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ABSTRACT. Recent climate change has led to an acceleration of permafrost melting in Arctic regions,
causing significant landscape transformations through thermokarst processes. This study focuses on
water surface dynamics in Arga Island (the Lena Delta), by analyzing satellite imagery from Sentinel-2
(2019-2024) and topographical data. We used a multi-method approach that combined median com-
posite generation, spectral indices (MNDWI, NDVI, and Tasseled Cap), and supervised classification to
quantify changes in water bodies and soil moisture. We also used the topographic position index (TPI),
derived from the ArcticDEM data, to contextualize these changes within areas prone to thermokarst
processes. The results indicate stable areas of water bodies over a six-year period with no significant
changes in size (e.g., an area of 388 km? in depressions in 2019 versus 390 km? in 2024). However,
an analysis of the MNDWI values between 2019 and 2024 has revealed localized moisture increases
in upland areas, suggesting the emergence of thermokarst hotspots. These areas, which are charac-
terized by positive TPI values and rising wetness indices, may represent early stages of degradation.
Methodologically, the study demonstrates the effectiveness of cloud-based platforms, such as Google
Earth Engine, for processing medium-resolution images. However, longer time series and higher reso-
lution data are required to detect subtle trends. The use of spectral indices and topographic metrics in
conjunction provides a reproducible framework for monitoring thermokarst activity in Arctic regions.
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1. Introduction Surface water dynamics serve as a primary indi-

cator of thermokarst activity. The expansion of lakes
and soil moisture can indicate the initial melting of
ground ice (Grosse et al., 2011; Liljedahl et al., 2016;

Contemporary observations confirm unprece-
dented global temperature rise, with the last decade

representing the warmest period in recorded history
(Lee and Romero, 2023). This warming is amplified
in Arctic regions, where surface temperatures increase
at approximately twice the global rate (Cohen et al.,
2014), triggering profound transformations in perma-
frost landscapes. Thermokarst processes are charac-
terized by ground subsidence resulting from the thaw-
ing of ice-rich permafrost, and they have emerged as
a significant driver of landscape reorganization in the
Arctic region (Jorgenson, 2013). These processes are
manifested through the dynamic formation, expansion,
and drainage of water bodies, altering the hydrologi-
cal connectivity, biogeochemical cycles, and ecosystem
pathways (Streletskiy et al., 2015; Nitze et al., 2018).
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French, 2017). Numerical quantification of changes in
the area of water bodies and soil moisture is crucial for:
assessing the stability thresholds of permafrost, pro-
jecting hotspots of methane emissions, evaluating the
vulnerability of infrastructure, and modeling shifts in
hydrological regimes (Grosse et al., 2011; Jorgenson,
2013; Kokelj and Jorgenson, 2013; Schuur and Mack,
2018).

Today, the analysis of remote sensing (RS) data
has become a crucial method for assessing changes in
the Arctic landscape. Recent advances in cloud-based
geospatial platforms like Google Earth Engine (GEE)
have transformed our capacity to monitor Arctic hydro-
logical dynamics (Gorelick et al., 2017). This unprece-
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dented analytical capability arises from the integration
of three critical technological advances: (1) multi-sen-
sor satellite archives, (2) automated processing work-
flows, and (3) scalable cloud-computing infrastructure.

In this study, we have focused on assessing water
surface changes on Arga Island, located in the Lena Delta
region, over the past six years. This island is a unique
site for the analysis of landscape dynamics resulting
from climate change (Kartoziia, 2024; 2025). In order
to conduct this assessment, we have completed the fol-
lowing tasks. Firstly, we have prepared a dataset con-
sisting of satellite images from the Sentinel-2 mission
(2019-2024) and a digital elevation model (DEM). We
have utilized satellite imageries to generate the median
composite and have created a topographic position
index (TPI) map from the DEM. Secondly, we have esti-
mated the dynamics of water surface changes. This was
done by identifying water bodies in each year’s median
composites using supervised classification technique.
Thirdly, we have identified areas that are vulnerable to
thermokarst processes through a simultaneous analysis
of terrain moisture and topographic features.

2. Materials and methods
2.1. Study area

The study area, which is rectangular in shape,
is located in the central part of Arga Island (73.4°N,
124.1°E) and has an approximate area of 2,000 square
kilometers (Fig. 1). The island lies in the northwest-
ern portion of the Lena Delta, occupying a second
terrace, which is elevated between 10 and 30 meters
above sea level (Schwamborn et al., 2002b). The island
is characterized by continuous, ice-rich permafrost at
depths ranging from 400 to 1000 meters, and it has
an active layer that is between 20 and 40 centime-
ters thick (Grigoriev, 1993; Zaplavnova et al., 2024).
The cryostructure of the island’s sediment is massive,
with thin ice wedges (Grigoriev, 1993; Schwamborn
et al., 2002a). Arga serves as an ideal natural setting

for the study of thermokarst processes, due to several
factors. Firstly, the terrain is characterized by a uni-
form pattern of thermokarst features, with submeridi-
onal lakes occupying depressions and thermal erosion
valleys, facilitating the detection of landscape changes
(Grigoriev, 1993). Secondly, active neotectonic activ-
ity intersects with degraded permafrost, leading to
noticeable changes in surface hydrology, in particular
(Imaeva et al., 2019; Zaplavnova et al., 2024). Thirdly,
dwarf shrub-herbaceous communities provide a means
of monitoring landscape changes through the analysis
of RS data (Lisovski et al., 2025). Finally, extreme inac-
cessibility necessitates RS approaches, while providing
critical insights into the marine-continental transition
zones that are experiencing rapid Arctic warming.

2.2. Data processing and Methods

We have analyzed 38 Sentinel-2 satellite images
from the period 2019 to 2024 (2019 - 4, 2020 - 8,
2021 - 4, 2022 - 6, 2023 - 9, 2024 - 7). Cloudless
images (less than 5%) were selected from summer sea-
sons through filtering. Additionally, the clouds were
masked using the QA60 band, which is a cloud mask.
First, we applied Principal Component Analysis (PCA)
to generate a single band (PCA1) from the original
Sentinel-2 bands, which comprehensively characterizes
all of them. Then we have added the following spectral
indices to the composite, which were calculated from
the original satellite imagery bands: NDVI, MNDWI
(Gao, 1996), and tasseled-cap greenness (TSG) and
wetness (TSW) indices (Shi and Xu, 2019). The original
Sentinel-2 satellite image channels were used to create
the PCA1 channel. The average variance of the first PCA
conversion channel was 95.5. In other words, this band,
which is calculated for each composite and included in
the analyzed composite, comprehensively describes all
of the original satellite image bands. Subsequently, we
generate median annual composites from the processed
imagery. These median annual composites comprised

Fig.1. The area of interest, as indicated by the orange square, in a mosaic of Sentinel-2 satellite images of the Lena River delta.
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normalized original Sentinel-2 bands and PCA1, as well
as NDVI, MNDWI, TSG, TSW. In addition to this, we
have utilized topography data from ArcticDEM in our
study. ArcticDEM is a detailed and precise digital eleva-
tion model of the Arctic.

We have conducted an analysis of changes in
water surface area. To this end, we identified water
bodies in median composites using supervised classifi-
cation technique. We used only the following bands of
the composite data for the classification: PCA1, NDVI,
MNDWI, TSG, TSW, B8, B11 and B12. The minimum
distance algorithm was used in classification mode
(Jensen, 2016), which returns the closest class. The dis-
tance metric was “cosine”. It was spectral angle from
the unnormalized class mean. We have recognized
15 training data polygons for water and land surface
classes in median composite image from 2021. We have
chosen the year 2021 for selecting training and valida-
tion data based on its equal distance from 2019 and
2024. These polygons were subsequently converted
into 41,654 sample points with unique values, which
were then randomly divided into two groups: one for
training (65%), and one for testing (35%). The analysis
of the mean spectral characteristics of water and land
classes revealed notable differences between them in
the selected bands (Fig. 2).

After that, we classified the median composite
image for 2021 and assessed the accuracy of the model.
The confusion matrix and relevant metrics (overall
accuracy, recall, precision) were used to evaluate the
accuracy. All metrics yielded a 100% accuracy score.
High levels of statistical accuracy in classification into
two categories are typical for such studies (Amani et
al., 2019; Merchant et al., 2023; Yu et al., 2024). This
is because the reference polygons, which are used for
training and validating the models, are collected by
researchers at terrains that clearly correspond to a spe-
cific land or water surfaces. As a result, the classifier
accurately classifies the validation data. In the future,
during the process of classifying a composite image,
the model might experience difficulty assigning ambig-
uous pixels to a particular class. This occurs, for exam-
ple, where shallow bodies of water have overgrown.
Therefore, additional visual analysis is a standard
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Fig.2. Spectral signatures of water (blue line) and land
(red line) classes. The y-axis represents normalized reflec-
tance for the Sentinel-2 bands, as well as index values for the
indices.

practice to verify the accuracy of the results. In this
instance, such analysis confirmed the high precision of
the water body identification, which is in line with pre-
vious studies (Kartoziia, 2024; 2025) (Fig. 3). Finally,
the median composite data from other study years were
classified and we have obtained the areas of the water
bodies for each analyzed year.

Additionally, topographical data was used to
distinguish water bodies and independently estimate
their area within thermokarst depressions and uplands.
We used the TPI to identify the depressions (nega-
tive values) and elevations (positive values) (De Reu
et al., 2013). The TPI was calculated as the difference
between the values from a two mean DEMs, obtained
from the original DEM using moving windows of radii
100 m and 1000 m.

All work within the scope of this study was con-
ducted using the Google Earth Engine cloud platform.

3. Results and Discussion

As previously mentioned, there has been a steady
increase in average annual temperatures in Arctic ter-
ritories (Lee and Romero, 2023). This trend has led
to various consequences in different regions of the
Arctic. For example, it has resulted in active melting
of permafrost (Romanovsky et al., 2017) and the for-
mation of thermokarst landforms (Kanevskiy et al.,

Fig.3. A fragment of the study area in the satellite image of 2021 (a) and the result of the classification of the median com-
posite image for the same year (b; water surfaces are highlighted in blue, land is black).
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2017). Additionally, the thickness of active layer has
increased (Farquharson et al., 2019), as has the area
of lakes (Lee and Romero, 2023). These changes have
been observed both in remote sensing data and in data
from weather stations and field studies. The area of
thermokarst lakes in the Arctic tends to increase slowly
(Chen et al., 2022). However, the local dynamics of
change in different regions may vary. Furthermore,
even within a single region, different studies can pro-
duce different results. For instance, in the case of the
Kolyma Lowland, one study found a 0.51% reduction in
lake area between 1999 and 2014 (Nitze et al., 2017),
whereas another study concluded that lake areas had
increased by 0.89% between 1999 and 2013 and 4.15%
between 1999 and 2018 (Veremeeva et al., 2021).

According to the latest analysis of data on envi-
ronmental changes collected at the scientific station
on Samoilov Island during the period 2002-2017, it
was found that the temperature of the permafrost at a
depth of approximately 21 meters increased by 1.3°C
(Boike et al., 2019). However, the depth of the active
layer has shown significant fluctuations from year to
year (Boike et al., 2019). In another study (Nitze and
Grosse, 2016), researchers analyzed changes to the
Earth’s surface within the delta, using satellite image
data from the period 1999-2014. They found that most
lakes in the area had expanded, while approximately
40 other lakes had dried up. The exact sizes of these
water bodies were not determined. When compiling the
latest habitat map, based on remote sensing data and
long-term field research, the authors correctly point out
that water bodies, especially smaller ones, are highly
variable (Lisovski et al., 2025). Therefore, given the
global trend towards warming and the increasing area
of thermokarst lakes, as well as local data on changes
to the natural environment within the Lena Delta, we
attempted to determine whether these changes have
been reflected in the dynamics of water body areas.
Besides the study provides an assessment of changes to
the surface areas of water bodies within the consider-
able part of Lena River Delta for the first time.

The results of the analysis of changes in the
water surface area are presented in Table 1. According
to our estimates, the area of water bodies has remained
largely unchanged. Even uplands, which are particu-
larly susceptible to thermokarst, have not shown sig-
nificant changes. The lack of a clear trend in the water
surface indicates that six years may not be sufficient
to identify significant trends. Additionally, the spatial
resolution of 10 meters for the Sentinel-2 data, while
it is the best available among free satellite imagery,
is not sufficient for detailed analysis. However, the
obtained results clearly denoted the absence of rapid
catastrophic landscape changes and a sudden increase
in water bodies.

In the next phase of the research, we identified
areas that are prone to thermokarst processes. We iden-
tified areas that are vulnerable to thermokarst pro-
cesses by simultaneously analyzing terrain moisture
and topographic characteristics. The MNDWI bands of
the median composites of 2019 and 2024 have been
analyzed. We have subtracted the values of the 2024
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Table 1. The area of water bodies within the study area
during the years 2019-2024.

Year | Area of water bodies | Area of water bodies
in uplands (km?) in depressions (km?)

2019 13 388

2020 14 403

2021 14 398

2022 15 400

2023 14 398

2024 13 390

composite image from those of the 2019 image. The
positive values in the resulting raster indicate areas that
have experienced an increase in soil moisture. Then, we
discovered these terrains located on the uplands with
flat surfaces (Fig. 4). We can assume that these iden-
tified areas will be hot spots of thermokarst activity in
the future. Furthermore, these areas have a great poten-
tial for landscape change, in contrast to near-by areas
in the depressions, where significant changes have
already occurred.

The obtained results demonstrate the main pos-
sibilities for monitoring the condition of landscapes
and assessing thermokarst activity based on the anal-
ysis of water bodies and soil moisture estimates. The
presented approach generally allows for the collection
of comprehensive information on the Arctic landscape
using freely available data. This could assist govern-
ment agencies and commercial enterprises in develop-
ing long-term, sustainable development plans that are
based on numerical estimations.

However, the presented approach does have
some limitations. Firstly, the analysis of medium-scale
data, such as Sentinel and Landsat imagery, requires
a longer time series in order to identify significant
trends in landscape changes that are conditioned by
global climate change. It requires addressing a num-
ber of challenges related to the differences between
space missions and the characteristics of their imagery.
Moreover, the identification of water bodies is a rel-
atively simple task, but the analysis of soil moisture
based on spectral indices requires more complex statis-
tical methods, which can help to analyze the trends in
changes of each pixel. Additionally, such studies can be
complemented by an analysis of correlations between
RS data and atmospheric data. Finally, it is worth not-
ing that the conduct of these studies would not have
been possible without ground-based observations.

We intend to continue our research into the anal-
ysis of water surface changes and their relationships
with thermokarst activity across other areas of the Lena
Delta. We will primarily focus on islands that are rele-
vant to the third terrace, as they (1) comprise ice-com-
plex deposits, which are particularly susceptible to
permafrost degradation; and (2) have been compre-
hensively described during numerous previous inter-
national expeditions. In particular, there is a wealth
of geological, geomorphological, geocryological and
botanical data available.
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Fig.4. The positive TPI values indicate uplands (white areas) and terrain with positive differences between the 2019 and

2024 MNDWI bands (red areas).

4. Conclusions

Despite the accelerated warming in the Arctic
region, Arga Island has not shown a statistically signif-
icant change in the extent of its water bodies between
2019 and 2024. This stability is in contrast to the wider
pan-Arctic trends, and may be attributed to the unique
characteristics of the island and the limited time frame
of the analyzed data set. MNDWI analysis has identified
upland areas with increasing soil moisture, which are
likely precursors to future thermokarst development.
The combination of spectral indices, such as MNDWI
and Tasseled Cap, and TPI was effective in identifying
thermokarst-susceptible areas. However, the 10-meter
resolution of Sentinel-2 data limited the detection of
smaller water bodies, highlighting the need for addi-
tional data from UAVs or high-resolution satellites.
Extended monitoring (= decadal) and cross-valida-
tion with ground-based permafrost metrics (for exam-
ple, active layer thickness) is essential to distinguish
climate-driven changes from local geomorphic feed-
back. The framework developed in this study is scal-
able to other regions affected by thermokarst, particu-
larly where field access may be limited. This research
enhances our ability to monitor permafrost degradation
using remote sensing techniques, providing a valuable
baseline for assessing the impacts of climate change on
the Arctic.
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AHanM3 H3MEeHEeHHUH BOAHOM NOBEpPXHOCTH
Ha ocTpoBe Apra (AenbTa AeHbl) HA OCHOBe
AAHHbIX AUCTAHLLUOHHOIO 30HAMPOBAHUA

Kaprto3usa A.A.*

Hucmumym ceostoeuu u muHepaioeuu um. B.C. Cobosteda CO PAH, np. Axademuxa Konmioea, 3, Hogocubupck, 630090, Poccusa

AHHOTALIUA. CoBpeMeHHBINI TpeH[ M3MeHeHHs KJIMMaTa NPUBOAUT K WHTeHcHGUKaIUU Aerpaja-
[ NOA3€MHBIX JIbJOB B apKTHUYECKUX peruoHax, KOoTopas BblpakaeTcs B 3HAaUMTEJIbHON TpaHcdop-
Mal1y reoJioro-reomop¢oIornyeckux ycjaoBuil. B maHHOM HcciiefoBaHUU M3ydyeHa JUHaMUKa BOAHOM
IIOBEPXHOCTH Ha OCcTpoBe Apra (zmesibta pexu JIeHsl), MyTeM aHaJM3a CIIyTHUKOBBIX CHUMKOB Sentinel-2
(2019-2024 rr.) 1 nudpoBoi Moaeu pesbeda. [IpuMeHeH KOMILIEKCHBIN MOAXO0/I, COYETANIUN aHa-
JIN3 MeTMaHHbIX KOMIIO3UTOB, PACCUUTAHHBIX CIIEKTPaIbHbIX MHAeKcOB (MNDWI, NDVI, Tasseled Cap) u
yIpaBJisieMyIo Kjiaccudukanuio JJis KoJIM4eCcTBEHHON OLleHKH N3MeHEeHN BOJHBIX 00beKTOB U BJIaXHO-
ctu nouyB. UHpekc Tonorpaduueckoii nosunuu (TPI), paccuntaHHb Ha ocHOBe ArcticDEM, no3Bosini
BBIABUTH yYaCTKH, KOTOpPbIE OCOOEHHO MOBEPKEHB TEPMOKAPCTOBBIM IpolieccaM. Pe3ysibTaThl CBULE-
TeJIbCTBYIOT O CTaOMJIBHOCTH IUIONIaiell BOJHBIX 00OBbEKTOB 3a MeCTUIeTHUI NTeprof] 6e3 3HaUnTeIbHbIX
nsMeHenuit. Hanpumep, 388 km? B moHmkeHusx pesibeda B 2019 r. npotus 390 km? B 2024 r.). OqHAKO
anasnu3 3HaueHur MNDWI mexay 2019 u 2024 rT. BEIABIJI JIOKAJIBHOE yBeJIMUeHNe BJIaXXHOCTU Ha IJIO-
CKMX BO3BBHIIIEHHBIX y4acTKaX, yKasblBawllee Ha MHTeHcH(UKaNuio TepMOKapcTa B UX Ipefesiax. JTU
30HEI, XapaKTepU3ylolrecs 0JI0XUTeIbHEIMY 3HaueHuAMY TPI 1 pocToM 3HaUeHUl HH/jeKca yBJIaxHe-
HUsA, TPEACTABJIAIT COO0 YYaCTKU OCOOEHHO YsI3BUMBIE K OyAyIUM TpaHcopmanuaM peJibeda n3-3a
Jerpajanuyd MHOTOJIeTHeMep3sblx nopof. [IpoBeaeHHOe HcciiefoBaHUE AeMOHCTpUpyeT 3¢h@dexTuB-
HOCTH U YO0OCTBO 06s1auHbIX TexHostoruit (Google Earth Engine) myis 06paboTKy JaHHBIX UCTAHI[MOH-
HOro 3oHAUpoBaHuA. OQHAKO AJIA BBIABJIEHNA TPEHAOB Ha 0oJiee IeTaJIbHOM YPOBHe TpebOyrTca OoJiee
JJIMHHBIE BpEMEHHEIE DAl U JaHHbIE BBICOKOro paspemnieHnsa. COBMECTHOE HCIOJIb30BaHNE CIIEKTPaJIb-
HBIX UHEKCOB 1 MOP(HOMETPUUIECKUX XapaKTepUCTUK peJibeda CO34aeT BOCIPOM3BOAUMYI0 OCHOBY IJIs
MOHHUTOPUHIa TePMOKApPCTOBOY aKTUBHOCTU B TPYAHOAOCTYIIHBIX apKTHUUYEeCKUX perroHax.

Kitioueawie ciiosa: TEpPMOKapCT, AeJIbTa JleHs®l, 03€pa, MalllMHHOE 06yquI/Ie, ANCTAaHIIMOHHOE 30HAVIpOBaHNE

Jna mutupoBanma: Kaprosusa A.A. Anannu3 u3MeHeHHII BOJHON IIOBEPXHOCTU Ha ocTpoBe Apra (nmesnbpra JleHsl) Ha
OCHOBe [JaHHBIX AWCTAHI[MOHHOro 30HAMpPoBaHWUA // Limnology and Freshwater Biology. 2025. - Ne 4. - C. 1039-1051.
DOI: 10.31951/2658-3518-2025-A-4-1039

1. BBeAe““e K€HNE B YBEJIMUECHHNU BJIAXHOCTH I10YB, KOJIMYECTBA U

IJION[A 1 BOJHBIX OOBEKTOB, M3MEHEHUU THUAPOCETH
TEPPUTOPUH, a TAKXKE PE3KOM M3MEHEHUH PACTUTEJIh-
HOTO U MOYBEHHOTo mokpoBa (Streletskiy et al., 2015;
Nitze et al., 2018).

JluHaMuKa MMOBEPXHOCTHBIX BOJ CJIYXUT KJTIO-
4eBbIM HWHIUKATOPOM TEPMOKApCTOBON aKTHUBHOCTHU.
YBesinueHue IUIOMAAN O3€P U POCT BJIAXHOCTU TOYB
MOTYT CBUIETEIHCTBOBATh O HAYaIbHOM cTaauu ¢op-
MUPOBAaHUS TEPMOKApPCTOBBIX MOHMKeHU! (Grosse

CoBpeMeHHbIe JJaHHBIE YKA3bIBAIOT Ha POCT IJIO-
6aJIbHOI TeMIlepaTyphbl 3eMHON MOBEPXHOCTHU, IPHUYEM
rnmocjeaHee MOecATUJIETHE CTaJl0 CcaMbIM TeIUIBIM 3a
Bcio ucropuio HabmogeHuii (Lee and Romero, 2023).
JlaHHoe TmOTeIJIeHWe YCHJIMBAaeTcsi B apKTHUYEeCKUX
pervoHax, rjie poCcT TeMIeparyp IpUMepHO B [Ba
pa3a ObicTpee cpefHUX MHUPOBBIX 3HauyeHHi (Cohen
et al., 2014), uto obyciaBiuBaeT IIyOOKHe H3MeHe-

HUA dKOCUCTEM ApPKTHUKHU. TepMOKapCTOBEIE IIPOLIECCHI,
XapaKTepu3ylllrecs MpocagKol NOBEPXHOCTU BCJIEM-
CTBUE TasHUsA JIbAUCTBIX IPYHTOB, BHICTyNAIT 3HA4U-
MBIM (paKTOpPOM TpaHcdopmanuu pejbeda B APKTUKE
(Jorgenson, 2013). OTu mporiecckl HaXOLAT CBOE OTpa-

* ABTOP [JIsl IEPEIUCKHY.
Anpec e-mail: andrei.kartoziia@igm.nsc.ru (A.A. Kartoziia)
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et al.,, 2011; Liljedahl et al., 2016; French, 2017).
KomnnuecTBeHHas orjeHKa U3MeHeHUH IJI0[a AN BOJHBIX
00OBEKTOB U BJIAXHOCTU MOYB KPUTUYECKU Ba’KHA AJIS:
ompefiesieHlsl IOPOroB CTAOWJIBHOCTU MHOTOJIeTHe-
Mep3Jibix nopox (MMII), mporHO3MpPOBaHUA OYaroB
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BBEIOPOCOB MeTaHa, OIE€HKHU YA3BUMOCTU MH(pPacTpyK-
TYpBl, MOJIEJIMPOBAaHUS CIBUTOB THPOJIOTUYECKOTO
pexuma (Grosse et al., 2011; Jorgenson, 2013; Kokelj
and Jorgenson, 2013; Schuur and Mack, 2018).

B HacTosIee BpeMs aHAJIN3 JAHHBIX JUCTAHIU-
OHHOTO 30HAMpoBaHusA (IJ3) cTajm OJHUM K3 OCHOB-
HBIX METOJIOB OLIEHKU U3MEHEHUI apKTUYECKUX TEPPU-
Topuil. CoBpeMeHHbIe OOJlayHble MIATGOPMBI, TaKHe
kak Google Earth Engine (GEE), BbBeslu Ha HOBBIU
YPOBEHbP MOHUTOPHUHI OKpYXalomeil cpeasl APKTUKU
(Gorelick et al., 2017). O6y1auHble TEXHOJIOIUU II03BO-
JIUJIA  HAKOMUTh 3HAYUTEJBHBIA HAOOp CIYTHUKO-
BBIX JTAaHHBIX MYJIbTUCEHCOPHBIX CHCTEM B OTKPBITOM
JIOCTyTIe, a TaKXe aBTOMATU3UPOBATh U 3HAYUTEJIHBHO
YCKOPUTD MpoIieccoB o0paboTku u aHayim3a J13.

B maHHOM HccjeJoBaHUM MBI OLIEHUJIM H3Me-
HeHUsA IUIOMIAAM BOIHBIX OOBEKTOB Ha OCTPOBe Apra
(menpTa pexku JIeHbI) 3a MOCJIEAHUE IIECTh JIET. DTOT
OCTPOB IIPeCTaBJIAET COO0N YHUKAJIBHBIH MMOJIUTOH JJIA
aHaJiM3a TEPMOJIeHYJAallMOHHBIX MPOIIECCOB U UX CBA3U
C Fe0JIOTUYECKUM U TeOMOPGOJIOTUYECKUM CTPOEHUEM
MmectHoctu (Kartoziia, 2024; 2025). [lnsa penieHus
MMOCTABJIEHHON 33aJau¥l OBLJIA BBIMOJIHEHHI CJIEYIONIVE
pabortsl. (1) IlogroroBka Habopa AaHHBIX, BKJIIOYAIO-
mero cHUMKH Sentinel-2 (2019-2024 rr.) u nudpoBy0
mopesnb penbeda (LUMP), c reHepaumeili MeauaHHBIX
KOMIIO3UTOB M pAacueTOM HHJeKca TOmorpadpuyeckom
nosunuu (TPI). (2) Ouenka AUHAMUKH BOJHOLI IOBEPX-
HOCTU MyTeM WAeHTU(PUKAIMU BOJHBIX OOBEKTOB B
€XETOMHBIX MeJUAaHHBIX KOMIIO3UTaX METOIOM YIpaB-
nsaemont knaccudukaiuu. (3) BbisABJIeHME y4acTKOB,
VA3BUMBIX K TEPMOKAPCTOBBIM TpoIeccaM, IMyTeM aHa-
JI3a YBJIAXHEHHOCTH MOYB U pesbeda TepPUTOPUU.

2. MaTtepuansbi u MeTtoabl
2.1. TeppuTOopHA UCCAEAOBaAHUMN

PalioH wucciienoBaHUll NMPAMOYTOJIBHON (POPMEL
pPacIoJIoXeH B IEHTPAJIbHOM YacTH OCTpoBa Apra
(73.4° c.m1., 124.1° B.A.) 1 obaajaeT IJIOMAAbI0 MPU-
GnmsurenpHo 2000 km? (Puc. 1). OcTpoB 3aHUMAaeT
CeBepo-3aMajIHyI0 4acTh JIeJIbTH JIeHbI, OTHOCACH KO

BTOPOMY HAANONMEHHOMY TreoMOpP(OJIOrNieCcKOMY
YPOBHIO ¢ abcooTHEIMU oTMeTKaMu 10-30 M Hafn yp.
M. (Schwamborn et al., 2002b). Bompocsl reHe3uca
YeTBEPTUYHBIX OTJIOKEHUI, KOTOPHIe CJIaraioT OCTpoBa
JebTH, B AJaHHON paboTe He paccMaTpuBaoTcd. [[iid
TepPUTOPUN XapaKTepHbL CIUIOMIHOE paclpocTpa-
HeHve MMII Ha riy6uny 400-1000 M 1 ce30HHO-Ta-
aeii coft tosmumHoul 20-40 cm (I'puropses, 1993;
Zaplavnova et al., 2024). OTJiOXeHHsA, cJIaramoiye
OCTPOB, XapaKTepU3ylTCsA MAaCCUBHON KPHUOTEKCTYpPOH
1 B HUX paclpocTpaHeHbl TOHKHE NNOBTOPHO-XXWUJIbHBIE
Jgpabl (Cpuropees, 1993; Schwamborn et al., 2002a).
YHUKaJIBHOCTh OCTPOBA [JIA U3y4eHHUsA TepMOJeHyJa-
I[MIOHHBIX NPOIecCOB 00yCJIOBJIeHa caeAylmuMu (ak-
TopaMu. Pesibed TeppUTOpHU B 3HAUUTEJIbHON CTENeHU
oagHooOpaseH. B mpepenax ocTpoBa pacnpocTpaHeHBI
TepMOKapCTOBble KOTJIOBUHBI U TEpPMO3PO3UOHHBIE
JOJIMHBL. OTO 3HAYMTEJIbHO YIPOIlaeT aHaIu3 pejibeda
MECTHOCTH. B KOTJIOBUHax OOBIYHO pacnoJjiaramTcs
yAJIMHEeHHble o3epa CyOMepuAUOHAJIBHOIO IpOCTHpa-
Husa (I'puropees, 1993). B nmpenenax AesibThl aKTUBHBI
HeOoTeKTOHHUYeCKHe IIpoliecchl, 00yciIaBnBalie pas-
HO-aMIUIUTYAHbIe JBHXeHUs OJI0KOB, KOTOPHIE, B CBOIO
ouepenib, BBIpaxaloTcsi B pesibede ocTpoBoB (Imaeva
et al., 2019; Zaplavnova et al., 2024). TyaapoBas pac-
THUTEJIbHOCTh II0O3BOJIAET M3yuyaThb pesbed Oe3 HeoOXo-
JAVMOCTH y4yeTa BJIUAHMNA pacTUTEJIbHOCTH, a OTJIAYUA
OoTpaxaTeJIbHON CIIOCOOHOCTU pa3JIMYHBIX OoTaHuYe-
CKUX CYKIleCCHHM IMOoMOraeT IIpPOCJIeXHBaTh 3TanHOCThb
dopmupoBanus kpuoreHHoro pesibeda (Lisovski et
al., 2025). Takxxe OTMETUM, YTO TEPPUTOPHUA OCTPOBA
[IpaKTU4YecKd HeJOCTyNHa [JIA IOJIeBhIX HCCJIeoBa-
HUH, 4TO TpeOyeT IpUMeHeHNA AYUCTAHIIMOHHBIX MeTO-
JI0B aHa/M3a AJ1A MOoJIyYeHUs JaHHBIX.

2.2. 06paboTka AaHHBIX U METOAbI

B xope uccieoBaHuA OBLJIO TPOAHAIU3UPOBAHO
38 cryTHUKOBBIX CHUMKOB Sentinel-2 3a mepuos ¢ 2019
o 2024 rox (2019 — 4 caumka, 2020 — 8, 2021 — 4, 2022
-6,2023 -9, 2024 - 7). Be3objauHble CHUMKH JIETHUX
Ce30HOB ObUIM OTOOpaHBl nyTeM (puabTpauuu (MeHee

Puc.1. Tepputopus ucciieJoBaHuil (OpaHXeBbIIl KBaJpaT) Ha MO3auKe CITyTHUKOBBIX CHUMKOB Sentinel-2.
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5% o6siauHocTy). MMemomuiica Ha CHUMKax o06Jiad-
HBII IOKPOB MAaCKUPOBAJICA C MCIIOJIb30BaHWEM KaHaJjla
QA60. Ha nepBom sTane o6pabOTKU AAaHHBIX OBLI MPU-
MeHeH MeTo/ rJ1aBHbIX koMnoHeHT (PCA). A reHepa-
uyu kaHasa PCA1 MCnosib30BaJiMCh UCXO/IHbIE KaHAJIBI
CIYTHUKOBBIX CHUMKOB Sentinel-2. CpeiHsasa aucnepcus
nepBoro kaHasa npeobpaszoanusa PCA cocraBunia 95,5.
Jpyrumu cjioBaMu, JaHHBIN KaHaJl, paCCUUTAHHBIN 15
KaXO0Tr0 CHUMKa U BOLIeAMINUI B aHAIU3UpyeMble KOM-
MO3UTH], KOMILJIEKCHO XapaKTepU3yeT BCe HCXOAHBbIE
KaHaJibl CIyTHUKOBBIX H300pakeHUil. 3aTeM K KOM-
Mo3UTy ObUIM A00aBJIeHBl CJIEAYION[He CIeKTpajbHble
WHJIeKChl, pacCUMTaHHble Ha OCHOBE MCXOJHBIX KaHa-
JIOB CITyTHUKOBBIX M306paxenuii: NDVI, MNDWI (Gao,
1996), a Takxe UHJIEKCH «3ejieHocTu» (TSG) u «Btax-
Hoctu» (TSW) u3 mpeo6pasoBanusa Tasseled Cap (Shi
and Xu, 2019). 3Tu UHAEKCH MHUPOKO HCIOJIB3YIOTCSA
A7A aHann3a APKTUKU U XapaKTEpPU3YIOT pacTUTeJb-
HBII TOKPOB U F'UIPOJIOTHYECKE YCIOBUA TEPPUTOPHUU.
OTHU Mpoleypsl ObBLIN BBHIIIOJIHEHBI [IJIs1 BCeX OTOOpaH-
HBIX CHUMKOB. BrocyiencTBuu ObLIM CreHepHUpPOBaHbI
eXero/iHele MeJaHHble KOMIIO3UTH U3 06paboTaHHBIX
uzobpaxeHui. JTU MeAUaHHblE KOMIIO3UTH BKJIIO-
YyaJii HOpMaJIM30BaHHbIE UCXOJHBIE KaHaJIbI Sentinel-2,
PCA1, a taxxe ungekcel NDVI, MNDWI, TSG u TSW.
JIOTIOJTHUTEIbHO B UCCJIENOBAHMU UCIIOJIb30Basiach
uudposas monens penbeda (LIMP) ArcticDEM, npen-
craBJiAomEas coboil camymo AetanbHylo LIMP cBoGon-
HOT'0 JJOCTyNa Ha TEPPUTOPUI0 APKTUKM.

Ananu3 u3MeHeHUIl IJIOMIAAU BOAHON IOBEpPX-
HOCTH NPOBOAWJICA NyTeM HAeHTUDUKAIUU BOOHBIX
00BEKTOB HAa MeQUAaHHBIX KOMIIO3UTAX C MCIIOJIb30Ba-
HMeM MeTofla yIpaBiisieMoll kiaccupukanuu. Jis
KJ1accuduKanum NUCIoJIb30BaINCh CeyIoie KaHaibl
KoMno3uTHBIX JaHHbIX: PCA1, NDVI, MNDWI, TSG,
TSW, B8, B11 u B12. B kauecTBe ainropurmMa Kiaccu-
$ukanuu npuMeHsiCs MeTOoJ MUHHUMAJIbHOTO PacCTo-
suua (Jensen, 2016), KOTOPHINI BO3BpamaeT Oimxai-
MM KJIacC C KCIOJIb30BaHUEM KOCHMHYCHOU MeTPUKU
paccrosiHuA. s oOyueHUs MoJeau OBLJIO BHIAEJIEHO
15 TpeHUPOBOYHBIX IOJIMTOHOB [JIs KJIACCOB «BOZa»
n «3eMJId» Ha MeauaHHOM KoMmmo3ute 3a 2021 ro.
Bribop mMeauanHoro kommosuta 2021 ropga 1A oby-
yeHUsA MoJesil 0OyCJIOBJIEH ero paBHOYIAJIeHHOCTHIO
oT 2019 u 2024 rr. 3aTeM TPEHUPOBOYHLIE [1OJIUTOHBI
BHOCJIe[CTBUU ObLTU Mpeobpas3oBaHsl B 41 654 Touku
C VHUKaJIbHBIMU 3HAUYeHUAMU, KOTOPhIE 3aTeM CJIydaii-
HBIM 00pa3oM ObBUIM paszfesieHbl Ha ABe rpynnsl: 65%
A obyueHus u 35% 1 TeCTUpOBaHUA. AHAIN3 cpel-
HUX CHEeKTPaJIbHBIX XapaKTEPUCTUK KJIacCOB «BoAa» U
«3eMJIsl» BBISIBUJI 3HQUMMBbIe Pa3IMius MeXOy HUMU B
BBIOpaHHBIX KaHanax (Puc. 2).

[Tocne 6bl1a BRIMOJTHEHA KiaccuduKays Meau-
aHHoro kommno3ura 3a 2021 rog u oljeHeHa TOYHOCTh
mopdenu. J[Jii OIleHKH TOYHOCTH OBUIM pacCYHUTaHbI
MaTpunia omuboK U MeTPUKM KauvecTBa: obljas ToY-
HocTh (OA), mosyHoTa (recall), TouHocth (precision).
Bce wmerpuxku pamu 100% pesyabTaT TOYHOCTH.
BeicOoKMe IOKasaTeJd CTAaTUCTUYECKOH TOYHOCTU
BO BpeMs KJjlaccupuKaluu Ha JiBa Kjacca OOBIYHBI
IJ1a nmomoOHBIX McciemoBanmii (Amani et al., 2019;
Merchant et al., 2023; Yu et al., 2024). OTo cBA3aHO C
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Puc.2. CrexkTpasjibHble XapaKTepPHCTHKN IIOBEpXHOCTeH
BOJIHBIX 00beKTOB (CHUHAA JIMHUA) U 3eMJIH (KpacHas JIUHUA).
ITo ocu Y HOpMasiM30BaHHBIE 3HAYEHHUA KaHaIoB Sentinel-2
U UHJIEKCOB.

TeM, YTO 3TaJIOHHbIE MOJIUTOHHI, T.e JaHHBIe AJIA Tpe-
HUPOBKM U BajyAalu Mojejiel, IJis MOBepXHOCTel
3eMJIM U BOJibI GepyTcs ucciaefoBaTesIIMU Ha ydacT-
Kax, KOTOpble BU3yaJIbHO OJHO3HAYHO OTHOCATCA K
ogHOMY Wiu Apyromy kiaccy. I[loatomy knaccuduka-
TOpPY He COCTaBjsAeT TPy[a MPaBUJIbHO KJiacCUPUIIU-
poBaTh JaHHble i Banupaanuu. B maspHeimeMm npu
KJlaccudukanuy BCEro KOMIIO3UTHOrO H300pakeHUs
Yy MOJieJI MOTYT BO3HUKaTh TPYJHOCTU C OTHeCeHHeM
HEeOAHO3HAYHBIX NMUKCesell K TOMY WM MHOMY KJIaccy.
Hanpumep, npu kjaccudukanum y4acTKOB 3apOCIINX
MeJIKUX BojoeMoB. IlosToMy [y MOATBEPXIeHUs
aZIeKBaTHOCTU pe3yJIbTaTOB OOLIENPUHATON MpaKTU-
KOH sAIBJIsIeTCA JOMOJTHUTEJIbHBI BU3yaJIbHBIN aHaJIU3.
B naHHOM cily4yae Takoil aHaJIu3 MOATBEPAU BBICOKYIO
TOYHOCTH BBIZ[eJIEHUsA BOAHBIX OOBEKTOB, YTO COTIJIia-
cyeTcs ¢ mpeAbplAymuMu uccienosaHusaMu (Kartoziia,
2024; 2025) (Puc. 3). Ha 3aBepmatoniem stare ObLIA
KJ1accupuUUpoBaHbl MeqUaHHble KOMIIO3UTH 3a ApY-
rde roAsl MCCJIeJOBaHUA, YTO IO3BOJIMJIO MOJIYYUTH
JaHHble O IUIOMIA[AX BOOHBIX OOBEKTOB JIJIf KaXJOro
aHaJIM3MpyeMoro roja.

HononHuTtesnbHo AA AuddepeHIpaiuiyl BOIHBIX
00BEKTOB U OIleHKHU UX IUJIoIajiell B mpefejiaX TepMo-
KapCTOBBIX BNAJUH U ellle HederpaJupoBaBIINX BO3-
BBIIIIEHHOCTEN HcnoJib3oBajack [[MP. Mbl BEIYMCIIHIIN
uHgekc tonorpadpuueckori nosunuu (TPI) ana ompe-
JeneHus BnaAuH (oTpullaTe/bHble 3HAUeHUs) U BO3-
BHIIIeEHHOCTeN (moJsioxuTesibHble 3HaueHns) (De Reu et
al., 2013). Uugekc TPI pacCUUTHIBAJICA KaK Pa3HOCThb
MeXxAy 3HauYeHuAMU ABYX ycpeAHeHHBHX LIMP, mosiy-
YeHHBIX M3 HUCXOAHON IUdpoBoil Mofenun penbeda c
HCIOJIb30BaHMEM CKOJIB3AMUX OKOH paguycoM 100 m
u 1000 m.

Bce paboTel B pamMkax wuccjieioBaHUA ObLIU
BHINTOJTHEHHI B 00J1auHOM cepBrce Google Earth Engine.

3. Pe3yAbTaTbl M 06Cy)XACHMA

Kak yxe ynoMuHasoch paHee, B apKTH4eCKUX
TeppuUTOpUAX HabIogaeTcsA YCTONYUBBIN TPEH/T OBHI-
meHUs cpeaHeroAoBrix TeMiepatyp (Lee and Romero,
2023). B pa3HbIX pernoHax ApPKTUKU 3TOT TpeH] Npu-
BeJI K akTuBHOMY TasHuio MMII (Romanovsky et al.,
2017), oObpa3oBaHUI0 TepMOJAeHyAAalUOHHHX (GOpM
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Puc.3. ®parmMeHT TeppUTOPUM UCCIEOBAHNA HA CITyTHUKOBOM cHUMKe 2021 ropa (a) u pe3ysbprare KjiaccuduKanuy MeIu-
aHHOr'0 KOMIIO3UTHOI'O M300pakeHHs 3a TOT Xe rof (b; rosry0sIM 11BeTOM BBIEJIEHBI BOJJHBIE TIOBEPXHOCTHY, YEPHBIM — 3€MJIA).

penseda (Kanevskiy et al., 2017), yBesnudueHHo moui-
HOCTU ce30HHO-Tajioro cyiosg (CTC) (Farquharson et
al., 2019) u yBenuuenuto miomaau o3ep (Lee and
Romero, 2023). 3Tu u3MeHeHHUs HaOJIIOJAIOTCA Kak
Ha JJaHHBIX JUCTAHIIMOHHOTO 30HAWMPOBaHNA, TaK 1 Ha
JaHHBIX C METEOCTAHIIUN U IOJIEBBIX KCCJIELOBAHUI.
HemnocpeacTBeHHO IUIOMIAAM TEPMOKApPCTOBBIX 03ep
B ApKTHKe KaK I[paBUJIO MeJJIEHHO YBeJIN4MUBaOTCA
(Chen et al., 2022). OgHako JIOKajJbHAasA JAUHAMHKA
W3MeHEeHUI B pasHbIX perroHax MOXeT OTJINYaThCA.
Bosiee Toro, faxe B paMKax OJHOIO perrvoHa pasHble
rccjleloBaHys MOTYT JlaBaTh pas3jIMyHble pe3yJIbTaThl.
Hamnpumep, npu uccienosanuu KosbIMCKOI HU3MeEH-
HOCTH B paMKaxX OJHOTr0 HcCjiefOBaHUs coobljaercs o
cokpaljeHnu mwiomanu o3zep ¢ 1999 mo 2014 rog Ha
0,51% (Nitze et al., 2017), a B paMKax Jpyroro muccJie-
JoBaTesiy MIPUIUIN K BHIBOAY, YTO ILJIOL[AIU O3€p yBe-
auyuBaioTesa Ha 0,89% (1999-2013) u 4,15% (1999-
2018) (Veremeeva et al., 2021).

CorsjlacHO ImocjefHeMy [JeTajlbHOMYy aHaJu3y
JaHHBIX 00 W3MEHEHWU NPUPOAHON CpeAdsl, coOpaH-
HBIX Ha HAy4YHOH CTaHI[UU Ha ocTpoBe CaMOMJIOBCKUI
B nepuox 2002-2017 rr., temnepatrypa MMII nHa riay-
6ute okosio 21 M yBenmumiack Ha 1,3°C (Boike et al.,
2019). Opnako riyouHa CTC geMoHcTpHpoBasia 3Ha-
yuTeJIbHBIE KoJiebaHus rof K roay (Boike et al., 2019).
B apyrom wuccienoBanumn (Nitze and Grosse, 2016)
ObLIN IPOQHAIM3UPOBAHEL M3MeHeHNs 3eMHO 10Bepx-
HOCTU B IipefiesiaX AeJIbThl 110 AAaHHBIM KOCMMYeCKHUX
n3obpaxxeHuii 3a nepuon 1999-2014 rr. B pesysbTare
rccjiefjoBaTeNId BBIABWIM paclivpeHye OOJIbIIMHCTBA
o3ep, a Takxe uccymenue oxoso 40 osep. [lnomanu
BOJHBIX OOBEKTOB He MOJACUYMTHIBajIMCh. IIpu cocras-
JIEHUN TIOCJIe[JHEN [eTaJIbHOU KapThl PacTUTEJIBHOTO
[IOKPOBA 10 JaHHBIM ANCTAaHLIMOHHOI'O 30HAWPOBAHUA
1 MHOTOJIETHUM IIOJIEBBIM MCCJIEJOBAHUAM, aBTOPHI
CIpaBeJlJIMBO OTMeYaioT, YTO BOAHBIE OOBEKTHI, 0CO-
6eHHO HeOOoJIBIIIOr0 pa3mepa, KpalHe W3MeHYUBHI
(Lisovski et al., 2025). Takum 06pa3oM, YIUTHIBAs IJI0-
OaJIbHBII TpeH[| MOTeIJIeHUs U yBeJM4eHuA ILIoMmaaun
TepMOKapCTOBBIX 03ep, a TakXe JIOKaJIbHble [aHHbIe
00 u3MeHeHUM IIPUPOAHON Cpefbl B NIpefiesiaX AeJIbTH,
MBI IBITQJIMCh BBIACHUTD NMPOABUJINCH JIU 3TH U3MeHe-
HUA B AUHAMHKe IUIOIIAAN BOJHBIX 00beKTOB. Takxke
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OTMETHUM, YTO B UCCJIEJJOBAHUY BIIEPBbIE IIPEJ[CTaBJIEHA
OIleHKa W3MeHeHUs IUIOMAJel MOBEPXHOCTU BOJIHBIX
00BEKTOB B Npe/esiax JeJIbThl peKu JIeHsbI.

PesyybTaThl aHaj3a W3MEHEHUN IUTOMAqU
MMOBEPXHOCTU BOJHBIX OOBEKTOB TMpPeACTaBJIEHB B
TaGnauie 1. CorjilacHO HamIMM OlLleHKaM, OHM OCTaBa-
JINCh TPAKTUYEeCKU HEW3MEHHBIMU B TeYeHUe BCEero
aHAJIM3MPyeMOro nepuoja. Jaxe Ha BO3BBIIIEHHOCTSIX,
0co60 TOJBEP>KEHHBIX TEPMOKAPCTOBBIM TMpOIieccam,
3HaYMMBbIX U3MeHeHUl He 3aduKcrupoBaHo. OTCyTCTBHUE
YeTKOT0 TPEH/IA B AUHAMUKE BOTHOU IOBEPXHOCTH yKa-
3BIBa€T Ha TO, YTO MIECTUJIETHUU MEPUOJ MOXET OBITH
HeJOCTaTO4YeH [JIsl BBHIABJIEHHUS CTAaTHCTUYECKMU 3Ha-
YUMBIX TeHJeHI[ui. Kpome TOro, mMpoCTpaHCTBEHHOE
pasperieHue maHHbx Sentinel-2 (10 M), ABJAACH HaU-
JIyYIIM cpeZii GecIyIaTHBIX CITyTHUKOBBIX MPOIYKTOB,
BO3MOXHO, HEJIOCTAaTOYHO /i AETaJbHOI0 aHajm3a.
Tem He MeHee, TOJIyYeHHBIE Pe3yJIbTATHl CBUJIETEIb-
CTBYIOT 00 OTCyTCTBHHU KaTacTpoPrUuecKux M3MeHeHU!
TEPPUTOPUU U PE3KOT0 YBeJINYeHUs IJIOMA U BOTHBIX
0OBEKTOB.

Ha crnenymomem ostame wucciiefoBaHusA ObLIA
BBISIBJIEHBI TEPPUTOPUH, IIOJIBEPKEHHBIE TEPMOKAPCTO-
BBIM IpoIfeccaM. YsA3BUMbIE 30HBI UIeHTU(DUITMPOBAHBI
MOCPEeJICTBOM COBMECTHOT'O aHAJIN3a YBJIAXHEHHOCTU
TeppuTopuu u pejibeda. IIpoBefileH aHaNN3 3HAYEHUN
uHaekca MNDWI menmaHHBIX KOMIIO3UTOB 3a 2019
n 2024 rr. BelunTaHve 3HaueHHE Kommosuta 2024 .

Ta6suna 1. ITnomaap BOAHON NOBEPXHOCTHU B IIpejieiax
pationa uccienoBaHuii B 2019-2024 rr.

Tox IL1omaas BOgHOM ILiomaas BOJHOM
l'lOBerHOCTPI HOBerHOCTH
Ha BO3BBIIIEHHOCTAX |B MOHMXXEHUAX peJibeda
(xcm?) (xm?)
2019 13 388
2020 14 403
2021 14 398
2022 15 400
2023 14 398
2024 13 390
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u3 gaHHbpIXx 2019 r. MO3BOJIMJIO BHIAEINUTH 00JIACTH C
MOJIOXKUTEIbHON pa3HuIlell 3HaueHUl, yKasbIBaroleil
Ha yBeJIMuYeHHe BJIAXHOCTH I0YB. Jlajiee 3TH y4acTKU
OBLJIM OKOHTYPEHEI B IIpefieslax MOJIOXKUTEJIbHBIX 3Haye-
Hutt uHpekca TPI (Puc. 4). MoxXHO IpeAoJIoKUTh, YTO
JaHHble Y4YacCTKU IIpeTepnAT MaKCHMaJlbHOe BO3fel-
CTBHe TepMoKapcTa B OyAymiem. IIpumedaTesibHO, 4TO
3TH 30HBI 06J1afaloT HauboJsiee BBICOKMM NOTEHINaIOM
U1 TpaHchopManum pesbeda B OTJIMYKE OT IIpuJjiera-
I0IIUX TeppUTOpHUII BO BIAJNHAX, IJle 3HAUYUTeJIbHbIE
W3MeHEeHHUA yxXKe IIPOU3O0ILIN.

[osiyueHHBIe pe3yJIbTaThl AeMOHCTPHPYIOT BO3-
MOXHOCTM MOHUTOPHHTA COCTOSAAHUA KPUOTE€HHOI'O
penbeda U OLEHKHM aKTUBHOCTU TepMoKapcTa Ha
OCHOBE aHaJIN3a BOAHBIX IIOBEPXHOCTEN U BJIAXKHOCTHU
nous. [IpencTaByieHHBIN NOAXOA MO3BOJIAET IOJIy4YaTh
KOMILJIEKCHYI0 MHGOpMaLnMi0 00 apKTUYeCKUX JIaHA-
madTax ¢ MCIOJIb30BaHUEM OOI[eJOCTYNHbIX JAaHHBIX,
YTO MOXeET CIIOCOOCTBOBATh pa3paboTKe AOJITOCPOYHBIX
IJIAHOB yCTOMYMBOIO Pa3BUTUA rocyJapCTBEHHBIMU U
KOMMepYeCcKHMU OpraHu3aluaMu.

Tem He MeHee, ITpeJCTaBJeHHbII OAX0 UMeeT
pAn orpaHuYeHuil. Bo-nepBBIX, aHAIWU3 JaHHBIX Cpef-
Hero paspeireHus (cHUMKHU Sentinel, Landsat) TpeGyet
0oJiee JINTEJIbHBIX BpeMEHHBIX PAJOB [JIA BHIABJIEHUA
3HAUMMBIX TPEHJ0B, O0OYCJIOBJIEHHBIX IJI00aJIbHBIM
W3MeHeHHeM KJIuMMaTa. JTO IIpefroJiaraeT pelieHue
npo0JieM, CBA3AHHBIX C PasJINYUAMU MeXAy KOCMHU-
YeCcKUMH MMCCHUAMH U XapaKTepUCTHKaMM HUX [JaH-
HBIX. Bo-BTOpHIX, ecin nAeHTU(UKAIMA BOOHBIX O0b-
€KTOB OTHOCHUTEJIbHO IIPOCTa, TO aHaJIM3 BJIAXKHOCTHU
[I0YB HAa OCHOBE CIEKTPaJIbHBIX WHJIEKCOB TpebyeT
MIpYMeHEeHUs CJIOXKHBIX CTaTUCTHMYEeCKHUX MeTOMOB AJiA
OIleHKM HM3MeHEeHHUl Ha ypOBHe OTeJIbHBIX IUKCesel.
JlonmosHUTeSIBHBIM ~ HalpaBjeHWeM  HCCJIeJOBaHUN
MOXeT CTaTh aHaJIU3 KOppeyANui MexJy AaHHBIMU
JUCTaHLMOHHOIO 30HJMPOBAaHUA U KJIMMaTHYeCKUMU

MaHHBIMHM. HakoHell, mpoBefeHHE MOOOOHBIX HCCIIe-
JIOBAaHUU 3aTPYIHUTEJIbHO 06e3 MpOBeeHUsA TOJIEBBIX
HabJII01eHU .

B [manpHelimeM Mbl TUJTAHUPYEM PacCIIUpPHUTh
HCCJIeIOBAaHUA OUHAMHUKA BOJHOU MOBEPXHOCTU U ee
CBA3U C TEPMOKAPCTOBOM aKTUBHOCTBIO HA JIPyTUE TEP-
putopuu B Tpefesiax AesabThl peku JleHsl. OCHOBHOE
BHUMaHUe O6YIeT yIeJeHO OCTPOBaM TPEThero HaJaIoM-
MEHHOTO TeoMOpP(dOJIOrMYECKOr0 YPOBHS, MOCKOJIBKY
oHu: (1) cioXeHBbl JIeJOBBHIMU OTJIOXKEHUAMH, 0C000
VA3BUMBIMU K JAerpajalid Mep3joTh; (2) Xopomio
M3y4YeHHl B XOJIe MPeIbIAYIINX MEXIYHAPOAHBIX JKCIIe-
JUnuil. B yacTHOCTH, IO HUM HaKOIUJIEHBI OOLIMpHBIE
reojioruyeckre, reoMop@osiornyecKkrue, reoKpUoJIorH-
yeckue 1 60TaHUYeCKe JaHHEIE.

4. BoiBOADI

HecmoTpsa Ha Habmopamomuiica TpeH[J IOBHI-
[IeHus TeMIlepaTyp MOBEepPXHOCTH 3eMJu B ApPKTUKE,
Ha OoCTpoBe Apra He BBIABJIEHO CTAaTUCTUYECKH 3Ha-
YUMMBIX H3MEHeHUIl IUIomaad BOAHBIX OOBEKTOB B
nepuop 2019-2024 rr. dta cTabUIBHOCTh KOHTPACTU-
pPyeT ¢ BBIABJIEHHOM [JJiA APKTHUKHU TeHIeHIel MOBHI-
[IeHHUs TeMIepaTyp U MOXeT OOBACHATHCA YHHUKAaJIb-
HBIMU XapaKTepHUCTUKaMH W3y4YeHHOH TeppUTOpUU
1 OrpaHWYEHHOH MNPOJOJIKUTEbHOCTBIO aHaJIu3u-
pyemoro BpeMeHHoOro psga. Ananus MNDWI nosso-
JUa uAeHTUGULUHUPOBATh YYACTKH BO3BBIIEHHOCTEH C
pacTymiell BJaXHOCTbIO IIOYB, KOTOpEHIE, BEPOATHO, B
OxaiinieM OyAylieM IpeTepnsT BO3JelCTBHE Tep-
MokapcTa. CoueTaHue ceKTpaJibHBIX UHekcoB (NDVI,
MNDWI, Tasseled Cap) u TPI mokasaiio 3¢deKTuB-
HOCTb B BBIABJIEHUU y4acCTKOB, KOTOpPEIe HauboJiee yA3-
BUMEL JiJI IIPOL[eCCOB Aerpafalyy NoJA3eMHbIX JIbJOB.
[TpocTpaHcTBeHHOe pa3pelleHre CHUMKOB Sentinel-2
(10 M) He O3BOJIsAET U3yYaTh MaJjible BOJHbIE OOBEKTEL,

Puc.4. IlonoxutesnpHble 3HaueHUss TPI cooTBeTcTBYIOT BO3BhIIeHHOCTAM (6esibie obsiactu). KpacHBIM LIBETOM BBIAEJI€Hb
TEepPUTOPUM C TOJIOKUTEIbHON pa3Hulieil 3HaueHnt MNDWI (2019 r. munyc 2024 r.).
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YTO NOJAYEPKUBAET HEOOXOAUMOCTh MPUBJIEUEHUS TaH-
HBIX C OeCMUJIOTHBIX JIETaTeJIbHBIX amnmnapaTtoB WU
BBICOKO/IETAJIbHBIX CITyTHUKOBBIX H300pakeHUWH. A
BBIZIEJIEHUS KJIMMAaTHYECKU OOYCJIOBJIEHHBIX U3MeEHe-
HUI penbeda M BOAHBIX OOBEKTOB BakeH MPOMOJIKU-
TeJIbHBIN MOHUTOPUHT (=10 JieT) u Bajiuaalys Ha3eM-
HBIMU H3MepeHUsAMH. Pa3paboTaHHBIN MOJX0J] MOXET
OBITh MacmTabupyeM Ha Jpyrde paroHbI, WCIBITHIBA-
I0IIMEe BO3/IEMCTBHE TEPMO/IEHYJALIMIOHHBIX MTPOLIECCOB,
0COOEHHO TPYAHOIOCTYITHBIE JJIA MMOJIEBBIX UCCJIEIOBA-
HUH. BeimosiHeHHas paboTa pacmUpseT BO3MOXHOCTU
MOHHUTOPUHTA Jerpajaiii IMOJ3eMHBIX JIBAOB Cpe-
CTBAaMHU AWCTAaHLUOHHOTO 30HAUPOBAaHUA, GOPMUPYS
0asuc OJI OI[eHKH KJIMMATHYECKMX BO3IEMCTBUI Ha
apKTUYECKUE SKOCUCTEMBL.
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