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Abstract. The ice conditions of lakes serve as an indicator of regional climate change. This study focuses on Lake Kulin-
da, located at the northern end of Lake Baikal, Russia. The study analyzes the patterns of ice melting in this lake in April
2019, 2021, 2023, and 2025, and identifies the factors influencing the evolution of ice lakes in this region using Landsat-8
and Landsat-9 remote sensing data and GIS analysis tools. The results show that between 2019 and 2025, the ice cover
of Lake Kulinda decreased from 9.17 km? to 8.86 km?, resulting in a total reduction of 0.31 km? with an average annual
decrease of 0.05 km2. The rate of ice melting initially increased and then decreased. The largest annual reduction was
observed in the period 2021-2023 (0.08 km?), while in the period 2023—2025 the rate slowed down (0.04 km?), which in-
dicates a slowdown in the dynamics of the lake’s ice cover. The retreat of the ice cover occurred along the coastal zones,
especially in the southeastern and northwestern parts, while the central part remained covered with ice. The boundary
between ice and open water gradually shifted towards the center of the lake every year. Changes in the area of the ice
cover are associated with the warming climate of the region. The phases of rapid melting in 2021-2023 coincided with the
statistical spring warming, and the subsequent slowdown is related to the nonlinear interaction between natural climate
fluctuations and the dynamics of the ice cover. This indicates the adaptive capabilities and self-regulation of the lake’s ice
cover. The research results can be used in monitoring the phenological state of the ice cover formation in the lakes of the
Northern Baikal region, which will contribute to a better understanding of climate change in the region.

Keywords: Lake Kulinda, lake ice phenology, Landsat-8, Landsat-9, normalized difference snow index, interannual vari-
ation

For citation: Gu M., Meng X., Zhulikov V.M., Ruposov V.L. Monitoring interannual variations in ice conditions of Lake
Kulinda in April based on Landsat-8 and Landsat-9 time-series imagery. Earth sciences and subsoil use. 2026;49(2):?-?.

https://doi.org/10.21285/2686-9993-2026-49-2-4.

HayyHas ctaTbs
YOK 556

AHanu3 MHOroneTHUX U3MeHeHU neaoBON OOGCTaHOBKM
Ha o3epe KynuHpaa B anperne ¢ UCNosnb30BaHUEM AaHHbIX
C KocMu4yeckux cnytHukoB Landsat-8 n Landsat-9

M. 'y, C. ManP, B.M. XXynukos¢, B.J1. Pynocos*

abXaHaHbCKul nonumexHuyeckull yHusepcumem, L{zsouyso, Kumad
“IYpkymcekuli HayuoHasbHbIU uccrnedosamernbCckull mexHu4Yeckul yHusepcumem, Ypkymck, Poccutlickass ®edepayus

Pe3tome. JlenoBasi 06CTaHOBKA 03€p CMYXWUT MHOMKATOPOM PErvoHanbHbIX KNMMaTU4eCKUX M3MeHeHun. B gaHHoM uc-
cnepoBaHuM paccMaTpuBaeTcs 03. KynuHaa, pacnonoxeHHoe B CEBEPHOM OKOHEYHOCTU 03. baiikan B Poccun. B nccne-
[OBaHUM NpoaHann3npoBaHbl 3aKOHOMEPHOCTWN TasiHUS NbAa Ha 3ToOM o3epe B anpene 2019, 2021, 2023 n 2025 rr. n
BbISIBNEHbI (haKTophbl, BAMSAIOLLME HA 3BOMIOLMIO NEASHBLIX 03ep B pacCMaTprvBaeMOM PETVIOHE C UCMONb30BaHNEM aHHbIX
OUCTaHLMOHHOIO 30HAMPOBaHUA crnyTHMKamu Landsat-8 n Landsat-9 n nHCTpyMeHTOB reoMHOpMaLMOHHON CUCTEMbI
aHanusa. lMonyyeHHble pe3ynbraThl NOKasbiBakoT, Y4To B nepuod ¢ 2019 no 2025 r. nnowaap negsaHoro nokposa 03. Ky-
nuHaa ymeHbwmnack ¢ 9,17 go 8,86 km?, 4TO cocTaBnsieT cymmapHoe cokpalleHue Ha 0,31 kvm? npu cpeagHeM rofgoBoOMm
ymeHbLieHun 0,05 km2. CKopoCTb TasiHASA NbAa CHavarna ysenuymMeanach, a 3ateM cHuaunacb. Hanbonbluee ronosoe co-
KpaLLeHve negoBoro nokposa Habnoganock B nepuog ¢ 2021 no 2023 r. (0,08 km?), Toraa kak B nepmog ¢ 2023 no 2025 .
ckopocTb cHuaunack (0,04 km?), 4To yKasbiBaeT Ha 3aMeafieHne AMHaMUKW NeSOBOro Nokposa o3epa. OTCcTynneHve neas-
HOro MOKpOBa MPOMCXOAMMO BAOMb NPUOPEXHBIX 30H, 0COOEHHO B HOrO-BOCTOYHbIX U CEBEPO-3anafHblX YacTsAX, Toraa Kak
LeHTpanbHasa 4YacTb OcTaBasniacb MOKPbITOM NbAOM. [paHMua Mexay NeaoBbiM NMOKPOBOM M OTKPLITOM BOAOW KaXKAbI rof,
NOCTENEHHO CMeLLanach K LeHTpy o3epa. lameHeHus nnollaam neasiHoro NokpoBa CBsi3aHbl C NOTENMEHMEM KnumMaTta B
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pervoHe. ®asbl GbICTPOro TasHUA Nbaa B nepuog, ¢ 2021 no 2023 . coBnanu co CTaTUCTUYECKNUM BECEHHMM MNOTEMNEHUEM,
a nocnegyollee 3ameasieHne CBA3aHO C HENMHENHbIM B3aUMOLENCTBUEM MEXAY €CTECTBEHHBIMU KIMMATUYECKUMM KO-
neGaHnsiMy 1 AMHaMUKOW NELOBOrO NOKpoBa. ATO CBUAETENLCTBYET 06 aganTaLMOHHbIX BO3MOXHOCTSIX U caMoperynsuum
NefsiHOrO NMokpoBa o3epa. Pesynbrathbl MccnegoBaHUin MoryT ObiTb MCMNONb30BaHbl ANt MOHUTOPUHIA DEHONOrMYECKoro
CcocTosiHUSi 06pa3oBaHKsa 1 paspyLUeHnst negoBoro nokpoea o3ep CesepHoro lMpubainkanbs, 4to 6yaet cnocobcTBoBaThH
NyyLweMy NoHMMaHUI0 U3MEHEHWIA KNMMaTa B PEr1oHe.

Knrodeenie cnoga: o3epo Kynunaa, peHonorusa negaHoro nokposa, Landsat-8, Landsat-9, Hopmanv3oBaHHbIN pa3HOCT-
HbIA MHAEKC CHEXHOTO NMOKPOBa, MEXIOA0BbIE BapuaLum

Ans yumupoearus: Ty M., Man C., XXynukos B.M., Pynocos B.J1. AHan13 MHOroneTHMx n3aMeHeHun negoBovi o6cTaHoB-
K1 Ha o3epe KynunHaa B anperne ¢ Mcnosib30BaHWEM AaHHbIX C KOCMUYECKMX cnyTHMKOB Landsat-8 n Landsat-9 // Hayku o

3emne v Hegpononb3oBaHne. 2026. T. 49. Ne 2. C. ?-?. https://doi.org/10.21285/2686-9993-2026-49-2-4.

Introduction

Global climate change is currently attract-
ing widespread attention. However, the degree
of human influence on this process and on its
overall trend remains difficult to determine.
Therefore, studying climate change in dense-
ly populated urban areas helps assess the im-
pact of human activities on the global climate. At
the same time, observations and records from
sparsely populated regions are important for fur-
ther evaluation of human influence. Since ground
observations in remote areas are difficult, remote
sensing can be used to monitor key indicators of
climate change from a distance. The aim of this
study is to analyze long-term changes in the ice

cover of Lake Kulinda in order to identify climate-
change trends. The study area is Lake Kulinda
in the Republic of Buryatia, Russia. The nearest
settlement is the village of Kichera, located 30
km north of Lake Baikal, which makes the study
area sparsely populated (Fig. 1).

The typical continental Baikal region is
characterized by synchronous changes in ice
phenology, which manifests itself in the fact
that mountain lakes tend to experience shorter
periods of ice formation and smaller ice cover
areas at earlier times [1-3]. The ice regime of
Lake Kulinda clearly confirms the trend of spring
degradation of lake ice in the Baikal region. Con-
sequently, the results of this study can be used

Fig. 1. Study area:
a—56°06"N; b—110°29'E
Puc. 1. PalioH uccnedosaHusi:
a-—56°06"c. w.; b—110°29’s. 0.
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to obtain new scientific data for studying the
evolution of climatic-hydrological processes in
the region [4—7]. Considering the geographical
location and conditions of Lake Kulinda (Fig. 2),
satellite data—with their advantages of average
spatial resolution, multispectral capability, and
convenient visualization—are the preferred tool
for monitoring ice dynamics [8—13].

At present, studies of lake ice dynamics
mainly focus on extracting and analyzing their
spatiotemporal distribution and physical char-
acteristics. For example, L.L. Sukhacheva [14]
analyzed the spatiotemporal variations in ice
conditions, ice formation and melting process-
es, and the evolution of ice morphology in the
Gulf of Finland and the Neva Bay in 2011-2012.
V.M. Kolyi [15] used satellite imagery to monitor

| 2026;49(2):2-?

river ice conditions from April 2013 to Novem-
ber 2017. Zh. Wang [16] studied lakes larger
than 100 km? on the Tibetan Plateau and their
changes during 2000-2015. M. Qi [17], using
Terra MODIS and Landsat TM/ETM+, analyzed
the ice characteristics of Qinghai Lake from 2000
to 2016, revealing a shortening of the ice-cov-
er duration and identifying cumulative negative
winter temperature as a key factor.

The latitudinal position and continental cli-
mate of Lake Kulinda determine the specific dy-
namics of its ice cover, but the study of this lake
in this regard is clearly insufficient. This study
uses Landsat-8 and Landsat-9 satellite images
and GIS software to analyze the temporal chang-
es in the ice cover of Lake Kulinda from 2019 to
2025, as well as the factors that influence the

Fig. 2. Photos of Lake Kulinda in early autumn (a) and summer (b)
Puc. 2. ®omozpaghuu o3epa KynuHda paHHeli oceHbto (a) u iemom (b)
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evolution of ice cover in similar regions. The re-
sults obtained can be used in studies of the ice
cover dynamics in Central Siberia as a whole.

Materials and methods

Lake Kulinda is located in the dryland part of
the North Baikal Basin, with geographical coor-
dinates of 56°06’ N and 110°29’ E (see Fig. 1).
The lake belongs to the Kichera River basin
and is a typical glacial lake, a relic of the last
glaciation. The total surface area of the lake is
9.21 km?[18, 19]. The lake is elongated and has
steep banks and a straight coastline.

The lake is surrounded by medium-high
mountains (800-1,200 m) (see Fig. 2), with trac-
es of large-scale glacial processing of the last
glacial maximum: karst, troughs, glacial valleys,
lateral, bottom, and terminal moraines. The bed-
rock is represented by Paleozoic and Mesozoic
igneous and metamorphic formations, partially
covered by glacial and lake deposits. The soils
are mountain-tundra and cryogenic, with a thin
humus layer and low fertility. The vegetation is
typical for the territories of the Northern Baikal
region and consists of tundra, shrubs, and rare
coniferous forests.

The regional climate is cold temperate conti-
nental, strongly influenced by the Siberian High
and polar air masses: long, very cold winters
and short, cool summers. The mean annual
temperature is well below 0°C. The average
January temperature may fall below -30°C and
sometimes to -45°C; the average July tempera-
ture is 10-15°C, and extremes do not exceed
approximately 25°C. Annual precipitation is ap-
proximately 350-450 mm, mostly in the form
of snow. Snow cover persists for more than
7 months (from mid-October to May). Wind con-
ditions are usually strong, especially in winter,
with frequent blizzards; wind action produces
ridges and cracks on the ice [20].

These harsh conditions result in a long
ice-cover period: freeze-up usually begins in
early November and lasts until the end of May —
about 6 months. Maximum ice thickness reaches
1-1.2 m, with local variations caused by snow
cover and wind redistribution. May is a critical
phase of melt phenology: rising temperature and
increasing solar radiation initiate melting along

Haykun o 3emne u Heapononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online)

the shore and over the ice surface. Therefore,
analyzing interannual variability in ice area in
May effectively reflects the influence of climate
warming on the regional cryosphere [21].

Hydrologically, the lake is supplied mainly
by atmospheric precipitation and snowmelt, and
water levels are relatively stable. The water is
clear; in summer, surface temperatures reach
10-12°C [22], while bottom waters remain sta-
ble at approximately 4°C, forming a two-layer
thermal structure. Due to its remoteness, human
impact is minimal, and the area retains a high
natural status, making the lake a suitable site for
studying ice dynamics at high latitudes.

Under global warming, Siberia is considered
one of the most climate-sensitive regions, and
changes in its cryosphere have attracted sub-
stantial scientific interest. As a representative
glacial lake in the region, Lake Kulinda reflects
local climate trends and serves as an import-
ant reference for understanding hydroclimatic
changes in Baikal-type regions [23]. Therefore,
an in-depth analysis of the spatiotemporal vari-
ations in the lake’s ice cover has high scientific
value and practical significance for understand-
ing cryosphere-climate interactions at high lati-
tudes and for predicting future changes.

Results and discussion

Normalized Difference Snow Index. The Nor-
malized Difference Snow Index (NDSI) is a clas-
sical method for identifying snow and ice based
on the spectral characteristics of reflectance in
specific wavelength ranges.

NDSI exploits the high reflectance of snow/
ice in the visible range and the low reflectance
in the shortwave infrared (SWIR) to distinguish
ice-covered and ice-free areas. It is calculated as:
(band3 — bands6)

(band3 + band6) .

NDSI is the normalized difference between the
reflectance in the green band and the shortwave
infrared band (SWIR1). For Landsat-8 and Land-
sat-9, the green band is band 3 (0.53—-0.59 um),
and SWIR1 is band 6 (1.57—1.65 um).

NDSI values range from -1 to +1: snow and
ice are characterized by high values (close to
+1), whereas open water produces negative or
low values. Therefore, by selecting an appro-

NDSI =
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priate threshold, ice can be effectively separat-
ed from water/ice-free areas. In this study, the
Otsu’s method was used as the thresholding
method. Pixels with NDSI = 0.42 were classified
as ice, and the remaining pixels were classified
as ice-free.

In this study, Landsat-8 and Landsat-9 im-
agery was used, in which band 3 is the green
band and band 6 is the shortwave infrared band.
The threshold for ice extraction was determined
using a method similar to a single-band threshold
approach. The optimal threshold calculated by
the Otsu’s method was set at 0.42. Areas with
NDSI values greater than or equal to 0.42 were
classified as ice, while areas with values below
0.42 were classified as ice-free.

Area calculation. Each pixel in remote sens-
ing imagery represents a specific surface area
of a given size. Therefore, the area of surface
objects can be calculated by multiplying the num-
ber of pixels belonging to a given object by the
area of a single pixel. This method is widely used
in remote sensing because of its high accuracy
in area estimation.

Using ArcGIS software, statistics were gen-
erated for pixel values in the classified remote
sensing images in order to obtain all ice and
ice-free pixels, on the basis of which the total
areas of ice-covered and ice-free regions were
calculated. The process is as follows:

1. Pixel statistics.

For the binary classification image gener-
ated in the previous step (where ice pixels are
assigned a value of 1 and non-ice pixels a value
of 0), statistical analysis of pixel values was per-
formed. Using the raster attribute table function
in ArcGIS, all pixels within the study area were
extracted, and the total number of ice pixels N,
and non-ice pixels N,,... was calculated sepa-
rately.

2. Area calculation.

Based on the spatial resolution of the remote
sensing images, the actual areas of the ice-cov-
ered and ice-free regions were calculated using
the formula:

Ajce = Nige X (GSD)Z;
Apon—ice = Nnon—ice X (GSD)Z,
where A, is the total ice area; A,,,.i. iS the to-
tal ice-free area; GSD is the ground sampling
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distance (spatial resolution) of the images, ex-
pressed in meters per pixel.

The spatial resolution of the Landsat-8 and
Landsat-9 multispectral bands is 30 m. Thus,
the surface area represented by one pixel is
900 m?. For clarity and ease of comparison, the
calculated area is converted uniformly to square
kilometers (km?) using the conversion factor:
1 km? = 10° m2.

Accuracy and error assessment. All remote
sensing classification methods are inherently
associated with certain errors. The main sources
of error in this study include mixed pixels and
cloud influence.

Mixed-pixel problem: Along the ice-water
boundary, a single 30x30 m pixel may contain
both ice and water, producing an NDSI value
between that of pure ice and pure water and
potentially leading to misclassification.

Cloud and shadow influence: Although imag-
es without clouds were preferred, thin clouds and
their shadows may alter the spectral response
of the surface and affect NDSI values.

To assess and ensure the reliability of the re-
sults, the following measures were implemented:

1. Visual validation of interpretation. The
NDSI classification results were overlaid on
true-color composites for the same period. Clas-
sification boundaries were manually compared
with visually distinguishable ice-water bound-
aries in the images. Clearly misclassified areas
were recorded and analyzed to determine the
reasons.

2. Temporal consistency check. Classifica-
tion results for similar dates in different years
were compared to verify the logical consistency
of their spatial distributions (for example, ice
retreat should generally occur from the shore-
line toward the center of the lake). This helped
eliminate anomalies caused by the quality of a
single scene.

3. Verification of total area. The total area of
ice and ice-free regions calculated in this study
was compared with the known total area of Lake
Kulinda (9.21 km2). This served as a reference
for validating the overall correctness of the da-
ta-processing procedure.

Through a systematic and carefully applied
methodology, information on the ice cover of
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Lake Kulinda for 2019-2025 was extracted from
Landsat-8 and Landsat-9 time-series imagery.
A quantitative spatiotemporal analysis was con-
ducted, establishing a data basis for the sub-
sequent study of change patterns and driving
mechanisms.

Results and analysis. Let’s consider the spa-
tiotemporal changes in the ice cover from 2019
to 2025 based on remote sensing data:

1. Spatiotemporal ice-cover data for 2019.

The image (Fig. 3) shows that on April 10,
2019, the ice cover on the lake was continu-
ous and undamaged, covering the largest area
compared to the images from 2019, 2021, 2023,
and 2025. This dataset serves as an important
baseline for subsequent change detection and
quantitative analysis. At the same time, early
signs of melting were observed along the south-
ern margins.

2. Spatiotemporal ice-cover data for 2021.

Compared to the 2019 ice cover map (see
Fig. 3), the data from April 8, 2021 (Fig. 4) show
significant changes. The images reveal that the
ice area has decreased, particularly along the
edges of the ice mass. The largest reduction
in ice area was observed in the eastern and
western parts of the lake. In these areas, the
boundary between ice and water has receded,
becoming more irregular and discontinuous.
These changes indicate a clear trend toward ice

N April 10, 2019

A

0 1 2 km
|
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reduction in the study area during 2019-2021,
reflecting ongoing melting and fragmentation of
the ice cover.

3. Spatiotemporal ice-cover data for 2023.

The results of monitoring the April 14, 2023
image (Fig. 5) show that the trend of ice melt-
ing in the study area continues. Compared to
2019 and 2021, the most notable changes oc-
curred in two aspects: first, the total area of
the ice cover decreased, and the ice boundary
shifted significantly inward in both the eastern
and western parts of the lake; second, signs of
melting appeared in the central part of the ice
cover. This indicates that ice-cover degradation
progressed from coastal shrinkage to internal
melting.

4. Spatiotemporal ice-cover data for 2025.

The results of the analysis of the April 18,
2025 image (Fig. 6) show that the trend of
degradation has continued compared to pre-
vious images. The once-dominant continuous
ice mass was further reduced and fragmented
into many smaller residual ice masses, indi-
cating that the previous prevailing continuous
ice-cover pattern was no longer present. At the
same time, the image shows that over six years
of spatiotemporal evolution, the surface-cover
pattern of the study area underwent substantial
change.

- Non-ice area
- Ice area

Fig. 3. Spatiotemporal characteristics of ice cover in 2019
Puc. 3. [I[pocmpaHcmeeHHO-8peMeHHbIe Xxapakmepucmuku s1e055H020 nokpoea e 2019 a.
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Analysis of changes in 2019—-2025. In this
study, Landsat-8 and Landsat-9 images acquired
on 2019, 2021, 2023, and 2025 were selected as
the data source. Ice-cover information was ex-
tracted using the NDSI method, and binary maps
of ice and ice-free areas were produced (see
Figs 3-6).

The extraction results show a continuous
decrease in the ice area of Lake Kulinda from
2019 to 2025, as detailed in Table. Specifically,
the ice area was 9.17 km2in 2019, 9.09 km? in
2021, 8.93 km?in 2023, and 8.86 km? in 2025.

N April 8, 2021

A

0 1 2km
| |
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Over the six-year period from 2019 to 2025,
the total reduction in ice area was 0.31 km?,
corresponding to an average annual decrease
of 0.05 km?2. Between 2019 and 2021, the ice
area decreased by 0.08 km? (an average annu-
al decline of 0.04 km?). From 2021 to 2023, the
ice area decreased by 0.15 km? (an average
annual decline of 0.08 km?), which was the
largest drop among all observed intervals. Be-
tween 2023 and 2025, the ice area decreased
by 0.07 km?, with an average annual decline
of 0.04 km?2.

- Non-ice area
- Ice area

Fig. 4. Spatiotemporal characteristics of ice cover in 2021
Puc. 4. [I[pocmpaHcmeeHHO-8peMeHHbIe Xxapakmepucmuku s1e055H020 nokpoea e 2021 a.

April 14, 2023

A

0 1 2 km
|

- Non-ice area
- Ice area

Fig. 5. Spatiotemporal characteristics of ice cover in 2023
Puc. 5. [l[pocmpaHcmeeHHO-8peMeHHbIe xapaKmepucmuKu /1e0s1HO20 nokpoea e 2023 2.
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April 18, 2025

- Non-ice area

- Ice area

Fig. 6. Spatiotemporal characteristics of ice cover in 2025
Puc. 6. [l[pocmpaHcmeeHHO-8peMeHHbIe XxapaKmepucmuKu /1e0siHO20 nokpoea e 2025 2.

Statistics of lake ice area of Lake Kulinda (2019-2025)

CtaTuctuyeckue AaHHble O Nrowaam neaoBoro nokposa osepa Kynuupa (2019-2025 rr.)

Year Ice area, Non-ice area, Total area, Changes Average,
km? km? km? in the ice area, km? km?

2019 9.1665 0.0441 9.2106 - -

2021 9.087 0.1236 9.2106 -0.0795 -0.0398

2023 8.9341 0.2765 9.2106 -0.1529 -0.0765

2025 8.8596 0.351 9.2106 -0.0745 -0.0373
Conclusion average annual decrease slowed to 0.04 km? in

Based on Landsat-8 and Landsat-9 images
acquired in April of each year from 2019 to 2025,
this study monitored and analyzed the ice con-
ditions of Lake Kulinda using the NDSI method.
The main conclusions are as follows:

1. The ice area of Lake Kulinda showed a
stable declining trend during the study period.
The annual rate of ice loss first increased and
then decreased; the smallest average annual
decline was recorded in 2023-2025. This indi-
cates that although the ice cover continues to
shrink, the rate of reduction has slowed and is
no longer characterized by abrupt change.

2. lce melting occurred mainly along the
shoreline, especially in the southeastern and
northwestern coastal areas, while the central
part of the ice cover remained relatively stable.
Time-series analysis shows that the ice-water
boundary retreated toward the center of the lake
each year. In terms of area change, the greatest
reduction occurred in 2021-2023, with an average
annual decrease of 0.08 km?; by contrast, the

2023-2025, indicating a marked slowdown in ice
retreat and a gradual stabilization of the melting
process.

3. Comparison with meteorological data re-
vealed a clear correlation between the decrease
in ice area and the rise in regional temperature.
The accelerated melting in 2021-2023 corre-
sponded to a significant increase in spring tem-
peratures in the area. The slowdown in ice loss
after 2023 may be attributed to interannual cli-
mate variability and the nonlinear response of
the ice system to climate change, reflecting a
phase of adaptation and reorganization of the
lake ice system under continued warming.

The authors believe that the research results
can be used in monitoring the phenological state
of the ice cover formation in the lakes of the
Northern Baikal region, which will contribute to a
better understanding of climate change in the re-
gion. These results can be significantly improved
with a longer series of satellite observations and
improved synchronization.

Www.nznj.ru

o |



@Gu M., Meng X., Zhulikov V.M., et. al. Monitoring interannual variations in ice conditions... | 2026:49(2):2-?
Iy M., MaH C., XXynukos B.M. n ap. AHan13 MHOrofieTHUX M3MEHEHMUN Nea0BOM... | ’ T

References

1. Frey H., Haeberli W., Linsbauer A., Huggel C., Paul F. A multi-level strategy for anticipating future glacier
lake formation and associated hazard potentials. Natural Hazards and Earth System Sciences. 2010;10(2):339-352.
https://doi.org/10.5194/nhess-10-339-2010.

2. Lutzow N., Veh G., Korup O. A global database of historic glacier lake outburst floods. Earth System Science
Data. 2023;15(7):2983-3000. https://doi.org/10.5194/essd-15-2983-2023.

3. Yan B., Jia H., Ren W., Wu R., Huang X. Glacier lake extraction and variation analysis of the Bujiagangri glacier
based on the NDWI-NDSI combination threshold method. National Remote Sensing Bulletin. 2022;26(11):2344-2353.
https://doi.org/10.11834/jrs.20210205.

4.Luo Z,, Liu K., Zhang C., Deng X., Ma R., Song C. Progress of the DEM application for studying lake hydrologic
dynamics. Journal of Geo-Information Science. 2020;22(7):1510-1521. https://doi.org/10.12082/dgxxkx.2020.190538.

5. Zhang C., Yao X., Li S., Liu L., Sha Te., Zhang Yu. Glacier change in the west Kunlun main peak area from 2000
to 2020. Remote Sensing. 2023;15(17):4236. https://doi.org/10.3390/rs15174236.

6. Mergili M., Pudasaini S.P., Emmer A., Fischer J.-T., Cochachin A., Frey H. Reconstruction of the 1941 GLOF
process chain at Lake Palcacocha (Cordillera Blanca, Peru). Hydrology and Earth System Sciences. 2020;24(1):93-
114. https://doi.org/10.5194/hess-24-93-2020.

7. Wang Q., Wang X., Lei D. The interaction mechanisms between mountain glacier evolution and glacial lake
development. Journal of Glaciology and Geocryology. 2022;44(3):1041-1052. https://doi.org/10.7522/j.issn.1000-
0240.2022.0097.

8. Zhang T., Wang W., Gao T., An B., Shang X. Glacial lake outburst floods on the High Mountain Asia: a review.
Journal of Glaciology and Geocryology. 2021;43(6):1673-1692. (In Chinese). https://doi.org/10.7522/j.issn.1000-
0240.2021.0066.

9. Main B., Copland L., Smeda B., Kochtitzky W., Samsonov S., Dudley J., et al. Terminus change of Kaskawulsh
Glacier, Yukon, under a warming climate: retreat, thinning, slowdown and modified proglacial lake geometry. Journal
of Glaciology. 2023;69(276):936-952. https://doi.org/10.1017/j0g.2022.114.

10. Lavrova O.Yu., Mityagina M.1., Kostianoy A. G. Ice conditions in the Kerch strait in the current century. Retro-
spective analysis based on satellite data. Current Problems in Remote Sensing of the Earth from Space. 2017;14(2):148-
166. (In Russ.). https://doi.org/10.21046/2070-7401-2017-14-2-148-166.

11. Higuchi Y., Setoyama D., Isegawa K., Tsuchikawa Y., Matsumoto Y., Parker J.D., et al. Pulsed neutron imaging
for differentiation of ice and liquid water towards fuel cell vehicle applications. Physical Chemistry Chemical Physics.
2021;23(2):1062-1071. https://doi.org/10.1039/d0cp03887c.

12. Zhao F., Long D., Li X., Huang Q., Han P. Rapid glacier mass loss in the Southeastern Tibetan Plateau since
the year 2000 from satellite observations. Remote Sensing of Environment. 2022;270:112853. https://doi.org/10.1016/].
rse.2021.112853.

13. Qayyum N., Ghuffar S., Ahmad H., Yousaf A., Shahid |. Glacial lakes mapping using multi satellite PlanetScope
imagery and deep learning. ISPRS International Journal of Geo-Information. 2020;9(10):560. https://doi.org/10.3390/
ijgi9100560.

14. Suhacheva L.L., Drabkin V.V., lvanov V.V. Monitoring results of ice conditions in the Gulf of Finland, Neva Bay
and in the area of the protective structures complex in the period 2011-2012. Meteorologicheskii vestnik. 2013;5(1):31-
52. (In Russ.).

15. Koliy V.M., Agafonova S.A. The possibilities of using satellite data for the study of the ice cover of rivers.
In: The third Vinogradov readings. Facets of Hydrology: collected reports of the International scientific conference in
memory of the outstanding Russian hydrologist Yuri Borisovich Vinogradov. 28-30 March 2018, St. Petersburg. St.
Petersburg: Naukoemkie tekhnologii; 2018, p. 48-52. (In Russ.).

16. Wang Z.Y., Wu Y., Chang J., Zhang X., Peng D. Temporal and spatial variation of lake ice phenology and its
influencing factors in the Tibetan Plateau. Journal of Beijing University of Technology. 2017;43(5):701-709. https://doi.
org/10.11936/bjutxb2016090032.

17. Qi M., Yao X., Li X., Duan H. Spatiotemporal characteristics of Qinghai Lake ice phenology between 2000 and
2016. Journal of Geographical Sciences. 2019;29(1):115-130. https://doi.org/10.1007/s11442-019-1590-5.

18. Wangchuk S, Bolch T. Mapping of glacial lakes using Sentinel-1 and Sentinel-2 data and a random forest classi-
fier: strengths and challenges. Science of Remote Sensing. 2020;2:100008. https://doi.org/10.1016/j.srs.2020.100008.

19. Hu C., Lee Z., Franz B. Chlorophyll a algorithms for oligotrophic oceans: a novel approach based on threel]
band reflectance difference. Journal of Geophysical Research: Oceans. 2011;117(C1):C01011. https://doi.org/10.1029/
2011JC007395.

20. Yang C., Wang X., Wei J., Zhang Y., Tang Z., Liu Q., et al. Chinese glacial lake inventory based on 3S tech-
nology method. Acta Geographica Sinica. 2019;74(3):544-556. https://doi.org/10.11821/dIxb201903011.

Www.nznj.ru | 9



www.nznj.ru
https://doi.org/10.5194/nhess-10-339-2010
https://doi.org/10.5194/essd-15-2983-2023
https://doi.org/10.11834/jrs.20210205
https://doi.org/10.12082/dqxxkx.2020.190538
https://doi.org/10.3390/rs15174236
https://doi.org/10.5194/hess-24-93-2020
https://doi.org/10.7522/j.issn.1000-0240.2022.0097
https://doi.org/10.7522/j.issn.1000-0240.2022.0097
https://doi.org/10.7522/j.issn.1000-0240.2021.0066
https://doi.org/10.7522/j.issn.1000-0240.2021.0066
https://doi.org/10.1017/jog.2022.114
https://doi.org/10.21046/2070-7401-2017-14-2-148-166
https://doi.org/10.1039/d0cp03887c
https://doi.org/10.1016/j.rse.2021.112853
https://doi.org/10.1016/j.rse.2021.112853
https://doi.org/10.3390/ijgi9100560
https://doi.org/10.3390/ijgi9100560
https://doi.org/10.11936/bjutxb2016090032
https://doi.org/10.11936/bjutxb2016090032
https://doi.org/10.1007/s11442-019-1590-5
https://doi.org/10.1016/j.srs.2020.100008
https://doi.org/10.1029/2011JC007395
https://doi.org/10.1029/2011JC007395
https://doi.org/10.11821/dlxb201903011

Earth sciences and subsoil use / ISSN 2686-9993 (print), 2686-7931 (online) £+
Hayku o 3emne n Hegpononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online)

2026;49(2):?-? !

21. Boczon A., Kowalska A., Stolarek A. The impact of climate change on the high water levels of a small river
in Central Europe based on 50-year measurements. Forests. 2020;11(12):1269. https://doi.org/10.3390/f11121269.

22. Shrestha F., Steiner Ja.F., Shrestha R., Dhungel Ya., Joshi Sh.P,, Inglis S., et al. A comprehensive and version-
controlled database of glacial lake outburst floods in High Mountain Asia. Earth System Science Data. 2023;15(9):3941-
3961. https://doi.org/10.5194/essd-15-3941-2023.

23. Luo S., Song C., Zhan P., Fan C., Liu K., Chen T., et al. Satellite laser altimetry reveals a net wa-
ter mass gain in global lakes with spatial heterogeneity in the early 21st century. Geophysical Research Letters.
2022;49(3):e2021GL096676. https://doi.org/10.1029/2021GL096676.

Cnucok ucmo4yHUKoe

1. Frey H., Haeberli W., Linsbauer A., Huggel C., Paul F. A multi-level strategy for anticipating future glacier lake
formation and associated hazard potentials // Natural Hazards and Earth System Sciences. 2010. Vol. 10. Iss. 2. P. 339—
352. https://doi.org/10.5194/nhess-10-339-2010.

2. Lutzow N., Veh G., Korup O. A global database of historic glacier lake outburst floods // Earth System Science Data.
2023. Vol. 15. Iss. 7. P. 2983-3000. https://doi.org/10.5194/essd-15-2983-2023.

3. Yan B,, Jia H., Ren W., Wu R., Huang X. Glacier lake extraction and variation analysis of the Bujiagangri glacier
based on the NDWI-NDSI combination threshold method // National Remote Sensing Bulletin. 2022. Vol. 26. Iss. 11.
P. 2344-2353. https://doi.org/10.11834/jrs.20210205.

4. Luo Z, Liu K., Zhang C., Deng X., Ma R., Song C. Progress of the DEM application for studying lake hydrologic
dynamics // Journal of Geo-Information Science. 2020. Vol. 22. Iss. 7. P. 15610-1521. https://doi.org/10.12082/
dgxxkx.2020.190538.

5. Zhang C., Yao X,, Li S,, Liu L., Sha Te., Zhang Yu. Glacier change in the west Kunlun main peak area from 2000 to
2020 // Remote Sensing. 2023. Vol. 15. Iss. 17. P. 4236. https://doi.org/10.3390/rs15174236.

6. Mergili M., Pudasaini S.P., Emmer A., Fischer J.-T., Cochachin A., Frey H. Reconstruction of the 1941 GLOF
process chain at Lake Palcacocha (Cordillera Blanca, Peru) // Hydrology and Earth System Sciences. 2020. Vol. 24.
Iss. 1. P. 93—114. https://doi.org/10.5194/hess-24-93-2020.

7. Wang Q., Wang X., Lei D. The interaction mechanisms between mountain glacier evolution and glacial lake
development // Journal of Glaciology and Geocryology. 2022. Vol. 44. Iss. 3. P. 1041-1052. https://doi.org/10.7522/
j-issn.1000-0240.2022.0097.

8. ZhangT.,WangW., Gao T.,An B., Shang X. Glacial lake outburst floods on the High Mountain Asia: a review // Journal
of Glaciology and Geocryology. 2021. Vol. 43. Iss. 6. P. 1673—1692. https://doi.org/10.7522/j.issn.1000-0240.2021.0066.

9. Main B., Copland L., Smeda B., Kochtitzky W., Samsonov S., Dudley J., et al. Terminus change of Kaskawulsh
Glacier, Yukon, under a warming climate: retreat, thinning, slowdown and modified proglacial lake geometry // Journal
of Glaciology. 2023. Vol. 69. Iss. 276. P. 936—952. https://doi.org/10.1017/jog.2022.114.

10. Naepoea O.10., MutarnHa M.U., KoctaHon A.T. JlegoBas o6¢ctaHoBka B KepueHCKOM NponvBe B TEKyLLEM CTose-
Tn. PeTpoCneKkTBHbIM aHann3 Ha OCHOBE CMYTHUKOBBLIX AaHHbIX // CoBpeMeHHble Npobnembl ANCTaHLNOHHOIO 30HANPO-
BaHus 3emnu n3 kocmoca. 2017. T. 14. Ne 2. C. 148-166. https://doi.org/10.21046/2070-7401-2017-14-2-148-166.

11. Higuchi Y., Setoyama D., Isegawa K., Tsuchikawa Y., Matsumoto Y., Parker J.D., et al. Pulsed neutron imaging for
differentiation of ice and liquid water towards fuel cell vehicle applications // Physical Chemistry Chemical Physics. 2021.
Vol. 23. Iss. 2. P. 1062—1071. https://doi.org/10.1039/d0cp03887c.

12. Zhao F., Long D., Li X., Huang Q., Han P. Rapid glacier mass loss in the Southeastern Tibetan Plateau since
the year 2000 from satellite observations // Remote Sensing of Environment. 2022. Vol. 270. P. 112853. https://doi.org/
10.1016/j.rse.2021.112853.

13. Qayyum N., Ghuffar S., Ahmad H., Yousaf A., Shahid |. Glacial lakes mapping using multi satellite PlanetScope
imagery and deep learning // ISPRS International Journal of Geo-Information. 2020. Vol. 9. Iss. 10. P. 560. https://doi.
org/10.3390/ijgi9100560.

14. Cyxauesa J1.J1., OpabkuH B.B., iBaHOB B.B. Pe3ynbratbl MOHMTOPUHIa nefoBbiX ycroBui B PMHCKOM 3anvee,
Hesckow rybe n B pavioHe KOMNnekca 3awmuTHbIX coopyxeHuni B nepuog 2011-2012 rr. // MeTeoponornyecknin BECTHNK.
2013.T. 5. Ne 1. C. 31-52.

15. Konuwn B.M., AracpboHoBa C.A. BO3MOXHOCTU MCNOMb30BaHMs KOCMUYECKNX CHUMKOB A5 UCCNefoBaHUA NeAstHOro
nokposa pek // TpeTbu BuHorpagosckue uTeHus. [paHu rugponoruu: COOPHWK AOKNaAoB MeXAyHapOAHOW Hay4HOW
KOH(bepeHUMn namsaTn BbigatoLlerocs pycckoro rugponora KOpusa Bopucosnya BuHorpagosa (r. CankT-letepbypr, 28—
30 mapta 2018 r.). CI16.: Haykoemkune texHonoruu, 2018. C. 48-52.

16. Wang Z.Y., Wu Y., Chang J., Zhang X., Peng D. Temporal and spatial variation of lake ice phenology and its
influencing factors in the Tibetan Plateau // Journal of Beijing University of Technology. 2017. Vol. 43. Iss. 5. P. 701-709.
https://doi.org/10.11936/bjutxb2016090032.

17. Qi M., Yao X., Li X., Duan H. Spatiotemporal characteristics of Qinghai Lake ice phenology between 2000 and
2016 // Journal of Geographical Sciences. 2019. Vol. 29. Iss. 1. P. 115-130. https://doi.org/10.1007/s11442-019-1590-5.

10 | Www.nznj.ru



https://doi.org/10.3390/f11121269
https://doi.org/10.5194/essd-15-3941-2023
https://doi.org/10.1029/2021GL096676
https://doi.org/10.5194/nhess-10-339-2010
https://doi.org/10.5194/essd-15-2983-2023
https://doi.org/10.11834/jrs.20210205
https://doi.org/10.12082/dqxxkx.2020.190538
https://doi.org/10.12082/dqxxkx.2020.190538
https://doi.org/10.3390/rs15174236
https://doi.org/10.5194/hess-24-93-2020
https://doi.org/10.7522/j.issn.1000-0240.2022.0097
https://doi.org/10.7522/j.issn.1000-0240.2022.0097
https://doi.org/10.7522/j.issn.1000-0240.2021.0066
https://doi.org/10.1017/jog.2022.114
https://doi.org/10.21046/2070-7401-2017-14-2-148-166
https://doi.org/10.1039/d0cp03887c
https://doi.org/10.1016/j.rse.2021.112853
https://doi.org/10.1016/j.rse.2021.112853
https://doi.org/10.3390/ijgi9100560
https://doi.org/10.3390/ijgi9100560
https://doi.org/10.11936/bjutxb2016090032
https://doi.org/10.1007/s11442-019-1590-5

@Gu M., Meng X., Zhulikov V.M., et. al. Monitoring interannual variations in ice conditions... | 2026:49(2):2-?
Iy M., MaH C., XXynukos B.M. n ap. AHan13 MHOrofieTHUX M3MEHEHMUN Nea0BOM... | ’ T

18. Wangchuk S, Bolch T. Mapping of glacial lakes using Sentinel-1 and Sentinel-2 data and a random forest classifier:
strengths and challenges // Science of Remote Sensing. 2020. Vol. 2. P. 100008. https://doi.org/10.1016/j.srs.2020.100008.

19. Hu C,, Lee Z., Franz B. Chlorophyll a algorithms for oligotrophic oceans: a novel approach based on three-band
reflectance difference // Journal of Geophysical Research: Oceans. 2011. Vol. 117. Iss. C1. P. C01011. https://doi.org/
10.1029/2011JC007395.

20. Yang C., Wang X., Wei J., Zhang Y., Tang Z., Liu Q., et al. Chinese glacial lake inventory based on 3S technology
method // Acta Geographica Sinica. 2019. Vol. 74. Iss. 3. P. 544-556. https://doi.org/10.11821/dIxb201903011.

21. Boczon A., Kowalska A., Stolarek A. The impact of climate change on the high water levels of a small river in Cen-
tral Europe based on 50-year measurements // Forests. 2020. Vol. 11. Iss. 12. P. 1269. https://doi.org/10.3390/f11121269.

22. Shrestha F., Steiner Ja.F., Shrestha R., Dhungel Ya., Joshi Sh.P., Inglis S., et al. A comprehensive and ver-
sion-controlled database of glacial lake outburst floods in High Mountain Asia // Earth System Science Data. 2023. Vol. 15.
Iss. 9. P. 3941-3961. https://doi.org/10.5194/essd-15-3941-2023.

23. Luo S., Song C., Zhan P, Fan C., Liu K., Chen T, et al. Satellite laser altimetry reveals a net water mass gain
in global lakes with spatial heterogeneity in the early 21st century // Geophysical Research Letters. 2022. Vol. 49. Iss. 3.
P. €2021GL096676. https://doi.org/10.1029/2021GL096676.

Information about the authors / UHcpopmaumsa 06 aBTopax

Mengyao Gu,

Student, Master of Surveying and Mapping Engineering,
School of Surveying and Land Information Engineering,
Henan Polytechnic University,

Jiaozuo, China,

>< gumengyao77@gmail.com
https://orcid.org/0009-0007-4171-8608

'y MaHso,

CTYAEHT, MarucTp UHXeHepHON reogesnu,

LLikona reogesnn n HxeHepumn 3eMenbHON MHopMaLum,
X3HaHbCKMI MONUTEXHNYECKUIN YHUBEPCUTET,

r. Ljasouso, Kutan,

>< gumengyao77@gmail.com
https://orcid.org/0009-0007-4171-8608

Xiangyu Meng,

Student, Master of Surveying and Mapping Engineering,
School of Surveying and Land Information Engineering,
Henan Polytechnic University,

Jiaozuo, China,

Mengxiangyu2001@outlook.com
https://orcid.org/0009-0006-8770-1679

M3H CsiHION,

CTYAEHT, MarucTp UHXeHepHON reogesnu,

LLikona reogesnn n nHxXeHepumn 3emMenbHON MHdopMaLum,
X3HaHbCKMI NOMUTEXHUYECKUIA YHUBEPCUTET,

r. Ljasouso, Kutan,

Mengxiangyu2001@outlook.com
https://orcid.org/0009-0006-8770-1679

Vladimir M. Zhulikov,

Student,

Baikal School of BRICS,

Irkutsk National Research Technical University,
Irkutsk, Russian Federation,
wowaahhh@mail.ru
https://orcid.org/0009-0000-3637-9567
XKynukoB Bnagumup Muxannosuu,

CTyOeHT,

Bavikanbckuii uHcTUTYT BPUKC,

MpKyTCKuUiA HaUMOHarnbHbIA CCneaoBaTenbCkni TEXHNYECKUA YHUBEPCHUTET,
r. ipkyTck, Poccuiickas degepaums,
wowaahhh@mail.ru
https://orcid.org/0009-0000-3637-9567

WWW.Nznj.ru | 11



www.nznj.ru
https://doi.org/10.1016/j.srs.2020.100008
https://doi.org/10.1029/2011JC007395
https://doi.org/10.1029/2011JC007395
https://doi.org/10.11821/dlxb201903011
https://doi.org/10.3390/f11121269
https://doi.org/10.5194/essd-15-3941-2023
https://doi.org/10.1029/2021GL096676
mailto:gumengyao77@gmail.com
https://orcid.org/0009-0007-4171-8608
mailto:gumengyao77@gmail.com
https://orcid.org/0009-0007-4171-8608
mailto:Mengxiangyu2001@outlook.com
https://orcid.org/0009-0006-8770-1679
mailto:Mengxiangyu2001@outlook.com
https://orcid.org/0009-0006-8770-1679
mailto:wowaahhh@mail.ru
https://orcid.org/0009-0000-3637-9567
mailto:wowaahhh@mail.ru
https://orcid.org/0009-0000-3637-9567

2026:49(2):2-2 | Earth sciences and subsoil use / ISSN 2686-9993 (print), 2686-7931 (online) &
’ R Hayku o 3emne u Heapononb3osaHue / ISSN 2686-9993 (print), 2686-7931 (online)

T Vitaliy L. Ruposov,
‘ ‘W"’/'"MM‘“‘ Cand. Sci. (Geol. & Mineral.), Associate Professor,
f ) Associate Professor of the Department of Mine Surveying and Geodesy,
i Institute of Subsoil Use,

d
i

Irkutsk National Research Technical University,

Irkutsk, Russian Federation,

ruposov@istu.edu
https://orcid.org/0000-0003-2202-9034

PynocoB Butanuu JlleoHupoBuy,

KaHAMAAT reonoro-MUHepanorMyecknx Hayk, OOLEHT,
OOLEHT kadeapbl MapKLLENnOepckoro Aerna n reogesuu,
WHCTUTYT Hegpononb30BaHus,

MpKyTCKMIA HauMoOHarbHbIN UccreqoBaTenbCKUn TEXHUYECKUN YHUBEPCUTET,
r. UpkyTck, Poccuiickas ®enepauus,
ruposov@istu.edu
https://orcid.org/0000-0003-2202-9034

e

-

Contribution of the authors / Bknag aBtopos

Mengyao Gu — investigation, methodology, formal analysis, validation, visualization, writing — original draft.

Xiangyu Meng — investigation, methodology, formal analysis, validation, visualization, writing — original draft.

Vladimir M. Zhulikov — data curation, writing — editing.

Vitaliy L. Ruposov — conceptualization, project administration, resources.

M. 'y — npoBegeHue ncenegosaHms, pa3paboTka MeTogonorny, hopMarnbHbIn aHanus, Banngaums pesynsraTos,
BM3yanusauus, HanncaHve YepHoBUKa PyKonucu.

C. MaH — npoBefeHne uccnenoBaHus, paspaboTka metogonorun, popmanbHbIi aHanus, Banuaauuns pesynsraTos,
BM3yanun3auusi, HanncaHne YepHOBMKa PYKOMUCH.

B.M. XKynvkoB — kyprpoBaHue AaHHbIX, peaakTMpoBaHue pyKonucu.

B.Jl. PynocoB — pa3paboTka KoHuenuu1, aaMMHUCTPaTUBHOE PYKOBOACTBO UCCNEA0BATENbCKMM NMPOEKTOM,
npegocTaBneHne pecypcoB.

Conflict of interests / KoHcnukT nHtepecoB

The authors declare no conflict of interests.
ABTOpbI 3a9BNAT 06 OTCYTCTBUM KOHMMMKTA NMHTEPECOB.

The final manuscript has been read and approved by all the co-authors.
Bce asmopsbi npodumarnu u 000b6puniu oOKoHYamersHbIU 8apuaHm pyKonucu.

Information about the article / Uhdopmaumsa o ctatbe
The article was submitted 22.04.2026; approved after reviewing 07.05.2026; accepted for publication 18.05.2026.

CraTbs noctynuna B pegakumto 22.04.2026; ogobpeHa nocne peuenanposaHmns 07.05.2026; npuHaTta k nyénukaumm
18.05.2026.

12 | Www.nznj.ru



mailto:ruposov@istu.edu
https://orcid.org/0000-0003-2202-9034
mailto:ruposov@istu.edu
https://orcid.org/0000-0003-2202-9034

