ther increase in ice thickness does not lead to a notice-
able change in 7,, which depends on the ice
temperature and the presence of snow patches on the
ice surface during thaws [31]. Points 3 (JD;) and 4 (JD,)
correspond to the beginning and end of the melting of
saline ice. In accordance with this, a specific feature
becomes the existence of four phases of the state of the
surface of a reservoir with different radio-emitting
characteristics, depending on the temperature and
salinity of water, the thickness, temperature and salin-
ity of ice: JD, — JD,) — open water; (JD, — JD;) —
formation of ice cover with ice thickness d < L (L —ice
skin layer); (JD; — JD,) — established ice cover with
thickness d > L; (JD, — JD,) — melting of ice cover.

For the southern part of the Caspian Sea, 7,(JD)
(see Fig. 2b) has the appearance characteristic of min-
eral reservoirs that do not freeze throughout the year. In
this case, 7, of the water surface depends on the tem-
perature and salinity of water [16, 30], as well as on sea
waves and the formation of foam on the sea surface [37].

Figure 2c shows dependences 7,(JD) for Kara-
Bogaz-Gol Bay, which is the world’s largest mirabilite

ROMANOV et al.

deposit and is characterized by a high concentration of
salts dissolved in water (from 270 to 380%o0 depending
on the season, the water surface temperature and the
level of the Caspian Sea, which contribute to the shal-
lowing of the bay) [4, 5]. As can be seen from the
graphs, 7,(JD) and T(JD) are in antiphase (the mini-
mum 7, values correspond to the maximum 7 values
and vice versa). This behavior of 7,(JD) may be associ-
ated with the characteristics of the dissolution of salts in
water and the characteristics of their precipitation.

Significant hydrological changes are occurring in
the drainless bitter Lake Sarykamysh, which has been
operating since the 1960s as a water receiver for collec-
tor-drainage waters generated in the Khorezm (Uzbeki-
stan) and Dashkhauz (Turkmenistan) regions. Over
the past 35 years, Lake Sarykamysh turned from small
salt marshes into the largest irrigation and discharge
reservoir in the Aral Sea basin. The mineralization of
the water in the lake is sodium chloride, salinity
reaches 15—20%o0. In the last decade, studies of the
hydrological state of Lake Sarykamysh, as well as other
water bodies of the Aral—Caspian region, have been
carried out using space sensing methods [6].

Dependence 7, (JD) for Lake Sarykamysh is shown
in Fig. 2d. During the winter periods of 2011/2012, of
2012/2013, and 2013/2014, ice cover formed on the
water surface of the lake, which is confirmed by satel-
lite images in the optical range (https://worldview.
earthdata.nasa.gov). From the end of 2014 to the pres-
ent, no ice cover has formed, which may be due to an
increase in the mass concentration of soluble salts
brought by collector-drainage waters.

The Aral Sea (AS), which has been subjected to
catastrophic drying out since the 1960s, has under-
gone the most noticeable hydrological changes [11, 22,
26—29]. From the analysis of 7,(JD) dependences for
the western (see Fig. 2e) and northern (see Fig. 2f) parts
of the AS, as well as satellite images in the optical range,
it follows that, in the western part of the AS, the ice
cover last formed in 2012. The northern part of the AS
is characterized by annual formation of ice cover vary-
ing in the duration of periods of open water and ice.

One of the largest bitter lakes in the south of West-
ern Siberia and the largest in Altai krai is Lake
Kulunda, the area of which during the summer season
can change by 25% (depending on the weather condi-
tions and the dryness of the year). Accordingly, with a
change in the area of the lake, the salinity of the water
also changes [1, 7]. Figure 2g shows 7,(JD) and T(JD)
calculated for Lake Kulunda. The dynamics of the
temperature of the lake’s water surface were deter-
mined using MODIS data. T values are averaged over
the lake area. Since the lake area is smaller than the
pixel of the MIRAS radiometer, the lake 7; values
were recalculated using formula (1) for a cell formed
only by the steppe and a cell formed by Lake Kulunda
(35%) and adjacent steppe territories (65%).
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Fig. 2. a—c. Seasonal dynamics of (/) thermodynamic and (2) radio brightness temperatures measured on horizontal polar-
ization at a sounding angle of 42.5° for the (a) northern and (b) southern parts of the Caspian Sea and (c) Kara-Bogaz-Gol
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Fig. 2. (Contd.)

the lake depend largely on variations in salinity and

Figure 2h shows 7,(JD) and 7T(JD) dependences for the

freeze-up conditions [8]. Noteworthy are the annual
sharp decreases in 7,, which can be associated both
with rainfall in the winter—spring season, and with the
earlier opening of rivers and flooding of the lake ice

largest lake in Mongolia, Ubsu-Nur (7" data measured

at the weather station WMO 1D 44212

(World Meteo-

rological Organization Identifier) (Ulangom: 49°59’ N,

92°05" E; 939 m), taken from the meteorological site

cover with river water. The emergence of a multilayer

rp5.ru (https://rp5.ru)). The hydrological features of
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Fig. 2. (Contd.)

structure, which forms in the spring as a result of sur-
face melting of ice and subsequent freezing of melted
water, is accompanied by sharp short-term changes in
the radio-emitting characteristics of the underlying
surface. This allows for early identification of the onset

of melting and obtaining additional information about
the state of ice cover [9].

Dependences 7,(JD) and 7(JD) for the studied

lakes shown in Fig. 2 were approximated by straight
lines having the following form:

T, = A+ BID, )
T =C + DID, (3)

where A, B, C, and D are numerical coefficients given
in Table 1.

The difference in coefficients indicates differences
in hydrological changes in different regions of North-
ern Eurasia. From the analysis of satellite data, it fol-
lows that T increases for all studied lakes at different
rates, which may be due to differences in climatic con-
ditions. At the same time, the 7 value for different
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mineral lakes behaves differently. The reasons for the
decrease in Ty, for lakes located in the southern part of
Northern Eurasia may be a reduction in the duration
of the cold period (due to increased temperature),
fluctuations in the water level in lakes, and increased
evaporation and, accordingly, an increase in water
salinity, leading to a decrease in the emissivity of the
water surface. For mineral lakes located at higher lati-
tudes, an increase in 7, may be associated with sea-
sonal processes of melting snow cover in the spring
and a decrease in water salinity, as well as shallowing

of lakes at the end of the summer season, the forma-
tion of stable ice cover.

CONCLUSIONS

A joint analysis of satellite data from SMOS and
MODIS made it possible to identify noticeable sea-
sonal variations in the microwave radiation of mineral
lakes. It has been shown that the patterns of long-term
seasonal dynamics of radio brightness temperature of
mineral lakes in Northern Eurasia differ significantly.
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Table 1. Numerical coefficients A, B, C, D in formulas (2), (3)

ROMANOV et al.

Object | Seasonal ice cover A Bx 1074 o o Dx107* 9

1 + 20276 —82.0 0.040 —2214 10.2 0.010
2 — 4319 —17.2 0.050 —585 3.6

3 3038 —12.1 0.030 —1013 5.3

4 11748 —47.3 0.090 —1348 6.6

5 —4211 17.8 0.010 —3466 15

6 + —413 24 0.100 —1872 8.8

7 —9269 38.5 0.030 —1479 7.1 0.030
8 —625 35 0.001 —2198 10.1 0.005

o is standard deviation.

For mineral lakes with a seasonal ice cover forming on
the water surface, four time intervals have been identi-
fied in dependence 7,(JD), in each of which the radio
brightness characteristics of the water surface depend
on the rate of ice formation or melting, temperature
changes and water salinity.
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