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Abstract: We analyzed Conductivity-temperature-depth (CTD) and moored Acoustic Doppler Cur-
rent Profiler (ADCP) measurements in the western Barents Sea carried out onboard the Russian R/V
Akademik Mstislav Keldysh (cruise 68) in July—August 2017. A hydrographic section in the Bear
Island Trough has been made. Comparison of water properties in the trough and in the sea has been
performed. We compared the tidal currents measured on the mooring with those from the TPXO9
model and found that they are quite close.
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Introduction

Interaction between dense and cold Arctic waters and relatively warmer Atlantic
waters is an important property of the entire North Atlantic region and a key mechanism
of climate formation in Russia and whole Europe. The Barents Sea is an important region
of strong interaction between these waters. Together with the Fram Strait it contributes to
the water mass exchange between the Arctic and Atlantic oceans [Giraudeau et al., 2016].
The Barents Sea is located in a relatively shallow basin north of Europe (Figure 1).

Figure 1. Locations of measurements in the western Barents Sea in July—August 2017. Red crosses
show our Conductivity-temperature-depth (CTD) stations; red circle is the site of mooring deploy-
ment in the Bear Island Trough. Bathymetry is based on GEBCO 2019 data. Abbreviations: Northern
Barents Sea Opening (NBSO); Barents Sea Opening (BSO); Barents Sea Exit (BSX).
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The terms for geographical names in the region are the following: the western bound-
ary of the sea is the Barents Sea Opening (BSO) [Smedsrud et al., 2013]; the northern
boundary is the Northern Barents Sea Opening (NBSO) [Lind and Ingvaldsen, 2012]. The
eastern strait between Franz Josef Land and Novaya Zemlya is the Barents Sea Exit (BSX)
[Gammelsrod et al., 2009]. Water exchange occurs through all three boundaries [Arthun
etal.,, 2011].

The Bear Island Trough is the deepest channel for the water exchange between the
Norwegian and Barents seas. Its depths reach 500 m; the background depths of the upper
parts of its walls are 100-200 meters shallower. The length of the trough exceeds 500 km
and its width is approximately 100 km. The slow bottom current of the Deep Barents Sea
water in the Bear Island Trough is directed to the Norwegian Sea [Lukashin and Shcherbinin,
2007].

The flow of cold and dense Barents Sea waters through the Bear Island Trough is
one of the partial sources of Iceland-Scotland Overflow Water (ISOW), which is generally
formed in the Norwegian Sea. In winter, cold dense water is formed here due to intense
heat transfer to the atmosphere. The water mass that is formed when flowing over the sill
in the Faroe-Shetland Channel is called Iceland-Scotland Overflow Water (ISOW). This
water mass mixes with the warmer and saltier waters of the Northeast Atlantic. As a result,
ISOW turns out to be significantly saltier and warmer than the deep water that penetrates
into the Atlantic through the Denmark Strait between Greenland and Iceland (Denmark
Strait Overflow Water, DSOW).

In the Atlantic Ocean, North Atlantic Deep Water occupies a layer between 1200 and
4000 m. According to [Koltermann et al., 1999], the densest waters are located in the bottom
layers of the Arctic Ocean, but they cannot propagate to the Atlantic owing to the shallow
thresholds east of Iceland: Iceland-Faroe and Faroe-Shetland submarine ridges with depths
of 480 and 840 m, respectively [Aken and Boer, 1995; Dickson and Brown, 1994; Koltermann
et al., 1999; Lankhorst and Zenk, 2006]. A deep (650 m) pathway is also located between
Greenland and Iceland.

Waters located above the limiting ridges flow to the Atlantic through the Denmark
Strait (Denmark Strait Overflow Water, DSOW) [Jochumsen et al., 2012] and Iceland-
Scotland thresholds (Iceland-Scotland Overflow Water, ISOW) [Mauritzen et al., 2005; Olsen
et al., 2008]. Iceland-Scotland Overflow Water is formed when water from the Norwegian
Sea overflows the thresholds east of Iceland. It is generally accepted that North Atlantic
Deep Water is formed as a result of mixing between Labrador Sea Water, Iceland-Scotland
Overflow Water, Denmark Strait Overflow Water, and Mediterranean Sea Water [Tulley,
2011]. Oceanographers divide the flow of NADW into three layers: Upper (UNADW),
Middle (MNADW), and Lower (LNADW). There is no commonly accepted opinion about
the origin of North Atlantic Deep Water components.

The goal of this paper was to analyze the deep flow in the Bear Island Trough based
on the data in July—August 2017 and a numerical model. We also compared the measured
tides with the existing tidal models based on satellite altimetry.

Data and Methods

On July 23 — August 3, 2017, we occupied two CTD sections across and along the Bear
Island Trough in the western Barents Sea. Each section included six stations. We deployed
a mooring with an Acoustic Doppler Current Profiler (ADCP) close to the bottom at the
point of intersection (station 5528 at 73°15.6’ N, 17°24.6’ E) between these two sections in
the deepest part of the Bear Island Trough. The bottom topography along the sections was
measured by the Kongsberg EA600 12 kHz single beam echo sounder. The locations of the
CTD stations and mooring are shown in Figure 1.

The CTD profiles were measured from the surface to the bottom (3-4 m above the
seafloor) using a Sea-Bird SBE 911plus profiler. This CTD system was equipped with two
parallel temperature and conductivity sensors; the mean temperature difference between
them did not exceed 0.001 °C, while that of salinity was not greater than 0.001 PSU. The raw
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CTD data were processed by SBE Data Processing software version 7.23.2 with standard
parameters described in [Sea-Bird Electronics Inc., 2014].

We also used the satellite altimetry data and the TPXO9 model [Egbert and Erofeeva,
2002] to plot tidal ellipses and analyze tides from the mooring measurements and altimetry.

Results and Discussion

Surface currents in the region of the Bear Island Trough are well studied [Beszczynska-
Moller et al., 2012]. Geostrophic currents based on satellite altimetry averaged over 1993-
2020 are shown in Figure 2. Atlantic water transported by the North Atlantic Current
overflows the Iceland-Scotland Ridge and continues as the Norwegian Atlantic Current.
This current maintains a two-branch structure in the Nordic Seas towards the Fram Strait.
Both branches follow topography, the eastern branch (the Norwegian Atlantic Slope Cur-
rent) is a current along the continental slope west of Norway. Part of this flow separates and
turns to the north. The western branch of the Norwegian Atlantic Current or Norwegian
Atlantic Front Current flows as a topographically guided stream to the Fram Strait. Near
Spitsbergen, both branches merge into the West Spitsbergen Current. However, only a part
of the West Spitsbergen Current continues into the Arctic Ocean, while a significant amount
recirculates in the Fram Strait and returns south to the Nordic Seas [Schauer et al., 2004].
North of Cape Nordkap, the eastern branch (Norwegian Atlantic Slope Current) enters the
Barents Sea. Part of the West Spitsbergen Current near Bear Island separates from the main
current and turns east. Geostrophic currents based on long term satellite data are shown in
Figure 2 and confirm this scheme.

Figure 2. Surface geostrophic currents in the Norwegian Sea based on satellite altimetry averaged
over 1993-2020. Part of this map confined by black square is shown in the right panel. The green
dot shows location of our mooring in the Bear Island Trough (station 5528).

A similar scheme of currents but based on the altimetry only on the data on July 26,
2017 (the day of our mooring operation) is shown in Figure 3. A distinguishing difference
is a stronger southern branch separated from the West Spitsbergen Current west of Bear
Island, which turns to the east at 74°N following bottom topography. In addition, the
current north of Cape Nordkap is poorly pronounced.

To study the bottom circulation in the region, we applied the Institute of Numerical
Mathematics Ocean Model (INMOM) to simulate the circulation in the bottom layer of the
Norwegian Sea [Diansky et al., 2002, 2021; Morozov et al., 2019; Zalesny et al., 2012]. This
model is based on the system of the so-called primitive ocean hydrodynamic equations in
spherical horizontal coordinates. We apply the hydrostatic and Boussinesq approximations
and the vertical o-coordinate system. The results of model simulations are shown in
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Figure 3. Same as in Figure 2, but on the day of July 26, 2017.

Figure 4, which presents the vectors of currents in the bottom layer in July [Morozov et al.,
2019]. Bottom currents are quite weak and generally there are no high-velocity jets in the
entire sea except for the bottom stream of the bottom water from the Barents Sea flowing
through the Bear Island Trough to the southwest. This bottom stream turns to the north
around Spitsbergen. These conclusions are consistent with the conclusions based on the
direct measurements in the Bear Island Trough in 2017 [Frey et al., 2017]. The model results
for July 2017 are shown in Figure 4.

Figure 4. Bottom model currents in the Norwegian Sea based on simulations using the INMOM
model for July 2017. The green dot shows the location of our mooring in the Bear Island Trough
(station 5528).
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This descending flow of cold water in the Bear Island is also illustrated by the water
structure over the temperature and salinity sections along the trough. Sections of potential
temperature, salinity, and density are shown in Figures 5a, 5b, 5c.

One can see from the figure that a tongue of cold and low saline water descends down
the trough. Based on the numerical simulations the velocity of the flow is low. It is of the
order of 2—-4 cm/s, which gives a time of half a year for a water particle to flow along the
trough. In the lower part of the flow the current accelerates, but arrives to the mooring
with a lower speed.

The flow in the Bear Island Trough enters the Norwegian Sea at the depths of ~450 m.
Thus, the inflowing water appears in the upper part of the water column. The water
in the columns up to 850 m deep overflows the Faroe Threshold and becomes part of
Iceland-Scotland Overflow Water. Figure 6 shows comparison between the water density
in the deep open part of the Norwegian Sea and that in the Bear Island Trough. The water
density in the Bear Island Trough is lower than in the open sea because of the excess of
freshwater from land, while the water in the open sea is in direct contact with the Arctic
Ocean.

Figure 5. Sections of potential temperature (a), salinity, (b), and sigma-T density (c) along the Bear
Island Trough.

No water descent is seen in the density section because the process is density compen-
sated by the process of double diffusion developing over a time period of approximately
half a year. Let us estimate whether conditions allow the existence of double diffusion.
Double diffusion occurs when cold and low saline water is located above warmer and more
saline water. In our case cold, low saline Arctic water descends into the layers of warmer
Atlantic water with greater salinity. Thus, the density flux occurs from top to bottom, and
the effective density diffusion is positive, which means that the colder water warms [Kantha
and Clayson, 2000].
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A horizontal flow of colder and less saline water de-
scends in the trough and colder water appears in warmer
water of higher salinity. Mechanical mixing occurs, which
is accompanied by a faster heat exchange than that with salt
and other ions. Warm water of higher salinity in this case
ascends. This is a slow process but we estimated the time of
the particle motion along the trough as six months, which is
enough for this mechanism to be in force.

It was proposed in [Turner, 1973] to use the gradient ra-
tio R, = aT,/BS; to estimate the relative intensity of double
diffusion. Here, a = —p_lc?p/8T is the coefficient of ther-
mal expansion, and g = p_lap/aT is the coefficient of salin-
ity compression, p is density, and T,, S, are vertical gradi-
ents of temperature and salinity. The change in density with
a change in salinity is approximately 10 times greater than

Figure 6. Vertical variation of density at the station in the deep with a change in temperature if they change by one unit. In
part of the sea at a depth of 3475 m in March 1982 (74.5°N, the ocean, where cold and low saline waters border with warm

4.6°E) (red line) and at stations 5532 (green) and 5550 (blue). and salty waters, coefficient Ry is close to unity since tem-
perature and salinity have opposite effects on density. Both
forms of double diffusion are most intense when coefficient

R, is close to unity [Shi and Wei, 2007].

Physical parameters are determined from the data of measurements, which makes it
possible to study double diffusion structures. Turner angles (Tu) are used to study and
classify double diffusion [Ruddick, 1983], which are determined by the density coefficient
(Rp). In our study area in the Bear Island Trough at depths of 300-350 m we have:

_aT,
Rp=75 =19
where, a is the coefficient of thermal expansion, o = 150 X
10°¢ /°C for temperatures close to 0°C; g is salinity compres-

sion coefficient is f = =7 X 10" or 0.7 kg/g. The vertical tem-
perature gradient in the study area at depths of 300-350 m
is T, = 0.008°C/m, the salinity gradient is S, = 0.001/m. Co-
efficient R, = 1.9 is not very much greater than unity, which
gives reason to believe that double diffusion is possible. Dou-
ble diffusion occurs at positive values of the density ratio
Rp, that is, in other words, when the vertical gradients of
temperature and salinity have the same sign. Density ratio
R, is related to the Turner’s angle as R, = tanTu [Turner,
1973]. The most favorable conditions for double diffusion
are formed when R, =1 (Tu = 45°). In our case Tu = 60°
(tan62° = 1.88).

The mean values of velocity components based on the
mooring measurements are U = —0.04m/s, V = 0.06m/s. The
study region is characterized by strong tides, which influence
the current in the trough and generate strong tidal internal
waves, which in turn facilitate mixing [Morozov, 2006; Moro-

Figure 7. Spectra of velocity fluctuations of the zonal (red) and zov and Pisarev, 2002; Morozov et al., 2017]. The spectrum of
meridional components (blue) from the mooring. velocity fluctuations of the zonal and meridional components
reveals peaks at the semidiurnal tidal frequency but we can-
not separate the M, and S, constituents because the time series is very short. The spectra

of velocity components are shown in Figure 7.
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Let us estimate how strong is the tide using the data of measurements and the TPXO9
tidal model [Egbert and Erofeeva, 2002] of the Oregon University. We filtered the velocities
of the zonal and meridional components so that all other tidal frequencies except the M,
and S, constituents were filtered out. The time period of the ellipses is from July 25, 18:30
to July 27, 06:50. The tidal ellipses are shown in Figure 8 together with the model ellipses
for both the M, and S; constituents. The measured and model ellipses are quite close,
which indicates that the TPXO model is adequate.

Figure 8. Model (black) and experimental (blue) tidal ellipses. The model ellipses cover a period
from July 24 to July 28.

After we subtracted the velocities of the tidal ellipse from the initial data, the mean
currents changed from U = —0.04m/s, V = 0.06m/s, U = -0.03m/s, V = 0.026 m/s . We
consider that these values are more reliable than the initial ones that include averaging
with tidal velocities. However, the time series is very short but it shows that an opposite
mean flow can be present in the trough. Figure 9 illustrates this.

Figure 9. Time series of velocity components (U, left; V, right) before subtracting tidal currents
(black) and after subtracting (red).

Figure 10 shows a comparison of the tidal ellipses for four tidal constituents, which
indicates that all other constituents are significantly weaker than the M, constituent.
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Figure 10. Tidal ellipses for the M5, S, K1, and O tidal constituents.

Summary and Conclusions

The research deals with oceanographic measurements in the Bear Island Trough, which
reveals a flow of Arctic water to the Norwegian Sea. This water becomes part of the Iceland-
Scotland Overflow Water. Satellite altimetry was used to map surface geostrophic currents
averaged over a long-term period and on the day of measurements. Numerical modeling
reveals a bottom current in the trough, which is supported by ADCP measurements on
a mooring. Water structure (temperature and salinity sections along the trough) also
supports the existence of the bottom flow. Mixing occurs in the trough caused by different
processes. Tidal ellipses were calculated from the data of mooring and using the TPXO9
tidal model based on satellite altimetry. The M, tide dominates in the region.

Acknowledgments. This work was supported by the State Assignment of the Shirshov
Institute of Oceanology (FMWE-2023-0002 analysis of field measurements) and the Russian
Science Foundation grant 22-77-10004 (modeling).
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Abstract: This study explores the potential for the penetration of technical waters from the Fukushima
nuclear power plant (Fukushima NPP) into the fishing areas of Russia. Using a Lagrangian approach,
which examines the advection of a large number of passive markers simulating waters released from
the Fukushima NPP, the typical transport pathways to the South Kuril Islands are investigated, and
an estimate of the time of such transport is provided. Calculations are conducted using satellite-
derived and modelled velocity fields for the test year from August 24, 2022, to August 24, 2023. This
study focuses on the advection of Lagrangian markers and highlights the potential for the rapid
arrival of them from the Fukushima NPP into the southern Kuril region. This article emphasizes the
importance of considering the seasonal variability in Kuroshio meandering and the impact of local
mesoscale vortex advection related to the propagation of Lagrangian markers from the Fukushima
NPP.
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1. Introduction

The powerful earthquake and subsequent catastrophic tsunami that struck the north-
eastern coast of Honshu Island, Japan, on March 11, 2011, caused a technological disaster
at the Fukushima NPP, alongside significant human casualties and extensive destruction
of coastal settlements. This incident led to widespread radioactive contamination of the
atmosphere and Pacific waters east of Japan. Numerous residents in the Sakhalin region,
Russia, expressed apprehension regarding the potential transport of radioactive waters to
the shores of the southern Kuril Islands and the subsequent radioactive contamination of
fish and other seafood products entering the market. These concerns have not completely
disappeared even today.

In 2011, a substantial amount of debris, including cars, refrigerators, house fragments,
and other waste, was swept from the Japanese coast. These materials coalesced into dense
masses that ultimately reached the shores of the USA, following the primary path of the
Kuroshio Current and the North Pacific Ocean Current [NOAA, 2013]. However, there was
a tangible risk concerning potential contamination of waters in the northwestern region
of the Pacific Ocean. These areas are rich in fish and squid [Buslov, 2013]. The economic
importance of the northwestern part of the Pacific Ocean is mainly associated with its
substantial bioproductivity, a characteristic significantly influenced by oceanographic
conditions.

Currently, a significant amount of water that is used to cool reactors has accumu-
lated at operational stations. Following the incident at the Fukushima NPP in March
2011, seawater remains necessary for cooling the reactor cores. The “contaminated” water,
containing radionuclides, has been gathered in tanks and subjected to treatment at the
Fukushima NPP site. Despite objections from neighbouring countries, primarily Russia
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and China, the International Atomic Energy Agency (IAEA) gave consent for the discharge
of “contaminated” water. In 2021, the Japanese government made the decision to progres-
sively release treated water into the Pacific Ocean, commencing on August 24, 2023, with
a planned duration extending over the next three decades.

In Figure 1, the study area is depicted along with a generalized schematic representa-
tion of the main currents. The oceanographic conditions in the region are characterized by
significant heterogeneity and spatiotemporal variability. From the Pacific side, the Kuril
Islands are bathed by the Oyashio Current, an extension of the East Kamchatka Current.
The Oyashio Current intensifies in the vicinity of the Bussol Strait due to the inflow of
waters from the Sea of Okhotsk. North of the Bussol Strait, the Oyashio Current tends to
weaken, but to the south, after the influx of Okhotsk Sea waters occurs, its flow strengthens,
and the discharge increases threefold [Belonenko et al., 1997; Kawai, 2013]. The main
branches of the Oyashio Current, the first and the second, are the most stable. The first
follows along the shelf and slope depths toward Hokkaido, while the second moves south
or southwest of Iturup. In addition to the cold waters from the Sea of Okhotsk flowing
through the Ekaterina and Friz straits, the warm Soya Current also enters the southern
Kuril region of the Pacific Ocean. Complex vortex formations in this region are generated
and intensified by the opposing movement of the northeast branch of the Kuroshio. Its
main current wedges between the first and second branches of the Oyashio [Itoh and Yasuda,
2010].

Figure 1. The study area. The location of the Fukushima NPP (coordinates 37°25°12.0” N,
141°2’58.0”E) is indicated by the radiation hazard symbol . The yellow line represents the
boundaries of the South Kuril Fishing Zone (SKFZ) — I and North Kuril Fishing Zone (NKFZ) —II. The
pink segment denotes the southwest border of the SKFZ. The red segment (35.6°N, 141°E-38.3°N,
141.6°E) is located near the Fukushima NPP (trajectories of simulated particles start here). The bot-
tom topography is shown in colour shading. The boundaries of the SKFZ and NKFZ were determined
according to the government documents of the Russian Federation. 1 — the Oyashio Current, an
extension of the East Kamchatka Current, 2 — the Kuroshio Current, 3 — the Kuroshio Extension, and
4 - Soya Current; HI — Hokkaido Island and BS — Bussol Strait.

The area under investigation is commonly referred to as the Kuroshio-Oyashio con-
fluence zone or a subarctic frontal area [Belonenko et al., 1997; Kawai, 2013]. Here, the
Kuroshio Extension lengthens the Kuroshio Current, which changes its course to the east at
approximately 35°. This results in a strong, meandering jet forming a boundary between
warm subtropical and cold subarctic waters. This region undergoes an exceptionally robust
exchange of heat between the atmosphere and the ocean, exhibiting the highest level of
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eddy kinetic energy. The Kuroshio-Oyashio confluence zone is rich in diverse mesoscale
eddies that play a crucial role in facilitating the transfer of heat, salt, nutrients, carbon,
pollutants, and other tracers across the ocean.

At the southern Kuril Islands, powerful anticyclonic eddies form as a result of the
detachment of warm tongues and meanders of the Kuroshio. These eddies are long-lived,
with lifespans ranging from 2 to 3 months to several years [Travkin et al., 2022; Udalov et al.,
2023]. Interestingly, upon entering the southern Kuril region, mesoscale eddies continue to
move northeastward along the Kuril Trench. They pass over deep-sea trenches not close to
the coast, and most often, they disintegrate near the islands of Urup and Iturup [Udalov
et al., 2023]. The described dynamics and variability of oceanographic conditions in the
waters near the Kuril Islands are reflected in the abundance and composition of the biota in
this region. Extending from the Kamchatka Peninsula to Hokkaido Island, this area plays
a crucial role in Russia’s fishing industry, serving as a hub for the industrial exploitation of
aquatic resources [Buslov, 2013; Shuntov, 2022].

The basis of the fishery in the region is fish. On average, over this period, it amounted
to almost 80%. In addition to fish, there was a significant harvest of molluscs. These
organisms are harvested using vessels of various types [Buslov, 2013]. This region is
a crucial Russian area for the fishing of fish and squid, holding immense significance for
ensuring Russia’s food security. How the discharge of polluted waters from the Fukushima
NPP will affect fish and squid is a matter of research for future years.

The issues of radioactive contamination are actively studied from the perspective of
continuous dosimetry and numerical modelling of radioactive contamination involving
various radionuclides [Budyansky et al., 2015; Prants, 2014; Prants et al., 2017a]. However,
this particular work is dedicated to assessing the time and pathways of the potential
spread of contamination into fishing areas, in which we assess the time and pathways
of the potential spread of contamination into fishing areas [Maderich et al., 2024]. Smith
et al. [2023] declare that fears of radiation are likely to damage the livelihoods of fishing
communities lying in the path of Fukushima NPP waters, which is still recovering from
fishing bans and reputational damage caused by the 2011 accident. Although radiation
protection science unequivocally asserts today that the planned release of Fukushima
wastewater poses no substantial threat to Pacific Ocean organisms or consumers of seafood
impacted by Fukushima PP discharge governments and researchers worldwide are expected
to closely monitor radioactivity in the Pacific Ocean during the release [[AEA, 2018, 2023].

We focus only on the advection of marker tracers from the Fukushima NPP into the
areas of Russian coastal waters in this paper. We do not provide a quantitative assessment
concentration assessment of the more than 62 radionuclides discharged into the water,
which the Advanced Liquid Processing System cannot remove [TEPCO, 2023]. We study
here only the pathways and mechanisms of Lagrangian marker advection which can reach
the southern Kuril region from the Fukushima NPP. In this study, we call the Lagrangian
markers which advection start from the Fukushima NPP the simulated particles. This
analysis is extremely important because the release of “contaminated” radioactive water
from Fukushima NPP is planned to take place in the future over an extended period. It is
worth noting that ocean circulation and advection of water in this small area have never
been studied in detail before.

We examine one year from August 24, 2022, to August 24, 2023. In other words, we
are analysing the scenario of what would have happened with the spread of radioactive
waters in the region if the release of “contaminated” water had occurred on August 24,
2022. We also consider the dependence of marker numbers on seasons and reveal the
months when the number of these markers in the South Kuril region is the largest. The
study area is in the South Kuril Fishing Zone (SKFZ) where commercial fishing of fish and
squid is conducted (Figure 1).
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2. Methods

Lagrangian modelling is employed to study the transport properties of fluid elements
[Budyansky et al., 2015; Prants, 2014; Prants et al., 2017a,b,c]. Lagrangian modelling enables
the study of the paths and durations of dispersion of water parcels with a high degree
of accuracy. For this purpose, we use a marker tracking method. This method involves
calculating a large number of trajectories for passive tracers simulating contamination in
the SKFZ. The simulation of water circulation in oceanic basins is effectively performed
using Lagrangian methods, which provide a detailed account of transport and mixing
within a specific area by calculating the trajectories of numerous artificial passive particles.
In turbulent or chaotic flows, visualizing trajectories of particles advected by satellite-
derived or numerical-model velocity fields results in a complex web of intertwined paths
that can be challenging to interpret [Prants et al., 2017c].

To utilize the Lagrangian approach, a dense mesh of artificial particles is numerically
advected backward and forward in time from a fixed date.

By analysing the simulation results in reverse time, researchers can determine the
origins of fluid particles passing through specific points. This approach is particularly
valuable for studying circulation in basins with only a few incoming water masses, such
as the study area. The trajectories of Lagrangian particles are computed by solving the
advection equations

B ouon Loviren, )
where u and v are the angular zonal and meridional components of the AVISO or GLO-
RYS12V1 (NEMO) velocity field, respectively, and ¢ and A are the latitude and longitude,
respectively.

Angular velocities are employed due to their simplicity in equations when dealing
with the Earth’s spherical geometry. To ensure precise numerical results, bicubic spatial
interpolation and temporal smoothing using third-order Lagrangian polynomials are
applied. The Lagrangian trajectories are calculated by integrating equations (1) utilizing
the fourth-order Runge-Kutta scheme with a fixed time step of 0.001 days. This meticulous
numerical approach ensures accurate simulations and reliable results.

In the present study, stationary points in the velocity field on a given date are marked
on geographical maps with triangles and crosses. Elliptic stationary points, shown as
triangles and located at the centers of vortices, are points around which the movement is
stable and circular. Hyperbolic stationary points, shown as crosses, are situated between
the vortices and are unstable, with two directions along which the waters converge to such
a point, and two others along which they diverge [Budyansky et al., 2015; Prants, 2014;
Prants et al., 2017a,b,c].

3. Data

To construct Eulerian flow maps, we utilize two sources of information: geostrophic
velocities based on AVISO satellite altimetry data with a spatial resolution of 1/4° and
current velocities on the 0.5 m depth level obtained from the global high-resolution
ocean reanalysis GLORYS12V1 (Global Ocean Physics Reanalysis) with a spatial resolution
of 1/12°, created using NEMO (Nucleus for European Modelling of the Ocean). Both
products are available on the Copernicus Marine Environment Monitoring Service portal
(CMEMS) (https://data.marine.copernicus.eu/product/GLOBAL_ANALYSISFORECAST_
PHY_001_024/description). The study covers one period from August 24, 2022, to August
24, 2023. The Lagrangian modelling algorithms are configured for calculations based
on data from one year ago. Essentially, we use a two-year dataset from AVISO and GLO-
RYS12V1 (NEMO) spanning from August 24, 2021, to August 24, 2023.

a. Geostrophic currents from the merged altimeter data

The geostrophic velocities from AVISO are the result of merged measurements from
all altimetric missions — Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa, CryoSat-2, Jason-2,
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Jason-1, T/P, ENVISAT, GFO, and ERS1/2 — covering the period from 1993 to the present.
The data were merged via the optimal interpolation method [CMEMS, 2020]. The spatial
averaging of the data was performed at a resolution of 1/4° latitude and longitude, with
a temporal resolution of 1 day.

The idea of using the AVISO velocity field for the advection of passive markers
simulating radioactive contamination is not new and has been used by the authors before.
It is a region of strongly seasonal water mass formation for mode waters of varying flavors
and evolution [Dong et al., 2017; Kawakami et al., 2015; Oka and Qiu, 2011; Oka et al.,
2011; Qiu et al., 2006; Suga and Hanawa, 1995; Zhang et al., 2021]. The 2012 research
expedition conducted by the V. I. Ilichev Pacific Oceanological Institute of the Far Eastern
Branch of the Russian Academy of Sciences revealed that, despite the subduction of
radioactive contamination to depths of 100-500 meters within anticyclones, concentrations
of simulated particles, as determined by AVISO, exhibited a strong correlation with field
dosimetry data [Budyansky et al., 2015].

b. Currents from the GLORYS12V1 (NEMO) reanalysis

The GLORYS12V1 (NEMO) product is based on a global real-time forecasting system.
The model relies on the NEMO model with forcing from the ECMWF ERA-Interim dataset.
The GLORYS12V1 (NEMO) product assimilates in situ and satellite data from missions
such as Topex/Poseidon, Jason-1, 2, MODIS Terra/Aqua, and AVHRR NOAA, as well as
from drifting buoys such as Argo and drifters, other natural observations, and oceano-
graphic surveys. Observations are assimilated into the NEMO model using a low-order
Kalman filter. GLORYS12V1 (NEMO) accurately captures intricate surface dynamics at
a small scale and shows robust agreement with independent data not included in the
assimilation process. GLORYS12V1 (NEMO) offers a dependable representation of the
physical ocean state, making it valuable for studying many ocean exploration tasks and
enabling applications such as seasonal forecasts. Moreover, its high-quality data make
it a valuable resource for regional purposes and provide essential physical parameters
for areas such as marine biogeochemistry [Lellouche et al., 2021]. We used geostrophic
velocities on a 0.5 m depth level. The spatial average of the data was taken at 1/12° latitude
and longitude, with a temporal resolution of 1 day.

4. Results
4.1. Ocean Circulation in the Research Area Using AVISO and GLORYS12V1 (NEMO)
Data

The research area to the east of Japan is bounded to the south and north by the
meandering currents of the strong warm Kuroshio current and the cold Oyashio current.
These currents coincide with their respective hydrological fronts. The segment of the
Kuroshio system from the island of Honshu to the Imperial Mountains is called the Kuroshio
Extension. At approximately 42°-43°N latitude, the Oyashio current turns eastwards (this
is known as the Second Branch of the Oyashio). The region where the Kuroshio and
Oyashio interact is one of the most dynamically active areas in the world ocean and
exhibits variability in oceanographic fields over a wide range of spatial and temporal scales
[Belonenko et al., 2009]. Observations indicate that at certain intervals, the Kuroshio and
Oyashio currents split into individual branches, indicating the bifurcation of the currents.

The strength (transport) of the Kuroshio varies along its path and seasonally, with
a speed reaching 2.5 m/s [Qu et al., 2001]. The velocities in the Oyashio Current are
significantly lower than those in the other regions, and in February, they reach 0.5-1.0 m/s.
However, in summer, the Oyashio current significantly weakens, with speeds not exceeding
0.25-0.35 m/s [Belonenko et al., 1997]. This process facilitates the penetration of water
from the south, mixing water of different origins, and detachment of filaments from eddies,
ultimately leading to the entry of potentially “contaminated” waters into the North Pacific
Ocean. Figure 2 shows the mean currents averaged for September 2022 and April 2023.
The calculations were performed using altimetry data and GLORYS12V1 (NEMO) data.
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The meandering Kuroshio current, characterized by high velocities, is highlighted in dark
colour. The transport of the Kuroshio near the coast of Japan reaches 65 Sv (1 Sv = 10°
m3/s), but this transport exhibits pronounced seasonal variability [Sekine and Kutsuwada,
1994]. Figure 2 clearly shows that the spatial position of the Kuroshio current changes. In
April, the current forms a meander close to Hokkaido Island, adjacent to the part of the
coast where the Fukushima NPP is located. In September, this meander shifts eastwards
by approximately 200 km, creating a loop that eventually detaches from the main current,
forming the so-called Kuroshio Ring [Tomosada, 1986]. The seasonal variability in the
Kuroshio current can impact the transport of potentially “contaminated” waters toward the
Kuril shores and the Russian fish and squid harvesting area. Figure 2 displays the northern
branch of the Kuroshio Extension, recognized as the North Pacific Current. This current
originated from the interaction between the Kuroshio current, which shifts northward
along the coast of Japan, and the Oyashio current, a cold subarctic current that flows
southward and circulates counterclockwise along the western region of the northern Pacific
Ocean [Venti and Billups, 2013]. The speed of the North Pacific Current decreases from
west to east, ranging from approximately 0.5 to 0.1 m/s, with transport of 15-35 Sv.

(a) (b)

() (d)
Figure 2. Geostrophic currents, derived from AVISO (left) and GLORYS12V1 (NEMO) (right) averaged for September 2022 and April
2023. Currents: 1 — Oyashio, 2 — Kuroshio, 3 — North Pacific Current, and 4 — quasistationary anticyclone. Arrows indicate current
vectors, and the colour scale corresponds to the magnitude of the change in speed. The yellow line indicates the location of the SKFZ
area; the pink line shows the boundary of the SKFZ closest to the Fukushima NPP. The red triangles A correspond to anticyclone
centres, and the blue triangles ¥ indicate cyclones. The black crosses represent the hyperbolic points.

To the east of Hokkaido in the region of 40°N, 150°E, there is a quasistationary anti-
cyclone, and a cyclone is situated slightly to the north. Notably, in this part of the water
body, north of the main Kuroshio current, there are several mesoscale eddies — cyclones
and anticyclones — the centers of which are indicated in Figure 2 by blue and red triangles,
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respectively. The generation of these eddies is mainly attributed to the meandering of the
Kuroshio current and its barotropic and baroclinic instability [Udalov et al., 2023]. This
process is accompanied by the formation of an ordered system of anticyclones that propa-
gate along the steep side of the Kuril Trench to the northeast, acquiring the characteristics
of trench waves [Gnevyshev et al., 2023; Travkin et al., 2022]. Both cyclones and anticy-
clones, through rotation, while simultaneously moving northwards, can participate in the
transport of potentially “contaminated” waters toward the shores of the Kuril Islands.

It is worth noting that calculations conducted with different datasets yield similar re-
sults so it is the validation of the model and of course it is related to the higher resolution of
the model output, although it is fair to acknowledge that the number of eddies, as indicated
by the blue and red triangles in Figure 2, differs between the AVISO and GLORYS12V1
(NEMO) data. This difference may be associated with the higher resolution of the velocity
field in the GLORYS12V1 (NEMO) data.

4.2. Distribution of potentially “contaminated” waters in the study area

Every day from August 24, 2022, to August 24, 2023, a rectangular area with coordi-
nates 40°-48.5°N, 145°-159°E was seeded with particles on a uniform grid of
700 x 700 nodes, totaling 49 x 10* markers. Then, for each particle, advection equations
(1) were solved backward over 365 days, and trajectories were calculated. Figure 3 depicts
the outcomes of Lagrangian modeling, illustrating the spatial distribution of Lagrangian
particles and the recording of simulated particles in the study area. The experiment was
conducted concurrently using AVISO and GLORYS12V1 (NEMO) data. The experiment
unfolds as follows.
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Figure 3. Spatial distribution of “contaminated” markers (shown as red dots) based on the altimetric AVISO (left) and GLORYS12V1
(NEMO) (right) data for specific dates: November 20, 2022, and May 25, 2023. Triangles and crosses represent the same features as in
Figure 2. Green is the land; ES is the Ekaterina strait, and FS is the Friz strait.

Russ. J. Earth. Sci. 2024, 24, ES4002, EDN: VQKJUM, https://doi.org/10.2205/2024es000934 7of 17


https://elibrary.ru/vqkjum
https://doi.org/10.2205/2024es000934

SURFACE TrRaNSPORT OF TECHNICAL WATERS FROM FukusHiMA NPP to THE SoutH KURIL FisHING ZONE BUDYANSKY ET AL.

The markers whose trajectories in the past intersected the segment 35.6°N, 141°E-
38.2°N, 141.6°E (shown as a red line located close to the Fukushima NPP in Figure 1) were
colored red and detected in Figure 3. These markers correspond to potentially simulated
particles from the Fukushima NPP. Although, as claimed by many experts, the main
portion of this water is indeed picked up by the Kuroshio Current and carried eastwards
into the Pacific Ocean away from the shores of Japan, the potentially “contaminated”
waters can be detected near the Kuril Islands. Figure 3 shows that the simulated particles
reach the boundaries of the SKFZ and are carried northward. They also enter the Sea of
Okhotsk through the Kuril Strait. Simulated particles emanating from the Fukushima NPP
source outline circulation structures including eddies. Figure 3 shows that the primary
concentration of the markers was outside the SKFZ. Indeed, the main portion of simulated
particles from the Fukushima NPP, along with the Kuroshio, disperse eastwards. However,
a substantial portion of them goes in a northern direction, crossing the boundaries of the
SKFZ.

In Figure 3, we do not expect a 100% match in the distribution of markers, as the
AVISO and GLORYS12V1 (NEMO) fields differ in spatial resolution and coastline shape.
This causes markers in the AVISO field to “stick” near the shore, increasing their advection
time in the study area. In the GLORYS12V1 field, a greater number of smaller-scale vortices
are resolved, leading to the formation of compact “patches” of markers.

4.3. Temporal variability of simulated particle distribution from the Fukushima NPP

Then, we study temporal variability in the number of simulated particles the within
the SKFZ based on AVISO and GLORYS12V1 (NEMO) data (Figure 4). All the markers that
intersect the red segment in Figure 1 (the discharge boundary from the Fukushima NPP)
are coloured red and are plotted of the map (see examples in Figure 3).
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(a) (b)
Figure 4. Temporal variability in the number of “contaminated” markers inside the SKFZ. The counts
for AVISO and GLORYS12V1 (NEMO) data were collected daily from August 24, 2022, to August 24,
2023. The trajectory of each marker was calculated backward in time for a duration of 1 year.

Notably, the temporal variability plots calculated using the Lagrangian modeling but
based on different datasets exhibited differences. The main distinction lies in the presence
of peaks in the GLORYS12V1 (NEMO) data during the summer period, while these peaks
are absent in the AVISO data.

This discrepancy may be attributed to the highly fragmented coastline in the AVISO
data, which trapped some markers near the shore or this could be related to the different
number of vortices in the GLORYS12V1 (NEMO) and AVISO data. The observed difference
in the total number of simulated particles between the GLORYS12V1 (NEMO) and AVISO
data may be attributed to the coastline resolution issue mentioned earlier. It is important to
note, however, that both graphs show elevated values of simulated particles in September—
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October, with a decrease during the winter period. Notably, the autumn season corresponds
to the peak fishing period for most pelagic fish and squid in the SKFZ.

4.4. Estimation of the time required for simulated particles to reach the SKFZ boundary

Graphs illustrate the distribution of the number of simulated particles over time as
they arrived at the southwest border of the SKFZ are shown in Figure 5. These graphs were
generated using real-time marker advection data. Every day, from August 24, 2022, to
June 6, 2023, 50,000 markers were launched on the red segment (Figure 1) near the eastern
coast of Honshu. The choice of this segment is associated with the specific shape of the
coastline according to AVISO data.
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Figure 5. Distribution of the number of “contaminated” markers over time upon reaching the
southern boundary of the SKFZ based on AVISO data (top) and GLORYS12V1 (NEMO) data (bottom).
The abscissa axis represents days since the potentially “contaminated” waters discharge, and the
ordinate axis represents the number of “contaminated” markers inside the SKFZ. Only markers that
crossed the southern boundary of the SKFZ (pink segment in Figure 1) were considered.

Subsequently, each trajectory was calculated in real-time for 90 days after the launch
date. In the graph calculated using the AVISO dataset, there is a prominent peak at 13
days. A similar peak is observed at 20 days in the GLORYS12V1 (NEMO) data, and the
first simulated particles cross the SKFZ boundary just 8 days after the initial launch.

The first markers in GLORYS12V1 are advected to the selected segment somewhat
faster than in AVISO because the coastline shape in AVISO is coarser, which may lead to
delays in marker movement near the shore. The shift of the peak of “fast” markers towards
higher travel times in GLORYS12V1 is related to the higher resolution of the velocity field
in GLORYS12V1 compared to AVISO. This higher resolution in GLORYS12V1 reveals more
vortex structures, which act as transport barriers to the unidirectional advection of markers
from the release zone to the selected segment. Differences in the methodology of obtaining
AVISO and GLORYS12V1 (NEMO) data, as well as in spatial resolution and temporal
discretization, can lead to discrepancies in the results. It is important to note that both
data sets indicate a potential hazard associated with the spread of contaminated waters. In
this context, quantitative estimates are less significant than qualitative conclusions.

It is important to note that according to the GLORYS12V1 (NEMO) reanalysis data,
simulated particles can reach SKFZ in just 8 days. The maximum values of simulated parti-
cles are 4.3 x 10* at 21 days according to AVISO data and 5.7 x 10* at 40 days according to
GLORYS12V1 (NEMO) data. By 60 days after the discharge date, the number of simulated
particles reaching SKFZ had decreased by 2-3 times but remained considerable.
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4.5. Direct experiment involving the advection of the “contaminated” patch from the
Fukushima NPP

The time required for the simulated particles to reach the boundaries of the South
Kuril Fishing Zone (SKFZ) depends on the current circulation. This includes factors such
as the shape and size of the Kuroshio meander (see Figure 2) and the local composition of
mesoscale eddies with different polarities. Figure 6 identifies instances where the marker
spot reached the boundaries of the SKFZ most rapidly. In the present study, the starting
date was May 25, 2023.

(a) (b)

(c) (d)
Figure 6. Velocity field based on AVISO data (left) and GLORYS12V1 (NEMO) data (right) showing the evolution of the patch of the
“contaminated” markers from the Japanese coast near the Fukushima NPP (the segment, as well as the patch, are shown in red; see also
Figure 1). The launch date of the markers is May 25, 2023. The “contaminated” markers reached the southwestern boundary of the
SKFZ (indicated in pink) 13 days after launch.

It is important to note that the experiment tracking the fast advection of the patch
from the Fukushima coast to the SKFZ was conducted similarly for both AVISO and
GLORYS12V1 (NEMO). A total of 50,000 markers were released along the red segment
(Figure 1) near the eastern coast of Honshu, after which the evolution of this patch was
tracked. In Figure 6, images of the patch evolution 13 and 20 days after the launch date are
shown. The rapid transport of markers is associated with the entrainment of the patch by
the Kuroshio meander, which, during this period, was pressed against the eastern coast
of Japan. The subsequent mechanism of advection of simulated particles into the SKFZ is
linked to the detachment of a portion of the patch by the local system of mesoscale vortices
that formed on the northern periphery of the Kuroshio meander. It is important to note
that a similar mechanism of fast transport is observed in both the AVISO and GLORYS12V1
(NEMO) datasets.
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Note the formation of characteristic U-shaped folds in the pollution patch as it passes
near hyperbolic points (Figure 6) formed between the vortices and on the periphery of
the Kuroshio meander. Such deformation leads to a rapid increase in the perimeter of the
patch and additional expansion of the “polluted” area [Prants et al., 2017c].

4.6. Dependence of the “contamination” in the South Kuril Fishing Zone on the date of
potentially “contaminated” water discharge

The more important statement for this study is that as seen in previous analyses the
particles following the north wall of the Kuroshio Extension eastward but tend to spread
northward at the hyperbolic point mentioned. Figure 7 shows the distribution of the
number of simulated particles reaching the South Kuril Fishing Zone (SKFZ) based on
the date of their release. Importantly, we are examining a hypothetical scenario in which
simulated particles are released from August 24, 2022, to August 24, 2023. Each day,
50,000 markers were released along the red segment (see Figure 1). The obtained estimates
vary between the different datasets of AVISO and GLORYS12V1 (NEMO).
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Figure 7. Distribution of the number of “contaminated” markers reaching the southwest border of
the SKFZ based on the dates of their release from the Japanese coast (red segment in Figure 1). The
AVISO data (top) and GLORYS12V1 (NEMO) data (bottom) are used.

If discharge occurs in December-January, only a negligible number of simulated
particles enter the South Kuril fishing zone (SKFZ). The opposite situation is observed
in other months when the number of markers is measured in tens of thousands. It is
noteworthy that the obtained estimates vary for different datasets: a maximum of 2.75 x 10*
is reached in October 2022 according to AVISO data, and 3.75 x 10* is reached in June 2023
according to GLORYS12V1 (NEMO) data. This implies that the discharge of simulated
particles in these months leads to significant contamination of the SKFZ, and the period
from December to January is the most favourable period for discharge.

It is important to note that we analysed only a single year of data so the results are
presented as an example of the variability one might expect.

4.7. Density of tracer tracks of the potentially “contaminated” markers

In Figure 8, sets of maps depicting the density of trajectories of tracers (dasymetric
maps) are presented for simulated particles launched near the eastern coast of Japan during
September, November 2022, and April 2023. To construct these maps, we divide the study
area (35-44°N, 140°-150°E) into a uniform grid of 400x400 rectangular cells. For each cell,
the daily count of tracks left by the trajectories of simulated particles was then calculated.

The mechanisms of their transport to the boundary of the SKFZ and, consequently, the
estimates of density and spatial distribution of traces depend on the existing hydrological
regime in the region. In some periods, the regime is influenced primarily by the developing
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(a) (b)

(c) (d)
Figure 8. Density (dasymetric) maps of “contaminated” markers trajectories released from the Fukushima NPP in September,
November 2022, and April 2023, reaching the southwest segment of the SKFZ. The calculation is based on AVISO data (left) and
GLORYS12V1 (NEMO) data (right). The scale presents v = logg, where ¢ is the density of daily tracks of the trajectories.

first meander of the Kuroshio Current, while in others, mesoscale vortex advection takes
precedence.

It is important to note that the shapes of the patches for the same months are very
similar on the maps calculated based on the AVISO velocity field and the GLORYS12V1
(NEMO) reanalysis. However, according to the modeling results based on GLORYS12V1
(NEMO), the density of the traces is greater than that from the AVISO data. This difference
could be attributed to a greater number of markers trapped near the coast when computing
trajectories based on AVISO data. The coastline mask of Honshu Island is more jagged in
AVISO than in GLORYS12V1 (NEMO).

4.8. Distribution of the number of simulated particles by the date of arrival at the
boundary of the SKFZ

The distribution of the markers by the date that they reached the southwest boundary
of the SKFZ is shown in Figure 9. The presence of peaks in certain months indicates that
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more careful dosimetry should be conducted during these months when organizing fishing
activities.

According to AVISO, the highest penetration of simulated particles occurs in Novem-
ber 2022, when the penetration reaches 15 x 104 however, in other months, this number
does not exceed 3 x 10%. According to the GLORYS12V1 (NEMO) data, several peaks of
3-5 x 10* were identified for different months, with the maximum values also occurring
in November 2022. This indicates that the highest number of simulated particles reached
the boundary of the SKFZ in November. The lowest number of markers reached the SKFZ
boundary during the period from February to April.
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Figure 9. Distribution of the number of “contaminated” markers by the date of arrival at the southwest border of the SKFZ since

August 24, 2022.

5. Discussion and Conclusions

A series of studies analysing the spread of radioactive contamination in the ocean
emerged [see reviews in works by Budyansky et al., 2015; Prants, 2014; Prants et al.,
2017a,b,c] These studies utilized in situ measurements of radionuclide concentrations
and altimetric velocity fields constructed from satellite measurements. Lagrangian model-
ing methods were employed to simulate the dispersion of potentially simulated particles.
Research has shown that the primary mechanisms contributing to the spread of contamina-
tion in the Pacific Ocean include existing ocean current systems and vortex advection.

Using the Lagrangian approach, we focus on the advection of simulated particles from
the Fukushima NPP called here simulated particles and solve the problems of identifying
their transport corridors. We also study the seasonal variability of this advection. A similar
approach was previously used by the authors in modeling the transfer of caesium 137 and
134 after the Fukushima NPP accident in the period from 2011 to 2021 based on the AVISO
velocity field [Budyansky et al., 2015, 2022].

Thus, the purpose of this work is to identify the possible transport corridors and mech-
anisms of advection from sites where potentially “contaminated” waters are discharged
from the Fukushima NPP. This study is based on two types of data: 1) current velocity fields
calculated from satellite altimetry data provided by AVISO and 2) velocities extracted from
the global high-resolution reanalysis, GLORYS12V1 (NEMO). The calculation of the advec-
tion of markers in the GLORYS12V1 (NEMO) field for this area is new. We employ some
original approaches like dasymetric maps developed within the framework of Lagrangian
modeling to study the advection of potentially “contaminated” waters in areas that are
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adjacent to the Kuril Ridge. Note, that this is a region of traditional Russian fisheries for
fish and squid.

The chosen analysis period spans one year before the actual discharge of potentially
“contaminated” waters, i.e., from August 24, 2022, to August 24, 2023. Note that a compar-
ison of the charts for AVISO and GLORYS12V1 (NEMO) reveals a good correspondence in
terms of the times and paths of arrival, and most importantly, that the transfer mechanisms
coincide i.e. picking up by the Kuroshio meander and advection by a local vortex system.

The main conclusion drawn from this study is that the potentially “contaminated”
waters can arrive in the areas of commercial fisheries for fish and squid in the SKFZ. The
primary mechanisms through which these simulated particles reach fishing areas are the
meandering of the Kuroshio current and vortex advection. During the spring months, the
first Kuroshio meander closely approaches the coasts of Japan, while the existing system of
cyclones and anticyclones to the north carries simulated particles into the fishing areas.
These markers gradually accumulate and disperse across the region.

We found that there is a regime in which simulated particles from the Fukushima
NPP can cross the southwestern boundary of the subarctic frontal zone (SKFZ) within
8-13 days. This situation corresponds to the time when the first meander of the Kuroshio
Current approaches the eastern coast of Hokkaido. We conducted a direct experiment on
the transport of marker patches from the release of Fukushima NPP water and analysed
their trajectories. The marker patch elongates into a strip along the northern flank of the
meandering Kuroshio current. However, some markers break away from the initial patch
and are then picked up by the system of mesoscale vortices, which push these markers into
the SKFZ.

This study demonstrates one of the possible mechanisms for the entry of simulated
particles into the SKFZ. We analysed the dependence of the number of simulated particles
in the SKFZ on the date of potentially “contaminated” waters release. It is revealed that the
most unfavourable months for release for the SKFZ are the summer and autumn months.
A strong seasonal dependence of the advection of a large number of simulated particles
into the fishing zone is demonstrated, depending on the discharge month. Thus, during
the period from 2022 to 2023, when discharged in certain months, the quantity of markers
exceeds several times the amount discharged in winter — a difference of several orders of
magnitude specifically for the considered year. Conversely, the lowest risk of potential
“contamination” is observed in December and January. The more important statement for
this study is that as seen in previous analyses the particles following the north wall of
the Kuroshio Extension eastward but tend to spread northward at the hyperbolic point
mentioned.

The dasymetric maps we constructed depict the so-called “transport corridors” through
which potentially “contaminated” waters enter the SKFZ. In different months, these “trans-
port corridors” have varying widths and densities, depending on the quantity of simulated
particles.

We also analysed the number of simulated particles in the SKFZ based on the dates
of their arrival at the southwestern border of the Kuril-Kamchatka Trench. The highest
number of simulated particles reached the border in November 2022. This implies that
more careful dosimetry should be conducted in November during the organization of
fishing activities in the SKFZ.

Although recent releases from Fukushima NPP are projected to have minimal impacts
on seafood consumers and the marine ecosystem, as indicated by various studies and reports
[IAEA, 2018, 2023; Maderich et al., 2024; Smith et al., 2023; TEPCO, 2023, and references
herein], our research underscores the critical importance of continuous monitoring in the
region including the SKFZ. This imperative arises from several key factors that warrant
sustained attention and surveillance. Firstly, the dynamic nature of ocean currents can
disperse contaminants over vast distances so it necessitates ongoing monitoring to track
the trajectory and dispersion patterns of released substances. Secondly, the complexity
of interactions within marine ecosystems requires constant vigilance to detect any subtle
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References

changes or unexpected consequences that may arise from the Fukushima NPP releases. This
includes monitoring the health and behaviour of marine organisms, as well as assessing
any alterations in biodiversity and ecosystem dynamics. Furthermore, the evolving nature
of environmental conditions, influenced by factors such as climate change and other
anthropogenic stressors, underscores the need for continuous monitoring to adapt and
refine our understanding of the potential impacts of Fukushima NPP releases in a changing
environment.

AVISO and GLORYS12V1 (NEMO) are two distinct sources of information that are not
required to duplicate each other. AVISO provides data based on satellite measurements,
whereas the GLORYS12V1 reanalysis utilizes the NEMO hydrodynamic model, which
is based on the equations of motion. Differences in the methodology of obtaining data
from AVISO and GLORYS12V1 (NEMO), as well as in spatial resolution and temporal
discreteness, can lead to discrepancies in the results. It is important to note that both
data sets indicate a potential hazard related to the spread of “contaminated” waters. In
this context, qualitative conclusions are more significant than quantitative assessments.
The main conclusion is that regardless of the type of data chosen, the potential hazard of
spreading “contaminated” waters must be taken into account.

It is apparent that Japan has chosen the most cost-efficient way to deal with the con-
taminated water; however, great opposition and concerns have been aroused internationally
due to the harmful ecotoxicological features of radioactive materials [Bezhenar et al., 2021;
Lu et al., 2021]. Moreover, several scientists believe that it is necessary to organize not
only dosimetric but also spectrometric monitoring during fishing activities in months with
higher contamination levels in the Kuril zone [Paraskiv et al., 2022]. Unlike many studies
that analyze the concentrations of radioactive isotopes and their toxicological harm to
biota using various methods [Bezhenar et al., 2021; Lu et al., 2021; Men, 2021], our research
focuses on studying the pathways of potentially contaminated water and the time it takes
for these waters to reach the area of traditional Russian fishing. We demonstrate the
possibility of their entry into the coastal waters of the Kuril region and show that there is
a possibility of minimizing damage, which is determined by choosing the optimal dates for
discharging contaminated technical waters from the Fukushima NPP.

In conclusion, although preliminary evaluations may imply negligible immediate
risks, the complex and interrelated dynamics within marine systems necessitate continuous
monitoring to ensure a thorough comprehension of the persistent implications arising from
the discharge of water from Fukushima NPP. This sustained vigilance is imperative for the
preservation of marine ecosystems and the cultivation of trust among seafood consumers
in the respective region. Enhancing the understanding of marker advection processes will
serve to optimize the ongoing monitoring efforts.
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Abstract: In this brief paper, we analyze space weather events that occurred on May 11 and 12,
2024, from the perspective of an operational space weather center that provides advisories for civil
aviation. One of the key metrics monitored by the center is the radiation dose rate at operational
flight altitudes. A model implemented by the center provides the dose rate in real time. The model
showed that dangerous levels were momentarily exceeded just above the usual 30,000 feet level
during the events. This paper highlights differences in models used by various space weather centers,

emphasizing the need for harmonization.
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Introduction

Space weather is a set of phenomena in interplanetary space that occurs as a result
of changes in the Sun. Over the past decade, there has been a steady increase in society's
awareness of the fact that space weather represents a substantial threat to the technological
infrastructure [Fiori et al., 2022; Green and Baker, 2015; Hapgood, 2011; Kauristie et al.,
2021; Schrijver et al., 2015]. In some publications [Burns et al., 2007], the impact of space
weather phenomena has been explored, with a particular emphasis on the response of the
ionosphere in relation to coronal mass ejections (CMEs) as the primary hazard. Recently,
several scholars have directed their attention specifically towards the impact [Yasyukevich
et al., 2018] on positioning accuracy during periods of ionospheric disturbances. Other
studies have shown the effects of powerful X-ray flares on the ionosphere.

Today, aviation relies heavily on technologies that are vulnerable to space weather
disturbances. Prominent examples of these technologies are global navigation satellite sys-
tems (GNSS) and over-the-horizon high-frequency (HF) radio communications. X-ray flares
can cause serious problems for precision positioning and GNSS (Global Navigation Satellite
System) navigation services. Solar flares have been shown to affect navigation services for
up to several hours, leading to critical situations in various navigation applications [Burns
et al., 2007; Kauristie et al., 2021]. These energetic protons have the potential to reach Earth
and pose a threat to aircraft operating in polar regions by degrading HF-communication
capabilities.

However, it’s not only technology that suffers from space weather disturbances. Air-
craft flying at typical commercial and corporate airline altitudes are constantly exposed
to high-energy charged particles and secondary neutrons of cosmic origin. These types
of particles, known as galactic cosmic rays (GCR) that originate outside our solar system,
and solar energetic particles (SEPs) can affect aircraft microelectronics systems and the
health of airline crew members and passengers [Barannikov et al., 1987; Beck et al., 2008].
Flights on high-latitude or intercontinental routes may exceed the maximum public and
fetal exposure limits during a single solar energetic particle event and through multiple
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(~ 5-10) high-latitude round-trip flights due to GCR exposure. It is important to note
that while some countries monitor airline crew radiation exposure, many do not, leaving
airline crews as the only occupational group exposed to unquantified and undocumented
radiation levels over their careers.

The discussion about the significant impact of space weather on aviation has increased
since the beginning of the 21st century. Following the IATA's letter to ICAO in November
2011 requesting a discussion on space weather's impact on aviation, ICAO has been
evaluating the use of space weather data in civil aviation. The discussion found its way into
the amendment to Annex 3 of Meteorological Service for International Air Navigation. The
document regulates the form and way the information on the space weather phenomena
reaches the civil aviation stakeholders. The informational message is called the advisory
and comes in moderate and severe form. The thresholds for moderate and severe advisories
are fixed in the same document. ICAO also initiated a process to establish space weather
centers in 2017. Twenty-two countries expressed interest in becoming space weather
information providers. Finally, three groups were selected: the US, PECASUS (consisting of
Finland, the UK, Germany, Poland, Austria, Italy, the Netherlands, Belgium, and Cyprus),
and ACFJ (comprising Australia, Canada, France, and Japan), which have been designated
as global centers by ICAO. As of 2022, CRC (China-Russia Consortium) joined as another
global center.

China-Russia Consortium [Kholodkov et al., 2021] consists of three organisations:
Fedorov Institute of Applied Geophysics (IAG) of Roshydromet, Aviation Meteorological
Center (AMC) of Civil Aviation Administration of China and National Center for Space
Weather of China Meteorological Administration. Currently, IAG and AMC both act as
full-featured space weather centers in round-robin, backing up each other. Besides the
duty, CRC organisations also perform research and analysis tasks to improve methods,
instruments and regulations. IAG has performed an analysis of recent extreme space
weather events in terms of potential industry response. The event is special in a way that it
highlighted the differences in methods used to compute the effect of the particular space
weather phenomena.

May 11-12 Extreme Space Weather Events

The extreme space weather events observed on May 11-12 were caused by the passage
of active region 3664. Hereby we will use the NOAA active region classification. This was
the most intense group in this cycle of solar activity, with an area reaching 2400 millionths
of the Sun's visible hemisphere, 20 times the size of the Earth. The magnetic configuration
was complex, with a beta-gamma-delta pattern, and there were about 50 multipolar spots,
large electric currents. In addition, the maximum activity occurred during its passage
across the solar disk, where the position of the group was optimal for impacting the Earth's
magnetosphere. During this time, there were 6 X-ray class flares, some accompanied by
solar particle events, which caused significant difficulties in radio communication and
navigation. These events were further amplified by the strongest magnetic storm in the past
21 years. This complex of phenomena resulted in the extreme space weather conditions.
Disturbances that are classified as extreme manifestations of solar activity, similar to the
“Halloween” storms that occurred in October-November 2003, have been observed.

On May 9, two X-class solar flares were observed within this group. The first flare,
X2.2, occurred at 09:13 UT, and the second, X1.1, occurred at 09:17:44 UT. During May
8 and 9, four CME events were recorded, all of which were classified as geoeffective. It is
important to note that only those CME events that are directed towards Earth can have
a geoeffect, and these events constitute a minority. Three of the CMEs were expected to
arrive at Earth on May 10 at around 10:00 UT +£10 hours.

On May 10, three more flares occurred (see Figure 1), with the first being X3.9 at
16:40 UT and the others being X5.8 and X1.5 at 18:01:23 UT and 19:43:33 UT respectively.
The proton flux from these flares was recorded at a peak flux value of 207 PFUs (Particle
Flux Units, particles x s x sr_l) at 17:40 UT. This event was classified as a solar proton
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event.The event began at 01:40 UT following the X5 flare and the X3 flash. Both of these
events were linked to the coronal mass ejection (CME).

107

12:00 00:00 12:00 00:00 12:00 00:00
May 9, 2024 May 10, 2024 May 11, 2024 May 12, 2024

Figure 1. X-Ray flux (in watts x m_z) at GEO from the GOES-16 spacecraft (blue) and GOMS-5
(Elektro-L N4) mission (red — precise measurements, green — coarse measurements). Orange line is
the X1 threshold.

On May 10, the speed of the solar wind near Earth doubled to approximately 700 km/s
after the arrival of the CME. On May 11, it reached a maximum value of 993 km/s. The
peak total intensity of the interplanetary magnetic field (IMF) was 56 nT, and the range of
the north-south component (Bz) was between +22 and —50 nT. During this period, Bz was
predominantly oriented southward.

Proton fluxes observed during this time were relatively low (level S2) as seen on
Figure 2. However, an important aspect of this event is worth noting: a geomagnetic storm
occurred (see K-indices on Figure 3). The extent to which proton fluxes from solar flares
penetrate and generate secondary particles that create cosmic radiation is dependent not
only on the initial proton flux density, but also on the disruption of the magnetic field.
Large geomagnetic storms can cause increased penetration and higher dose rates in the
atmosphere compared to when there are no disturbances. Our dose calculation model takes
this factor into account, as well as variations in the spectrum of primary radiation fluxes.

According to our model, if CRC was operating (on-duty) at the time, we would have
issued a moderate type advisory on May 11 between 03 and 08 UTC. Figure 4 shows the
examples of dose rate maps with contours of radiation dose rate in mSv/hour for an altitude
of 12.2 km (40,000 ft).

10°
102

10

Particles » ¢m-1 x s-1 x sr-1

12:00 00:00 12:00 00:00 12:00 00:00
May 9, 2024 May 10, 2024 May 11, 2024 May 12, 2024

Figure 2. Proton flux (in PFU) at GEO of GOES-series spacecraft. Protons with energies = 10 MeV in
blue, = 100 MeV in red, = 50 MeV in green.
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Figure 3. Planetary K-indexes from GFZ German Research Centre for Geosciences (blue), Institute of
Applied Geophysics (red), and Space Weather Prediction Center (green).

The on-duty center (ACFJ) issued advisories on communication and positioning degra-
dation but no radiation dose rate advisory. Every space weather center operates their own
radiation dose rate model. According to the model that was used by the on-duty ACF]
during the period this event did not require the advisory to be issued. We believe that
the differences in our estimates of the solar flare dose rate are due to different methods of
calculating solar proton spectra. We calculate the spectrum based on flux measurements
from spacecraft, which include a flux with energies between 100 and 500 MeV. In contrast,
the calculations based on neutron monitors [e.g., Lantos et al., 2003; Latocha et al., 2009]
largely ignores particles of these energies, focusing instead on particles with higher ener-
gies. Additionally, we assume that more solar protons reach the atmosphere during strong
magnetic storms.

(a) Panel 1 (b) Panel 2

Figure 4. Panel 1 and 2: Radiation dose rate maps (in uSv/hour) for altitude of 12.2 km (40,000 ft)
during the onset of the event (02:08:22 UTC and 02:18:23 UTC).

Results

The results that different highlight the importance of model harmonisation that is
currently work in progress by Space Weather Center Coordination Group. We expect the
fruitful outcome that would increase the confidence among models used by the centers and
ultimately increase safety for aviation. Along with harmonisation, the regular scientific-
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grade onboard dosimetry data will come handy for verification and tuning of the models.
As SPEs cannot be forecasted the required equipment shall be installed onboard a small
portion of operation civil aviation fleet in order to acquire dosimetry data in case future
SPEs happen.
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Introduction

Interpretation of geophysical anomalies is a process of extraction of information from
observed physical field data, which contain a large amount of geological information in
a hidden form. The main objective of data interpretation is to extract this information
in order to solve a specific geological problem. Interpretation is not a strictly structured
process, and to perform the task, the interpreter must be a skilled individual, and possess
all the tools to extract the geological information from the geophysical fields. However,
based on geophysical data alone, it is only possible to formally describe the distribution of
physical properties, and there may be infinite amounts of examples of such distributions.
Therefore, to perform a meaningful interpretation, all available a priori geological and
geophysical information on the object under study is required. Interpretation is also mainly
carried out within the framework of certain models, which is a set of simplifications and
assumptions for this particular problem.

One of the principal methods for solving inverse problems of geophysics is the reg-
ularization method. The classic theory of regularization of systems of linear algebraic
equations (SLAEs) was created in the works of Tikhonov, Ivanov, and Lavrentiev, as well as
in multiple works of their follower in the 1960s—1980s [Tikhonov and Arsenin, 1979; Turchin
and Turovtseva, 1973; Zelenyi et al., 2018].

One of the objectives of the interpretation process is to determine the parameters of
objects that create the studied anomaly field. Such problems are called “inverse problems”,
which refer to under determined problems of mathematical physics.

Existing methods for solving the inverse problems, such as the regularization tech-
nique, mostly search for a quasi-resolution, which may not be a solution to the source
problem, but only an approximation to it.

In this study we consider an approach that allows us to describe a set of solutions that
satisfy the problem and to search among these equivalent solutions for a model that best
satisfies the available a priori information about the distribution of model properties.

A constructive description of the variety of solutions ® (A, b) of a linear system Ax = b
in the finite-dimensional Euclidean space E allows us to consider a priori information

about the properties of the desired solution x by searching for it on the variety ®(A,b).
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Technically, it looks like this: the expert point of view on the desired solution s
f
there are several points of view on x’ and a system of functionals F = (Fy,..., Fx) is respon-
sible for them, then the search for x/ is reduced to a multi-criteria choice B(®(A,b),F)
relative to F on ®(A, D).

The above is graphically conveyed by the diagram

formalized by a non-negative functional F on ®(A,b), and the solution x’ minimizes it. If

Ax=b— ®(Ab) » F - B(®(A,b),F) — «. (1)

The first transition in (1) relates entirely to linear algebra and in this paper will be
performed using the Gramm-Schmidt orthogonalization.

The second transition in (1) formalizes the a priori information about the sought
solution x’ into a system of functionals F on the manifold ®(A, b) and therefore requires
a wide range of methods (fuzzy mathematics, machine learning, etc.).

We construct a formalization of three expert statements E,, Es and their conjunctions
Eus = E, A Es. Let us give their formulations:

f

*  Statement Eg: let the coordinates in E be indexed by a known set I, so that any x of E
can be considered as a function on I: x : i — x;,i € I. Let us denote by S the partition
I=1; v--- VI and consider a vector x to be S-homogeneous if it is constant on every
L.

Eg: “the desired solution s S-homogeneous”.

f

¢  Statement E,: “the sought solution x’ is similar to the known vector p”.

¢ Statement E,g: “the sought solution x
with respect to the partition S”.

is similar to the vector y and is homogeneous

The third transition in (1) is a broad optimization of functionals from F on the
manifold ®(A, b), involving both classical continuous methods (gradient, penalty functions,
etc.) and discrete ones (choice theory, neural networks, etc.).

In the present paper the optimization on ®(A, b) is performed by analytical methods:
the gradients of the functionals associated with statements E,, Es, E;s will be explicitly

found, and with their help the variants of the true solution xf .
Examples illustrating theoretical constructions are mainly related to gravimetry and
are of both artificial and natural origin.

Projection method

The initial space E is assumed to be n-dimensional Euclidean space with respect to
the scalar product (,).
In a linear system

Ax=b=(a;,x)=0b;i=1,...,m x€E, (2)

A simultaneously means both the set of vectors a; from E and the matrix m X n with vectors
a; as rows, b = (b;|72).

The projection method, as applied to the system (2), consists in efficiently constructing
the manifold of its solutions ® (A, ) . This problem was solved by the authors in [Agavan

et al., 2020] based on the systematic use of the orthoprojector H(a) perpendicular to a € E:
T
H(a)=1 —% if A#+0,and H(0) = 1.
In the present paper, the Gramm-Schmidt orthogonalization will have a major role in

the presentation of the projection method.
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Homogeneous systems

For the homogeneous system Ax = 0 the solution space ®(A,0) coincides exactly
with the orthogonal addition in E to the subspace L(A) generated by A: ®(A,0) = L(A)J'.
Therefore to solve the system Ax = b we have to construct an orthoprojector

H=H(A):E - L(A)".

Let us do this using the Gramm-Schmidt orthogonalization process: if G = {g; |f\i1,
N =rangA} its result for the set A: G = GSh(A), then

H(A)(x)—x—z( ”gl) . VxeE. (3)

Inhomogeneous systems

The solution of the inhomogeneous system Ax = b is the sum of the partial x* and
the homogeneous one, so ®(A,b) = x* + ®(A,0). In the search for the solution x* we
will use the equivalence given below and the realization of its right-hand side using GSh
orthogonalization:

x vector in E, whose image Ax is the

x € D(A,b) o . . m
projection b on the image ImA in R

The system P = {Ae; |}1=1} generates an image in Im A in R"™. Let us apply the orthogo-

nalization of GSh to P and obtain an orthogonal system G = GSh(P): G = {g; |£1,
N =rangP}.
We need prototypes of y; vectors g; under mapping A: Ay; = g;. If we know vectors y;,

then N N
(b, gl (b,gz)
b= =
i:zl (glrgz)gl Z (gzrgz yi 1:21 (gl}gl)yl
Thus, the vector
< (g,8)7"

will give us a partial solution to the system Ax = b.
We construct vectors g; and y; iteratively. We start with g;: if g,...,gj—1, i = 2 are
known, then according to GSh:

(Aelfgk)
Z (8o 8e) ©)

Starting with g; = Ae;.
If the vectors yy,...,p;—1, i = 2 are known, then taking into account (5)

(A z;gk) _ (Ael,gk)
Z (gk,gk) A( Z (3086) * )
Thus,

(Aez:gk)
Z (gk,gk) (6)

Starting with y; = e;.
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To summarize: the effective parametrization of the variety of the solution ® (A4, b) of
the linear system Ax = b with the help of the GSh orthogonalization is the correspondence

x=x*+Hs,seE, (7)
where H and x™ are given by the formulas (3) and (4).

Example 1. A system of linear equations is given Ax = b:

2 -1 1 2 3 2

A= 6 -3 2 4 5 S p= 3 (8)
6 -3 4 8 13 9
4 -2 3 4 2 1

After implementation Gramm-Schmidt orthogonalisations for the system P = {Ae; |;7=1 }, we
obtain an orthogonal system G = GSh(P): G = {g; |ﬁ1,N =rangP = 3} (5)

g = (2000, 6.000, 6000, 4.000);
g = (-0.087, -1.261, 0.740, 0.826);
g;— = (0123, -0.215, 0.954, -1.169).

and the corresponding system Y: Y = {y; |ﬁ1,N =rangP = 3} (6)

yi = (1000, 0.000, 0.000, 0.000, 0.000);
v, = (-0.543, 0.000, 1.000, 0.000, 0.000);
y3 = (=0.231, 0.000, —1.415 1.000, 0.000).

By substituting the calculated g;, v;, i = 1,2,3 into (4), we obtain a partial solution to our
system
*

x* = (=05, 00, —-3.0, 3.0, 0.0).
The discrepancy in the solution obtained is ||Ax — b|| = 8.189¢ .

Statement Eﬂ

The variety @ (A, b) serves as the domain of determining an arbitrary statement about
the true solution xf. We will begin with the most basic of these, namely, the statement Eﬂ

f

about the similarity of x
and analyzed.

to the known vector y of E. Two interpretations will be given

First Interpretation

f

“x is the closest point to p on the variety of solutions ®(A,b)”.
If x* + Hs parameterizes ® (A, b) (7), then the solution %/ =x* + HS', which is a vari-

ant of the true solution xf based on this interpretation of statement Ew is reduced to
unconditional minimization by s on E the first version of the F, function:

In this case, the similarity of x’ and y is understood metrically as proximity in E:

Fu(s) = ||x* + Hs - %, gradF,(s)=H Hs—H'(u—-x"), (9)

which leads to a linear system of equations on the sought parameter s

H'Hs =H (u-x%), (10)

which can be solved by the projection method.
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Example 2. For the system (8) we will look for a solution close to the known vector . As p
a zero vector is taken, so in this case the problem is reduced to finding the minimum by norm

solution x' .
To solve the problem, just construct the projector H [Agayan et al., 2020] and, assuming
A= HTH, b= —HTx*,ﬁnd s/ (10). Using the (3)—(10) approach described above, we get sf

and x’ :

f
f

s (48.500, —24.000, 0.000, 0.000, 0.000);

(-0.108, 0.054, -0.084, 0.084, 0.729).

X

The uncertainty of the resulting solution ”Axf - b“ = 6.286¢ "%, The norm of foH =
0.74849, while the norm of x™ from the example 1 is 4.27200.

Second Interpretation

f

a sense semicorrelated: “x’ is the closest point on @ (A, b) to the line L(u) generated by
vector p”.

This version of the similarity of x’ and y is more invariant with respect to y and in

In this case, the search for =%+ Hs (a variant of x/ based on statement E,) is
reduced to absolute minimization by s and ¢ on the product E X R of the second version of
the F, functional:

Fu(s)= ||x* + Hs —yt||2.

The desired pair of parameters (sf, tf) is obtained as a solution to a linear system
HTpt —HTV s/ )_ ~H x* )
T =
- H Ol (")

Example 3. This example is related with the inverse problem of gravimetry on a two-dimensional
model with a given density grid p (Figure 1).

Figure 1. Density grid.

andxf =x*+Hsf.
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In this case x;j — the unknown density in jth rectangular cell with vertices a,]/, v=1,2734;
b; — the value of the observed field at point s; on the surface; a;; — the conversion factor for the
density j-th cell in the attraction at ith observation point. We have:

bi = Zﬂ,’jx]',
j
ajj = Re(G(s;, ).

The complex gravitational potential G(s, o) is calculated using the formula [Bulychev et al.,
2010]:

N
G(s,0) =Gd Z(avs + By —5)In G(’;L_S,
v

S
v=1
a (O_) _ Oy+1 — 0Oy
v Oy+1 — 0y’

ﬁv(o') =0, — a0y,

where G is the universal gravitational constant, 6 is the density of the cell (in this case taken as
unit), o, is the complex coordinate of the v — th vertex of the quadrangle, s and ¢ are complex
conjugate quantities.

Figure 2 shows a given density distribution p and a priori information y, which is equal to
a slightly noisy half of the original model density.

s
=]
N

NiNnnE=

Density (g/cnf’;)
o
(=]

0.0 L — ’ J ~ g | e

T T T T T T T

0 10 20 30 40 50 60 70 80
Cell number

Figure 2. Source model density and a priori information.

Figure 3 shows the density distributions x and xT found, respectively, using the projection
method (10) and the Tikhonov regularisation method [Tikhonov and Arsenin, 1979] with a = 0.1.
It can be seen that while the Tikhonov regularisation method adds uninformative background
values to the a priori model, the method under study uses a priori information in order to find
a similar solution on the variety of solutions. This way, the main information is concentrated
where the interpreter wants it to be.

1. Solution evaluation by projection method (scheme (10)):
| - =048, ||ax’ ~b]| = 53057,
2. Ewvaluation of the solution by the Tikhonov regularization method (o = 0.001):

|« - p||=17667,  ||Ax" - b =1.062¢7%.
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1.0 4 ™
—_—p
W M N[ =
"g 08‘ xl
o
dal—— N
2 0.4 4
QD
o
0.2 4
Z T\ w U
0.0 L.m,&_
0 10 20 30 40 50 60 70 80
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Figure 3. Comparison of solutions with the initial model.

Statement Eg

Let the coordinates in the space E = RN(x) be indexed by the set I (N = |I|), so that
any vector x € E can be considered a functionon I: x: i — x;,i € 1.

Let us denote by S the disjunctive partition I =1y v --- v Ig, S = {Ix |sz1} and consider
the vector x S-homogeneous if it is constant on each block Iy, k = 1,...,K. Let us formulate
a statement Eg:

Eg: “the true solution x/ of the system Ax = b S-homogeneous”.

The attention to Eg is not accidental, since homogeneity —a fundamental property of
nature (we can just look at geology).

Formalization Eg

Any vector x € E is naturally associated with a S-homogeneous vector, which we call
S-averaging x and denote by Mgx:

Zjelk Xj

Mgx); = ——* =

Jifi € IL. (11)

The correspondence x — Mgx — projector in E, the quadratic deviation Fs(x) from
which quantitatively characterizes the S-homogeneity of x and thus formalizes the state-
ment Eg

Fs(x) = ||lx - Msx]||*. (12)

Let us represent Fg(x) through intra-block homogeneity uncertainties. To do this,
denote by prk: E - R the mapping of constraint x to block Ix: x — = x|r,, and by

—2
Fr(x) = XK = xk || the deviation x* from its mean x.

This deviation can be understood as an inverse quantitative characteristic of the
homogeneity of the vector e R with respect to the trivial partition of the block Ij
consisting only of itself. Therefore

kP k k
||x —xk” =Fp (x") and Fx(x) = Fy (pr-x). (13)
From the very definition (12) of the function Fs(x) follows the equality
K
Fs(x)=) ,_ F(x). (14)

For any i of block I, the equality |x; — Mgx|* = |x; —x_k|2 is true.
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Gradient Eg

The calculation of the gradient grad Fx(x) is much related to the calculation of the
gradient grad Fy, (xk). Without loss of generality, we do this below for the function F;(x) in
E. The gradients grad Flk(xk) must then be assembled together using the projectors prkx
to obtain grad Fs(x) (14). Let us do this first for the so-called S partition consistent with I,
and then reduce the general case of S to a consistent one.

Each block I of partition S has within it an ordering I = {zi< <eee < ilklkl }, induced by
the outer orderingon I: [ = {i; <--- <iN}.

Thus, any index i has two coordinates i = i]k associated with the partition S besides its
main number m in I: i = i,, m = m(i):

k = k(i,S) — the number of the block I of partition S, which includes index i;

j=7j(i,S) - internal index number i directly in block I.

Call a partition S consistent with I if

m(i)= Y |Ll+j(kS), Viel. (15)
k<k(i,S)

Informally, this means that S is a partition of I into consecutive segments [} =
{iv,e- i b I = i) | +15- -+ 8|1, |+|1,| } and so on.

Let us find grad Fs(x) for such S and start, as mentioned above, by calculating the
gradients gradFIk(xk) for all k =1,...,K on the example grad F;(x).

So, x = (x1,...,xn), N = |I|

N N \?2 N _ N )2
FI(X)=Z(X1‘_ Z];;xj) = (N 1)X;\[2 Z]#x]) .
i=1

i=1

By selecting the coordinate x1, calculate the derivative g—ii

2 2
N -1 Xy — e — —x1+(N -1 e —
Fl(x)=(( )X x; xN) +( x1 + ( )322 xN) +
N N
2
o Eximx e (N = Day)
NZ

Taking the derivative, we get

) IR ZD (N = 1) == =) = oo (N = Dz = =)
—em (e = (N = D)

After transformations we get the following equality

OF;(x) 1
ax1 = X1 N izzlxl.

Similarly for x, k > 1

So that )
trx—
grad Fi(x) =x - Wl = (11\] - NEN)(’C)'
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-

where 1 is a vector with unit coordinates from E, 15 (Ey) — identity matrix (constant
matrix with unit elements) of order N.

Recalling that N = |I|, let
1
Gr=1y - me
and conclude: fork=1,...,K . )
gradPIk (X ) = le(x )r
where
1

Gy =1y - mEUH‘

Due to the consistency of the partition S with I, the union of the gradients grad Fy, (xk)
is given by the product of the block matrix Gs = {Gy, |sz1} and vector x in the representation
kK
x=(x" k=)

G[ 0 X

1
grad Fs(x) = Gg(x) = :
0 G[ XK

K

If the partition S is not consistent with I in coordinates x, then, keeping the same
notation S, the transition in space E from coordinates x to new coordinates p:

Xi = VY 1 TI(S)

we obtain the consistency of the partition S with the set of indices I in coordinates y (15).
Using the invariance of S-homogeneity from coordinates, let us calculate the S-
homogeneity of any vector x of E in its y-coordinates

Fs(x) = Fs(y(x)).

Hence, taking into account the rule of differentiation of the superposition we have the
gradient in the general case

grad Fg(x) = STGSSx.
The last step in formalizing the statement Es — the superposition of the functional
Fs(x) with the parameterization x = x* + Hs, which we denote by Fs(s) and give its gradient

gradFS(s)=HTSTGSS(x*+Hs). (16)

To summarize: the search for the true solution x’ = x*+Hs : a based on S-homogeneity
reduces to the solution of the linear system

H'S'GsSHs = —H'sTGsSx*. (17)

In its pure form, statement Eg tells only about the S-homogeneity of the true solution
x/, which is highly ambiguous and therefore ineffective.
To reduce the ambiguity of statement Eg, we need to connect it to some other statement

about x’. We do this below by connecting the statement Eg with the statement E, in the
first treatment.

Statement E g

The conjunction E,s = {desired solution x/ of the system Ax = b is similar to the vector
p and S-homogeneous} will be realized by the a-linear connection F,(s) of functionals
Fs(s) (16) and F,(s) (9); @ €[0,1]:

Fo(s) = Fys(s) = aFs(s) + (1 = a)F,(s) (18)
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Then
grad F,(s) = aHTSTGSS(x* +Hs)+ (1- a)(HTHs —HT(//t—x*))

and therefore finding the true solution x/ = x* + Hs' based on the statement E,s is reduced
to solving a linear system

(a(SH)"GsSH+ (1 —a)H H)s' = —a(SH) GsSx* +(1—a)H (u—x*).  (19)

The last part of this article is devoted to examples of inference (19) based on judgement

E

BS*

Synthetic point example of finding a solution using the F;, functional

Let us consider the obtained results of solving the inverse problem from the point of
view of closeness to the true density distribution.

Let us construct a two-dimensional synthetic model with 32 x 32 points horizontally
and vertically. The distance between the points is 129 m horizontally and 32 m vertically.
As points we take spheres with radius R = 10 m approximated by points. The observed
effect is calculated by the formula (20).

C—z
((E=x)>+(y —9)* +(C-2)?)*/
where x,v,z are coordinates of the observation point, &, y,C are coordinates of the center of
the sphere, G is the gravitational constant, R is the sphere radius, o is the sphere density.
The system Ax = b describes the gravitational effect of the density environment. The
system of linear equations can be written as follows:

4
V, = ngR% (20)

a11xy tapXxy+c+anx, = bl
a21x1+a22x2+~--+a21xn=b2 (21)

A1 X1 + Q2 Xy + + o0+ A1 Xy = by,

where x; are the unknown densities, aji is the effect of the i-th sphere with unit radius at
observation point j, b; is the value of the observed field at point j.

The structure of the model is the disjunctive union into 2 x 2 blocks (Figure 4). The
densities of points on the grid vary from 1 to 4, but they are the same in blocks 2 x 2
(Figure 5a).

Figure 4. Explanation of combining grid points into block structures.
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—1000 A =
- a
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—1800 - $r
i
—2000 - 2 " : : 4
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Figure 5. a — initial density distribution (p);
b — py=p+random noise 10%; ¢ — pp=p+random noise 20%.

The number of observation points is 51 in the range from 0 to 12,000 m. Figure 6
shows the response on the surface of the initial density distribution (Figure 5a).

20.0 1

17.5 4

15.0 4

10.0 4

o 20'0!] AO‘OD ED'OD EGIOD 10600 1][‘]00
Figure 6. Response on the surface from the original density distribution.

To test the performance of the F, functional, we introduce two vectors y; (Figure 5b)
and p, (Figure 5c), which are equal to the original point density (Figure 5a) with the
addition of random noise of maximum amplitude 10 and 20 percent, respectively, of the
scatter of the original density, and consider its results on the 2 x 2 block system at & = 0.0,
0.1, 0.5, 0.99.

Figure 7 shows the results of finding solutions for the a priori density distribution p
(Figure 5b). The Table 1 summarizes the quality criteria for the obtained solutions.
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Figure 7. Finding a solution using the Fy,, functional on blocks 2 x 2:
a-a=00b-a=01,c-a=05,d-a=0.99.
Table 1. Quality criteria of obtained solutions for a priori distribution of
densities p
Homogeneity Closeness to p Final criterion
a =0.00 = 7.69714 7.69714
a=0.10 6.18796 7.07885 6.98976
a =0.50 3.44360 4.85407 4.14883
a=0.99 0.07234 3.38303 0.10545

The Figure 8 shows the results of finding solutions for the a priori density distribution
p2 (Figure 5¢). The Table 2 summarizes the quality criteria for the obtained solutions.

Analysis of the Table 1 and Table 2 shows that as the parameter a increases, the
homogeneity criterion and the criterion of closeness to p decreases. The final quality
criterion at @ = 0.99 is much better, since the method, gives more weight to information
about the uniform distribution of densities within blocks than to information about the
distribution itself. Thus, due to the fact that the ideal initial structure of blocks (and
derivatives of it) is used, we see that the method gives a better approximation to the initial
model of density distribution, with a larger a.
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Figure 8. Finding a solution using the Fs, functional on blocks 2 x 2:
a-a=00b-a=01,c-a=05,d-a=0.99.
Table 2. Quality criteria of obtained solutions for a priori distribution of
densities p;
Homogeneity Closeness to p Final criterion
a =0.00 — 15.39493 15.39493
a=0.10 12.37600 14.15752 13.97937
a =0.50 6.88721 9.70820 8.29771
a=0.99 0.14477 6.76424 0.21096

Example of finding a solution on the geological and geophysical model of the Norilsk
Nickel deposit

Geological and geological-geophysical model of the deposit

The section of the liquation deposit of the Norilsk ore zone, known as of 2017 [Kulikov,
2017], was taken as the basis of the numerical model. The geological section of the
Norilsk area in the first approximation is a subhorizontal-layered environment, represented
(from bottom to top) by carbonate-terrigenous sediments of the Paleozoic, carbonized
terrigenous sediments of the Tungussian series, stratified strata of basalts and tuffs of the
main composition of the Permian — Lower Triassic (Figure 9) [Kulikov, 2017].

In spite of the fact that ore-bearing intrusions of Norilsk type are characterized by
increased values of density, it is extremely difficult to identify in the observed gravity
(dg) field anomalous effects from these objects. The reasons are: a relatively weak level of
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Figure 9. Generalized petrophysical model of the section that is typical
for the Norilsk ore zone [Kulikov, 2017].

Table 3. Petrophysical characteristics of the Norilsk ore zone section
[Kulikov, 2017]

Horizons Densit3y,
g/cm

Quaternary (Q) 2.22
Mokulaevskaya Formation (T1mk) 0
Moronga Formation (T mr) g
Nadezhdinskaya Formation (T1nd) % 979-2.82
Khakancha Formation (T1hk + gd) *é'
Syverminskaya Formation (T7sv) %
Ivakinsky Formation (P1iv) =
Tunguska series (Cp — P») 2.5
United (D — D3) % 2.78

S
Manturovskaya Formation (Dymt) & 2.76
Razvedochninskaya Formation (D;rz) § 2.67
Kureya Formation (D1 kr) .-g 2.73
Zubovskaya Formation (Djzb) S 2.76
Intrusions of the Norilsk type 2.9-3.1
Ore-Free Intrusions 2.95-3
Solid Ores 45
Disseminated Ores 4

the useful signal; the presence of intense anomalies-interference due to physical inhomo-
geneities of the surrounding environment; specific distortions of anomalies associated with
the mountainous terrain, etc [Kulikov, 2017].

Under favorable conditions, differentiated ore-bearing intrusions, at depths of up to
1200-1500 m, can be detected by means of gravity prospecting. Ore knots, which are a set
of spatially convergent ore-bearing intrusions, can be detected by gravity survey at depths
of up to 3000 m [Kulikov, 2017].

Based on the above data on the form of occurrence of layers, intrusions and their
properties, a two-dimensional geological and geophysical model of the section typical for
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Figure 10. Geological and geophysical model created on the basis of data
on the Norilsk ore zone.

the Norilsk ore zone was created. This model is shown in Figure 10, distance in km, density
in g/ cm®.

Results of the search for solutions

To solve the direct gravity problem for the two-dimensional model, we used the
complex variable function theory for a polygon with constant density [Bulychev et al.,
2010].

The system Ax = b describes the gravitational effect of the dense environment. The
system of linear equations can be written as follows, by analogy with the system (21):

[aji][x;]=[b]] (22)

where x; are the unknown densities, aj; is the effect of i — 0 block at observation point j, b;
is the value of the observed field at point j.

In order to apply the projection method, the two-dimensional model of the section
(Figure 10) was split into blocks (Figure 11). The resulting model is called the “initial”
model, and we assume that we know only the observed field from this model. During
the study, we assume that only the useful signal is selected in the observed field and that
there is no noise component in it. Also, to take advantage of the ability to account for
the F; functional, let us represent our existing model as a density grid, 50 by 60 cells
horizontally and vertically, with dimensions of 240 m horizontally and 40 m vertically,
assigning cells to the density of the original model and relating each cell to the block model
of the Figure 11. The resulting model is shown in Figure 12.

Source blocks and density distribution

w & A
wn =} wn
Density g/cm?®

w
=)

25

Figure 11. Initial geological and geophysical model split into blocks.
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Constructed grid and density distribution

Density g/cm?

Figure 12. Initial geological and geophysical model represented in the
form of a grid.

The method was tested on a geological geophysical example, taking into account
a priori information about the density distribution and block structures consisted of cells.

First, we show the dependence of the result on a. The block structures for each
example are constant, a noisy initial model of 0.3 g/cm3 has been used as the density
distribution, « is taken equal to 0.0, 0.1, 0.3, 0.5, 0.9, 1.0. The standard deviation of the
obtained solution from the original density distribution is shown in the Table 4. We see
that when a equals 1.0, when only the formalization of Eg is included in the solution, the
deviation is the largest, and the best value of « is chosen by the interpreter when he tries to
find a compromise between the two statements E,, A Es.

Table 4. The standard deviation of the resulting solution from the
original density distribution for different a

a |lx = |
0.0 7.46037
0.1 6.75904
0.3 5.37339
0.5 4.03042
0.9 1.88739
1.0 3102.58

We show the results of inverse problem solutions for different @ under different initial
conditions. The block structures for each example are constant, a noisy initial model was
used as the density distribution, at 0.1, 0.3 and 0.5 g/cmS, «a is taken equal to 0.1, 0.5,
0.9, 0.9(9). The results of the search for solutions are shown in the figures below. It can
be seen that the gravitational field from the resulting models when solving the inverse
problem coincides with the original observable field. It is also seen that the resulting model
visually approximates the original model as a increases. However, it is worth noting that
at a equal to 0.9(9) we see a picture of highly inhomogeneous medium, since almost no
a priori information about the initial density distribution is taken into account.

Appendix A presents the plots (Figures A1-A21) of the observed field for the original
model, the model after partitioning into cells, noisy a priori information, and the result of
the solution search are also presented.

Conclusion

The projection method with respect to the system Ax = b consists in efficiently con-
structing the variety of its solutions ®(A, b). In the present paper this is done using the
Gramm-Schmidt orthogonalization.

Knowledge of ®(A,b) allows us to take into account a priori expert information about
the properties of the solution x/ and restrict its search to @ (A, D). In this paper, this is done
for three expert statements: E,, Es and their conjunction E;s = E, A Es.
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The judgement E,, about the similarity of the solution x/ with the known vector uis
implemented on ®(A,b) in two ways. It is shown by examples that each of them works
better than the traditional way of accounting for y based on Tikhonov regularization.

The Es judgement of S-homogeneity of x by itself is of little use due to great ambi-
guity, but its coupling to E,s with the scheme E,, gives good results: if the initial solution
x/ is indeed S-uniform, then the result x5 of its search by the scheme E,s turns out to
be closer to x/ than the result x, of the search by the scheme E,: “xys —xf || < ||xP, —xf ||
(based on the results for finding a solution for the ore problem based on the geological
geophysical model of the Norilsk Nickel deposit).

In reality, information s fuzzy: the expert knows more about some things and less
about others. Therefore, the authors see a natural extension of research in constructing
fuzzy variants of schemes, EM' Es, EMS.

Acknowledgments. This work was funded by the Russian Science Foundation (project
No. 24-17-00346).

Appendix A

Grid and new density distribution

Density g/cm?

Figure A1l. Noisy a priori model at 0.1 g/cm3.

Figure A2. Comparison of observed field plots from the original
cell-split model and the a priori model at 0.1 g/cm3 noisiness.
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Resulting density distribution model

Density g/cm?

Figure A3. The result of searching for a solution using an a priori model
with a noise of 0.1 g/cm3 and «a equal to 0.1.

Resulting density distribution model

Density g/cm?

Figure A4. The result of searching for a solution using an a priori model
with a noise of 0.1 g/cm3 and « equal to 0.5.

Resulting density distribution model

Density g/cm?

Figure A5. The result of searching for a solution using an a priori model
with a noise of 0.1 g/cm3 and « equal to 0.9.

NRSuIting dwns iy sty B i madvl

1on
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Figure A6. The result of searching for a solution using an a priori model
with a noise of 0.1 g/cm3 and «a equal to 0.9(9).
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Figure A7. Comparison of observed field plots from the source model,
the a priori model at 0.1 g/cm3 noisiness and the resulting models.

Grid and new density distribution

Density g/cm?

Figure A9. Comparison of observed field plots from the original
cell-split model and the a priori model at 0.3 g/cm3 noisiness.

Resulting density distribution model

Density g/cm?

Figure A10. The result of searching for a solution using an a priori
model with a noise of 0.3 g/cm3 and «a equal to 0.1.
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Resulting density distribution model

Density g/cm?

Figure A11. The result of searching for a solution using an a priori
model with a noise of 0.3 g/cm3 and « equal to 0.5.

Resulting density distribution model
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Density g/cm?
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o

Figure A12. The result of searching for a solution using an a priori
model with a noise of 0.3 g/crn3 and «a equal to 0.9.
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Figure A13. The result of searching for a solution using an a priori
model with a noise of 0.3 g/cm3 and a equal to 0.9(9).

Figure A14. Comparison of observed field plots from the source model,
the a priori model at 0.3 g/ cm® noisiness and the resulting models.
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Grid and new density distribution
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Figure A16. Comparison of observed field plots from the original
cell-split model and the a priori model at 0.5 g/cm3 noisiness.

Resulting density distribution model
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Figure A17. The result of searching for a solution using an a priori
model with a noise of 0.5 g/cm3 and « equal to 0.1.

Resulting density distribution model

Density g/cm?

Figure A18. The result of searching for a solution using an a priori
model with a noise of 0.5 g/cm3 and « equal to 0.5.
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Resulting density distribution model

Density g/cm?

Figure A19. The result of searching for a solution using an a priori
model with a noise of 0.5 g/cm3 and « equal to 0.9.
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Figure A20. The result of searching for a solution using an a priori
model with a noise of 0.5 g/cm3 and a equal to 0.9(9).

Figure A21. Comparison of observed field plots from the source model,
the a priori model at 0.5 g/ cm” noisiness and the resulting models.
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Abstract: An review of field studies in the Gulf Stream region carried out by the authors in two
periods with a break of 25 years is presented to summarize the results. The studies in the early period
included hydrographic surveys in the area of a southern meander of the Gulf Stream (1989) and in
the area of dividing of a single jet of the current into separate branches: in the Gulf Stream delta
(1990). The second, recent, stage includes on-route surveys with SADCP profiler in 2014-2015 while
crossing the meandering Gulf Stream at mid-latitudes to study its detailed high-resolution velocity
field structure.
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1. Introduction

Despite the high degree of study of the Gulf Stream [Baranov, 1988; Fuglister, 1951;
Guo et al., 2023; Muglia et al., 2022; Richardson, 2001; Rossby et al., 2014; Seidov et al., 2019],
the results of experimental expeditionary work in the region are still in high demand due to
its high synoptic and mesoscale variability. There are still many unresolved questions about
the physics and mechanisms of formation of the Gulf Stream mesoscale eddies (without
discussing processes on the scale of planetary interaction), instability in its frontal zones,
vertical and horizontal mixing, etc. To address these issues, there is an increasing need to
sharply increase the resolution of ocean models, requiring appropriate parameterization
of them based on high-resolution in situ data. Validation of satellite data also requires
a variety of field data.

Most of the huge accumulated volume of field measurements, and in particular, in the
Gulf Stream region, is stored in World Databases. However, it is likely that a comparable
amount remains in the internal collections of research organizations unknown to the
scientific community. The Shirshov Institute of Oceanology, Russian Academy of Sciences,
with its almost 80-year history of expeditionary activities is no exception.

Field studies of the Gulf Stream have been performed by authors in several cruises
in two periods with a break of 25 years. The early period covers hydrographic surveys
in 1989 and 1990. The works were parts of broader international projects devoted to the
ocean-atmosphere interaction (Atlantex 90 Program [Gulev et al., 1992]), to the circulation
of the world ocean WOCE [Ivanov and Morozov, 1991]. The second, recent, stage included
on-route surveys with SADCP profiler in 2014-2015 during crossing the Gulf Stream.

The goal of this paper is to present information and review of the results of the field
studies of the Shirshov Institute of Oceanology in the Gulf Stream region.

2. Early studies of the Gulf Stream: 1989 and 1990

The most important role in the processes of heat and mass transport in the North
Atlantic belongs to the eddies that form in the Gulf Stream system. These include cold
and warm rings, as well as eddies of the cyclonic and anticyclic type that are formed in the
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frontal zone of the Gulf Stream [Auer, 1987; Baranov, 1988; Ginzburg and Fedorov, 1984;
Muglia et al., 2022]. Despite many specialized studies in the Gulf Stream region, the physical
mechanisms of the interaction of eddies with each other and with the current itself are not
completely understood. To a greatest extent, this is due to the rapid variability of processes
and, in addition, it is not always possible to provide multidisciplinary measurements that
combine satellite observations with hydrographic surveys and current measurements.

Such comprehensive studies were organized in two cruises of the Shirshov Institute
of Oceanology, Russian Academy of Sciences in 1989 and 1990 in the northeastern Gulf
Stream system to study its meanders and eddy formation as well as structure and locations
of the Stream branches.

2.1. Measurements in 1989: CTD surveys in a Gulf Stream meander

Information about the experiment. In September—October 1989, during cruise 2 of the
R/V “Akademik Ioffe”, hydrographic studies were carried out on the southern periphery
of the Gulf Stream in the area of its strong meandering at the site with coordinates 36.0°-
39.5°N and 60.0°-62.1°W. In the modern understanding [Seidov et al., 2019], the test site
belongs to the Gulf Stream extension.

Two CTD surveys of the area were performed with an interval of 10 days. The first
survey was from September 20 to 22, 1989 and the second one from October 2 to 5. On
each survey, 18 CTD casts were made with a Neil Brown Mark III CTD probe. The surveys
covered an area of 200 x 90 miles. The measurement accuracy was 0.005 °C for temperature
and 0.001 S/m for electrical conductivity. The goal was to trace the evolution of the Gulf
Stream and the meander on a monthly scale, which was first detected on the satellite sea
image. The main objective was to experimentally determine their thermohaline structure
at successive time intervals.

Analysis of hydrographic surveys at the sites was performed in conjunction with the
results of current velocity measurements and three-hour standard weather data. Vertical
profiling of current velocities up to a depth of 700 m was performed on the route of the
ship with an onboard acoustic Doppler profiler of the RD-VMO075 type (76.8 MHz) with
CTD-casts. Velocity measurement accuracy according to the manufacturer was 0.5 cm/s
+ 0.2% of the measured value. However, due to high measurement error of the absolute
speed velocity results in a qualitative picture only.

NOAA satellite materials, an image of the sea surface, corresponding to the beginning
of the first hydrological survey, and a map of the results of the analysis of sea surface
temperature at time of the surveys [NOAA, 1989] were used to interpret the measurement
results.

Main results: temperature structure of meander and its development [after Dykhno
et al., 1992]. Two CTD-surveys covered a region with a cyclonic meander of the Gulf
Stream previously detected on the satellite image. The first survey covered the central part
of the meander in the southern part of the Gulf Stream jet. The second survey showed
the changes that occurred in 10 days. Temperature distribution maps based on the CTD
data at the two stages at a depth of 400 m are shown in Figure 1a,b. The density section
corresponding to Figure 1a is shown in Figure 2.

It was shown based on the temperature and density distributions at different depths
during the first survey that there was an inflow of cold water from the northwest. On the
surface, the inflow only touches the northwestern part of the site. At a depth of 400 m
(Figure la), the inflow occupies a significant part of the survey area, that is, cold water
penetrates under warm water like a wedge. It was the deepest part of the meander, which
spread to the southwest. The intrusion of cold waters under warm waters is also confirmed
by the density meridional section along 62°7’W (Figure 2).

After 10 days (the time between surveys) the pattern of distribution changed. The
second survey (Figure 1b) recorded a number of changes in the temperature and density
structure and showed that the core of the Gulf Stream had moved north. This led to
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Figure 1. Maps of temperature at 400 m based on the data of the two CTD-surveys in the Gulf Stream
region. (a) Survey 1 on September 20-22, and (b) Survey 2 on October 2-5, 1989. Black dots indicate
CTD stations, curved solid lines show isotherms.
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Figure 2. Section of density along 62°7’ W based on the data of the first survey on September 20-22,
1989. Solid lines show isolines of density o.

an increase in the distance between the Gulf Stream core and the meander. Hence, the
considered meandering of the Gulf Stream in the southern direction failed to transform
into a new cold ring. Thus, it became clear from the thermohaline data that the inflow was
determined by the flow of cold water of the meander, and that the meander was spreading
to the southwest.

This inflow was also detected on the current velocity sections along the same meridian
62°7'W (not shown here). The velocity structure corresponds to the development of the
meander in the southern direction and the resulting inflow of warm waters in the northern
direction (since the meander carried cold water). In particular, a maximum speed of
70 cm/s was gained at the southern border of the inflow of cold water at 38°30’N. The joint
analysis confirmed that the results reflected the development of a cyclonic meander.
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2.2. Measurements in 1990: Survey in the Gulf Stream Delta

Information about the experiment. East of 50°W and south of the Great Banks, the Gulf
Stream, being generally a unified flow, breaks up into several multidirectional branches.
This is the region of the Gulf Stream delta.

The first branch, the North Atlantic Current, flows northward along the eastern side of
the Grand Banks as a western boundary current reaching 50°N, where it meets the Labrador
Current, turns more eastward, and crosses the Mid-Atlantic Ridge. The second branch
of the Gulf Stream flows south-eastward from the region of the Grand Banks, crosses the
Mid-Atlantic Ridge, and then flows eastward near 34°N as the Azores Current [Richardson,
2001].

In April-June 1990, we conducted CTD-surveys in the area of the Gulf Stream delta
within the WOCE program. The experiment took place south of the Newfoundland Bank
in the zone of interaction between the subtropical anticyclonic and subpolar cyclonic
gyres limited by coordinates 52°N, 38°N, 50°W, 36°W. In a test site of 300 x 300 miles
the measurements were done with a 30 miles interval between stations and also several
transects with CTD-casts were made to cross individual jets. CTD-casts were carried out
up to 2000 m deep at stations located along a contour covering the Gulf Stream delta,
the upper parts of the North Atlantic Current and its branches with individual sections
inside the contour. The survey was repeated in April, May, and June and included two
eddy-resolving hydrographic surveys in the southwestern corner of the Gulf Stream test
area. In addition, current measurements were taken at moorings along 36°W transect.

The main goal of the research was to expand our knowledge about the variability of
processes in the Gulf Stream delta.

Main results [after [vanov and Morozov, 1991]. The main results included determination
of the location and evolution of the branches, their meanders, and quasi-stationary rings, as
well as assessing the transport of the main flow and individual branches. In a generalizing
work by [Baranov, 1988], the characteristic types of circulation in the Gulf Stream were
distinguished and the transports of the main jets were given.

Table 1 shows the transports of various Gulf Stream jets based on the measurements
in 1990 and according to [Baranov, 1988]. During the three stages of work from April to
June 1990, the total transport of the Gulf Stream did not change strongly and remained
within a range of 62-63 Sv, while the transports of each of the jets changed.

An example of the position of branches and detected two quasi-stationary rings are
presented in Figure 3 that shows a scheme of individual branches split off from the single
flow of the Gulf Stream, which is outlined at the left edge of the southwestern corner of the
area. This survey was made in May 1990, during the second stage of measurements. The
eddy-resolving survey area is distinguished by the condensation of station points in the
lower left corner of Figure 3.

It was shown earlier in [Clarke et al., 1980] based on the geostrophic calculations
and instrumental measurements of currents that the barotropic component of the Gulf
Stream transport is close to 40%. According to our current measurements on moorings, the
barotropic component represents 60% of the transport.

Baranov [Baranov, 1988] proposed that two causes lead to branching of the Gulf Stream
in the delta region. The first mechanism takes place when the Gulf Stream approaches the
underwater ridge southwest of the Newfoundland Bank forming a cyclonic meander. Here,
the current splits; the central and northern branches flow around the continental slope
and continue to the northeast as the northern branch of the North Atlantic Current. The
southern branch turns to the south and forms the southern branch of the Gulf Stream.

The other form of overflowing the ridge takes place regardless the flow consists of one
or two branches. The northern part (Slope water of the upper layer) overflows the ridge
and continues as the northern branch of the North Atlantic Current. The southern branch
turns around the ridge reaching the bottom and forms a cyclonic meander in the final stage
of its development. A cyclonic ring is formed in the center of the meander.
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Figure 3. Scheme of the Gulf Stream branches based on the data in 1990. The dots indicate stations,
dashed lines show isobaths of 4000 and 4500 m. Red numerals show transport of water in Sverdrups
on May 28-June 13, 1990. Two quasi-stationary rings are also shown on the map.

Table 1. Transport in Sverdrups (Sv.) of the Gulf Stream branches as measured in 1990 [[vanov and
Morozov, 1991] and mean transports from [Baranov, 1988]

Mean transports from

Currents, jets 1990 [Auer, 1987]
Slope Current 1 9 10-12
Gulf Stream 54 46.8
Southern Branch of Gulf Stream 18 21
North Atlantic Current 45 35.6
Northern branch 11 10-15
Central branch 10 10-15
Southern branch 24 15.6

3. SADCP studies of the Gulf Stream velocity in 2014 and 2015

The second part of our review includes our recent research with an onboard SADCP
profiler in the middle of the Gulf Stream. In 2014, the Gulf Stream was crossed at about
39°N, 50°W by the ship heading 170° and in 2015 this occurred at 39.5°N, 61.0°W when the
vessel was heading 150°. All data were analyzed together with available satellite materials.

In 2014 and 2015, detailed high-resolution velocity field structure of the meandering
Gulf Stream and its fontal zones was studied with the shipborne RDI-Teledyne current
profiler “Ocean Surveyor 75” (TRDI, 76.8 kHz) (SADCP). Two sections up to 700 m deep
were carried out on the routes of the R/V “Akademik Sergey Vavilov” from St. John’s (2014)
and Halifax (2015) heading approximately southeast. Standard package was applied for
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data processing. The vertical space resolution was 8 m (a vertical bin) and the uppermost
velocity measurement depth was 16 m. The results of velocity measurements with 15-min
averaging of initial data over time are considered. Since the ship’s speed was 9 to 13 knots,
this provides horizontal space resolution of about 4-6 km.

3.1. Measurements in 2014: a cold ring

Information about the experiment. The crossing of the Gulf Stream was from September
30 to October 1, 2014 in the range of latitudes between 33° and 40°N. The ship’s speed was
12-13 knots. When approaching the northern edge of the Gulf Stream, the ship appeared
in a counter current, which slowed down the ship by two knots. This could most likely be
caused by a strong northward current on a segment of the Gulf Stream sharply deviating
to the north as is shown in [Dzhiganshin and Polonsky, 2009, Figure 1] on a typical snapshot
of the Gulf Stream jet (~ 38° to 41°N, 51°W).

Main results. The meandering Gulf Stream on October 1, 2014 is shown on the map of the
absolute dynamic topography in Figure 4.

TY T T 1SR Ll

Langhude, West

Figure 4. Absolute dynamic topography (ADT) of the Gulf Stream area on October 1, 2014 based
on the satellite altimetry data. The ship's route is shown with a black line. Black circles on
the line limit the position of the velocity section in Figure 5. Satellite altimetry gridded prod-
uct [Pujol et al., 2016] available from Copernicus Marine Environment Monitoring Service (CMEMS,
http://marine.copernicus.eu/).

A section of the meridional velocity component along the route is shown in Figure 5.
The section crosses two positive velocity flows (Figure 5) in the latitude ranges on the surface
38.5°-40.0°N, 34.0°-36.6°N. According to the measurement data, they both extended from
the surface to a measurement depth of 700 m. Within the depths of the section, the vertical
geometric structure of both jets remains almost unchanged. The velocity shows gradual
decrease with the depth. The preferential directions of transport in both cases are to the
NNE (north-northeast) almost opposite to the motion of the vessel heading ~ 170° in a very
unfavorable direction for the ship motion upstream.

The Northern flow (Figure 5) is about 130 km wide and corresponds to the main Gulf
Stream jet with its core centered at latitude of 39°N with the maximum velocity magnitude
148 cm/s at the minimum accessible depth 16 m. The meridional components reached
135 cm/s in the core and, in general, significantly exceeded the latitudinal ones. An isotach
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Figure 5. Section of meridional velocity across the Gulf Stream in the period September 30-October
1, 2014. Beige color shows positive downstream velocity, light blue shows countercurrent (negative
velocity). North is on the right.

of 120 cm/s outlines the core in the depth range from the surface to ~ 150 m. Velocities
above the core on the surface reached 150 cm/s.

The flow with positive velocities south of the main jet was 228 km wide on the
surface (34.0°-36.5°N) and included two narrow cores of high speed exceeding 40-60 cm/s,
extending to a depth of 300-400 m. On the dynamic topography map Figure 4, the latter
correspond to two small isometric depressions of topography (green color relative to the
surrounding ocean surface) within a less deepened meridionally elongated depression
(lighter green color against orange background). Similar structures at 35°-36°N, which are
quasi-stationary cold rings, are characteristic of the zone south of the southern front of the
Stream and are also reflected as typical in the snapshot on generalized schematic maps
[Seidov et al., 2019, Figure 2]. The larger apparent width of the ring relative to the width
of the main jet in Figure 5 is associated in our case with its elongated shape in a direction
close to the direction of the section itself, although, in general, rings with a diameter larger
than those of the Gulf Stream are widespread.

Thus, the southern flow with positive velocities on the section in Figure 5 is an evolving
transformed cyclonic eddy of elongated form carrying relatively cold water. It penetrates at
least to a depth of 700 m and has two small cores of about 300 m deep. Typical parameters
of a young cold ring known from publications are as follows: ring diameters are about
200 km, rotation speeds are up to 2 m/s, translation motion speed is 2-3 cm/s, lifetime is
2-3 years. Temperature differences on the surface are 2-3°C.

As to Figure 5, the found cold ring is separated from the main jet of the Gulf Stream
by a countercurrent of negative velocity with a width of over 130 km on the surface.
Considering, as above, that the translation ring speed is 2-3 cm/s, one can say that the ring
separation from the jet occurred much earlier than two months ago.

Countercurrents with relatively cold water to the north and relatively warm water to
the south were recorded around the Gulf |Stream. Their speeds were up to 40 cm/s both
north and south of the jet. South of the revealed ring structure there was warmer water
with speeds up to 20 cm/s and rare patches to 30 cm/s.

3.2. Measurements in 2015: three cores, frontal high gradient zones

Information about the experiment. On September 14, 2015, we crossed the Gulf Stream
almost normal to the current. The same OS-75 shipborne profiler as in 2014 was used for
velocity measurements and the same parameters were set.
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Main results. The sea surface temperature map based on satellite measurements on Septem-
ber 9, 2015 (a few days before crossing) is shown in Figure 6.

The NOAA 1/4° Daily Optimum Interpolation Sea Surface Temperature (OISST)
is a long-term Climate Data Record that incorporates observations from different plat-
forms (satellites, ships, buoys, and Argo floats) into a regular global grid. The dataset
is interpolated to fill gaps on the grid and from a spatially complete map of sea surface
temperature. Satellite and ship observations are referenced to buoys to compensate for
platform differences and sensor biases. [Huang et al., 2021].

Figure 6. Sea surface temperature map of the Gulf Stream region on September 9, 2015. The route of
the ship is shown with a black line. Black circles on the line limit the position of the velocity section
in Figure 9 on September 14. Sea surface temperature gridded product [Huang et al., 2021] available
from Copernicus Marine Environment Monitoring Service (CMEMS, http://marine.copernicus.eu/).

Figure 7 shows a map of absolute dynamic topography based on the satellite altimetry
data on September 14, 2015. The map clearly reveals the state of the currents and meanders.

3.2.1. Estimation of the main direction of the Stream

Estimation of the main direction of the Gulf Stream transport was made using the
polar diagram (Figure 8) based on the measurement data. One can see that the direction
of most of high-speed values falls in the sector from 50 to 75°. The mean direction of
transport of the Gulf Stream during its intersection was about 60°. Velocities along 60° will
be further considered as longitudinal velocities directed downstream.

It is interesting to note that a certain confinement of the directions of the entire
ensemble of medium-high velocities of 0.5-1.0 m/s to (blue dots) in two sectors 55°-60°
and 65°-70° is seen. This fact may reflect the splitting of the flow with such velocities. This
picture becomes clearer when separately considering the velocity directions in the Gulf
Stream cores found in the section in Figure 9, the lower one (“main”) (turquoise squares)
and two near-surface cores, the northern one (purple circles) and southern one (orange
triangles). The water in these cores propagates along mean directions of 65° (lower one),
60° (northern one), and 70° (southern one).

3.2.2. Section of the longitudinal component

A section of the longitudinal component of the current (direction of 60°) is shown
in Figure 9a. Red color shows the regions with velocities directed along the main direc-
tion of the Stream; blue color corresponds to countercurrents (negative values on the
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Figure 7. Absolute dynamic topography (ADT) of the Gulf Stream area on September 14, 2015. The
ship route is shown with a black line. Black circles on the line mark the position of the velocity
section in Figure 9. Same data source as in Figure 4.

Figure 8. Polar diagram of the direction of currents measured by SADCP during the crossing of the
Gulf Stream region on September 14, 2015. Blue dots refer to the entire stream, purple circles to the
upper northern core, orange triangles to the upper southern core, and turquoise squares to the lower
core (in Figure 9).

velocity scale). The geometric structure of the Gulf Stream (positive velocities) had a trape-
zoidal shape, narrowing from top to bottom. On the surface, the flow was fixed in the
latitude interval 40.15°-38.75°N and had a width of 160-180 km across the flow; at a depth
of 730 m its width decreased to 80 km (39.35°-39.20°N).
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The maximum velocity on the surface did not exceed 140 cm/s, velocity of 143 cm/s
was found at a depth of 190 m in the low core. At the maximum measurement depth of
730 m, the velocity was still about 30 cm/s and higher (Figure 9). The lower boundary of
the Gulf Stream flow has not been determined due to the limitation of the depth of the
signal.

The negative velocities of the background countercurrent in the presented cross-
section gradually increased from the boundaries of the Gulf Stream in both directions,
reaching —50 cm/s and higher at the southern and northern boundaries of the section.
Such intense countercurrents probably reflect the high speeds of the peripheral edges of
small rings. One can see on the map in Figure 7 that the ends of the profile from the south
and north sides touch similar structures.

Figure 9. Cross-section of longitudinal (east-northeastern) component of velocity of the Gulfstream
in 60° direction on September 14, 2015. Positive values (rose) indicate downstream flow. The vertical
lines indicate position of the profiles in Figure 11. Three cores of warm flow are outlined by ovals.

Three cores of the Gulf Stream. The intense core of the warm current with velocities of
the order of 1 m/s and more are well expressed in this area. It is clearly seen that it is
divided into three separate smaller cores. A two-jet structure of currents is observed on the
surface, which merges into one jet deeper than 100 m. This lower core with velocities of
120-140 cm/s, which occupies the central part of the Stream to a depth 100-400 m or even
deeper, is characterized by a somewhat greater intensity and greater vertical thickness than
the surface jets.

This core on its northern side borders a narrow transitional region in which high
gradients of the velocity field are expected both in depth and horizontally, causing the
likely development of both vertical and horizontal current shears. The presence of a strong
velocity shear in this transition zone may ensure continuous contact of the external cold
countercurrent (from the Labrador) with the main jet of the warm current. This is even
better seen in Figures 10 and 11a in this area and we will discuss this later considering
velocity variations on the horizontal and vertical profiles.

As follows from above when considering the polar diagram in Figure 8, the splitting
of the lower main core towards the surface is accompanied by a notable change in the
direction of the velocity of the upper jets. While the mean flow direction in the lower core
is 65°, in the northern and southern near-surface cores it is 60° and 70°.

Isometric fragment. In the interval 38.6°-38.7°N at depths from 150 to 300 m, a quasi-
isometric zone of low positive velocities (0.1-0.2 m/s) with a width of about 20 km is
observed. Perhaps this is a previously separated small fragment of the main stream. This is
presumably due to instability and meandering of the current.
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Transport. The transport of the Gulf Stream within the measured boundaries was about
40 Sv (directed at 60°). This is lower than the known estimates of the Gulf Stream mean
transports [Baranov, 1988, Table 1; Dzhiganshin and Polonsky, 2009; Ivanov and Morozov,
1991; Rossby et al., 2014] since our measurements only penetrated down to 730 m, while
the literature estimates of the Gulf Stream transport are usually given for the entire jet. An
additional complication when comparing transports from different authors is the difference
or lack of information about the time averaging of the data.

3.2.3. Horizontal profiles

Figure 10a,b and c show horizontal profiles of typical variations of longitudinal
velocity (velocity normal to the cross section) at the depths of 16 m (a), 48 m (b), and
112 m (c). As to Figure 9, these depths of measurements are located within the upper
cores (Figures 10a and 10b) and in the transition from the upper cores to the lower core
(Figure 10c), where one at 112 m touches slightly the upper uppermost parts of the lower
core. In a layer at depths from 16 m to 48 m, there are pronounced velocity maxima of
1.3-1.4 m/s in the left jet and 1.1-1.2 m/s in the right one (Figure 10a,b). The maximum
velocity at a depth of 112 m (on the upper periphery of the lower core) is 1.3 m/s.

These three profiles detail the splitting structure of the two Stream’s cores on the
surface with their subsequent merging at a depth below 100 m (into the third core), which
was reflected in a general form in the section in Figure 9. It is seen that below 50 m, this
splitting into two jets quickly smoothed out, so that at depths below 100 m, the horizontal
variations of velocity have a single maximum (Figure 10c). One can say that the core of the
warm Stream has a Y-shaped cross-section.

Many reasons may cause such a 100 m deep slowdown in speed around 39.75°N. For
instance, there are not uncommon complications of the Gulf Stream jet by sub-mesoscale
currents occurring on lateral scales of 100 m-10 km and associated with density structures,
filaments, eddies, topographic wakes, etc. [Gula et al., 2014]. We also do not exclude an
influence of the regional local topography on the ship route proposed in [Frey et al., 2023].
However, we cannot expect a notable influence of the most significant topographic features:
Cape Hatteras (at ~1400 km) and Newfoundland Bank (at ~1000 km), located too far from
the core location.

3.2.4. Peripheral high-gradient zones

One can see in Figure 9 that all three cores of the Gulf Stream are bordered by
transition regions. The narrowest of them, in which the most rapid decrease in velocity
occurs, is the northern flank of lower core (on the northern side of the Gulf Stream). Within
its limits one could expect high horizontal gradients of the velocities. The presence of
significant vertical gradients of velocity could be expected in transition zones along the
vertical from the three main cores to the areas of lower intensity flow: in the zone between
the upper northern core and the lower one. We will see this below considering vertical
profiles.

Examples of horizontal cross-flow profiles (Figure 10) and vertical profiles (Figure 11)
confirmed these findings and facilitated the visualization and localization of high-gradient
areas.

Horizontal shear of longitudinal velocity. One can see in Figure 10 that stable and high
horizontal velocity gradients correspond to the northern peripheral sections of the flow at
all three depths. To illustrate the existence of such zones in the Gulf Stream section we will
show such an individual interval on the profiles.

In the considered depth range of horizontal profiles from 16 to 112 m, the strongest
horizontal velocity change was found on the northern (left) periphery of the upper northern
core at a depth of 48 m (Figure 10b). This is an area of steadily decreasing speed to the
north between coordinates 39.95°N to 40.30°N with a length of ~ 40 km. It includes small
local areas of even sharper variability. In Figure 10b they are limited by vertical black lines.
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Figure 10. Characteristic variations in the longitudinal velocity (60°, east-northeast) of the Gulf
Stream along the ship's route versus latitude at different depths in 2015. At depths of 16 m and 48 m,
two current jets are seen, which merge deeper. Black vertical lines mark the intervals for assessing
horizontal gradients.

Within the main 40 km section, the velocity changes by 1.6 m/s (from +1.2 m/s to
—0.4 m/s). Change in velocity within the local 6-km section between 40.25°N and 40.30°N
is 0.4 m/s and within the 12-km section in the range of 39.95°-40.05°N the velocity changes
by 0.8 m/s.

From these data, the background mean velocity gradient du/dr (or the horizontal
shear of velocity) at 40 km distance is approximately 0.4 x 10 */s where u is the lon-
gitudinal component of velocity, r is distance. Velocity gradient over smaller interval
is ~0.7x 10~ */s for each of them. Slightly smaller horizontal shears are likely in the
corresponding sections of the other two profiles, at depths of 16 and 112 m.

Such values correspond by the order of magnitude to the published mean horizontal
shear of strong currents [Frey et al., 2021]. With that, being of the same order as in the
Malvinas Current [Frey et al., 2021], they are several times higher than the horizontal
shears at the onshore margins of the latter, which, to our opinion, may be explained by
significantly sharper frontal zones of the Gulf Stream.

The given examples of numerical estimates indicate the reality of the occurrence of
significant transverse horizontal shears of the longitudinal velocity on the left periphery
of the Stream. The presence of strong horizontal shears leads to strong instability in the
transition zone and also it indicates the high level of relative vorticity. The latter influences
potential vorticity and its conservation that may control, in its turn, important patterns of
circulation in the region.
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3.2.5. Vertical profiles

Figure 11 shows typical vertical velocity profiles. The profile shown in Figure 11a,
crosses the upper northern core and the left periphery of the lower core and has a section
with a large vertical gradient of the horizontal velocity at depths from 120 m to 260 m. Over
this 140 m interval, the velocity changes from 1.1 m/s to 0.3 m/s; this corresponds to a mean
vertical gradient of 5.7 x 10 °/s. The presence of strong vertical shear of longitudinal
velocity means that the flow at the northern periphery of the lower high-speed core of the
warm current may be locally unstable. At the same time, the presence of a strong vertical
shear in this transition zone, together with the horizontal ones, may ensure continuous
contact of the external cold countercurrent (from the Labrador) with the main jet of the
warm current.
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Figure 11. Vertical profiles of longitudinal velocity at three points of the section in 2015. Locations
of profiles are shown in Figure 9: (a) 39.87°N; (b) 39.66°N; (c) 38.65°N. Gray bars mark the intervals
for assessing vertical gradients.

Figure 11b shows velocity profile passing the north edge of the southern surface core
and crossing southern part of the lower core. This profile is different from the peripheral
profile in Figure 11a. The difference is that the vertical velocity gradients in the same
interval are notably smaller, and the mean profile is convex. However, some high vertical
shears (with the opposite sign) were found within smaller intervals, for example between
60 and 110 m, where velocity changes from 0.7 to 1 m/s that gives a mean vertical gradient
of 6x 10 /s. Even higher shears can be expected on profiles between two surface cores,
in intervals where they intersect a transition zone at about 100 m deep, from low surface
velocities to intense ones in the lower core. Strong local instability could be expected inside
the area that is important for better understanding the splitting mechanism of the core of
the Gulf Stream.
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Figure 11c shows the velocity profile at a mark of 250 km crossing a small warm jet
at depths from 150 m to 300 m, mentioned above. It can be assumed that this isolated
formation is a result of local shear instability on the right periphery of the main current
core, presumably due to instability and meandering of the current.

4. Summary

Information and a review of experimental researches in four cruises in the eastern
part of the Gulf Stream are presented.

In 1989, based on the eddy-resolving survey including vertical CTD and current
velocity profiling the motion of a meander, previously detected on the satellite image, was
traced on a monthly scale. The meander was spreading across the test area to the southwest
and carried cold water. During the same time, the Stream’s core shifted to the north.

In 1990, detailed CTD-surveys in April-June in the region of the Gulf Stream delta
traced changes in the Gulf Stream branching and eddy formation. During three months,
the total transport of the Gulf Stream did not change strongly and remained within a range
of 62-63 Sv, while the transports of each of the jets changed.

In 2014, a detail velocity structure of a transformed cyclonic eddy of elongated form
carrying relatively cold water was identified in the velocity section. It penetrated at least to
a depth of 700 m and had a complex internal structure with two cores of about 300 m deep.

In 2015, a detailed structure of the longitudinal velocity field revealed a strong core
splitting into two to the surface. High velocity gradients leading to strong velocity shears
are obvious in the northern vicinities of transition zone of the cores. These may ensure
continuous contact of the external cold countercurrent (from the Labrador) with the main
jet of the warm current.
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Abstract: Research was conducted using satellite data to study variations in parameters of various
geophysical fields manifested in the lithosphere, atmosphere, and ionosphere during the preparation
and occurrence of destructive earthquakes of 6 < M < 7.8 in Tirkiye in February 2023. Precursor
manifestations of these seismic events were satellite-detected in the form of anomalies in parameters
of various geophysical fields, including: lineament systems, surface skin temperature and surface
air temperature, relative humidity, latent heat flux, integrated flux of outgoing longwave radiation,
altitude changes in ionospheric electron density, total electron content of the ionosphere, as well as
aerosol optical depth. It was found that the anomalies of all studied geophysical fields detected using
satellite data manifested most intensively during the period 3-13 days before the onset of seismic
events.
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1. Introduction

Earthquakes are among the most destructive and least predictable natural disasters.
Vast territories, often densely populated, are under the threat of earthquakes. Some of these
natural disasters were devastating earthquakes that occurred in Tiirkiye and neighboring
countries in February 2023.

Over the past 23 years (from 2000 to 2023), more than 7000 earthquakesof 5< M < 7.8
have occurred in Tiirkiye, including 240 seismic events of 5 < M < 6 and around 20 events
of M = 6 [Federal Research Center Geophysical Survey of the RAS, 2023; United States Geo-
logical Survey, 2023]. The destructive seismic events that occurred in February 2023 in
southeastern Tiirkiye and Syria, including the catastrophic M7.8 earthquake on 6 February
2023, once again vividly demonstrated how massive and devastating their effects can
be [Akhoondzadeh and Marchetti, 2023; Bondur et al., 2023; Dal Zilio and Ampuero, 2023;
Ruzhich et al., 2023]. According to the Turkish government, these earthquakes resulted in
the death of over 50 thousand people, injuries to over 107 thousand people, and economic
losses exceeding 103 billion US dollars. In order to forecast such dangerous natural dis-
asters as earthquakes, it is important to register their precursors [Sobolev and Ponomarev,
2003]. The search for earthquake precursors is a quite challenging task [Keilis-Borok et al.,
2009; Mogi, 1985; Molchan and Keilis-Borok, 2008; Sobolev and Ponomarev, 2003].

Methods and tools of satellite monitoring play a crucial role in addressing this task
[Akhoondzadeh and Marchetti, 2023; Bondur and Smirnov, 2005; Bondur et al., 2022, 2023;
Mikhailov et al., 2023a,b; Xu et al., 2022; Zhang et al., 2021]. The current level of their
development and the data products obtained through satellite monitoring allow for the
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study of anomalous variations in parameters of various geophysical fields during the
preparation and occurrence of significant seismic events [Bondur et al., 2022]. Satellite data
can be used to register changes in lineament systems, which help to identify structural
deformations in epicentral zones and the kinematics of active faults before earthquakes
[Bondur et al., 2022]. Anomalies occurring at different heights before an earthquake can also
be detected by studying thermal fields from the Earth's surface to the upper cloud boundary
[Bondur et al., 2022; Pulinets et al., 2006; Tronin, 2000; Xiong et al., 2010]. Anomalies in
various ionospheric parameters during the preparation and occurrence of seismic events
can be recorded by satellite navigation systems [Bondur and Smirnov, 2005; Bondur et al.,
2022; Pulinets and Ouzounov, 2011; Smirnov and Smirnova, 2008]. To register anomalous
geodynamics before earthquakes, it is promising to use satellite radio interferometry
methods [Bondur et al., 2023; Mikhailov et al., 2023a,b; Xu et al., 2022; Zhang et al., 2021]
which were used, among others, to analyze the studied earthquake in Tirkiye [Bondur et al.,
2023; Mikhailov et al., 2023a,b], as well as modeling methods [Bondur et al., 2016; Soloviev
and Gorshkov, 2017]. Interesting approaches to determining potential locations of strong
earthquakes include use of pattern recognition methods presented in a study [Gvishiani
et al., 2020].

For a better understanding of the processes related to the preparation and occurrence
of strong earthquakes, it is promising to conduct a joint analysis of parameters of various
geophysical fields recorded using satellites during the monitoring of seismically hazardous
areas [Bondur et al., 2022; Jiao et al., 2018; Pulinets and Ouzounov, 2011].

In this study, a joint analysis of anomalous variations in geophysical fields manifested
in the lithosphere, atmosphere, and ionosphere during preparation and occurrence of
destructive Tiirkiye earthquakes in February 2023 was carried out.

2. Research methodology

In order to identify changes in significant parameters of various geophysical fields
during the preparation and occurrence of destructive earthquakes in Tiirkiye in February
2023, an analysis was conducted for changes in lineament systems, parameters of thermal
fields and relative humidity, aerosol optical depth (AOD), as well as altitude distribution
in ionospheric electron density (N,) and ionospheric total electron content (TEC).

The assessment of the location of lineament systems was carried out through au-
tomated analysis of satellite image fragments of 100 x 100 km obtained from the Terra
satellite (MODIS instrument) with a spatial resolution of 250 meters. Based on the results
of this analysis, statistical characteristics of local lineaments (stripes) and rose diagrams of
regional lineaments were constructed. For each stripe, the orientation was determined for
eight directions: 0°, 22.5°, 45°, 67.5°, 90°, 112.5°, 135°, 157.5° (angle was measured from
right to left horizontally) [Bondur et al., 2022].

The total lengths of lineaments (L) were calculated for eight directions using the

formula (1):
nr

L= 1000cos ¢’ (1)

where n is the number of pixels; r is the spatial resolution; and ¢ is the angle of lineament
orientation.

As a result, graphs of relative changes in the total lengths of stripes in different
directions were constructed and analyzed.

Studies for the seismic activity period in Tiirkiye were conducted using such parame-
ters of thermal fields as Surface Skin Temperature (SST), Surface Air Temperature (SAT),
Latent Heat Flux (LHF) and Outgoing Longwave Radiation (OLR) as well as a parameter of
Relative Humidity at Surface (RHS).

Parameters SST, SAT, RHS, and OLR were registered by the AIRS instrument (Aqua
satellite) [Hearty et al., 2013]. LHF data with 6-hour averaging were obtained from the
reanalysis dataset available on the Google Earth Engine cloud platform [Saha et al., 2010].
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In the study of thermal fields and RHS, a methodology based on the use of the
standard deviation interval (i + o) relative to the mean values (¢) was applied. The study
area for parameters (SST, SAT, RHS, LHF, OLR) was the zone with coordinates 35°N-40°N,
35°E—40°E including the territory where epicenters of earthquakes were located.

The research of the studied parameters was conducted for the period from January to
March 2023, as well as for multi-year data for these months (from 2004 to 2022). A specially
developed software module was used for the joint analysis of these parameters [Bondur
et al., 2022]. The resulting values were transformed into numerical features within the
range of 0 to 1 using formula (2):

1
1+ exp(_< (Sd;S*) ))’

where S, — data for the current day; S* — arithmetic mean of previous years; o — standard
deviation.

In studying the dynamics of aerosols in the atmosphere during the preparation and
occurrence of the analyzed earthquakes, the AOD parameter for the green band of the
electromagnetic spectrum (0.55 pm) was used. This parameter was contained in the
MCD19A2 Level 2 data product, which combines data from the Terra and Aqua satellites
[Lyapustin and Wang, 2018]. The data acquisition and processing to detect changes in
AOD in the study area were done using the Google Earth Engine platform for scientific
analysis and visualization of geospatial data [Google Earth Engine, 2023]. Daily average
AQOD values over land for the study area in Tiirkiye were obtained based on MCD19A2.
Values calculated from satellite image fragments containing less than 1000 pixels were
discarded as unreliable data.

For analyzing AOD anomalies, a zone of approximately 140 x 220 km around the
earthquake epicenter was used. This size of the study area was chosen to exclude the
influence of other aerosol sources such as, for example, UV-absorbing dust particles from
the Arabian Peninsula (Syrian Desert).

The variations in ionospheric plasma parameters were studied based on analysis of
GPS data using two approaches. The analysis of altitude changes in N, was conducted using
a methodology based on radio occultation of Earth's ionosphere, measuring radio signal
parameters obtained from existing satellite navigation systems. This method involves
solving inverse problems of radio wave refraction, which are inherently unstable and
require special mathematical methods to consider additional information about the active
task [Bondur and Smirnov, 2005; Smirnov and Smirnova, 2008].

The method allows for registering altitude distribution of N, in quasi-real-time mode
based on data from a single ground station, which is particularly important for remote and
inaccessible regions of the Earth [Bondur and Smirnov, 2005].

As a result of navigation data processing, altitude profiles of N, were obtained
along trajectories of subionospheric points for altitudes ranging from 80 to 1000 km
with a 30-second discreetness based on HRMN site data.

To conduct a joint analysis of ionospheric plasma parameter variations with charac-
teristics of other geophysical fields based on long-term data, a normalized index of total
electron content of the ionosphere (NTEC) was calculated using formula (3):

N;=

(2)

NTEC = (T#_”) (3)

where TEC represents the values of total electron content for the current day in 2023 ob-
tained from Global Ionospheric Maps (GIM) [Noll, 2010] for the zone with coordinates
35°N-40°N, 35°E—40°E; u is the arithmetic mean of past years (2001-2022) for the studied
day; o is the standard deviation.
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In the final stage of the research, a joint analysis of anomalous variations in lineament
systems, thermal fields, RHS, AOD, and ionospheric parameters was conducted to identify
correlations between the characteristics of various geophysical fields.

3. Research results and their analysis
3.1. Aspects of seismic activity in the studied region

The strongest earthquakes (M = 6) in the study area are associated with the deep East
Anatolian and North Anatolian faults [Trifonov, 2017].

In the first three months of 2023, about 500 earthquakes of M = 3.4 occurred in the
East Anatolian fault zone. Figure 1 shows the locations of earthquake epicenters in Turkiye
with M = 4 (a), as well as a graph of earthquake magnitudes in the East Anatolian fault zone
during the first three months of 2023 (b) according to [Federal Research Center Geophysical
Survey of the RAS, 2023; United States Geological Survey, 2023].

Figure 1. Earthquake epicenter locations in Tirkiye (a) and graph of earthquake magnitudes in
the East Anatolian fault zone during the first three months of 2023 (b) according to [United States
Geological Survey, 2023].

Starting from 6 February 2023, five destructive earthquakes of 5 < M < 7.8 occurred
in Tirkiye, along with approximately 200 aftershocks of 4 < M < 6. The epicenter of the
strongest M = 7.8 earthquake was located 27 km from the city of Gaziantep. The focal
depth was 17.9 km [United States Geological Survey, 2023].

3.2. Results of the analysis of lineament systems

Lineaments were constructed for the epicentral area based on fragments of satellite
images in Figure 2. The earthquake epicenter fell within the upper right corners of the
satellite image fragments.

Analysis of rose diagrams of regional lineaments in Figure 2 showed that changes in
intersecting lineaments (oriented at 315° relative to the main relief structures) occurred
before the seismic events under study. This effect is supported by the findings of [Bondur
et al., 2022]. The analysis of Figure 2 indicates that from the beginning of observations
(20 November 2022) until 10 January 2023, the predominant directions of lineaments of
rose diagrams (45°) and their intersecting directions (315°) changed slightly. From 23 to
25 January 2023, there was a decrease in the rays of rose diagrams with directions of
45°, while the rays oriented NW-SE (315°) increased, reaching their maximum length on
3 February 2023 (3 days before the earthquake). They became approximately equal in
length to the rays of rose diagrams with directions of 45°.

On the diagrams of elongation lines of local lineaments (stripes) in Figure 2, it can be
observed that from 19 December 2022 to 10 January 2023 (5-27 days before the M = 4.7
foreshock), there was an increase in elongation lines of stripes in the NE-SW direction (45°).
Starting from 23 January 2023 (14 days before the earthquake M = 7.8), they gradually
changed their orientation towards sub-latitudinal directions (as indicated by red arrows in
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Figure 2. Fragments of satellite images, elongation lines of stripes, and rose diagrams of regional
lineaments before the earthquakes on 6 February 2023.

Figure 2). Additionally, on the diagram of elongation lines of stripes obtained on 3 February
2023 (3 days before the earthquake M = 7.8), an increase in their quantity was detected for
NW-SE directions (315°), intersecting with the main relief structures.

3.3. Results of the analysis of thermal fields and relative humidity

Figure 3 presents graphs of changes of SST, SAT, RHS, LHF, and OLR from 1 January
to 1 March 2023, compared to the long-term values for these months from previous years
(2004-2022). Values of the parameters were considered anomalous if they exceeded the
quadratic mean range (o).

Analysis of the results presented in Figure 3 showed that the variations of background
values (2011 year) of the selected parameters of thermal fields and RHS were moderate
and practically did not exceed the intervals of standard deviations.

As a result of the analysis of the changes in the studied parameters (Figure 3), anoma-
lies were identified before the foreshock on 15 January 2023 (M = 4.7), as well as before
the main earthquake on 6 February 2023 (M = 7.8), which are described below.

An anomalous downward trend in SST and SAT changes by 7-8 °C was observed from
2 January 2023, while RHS values rose by 24%. Similar opposite trends in temperature
and humidity were studied during several earthquakes in Mexico, for example, in the work
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of [Pulinets et al., 2006], where the possibility of using these parameters as indicators of
impending seismic activity was confirmed.

Since 3 January 2023, anomalous changes in the studied parameters were detected,
which manifested in the form of a decrease in temperature and an increase in humidity.
After the increase in RHS values, there was a LHF rise starting from 5 January 2023 (by
13W/m?).

Anomalous OLR changes were detected during the period from 1 to 12 January 2023,
when there was a decrease in values of this parameter by 72 W/m®.

On 6 February 2023, abnormal changes of the studied parameters were identified
(Figure 3). Starting from 14 January 2023, there was an increase in SST and SAT by 5-9 °C
above the epicentral area of the impending earthquake. It facilitated intense interaction
between land and atmosphere, followed by an LHF increase (by 28 W/mz). The LHF is
strongly influenced by meteorological parameters such as RHS. The increase (up to 86%) in
RHS values detected since 12 January 2023 probably caused an increase in the amount of
water vapor in the atmosphere (Figure 3). Water vapor carries latent heat, which is released
or absorbed during phase changes of water in the process of evaporation or condensation
[Cervone et al., 2005]. Therefore, the elevated RHS values from 15 January to 2 February
2023, compared to long-term averages, could have contributed to the LHF increase. The
maximum of this parameter (40.5 W/mz) was revealed on 2 February 2023, four days
before the main earthquake (Figure 3). The maximum LHF increase before an earthquake
and the strengthening of its interaction between the atmosphere and land are described in
the works [Dey and Singh, 2003; Tronin, 2000].

Analysis of Figure 3 showed that during the preparation period for the main seismic
event (6 February 2023), starting from 19 January 2023 abnormally high OLR values were
recorded using satellite data. Their maximum value was 252 W/m? on 21 January 2023.
Next, from 21 January to 4 February 2023, there was a gradual decrease in OLR values by
96 W/m”.

Besides the decrease in OLR values, a decrease in SST and SAT values by 11-14 °C was
observed from 19 January to 2 February 2023 (Figure 3). SST changes prior to destructive
earthquakes in Turkiye on 6 February 2023 were also described in the work [Akhoondzadeh
and Marchetti, 2023], where a decrease by 5-8 °C approximately 18 days before the main
seismic event was demonstrated.

3.4. Analysis of aerosol optical depth anomalies

In a number of studies, for example, [Akhoondzadeh, 2015; Bondur et al., 2022; Ganguly,
2016; Ghosh et al., 2023; Okada et al., 2004] a relation was discovered between AOD
anomalies (including those identified using satellite data) and strong earthquakes.

In this work we studied AOD changes based on satellite data during the preparation
and occurrence of destructive earthquakes in Tiirkiye in February 2023.

Figure 4a,b show maps of the study areas with fault lines and epicenters of the main
earthquakes that occurred in 2023 (a) and 2020 (b) as well as graphs of AOD changes.
Figure 4c shows the average daily AOD values in January-February 2023. The Figure also
presents comparison of the daily average AOD values for the previous 10 years and the
average daily values for the background year 2011 for the same period.

Analysis of Figure 4c showed that during the period of preparation and occurrence
of earthquakes from 15 January to 1 March 2023, low AOD values were observed relative
to the average annual value for the previous 2022. The exceptions were AOD values
recorded on 15 January, 28 January and 27 February 2023. These days, daily average AOD
values exceeded the limit of three standard deviations (30) from the annual mean (yellow
background). On 15 January 2023, a M 4.7 earthquake was recorded. It should be noted
that some of the data is missing due to cloudiness over the studied region.

Figure 4c shows that from 21 to 28 January 2023 the AOD value continuously increased
and reached a maximum value (0.39) on 28 January 2023 (7 days before the earthquake
M =7.8), significantly exceeding the 99% confidence interval (4 + 30). Next, from 29 Jan-
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Figure 3. Variations in the values of SST and SAT, RHS, LHF, and OLR during the preparation and
occurrence of earthquakes in Tiirkiye from 1 January to 1 March 2023.

uary to 2 February 2023, there was a decrease of AOD values and a slight increase (up to
0.24) on 4 February 2023 (2 days before the earthquake M = 7.8). In the period from 7 to
17 February decreased AOD values were observed. Then, on 20 and 27 February 2023 high
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AQOD values were identified, reaching 0.24 and 0.309 on the days of aftershocks of M = 6.3
and M = 5.2, respectively (Figure 4c).

During the study, AOD variations were also researched for other earthquakes that
occurred in the zone of the East Anatolian Fault. Similar AOD anomalies detected 4-7 days
before the earthquakes were identified in the area where earthquake series occurred in
2020 (Figure 4b): on 4 August four earthquakes with 4 < M < 5.6 were recorded, and on
8 September — three earthquakes with 4.2 < M < 4.7. Analysis of Figure 4d shows a gradual
increase in AOD values from 19 to 28 July 2020, reaching a peak value of 0.46 detected
7 days before the earthquakes on 4 August 2020. This was followed by a sharp decrease in
AOQOD values below the average annual value.

The anomaly in AOD values detected on 2 September 2020, before the second series of
earthquakes, is weaker and does not exceed the level (4 + 30), the increase in AOD values
was observed for only 4 days reaching a value of 0.34 (Figure 4d).

Thus, based on the results of the analysis of the graphs shown in Figure 4c,d, possible
precursor AOD anomalies include a smooth increase in values of this parameter and are
going beyond the 99% confidence interval, followed by a decline 6-7 days before significant
seismic events. For a more detailed analysis of anomalous AOD changes before seismic
events, it is planned to obtain additional data.

3.5. Analysis of ionospheric plasma anomalies

In order to identify anomalous variations of ionospheric parameters during earthquake
preparation and occurrence, altitude changes in N,.

N, changes in the epicentral region from 24 January to 13 February 2023 were studied
based on data Satellites 12 and 24 from the HRMN site (Figure 5a). The satellites' pass times
over the study area were as follows: satellite 12: 13:00-20:00 LT; satellite 24: 13:00-18:00
LT.

Figure 5b and 5c show the time series of altitude profile changes in N, obtained from
satellites 12 and 24 in the epicentral zone before the earthquakes in Tirkiye in 6 February
2023.

From the analysis of Figure 5b, it follows that from 24 to 28 January 2023, the N, values
remained almost unchanged according to data from satellite 12. Starting from 29 January
2023, there was a gradual decrease. The minimum N, was recorded on 3 February 2023,
three days before the earthquakes of M = 7.8 and M = 7.5 that occurred on 6 February
2023. The decrease in N, values amounted to ~ 30% compared to the values registered
during the period from 24 to 28 January 2023. A sharp N, increase was observed on the
day of the earthquake on 6 February 2023, which amounted to ~ 42% compared to the
previous day.

The analysis of changes in altitude profiles of N, based on data from satellite 24 (Fig-
ure 5¢) is identical to the changes registered by satellite 12 (Figure 5b), namely, a N, drop
from 29 January to 3 February 2023 by ~ 20% and a sharp increase by ~ 30% on the day of
the earthquakes of M = 7.8 and M = 7.5 on 6 February 2023 (Figure 5c).

The period from 1 to 10 January 2023 was considered to study background N, values
in the same region (Figure 5d). From the analysis of Figure 5d, it follows that no significant
changes in N, were observed during this period. No earthquakes were recorded during this
period, and the geomagnetic conditions were relatively calm, except for 4 January 2023,
when a moderate disturbance in the geomagnetic field was observed (Dst = —61nT) [World
Data System, 2023].

Thus, the analysis of altitude profiles of the N, revealed anomalous changes, which
are expressed in a 20-30% drop in the N, values on 3 February 2023 (3 days before the
earthquake) and in a sharp increase by 30-42% on 6 February 2023 (the first day of the
earthquake series) (Figure 5b, c).

The decrease in ionospheric parameter values identified in our study, which occurred
3 days before the start of the earthquake series in Tirkiye, coincides with the results
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Figure 4. Study areas of AOD for earthquakes that occurred in 2023 (a) and 2020 (b); changes
in average daily AOD values during the preparation of earthquakes that occurred in Tirkiye on

6 February 2023 (c) and in August-September 2020 (d).

of ionospheric research for this earthquake described in the work by [Akhoondzadeh and

Marchetti, 2023].

These anomalies can be used as ionospheric precursors of significant seismic events,

which can be recorded based on satellite data.

3.6. Joint analysis of anomalies in various geophysical fields

A joint analysis was conducted to identify correlations between the occurrence of
anomalous changes in parameters of various geophysical fields during preparation of

earthquakes in Tirkiye in February 2023.
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Figure 5. Map of HRMN site location and trajectories of sub-ionospheric points of Satellites 12 and
24 (a); altitude profiles of N, during the period from 24 January to 13 February 2023, obtained from
satellites 12 (b) and 24 (c); from 1 to 10 January 2023, obtained from satellite 24 (d) for HRMN site.

Figure 6 shows graphs of changes in the normalized index of total electron content
of the ionosphere (NTEC), calculated using formula (3), normalized index of outgoing
longwave radiation (Norr), normalized index of latent heat flux (N yp), normalized index
of relative humidity (Ngrps), normalized index of surface air temperature (Ngar), and
normalized index of surface skin temperature (Ngsgr), calculated using formula (2), daily
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average values of AOD, as well as graphs of changes in total lengths of lineaments of
various directions for the period from 1 January to 28 February 2023.

From the analysis of Figure 6, it follows that before the series of destructive earth-
quakes that occurred in Turkiye in February 2023, anomalies in the atmosphere were
registered. These anomalies manifested as a 13% decrease (3 January 2023) and a 55%
increase (8 January 2023) in Nrys. The increase in relative humidity contributed to a 22%
increase in Npgg occurred from 9 to 12 January 2023. These processes preceded the OLR
anomalies, which occurred on 12 January 2023 (25 days prior) and were characterized by
a sharp decrease in Nopr values by 54%.

Since a M = 4.7 foreshock occurred on 15 January 2023 on the studied territory, the
anomalies manifested in the changes of relative humidity, Norr, and characteristics of
lineament systems registered from 3 to 12 January 2023 may be related to this earthquake.

Starting from 18 January 2023 (19 days before the M = 7.8 earthquake), anomalies
in the characteristics of all studied geophysical fields (Figure 6) were registered, which
activated a chain of processes preceding the series of strong earthquakes that occurred in
Tirkiye in February 2023.

Analysis of Figure 6 showed that from 23 January 2023 (14 days before the M = 7.8
earthquake that occurred on 6 February 2023), a restructuring of the relative values of
lineament lengths began. An anomalous Nyrys increase by 24% was registered on 25 and
27 January 2023, and a sharp Nopr decrease by 61% was recorded on 28 January 2023.
Additionally, an AOD anomaly was registered on 28 January 2023, manifesting as a sharp
increase in this parameter by 146% (Figure 4c, Figure 6). Subsequently, on 29 January 2023,
Norr increased by 40%, followed by a decrease of 43% until 4 February 2023.

From 31 January to 3 February, the following changes of the parameters were recorded:
a decrease of 22% in NTEC, anomalous increase in Nygp by 35% and Ngrys by 28%,
anomalous decrease in Ngar by 18% and Nggt by 8%. On 3 February 2023 (3 days before
the earthquakes that occurred on 6 February 2023), the most significant anomalous changes
in relative values of lineament lengths of various directions were identified, characterized
by their maximum growth or decline (Figure 6).

Thus, the joint analysis of qualitative changes in lineament systems, anomalies in SST,
SAT, RHS, LHF, OLR, AOD, and TEC allowed for the identification of a possible sequence
of precursor anomalies in the parameters of the studied geophysical fields during the
preparation of a series of destructive earthquakes that occurred in Tirkiye in February
2023.

4. Conclusion

Variations in significant parameters of various geophysical fields manifested in the
lithosphere, atmosphere, and ionosphere during the preparation and occurrence of destruc-
tive earthquakes in Turkiye in February 2023 have been studied using satellite data.

Spatial-temporal variations in lineament systems were identified 14 days before the
catastrophic earthquake on 6 February 2023. Anomalous changes in regional lineament
systems were registered 3 days before the earthquake on 6 February 2023. They manifested
in a significant increase in the rays of rose diagrams of intersecting directions in relation
to the directions of the main relief structures (lineaments in the direction of 315° almost
doubled).

The analysis of changes in SST, SAT, RHS, LHF, and OLR over epicentral areas of
seismic events revealed their similar anomalous behavior before the foreshock on 15 January
2023 (M =4.7) and the catastrophic seismic event on 6 February 2023.

During the preparation of strong earthquakes that occurred in Tiirkiye in February
2023, a trend towards anomalous decrease of SST and SAT (by 11-14°C) 18 days before
seismic events was identified. Considering the LHF dependence on meteorological parame-
ters such as RHS, the observed RHS increase (up to 86%) 19 days before earthquakes likely
contributed to the LHF increase by 26 W/ m? with its maximum value recorded 4 days
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Figure 6. Graphs of changes: NTEC; AOD; Norr, NLHF, NRHS, NsaT and Ngsr; relative values of
the total lengths of lineaments..

before the strong seismic events on 6 February 2023 of M = 7.5 and M = 7.8. 18 days before
the earthquakes, a gradual OLR decrease by 96 W/m” was revealed.

5-13 days before the foreshock that occurred on 15 January 2023 (M = 4.7), trends
towards a decrease in temperatures and OLR were identified, while the values of LHF and
RHS increased. RHS increase (by 24%) probably influenced the increase in LHF values (by
13W/m®) detected 10 days before the foreshock. 12 days before the shock, a tendency for
OLR decrease (by 72 W/m?) was discovered.

Analysis of changes in daily average AOD in the earthquake-affected area revealed
anomalies characterized by gradual growth of values by 144% relative to the average annual
value exceeding the 99% confidence interval 7-8 days before the main M = 7.8 seismic
event, followed by a decline by 94% below the annual average value.

Similar anomalies were also observed for other earthquakes with M = 4.0-5.6 that
occurred in the studied region in August-September 2020. The excess of the annual average
AOD value was 219% and 129% for the earthquakes occurred on 4 August and 8 September
2020, respectively.
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Based on the research results of ionospheric plasma parameter variations during the
preparation and occurrence of a series of destructive earthquakes in Tiirkiye in February
2023, seismo-ionospheric anomalies were identified using GPS data. These anomalies
manifested in N, drop at the maximum height of F2 layer (by ~ 20-30%) recorded from
vertical profiles on 3 February 2023 (3 days before the earthquake) and a sharp increase by
30-42% on 6 February 2023 (on the day of the devastating earthquakes).

It should be noted that pre-seismic anomalies, expressed as a drop in N, values at the
maximum height of F2 layer, recorded 1-8 days before earthquakes, as well as their sharp
increase on the days of earthquakes, were obtained by us earlier, for example [Bondur and
Smirnov, 2005; Bondur et al., 2022].

Comparison of changes in thermal fields and RHS in 2023 with the background values
of these parameters in 2011 verified that the detected anomalous processes were associated
with the preparation of the earthquakes that occurred in Tiirkiye in February 2023.

The joint analysis of the results of the conducted research revealed timed sequences of
anomalies in parameters of various geophysical fields (lineament systems, SST, SAT, RHS,
LHF, OLR, AOD, and TEC) during the preparation of a series of destructive earthquakes in
Tirkiye in February 2023.

It was found that before the onset of destructive earthquakes in Tiirkiye on 6 February
2023 there was a general decrease in values of Nggt and Ngar (2-18 days before), Norr
(2-16 days before), NTEC (3 days before), and AOD (2-9 days before). Along with this,
increased Nrys values were registered (4-19 days before the destructive earthquakes),
which are likely associated with a Nygp increase during the same period. It was also
identified that there was a decrease in the number of lineament systems in directions
consistent with the extension of the main relief structures of the studied region and an
increase in intersecting lineaments 3-14 days before the earthquake on 6 February 2023.

Thus, the analysis of various parameters of geophysical fields registered using satel-
lite data showed that anomalies of all parameters studied in this work most intensely
manifested themselves 3-13 days before the start of a series of earthquakes in Tiirkiye in
February 2023.

The conducted research demonstrated that for a better understanding of the processes
associated with the preparation of earthquakes, it is promising to carry out a joint analysis
of the parameters of various geophysical fields registered from satellite and other data.
These parameters can be used as short-term precursors of significant seismic events when
monitoring seismically hazardous areas.
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Abstract: Poleward transports of oceanic and atmospheric heat play an essential role in the Arctic
climate system, and their variations in the future will strongly shape the climate of the Arctic. The
main aim of this study is to evaluate the performance of the Coupled Model Intercomparison Project
phase 6 (CMIP6) models in the historical experiment in simulating the meridional heat fluxes into
the Atlantic sector of the Arctic. The secondary objective is to estimate the meridional oceanic and
atmospheric heat fluxes up to the end of the 21st century using the best sub-ensembles of the CMIP6
models. According to our results, the CMIP6 models poorly reproduce the interannual variability
of the heat fluxes in their historical simulations, and the multi-model ensemble mean values are
systematically lower than the mean values derived from the Ocean ReAnalysis System 4 (ORAS4)
and European Centre for Medium-Range Weather Forecasts Reanalysis version 5 (ERA5) reanalyses.
Climate projections based on the selected CMIP6 models indicate that the future Arctic climate will
be characterized by the significantly increased oceanic heat transport at the entrance to the Atlantic
sector of the Arctic relative to the period 1958-2014. In contrast, the atmospheric heat and moisture
transport will not have dramatic differences in the projected Arctic climate relative to the period
1958-2014. Based on the results obtained, we emphasize that any interpretation of future climate
simulations should be done with caution.

Keywords: poleward heat transport, climate of the Arctic, ocean—-atmosphere interaction, CMIP6
models, ORAS4 and ERAS5 reanalyses, projections, North Atlantic.
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1. Introduction

One of the essential components of the Arctic climate system is the energy (heat)
exchange with lower latitudes [Serreze and Barry, 2014]. The on-going global warming,
amplified in the Arctic, is projected to continue in the 21st century [Esau et al., 2023;
Koenigk et al., 2012; Liang et al., 2020]. The annual surface and atmospheric energy budget
to the north of the Arctic circle is largely driven by the heat transport in the ocean and
atmosphere. The warmer upper ocean gradually releases its heat to the atmosphere, while
the thickness of the mixed layer is increasing with winter convection [Ligue et al., 2017].
The atmospheric heat transport is largely driven by extratropical cyclones [Alexeev et al.,
2017]. The North Atlantic is a region where there is a strong poleward heat transport both
in the atmosphere and the ocean [Graham et al., 2017; Madonna and Sande, 2021]. This is
also a “hotspot” of ocean-atmosphere interaction, which was originally noted in [Bjerknes,
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1964] and proved to be the case in many subsequent studies, [e.g., Outten et al., 2018;
van der Swaluw et al., 2007]. One of the implications of the horizontally advected oceanic
heat into the Arctic is a subsequent change in the vertical heat flux. For instance, numerical
ice-ocean models applied in [Polyakov et al., 2010] showed that an increased oceanic heat
flux due to the presence of warm Atlantic water makes the sea ice substantially thinner in
the Arctic Ocean. In addition, the atmosphere has a strong impact on the Arctic sea ice by
wind forcing, which further triggers the local surface albedo feedback [Zhang et al., 2008].
It was also found that warm and moist air intrusions into the Atlantic sector of the Arctic
have had a leading role in winter warming events in the Arctic since 1954 [Graham et al.,
2017]. Overall, it is difficult to distinguish whether the oceanic or atmospheric warming is
dominant in the Atlantic sector of the Arctic. This region is commonly defined up to the
North Pole in the western part of the Arctic adjacent to the subpolar North Atlantic, and
the eastern border is defined by the Kara Sea.

Although the impacts of poleward oceanic and atmospheric heat transport are widely
debated both in the past and future perspectives [Goosse et al., 2018], there is no one
standard for the calculation of heat transport in the ocean and atmosphere. The oceanic
heat transport is often calculated with the reference temperature and using the temperature
scale in degrees Celsius [Docquier and Koenigk, 2021; Arthun et al., 2012], whereas the
atmospheric sensible heat transport is calculated without the reference temperature in the
absolute temperature scale [Hofsteenge et al., 2022; Latonin et al., 2022b; Overland et al.,
1996]. Although the mutual variability and trends might not be seriously affected, this
makes it difficult to compare the absolute values of heat fluxes in the ocean and atmosphere.
However, in this study, we adhere to this classical approach by choosing the reference
temperature of —1.8 °C for the calculation of oceanic heat transport. Thus, this study aims
at comparing the variability of the oceanic and atmospheric heat fluxes of the latest decades
and at evaluating their evolution in a possible future climate derived from the best Coupled
Model Intercomparison Project phase 6 (CMIP6) models in the historical simulations.

2. Data and Methods
2.1. Calculation of meridional heat transport in the Atlantic Water column and in the
lower troposphere

First, meridional oceanic and atmospheric heat fluxes were calculated using the
datasets from the Ocean ReAnalysis System 4 (ORAS4) and European Centre for Medium-
Range Weather Forecasts Reanalysis version 5 (ERA5) reanalyses [Balmaseda et al., 2012;
Hersbach et al., 2020]. These time series obtained were considered as the benchmarks
for comparison with CMIP6 models. The oceanic reanalysis ORAS4 is one of the longest
reanalyses for the ocean (along with ORAS5). This allows studying low-frequency climate
variability, which is highly relevant for oceanic processes. It is available from 1958 to
2017 on a horizontal 1° x 1° grid at 42 vertical levels. The underlying ocean model is
NEMO v3.0. The atmospheric reanalysis ERA5 is a high-resolution dataset including many
essential climate variables. It has recently been extended back until 1940, which makes this
reanalysis one of the longest for the atmospheric and surface variables. The data is available
on a horizontal 0.25° x 0.25° grid at 137 vertical levels. The Integrated Forecasting System
Cy41r2 is used as an underlying numerical weather prediction system.

From the website of ORAS4 reanalysis, two variables with monthly temporal resolution
were used: seawater potential temperature and meridional current velocity at the different
depths within the Atlantic Water layer. The following variables with 6-hourly temporal
resolution were analyzed from the archive of the ERA5 reanalysis: air temperature, specific
humidity, meridional wind velocity and geopotential at the isobaric surfaces within the
lower troposphere (850-1000 hPa). The latter variable was divided by the gravitational
acceleration to convert it to the geopotential heights.

Mean annual values of oceanic and atmospheric heat fluxes were calculated according
to the methodology described in [Latonin et al., 2022a], but with some minor modifications
described below. Figure 1 shows the study area with the sections for the calculation of heat
fluxes. An explanation of the choice of these sections is given in [Latonin et al., 2022a].
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Figure 1. Average temperatures and total velocity vectors based on the ORAS4 and ERAS5 reanalyses
for the period 1958-2014 with monthly discreteness at a depth of 5 m in the ocean (a) and an isobaric
surface of 1000 hPa in the atmosphere (b). The white lines show the sections at 66.5°N across which
the heat transports were calculated.

First, the oceanic heat transport was calculated with the temperature scale in degrees
Celsius using the reference temperature of —1.8 °C. Second, the horizonal integration for
the oceanic heat transport was carried out until 11.5°E instead of 13.5°E because the oceanic
variables in the CMIP6 models usually have data until 11.5°E only. The vertical integration
in the ocean was carried out down to the lower boundary of the Atlantic Water at the
selected section. The boundary is taken at the isothermal of 6 = 3°C. We have empirically
found that its position is almost coincident to that of the isopycnal o = 27.85kg m >
usually used as the limit of the water masses of Atlantic origin [Latonin et al., 2022al].

The upper boundary of the vertical integration for the atmospheric heat fluxes was
changed from 800hPa to 850 hPa. This is related to the absence of data in the CMIP6
models in the layer 800-850 hPa. In addition, the atmospheric heat fluxes were calculated
from daily data, which did not affect the variability characteristics obtained using the
monthly discreteness in [Latonin et al., 2022a], but made it possible to obtain more accurate
absolute values of heat fluxes.

2.2. CMIP6 models analyzed in the study

Table 1 presents the list of CMIP6 models, which were used for calculations in a his-
torical experiment for both the oceanic and atmospheric heat fluxes.

The CMIP6 models listed in Table 1 have the required parameters at similar levels as
in the reanalyses, and the data cover the whole studied period 1958-2014. The number
of models used for the calculation of atmospheric heat fluxes is lower than those for the
oceanic heat flux. This is because many models lack data on the geopotential heights
required to perform a vertical integration in the atmosphere.

The oceanic and atmospheric heat fluxes were calculated based on the CMIP6 models’
data using the same specifications as in the reanalyses ORAS4 and ERA5 described in the
subsection 2.1. After that, the models have been verified against the reanalyses for the
historical period.

2.3. Selection of the scenarios used for the climate projections

For the climate projections in the 21st century, we used all available scenarios from
the Shared Socioeconomic Pathways, i.e., from the low-end SSP119 scenario to the high-
end SSP585 scenario [Riahi et al., 2017]. The creation of these scenarios, which also
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take into account the socio-economic development of humanity, is one of the novelties
implemented in the latest CMIP6 experimental design [Eyring et al., 2016]. As in the
historical simulations, here we also used the first realizations of the projected parameters
needed to calculate the poleward transports of oceanic and atmospheric heat.

Table 1. A complete list of the 17 CMIP6 models in the historical experiment for the first ensemble
member (r1ilplf1l). The bold font highlights the models used for the calculation of oceanic
heat transport, whereas the bold and italic font indicates the models selected for the oceanic and
atmospheric heat transports. Only the models covering consistent data for both flux calculations are

used in our study

No. gﬁ?g 60;2)1561 Atrr;/(l)(s)gzle ric Oceanic Model Reference

1 ACCESS-ESM1-5 HadGAM2 ACCESS-OM2 [Ziehn et al., 2019]

2  BCC-CSM2-MR BCC_AGCM3_MR MOM4 [Wu et al., 2018]

3 CAMS-CSM1-0 ECHAMS5_CAMS MOM4 [Rong, 2019]

4 CMCC-CM2-SR5 CAMS5.3 NEMO3.6 [Lovato and Peano, 2020]
5 CMCC-ESM2 CAMS5.3 NEMO3.6 [Lovato et al., 2021]
6 EC-Earth3 IFS cy36r4 NEMO3.6 [%CE%’;Z]?)”';S 1";;”]'”
7 EC-Earth3-Veg IFS cy36r4 NEMO3.6 [}igé]%?:latz}gfiés()olléﬁl]nl
8 EC-Earth3-Veg-LR IFS cy36r4 NEMO3.6 [Ef,;ﬁ,“g;';ii’ig’;é’f’”
9 FGOALS-f3-L FAMIL2.2 LICOM3.0 [Yu, 2019]

10 FGOALS-g3 GAMIL3 LICOM3.0 [Li, 2019]

11 INM-CM4-8 INM-AM4-8 INM-OM5 [Volodin et al., 2019a]
12 INM-CM5-0 INM-AMS5-0 INM-OM5 [Volodin et al., 2019b]
13 IPSL-CM6A-LR LMDZ NEMO-OPA [Boucher et al., 2018]
14 MPI-ESM1-2-HR ECHAMS6.3 MPIOM1.63 [Jungclaus et al., 2019]
15 MPI-ESM1-2-LR ECHAMSG6.3 MPIOM1.63 [Wieners et al., 2019]
16 MRI-ESM2-0 MRI-AGCM3.5 MRI.COM4.4 [Yukimoto et al., 2019]
17 NESM3 ECHAM v6.3 NEMO v3.4 [Cao and Wang, 2019]

2.4. Selection of the sub-ensembles of CMIP6 models that most realistically simulate the
meridional heat fluxes into the Atlantic sector of the Arctic

The best sub-ensembles of CMIP6 models were selected based on the ranking approach
proposed in [Gnatiuk et al., 2020]. This method shows better results compared to other
frequently used methods for estimating and selecting a sub-ensemble of climate models.

As the data were analyzed for the study layers (without spatial data), the method
for model estimation was applied in a simplified form. Interannual variability of model
parameters was compared to reanalyses based on the correlation coefficient (R), root-mean-
square error (RMSE), standard deviation (STD), climate prediction index (CPI) [Agosta
et al., 2015], trends (Tr) and biases (By,, B,). In order to compare the models for all these
statistical metrics together, a score from 0 to 3 was assigned for each statistical metric
value according to the approach. Specifically, the score was assigned based on falling into
a certain percentile threshold from the total range of values for each metric: 0-25% is
a score 3, 25-50% is a score 2, 50-75% is a score 1, 75-100% is a score 0. For correlation,
it is vice versa. Then, total skill score was calculated for each model by summing the
scores for all statistical metrics. The top 25% of considered CMIP6 models were selected as
a skillful sub-ensemble based on the obtained total skill score.

Russ. J. Earth. Sci. 2024, 24, ES4007, EDN: CISMVQ, https://doi.org/10.2205/2024es000917 4of 16


https://elibrary.ru/cismvq
https://doi.org/10.2205/2024es000917

MEeripioNaL OCEANIC AND ATMOSPHERIC HEAT FLUXES AT THE ENTRANCE TO THE ATLANTIC SECTOR OF THE ARCTIC. .. LATONIN ET AL.

The statistical metrics were calculated using the following formulas:

1.  Root-mean-square deviation (RMSD):

Y (Pm; = Py,)?
RMSD = \/ " ,

where P, is a parameter value of model data and P,, is a parameter value of reanalysis
data at i time step, n is the number of time steps.

2. Correlation coefficient (R):

%Z?:l (Poi _ﬁo) : (Pmi _E)
STD, - STDy, '

R =

where P, is a parameter value of model data and P,, is a parameter value of reanalysis
data at i time step, P, is an average parameter value of model data, Po is an average
parameter value of reanalysis data, n is the number of time steps, STDy, is a standard
deviation of model data and STD, is a standard deviation of reanalysis.

3.  Standard deviation (STD) was calculated as follows:

STD = \/—Z?zl (P"_F),
n—1

where P; is a parameter value at i time step, P is a mean parameter value, and 7 is the
number of time steps.

4.  Climate prediction index (CPI):

RMSD

CPI= 51D,

where RMSD is a root-mean-square deviation between model and observational data,
STD, is a standard deviation of observations.

5. dif_std is the difference between standard deviation of model data and standard
deviation of reanalysis:
dif_std = |STDy, — STD,|. (1)

6. Try is a difference of trends (model trend minus reanalysis trend). It is calculated as
follows:

Try = |Trm0del - Trobservationlf

where Tr is a trend value of model and observational time series.

7.  Bp is a mean bias (model minus reanalysis for all time steps):

B = [P = Poy

s

where P, and P, are the parameter values of model and observational data accord-
ingly at i time step.

8. B, is an amplitude of biases (differences between model and reanalysis data for each
time step):
B, = |max(Py, — B;) —min(Py, — B,;)l,

where Py, and P, are the parameter values of model and observational data accord-
ingly, max is a maximum value, and min is a minimum value of all time steps.
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3. Results
3.1. Oceanic and atmospheric heat transport in the reanalyses and in the historical
simulations of the CMIP6 models. Verification of CMIP6 models and selection of the best
sub-ensembles

Figure 2 shows the calculated time series of integral oceanic heat fluxes in each CMIP6
model and ORAS4 reanalysis. In addition, Figure A1 shows the oceanic heat transport in the
ORAS4 reanalysis calculated using the classical approach with a reference temperature (as
in Figure 2 for the red curve) and using the absolute temperature scale without a reference
temperature. The correlation coefficient between the blue and orange curves in Figure Al is
0.95. The ensemble average was calculated from the heat fluxes estimated in the individual
models. This is a more accurate way than averaging the data fields in the models before
calculating the heat flux [Smith et al., 2019].

Figure 2. Time series of oceanic heat transport at the entrance to the Atlantic sector of the Arctic
(along 66.5°N, between 4.5°W and 11.5°E) based on the ORAS4 reanalysis and CMIP6 models in the
historical simulations. 1 TW = 10" W.

The ensemble average curve in Figure 2 indicates that most CMIP6 models underes-
timate the value of the oceanic heat flux obtained from the ORAS4 reanalysis. Also, the
nature of the interannual variability is reproduced by the CMIP6 models very inaccurately
(the correlation coefficient between the CMIP6 ensemble average and the reanalysis ORAS4
is 0.26). Moreover, one of the models (MPI-ESM1-2-LR) shows unrealistic negative values
of oceanic heat transport of Atlantic water into the Nordic Seas.

Statistical characteristics for assessing the quality of individual models are presented
in Table 2. Based on these results, a sub-ensemble of the skillful models was selected
according to the methodology described in subsection 2.4.

The results of the calculations indicate the poor quality of the CMIP6 models in
simulating the oceanic heat fluxes into the Arctic. Nevertheless, for climate projections
based on the SSP scenarios, a sub-ensemble was selected consisting of the four statistically
best models: MPI-ESM1-2-HR, EC-Earth3-Veg-LR, CMCC-CM2-SR5, and CMCC-ESM2.

In Figure 3, the calculated time series of integral atmospheric sensible heat fluxes
in each CMIP6 model and ERAS5 reanalysis are shown. As for the oceanic heat flux, the
ensemble average was found from the heat fluxes calculated in the individual models.

Similarly to the results with the oceanic heat flux, most CMIP6 models underestimate
the atmospheric sensible heat flux that is derived from the ERA5 reanalysis. This is also
reflected in the ensemble average (black curve). In addition, the interannual variability is
reproduced very poorly by the CMIP6 historical simulations (the correlation coefficient
between the CMIP6 ensemble average and the reanalysis ERA5 is —0.07). Table 3 presents
statistical characteristics for assessing the quality of individual models relative to the
reanalysis for the past period.

The calculation results confirm the poor quality of the CMIP6 models in reproducing
the atmospheric sensible heat fluxes into the Arctic. For climate projections under the SSP
scenarios, a sub-ensemble was selected from the two models with the best correlation to
the reanalysis: INM-CM4-8 and INM-CM5-0.
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Table 2. Statistical characteristics used for the evaluation of the quality of CMIP6 models in repro-

ducing the oceanic heat transport relative to the ORAS4 reanalysis. The bold font highlights the four

models selected to be used in the climate projection studies. The dimension of RMSD and dif_std is
TW, and the dimension of Try, is TW yr_l, of By, is TW and of B, is TW, respectively.

No. Models RMSD R CPI dif std Trp, B B, ngji
| ACCESS-ESMI-5  129.10 2 0.19 390 2 570 |3 o011 120.50 18510 2 14
2 BCC-CSM2MR  252.60 ~0.10 7.60 2080 2 0.09 250.30 151.10 8
3 CAMS-CSMI1-0 249.40 0.15 7.50 2410 2 0.15 247.10 145.20 8
4 CMCC-CM2-SR5  77.10 2 0.15 230 2 850 0.63 2 62.80 184.80
5 CMCC-ESM2 8350 2 0.06 250 2 11.00 013 181 73.70 170.70
6 EC-Earth3-Veg 63.50 0.06 1.90 14.60 102 1 2830 25560 1 14
7 EC-Earth3-Veg-LR  58.80 0.05 1.80 7.90 0.00 22.10 20810 2 | 17 |
8 EC-Earth3 7860 2 021 230 2 13.20 1.37 47.30 27690 1 11
9 FGOALS-f3-L 14280 1 023 430 1 1610 0.61 2 13870 149.80 12
10 FGOALS-g3 2148000 035 1 640 [0 1870 2 008 212.50 116.90 10
11 INM-CM4-8 7220 2 001 220 2 2770 2 118 19.40 30600 1 10
12 INM-CM5-0 7680 2 0.07 230 2 3780 1 0.5 1.20 3364000 11
13 IPSL-CMG6A-LR 57.30 033 1 1.70 2140 2 116 18.80 23490 2 14
14 MPL-ESMI-2-HR  45.20 0.10 1.40 0.20 041 2 6.60 182.10
15 MPL-ESMI-2-LR  308.60 0.14 9.20 65.80 1.08 291.90 388.60
16 MRI-ESM2-0 199.20 032 6.00 14.30 0.15 194.40 161.40
17 NESM3 169.00 1 —0.19 510 1 15.90 0.60 2 16410 171.80

max 308.60 1.00 9.20 65.80 137 291.90 388.60

75% 197.50 0.75 5.90 49.20 1.02 218.00 320.70

50% 131.70 0.50 3.90 32.80 0.68 145.30 252.70

25% 65.80 0.25 2.00 16.40 0.34 72.70 184.80

min 45.20 0.00 1.40 0.20 0.00 1.20 116.90

Figure 3. Time series of atmospheric sensible heat transport at the entrance to the Atlantic sector of
the Arctic (along 66.5°N, between 5°W and 80°E) using the ERA5 reanalysis and CMIP6 models in
the historical experiment. 1PW = 10°w.
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Table 3. Statistical characteristics used for the evaluation of the quality of CMIP6 models in the
reproduction of the atmospheric sensible heat transport relative to the ERA5 reanalysis. The bold
font highlights the two models selected to be used in the climate projection studies. The dimension
of RMSD and dif_std is PW, and the dimension of Try, is PW yril, of By, is PW and of B, is PW,

respectively.
No. Models RMSD R CPI dif_std Trm Bm Ba Total
score
1 EC-Earth3 083 1 —0.11}[ 0 1.4 1 0.06 =~ 3 0.012 | 0 0.01 = 3 39 1 0 8
2 FGOALS-f3-L 075 3  —0.01 [ O 1.3 | 3 0.26 - 0  0.015 | O 034 1 35 1 8
3 FGOALS-g3 093 |0 —0.02}00 1.6 ' 0 024 0 0.014 | 0 0.64 ' 0 29 2 2
4 INM-CM4-8 0.69 | 3 0.09 [ 0 1.2 | 3 029 0 0.011 1 0.27 2 24 | 3 12
5 INM-CMS5-0 0.8 2 0.0 1.4 2 024 = 0 0.008 2 0.43 1 3.1 2 9
6 MPI-ESM1-2-LR 095 0 —0.07 [ O 1.6 1 0 0.04 = 3 0.004 | 3 0.46 1 39 1 0 7
7  MRI-ESM2-0 0.86 1 —0.01 [ 0O 1.5 1 0.15 1 0.008 2 0.45 1 29 2 8
max 0.95 1 1.6 0.29 0.015 0.64 3.9
75% 0.88 0.75 1.5 0.19 0.012 0.47 3.5
50% 0.82 0.5 1.4 0.13 0.009 0.31 3.2
25% 0.75 0.25 13 0.06 0.006 0.16 2.8
min 0.69 0 1.2 0.04 0.004 0.01 2.4
very good satisfactory unsatisfactory

In Figure 4, the calculated time series of integral atmospheric latent heat fluxes in
each CMIP6 model and ERAS5 reanalysis are shown.

Figure 4. Time series of atmospheric latent heat transport at the entrance to the Atlantic sector of
the Arctic (along 66.5°N, between 5°W and 80°E) for the ERA5 reanalysis and CMIP6 models in the
historical experiment. 1 TW = 1012 w.

The curves in Figure 4 clearly show that CMIP6 models strongly underestimate the
magnitude of the atmospheric latent heat transport obtained from the ERA5 reanalysis.
The interannual variability is also poorly reproduced by the climate models compared to
the reanalysis (the correlation coefficient between the CMIP6 ensemble average and the
reanalysis ERA5 is 0.08).

Table 4 presents statistical characteristics for assessing the correlations of individual
models with the reanalysis for the past period.

The results in Table 4 confirm the poor quality of the CMIP6 models in reproducing
the atmospheric latent heat fluxes into the Arctic. For the assessment of the climate
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projections, under the SSP scenarios, a sub-ensemble was selected from the two statistically
best performing models: EC-Earth3 and MRI-ESM2-0.

Table 4. Statistical characteristics used for the evaluation of the quality of CMIP6 models in the
reproduction of the atmospheric latent heat transport relative to the ERA5 reanalysis. The bold
font highlights the two models selected to be used in the climate projection studies. The dimension
of RMSD and dif_std is TW, and the dimension of Try, is TW yrfl, of By is TW and of B, is TW,
respectively.

No. Models RMSD R CPI dif_std Trm Bm Ba Total
score
1 EC-Earth3 2370 - 3 —0.01 O 1.40 | 3 350 3 0.05 | 3 740 | 3 | 99.20 | 0 15
2  FGOALS-f3-L 33.00 1 0.02 [ O 190 1 1020 O 031 1 0 2710 | O | 86.80 2 4
3  FGOALS-g3 3840 | O —0.02} 0 220 - 0 | 10.60 O 028 1 0 3340 | 0 | 81.70 | 3 3
4 INM-CM4-8 3350 1 0.01 = 0 190 1 1060 O 022 1 2770 | 0 | 8490 2 5
5 INM-CM5-0 36.70 | O 0.11 [ O 2.10 [ O 9.70 0 019 1 31.70 | O | 76.80 | 3 4
6 MRI-ESM2-0 29.30 2 0.11 [ O 1.70 2 6.80 2 019 1 2190 1 8450 2 10
max 38.40 1.00 2.20 10.60 0.31 33.40 99.20
75% 34.70 0.75 2.00 8.80 0.24 26.90 93.60
50% 31.00 0.50 1.80 7.10 0.18 20.40 88.00
25% 27.40 0.25 1.60 5.30 0.11 13.90 82.40
min 23.70 0.00 1.40 3.50 0.05 7.40 76.80
very good satisfactory unsatisfactory

3.2. Climate projections of oceanic and atmospheric heat transport until 2100

The interannual variability of oceanic heat transport into the Arctic is presented in
Figure 5 for the reanalysis ORAS4, CMIP6 historical simulations and five different climate
scenarios. The main statistical characteristics for the comparison are given in Table 5.

Figure 5 and Table 5 show that, with the exception of the SSP119 scenario, the future
climate of the Arctic is characterized by a significantly increased oceanic heat transport
into the Arctic Ocean relative to the past historical period. The interannual variability
of the oceanic heat flux in all the future SSP scenarios is also significantly higher than
during the historical period. In each of the future scenarios, the linear trends of the oceanic
"in the
SSP119 scenario and a maximum of 3.3TW ylf1 in the SSP585 scenario, reflecting the
climate development in the scenarios studied. The CMIP6 historical simulations also reveal
a statistically significant linear increasing trend, but its magnitude is only 0.3 TW yrfl.
The oceanic heat transport scenarios are highly coherent and robust: between all pairs of
time series, the correlation coefficients are positive and statistically significant, and for the
SSP126-SSP585 scenarios, the correlation coefficients are always higher than 0.8.

Figure 6 presents the interannual variability of atmospheric sensible heat transport
into the Arctic for the reanalysis ERA5, CMIP6 historical simulations and four different
climate scenarios. The corresponding statistical characteristics for the comparison are
presented in Table 6.

It is clearly seen from Figure 6 and Table 6 that in the future climate of the Arctic, the
order of magnitude and the scale of variability of atmospheric sensible heat transport will
remain approximately at the same level as in the historical period, for all future climate
development scenarios. However, the mean values steadily increase from the SSP126
scenario to the SSP585 scenario. The pattern of variability from scenario to scenario is
unstable: the standard deviations irregularly increase and decrease from one scenario

heat flux are positive and statistically significant, with a minimum of 0.6 TWyr
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Figure 5. Interannual variability of the oceanic heat transport into the Arctic (TW) according to the
ORAS4 reanalysis and the sub-ensemble average of four selected CMIP6 climate models (MPI-ESM1-
2-HR, EC-Earth3-Veg-LR, CMCC-CM2-SR5, and CMCC-ESM2) in the historical period (1958-2014)
and their climate simulations for five development scenarios (SSP119, SSP126, SSP245, SSP370, and
SSP585) for the period 2015-2100. Uncertainty, calculated as the interquartile range (difference
between the 75th and 25th percentiles of the data), is highlighted in solid; in the case of one time
series (the ORAS4 reanalysis and the SSP119 scenario), such uncertainty is constant. The SSP119

scenario is only available for the EC-Earth3-Veg-LR model. 1TW = 1012 w.

Table 5. Statistical characteristics of the time series of the oceanic heat transport displayed in Figure 5.
Std is the standard deviation (TW) and k is the slope of the linear trend (TW yrf1 ). The values in
bold denote statistically significant linear trends at the 5% significance level. The uncertainties of

the mean values are based on the standard errors and are calculated for the 5% significance level.

1TW =102 W.

Mean (TW) Std (TW)  k(TWyr 1)

Historical 242 +5 18
SSP119 252+7 32
SSP126 297 £ 11 51
SSP245 302+11 53
SSP370 303+11 51
SSP585 336119 86

0.3
0.6
1.9
1.9
1.9
3.3

Table 6. Statistical characteristics of the time series of the atmospheric sensible heat transport

displayed in Figure 6. Std is the standard deviation (TW) and k is the slope of the linear trend

(TW yrf1 ). The values in bold denote statistically significant linear trends at the 5% significance

level. The uncertainties of the mean values are based on the standard errors and are calculated for

the 5% significance level. 1TW = 102 w.

Mean (TW) Std (TW) k(TWyr

Historical 370+ 60 230
SSP126 320+ 60 260
SSP245 430+ 60 290
SSP370 440+ 60 270
SSP585 460 =50 250

0.6
—2
2
3
3
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Figure 6. Interannual variability of the atmospheric sensible heat transport into the Arctic (PW)

according to the ERA5 reanalysis and the sub-ensemble average of two selected CMIP6 climate models
(INM-CM4-8 and INM-CM5-0) in the historical period (1958-2014) and their climate simulations
for four development scenarios (SSP126, SSP245, SSP370, and SSP585) for the period 2015-2100.
Uncertainty, calculated as the interquartile range (difference between the 75th and 25th percentiles of
the data), is highlighted in solid; in the case of one time series (the ERAS5 reanalysis), such uncertainty
is constant. Positive values correspond to the northward flux direction. 1PW = 10w,

to another. In the historical period, there is a very weak positive trend, whereas for the
SSP126 future scenario the linear trend is negative. Starting from the SSP245 scenario, the
trends are always positive, with the statistically significant maximum values of 3 TW in the
SSP370 and SSP585 scenarios. Correlation analysis showed that the scenarios are weakly
interconnected because there are no statistically significant correlation coefficients among
the scenarios. This stands in contrast to the highly correlated scenarios of oceanic heat

transport discussed above and shown in Figure 5.

The interannual variability of atmospheric latent heat transport into the Arctic for
the reanalysis ERA5, CMIP6 historical simulations and five different climate scenarios are
presented in Figure 7. Table 7 summarizes the respective statistical characteristics.

Table 7. Statistical characteristics of the time series of the atmospheric latent heat transport displayed

in Figure 7. Std is the standard deviation (TW) and k is the slope of the linear trend (TWyr

1

).

The values in bold denote statistically significant linear trends at the 5% significance level. The

uncertainties of the mean values are based on the standard errors and are calculated for the 5%

significance level. 1TW = 102w,

Mean (TW) Std (TW)  k (TWyr 1)

Historical 363 10
SSP119 30£2 12
SSP126 39+2 10
SSP245 41+3 12
SSP370 43+3 13
SSP585 47 +£3 15

0.1
—0.1
0.03

0.1

0.2

0.3

The results for the atmospheric latent heat transport in Figure 7 are similar to those
shown in Figure 6 for the atmospheric sensible heat transport; however, there are some
important differences. The mean annual values in the scenarios SSP119-SSP585 are
significantly lower than for the sensible heat transport, but the steady increase from
the low-end to the high-end climate scenarios is preserved (Table 7). According to the
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standard deviations in Table 7, the irregular changes in the variability are present too. The
slopes of the linear trends increase from the low-end to the high-end climate scenarios,
and two positive trends are statistically significant for the SSP370 and SSP585 scenarios.
Thus, for the atmospheric latent heat transport, the trend of increase is stronger than for
the atmospheric sensible heat transport from 2015 to 2100. There are few statistically
significant correlation coefficients: 0.26 between the SSP370 and SSP585 scenarios and
-0.23 between the SSP126 and SSP245 scenarios.

For all climate development scenarios, the components of atmospheric heat transport
in the selected models are not correlated with each other. This is expected given different
models identified for the sensible and latent heat transport components.

Figure 7. Interannual variability of the atmospheric latent heat transport into the Arctic (TW)
according to the ERA5 reanalysis and the sub-ensemble average of two selected climate models CMIP6
(EC-Earth3 and MRI-ESM2-0) in the historical period (1958-2014) and their climate simulations for
five development scenarios for the period 2015-2100. Uncertainty, calculated as the interquartile
range (difference between the 75th and 25th percentiles of the data), is highlighted in solid; in the
case of one time series (the ERAS5 reanalysis and the SSP119 scenario), such uncertainty is constant.
The SSP119 scenario is only available for the MRI-ESM2-0 model. Positive values correspond to the
northward flux direction. 1 TW = 10'2W.

4. Discussion and Conclusions

One of the main findings of this study is a poor quality of the state-of-the-art CMIP6
climate models in simulating the meridional oceanic and atmospheric heat fluxes at the
entrance to the Atlantic sector of the Arctic. We have shown that for the studied sections,
the transports of oceanic and atmospheric heat into the Atlantic sector of the Arctic are not
comparable in magnitude. During the period 1958-2014, the mean annual values of oceanic
heat transport obtained from the ORAS4 ocean reanalysis and of the atmospheric sensible
heat transport from the ERA5 atmospheric reanalysis are 272 + 9TW and 720 + 160 TW,
respectively. An additional transport of atmospheric latent heat of 50 + 5TW formally
indicates that, over the past historical period, the atmosphere transports more heat to the
Arctic than the ocean. However, our estimations are obtained along a limited transect at
66.5°N without considering the total heat budget. This means the absolute values of heat
fluxes in the ocean and atmosphere cannot be compared due to different temperature scales
and reference temperatures in the equations. If the equivalent equations and the same
absolute temperature scale are used for the estimation of the advective sensible heat fluxes
in the ocean and atmosphere, the ocean transports more heat than the atmosphere [Latonin
et al., 2022a]. At the same time, the variability patterns are almost not affected depending
on the method used (see also Figure A1).
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Validation procedure, using the independent ORAS4 and ERAS5 reanalyses, allows
choosing the statistically best performing CMIP6 models to project the relative role of the
heat transports in respectively the ocean and atmosphere, by the end of the 21st century.
We note that the ocean blocks in three of the four selected CMIP6 models (CMCC-CM2-SR5,
CMCC-ESM2 and EC-Earth3-Veg-LR models) are based on the NEMO ocean model. It has
recently been documented that the projected Arctic climate change will be intensified in the
cluster of the NEMO-based models in CMIP6 [Pan et al., 2023]. Based on our analysis, the
best performing model for the atmospheric latent heat transport is the EC-Earth3 model.
This means that the family of EC-Earth3 models is statistically best in the simulation
of both the oceanic heat transport and atmospheric latent heat transport. This could be
expected since EC-Earth3 models use the same type of oceanic and atmospheric models as
the ORAS4 and ERAS5 reanalyses used here for validation of performance of the CMIP6
models. Nevertheless, even the best performing model and the means of the best sub-
ensembles of the models, do not reproduce the interannual variability obtained from the
reanalyses. This might be related to a common problem of climate models with simulating
the internal variability adequately [Kravtsov et al., 2018].

According to our results, independent on the predicted climate scenario, the increase
of the meridional oceanic heat transport into the Arctic Ocean in the 21st century will be
dominant over the increase of the atmospheric heat transport into the Arctic. In terms of
the projected trends, this is consistent with previous studies for the CMIP3 climate models’
projections [Hwang et al., 2011].

Acknowledgments. This study was funded by the Russian Science Foundation (RSF), grant
number 23-77-01046 (https://rscf.ru/en/project/23-77-01046/).

Appendix A

Figure Al. Time series of oceanic heat transport at the entrance to the Atlantic sector of the
Arctic (along 66.5°N, between 4.5°W and 11.5°E) based on the ORAS4 reanalysis. The orange curve
corresponds to the classical approach of calculation used in the main text of the article (with the
subtraction of the reference temperature of —1.8 °C), whereas the blue curve represents an alternative
approach of calculation using the absolute temperature scale without a reference temperature.
1TW = 10" W and 1PW = 10" W.

Russ. J. Earth. Sci. 2024, 24, ES4007, EDN: CISMVQ, https://doi.org/10.2205/2024es000917 13 of 16


https://rscf.ru/en/project/23-77-01046/
https://elibrary.ru/cismvq
https://doi.org/10.2205/2024es000917

MEeripioNaL OCEANIC AND ATMOSPHERIC HEAT FLUXES AT THE ENTRANCE TO THE ATLANTIC SECTOR OF THE ARCTIC. .. LATONIN ET AL.

References

Agosta, C., X. Fettweis, and R. Datta (2015), Evaluation of the CMIP5 models in the aim of regional modelling of the
Antarctic surface mass balance, The Cryosphere, 9(6), 2311-2321, https://doi.org/10.5194/tc-9-2311-2015.

Alexeev, V. A.,J. E. Walsh, V. V. Ivanov, V. A. Semenov, and A. V. Smirnov (2017), Warming in the Nordic Seas, North
Atlantic storms and thinning Arctic sea ice, Environmental Research Letters, 12(8), 084,011, https://doi.org/10.1088/17
48-9326/aa7ald.

Balmaseda, M. A., K. Mogensen, and A. T. Weaver (2012), Evaluation of the ECMWF ocean reanalysis system ORAS4,
Quarterly Journal of the Royal Meteorological Society, 139(674), 1132-1161, https://doi.org/10.1002/qj.2063.

Bjerknes, J. (1964), Atlantic Air-Sea Interaction, pp. 1-82, Advances in Geophysics, Elsevier, https://doi.org/10.1016/S006
5-2687(08)60005-9.

Boucher, O., S. Denvil, G. Levavasseur, et al. (2018), IPSL IPSL-CM6A-LR model output prepared for CMIP6 CMIP
historical, https://doi.org/10.22033/ESGEF/CMIP6.5195.

Cao, ], and B. Wang (2019), NUIST NESMv3 model output prepared for CMIP6 CMIP historical, https://doi.org/10.220
33/ESGF/CMIP6.8769.

Docquier, D., and T. Koenigk (2021), A review of interactions between ocean heat transport and Arctic sea ice, Environ-
mental Research Letters, 16(12), 123,002, https://doi.org/10.1088/1748-9326/ac30be.

EC-Earth Consortium (EC-Earth) (2019a), EC-Earth-Consortium EC-Earth3 model output prepared for CMIP6 CMIP
historical, https://doi.org/10.22033/ESGF/CMIP6.4700.

EC-Earth Consortium (EC-Earth) (2019b), EC-Earth-Consortium EC-Earth3-Veg model output prepared for CMIP6
ScenarioMIP, https://doi.org/10.22033/ESGEF/CMIP6.727.

EC-Earth Consortium (EC-Earth) (2020), EC-Earth-Consortium EC-Earth3-Veg-LR model output prepared for CMIP6
CMIP historical, https://doi.org/10.22033/ESGF/CMIP6.4707.

Esau, L., L. H. Pettersson, M. Cancet, et al. (2023), The Arctic Amplification and Its Impact: A Synthesis through Satellite
Observations, Remote Sensing, 15(5), 1354, https://doi.org/10.3390/rs15051354.

Eyring, V., S. Bony, G. A. Meehl, et al. (2016), Overview of the Coupled Model Intercomparison Project Phase 6 (CMIP6)
experimental design and organization, Geoscientific Model Development, 9(5), 1937-1958, https://doi.org/10.5194/
gmd-9-1937-2016.

Gnatiuk, N., I. Radchenko, R. Davy, E. Morozov, and L. Bobylev (2020), Simulation of factors affecting Emiliania huxleyi
blooms in Arctic and sub-Arctic seas by CMIP5 climate models: model validation and selection, Biogeosciences, 17(4),
1199-1212, https://doi.org/10.5194/bg-17-1199-2020.

Goosse, H., J. E. Kay, K. C. Armour, et al. (2018), Quantifying climate feedbacks in polar regions, Nature Communications,
9(1), https://doi.org/10.1038/s41467-018-04173-0.

Graham, R. M,, L. Cohen, A. A. Petty, et al. (2017), Increasing frequency and duration of Arctic winter warming events,
Geophysical Research Letters, 44(13), 6974-6983, https://doi.org/10.1002/2017GL073395.

Hersbach, H., B. Bell, P. Berrisford, et al. (2020), The ERAS5 global reanalysis, Quarterly Journal of the Royal Meteorological
Society, 146(730), 1999-2049, https://doi.org/10.1002/qj.3803.

Hofsteenge, M. G., R. G. Graversen, J. H. Rydsaa, and Z. Rey (2022), The impact of atmospheric Rossby waves and cyclones
on the Arctic sea ice variability, Climate Dynamics, 59(1-2), 579-594, https://doi.org/10.1007/5s00382-022-06145-z.

Hwang, Y.-T., D. M. W. Frierson, and J. E. Kay (2011), Coupling between Arctic feedbacks and changes in poleward energy
transport, Geophysical Research Letters, 38(17), https://doi.org/10.1029/2011GL048546.

Jungclaus, J., M. Bittner, K.-H. Wieners, et al. (2019), MPI-M MPI-ESM1.2-HR model output prepared for CMIP6 CMIP
historical, https://doi.org/10.22033/ESGE/CMIP6.6594.

Russ. J. Earth. Sci. 2024, 24, ES4007, EDN: CISMVQ, https://doi.org/10.2205/2024es000917 14 of 16


https://doi.org/10.5194/tc-9-2311-2015
https://doi.org/10.1088/1748-9326/aa7a1d
https://doi.org/10.1088/1748-9326/aa7a1d
https://doi.org/10.1002/qj.2063
https://doi.org/10.1016/S0065-2687(08)60005-9
https://doi.org/10.1016/S0065-2687(08)60005-9
https://doi.org/10.22033/ESGF/CMIP6.5195
https://doi.org/10.22033/ESGF/CMIP6.8769
https://doi.org/10.22033/ESGF/CMIP6.8769
https://doi.org/10.1088/1748-9326/ac30be
https://doi.org/10.22033/ESGF/CMIP6.4700
https://doi.org/10.22033/ESGF/CMIP6.727
https://doi.org/10.22033/ESGF/CMIP6.4707
https://doi.org/10.3390/rs15051354
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/bg-17-1199-2020
https://doi.org/10.1038/s41467-018-04173-0
https://doi.org/10.1002/2017GL073395
https://doi.org/10.1002/qj.3803
https://doi.org/10.1007/s00382-022-06145-z
https://doi.org/10.1029/2011GL048546
https://doi.org/10.22033/ESGF/CMIP6.6594
https://elibrary.ru/cismvq
https://doi.org/10.2205/2024es000917

MEeripioNaL OCEANIC AND ATMOSPHERIC HEAT FLUXES AT THE ENTRANCE TO THE ATLANTIC SECTOR OF THE ARCTIC. .. LATONIN ET AL.

Koenigk, T., L. Brodeau, R. G. Graversen, et al. (2012), Arctic climate change in 21st century CMIP5 simulations with
EC-Earth, Climate Dynamics, 40(11-12), 2719-2743, https://doi.org/10.1007/s00382-012-1505-y.

Kravtsov, S., C. Grimm, and S. Gu (2018), Global-scale multidecadal variability missing in state-of-the-art climate models,
npj Climate and Atmospheric Science, 1(1), https://doi.org/10.1038/s41612-018-0044-6.

Latonin, M. M,, I. L. Bashmachnikov, and L. P. Bobylev (2022a), Bjerknes compensation mechanism as a possible
trigger of the low-frequency variability of Arctic amplification, Russian Journal of Earth Sciences, pp. 1-21, https:
//doi.org/10.2205/2022ES000820.

Latonin, M. M., L. P. Bobyleyv, I. L. Bashmachnikov, and R. Davy (2022b), Dipole pattern of meridional atmospheric
internal energy transport across the Arctic gate, Scientific Reports, 12(1), https://doi.org/10.1038/s41598-022-06371-9.

Li, L. (2019), CAS FGOALS-g3 model output prepared for CMIP6 CMIP historical, https://doi.org/10.22033/ESGF/
CMIP6.3356.

Liang, Y., N. P. Gillett, and A. H. Monahan (2020), Climate Model Projections of 21st Century Global Warming Constrained
Using the Observed Warming Trend, Geophysical Research Letters, 47(12), https://doi.org/10.1029/2019GL086757.

Lique, C., H. L. Johnson, and Y. Plancherel (2017), Emergence of deep convection in the Arctic Ocean under a warming
climate, Climate Dynamics, 50(9-10), 3833-3847, https://doi.org/10.1007/s00382-017-3849-9.

Lovato, T., and D. Peano (2020), CMCC CMCC-CM2-SR5 model output prepared for CMIP6 CMIP historical, https:
//doi.org/10.22033/ESGF/CMIP6.3825.

Lovato, T., D. Peano, and M. Butenschon (2021), CMCC CMCC-ESM2 model output prepared for CMIP6 CMIP historical,
https://doi.org/10.22033/ESGF/CMIP6.13195.

Madonna, E., and A. B. Sande (2021), Understanding Differences in North Atlantic Poleward Ocean Heat Transport and
Its Variability in Global Climate Models, Geophysical Research Letters, 49(1), https://doi.org/10.1029/2021GL096683.

Outten, S., I. Esau, and O. H. Ottera (2018), Bjerknes Compensation in the CMIP5 Climate Models, Journal of Climate,
31(21), 8745-8760, https://doi.org/10.1175/JCLI-D-18-0058.1.

Overland, J. E., P. Turet, and A. H. Oort (1996), Regional Variations of Moist Static Energy Flux into the Arctic, Journal of
Climate, 9(1), 54-65, https://doi.org/10.1175/1520-0442(1996)009<0054:RVOMSE>2.0.CO;?2.

Pan, R., Q. Shu, Q. Wang, et al. (2023), Future Arctic Climate Change in CMIP6 Strikingly Intensified by NEMO-Family
Climate Models, Geophysical Research Letters, 50(4), https://doi.org/10.1029/2022GL102077.

Polyakov, I. V., L. A. Timokhov, V. A. Alexeev, et al. (2010), Arctic Ocean Warming Contributes to Reduced Polar Ice Cap,
Journal of Physical Oceanography, 40(12), 2743-2756, https://doi.org/10.1175/2010JPO4339.1.

Riahi, K., D. P. van Vuuren, E. Kriegler, et al. (2017), The Shared Socioeconomic Pathways and their energy, land
use, and greenhouse gas emissions implications: An overview, Global Environmental Change, 42, 153-168, https:
//doi.org/10.1016/j.gloenvcha.2016.05.009.

Rong, X. (2019), CAMS CAMS_CSM1.0 model output prepared for CMIP6 CMIP historical, https://doi.org/10.22033
/ESGF/CMIP6.9754.

Serreze, M. C., and R. G. Barry (2014), The Arctic Climate System, Cambridge University Press, https://doi.org/10.1017/
CB0O9781139583817.

Smith, D. M., ]. A. Screen, C. Deser, et al. (2019), The Polar Amplification Model Intercomparison Project (PAMIP) contri-
bution to CMIP6: investigating the causes and consequences of polar amplification, Geoscientific Model Development,
12(3), 1139-1164, https://doi.org/10.5194/gmd-12-1139-2019.

van der Swaluw, E., S. S. Drijfhout, and W. Hazeleger (2007), Bjerknes Compensation at High Northern Latitudes: The
Ocean Forcing the Atmosphere, Journal of Climate, 20(24), 6023-6032, https://doi.org/10.1175/2007JCLI1562.1.

Volodin, E., E. Mortikov, A. Gritsun, et al. (2019a), INM INM-CM4-8 model output prepared for CMIP6 ScenarioMIP,
https://doi.org/10.22033/ESGF/CMIP6.12321.

Russ. J. Earth. Sci. 2024, 24, ES4007, EDN: CISMVQ, https://doi.org/10.2205/2024es000917 150f 16


https://doi.org/10.1007/s00382-012-1505-y
https://doi.org/10.1038/s41612-018-0044-6
https://doi.org/10.2205/2022ES000820
https://doi.org/10.2205/2022ES000820
https://doi.org/10.1038/s41598-022-06371-9
https://doi.org/10.22033/ESGF/CMIP6.3356
https://doi.org/10.22033/ESGF/CMIP6.3356
https://doi.org/10.1029/2019GL086757
https://doi.org/10.1007/s00382-017-3849-9
https://doi.org/10.22033/ESGF/CMIP6.3825
https://doi.org/10.22033/ESGF/CMIP6.3825
https://doi.org/10.22033/ESGF/CMIP6.13195
https://doi.org/10.1029/2021GL096683
https://doi.org/10.1175/JCLI-D-18-0058.1
https://doi.org/10.1175/1520-0442(1996)009<0054:RVOMSE>2.0.CO;2
https://doi.org/10.1029/2022GL102077
https://doi.org/10.1175/2010JPO4339.1
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.22033/ESGF/CMIP6.9754
https://doi.org/10.22033/ESGF/CMIP6.9754
https://doi.org/10.1017/CBO9781139583817
https://doi.org/10.1017/CBO9781139583817
https://doi.org/10.5194/gmd-12-1139-2019
https://doi.org/10.1175/2007JCLI1562.1
https://doi.org/10.22033/ESGF/CMIP6.12321
https://elibrary.ru/cismvq
https://doi.org/10.2205/2024es000917

MEeripioNaL OCEANIC AND ATMOSPHERIC HEAT FLUXES AT THE ENTRANCE TO THE ATLANTIC SECTOR OF THE ARCTIC. .. LATONIN ET AL.

Volodin, E., E. Mortikov, A. Gritsun, et al. (2019b), INM INM-CM5-0 model output prepared for CMIP6 CMIP historical,
https://doi.org/10.22033/ESGF/CMIP6.5070.

Wieners, K.-H., M. Giorgetta, J. Jungclaus, et al. (2019), MPI-M MPI-ESM1.2-LR model output prepared for CMIP6 CMIP
historical, https://doi.org/10.22033/ESGEF/CMIP6.6595.

Wu, T., M. Chu, M. Dong, et al. (2018), BCC BCC-CSM2MR model output prepared for CMIP6 CMIP historical,
https://doi.org/10.22033/ESGF/CMIP6.2948.

Yu, Y. (2019), CAS FGOALS-f3-L model output prepared for CMIP6 CMIP historical, https://doi.org/10.22033/ESGE/
CMIP6.3355.

Yukimoto, S., T. Koshiro, H. Kawali, et al. (2019), MRI MRI-ESM2.0 model output prepared for CMIP6 CMIP historical,
https://doi.org/10.22033/ESGF/CMIP6.6842.

Zhang, ], R. Lindsay, M. Steele, and A. Schweiger (2008), What drove the dramatic retreat of arctic sea ice during summer
200772, Geophysical Research Letters, 35(11), https://doi.org/10.1029/2008GL034005.

Ziehn, T., M. Chamberlain, A. Lenton, et al. (2019), CSIRO ACCESS-ESM1.5 model output prepared for CMIP6 CMIP
historical, https://doi.org/10.22033/ESGEF/CMIP6.4272.

Arthun, M., T. Eldevik, L. H. Smedsrud, @. Skagseth, and R. B. Ingvaldsen (2012), Quantifying the Influence of Atlantic
Heat on Barents Sea Ice Variability and Retreat, Journal of Climate, 25(13), 4736-4743, https://doi.org/10.1175/JCLI-
D-11-00466.1.

Russ. J. Earth. Sci. 2024, 24, ES4007, EDN: CISMVQ, https://doi.org/10.2205/2024es000917 16 of 16


https://doi.org/10.22033/ESGF/CMIP6.5070
https://doi.org/10.22033/ESGF/CMIP6.6595
https://doi.org/10.22033/ESGF/CMIP6.2948
https://doi.org/10.22033/ESGF/CMIP6.3355
https://doi.org/10.22033/ESGF/CMIP6.3355
https://doi.org/10.22033/ESGF/CMIP6.6842
https://doi.org/10.1029/2008GL034005
https://doi.org/10.22033/ESGF/CMIP6.4272
https://doi.org/10.1175/JCLI-D-11-00466.1
https://doi.org/10.1175/JCLI-D-11-00466.1
https://elibrary.ru/cismvq
https://doi.org/10.2205/2024es000917

RUSSIAN JOURNAL of EARTH SCIENCES

RESEARCH ARTICLE

Received: 17 April 2024
Accepted: 12 July 2024
Published: 13 November 2024

Copyright: © 2024. The Authors.

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/

4.0/).

FREEZING PATTERNS IN SALINE SOILS:
MODELING WITH REGARD TO THE OsMoTIiC EFFECT

M. M. Ramazanov!2(, N. S. Bulgakoval'* ,L. 1. Lobkovsky3'4 , E. M. Chuvilin**®,
S.R. Gadzhimagomedova1 , and N. E. Shakhova2%6

nstitute for Geothermal Research and Renewable Energy, Branch of Joint Institute for High Temperatures,
Russian Academy of Sciences, Makhachkala, Russia

2Sadovsky Institute of Geosphere Dynamics , Russian Academy of Sciences, Moscow, Russia

3P. P. Shirshov Institute of Oceanography, Russian Academy of Sciences, Moscow, Russia

4 Science Department, Tomsk State University, Tomsk, Russia

5Skolkovo Institute of Science and Technology (Skoltech), Innovation Center Skolkovo, Moscow, Russia

6V. 1. Iichev Pacific Oceanological Institute, Far Eastern Branch Russian Academy of Sciences, Vladivostok,
Russia

* Correspondence to: Natalia S. Bulgakova, ipgnatali@mail.ru

Abstract: Freezing patterns in a porous soil saturated with a saline solution are investigated with
regard to osmotic effects, using a model suggested previously by the authors but in a more general
formulation. The results include a numerical and an approximate self-similar analytical solution to
a nonlinear problem; description of typical freezing behavior in the presence of osmotic pressure.
The modeling results agree well with experimental evidence on freezing of saline clay and sand. The
model includes three porous domains with ice (I), thermodynamically equilibrated ice+solution (II),
and a liquid saline solution (III) in the pores. The modeling is performed for a simplified case of
domains II and III that share a mobile phase boundary where the solution freezes up partially, with
heat release.

Keywords: freezing, saline rock, osmosis, mathematical model, modeling, physical model.
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1. Introduction

Freezing of rocks and soils saturated with a solution of salts is a complex process
involving different mechanisms for salt and moisture transport, as well as stress and
strain dynamics in the mineral skeleton. Since the process of freezing saline soil depends
nonlinearly on many factors, the identification of patterns is significantly complicated. It
can be investigated on the basis of the mathematical model previously proposed by the
authors [Ramazanov et al., 2023], but in a more general formulation, and compare the results
with data from physical and field experiments [Chuvilin, 1999; Chuvilin et al., 1998; Ershov
et al., 1997]. The correlation between the transport of salt and moisture in freezing saline
soils was studied in [Chuvilin et al., 1998]. The results of physical experiments reported in
[Chuvilin, 1999] were used to study the behavior of ions in freezing and thawing soils, and
in ice. The available evidence relevant to freezing also includes interactions of frozen soil
with saline solutions. In [Ershov et al., 1997], processes associated with different types of
interactions between liquid brine and frozen rocks are considered.

According to the present views, the Siberian Arctic shelf underwent repeated freezing
and thawing associated with regression and transgression events, which produced per-
mafrost with numerous lenses of brines at negative temperatures called cryopegs [Dubikov
and Ivanova, 1990; Streletskaya and Leibman, 2002]. It is noted in [Dubikov and Ivanova,
1990] that frozen saline soils by many of its properties occupy a position between frozen
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and unfrozen soils. They contain more unfrozen water than the same frozen soils. It deter-
mines their peculiarity together with other features of their composition and structure. In
[Streletskaya and Leibman, 2002], the actual material is considered from the point of view of
the formation of cryopegs as residual brines during the formation of ice deposits.

One of possible reason for current climate change in the Arctic is considered to be
the formation and release a lot of methane due to subaquatic permafrost degradation, as
methane is a potent greenhouse gas. Saline seawater and cryopegs contribute largely to
permafrost degradation and the ensuing emission of methane released by dissociating
metastable methane hydrates self-preserved in frozen rocks [Chuvilin et al., 2019; Lobkovskii
and Ramazanov, 2018; Shakhova et al., 2017; Yakushev, 2009]. The rate of submarine
permafrost degradation and the emergence of gas migration pathways are key factors
controlling methane emissions on the East Siberian Arctic shelf [Shakhova et al., 2017].

The process of permafrost degradation and the reverse process of salt rock freezing
have the same transport mechanism — osmotic filtration (moisture migration). Osmosis can
lead to abnormally high pressures capable of destroying frozen rocks [Berry and Hanshaw,
1960; Marine and Fritz, 1981]. Thus, developing model can easily describe the degradation
of permafrost rocks containing accumulations of gas hydrates and free gas under the
influence of solutions and the associated osmotic effect.

There exist various models of freezing and thawing processes in saline rocks and
soils [Maksimov and Tsypkin, 1987; Tsypkin, 2009; Vasiliev et al., 1996], but our model
is advantageous by including osmosis. The osmotic motion of water molecules driven
by the solute concentration gradient is a powerful mechanism of mass transport in low-
permeable porous media [Ramazanov et al., 2019, 2022]. This modeling approach can be
used to determine a mathematical criterion for the formation of cryopegs in freezing saline
soils, which depends largely on the osmotic filtration [Ramazanov et al., 2023]. Another
advantage of our model is in due regarded for deformation of the host rocks, given that
osmotic pressure can cause rock failure.

In this paper using the model proposed in [Ramazanov et al., 2023] by numerical and
analytical methods, we investigate the processes of freezing of rocks and soils saturated
with salt solution, taking into account the osmotic force.

2. Problem Formulation

The model simulates permeable soil saturated with a saline solution of a constant
concentration, at a certain temperature. At some moment of time, the temperature of
the model top falls below the freezing point at given local pressure and salt concentra-
tion values. Thereby two freezing fronts arise and propagate downward (Figure 1): the
boundaries between domains I and II (fully and partly frozen domains, with pore ice and
ice + saline solution in thermodynamic equilibrium, respectively), and between partly
frozen (II) and unfrozen (III) domains. The modeling investigates the patterns of evolution
of the multi-phase system with regard to the osmotic effect and deformation of the host
rock and compares the results with experimental data.

3. Mathematical Model

A detailed description of the equations in each domain, the boundary conditions, and
their transformations are given in the previous paper [Ramazanov et al., 2023] published
in this journal. Here, we present these equations immediately in dimensionless and self-
similar form [Ramazanov et al., 2023].

The pressure is counted from the hydrostatic level, and the temperature from level T°.
To make them dimensionless, let’s introduce the following scales:

k dp h
Fl=h W= ap(To=T) M=r5 [T1=To-T", N
ap

[P1=~Z=(To=T°), [c]=co,
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where k is the permeability; v is the field of the solution velocity; Tis the temperature;
p is the pressure; c is the concentration; ¢y is the characteristic concentration; 1 is the
solution viscosity; h is the domain thickness; T is the temperature at the lower boundary
of domain III, T? is the temperature at the boundary z = z;.

r
r

Figure 1. Problem sketch: I — ice-saturated frozen domain; II — partly frozen domain saturated with

thermodynamically equilibrated ice and saline solution; III — unfrozen domain saturated with liquid

saline solution; z = z{ (¢) is the mobile boundary of domain I; z = z,(t) is the front of partial freezing.

4. Self-Similar Problem Formulation and Solution

The solution is sought in the self-similar form, with the new coordinate &

_Ve) - -
veg TETE) e=d8) p=ple)

Then, different domains will be described as follows:

Frozen Domain (I)

EdT; 1 d’T;

2dE ~ Der, d&?

Partly Frozen Domain (II)

dc dT
v:s[(yf+1,bo)%+%
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Unfrozen Domain (111)

dp dc

dg Vg

& dp d%p d%c
"N de der M ae
veé dc 1 d?%
yr&  \dT 1 d°T
_(T )dg Per d&2°

vV=—-—

where Per, Pe. are, respectively, the temperature and concentration Péclet numbers.

1 Pi 1 om moapw 0\| 4P
Ns_m( _pw)’ N mo[8p+pw dp (To=1)

o ar|
o S e S 7
roeneblir-mi]] - Sl
" [ouCe +ﬂZ§SH]TO—T% pemsme .y e
[(K,c)= aagi,c)’ lima(K, ¢) keso0 = oor
:[v]h[prL:;ﬁwﬂZ—ITJ”, pecz%, [V]:_%Z_I;(To_ﬂ)

where s is the characteristic water saturation in domain II; p,, , p; are densities of water
and ice, respectively; T; is the ice temperature; C,, is the effective heat capacity per unit
volume of an saturated porous soil; C,,, C;, C; are, respectively, the heat capacity of water,
ice and soil; A, is the effective thermal conductivity of an saturated porous soil; A, A;,
As are, respectively, the thermal conductivity of water, ice and soil; p; is the chemical
potential of solvent; D is the salt diffusion coefficient; g is the specific heat of ice melting;
B is the thermal expansion coefficient; m is the porosity; a is the concentration of salt in
the solid phase of a porous medium; a,, the value of the maximum adsorption; K is the
constant of the adsorption equilibrium; 1y constant characterizing the degree of decrease
in the freezing point of water due to the presence of dissolved salt.

Boundary Conditions

0 0
TO-T

=0: T,=——,
£ =T

1 dT,_qu‘SO N 1 dT, o qmp;
Per. d& 2 ' Per d&’ VT pucy(To-T0)

o 1 dc++p, m51c+):0’ V+=SO(1— )m51,
Pw/ 2

(7)
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T ALy S LT WY S L
é - 6"' A 2 S*é* pr (1 5*)5* Vi 2 5*1
1 1 dT 1 dT
T7:T+:T*r _7/5[(1_5*)_‘5*+___:__+
T
C_=Cy =0¢Cy —)/5(1—5*) *é + - — +

2" sOPeCE:soPeCE
E—oo0: popy, T—1, c—1, (9)

where s° is the water saturation at the boundary & = &; between domains I (pore ice)
and II (equilibrated pore ice + solution). The subscripts and superscripts have the following
meaning: subscripts + and — refer to values approaching the boundaries from below and
from above, respectively; subscript * indicates the value at the boundary & = &,, superscript
0 — at the boundary & = &1, subscript 0 — at the boundary & — oo or the characteristic value
of the parameter.

With the given parameters T?, To,co,po and s, the sought parameters are: mobile
phase boundaries &1, &,, temperature in frozen domain I; temperature, salt concentration,
and water saturation in partly frozen domain II and at its boundaries; temperature, salt
concentration, and pressure in unfrozen domain III. Note that the boundaries in self-similar
coordinates also define the propagation rates of the respective fronts.

Equations (2-9) in the self-similar formulation make up a closed model that simulates
freezing of saline soil with regard to osmosis as a driving force. In initial coordinates
the model is detailed in [Ramazanov et al., 2023]. In the general case, the model is quite
sophisticated, as it contains two moving phase transition boundaries. We consider the
particular case when the frozen domain (I) can be neglected. In [Ramazanov et al., 2023],
a condition is given under which, as a first approximation, an ice layer can be neglected. It
is possible if the front between domains I and II propagates much more slowly than that
between II and 111, i.e.

&1 <& (10)

Then we obtain

2

A2 A

k>>m( —ﬂ) o (10— T?)~1078(10+107") (11)
Pw/ Pid By(p.—po)

In the conditions considered in this article, inequality (11) holds for permeability
k ~107'® = 107'7m?and more. This permeability corresponds to the Péclet numbers
Per ~ 1072+ 107!, On the other hand, osmotic properties are manifested for weakly
permeable media (clay, silt, etc.), which are characterized by precisely such permeability
and corresponding Péclet numbers. Therefore, the number Pep = 0.1 is taken as the base
number in the calculations below.

Thus, inequality (11) is satisfied under the conditions under consideration, so domain
I is excluded from further consideration. Unlike [Ramazanov et al., 2023], in this study, not
only the second, but also the third domain is taken into account.

The boundary conditions in domains II and III, given that the origin of coordinates is
at the base of domain I, which is immobile in this approximation, are

dec dT _

£=0: T=0, (yf+¢0)%+%_o, (12)
_5 . Mmoo _pit, _y. "
é - 5* . v_ 2 S*é* zpw (1 s»)éx— V+ 2 éx—
o 1 1 dT_ 1 dT,
T_=T,=T,, _yq(l_s*)zé*-’_P_eTE_P_ET i<’ (13)

s de 1 de
soPe, d& ~ syPe. d&’

Cy
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E—>o0: popy T—-1, c¢c—1L (14)

Thus, we have a system of equations (4-5) with boundary conditions (12-14). Since
the model is nonlinear and generally has no analytical solution, one can take advantage of
the fact that the Péclet number Per of usually small, i.e. the filtration solution rate is much
slower than the freezing rate (propagation of the freezing front). Then, the convective
components in the transport equations can be neglected. The simplified model is still
nonlinear because of generalized Darcy’s law (4), since the velocity is proportional to the
product of water saturation by concentration and temperature gradients. However, it
is possible to find an approximate solution assuming that water saturation s in the first
equation of (4) is equal to some unknown average value s. For the two remaining domains,
the solution is as follows.

Partly Frozen Domain I (Pore Ice + Solution)
s—s"=—s;T —sc(c—co),
‘/d_c Pecys T Vfi
2 AT 2

c:cO+C1erf(

o D VB L)

ar-d, 7‘5)+C36ff(7

' (15)

ac

where Cy,C3 are determined from the boundary conditions at the moving phase interface

&=¢..
sPeryr - L
ST = ’
N +5[Peryy+ vy +¢0)Pecys]
S(ys+wo)Pecye— 12
Se = — ,
NLS + s[PeT)/q + (yf + l/)o)Pec)/s]
i aT+aC+\/(ac—aT)z+4PeC7/SsTPequsC (16)
a.= ,
2
i aT+aC—\/(ac—aT)2+4PecyssTPequsc
ar = y

2

N
aT:PeT()/T+N—Syq), aC:PEC)/C.
p

We substitute the resulting solution for water saturation into the equation

1

z s(&,5)dé =5 (17)

og}m

and obtain a previously unknown value for the average water saturation s.

Unfrozen Domain II (Pore Solution)

(18)
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,

ipo é]+C2erfc(—‘Sozecyc<§]

p=po+ C4erfc[

(19)
[Bpo ~ _Prog2 soPe.y _Pecye g2 dc 1
VP: ?C4e 4 + %Cze 4 +')/f£, ﬁPO :N_po’
-y (1 —c,)sgPe \/soP
C, = Vf( )so ch/erfC 50 ec?’céyr ’
Bp—soPecy. 2 (20)
\/soPe \/
Cy=p.—po-— Czerfc(oné*]/erfc( ipo 5*].

Estimating Moisture Content. If the moisture content density is expressed as the weight
ratio of moisture (solid and liquid) to dry soil, then

1—(1—ﬂ)(1—s)+%”(1—T—¢0c)

W(E) = (1 =m)ps . (21)

(1 _m)ps ’

5. Results and Discussion

Thus, equations (15-21) provide a complete analytical solution to the nonlinear
problem in the self-similar coordinates. The transitions to the initial coordinates and to the
dimensional form are possible with equations (2) and (1), respectively.

The solution is valid at small Péclet numbers Pep <« 1, which is commonly fulfilled.
For the case of greater values, a forward numerical solution of problem (4-5) with boundary
conditions (12-14) applied, taking into account convective transfer of heat and solutes.
Furthermore, numerical modeling was used to check the analytical solution and proved its
good accuracy.

In this problem of freezing saturated soils, two forces act: the force that pushes the
solution into the unfrozen domain and the force that retracts the solution in the frozen
domain. The pushing force arises due to equilibrium pressure increases with cooling
and the water-ice density difference, while retracting force is due to the osmotic force.
Depending on the values of the parameters, one or another force prevails.

Some results are illustrated in Figures 2—6.

Figure 2a—c shows patterns of partial freezing front propagation of solution depending
on different parameters. With these parameter values, during the first 10 years, the freezing
front moves at an average speed of about one meter per year, and then this speed decreases
proportionally to 1/vt. Curves in Figure 2a show that with an increase in the osmotic
coefficient, the partial freezing front slows down, which is due to the difficulty of pushing
the solution out by the freezing front. Figure 2b shows that as the Péclet number increases,
the front moves faster because the rate of convective heat removal from the front increases.
According to Figure 2c¢, as the water capacity of the soils increases, the front also moves
faster, which is explained by the easier pushing of the solution into the unfrozen area.

Figure 3a—c shows depth-dependent water saturation distributions for water capacity
By (a, b) and osmotic coefficient y (a, c), two values each. Curves 1 and 2 correspond to
the time t = 1 and 4 years, respectively. The curves above refer to the respective filtration
solution rates.

Water saturation behind the freezing front decreases monotonically with time (Fig-
ure 3) as the soil is freezing up. Figure 3a shows that filtration solution rate is negative in
this case, i.e., the solution is drawn from the thawed domain into the partly frozen domain
by osmosis.

The pushing force predominates at lower $,, other parameters being the same (Fig-
ure 3b), as well as at lower osmotic coefficients (Figure 3c). In Figure 3c, the osmotic
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Figure 2. Time-dependent freezing propagation for different values of parameters at cg = 0.8%,
T0=-2°C. (a): Per = 0.1, p = 0.1, yf = 0.27,0.35,1(1-3); (b): B, = 0.07, yf = 0.7, Per =
0.01, 0.03, 0.3(1-3); (c): Per = 0.1, Vf= 0.3, Bp = 0.01, 0.05, 0.1(1-3), whereﬁp = l/Np is the com-
pressibility of the saturated porous soil (water capacity).

force coefficient is reduced compared to Figure 3a. As can be seen from the comparison,
a decrease in osmotic force also leads to a predominance of the pushing force.

These results are quite consistent with the results of physical experiments [Chuvilin,
1999; Chuvilin et al., 1998], showing that clays in the considered freezing conditions draw
the solution from the thawed area, and sands, on the contrary, are pushed out. At the same
time, it is known that clays have semi-permeable and, consequently, osmotic properties
[Kemper, 1961].

v,
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Figure 3. The distribution of water saturation for two time points (the filtration solution rate
distributions are shown at the top) at: Pe, =10, Per = 0.1, cg = 1.7%, TO =-2°C,t=1;4 year (1-2),
where: (v, Bp) = (1, 0.03) (a); (1, 0.01) (b); (0.1, 0.03) (c).

Figure 4a—e shows the distributions of water saturation, velocity field, salt concentra-
tion, temperature, and pressure in the partially frozen domain after one year of freezing
for two values of pore expansion coefficient 8, (water capacity) and two values of osmotic
force coefficient. As you can see, in all cases, the qualitative properties of the distributions
coincide, with the exception of the velocity field (Figure 4b). As the temperature increases
with depth, water saturation increases at the account of partial melting, which leads to
dilution (salt concentration decrease), while the equilibrium pressure decreases (Figure 4a,
c—e).

It is pertinent to compare curves that represent different cases, using curves 1 as
reference. Figure 4a shows that a decrease in water capacity (compressibility) led to
a decrease in water saturation (curve 2), and a decrease in the osmosis coefficient can lead
to both a decrease and an increase in water saturation, which explains the intersection
of curves 3 and 1. These properties depend on the competition of two factors, the inflow
(outflow) of the solution into the two-phase domain and the freezing of water (melting of
ice). Curve 2 in Figure 4a is caused by both additional freezing of water (compared to curve
1) and outflow of solution (curve 2 in Figure 4b), and curve 3 is caused to competition
between ice melting and moisture outflow (curve 3 in Figure 4b).

Russ. J. Earth. Sci. 2024, 24, ES4008, EDN: HICJYC, https://doi.org/10.2205/2024es000919 8of12


https://elibrary.ru/hicjyc
https://doi.org/10.2205/2024es000919

FrREEZING PATTERNS IN SALINE SoILs: MODELING WITH REGARD TO THE Osmoric ErrecT RamazaNoOV ET AL.

The concentration of salt is lower at lower compressibility but higher at lower osmotic
coefficients (Figure 4c). To explain this effect, note first of all that the temperature patterns
quite close for the three cases (Figure 4d). It follows from the thermodynamic equilibrium
condition that lower salinity corresponds to higher pressure and vice versa, the temperature
being constant [Ramazanov et al., 2023]. On the other hand, the pressure values are higher
at lower compressibility and lower at lower osmotic coefficients (Figure 4e), which accounts
for the patterns of Figure 4c.
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Figure 4. Water saturation (a), filtration solution rate (b), salt concentration (c), temperature (d),
and pressure (e) in party frozen domain a year after the onset of freezing, at Pe. = 10, Per = 0.1,
co=1.7%, TO =-2°C,and (75,8, = 1/N,) = (0.1,0.15) (1); (0.1, 0.1) (2), (0.05, 0.15) (3).

Figure 4 allows us to estimate the osmotic pressure gradient (osmotic force) under
the considered freezing conditions. Consider the curves 1 in Figure 4. It follows from
Figure 4b that in this case the solution is drawn from the thawed area into the frozen area.
This means that the osmotic pressure gradient is greater than the pressure gradient shown
in Figure 4e (curve 1) by the amount causing filtration of the solution. Based on Figure 4b
and Darcy’s law, it can be shown that the pressure loss for filtration of the solution is
small, i.e. the osmotic pressure gradient is approximately equal to the pressure gradient
in Figure 4e (curve 1) and is approximately 1 MPa/m. On the other hand, it follows from
Figure 4c (curve 1) that this gradient is caused by a salt concentration gradient of the
order of Vcy ~ 1%/m = 10g/(L - m). If we take into account the complete dissociation of
salt molecules into ions, then this gradient should be doubled. Thus, a salt concentration
difference of the order of 10 g/L causes an osmotic pressure of the order of 1 MPa. This is
in good agreement with theoretical and experimental estimates for shales [Neuzil, 2000].

Note that freezing rocks may have their own characteristics. Namely, near the cooled
boundary, as ice forms, areas with a highly concentrated solution (cryopegs) may form.
These areas, despite their relatively small size, can make a significant contribution to
osmotic pressure. This effect can be taken into account using an effective osmotic coefficient,
which can be several times higher than the corresponding coefficient for the thawed domain.
In this regard, the values y s ~ 1 are also considered in [Ramazanov et al., 2023] and in this
article. It should be noted that a more detailed study of the system of equations (4), with
the separation of the boundary layer, allows theoretically calculating the specified effective
osmosis coefficient, but goes beyond the scope of this study.

Figure 5 shows of moisture distribution in % of dry weight for different porous
materials and different parameters. The upper panels present the results of physical
experiments and the lower panels show calculations with the suggested model (4-5; 12-14).
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The mathematical and physical modeling differed in temperature conditions on the top of
the freezing domain: —2°C and —17 °C, respectively. Nevertheless, the theoretical (this
study) and laboratory [Chuvilin, 1999; Chuvilin et al., 1998] results agree both qualitatively
and quantitatively (Figure 5).

Figure 5. Depth-dependent moisture distribution, in % of dry weight W, according to physical
modeling [Chuvilin, 1999] (upper panels) and calculations using equations (4-5, 12-14) of the
suggested model (lower panels). In the experiment, soil samples: polymineral sand (a); polymineral
clay (b); kaolinite clay, at pressures 0.2MPa (c) and 1 MPa (d). Curve 1 — freezing front; 2 and
3 —initial and final moisture distribution in freezing soil, respectively.
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Figure 6. Average moisture expenditure F,, from unfrozen rock to partly frozen domain as a function
of initial salinity C solution NaCl in freezing clay according to experiments (a) and modeling with
suggested equations (b), and dependence of water saturation S and salinity gradient at the freezing
front C’ to salinity C calculated with the suggested model (c, d).
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Depth-dependent moisture distribution patterns in freezing soils, obtained through
mathematical modeling and experiments show the expulsion of pore moisture in wet saline
sand, which is respectively observed as higher moisture contents before the freezing front.
For clay, on the contrary, before the freezing front the moisture content decreases and
in the freezing part it increases. The moisture excess in freezing clay depends on some
soil parameters, including contents of moisture and salts, as well as on the conditions of
freezing.

Figure 6a shows experimental points for moisture flow from unfrozen to partly frozen
domain at different initial NaCl concentrations, from 0 to 1.5 N for two different tempera-
tures [Chuvilin, 1999; Chuvilin et al., 1998]. The respective calculated curves (Figure 6b)
are in good agreement with the experiment results. Note a peak of moisture flow that can
be explained with calculated curves (Figure 6¢, d): the moisture flow driven by osmosis is
proportional to water saturation and to the magnitude of the concentration gradient. As the
initial salinity increases, the former function increases while the latter modulo decreases
(Figure 6¢, d), and their product has a maximum and allows calculating the optimal salt
concentration providing the maximum flow.

Calculations have shown that without the significant role of the osmotic effect, it is
impossible to obtain a close description of the experiments. In [Chuvilin, 1999; Chuvilin
et al., 1998], the important role of advection is noted in physical experiments, partially
shown in Figures 5, 6. This study showed that the driving mechanism of this advection in
the case of the solution being drawn into the frozen part is precisely the osmotic effect.

At the end of this section, we note that under certain conditions, the process under
consideration can lead to the formation of closed “pockets” with brines (cryopegs) in frozen
rocks. A mathematical criterion for their formation based on the proposed model was
obtained in [Ramazanov et al., 2023].

6. Conclusion

The process of freezing of saline soil has been investigated with regard to the osmosis
effect using the previously suggested model [Ramazanov et al., 2023], and an approximate
analytical solution was obtained in the self-similarity formulation. In addition, a direct
numerical solution has been obtained for large numbers of Péclet. The results demonstrate
a good agreement between them.

It has been shown that at high values of the osmotic coefficient in freezing soils,
the pore solution is drawn into the freezing domain from the thawed domain, and at
low values, it is pushed out, on the contrary. The pushing force is due to the fact that
the equilibrium pressure increases with decreasing temperature, as well as the density
difference between water and ice. The modeling results are quite consistent with the data
of physical experiments that clay with a high osmotic coefficient retract saline solutions,
and sand, on the contrary, pushes it out [Chuvilin, 1999; Chuvilin et al., 1998]. The
results of calculations and physical experiments agree both qualitatively and quantitatively,
mainly because the osmotic effect was taken into account: no agreement would be possible
otherwise.

The suggested mathematical model, with regard to osmosis, can explain freezing of
soils as well as the reverse process of permafrost degradation.
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PaccMmaTpuBaioTcst 0COGEHHOCTH MIHEPAIBLHOIO M XUMHUYIECKOrO cocTaBa (IJIaBHbIE IEeTPOTreHHbIE
3JIEMEHTHI) BEH/I-KeMOPUIICKUX NOPOo/J, CHIMMKYHCKOH cBUTHL (V-€1 s), 00HAXKAIOIMXCST Ha 3118/ JHOM
6opTy Bepxue-Kamapckoil rpabeH-CHHKINHAIN Ha [Oro-zamaje AJIJaHCKOro mura. V3ydeHHBIE
[IOPOJIbI — IECYAHUKHU M AJIEBPOJIMTHI, OTHOCATCH K apko3aMm u cybapkosam. Ilo xemoruiy om
OTBEYAIOT IIPEUMYIIECTBEHHO HOPMOCHJIATAM M MUOCHIUTaM. 110 BesiMdnHe IIeJIO9HOIO MOJLYJIst
[IECYAHUKHN U aJIE€BPOJIUTHI SABJIAIOTCH THUIEPKAJIMEBBIMUA U CJIY?KAT JIOBOJIBHO sIDKUM IIPUMEDPOM
HPOJLyKTOB JIOKEMODHIICKOTrO apuiHOro BbhiBeTpuBaHus. O6CyKIaeTcss HOPMATHBHbIA MUHEPAJIbHBII
COCTaB, €r0 BapHalliy, BAJINIHOCTb PACIETOB 0 JAHHBIM IT€TPOrpadUIeCKUX HCCIIEI0BAHMUA, IIPO-
6J1eMBI MCIOJIb30BAHUS KIMMATHIECKUX HHJEKCOB M JINTOXUMHUYIECKUX JHArpPaMM, HAIIPABIEHHbIX
Ha PEKOHCTPYKIMIO KJIMMATHIECKHX IapaMeTPOB I'€0JIOMMYECKOrO IIPOIILJIOro. SHAYEHUST HHIEKCa
xumndeckoit nuamernunsoct CIA (Chemical Index of Alteration) mecuaHHKOB U aJIEBPOJINTOB Ba-
pBUPYIOT OT 49, YTO COOTBETCTBYeT NMPAKTUIEeCKU HEM3MEHEHHOI 1mopoJe, 10 67 (CIACpemme =58).
XapaKkTepHbIe [JIs aJIEBPOJIATOB CHJIMMKYHCKON CBUTBI C BBICOKMM THAPOIU3ATHBIM Momysaem (I'M)
(muocumurer) snauenus CIA (63-67, CIAcpennee = 65) YKA3bIBAIOT Ha JOMUHUPOBAHHE (GUIMTECKOTO
BBIBETPUBaHUSI BO BpeMsi (hOPMUPOBAHNS UCXOJHBIX JIJIst HUX OCaJKOB. He3HaunTebHbIe H3MEHEHMsT
B Besimune CIA 1151 maHHON BBIGODKH CBSI3aHBI, B IIEPBYIO 0YePE/Ib, C BADUAIMSAMU COJIEPXKAHUE
WIJIATHOTO IIEMEHTa ¥ 00JIOMOYHOI'O MYCKOBHTA. 3HAYEHUS] MHJIEKCA XHMMUYECKOTO BBIBETPUBAHUSI
RW (Robust Weathering) Bapbupytorcst ot 37 mo 68 (B cpemmem 0Koyo 57).
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BEH-KEMBPUICKUE NOPOAbl BEPXHE-KAJIAPCKOI 'PABEH-CUHKJ/IMHAJIU IOTA CHBUPCKOI'O KPATOHA:. . . MEPEHKOBA U [P.

KDACHOIIBETHBIX TePPUreHHO-KapOOHATHBIX Topo, [Makapves u dp., 2010]. Henures Ha
IIB€ TAYKNA — HIKHIOIO KPACHOIBETHYIO TEPPUTeHHO-KAPOOHATHYIO, IPEICTABIEHHYIO IIe-
PeCIanBaIONINMUCA KPACHOIIBETHBIMU MECYAHUKAMU, aPTUJIMTAMU, PE¥KE AJEBPOJTUTAME
C CEPOIBETHBIMHU JIOJIOMUTaMU 1 U3BECTHAKaMU, 1 BEPXHIOIO CEPOIBETHYIO, IIPEUMYIIIECTBEHHO
kapbonaruyio (nosomutsl). [To BomopocisM, cTpomMarosmTaM, MUKPODUTOIUTAM U CJIEIAM
[TOJI3aHUsT 1€PBE0OPA3HBIX OPTaHU3MOB OIPEIE/IEH BeH I-HIKHEKeMOPHUIICKUI BO3PACT CBUTHI
[[Tocydapemsennasn 2eonoeuseckas kapma Poccutickot @edepayuu macwmaba 1 : 1 000 000,
nosas cepus, aucm O-(50) 51 u obsacnumenvhasn sanucka, 1998; Joavrux, 2000; Maxa-
poves u dp., 2010]. Ha 110BepXHOCTSIX HAIJIACTOBAHMS BCTPEYAIOTCS XOPOIIO COXPAHUBIIAECS
BOJTHOBasl Psibb U TIIUITOMOP(O3bI rajuTa. 11opoasl CBUTHI (hOPMUPOBAJIUCH B MEJIKOBOJIHBIX
Mopckux ycnosusix [[lazomos u Bapabawesa, 1990].

Ilenpro paboOTHI SIBASIOCH U3yUE€HNE MIHEPAJIHLHOTO COCTaBa M OCODEHHOCTEN pacipe-
JIeJIEHUS] TJIABHBIX METPOTEHHBIX 3JEMEHTOB B IMECYAHUKAX U AJEBPOJIUTAX CHUJINMKYHCKOMN
cBuThl. Ha ocHOBe MMeIOMUXCS JINTOJIOINYECKUX, MeTPOrpaduiecKnX U I'eOXUMUYECKUX
JAHHBIX PACCMOTPEHO B3aUMOOTHOIIEHUE JINTO-, IIETPO- M XEMOTHIIOB UCCIEIYEMBIX IIOPO/T,
a TakKe 00CYKJIAIOTCs OT/e/IbHbIE ACIIEKThI IPUMEHEHUsI WHIEKCOB BhIBETPUBAHUSI.

MaTepI/Ia.TIbI 1 METO/bI NCCJIeJOBaHUA

Tlecyanvky CUJIMMKYHCKOIl CBUTBI U3 HUXKHEl KPaCHOIBETHOMN IOJICBUTHI OTOODaHBI
B. FO. Bo/oB030BBIM C II€JIbIO TIAJIEOMArHUTHOIO aHAJIN3a, 00PE3KU STUX 00Pa3I0B MTOC/IY KK~
JIX KCXOJIHBIM MaTEPUAJIOM JJIsl HACTOAINX uccyieoBanuii. OTGop MpoBOIUIICS U3 OTAEIHHBIX
Touek-caitToB. MomHocTh cBUTHI B paspese Ha Oepery p. Kemen cocrasisier 283 M, moJiHast
MommHOCTh Tipesbimaer 300 M (0 JTUTEPATYPHBIM JaHHBIM [[0cydapemeentas 2e0402Uuneckas
kapma Poccutickot @edepayuu, 2004]). Obuarxkenue 4-1 ¢ BUAMMON MOIIHOCTBIO 6 M pacIo-
JIOXKEeHO B noiime pyubs Kusibaepuc (sesbiii npurok p. Yuna), obunaxkenus 9 u 10, kaxkgoe
MorHOCThIO 15—20 M, pacnosioxkensl B 9 kM Kk CB or 4-1 B BepxHeMm Teuenun p. Kemen
(puc. 1), paccrosuue mexay obnaxkenusymu 9 u 10-300 m. ITo pacnosoxenuio Toyek orbopa
OTHOCHUTEJIbHO KOHTAKTa C HIKeJIeXKAIEH 0apaKCaHCKON CBUTOM MOXKHO OIPEJIEIUTH OTHO-
CUTEJIbHYIO BO3PACTHYIO IOCJIE0BATE/IBHOCTD U3YUYEeHHBIX OTJIOXKEHUI: Haubojiee JpeBHUMUI
ABJISIOTCS TOPObI oOHaXKeHus 9, 3aTeMm 10 U BbIIIe 3aJeraioT IOpoAsl obHaxKeHus 4-1.

Jtst onpeiesieHns XUMIUIECKOT0 COCTaBa P00 MCIIOIB30BAH PEHTTEHOMIYOPECIIEHT-
HBII BOJIHOMCIIEpCHOHHDIH ciiekTpoMerp Axios Advanced (PANalytical B. V., Tomnanus).
Penrrenoduyopecuentnsiit ananus (POA) Boimosnen B jgaboparopuu METOIOB HCCIIE0-
Banud u anajusa BeriectB u MarepuajoB 'EOXU PAH (anamuruku T. I'. Kyspbmuna,
T. B. Pomamosa, 1. B. XoxjioBa).

Ha ocnose pesyibraroB POA BBINOIHEH pacyeT HOPMATUBHOIO MHUHEPAJBHOIO COCTABA
¢ upumenenuem nporpaMmmbl MINLITH [Posen u dp., 2000; Rosen et al., 2004]. Omubka
Berancyiennii o mporpamme MINLITH nyist GonbmmeCTBa CIydaeB HAXOIUTCHA B Mpee-
Jgax 5-15 oTH.%, U TOJILKO IPH CONEP:KAHUAX MHHepasa MeHee 5 mac.%, oHa jlocTUraeT
60-70 oru.% [Posen u A66acos, 2003]. Tlo 3Toit IpUYIMHE B TEKYIIEM UCCIEIOBAHUN PAC-
CMAaTPUBAIOTCS JAHHBIE IO HAMOOJIee 3HAYAMBIM B IIPOIEHTHOM OTHOIIEHUN COIEPXKAHUSIM
MHUHEPAJIOB, 9TO, JaxKe C MOIPABKOI Ha BBINIEYKA3aHHYIO OIIUOKY, MO3BOJISIET CYAUTh 00
ONPENIEJIEHHBIX U3MEHEHUIX B COCTaBe IIOPO/I.

Meronudeckre acneKThbl, CBS3aHHBIE ¢ PACYETOM HMHJIEKCA XUMUIECKON N3MEHINBOCTU
CIA (Chemical Index of Alteration), nanekca xuMudeckoro soiBerpuanns RW (Robust
Weathering) u rerpasmpudeckoro npocrparcrsa A —CN—-K—FM noxpo6Ho npescraBieHst
B [Babechuk and Fedo, 2023; Fedo and Babechuk, 2023] u pazznesne «O6cyzkiennes HacTosIIed
paboTHI.

PesynbraTst

ConeprkaHne NeTPOTreHHbIX OKCHJIOB IPUBEJEeHBI B Ta0s1. 1. I n3ydaeMbIX HOPOJ
(ecYaHWKOB M aJIeBPOJIUTOB) CHUJIMMKYHCKON CBUTBI XapaKTepHbl cojepKanust SiOo 50—
77% (B cpemmem 62,5%), AlpO3 4-10% (B cpemnem 7%), KoO 3-5%, FeaO3(total) 10 6%,
MgO o 8%. Conepxanue CaO Bapbupyer ot 2 10 8% (B cpenuem 5,6%). Counepkanne
NayO — 0,17-0,29%. P2Os5 B cpeanem cocrasasier 0,11%, MnO — 0,1%, TiO5 — 0,53%. Ha

Russ. J. Earth. Sci. 2024, 24, ES4009, https://doi.org/10.2205/2024es000923 2 of 14


https://doi.org/10.2205/2024es000923

BEH/’IL—KEMBPI/II;ICKI/IE ITIOPO/bI BEPXHE-KA/IAPCKOI I'PABEH-CUHKJ/IUHAJIM IOTA CUBUPCKOT'O KPATOHA:. . . MEPEHKOBA U Ap.

OCHOBE COJIepzKaHUsI IJIaBHBIX IIETPOTE€HHBIX OKCHJIOB JlaJlee BBITIOJHEH pacieT HOPMaTHUBHOTO
MUIHEPAJIbHOTO COCTaBa, a TAKKe 00CYKIAEMbIX WHJIEKCOB U MOJTYJIEH.

B - G >
B s o s

Puc. 1. ITosorkeHne nUCCIeIOBAHHBIX ABTOPAMU BBIXOJIOB IIOPO/|, CHIIMMKYHCKOM cBuTHI 110 ([Locy-

dapcmeennan zeonoeuveckan kapma Poccutickot @edepayuu, 2004], ¢ namenenusimu). 1 — Metao-
CaJIOYHbIE TTOPObI YAOKAHCKOT'O KOMILIEKCA HIMXKHETO IPOTEPO30s; 2 — IPAHUTOUIBI KOJAPCKOrO
KOMIIJIEKCA HUKHErO0 IIPOTEPO30s; 3 — rabopouIbl YNMHEHCKOr0 KOMILJIEKCA HUYKHETO IIPOTEPO30sd;
4, 5 — rab6bpPOIOJIEPUTHI JOPOCCKOTO KOMILIEKCA HUZKHETO NPOTEepo30sa (4 — maiikm J07epuTos,
5 — cusutel rab6poosiepuToB); 6, 7 — TeppUreHHO-KapOOHATHBIE TOPOJIbI BEPXHEKAJIAPCKON Cepun
(6 — Gapaxcanckasi cBUTA BeHJa, 7 — CHJIMMKYHCKAasl CBUTA BEHJA — HUXKHErO KeMbpus); 8 — BepxHe-

IOPCKHE TEPPUTeHHBIE IIOPOIBI YEITNHCKOM CBUTHI; 9 — YeTBEPTHYHBIE OTJIOZKEHUS.

Ilerporpadudeckme ucciemoBanusa B nutmgax

Wcciteryemble mOpoJibl CUIMMKYHCKON CBHUTBI IIPEJICTABJICHBI TIECIAHUKAMU MEJIKO-
TOHKO3EPHUCTBIME (C [IPUMECHIO CPEIHENECYAHOI0 MaTepuasa U €IUHUYHBIMU 3ePHAMU
KPYIHOIIECYAHOI pa3sMepHOCTH) U mHuCThiMu ajeBpojuramu. Cocras: kBapi (70-75%),
nosiessle 1marhl (ITHT) (20-27%, npeacraBieHbl KAJIUeBBIMU HOJEBBIME [IIIATAMY U ILIATHO-
kiazamn). JIutoknacts (10 5%). Cpesm HUX TPUCYTCTBYIOT OOJIOMKHI BYJIKAHATOB W METa-
MOPGMUIECKUX TTOPOJT. MarMarndecKkne mopo/Ibl MPEICTABICHBl M3MEHEHHBIMHI 00JIOMKAMM
TPAHUTOUJIOB, & TaKKe KUCJBIX 3DdY3nBOB ¢ adUPOBOil CTPYKTYPOIi, B COCTaBé KOTOPBIX
HabJIIOJIAeTCsT KBapIl, TOHKHE KBapIEBO-IIOJIEBOIIIATOBBIE CPOCTKU U PYJIHBIE MUHEDAJIBI.
Ocajiounble TTOpoJIbl TPUCYTCTBYIOT B obpasnax 4-1-10, 9-7, 10-6, 10-9 u upescraBieHbr
KPYITHO3EPHUCTBIMUA OOJIOMKAMY APTUJIINTOB, & B 10-9 — Tak»Ke IIMHUCTHIX U3BECTHSIKOB
(u3BecTKOBBIX apruyuToB). Cpean 06I0MKOB MeTaMOPGMUIECKUX TOPOJ] HAGJIIOIAITCS
[I0JIyOKATAHHbIE KBAPLIUTHI ¢ MUKPOrPaHOO/IacTOBON cTpyKTypoiil. Citoip! (e JMHUYHbIE UYe-
miyiiku) — GHOTUT U, pexke, MyCKOBUT. TsizKeJIble aKIeCCOPUU — eJIMHUYHbIE U3MEHEHHDIE
(ceprieHTHHN3NPOBAHHBIE) TMPOKCEHBI, eIMHIIHBIE CEHBI, IMPKOHBI. B OT/IebHBIX 06pasiax
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IPHUCYTCTBYET CTABPOJIAT. 11peobJ1a1aeT MOPOBhIi TOHKOKPUCTAUINIECKHA JI0JJOMATOBBIA
uement (ot 7 mo 20%); Tak:ke DUKCUPYIOTCS: IUICHOYHbIH MJIMT-IEMATUTOBBIA [eMeHT (110
7%) 1 pereHeparoOHHbI KBaPIEBbI U MOJIEBOIIIATOBLIH emeHTsl (1-3%).

Tabimuma 1. XuMudecKuil cocTaB MOPOJ CUIIMMKYHCKOH cBUTHI (Mac.%)

O6paser, SiO9g TiO2  AlpO3 FepO3  MnO MgO CaO NaoO K20 PoOs  IIIIIT* by

4-1-1 66,49 0,48 8,84 3,16 0,09 5,66 3,61 0,26 4,16 0,10 7,25 100,10
4-1-2 69,11 0,39 6,62 2,03 0,15 5,08 4,70 0,26 3,79 0,08 7,94 100,14
4-1-3 61,71 0,70 9,44 3,52 0,11 6,53 4,32 0,24 4,34 0,14 9,03 100,08
4-1-4 55,50 0,62 9,20 3,96 0,12 7.81 6,19 0,21 4,05 013 1242 100,21
4-1-6 (a) 53,33 0,69 10,10 4,91 0,12 8,18 5,83 0,2 4,03 0,13 12,63 100,15
4-1-7 (a) 71,33 0,36 6,69 2,30 0,10 4,91 3,82 0,24 3,66 0,07 6,7 100,17
4-1-8 (a) 58,84 0,58 8,18 3,61 0,12 7,24 6,03 0,18 3,90 0,12 11,34 100,14
4-1-9 (a) 53,39 0,67 8,91 4,46 0,11 7,71 6,93 0,19 3,89 0,13 13,86 100,24
4-1-10 67,94 0,25 5,43 2,00 0,13 5,22 5,86 0,23 526 0,06 9,65 100,10
4-1-11 53,80 0,68 7,91 4,25 0,13 7,62 7,49 0,18 3,67 0,13 14,43 100,27
4-1-13 (a) 51,85 0,69 8,95 4,92 0,11 7,92 7,08 0,17 3,93 0,12 14,49 100,22
4-1-14 71,78 0,35 6,71 2,51 0,09 4,86 3,47 0,23 3,76 0,08 6,35 100,18
4-1-15 (a) 60,88 0,88 10,37 5,84 0,07 6,24 3,12 0,21 4,69 0,17 7,43 99,89
4-1-17 60,49 0,51 6,07 2,56 0,15 6,50 7,23 0,2 3,51 012 12,74 100,09
4-1-18 53,02 0,64 7,54 4,17 0,13 7,73 7,79 0,18 3,81 0,13 15 100,15
4-1-19 (a) 56,36 0,79 9,81 5,44 0,10 7,35 5,02 0,19 4,51 0,17 10,56 100,29
4-1-20 (a) 55,17 0,66 9,41 5,47 0,11 7,52 5,66 0,19 4,21 0,12 11,66 100,19
4121 (a) 50,17 0,59 9,20 5,20 0,12 8,41 7,19 0,19 4,08 0,11 14,98 100,23
9-1 62,99 0,39 4,53 1,66 0,10 5,84 8,00 0,22 3,34 0,06 12,82 99,95
9-3 65,83 0,41 4,63 1,48 0,10 5,18 6,94 0,22 3,27 0,09 11,95 100,09
9-7 72,48 0,63 6,10 1,96 0,07 3,26 4,00 0,27 4,42 0,10 6,93 100,22
9-14 71,55 0,15 4,22 1,21 0,09 4,07 5,97 0,29 3,29 0,05 9,23 100,12
9-15 70,92 0,61 6,08 1,75 0,08 3,63 4,52 0,29 4,45 0,08 7,88 100,29
10-4 7401 0,27 5,01 1,95 0,10 3,06 3,75 0,23 3,90 0,05 788 100,21
10-5 68,03 0,38 6,07 1,67 0,08 4,54 5,42 0,24 4,43 0,08 9,23 100,17
10-6 77,13 0,57 6,80 1,86 0,03 2,05 2,20 0,25 5,42 0,09 3,85 100,24
10-9 67,43 0,40 6,27 2,15 0,08 4,71 5,20 0,21 4,57 0,08 9,08 100,17
10-11 54,67 0,33 6,80 2,90 0,11 7,45 8,19 0,17 4,24 0,08 1515 100,09
10-13 60,01 0,58 7,76 3,83 0,09 6,31 5,79 0,18 4,83 0,15 10,68 100,21
10-15 59,76 0,58 8,18 4,35 0,08 6,60 5,37 0,17 4,64 0,15 10,39 100,27

Ipumenanue. *TIIII — norepu Npu NpPOKAJUBAHUU. 34eCh M Jajee B Tabiumax (a) 0603HAYAET AJEBPOJIMTBI, HE OTMEYEHHBIE OOPA3Ibl —

IIeCYaHHuKHU.

HopmaruBHbIii MUHEpPAJIbHBIA cocTaB. MuHepaJbHBIA COCTaB IOPO, PACCUUTAHHLIA II0
meroxy O. M. Posena [Posen u dp., 2000; Rosen et al., 2004], upencrasies B tadi. 2.
CorJiacHO HOPMATUBHOMY pacueTy, IIopoAbl cojpepzkar or 29 mo 58% xsapna, 13-33% noJieBbix
[IIIATOB, IJIMHUCTBIE MUHEPAJIbl (MJLUT) B cpeaHeM cocrasisaior 11% (Munumym — meHee
1%, makcumym 24%). Conepxkanue gosomura nocruraer 27% (B cpennem 18%).

IIpu cpaBHEeHUE PE3YJIBTATOB HOPMATUBHBIX PACYETOB M I1eTPOrpadUIecKoro n3yde-
HEsA B nuindax o0HapyrKeHbl BasKHbIE€ MOMEHTHI, KOTOPbIE HEOOXOAUMO NMETh B BUIY IIpU
JaJibHeinel nHTepIpeTaiu.

IIpu HOpMATUBHOM pacyeTe 3aBBIIIEHO OTHOCUTEIBHO PE3YJIbTATOB IIeTPOrpapuIecKoro
HM3YyYEHHs COJEPyKAHUE OPTOKJIA3a, YTO CBA3aHO C OTCYTCTBUEM BO3MOXKHOCTH Pa3Ie/UTh
OPTOKJIA3 U MUKPOKJINH. [103TOMY pacueTHbIe 3HAYEHUsI OPTOKJIA3a B JAHHOM CJIydae CKopee
CyMMAapHOE COJIEPYKAHUE IIOJIEBBIX IIIATOB.
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Tabsmna 2. HopmaruBHBIA MUHEPaJIbHBIN COCTaB IOPO/] CUJIMMKYHCKOM CBUTBI

O6paszers Ab An Pl Or Q I Ap Dl Ank Srp Gt Prl Pr Rt
4-1-1 2,22 024 246 1548 44,6 16,97 023 11,43 0 542 28 011 001 048
4-1-2 204 022 226 16,19 528 995 017 1214 0 380 212 012 001 0,36
4-1-3 1,54 0,16 1,7 14,54 38,7 16,01 0,3 19,43 0 5,2 3,33 0,14 0,04 0,59
4-1-4 2,21 0,23 2,44 1754 50,46 8,85 0,19 14,98 0 3,09 1,87 0,18 0,01 0,39
4-1-6 (a) 2,07 0,22 2,29 15,55 38,87 19,1 0,35 13,67 0 6,17 3,14 0,14 0,01 0,71
4-1-7 (a) 1,81 0,19 2 13,52 33,97 19,71 0,31 20,09 0 5,98 3,61 0,15 0,02 0,63
418 (a) 1,74 0,18 1,92 11,17 31,04 2409 031 19 0 707 455 0,15 0 0,71
419 (a) 1,64 017 1,81 1275 33,29 1941 031 22,6 0 478 422 0,13 0 0,69
4-1-10 1,95 0,21 2,16 16,34 52,18 6,05 0,15 18,91 0 1,83 1,96 0,16 0,01 0,25
4-1-11 1,55 0,17 1,72 13,21 35,38 16,06 0,32 24,41 0 3,95 4,11 0,15 0 0,69
4-1-13 (a) 1,48 0,16 1,64 1297 31,69 19,63 0,3 23,22 0 4,98 4,75 0,13 0 0,71
4-1-14 1,96 021 217 17 5285 9,66 0,19 10,99 0 43 237 011 001 035
4-1-15 (a) 1,8 0,19 1,99 16,21 36,08 21,86 0,41 9,59 0 7,21 5,66 0,08 0 0,9
4-1-17 1,71 0,18 1,89 16,4 44,056 8,31 0,3 23,38 0 2,44 2,5 0,18 0,03 0,52
4-1-18 1,56 0,17 1,73 15,44 3447 13,74 0,32 2548 0 3,87 4,14 0,16 0 0,66
4-1-19 (a) 1,64 0,17 1,81 15,88 32,63 20,38 042 1594 0 6,75 5,27 0,12 0 0,8
4120 (a) 1,64 017 1,81 143 32,97 20,05 03 1832 0 613 532 0,13 0 0,68
4-1-21 (a) 1,65 0,18 1,83 13,75 2892 19,94 0,28 23,68 0 5,78 5,07 0,15 0 0,61
9-1 1,87 0,2 2,07 18,64 48,56 2,1 0,14 2597 0 0,26 1,76 0,12 0 0,39
9-3 1,88 0,2 2,08 1794 51,83 2,89 0,21 22,53 0 0,46 1,53 0,12 0,01 0,41
9-7 2,29 0,24 2,53 24,35 53,23 3,44 0,23 12,62 0 0,84 2,04 0,08 0 0,63
9-14 245 026 271 192 5699 038 011 1853 0,83 0 098 0,11 001 0,15
9-15 2,47 0,26 2,73 24,74 51,54 3,06 0,2 14,39 0 0,83 1,82 0,09 0 0,61
10-4 1,98 021 219 2266 5804 148 013 12,17 0 08 214 0,12 0 0,27
10-5 2,04 0,22 2,26 24,39 48,74 3,52 0,19 1745 0 1,27 1,71 0,09 0 0,38
10-6 2,12 0,23 2,35 31,02 54,16 1,94 0,2 6,72 0 1,02 1,99 0,03 0 0,57
10-9 1,79 0,19 1,98 2498 47,49 402 02 1672 0 1,9 223 0,09 0 0,4
10-11 1,47 0,16 1,63 20,89 35,63 8,4 0,2 27 0 2,86 2,92 0,13 0 0,34
10-13 1,54 0,16 1,7 23,57 37,59 9,66 0,37 18,48 0 4,04 3,89 0,11 0 0,58
10-15 1,46 0,16 1,62 20,84 37,35 12,58 0,37 17,14 0 5,06 4,36 0,1 0 0,59

Ipumenarue. Ab — ansbur, An — anoprut, Pl — miarnoknas, Or — oprokisas, Q — KBapil, MuHEpaJbl KpeMue3ema, 11l — wmur, Ap — anarwur,

D1 — nonomut, Ank — ankeput, Srp — cepuentut, Gt — rérut, Prl — nmupomosut., Pr — nuput, Rt — pytun. Ilpu conepkanusix MuHEpaJa MeHee

5 mac.%, ommbka pocruraer 6070 otn.% [Posen u A66scos, 2003].

[IpescraBisieTcs HECKOIBKO 3aBBINMEHHBIM KOJUIECTBO WIJUTA TPH HOPMATUBHOM Pac-
gere. DTO CBA3AHO, [O-BUIUMOMY, C [OMAJAHUEM B €r0 PACYETHOE KOJMIECTBO MYCKOBUTA.
Wnnur 1 MyCKOBUT — CJIOUCTBIE CUJIUKATHI, IIPUYEM WLIAT YaCTO SIBJIAETCH MPOLYKTOM
rujiposin3a Myckosuta. [losroMy B TaHHOM Cilydae KOJMYIEeCTBEHHBIE 3HAYEHUS [0 COMIEPIKa-
HUIO WJIJTUTA TpaBUjibHee Oy/IeT HA3BATh KOJMIECTBOM CJIOUCTBIX CUIUKATOB. [Ipobiemoit
SIBJISIETCS TO, UTO WJLJINT HAXOJWTCSI B COCTABE IEMEHTA, a MYCKOBUT — B OOJIOMOYHON YacTH,
1 o0beuHeHne UX B OOIIYIO BEJUINHY HE sIBJISeTCS WH(POPMATHUBHBIM.

Crour ormerutrs, 9ro panee, nupu cpasaeanu MINLITH u Mincomp [Regelink, 2014],
Tak>Ke OBbLJI0 OOHAPYKEHO MOBBIIIEHHOe KojamdecTBO myjuta npu pacdere B MINLITH.
Agtop [Regelink, 2014] ykasbiBaeT Kak IPUYAHBI CJeLyOIee: 1) pasHUIA PACIpe/eIeHun
KaJusl MeXKJ[y Pa3jMYHbIMU MUHEpajaMu (MJLIUT, MyCKOBUT, OPTOKJIA30M); 2) pasJjundue
B MOJIEKYJIIpHOU (opmysie miuiuTa, T.K. paspaborauku MINLITH [Rosen et al., 2004]
BKJIFOYAIOT B HEIO TAKXKe KeJIe30 U MArHuil, B Pe3yJIbTaTe Jero MOJIsipHasl Macca MUHepaJa
3HAYUTEIHLHO YBEJININBACTCS.

IIpu a3TOM pacdéTHOE KOJTMIECTBO JTOJIOMUTA COOTBETCTBYET (DAKTUIECKOMY.
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Ob6cyxnenue
B3zaumooTHOIIIEHUE JINTO-, IETPO- U X€MOTHUIIOB

B cooTBercTBuu ¢ pesyabrataMu u3ydeHns B Mandax 1 IM0J0KEeHHeM TOYeK COCTaBOB Ha,
kiaccudukanuonnoil auarpamme log(NagO/KoO) — log(SiO2/AlsO3) [[Temmudocon u dp.,
1976], mecuanuKu CUIIMMKYHCKON CBUTBI OTHOCATCS K apKo3aMm u cybapkozam (puc. 2).

Puc. 2. Knaccudukanponnas guarpamma [[Iemmudoicor u dp., 1976 mJ1s Iec4aHUKOB M AJI€BPOJIATOB
CUJTUMKYHCKOI CBUTHI. 1 — obHakenue 4-1, 2 — obHaxkenme 9, 3 — obHaxkenne 10, KpeCTOM OTMEYEHBI

aJIEBPOJIUTHI.

Ha ocHoBe meTpoxuMudecKnx MOJLyJIeil BO3MOXKHO IIPOU3BECTH JIEJICHNE ITOPOJ] HA XEMO-
tunel. I'uaposnusarasii Mogyns (I'M) npennasnaden st KOJIMYECTBEHHO OIEHKH BBIIIE-
JlaunBaHus U ruzgposmsa. Ha ero ocnoBe nopojsl moapasieisorces Ha cuiatsl (I'M < 0, 3),
cunanuTsl 1 cudepautel (I'M = 0,31-0,55), ruaposmsarsr (I'M > 0,55) [FOdosuw u Kempuc,
2000]. MsyuaeMble IECUAHUKA U AJIEBPOJMTHI CHIIMMKYHCKOM CBUTBI OTHOCSITCS K XEMOTHITY
cuiutel (puc. 3A, B). Io sBesmaune MgO > 3% usygaemble nOpobl, COrIAcHO Kiaccudu-
KAIWH, JIOJIYKHBI OBITh OTHECEHBI K IICEBIIOCUINTAaM. B ICeBIocmmTax u MCeBIOCHaLIATAX
HOCHUTEJIEM MATHUsI SIBJISIETCs] XJIOPUT, MOHTMOPWIIIIOHUT min 6uortutr [FOdosuw u Kempuc,
2000]. B mamem cirydae JOCTOBEPHO U3BECTHO, YTO 33 BBICOKYIO MATHE3MAJIBHOCTH OTBEYAET
JIOJIOMUT ¥ OTHECEHHE K [CEeBJIOCHINTAM HEKOPPEKTHO.

CoBCTBEHHO CUJIUTHI TTOJIPA3IEIISIIOTCS Ha, KJIACCHI — TUIIEPCUIIUTDI, CYIIEPCHIINTDI, HOP-
MOCHIATHL 1 MUOCWIHTHI | FOdosuy u Kempue, 2000|. Vsyvaembie IOPOAbI CUIMMKYHCKOI
CBUTBI OTHOCSTCSI, B OOJIBIIIMHCTBE CBOEM, K HOpMO- (1 = 15) u Muocusiuram (1 =13), 2 06-
pasia otHocATCs K cynepcmmraM. CynepcnnTsl oTandaioT 3Hadenust ['M B unTepBase oT
0,06 mo 0,10. st m3ygaeMbIXx HOPO/I, ATTECTOBAHHBIX KaK CYHIEPCUJIUTHI, XapAKTEPHA ITOBBI-
nieHHast (OTHOCUTEIBHO JAPYIUX 0OPa3oB) BeJIMYUHa MOJLYJIsl HODMUPOBAHHOM MEJOYHOCTH
(HKM) — 0,83-0,85, ur0 00yCJIOBIEHO BBICOKHM COJIEPYKAHIEM IOJIEBBIX INNATOB. TakKe
B 9TuX 0o6pasnax HabiogaeTcs HanboJIbInee KoandecTso KBapna (57-58%), 4ro xapakTepHO
1T CyTePCUJIATOB.

K mopMocmmram otHOCaT mopojs! ¢ Beqmanaoit I'M 0,11-0,2. B aTtot kacc BXoadaT
[PEMMYIIECTBEHHO Ttecyannukn (1 = 14) u ofiUH aJeBpOJIUT ¢ HOPMATUBHBIM COJIEPIKAHUEM
0JIeBBIX IImaToB oT 16 (B amesposure) mo 33%. KosaudecTBo riIMHUCTO-CIIOUCTOlN HacTH
Bapbupyercs oT 2 10 25%.
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Hnsg muocunuros 3uadeHus: I'M maxomarcsa B amamazone 0,21-0,3. K muocumuram
OTHOCATCS IIOPOBI € MOBBIIIEHHOHN J0JIeil [I0JIeBOMIIIATOBOIO U /WU [JIMHUCTO-CIIIOUCTOrO
marepuasia [FOdosuy u Kempuc, 2000]. Cpenn uccieyeMbIx MOPOJL, CHIIMMKYHCKOIN CBUTBI Kak
MMOCHJIATBI ATTECTYIOTCS aJIeBPOJATHI (11 = 8) U HEKOTODbIE NecuaHuKu (1 =5), B KOTOPBIX
pasuuna Mexay kosmaecrsoM [T u rimHucTo-conoaucTbix Munepaios 1-8% (coneprkanue
15-22% u 12-21% cooTBETCTBEHHO, COrIACHO HOPMATHUBHOMY PACUETY ).

ITo Besmunne menoaroro Moysst (IIIM) usydaemble CHIIUTHI SBJISTIOTCS] THNEPKAJIU-
espivu (I1IM, 0,04-0,09, NayO + K50 ot 3,5 mo 5,7%). Ilo muenuto . . FOnosuua
u M. II. Kerpuc [FOdosuw u Kempuc, 2000], Takue o6pa3oBaHus KaK IIEJOYHbIE CUJIATHI,
SABJISIIOTCS XaPaKTEPHBIM IIPOJLYKTOM JOKEMOPHUICKOIO apuHOTO BhIBETPUBAHUSI.

Benuuanna turanosoro mozyust (TM, TiOo / AlyOg) naxomurest B upegenax 0,035-0,1
(B cpemem 0,07), xxesesnoro (2KM, (FegOg + FeO 4+ MnO) / (TiOg + AlsO3)) — ot 0,26 10
0,55 (B cpeanem 0,4). Koppessinuss TUTAHOBOrO U KeJIE3HOIO MojyJeil orcyrerByer (puc. 3).
Besmauuer Motysieit Jijist HCcie[yeMbIX MOPOJL, IO XeMOTHIIAM [IPEJICTABIEHBI B Ta0u1. 3. Pemu-
geckuit Moxyib (OM, (FeaOg + FeO + MnO + MgO) /SiOg) miisa mopoj He paccuuThIBAIICS
U3-32 BBICOKOI'O COJEPIKAHUST JTOJIOMUTA.

Puc. 3. Moxynbuble quarpammsl 1o [fOdosuy u Kempuc, 2000] miist 1opos, CUIMMKYHCKON CBUTBL.
VcemoBHble 0bo3HaueHus: 4-1 — obHarkeHue B motiMe pyubst Kuasaepuc, 9 u 10 — obHaKeHUsT B BEpXHEM

TE€4YCeHUU pP. I{eMeH7 KpeCcTOM OTME4Y€HbI aJIEBPOJIUTHI.

Ta6muua 3. Xemoruust 110 [fOdosun u Kempuc, 2000] 1151 HECYAHUKOB U AJIEBDUTOB CHJIMMKYHCKOMN

CBUTBI
Kirace I'M ™ KM HKM M
MuocumnTsl 0,21-0,30 0,06-0,09 0,36-0,55 0,42-0,59 0,04-0,06
HopmocnmuTer 0,11-0,20 0,05-0,10 0,26-0,47 0,50-0,83 0,04-0,07
CynepcuauTer 0,08-0,10 0,04-0,05 0,30-0,39 0,83-0,85 0,06-0,09
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MI/IHepaJIOI'PIH U AuarHoCTukKa Tulla BbIBEeTpUBaHUA

Uzydenne BBIBETPUBAHUS, €rO TUIA, XapaKTepa U JUHAMUKH, SIBJISETCA OJHAM U3 KJIIO-
YEBBIX MHCTPYMEHTOB JIJIsl TIOHUMAHUST KJIMMATHIECKUX YCJIOBHUI B M€OJIOTHIECKOM TPOIILIOM.
XuMudeckoe BHIBETPUBAHIE OKA3BIBAET CUJILHOE BJIMSTHUE HA YTJIEPOIHBIN UK/, VIABIABAS
aTMOCQEpPHBI yTJIepo] B BHUJE PACTBOPEHHBIX IIPOILYKTOB M3MEHEHUS CUJIMKATOB, [IEPEHOCH-
MBIX BOJIHBIMU TIOTOKAMH B OKeaH. llepBUYHAS TPOJIyKITHST «3aIyCKAETCI» MTUTATEIbHBIMU
semecrBamu (C, Si; P, N, Ca), koropble 00pa3yiorcs B pe3yibraTe KOHTHHEHTAJILHOIO
BoiBeTpuBanus |Lécuyer, 2016].

Jlo HaCTOSIIEro BpeMeHH HMCCJIEI0BATE/M COBEPIIEHCTBYIOT CIIOCOOBI OIIEHKH BO3JIeii-
CTBHS HA MTOPOJbI BHIBETPUBAHUSI, [TOCJIELYIONET0 TPEeOOPA30BaHUs U BapUAIUil COCTaBa
OPOJ, UCTOYHUKA, CHOCA, UCKAYKAIONIUX TTaJICOKTUMATHIECKIE PEKOHCTPYKImu. [locie mupo-
KOO BHEJIpEHHUs B Hay4IHyto npakTuky nHjuekca CIA [Nesbitt and Young, 1982], BosHukia
HEOOXOIMMOCTh KOPPEKITUH 9TOTO [OKA3aTe sl BBUJLY BJIMSTHUAS HA HETO COCTABA MATEPUHCKUX
nopoy, (manpumep, [Lo et al., 2017]), adbdekra copTupoBKH, AUareHe3a U METACOMATO3a
[Fedo et al., 1995; Guo et al., 2018]. Takke orpanndennem CIA siBisieTcst TO, 4TO OH He y4n-
TeIBaeT posib Madbuueckux (OJMBUH, THPOKCEH, aMbub0J1, GHOTUT) U BTOPUIHBIX [VIMHUCTHIX
MUHEPAJIOB (HAIpUMeD, CMEKTUT, BEDMUKYJIUT, XJIOPUT) B 0DIIeM cocTaBe POPMUPYEMbIX
TePPUIeHHBIX 0CaI0UHBIX T0poJ [Fedo and Babechuk, 2023].

JIoruvHBIM CJIEYIONUM [IArOM CTaJl IIEPEBOJ] TPEHJIOB BHIBETPUBAHUS B JBYMEPHOE
MIPOCTPAHCTBO IIyTeM MOCTPOEHUS TPOUHBIX JuarpaMM. Tako#l THI auarpaMM paciiupul
BO3MOXKHOCTH KOJIMYIE€CTBEHHOI'O COITOCTABJIEHNUsI JJAHHBIX 110 TEPPUTEHHBIM [TOPOJIAM, a TaKKe
[IO3BOJINJI CPABHUBATDH IMIIMPUICCKNAE XUMUUIECKUE TPEHIbI ¢ IPOrHO3UPYEMBIMHI JIJIsi BHIBET-
puBanus. C nomorpio npoekiun B cucreme AloOg — (CaO* + NagO) — KoO (A-CN-K) o
pa3HUIlEe MEXKIy COCTABOM OTJIOKEHUI U MPOTHO3UPYEMBIM TPEHJIOM BLIBETPUBAHUS CTAJIO
BO3MOXKHO BBIONHUTE nonpasky CIA [Fedo et al., 1995].

Baknbrit acrrekt kak CIA, Tak u TPOWHBIX JHArDAMM — BJIUsTHUE HAJMYIUS KAJBIATA,
armaTuTa, OHOPEHHONO KPEMHE3eMa U JIUAT€HETUIECKOr0 KPEeMHEBOTO IIEMEHTa B TOPOJIE.
ITpu pacuere/OCTPOEHNY BBINIECYKA3AHHBIX UHIEKCOB HeoOxoauM Hekapbonarubiii CaO*,
KOTODBIif HEPEJKO MOXKHO OIEHUTH TOJIHKO KOCBEHHO B HOraThIX KApOOHATAME T€PPUTEHHBIX
nopozax. [IpenBapurenpaast 06paboTka 00pa3IOB COJISTHON KUCIOTOM [IJIsi YyCTPAHEHUsT Kap-
OOHATOB HECET CBOM PUCKHU — HAIIPUMEP, PACTBOPEHUE HEKOTOPBIX TJIMHUCTHIX MUHEPAJIOB.
MO2KHO BBITIOJIHUTB MOTPABKY Ha OCHOBe m3MepeHHbIX cojepxkanuii COg u PoO5. Ecim
nanabix 10 CO9 Her, TO BHOCAT MPHUOIM3UTEIHHBIE TOMPABKHU, MPUHAB PAIMOHAILHBIE COOT-
nomenust Ca/Na B cuukaraom marepuasie [McLennan, 1993]. Eciu nocie KOppeKTUPOBKY
Ha P9Op5 ocraBimeecst KosmaecTBo Mouteil Menbire, deM y NagO, ero npuHIMAIOT 3a 3HAYEHIE
CaO*. B nporusaom ciaygae CaO* npunumMaerca paBHbIM NagO. DTOT OAX0I OCHOBAH Ha
ToM, uT0o Ca Ipu BBIBETPUBAHUU OOBIYHO TepsieTcsi ObicTpee, yem Na. Haubosbiee pacxox-
nenue ¢ peanbubiM 3uaderneM CIA (o 3 equmui) Gyuer mpu ero IpoMeKyTOYHOM 3HAYCHUN
60-80, Tak kak npu Hu3koM CIA 5TOT 10/X0/1 B 1I€JIOM CIIpaBejiuB, a rnpu Beicokom CIA
konnenarparuu Na u Ca nuskue, u Heomnpezaeaennoctu Majio Biusiior na CIA [McLennan,
1993]. Dro Hanbosiee Jierko peausyeMasi IOIPABKA, HO, TeM He MeHee, HECKOJIBbKO BIIUSIONIast
H& TOYHOCTD.

CocraBbl MOPOJ], CUJIMMKYHCKOW CBUTHI HHTEIPUPOBAHBI B TPEXMEPHOE TETPAdIPUIECKOE
npocrpanctso [Fedo and Babechuk, 2023], KoTropoe MOXKHO pa3zenTh Ha OTAEIbHBIE IBYMep-
ubte rpanu (puc. 4). OxHa u3 rpaneit mospossier ckoppekruposarh CIA B cucreme A-CN-K.
B mopomax cuanMKyHCKOI CBUTHI He OOHAPY?KEH KAJIbIIUT WU AlaTUT B 3HAYUMBIX KOJIU-
9eCTBaX, HO COAEPKUTCA mooMuT, nodtoMy CaO* KoppekTnpoBascs Kak ONUCAHO BBIIIE
[McLennan, 1993]. Besmunna CIA st n3y9aeMbIX MOPOJ CHIIMMKYHCKOH CBATHI HU3KASI.
MunumasibHble €ro 3HaYeHns COCTaBAAIT 49-50 4TO COOTBETCTBYET IPAKTUYIECKHN HEBBIBET-
peutoii opojie. Hanpumep, CIA Kucibix MarMaTudecKux nopog, okosio 50 (J1iist OCHOBHBIX
nopoj, — meree 40) [Fedo and Babechuk, 2023]. Makcumasbnble 3Hadenusi CIA nocruraroor
67 (B cpemrem 58). I'panuiia npeobiiagaHusi XAMAIECKOTO BBIBETPUBAHUST HAJ| (DU3MIECKIM
uposogurest npu 3uadenun CIA 70-75 [Fedo and Babechuk, 2023|. XapakrepHble Jjist aJieBpO-
JIATOB CHJIMMKYHCKOM ¢BUTHI ¢ BbicOKUM I'M (Muocuiurst) 3nauenust CIA (63-67, B cpeaem
65) yKa3bIBAIOT HA JIOMUHUPOBaHME (DU3NIECKOrO BHIBETPUBAHUS BO BpeMsi (DOPMUPOBAHMSI
MCXOJHBIX Jiyist HuX ocajkoB. Ho wa 3uadenust CIA B JaHHOM Ccilydae MOBJIUSIIO COEPIKAHIE
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WJIJINTHOT'O IEMEHTA U MYCKOBUTA, JEMOHCTPUDYsI OOJiee BBICOKNE 3HAUEHUsI MHJEKCA, He
CBs3aHHBIE C U3MEHEHHEM BbIBeTpuBaHUsI. B paccMarpuBaeMoM cilydae, 3TUM HE CTOUT
peHebperaTh, T.K. JUareHeTHIeCKUN HILIUT ¥ OOJIOMOYHBIE CJIIO/bI yBEJINIUBAIOT 3HAUEHIE
umiekca CIA B orcyTcTBUM JIPYyTUX TVIMHUCTBIX MUHEDAJIOB — IPO/LyKTOB Pa3PYIIEHUs TOPO/]
HEIIOCPEJACTBEHHO BO BpeMd CEIMMEHTOreHe3a, NCKaKas INePBUIHYIO0 KapTHUHY.

AL,0,

CaO*+ FeO+

AlLO, K,O AlLO,

CN

CN

FM FM

Puc. 4. Ilonoxkenue cocraBoB IIOPO CHJIHMKyHCKOﬁ CBUTHI B KOMIIO3UITMUOHHOM IIPDOCTPAHCTBE

A—-CN-K-FM - passepayrom n TpexmepnoM (muarpamma o [Fedo and Babechuk, 2023]).

Hepnasuo 66wt npemiozken [Cho and Ohta, 2022] npyroit BapuanT Jyisi pemieHust 1pobiie-
MBI ay TUT'€HHBIX U OMOTEeHHBIX ITpuMeceit — nHjieKe RW, KOTOpPBIil TOJIyYeH ¢ UCIIO/Ib30BAHIEM
MHOTOMEDPHBIX CTATUCTUYECKIX METOJIOB HAa OCHOBE T'€OXUMUYIECKOH 0a3bl JAHHBIX MarMaTH-
9eCKUX MOPOJI U pocuieit nx BoiBeTpuBanusi. [1o MueHnio aBropos nngekca, RW we 3aBucut
ot comepxkanus Si0g, CaO u P9Os5. Busyansuo uagexkc RW mMoxker ObITH MpeJICTABIIEH KaK
B OJHOMEPHOM BHJE, TaK U JBYMEPHOU TPOWHON auarpaMMOi.

Suadenns RW j1y1s1 mopoJ| CHIIMMKYHCKOM CBUTHI BAPHUPYIOT OT 37, 9TO OJIM3KO K COCTABY
HEBBIBETPEJION OPOIb, j10 68 (puc. 5). Jljis aleBpOIMTOB, ATTECTOBAHHBIX KAK MUOCUJIU-
ThI, 3HaYeHne RW Haxojsrcest B auanasone 62—68. HecMoTpst Ha TO, 9TO IIPU MOCTPOEHUN
nsymeproro npocrpanctsa M—F—-RW ucnonszyerca MgO, KommaecTBo JI0JIOMUTA HE BJIU-
ser Ha 3HaveHus: nHaekca RW. Tak:ke He oOHapyKMBaeTcsi BUINMON CBS3u Mexxy RW
U (PaKTUIECKUM COJIEPKAHUEM TJIMHUCTO-TEMaTUTOBOIO IIEMEHTa U JIMTOKJIACTOB.
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Puc. 5. Tpoiinas quarpamma M-F-RW (Mafic—Felsic—RW, [Cho and Ohta, 2022]) n nonoxenue

Ha HEell TOYEK COCTABOB CUJIMMKYHCKOU CBHTHI.

Asropsr nybimkanuu [Cho and Ohta, 2022] paccanramn RW mist mous pasnmaabx
KJIMMATHIEeCKUX 30H. B pe3ysibrare yCTaHOBJIEHO, YTO B APUIHBIX O0JACTIX U B APKTUIECKOM
KJIIMAaTe [OYBbI U KOPbI BbiBeTpuBaHus nMetorT Hu3kuit RW (B cpexaem 10-30). B rymuanbx
obnactsx 3Hadenns RW naxonarcsa B nuanazone 70-95. IIpu aTom, Kak u B ciIydae ¢ IpyrUMH
IIOKA3aTeJIIMI BBIBETPUBAHUSA, HEJb3s PA3/E/IUTh BJIUSHAE TEMIIEPATYPHI U BJIAYKHOCTH
Ha BBIBETpUBaHWE. B cjydyae PEKOHCTPYKIUI 9TH 3HAYEHUS HE CTOUT NMPUHUMATh KaK
onpenensoniue - RW saBiisiercss OTHOCHUTEIBHBIM IaPAMETPOM.

BriBoapr

Ilo pesynbraram u3ydenus: MUHEPAJIHLHOIO COCTABA U €r0 BAPUAINA, IPUHSIB BO BHUMA-
HU€ BBIIEONMCAHHBIE HIOAHCHI UCIIOJIb30BAHNST HOPMATHBHOIO PACUIETA, WHIEKCOB U JIUTOXW-
MHUYECKHUX JAarPaMM, YCTAHOBJIEHBI CJIEIYIONIEe OCOOEHHOCTH O0JJOMOYHBIX ITOPOJL CHINM-
KYHCKOI cBuThI (BeHI-KeMOpwmit) Bepxue-Kanapckoii rpaben-cnakanHam.

W3yuennbre TOPOIBI — MECIYAHUKH U AJIEBPOJIUTHI, OTHOCATCS K apKO3aM U CybapKo3aM.
[To xemoTHITY OHE OTBEYAIOT IPEUMYINECTBEHHO HOPMOCUJIATAM M MUOCHJINTAM KJaccudu-
kamuu Z. 9. FOgosuua u M. I1. Kerpuc. Ilo Bejm4unHe I1eJI09HOrO0 MOJIYJIsl U3ydaeMble
CIJINTBI SABJISIIOTCHA TUIMEPKAJIMEBLIMA U CJIY2KAT JTOBOJBHO SPKUM IPHUMEPOM IIPOILYKTOB
JOKeMOPUICKOro apuHOrO BhiBeTpuBaHus. 3Hadenus uugekca CIA s HuX Bapbupyior
oT 49, 9TO COOTBETCTBYET MPAKTUIECKN HEM3MEHEHHOH ropoje, o 67. Hesnauurembubie
W3MEHEHHsI B BeJIMYNHE MHIEKCA Ui JAHHONW BHIOOPKM CBA3AHBI, B IIEPBYIO OYEPEb, C Ba-
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pHUAIISIMEI COAEPKAHUS WJIJINTA B IEMEHTEe U MYCKOBHUTA, JEMOHCTPUPYsS O0Jiee BHICOKHE
3HAYEHNS WHJIEKCA, HE CBsI3aHHbIE ¢ M3MEHEHUEM BbIBeTpuBaHus. 3HadeHuss RW BapbupyoT
or 37 mo 68 (B cpeaHeM 0KOJIO 57).

Ilony4ennble pe3ysibTaThl i HEOOJIBIION YacTH pa3pe3a CUINMKYHCKOIl CBUTHI sIBJIS-
I0OTCA CTyHeHbIO K JHMAarHOCTUKE ITNTAIOIMIX HpoBI/IHU;I/II‘/'I7 HaHpaBﬂeHI/IH CHOCa 1 yTOquHHIO
ucropun ceauMenToreresa B Bepxue-Kasapckoit rpaben-cuakannamu ora Cubupckoro
KpaTOHa.

BaaromaprocTu. ABTOpPBI BBIPayKaroT INIYOOKYIO 6JIaroJapHOCTh AHOHUMHBIM PEleH3€H-
TaM 3a TeHHbIE 3aMeYaHus U KOHCTPYKTUBHBIE IPEJIOKEHNS [0 TPe0OPA30BAHUIO CTAThH,
KOTOPBIE TIO3BOJIMJIN CYIIECTBEHHO YJIYUIIUTh PYKOIUCH. VlcciieloBaHne BBIITOJIHEHO B PaM-
kax roc3amannsg 1O PAH FMWE-2024-0020. Ananutudeckue paboThl BBIIOJHEHBI TPU
noep:kke roczaganusg [EOXU PAH. Yacruunoe dbunancupoBanue 3a cueT cybcuauii Ha
poinosnenne roczaganuiit 'MTH PAH FMMG-2023-0007 u MI'Y AAAA-A16-116033010119-4
n AAAA-A16-116033010120-0.
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The features of the mineral and chemical composition (major elements) of the Vendian-Cambrian
rocks of the Silimkun Formation (V-€14]), exposed on the western side of the Upper Kalar graben
syncline in the southwest of the Aldan shield, are considered. The studied rocks — sandstones
and siltstones, belong to arkoses and subarkoses. According to their chemotype, they correspond
normosilites and myosilites. In terms of the alkaline modulus, the studied silites are hyperpotassium
and serve as a fairly striking example of the products of Precambrian arid weathering. The standard
mineral composition, its variations, the validity of calculations based on petrographic research data,
the problems of using climate indices and lithochemical diagrams aimed at reconstructing climatic
changes in the geological past are discussed. Chemical Index of Alteration (CIA) index values range
from 49, which corresponds to a virtually unchanged rock, to 67. The average is about 58. Minor
changes in the index value for this sample are associated primarily with variations in the content of
illite cement and muscovite. Robust Weathering index (RW) values range from 37 to 68 (with an
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Abstract: The assessment of groundwater vulnerability to contamination provides a hydrogeological
basis for the designation of protection zones for drinking water sources. This paper presents a case
study from the Crimean Mountains where karst groundwater plays a primary role in water supply.
Groundwater vulnerability assessment has been carried out for two large karst springs: the Ayan and
Krasnopeshcherny. For this purpose, a method adapted to the conditions of karst water formation in
the region, called the Mountain-Crimean method, was used. The resulting source vulnerability maps
of selected test sites demonstrate both similarities and differences. The common feature is the area
predominance of the moderate vulnerability class, with a minor share of the low vulnerability class.
However, the vulnerability classes on the two catchments have different placement patterns, as does
the presence or absence of a high vulnerability class. The catchment area of the Krasnopeshcherny
spring appeared to be more sensitive to pollution than the Ayan spring. The main reason is the
hydrodynamic conditions of the deep parts of the karst aquifers drained by the springs. The karst
aquifer of the Krasnopeshcherny spring has a much higher groundwater flow dynamic than that of
the Ayan spring. The study closes by proposing a scheme of transition from vulnerability map to
sanitary protection zones for karst water intakes in accordance with the regulatory standards of the

Russian Federation.

Keywords: karst aquifer, groundwater, vulnerability to contamination, Crimean Mountains, sanitary

protection zone, assessment, regional method, water supply source, phreatic zone.
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1. Introduction

Karst aquifers are widely distributed across the Earth's land mass. As reported in
[Stevanovié, 2019], karstified rocks crop out over > 14% of ice-free land. In Russia, more
than 60% of the territory is underlain by soluble rocks [Kotlyakov, 2007]. Karst groundwater
serves as a crucial source of drinking water in many parts of the world due to its high
natural quality and abundance. Although it accounts for only about 9.2% of global water
consumption [Stevanovié¢, 2019], it holds significant importance in several countries and
regions, including the Balkans, Central and Western Europe, the Middle East, parts of
North America’s southern regions, North Africa, and the Western Caucasus.

The Crimean Peninsula, where soluble rocks occupy over 84% of its area [Dublyansky
and Dublyanskaya, 1996], also belongs to such karst water dependent regions. Karst aquifers
account for almost all fresh groundwater resources (> 90%) of the peninsula [Vakhrushev
et al., 2022]. In Crimea, about 100 karst springs have an average discharge rate exceeding
0.01 m%/s [Dublyansky and Dublyanskaya, 1996]. Of these, about 20 springs have an average
discharge rate greater than 0.1 m%s and 2 springs (Karasu-Bashi and Skelsky) — greater
than 1 m?%s. Karst springs play a leading role in formation of river flow of the peninsula
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and filling of drinking water reservoirs. Under the conditions of the ongoing rapid socio-
economic development of the Crimean region and the continuing water shortage, the issue
of preserving the quality and quantity of karst water resources is particularly important.

Karst aquifers, unlike pore and fracture aquifers are characterized by extremely high
heterogeneity and anisotropy of capacitance and filtration properties. Most groundwater
flow occurs primarily through conduit systems. Accordingly, karst aquifers exhibit peculiar
hydrogeological features, among which are high flow concentration, focal nature of recharge
and discharge, and high groundwater flow velocities [Ford and Williams, 2007; Klimchouk,
2008]. As a result, karst waters have a very high overall susceptibility to contamination
and a low capacity for self-purification.

Assessing groundwater vulnerability to contamination is a key step in designing effec-
tive protection measures for drinking water sources [Farics et al., 2021; Ravbar et al., 2021].
Due to their specific hydrogeological features, assessment of groundwater vulnerability
in karst aquifers requires special approaches. Such approaches and methods have been
developed primarily in European countries over recent decades [European Commission:
Directorate-General for Research and Innovation, 2004; Ivin and Mddl-Szényi, 2017; Ravbar,
2007].

For the conditions of the Crimean Mountains, a regional modification of the karst
groundwater vulnerability assessment methodology has been developed. Previously it was
tested on four karst massifs including the Chatyrdag, Dolgorukovsky, Karabi, and Ay-Petri.
As a result, maps depicting the vulnerability of groundwater resources to contamination
were created [Tokarev et al., 2024].

This study aims to assess the vulnerability of groundwater sources to contamination
at the largest karst water outlets on the Chatyrdag and Dolgorukovsky massifs — the Ayan
and Krasnopeshcherny springs, which supply water to the city of Simferopol. To achieve
this, a regional adaptation of the groundwater vulnerability assessment methodology was
applied. The results provide a foundation for designating sanitary protection zones around
these sources.

2. Description of the Study Areas

The Ayan (average discharge rate 0.6 m3/s) and Krasnopeshcherny (0.15 m%/s) karst
springs are located in the central part of the Main Range of the Crimean Mountains
(Figure 1a,b). The springs discharge large karst aquifers (KAs). They give rise to the largest
tributaries of the Salgir river in the upper part of its basin (average flow rate 1.3 m%s).
Both springs have highly variable discharge rate dynamic and show rapid response to
precipitation events in the recharge area. During continuous low water periods, discharge
rate of the springs is reduced to 0.005 m3/s. On heavy floods, spring discharge may increase
rapidly up to 20 m%/s.

2.1. Ayan Karst Spring, Chatyrdag Massif
2.1.1. Physiography of the Chatyrdag Massif

The Ayan karst spring (44°49°35.6”N, 34°17°30.2”E, altitude 450 m a.s.l.) is located
at the northern foothill of the Chatyrdag massif. The area of the massif is about 47 km?.
Approximately half of it represents drainless catchments on the plateau surface and the
other half corresponds to the open catchments on the slope of the massif. Two distinct
levels are evident on the surface of the Chatyrdag: the Lower Plateau in the north (900-
1150 m a.s.l.) and the Upper Plateau in the south (1300-1500 m a.s.l.), with their areas in
a ratio of 5:1.

Various surface karst forms are widespread on the Chatyrdag massif, particularly on
the plateau, including karst dolines, blind gullies, and karren fields. The total number of
dolines exceeds 500. Depths of dolines in most cases (ca. 90%) do not exceed 10 m. The
average density of dolines on the Chatyrdag plateau is 22 dolines/km?. In central part of
the lower plateau it reaches 60 dolines/km?. Such a wide distribution of dolines on the
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Figure 1. Position of the study area (rectangle) on the map of the Crimean Peninsula (a); physiographic
map of the study area (b); and the maps of geological and hydrogeological settings of the Chatyrdag
(c) and Dolgorukovsky (d) karst massifs. Geological information (stratigraphic units and faults) is
derived from [State geological survey, 2008].

plateau indicates, on the one hand, the development of epikarst and, on the other hand,
a significant share of focal infiltration of precipitation in recharge of karst waters.

The plateau is dominated by steppe and shrub vegetation with patches of forest
restricted to dolines. The slopes of the massif are covered with forests and sparse woodlands.
On the plateau and slopes of the massif, low (0-20 cm) and medium-thickness (20-40 cm)
soils predominate. In bottoms of dolines soil thickness can reach 80-100 cm. Soils are
clayey and loamy with a high proportion of rubble.
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2.1.2. Geology and Hydrogeology of the Chatyrdag Massif

The Chatyrdag massif is hydrogeologically isolated from adjacent massifs of the Main
range of the Crimean Mountains. It comprises two distinct rock sequences (Figure 2a)
with significantly different hydrogeological properties. The lower sequence consists of low-
permeability Upper Triassic and Lower Jurassic flysch sediments, including mudstones,
siltstones, and sandstones. This sequence acts as an aquitard and is practically devoid
of groundwater, except for narrow zones of tectonic fracturing. The upper sequence
is composed of Upper Jurassic limestones which are characterised by intense tectonic
dislocation, fracturing and karstification. It contains the aquifers with highly developed
karst conduit permeability. The KA drained by the Ayan spring is the largest on the massif.

There are two main models of the tectonic structure of the Chatyrdag massif. Most
karstologists and hydrogeologists use the fold-block model and consider the Chatyrdag
as an autochthonous massif [Dublyansky and Kiknadze, 1984]. Some geologists argue for
the thrust (overthrust) model of the Chatyrdag tectonic structure [Kazantsev et al., 1989;
Yudin, 2011]. According to V. V. Yudin, Chatyrdag is an allochthonous massif — olistolite
(olistoplaque) — that was thrust onto the underlying terrigenous strata during the Early
Cretaceous.

The karst waters are recharged exclusively by atmospheric precipitation. The average
annual precipitation in the central part of the Crimean Mountains is 700-900 mm and the
evapotranspiration is about 400 mm [Vyed’, 2000]. Thus, the annual effective precipita-
tion recharging karst groundwater is 300-500 mm. Quantitatively, precipitation of the
cold part of the year (November-March) prevails. Considering the relatively low rates of
evapotranspiration during this period, karst waters recharge is provided mainly by winter
precipitation. This is confirmed by the isotopic composition of waters of large karst springs,
which is significantly shifted to the winter precipitation signal and practically does not
change during the year [Dublyansky et al., 2019].

To date, 355 karst caves are known on the Chatyrdag massif, most of them are vertical
shafts [Russian Geographical Society, 2024]. The deepest shafts reach a depth of 250 m.
However, none of the shafts reach the phreatic (saturated) zone of the massif. The density
of caves is maximal in central part of the plateau reaching 40 caves/km?.

Stratigraphic units (see Legend in Figure 1d): 1 — J3tt; 2 — J3km; 3 — J30; 4 — T3-Jy;
5 -Kj. 6 —tectonic faults; 7 — karst caves, 8 — large karst springs, 9 — small springs, 10 —
karst water table. Descending flow in vadose zone: 11 — through fractures and small
conduits (slow component); 12 — through large conduits (fast component). Lateral flow in
phreatic zone: 13 - slow circulation; 14 — fast circulation. 15 — Quaternary calcareous tuffs.

2.1.3. Characteristics of the Ayan Spring

The Ayan spring is associated with a regional tectonic fault bounding the massif
from the north-west (Figure 1c). The spring represents a single rising outlet of karst
water, equipped with a spring collection system in 1928. The karst water outlet is directly
connected with the cave passages explored for a total length of 500 m and mostly located
below the karst water table.

In hydrogeological investigations on karst massifs, a key problem is the delineation
of KASs catchments, since their boundaries generally do not correspond to topographic
watersheds. To solve this problem, the data of structural-geological survey, speleological
works, water-balance calculations are involved. Especially valuable information is provided
by the results of tracer tests. Using a combination of the above methods, the catchment
area of the Ayan karst spring was identified to be approximately 23 km?. It includes the
entire lower plateau and the northern part of the upper plateau of the Chatyrdag massif
(Figure 1c).

Tracer tests, besides clarifying the structure of underground catchments, provide
information on the direction and velocity of karst water movement. In addition, the density
and duration of the tracer output indicates the degree of dilution and attenuation of the
possible contaminant. Based on the results of tracing experiments, the average karst water
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Figure 2. Simplified geological and hydrogeological cross-sections of the Chatyrdag (a) and Dolgo-
rukovsky (b) massifs depicting the catchment areas of the Ayan and Krasnopeshcherny karst springs.

velocity of the Ayan KA in high-water period is 1150 m/day. The concentration of tracers at
the spring was very low, indicating a strong dilution along the way of karst water movement.
It most likely occurs in the phreatic zone of the massif, which appears to have a high storage
capacity and relatively low hydraulic conductivity that retard tracer transit.

2.2. Krasnopeshcherny Spring, Dolgorukovsky Massif
2.2.1. Physiography, Geology and Hydrogeology of the Dolgorukovsky Massif

The Krasnopeshcherny spring (44°52°12.5”N, 34°20°35”E, altitude 570 m a.s.l.) rep-
resents a group of compactly located karst water outlets on the western slope of the
Dolgorukovsky massif (Figure 1b).

The area of the Dolgorukovsky massif, excluding the Tyrke ridge, is about 52 km?.
The massif has a vast plateau surface called Yayla. Four dry karst-erosion valleys intersect
the Yayla from south to north. There are numerous karst dolines at their bottoms. The
total number of the dolines is about 130. Their density is relatively low, rarely exceeding
20 dolines/km?. On the Yayla, soil cover consists of low- to medium-thickness varieties
under steppe vegetation, and thicker varieties under meadow and forest vegetation.

Karst waters are recharged mainly by diffuse infiltration, but concentrated infiltration
(influation) also common. There is a permanent stream Subotkhan in the southern part
of the plateau. It is typically completely swallowed up by sinkholes near the Proval cave,
though a significant portion reaches the Burulcha river basin during heavy floods. Also,
temporary streams may periodically appear on dry valleys slopes, which are swallowed up
by sinkholes in their bottoms. In summer, a significant portion of karst water recharge can
be provided by condensation [Dublyansky and Kiknadze, 1984].

Several KAs are known within the Dolgorukovsky massif. Some of them discharge
on the eastern slope of the massif, feeding the Burulcha river and its tributaries, others
discharge on the western slope in the Salgir river basin. Some part of the groundwater of
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the Dolgorukovsky massif is not discharged on the slopes, but flows to the north and feeds
artesian basins of the Crimean Piedmont.

The geological structure and hydrogeological conditions of the Dolgorukovsky massif
differ significantly from the Chatyrdag massif. The main karst aquifers of the Dolgo-
rukovsky massif are hosted by Titonian limestones. They are underlain by thick layer of
Kimmeridgian conglomerates and sandstones (Figure 2b). It acts as an aquitard for KAs
discharging on the western slope of the massif [Dublyansky et al., 2002].

2.2.2. Characteristics of the Krasnopeshcherny Spring

The Krasnopeshcherny spring discharges the KA of the Krasnaya Cave (also known as
Kizil-Koba) — the largest cave in the Crimea with the total length exceeding 20 km. The
lower levels of the cave are in the phreatic zone. According to results of our dye tracing
tests, in high-water periods karst water velocity in the Krasnaya cave system can reach
8 km/day.

Transit of karst water to the discharge points is carried out by well-developed conduit
systems, most of which have been investigated and surveyed by speleologists. The Gol-
ubinaya cave, which has an entrance on the plateau, was traversed to the junction with
the Krasnaya cave. Tracer experiments proved the connection of the Krasnaya cave KA
with other large caves on the plateau, e.g., Mar-Khosar (1300 m long), Proval (1250 m),
Zmeinaya (850 m) (Figure 1d).

The combined results of speleological exploration and tracer tests allowed delineation
of the catchment area of the Krasnaya cave KA with an area of about 15km?. The catch-
ment is divided into inner and outer parts. Its inner part comprises the Kol’-Bair and
Bazar-Oba dry valleys located in the central and western parts of the Yayla with altitudes
750-950 m a.s.l. The vegetation cover here is mainly steppes on watersheds and slopes and
meadows in valley and bottoms of dolines. That area provides an autogenic recharge of the
KA, characterised by a rapid signal path from the precipitation events to the Krasnopech-
erny spring. The outer part corresponds to the Subotkhan stream valley with an area of
about 2 km? and altitudes 950-1200 m a.s.l., which provides allogenic recharge of the KA.
The vegetation of that area is mainly broadleaved forests with patchy meadows.

3. Methodology

The term “vulnerability of groundwater” refers to the susceptibility of a hydroge-
ological system to contamination, as well as its capacity to neutralize or mitigate such
contamination [Ravbar, 2007]. To date, many methods have been developed for assessment
of karst groundwater vulnerability to contamination (KGV), considering their unique hy-
drogeological characteristics [European Commission: Directorate-General for Research and
Innovation, 2004; Ivan and Mddl-Szényi, 2017; Ravbar, 2007]. They differ in the estimation
procedures, the factors considered, and the resulting outputs.

There is a general methodology that outlines the basic assessment framework and
groups of factors to be considered, called the European approach [Daly et al., 2002]. Tt
is based on the “hazard-pathway-target” conceptual model. “Hazard” refers to a poten-
tial source of contamination, typically located on the ground surface. “Target” refers to
a groundwater object that may be contaminated by a “hazard”. The target may be the entire
groundwater body or individual groundwater outlet, such as spring, well, or borehole. In
the first case the subject of assessment is referred to as “resource vulnerability”, while in
the second case it is called “source vulnerability”. “Pathway” refers to a flow route from
the “hazard” to the “target”. In the case of resource vulnerability it represents a downward
flow through vadose zone of aquifer. If the object of assessment is a specific groundwater
outlet (i.e., “source vulnerability”), the pathway of potential pollutant through the phreatic
zone of aquifer must also be considered.

The European approach to KGV assessment proposes four groups of factors to be
considered: overlying layers above groundwater body (factor O), flow concentration (fac-
tor C), precipitation regime (factor P), and development of karst network in phreatic zone
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(factor K). Factor O characterizes the protective function of the aquifer against contaminant
provided by the geological layers in the vadose zone. Factors P and C assess the reduction
in this protective function due to heavy rainfall and bypassing of the protective layers by
water flows, which can lead to rapid introduction of contaminants into the groundwater.
Factor K evaluates the conditions that affect the passage of contaminants through the
phreatic zone to groundwater intakes. Thus, the factors O, C and P are used for assessment
of resource vulnerability. In the case of source vulnerability assessment, all of four factors
have to be evaluated, including factor K.

To date, numerous methods of KGV assessment have been developed; most of them
are index methods based on the European approach. Some of them are intended only for
resource vulnerability assessment. The most popular ones are the PI method [Goldscheider
et al., 2000], COP method [Vias et al., 2006], DRISTPI method [Jiménez-Madrid et al., 2013],
and IKAV method [Moreno-Gomez et al., 2022]. A relatively broad variety of methods
provide the ability to assess a source vulnerability of karst waters. Among them are the
EPIK method [Doerfliger et al., 1999], Slovene approach [Ravbar and Goldscheider, 2007],
COP+K method [Andreo et al., 2008], PaPRIKa method [Kavouri et al., 2011], and KAVA
method [Biondi¢ et al., 2021]. Many of them have been widely tested in different regions
of the world, demonstrating their high effectiveness. There are many examples of recent
studies using these methods [Marin et al., 2021; Petrovi¢, 2020; Steiakakis et al., 2023;
Yogafanny and Legono, 2021].

It should be noted that in many cases, a comparison of the KGV maps for the same test
area derived using different assessment methods revealed significant differences between
them [Marin et al., 2011; Moreno-Gémez et al., 2019; Polemio et al., 2009; Ravbar and Gold-
scheider, 2008]. This is manifested even when methods with the same methodological basis,
similar input information and estimation procedure are used [Farics et al., 2021; Marin et al.,
2014]. It can be concluded that there are no universal methods for KGV assessment. Thus,
a careful selection or adaptation of existing methods to regional conditions is necessary to
achieve the most adequate assessment results.

The conditions of karst water formation in the Mountain Crimea have their own
peculiarities, including a significant share of winter precipitation (snow) in their recharge,
predominance of infiltration processes due to the almost complete absence of impermeable
cover on the karst massifs, well-developed epikarst zone acting as a protective layer
retaining the groundwater contaminant. To account for these features, a regional KGV
assessment method designated as the Mountain-Crimean method was developed [Tokarev
et al., 2024], based on COP and Slovene methods. The basis for its construction is the
methods COP and Slovene. The adjustments included the consideration of epikarst’s
protective function, the addition of factors characterizing the concentration of underground
flow in the vadose zone, and the substitution of mapping individual karst landforms with
the use of the spatial density. The Mountain-Crimean method was originally designed for
resource vulnerability assessment, but can be extended to assess source vulnerability by
adding an additional group of factors. Specifically, for this purpose, the factor K block
from the Slovene approach was added to the assessment scheme (Figure 3)

The mapping, calculations, construction of intermediate layers and final vulnerability
maps were carried out using ArcGIS 10 software. Initial information on hydrogeological,
geomorphological and landscape-topographic conditions was obtained from literature and
archive sources. Input analogue data was digitised and converted into geodata formats to
perform the assessment procedure in a GIS environment. To estimate the K factor, both
archival materials and the results of recent tracer tests were used.

4. Results and discussion
4.1. Assessment of Karst Groundwater Source Vulnerability to Contamination

The resulting maps of karst groundwater source vulnerability for catchment areas
of the two selected springs, as well as the maps of the individual factors, are shown
in Figure 4 and Figure 5. As observed, the spatial distribution of vulnerability classes
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Figure 3. The scheme of the Mountain-Crimean method adapted to groundwater source vulnerability
assessment. The block of K-index is taken from the Slovene approach [Ravbar and Goldscheider, 2007].

at the two test sites shows both similarities and differences. A common feature is the
predominance of the moderate vulnerability class, with a small proportion of the low
vulnerability class. However, the placement patterns of the vulnerability classes differ
between the two catchments, as does the presence or absence of a high vulnerability class.

Within the catchment area of the Ayan spring, the low vulnerability class occupies
about 36% of the area, while the moderate class occupies about 64% of the area. The
moderate vulnerability class includes almost the entire the Lower plateau of the Chatyrdag
massif and the surroundings of the Ayan spring. The majority of the northern slope of the
massif, as well as the slope between the Upper and Lower plateaus, has been assigned a low
vulnerability grade. Exceptions to this are gullies enclosed by karst sinkholes and tectonic
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Figure 4. The maps of vulnerability factors (a) and the vulnerability map (b) of the Ayan karst spring.

fracture zones, which have a moderate vulnerability class. On the Upper plateau, areas
occupied by karst valleys and dolines also have moderate vulnerability. Notably, the high
vulnerability class is completely absent in this catchment.

The assessment results within the Krasnopeshcherny spring catchment revealed a sig-
nificantly different situation. Approximately 38% of the assessed area was classified as
having low vulnerability to contamination. This class is primarily concentrated in the
southern part of the catchment, along the slopes of the Subotkhan stream valley, and on
the eastern periphery of the basin. The separate areas of low vulnerability are also located
as on the western slope of the massif in the vicinity of the Krasnopeshcherny spring. The
moderate vulnerability class covers about 58% of the catchment area. It mainly occupies
karst-erosion valleys on the plateau, the western slope of the massif and the bottom of the
Subotkhan valley with its tributaries in the upper and lower reaches. Just over 4% of the
catchment was classified as having high vulnerability class. The most vulnerable areas are
the bottoms of gullies with periodic and permanent watercourses, including the part of
Subotkhan valley before the sinking zone, and the areas of high density of karst dolines
and caves in the northwestern part of the plateau.

Obviously, the absence of high source vulnerability class in the Ayan catchment is due
to the hydrodynamic conditions of the deep part of the KA lying in the phreatic zone of
the Chatyrdag massif. The relatively low velocity of underground flow in the Ayan KA
prevents a potential pollutant from rapidly reaching the spring outlet. In contrast, the
Krasnopeshcherny KAS exhibits high groundwater flow dynamics, resulting in the rapid
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Figure 5. The maps of vulnerability factors (a) and the vulnerability map (b) of the Krasnopeshcherny
karst spring.

passage of a pollutant through the phreatic zone of the massif. As a result, the zones of
surface runoff sinking on the Dolgorukovskaya Yayla were classified within the high source
vulnerability category.

According to the methodology being used, the source vulnerability map is derived by
summing the groundwater resource vulnerability index with the K-factor index (Figure 3).
The distributions of vulnerability classes for the groundwater resource and source within
the assessed areas show significant differences (Figure 6). This is especially pronounced
in the Ayan spring catchment, where assessment of groundwater resource vulnerability
indicated more than 60% of its area in the classes of high and extreme vulnerability. Notably,
the final source vulnerability map of the Ayan spring has no areas of high vulnerability
at all. A similar discrepancy is also observed in the catchment of the Krasnopeshcherny
spring, although to a much smaller extent.

It may be concluded, that the determining factor of the karst groundwater sources
vulnerability is the development of karst conduit network in phreatic zone of the massif.
The information on the hydrodynamic conditions of deep KA sections is thus critically
important. It can be obtained by means of systematic groundwater tracer tests.

4.2. Application of KGV Maps for Delineation of Source Protection Zones

According to the legislation of the Russian Federation, the primary protective measure
for drinking water sources is the establishment of sanitary protection zones (SPZ), which
imposes a special usage regime [Ministry of Health of the Russian Federation, 2002]. The
first (I) SPZ (strict regime) includes the territory of water intakes location and sites of all
water supply facilities. The second (II) and third (III) SPZs (restriction regime) include
the territory intended for protection from microbial and chemical pollutions of water
supply sources, respectively. Considering the hydrogeological features of karst aquifers
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Figure 6. Distribution of source and resource vulnerability classes areas within catchments of the
Ayan and Krasnopeshcherny springs.

discussed above, it is essential to differentiate normative approaches to the organization
of SPZs for various types of groundwater. For example, the regulatory standards of some
countries with a high proportion of karst groundwater in their water supply use specific
protocols to determine protection zones for sources derived from karst aquifers [Ravbar
et al., 2021]. The results of the groundwater vulnerability assessment should be used as
a basis. The following scheme is proposed to proceed from the source vulnerability map to
the delineation of SPZs for karst water intakes (Figure 7).

According to the scheme, the I SPZ, besides the immediate vicinity of the water intake,
is established within boundaries of high vulnerable areas. The II SPZ corresponds to
sites of moderate groundwater vulnerability, and the III SPZ encompasses the rest of the
catchment area. The main feature of this scheme is the discrete configuration of the SPZs,
in contrast to the belt configuration typically used for other aquifer types. This is due
to specific conditions and processes of karst aquifers recharge, including the presence
of localized areas of rapid infiltration with direct connection to conduit systems. The
consequence of this is the situation observed on the resulting vulnerability maps of the
Ayan and Krasnopeshcherny springs, where areas remote from the intake may be more
vulnerable than those close to it.

Figure 7. Conceptual scheme of an approach to delineate sanitary protection zones for karst water
intakes based on a map of groundwater source vulnerability to contamination (modified after [Brenci¢
et al., 2009] and [Klimchouk and Tokarev, 2014]).
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5. Conclusions

The normative indicator for delineation the boundaries of sanitary protection zones
for groundwater intakes is the time of its reaching by potential pollutant. Assessment and
mapping of groundwater vulnerability to contamination reflects this indicator, as they are
based on groundwater travel time as a key physical parameter. Thus, the groundwater
vulnerability map serves as an effective tool for organizing the protection of potable water
sources.

Due to the hydrogeological characteristics of karst aquifers, specialized methods are
used to assess their groundwater vulnerability. To best account for regional karst features,
it is often necessary to adapt and modify existing methods to regional conditions. Such
modified method was developed for the Crimean Mountains region. In its extended version,
it allows to perform a groundwater source vulnerability assessment, the results of which
are the basis for the delineation of sanitary protection zones for karst water intakes.

The Ayan and Krasnopeshcherny karst springs, located in the central part of the
Crimean Mountains, were selected as test sites for assessment of groundwater source
vulnerability. Despite their geographical vicinity, the catchments of these springs are
significantly different in terms of their hydrogeological conditions. This refers to both the
mechanisms of karst groundwater recharge and the conditions of its transit in saturation
zone. The results of vulnerability assessment of the selected springs also show substantial
differences. A small portion of the Krasnopeshcherny spring catchment (about 4%) was
classified as highly vulnerable, whereas no such areas were identified in the Ayan spring
catchment. A common feature of the assessment results for both test sites is the predom-
inance of the moderate vulnerability class, covering approximately 58-64% of the area,
with a smaller proportion of the low vulnerability class (36-38%).

The differences identified in vulnerability assessment results are primarily due to the
hydrodynamic conditions of the studied karst aquifer within the saturated zone. The KA of
the Krasnopeshcherny spring exhibit a much higher groundwater flow dynamic compared
to the Ayan KA. As a result, the velocities at which karst water — and consequently potential
contaminants — move through the KAs differ by several times. This highlights the crucial
importance of factor K in determining the vulnerability of karst groundwater sources.

We propose a scheme for transitioning from vulnerability maps to sanitary protection
zones (SPZ) for karst water intakes, in accordance with the regulatory documents of
the Russian Federation. According to this scheme, SPZ I is established within areas of
high vulnerability, while SPZ II and SPZ III correspond to areas of moderate and low
groundwater vulnerability, respectively.
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Abstract: A significant increase in the number of seismic stations occurred in the Eurasian Arctic
during the late 20th to early 21st century, which led to a decrease in the minimum magnitude of
earthquake registration for some Arctic regions. One of the areas that have been until recently poorly
studied in terms of low-magnitude seismicity includes the continent-ocean transition zone in the
northern Eurasian shelf. An analysis of the monitoring performed using the seismic stations in
operation in the Franz Josef Land and Severnaya Zemlya archipelagos complemented with data from
the seismic stations on the Svalbard archipelago for the period from December 2011 to November
2020 made it possible to study the space-time patterns in the low magnitude seismicity at the
continent-ocean transition zone. The most active features are the Franz Victoria and St. Anna

grabens, and the Bely and Victoria High.
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Introduction

The start of seismological observations in the Arctic dates back to 1906 when seismo-
logical observations began in Vassijaure, northern Sweden. The Vassijaure seismic station
was the first to be operated north of the Arctic Circle. The station was equipped with
a horizontal Wiechert instrument which was subsequently, in 1915, transferred to the
Abisko Research Station [Avetisov, 1996; Kulhanek, 1988]. However, the first important
data on the seismicity of the Arctic territories in the early twentieth century was given by
the Disko (Godhavn) seismic station, which operated from October 1907 to 1912 on Disko
Island off the west coast of Greenland [Harboe, 1911], as well as studies of regional seismic-
ity in the area of the Svalbard archipelago, which were carried out under the direction of
G. Rempp from November 1911 to 1912 [Rempp, 1914].

The total number of seismic stations north of the Arctic Circle has been gradually,
and at variable rates, increasing. However, until the beginning of the 21st century, the
extensive Arctic territory was extremely unevenly covered by stations because of a severe
climate and unfavorable geographic conditions (Figure 1a). As a result, the minimum
magnitude of completeness varied widely over the Arctic region, from 2.0-2.5 for northern
Scandinavia to as high as 4.0 in some areas, such as eastern part of the mid-oceanic Gakkel
Ridge [Avetisov, 1996; Engen et al., 2003].

However, this was sufficient to get a good general notion of the seismicity in the main
seismic zones of the Arctic, viz., the spreading boundary between the North American
and Eurasian plates. The boundary runs from Iceland through the Eurasian Basin, and the
Laptev Sea shelf as far as Northeast Eurasia. However, the total number of stations and
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Figure 1. Map of seismic stations in the Eurasian Arctic, operating in the 80s of the XX century
(a) and at the time of 2019 (b): 1 — seismic stations of the GE network (GEOFON Global Seismic
Network), NO network (NORSAR Station Network), NS network (University of Bergen Seismic
Network), and PL network (Polish Seismic Network) by [FDSN, 2024]; 2 — seismic arrays of the NO
network; 3 — seismic stations of the AH network (Arkhangelsk Seismic Network) by [FDSN, 2024].

their density was quite insufficient for detailed studies of seismicity in some Arctic areas
[Avetisov, 1996]. As a result, it was not possible to register low-magnitude earthquakes for
some areas of the Arctic. The study of low-magnitude earthquakes provides much evidence
from which to infer space-time variations of seismicity and to the geodynamic processes in
that area [Panasenko, 1986].

The number of seismic stations in the Eurasian Arctic considerably increased in
the late 20th to early 21st century. The stations were equipped with advanced sensitive
instruments, reducing the lower magnitude of complete reporting for some Arctic areas
(Figure 1b). The use of new seismic stations and improved algorithms for seismic signal
processing and earthquake location gave more knowledge of seismicity both for the Arctic
as a whole and for individual areas [Antonovskaya et al., 2020; Gibbons et al., 2017; Morozov
et al., 2016; Rogozhin et al., 2016; Schweitzer et al., 2021].
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The areas that until recently were poorly studied in terms of low-magnitude seismicity
include the continent-ocean transition zone in the northern Eurasian shelf. The research of
the spatial distribution of seismicity in this area is important and topical. In the first place,
in virtue of its geographic and climate conditions, the region remains poorly studied so far.
Secondly, the incoming seismic data in combination with available geophysical information
shed new light on the geodynamics of the region.

Previously [Morozov et al., 2014] we did a preliminary analysis of seismicity occurring
in the continent-ocean transition zone of the Barents-Kara region in the Arctic. However,
that analysis was based on the data of a single station ZFI2 (AH network by [FDSN,
2024]) with additional data from stations in the Svalbard archipelago. The study covers
period from December 2011 to January 2014. Subsequently, new seismic stations were
installed on Franz Josef Land and in Severnaya Zemlya (AH network by [FDSN, 2024])
(Figure 1b), considerably expanding the area of study and providing seismic data for the
period from December 2011 to November 2020 (Figure 2). This article presents the results
of registration, location and analysis of the spatial-temporal distribution of low-magnitude
earthquakes within the continent-ocean transition zone in the Eurasian Arctic.

Description of Data Set and Methods

The area of study is the northern part of the Arctic Eurasian shelf (Figure 2). The
seismic monitoring of the study area was based on data coming from the AH network
[FDSN, 2024] stations operated on Franz Josef Land (ZFI and OMEGA) and Severnaya
Zemlya (SVZ) for the period from October 2011 to November 2020. Their frequency
characteristics are shown in Figure 3. Seismic stations are located on Arctic islands, so their
frequency characteristics can vary greatly depending on the season. For example, in the
winter months, the sea area is under ice cover and economic activity on the islands sharply
decreases, which is reflected in the frequency characteristics of seismic stations.

88°N

Arctic Ocean

40°E

Figure 2. Map showing the boundaries of the area of study (red line) and location of seismic stations
(green triangles).

We minimized the epicenter location uncertainty by also using waveform data recorded
by the stations operated on Svalbard and in northern Scandinavia. These are KBS of the
GE network (GEOFON, Global Seismic Network), HSPB of the PL network (Polish Seismic
Network), HOPEN and BJO1 of the NS network (Norwegian National Seismic Network
University of Bergen Norway), as well as the SPAQ stations in the SPITS seismic array
(NORSAR Station Network) [FDSN, 2024]. Data access was via the electronic resource
GEOFON [GFZ German Research Center for Geosciences, 2021]. If the earthquakes were also
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Figure 3. Power spectral density for seismic stations calculated from BHZ, BHN, and BHE components
of the seismic stations. The New High and New Low Noise Models (NHNM and NLNM) are marked
by black lines [Peterson, 1993].

recorded by remote seismic stations, then we took the arrival times of these stations from
the International Seismological Centre [International Seismological Centre, 2024].

As mentioned above, at the present time, the number of permanent seismic stations
in the Eurasian Arctic is the greatest for the entire period of instrumental observation.
However, the conditions are still unfavorable for reliable epicenter location, especially as
concerns low-magnitude earthquakes. The reasons for this are low number of stations,
the great interstation distances, and their location in space relative to the epicenter of the
arctic earthquakes. For the continental slope between the archipelagos of Svalbard and
Franz Josef Land, earthquakes were located under conditions when seismic stations were
located to the west and east of the earthquake epicenters (Figure 2, see also Figure 5). On
the contrary, within the continental slope between the archipelagos of Franz Josef Land and
Severnaya Zemlya until 2016, the location of earthquakes occurred in a narrow azimuthal
coverage. After the start of operation of the SVZ seismic station (AH network by [FDSN,
2024] in 2016 it became possible to locate earthquakes according to stations located in the
west and east relative to the epicenters.

Earthquakes that occurred in the study area during the period from October 2011
to November 2020 were recorded by a different number of seismic stations. One part of
the earthquakes was recorded by three or more stations, and the other part by only two
stations. Some earthquakes were recorded by only one single seismic station.

To locate earthquakes that were recorded by three or more stations, we used the
algorithm of the NAS program (New Association System) [Asming et al., 2016; Fedorov
et al., 2019], which implements the Generalized beamforming method [Kverna and Ringdal,
1996]. The algorithm calculates error ellipses based on the assumption that the velocity
model error estimate is Av = 0.15km/s, and the seismic phase arrival time measurement
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error estimate is At = 0.3s (level of confidence is 0.95). Because the stations were remote
and few, it has not been possible to find the depths of focus, so the calculation was based
on a fixed depth of 5km.

To locate earthquakes that were recorded by only two stations, we used the “circle
and chord” method [Havskov et al., 2002] implemented in WSG (Windows Seismic Grafer)
program developed by the Geophysical Survey of the Russian Academy of Sciences (GS
RAS) [Akimov and Krasilov, 2020]. This method draws circles with the center at the station
locations and the radii equal to the epicentral distances calculated from the S-P times. The
calculation of epicenter parameters was also based on a fixed depth of 5km. The WSG
program does not implement error ellipse calculation. We estimate a formal location error
of at least 30 km for the study area.

For earthquakes that were recorded by only one single seismic station, we used the
algorithm of the EL (Event Location) program [Kremenetskaya and Asming, 2002]. To locate
a seismic event by a single station EL algorithm uses the distance defined by S-P time
difference and the backazimuth computed by P wave polarization. The depth is assumed
to be 5km. To minimize the possible uncertainty in the location of such earthquakes, we
analyzed only earthquakes with clear arrivals of P and S, i.e., with a high signal/noise ratio.
The EL program does not implement error ellipse calculation. We estimate the formal
location error +35km for an epicentral distance of 200km (4 = 5km). This surely is a less
reliable location method, but it still provides an idea of the epicenter distribution.

Of course, we get very inaccurate location results based on data from only two or
one seismic stations and the methods implemented in the WSG and EL programs. But,
they allowed us to get a rough idea of the distribution of the epicenters for low-magnitude
earthquakes, which were recorded by only one or two stations. And as will be shown below,
this distribution in general terms corresponds to the distribution of epicenters calculated
on the basis of data from three or more seismic stations.

The earthquake coordinates and origin times were calculated using the NOES velocity
model [Morozov and Vaganova, 2017]. The model is based on the crustal velocity structure
for the area of the Franz Josef Land Archipelago by receiver functions (Table 1). We
calculated the M| magnitude using the average calibration function for North Eurasia
[Gabsatarova, 2006] and implemented in the WSG program [Akimov and Krasilov, 2020].

Table 1. NOES velocity model by [Morozov and Vaganova, 2017

Depth, km Vp, km/s Vs, km/s Note
0 4.3 2.36
4 6.1 3.6
17 6.8 3.94
30 8.15 4.52
43 8.25 4.75
71 8.35 4.81
> 210 8.37 4.56 from TASP 91
Results

A total of 192 earthquakes have been recorded in the continent-ocean transition zone
from October 2011 to November 2020. Only 87 earthquakes were recorded by three or
more seismic stations, 36 earthquakes were recorded by two stations. And 69 earthquakes
were recorded by only one seismic station.

The M| magnitudes of the earthquakes vary between 0.7 and 3.9 (Figure 4a). Nearly
half of all recorded earthquakes have magnitudes M| < 2.1. Those with magnitudes
M| = 3.0 make up a mere 20% of the total number. It can thus be said that the area of
study mostly produces low-magnitude earthquakes.
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Figure 4. Data analysis of the final catalog of earthquakes: (a) the distribution of the number of
recorded earthquakes by their magnitude; (b) the distribution of the number of recorded earthquakes
by year; (c) the cumulative frequency-magnitude curve; (d) the number of stations that recorded
earthquakes depending on the magnitude (color scale shows the number of earthquakes); (e,f) the
distribution of earthquake magnitudes depending on the distance to the seismic station ZFI2 (e) and
SVZ (f); (g) the distribution of the area of the earthquake error ellipse depending on latitude; (h) the
distribution of distances from earthquake epicenters to the nearest seismic station depending on
latitude; (i) the distribution of azimuthal gap values.

However, the functioning of seismic stations on the Franz Josef Land and Severnaya
Zemlya archipelagos in different years was affected by technical problems and anthro-
pogenic factors. Technical problems frequently arose at the stations because of extreme
conditions in which the instruments were operated. The areas are hardly accessible, so it
was impossible to resolve technical problems quickly and take preventive maintenance
measures for seismic instrumentation. In addition, increased human activities caused con-
siderable increases in the level of man-induced noise on Alexandra Land (Franz Josef Land
archipelago) where seismic instrumentation is installed at the ZFI2 and OMEGA stations
(Figure 1b). Therefore, the number of recorded earthquakes and the minimum magnitudes
of recorded earthquakes varied greatly depending on the years (Figure 4b). On the diagram
of the distribution of the number of recorded earthquakes by their magnitude, we observe
several maxima (Figure 4a). In particular, for magnitudes with values of 2.1 and 2.9. For
these magnitudes, we also observe inflection points in the cumulative frequency-magnitude
curve (Figure 4c).

Figure 4d shows the number of stations that recorded earthquakes depending on the
magnitude. Only earthquakes with magnitudes greater than 1.4 could be recorded by three
stations. At the same time, some earthquakes with magnitudes up to 3.0 were recorded
by only one single station. This is also due to technical problems at the seismic stations
closest to such earthquakes.

Figure 4e,f show the distribution of earthquake magnitudes depending on the distance
to the seismic station ZFI2 (Figure 4e) and SVZ (Figure 4f). From distances up to 430 km,
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the ZFI2 station recorded earthquakes with magnitudes M| below 2.0, and from distances
up to 650 km, earthquakes with magnitudes below 3.0. Within distances up to 340 km, the
continental slope falls within the range from 22°E to 70°E. And within distances up to
650 km, practically most of the study area falls in this.

There is not much data for the SVZ seismic station, because the station began to
function only in 2016. From distances up to 230 km, the SVZ station recorded earthquakes
with magnitudes M| below 2.0, and from distances up to 330km, earthquakes with
magnitudes below 3.0. Only a small part of the continental slope within our study area
falls within these distances. Thus, the capabilities of seismic stations to register low-
magnitude earthquakes within the continent-ocean transition zone to the west and east of
the Franz Josef Land archipelago were different.

Figure 4g shows the dependence of the area of the error-ellipse on longitude for
earthquakes recorded by three or more seismic stations. Overall solution accuracy depends
on longitude. The smallest error-ellipses are typical for earthquakes from the region
ranging from 20°E to 40°E. This effect is explained by network geometry for this region,
reflecting the distance of the located epicenters from the nearest seismic stations (Figure 4h).
However, the coverage of the network is unsatisfactory, with most location estimates
achieving primary azimuthal gaps between 165° and 270° (Figure 4i).

Discussion of Results

Figure 5 shows the earthquake epicenters recorded within the study area. The epi-
centers are depicted in different colors. Red epicenters with error ellipses are earthquake
recorded by three or more seismic stations. The size and orientation of the error ellipse de-
pends on the number of stations and epicenter geometry. Green epicenters are earthquakes
recorded by only two stations. And yellow epicenters are earthquakes recorded by only one
station. The spatial distribution of green epicenters corresponds to the distribution of red
ones. The distribution of yellow epicenters is more chaotic. But most of these epicenters
are also confined to seismically active regions.

Figure 5. Bathymetric map (https://www.ngdc.noaa.gov) of the distribution of earthquakes (red
circles) in the continent-ocean transition zone of the Eurasia Arctic region during the period from
October 2011 to November 2020. The red line indicates the study area, and the black triangles
indicate seismic stations.

The distribution of epicenters of the recorded earthquakes is not uniform over the
area of study (Figure 5). The pronounced occurrence of the epicenters at negative mor-
phostructures of the continental slope, namely, grabens and positive morphostructures —
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highs should be noted. Most of the recorded earthquakes occurred at the Franz Victoria
and St. Anna grabens, also at Kviteya (Bely) island (Figure 6).

The earthquake epicenters recorded in the Franz Victoria graben area tend to occur
in several parts of the graben area. Most epicenters are in the immediate vicinity of the
continental slope, and at the boundary between the graben and the Bely and Victoria High,
in its northern and southern parts (Figure 6).

Figure 6. Map of the neotectonic structures and active faults [Alekseev, 2004] and distribution of
earthquakes of the continent-ocean transition zone of the Eurasia Arctic region during the period
from October 2011 to November 2020: 1-shelf edge, steep of flexure-fault zone; 2-main neotectonic
faults; 3-dislocation with a break of continuity.

We relocated in [Morozov et al., 2018] the earthquakes occurring in the western sector
of the Russian Arctic for the period from the early 20th century to 1989. It was shown that
the Franz Victoria graben is one of the main seismically active areas of the Barents-Kara
region. Seven earthquakes with m;,(ISC) = 4.3 had been recorded within the graben during
the instrumental period (until 1989), while two events (1908 and 1948) had magnitudes 6.5
at the lowest; in particular, the 1908 earthquake had M, (ISC-GEM) = 6.6 (Table 2). Earth-
quakes of smaller magnitude were not recorded in the Franz-Victoria Graben region due to
the remoteness of seismic stations and their small number (Figure 1a). Thus, our results
supplement the information about the seismicity features of this region.

The epicenters of the earthquakes recorded in the St. Anna graben area also tend to
occur in several parts of the graben. Most epicenters are in the immediate vicinity of the
continental slope. A few earthquakes are confined to the middle of the graben (Figure 5, 6).

West of the Franz Victoria graben is the Orle graben. Surveys conducted in the area
showed an abnormally high heat flow at the graben, 300 to 520 mW/ m? which is nearly
10 times the background value [Khutorskoi et al., 2009]. This anomalous heat flow is
characteristic for the entire Orle graben and its extension in the continental slope up to
a depth of 1200 m. [Khutorskoi et al., 2009] hypothesized crustal destruction in the graben
area throughout its entire depth accompanied by the emplacement of hot mantle material,
which provides evidence of an active phase in the graben evolution. High temperatures
in the lithosphere can be invoked to explain a virtually complete absence of recorded
earthquakes in the Orle graben area. Just two earthquakes can be supposed to have
originated in the graben area. Further west, in the area of the Yermak Plateau, we have
seismicity confined to the plateau slopes (Figure 6).
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Table 2. Catalog of relocated seismic events in an area of the Franz Victoria Trench for the period
from the beginning of the 20th century to 1989

H t E 11i
Date Time ypocenter fror eipse Magnitude Source of the
dd.mm.yyyy hh:mm:ss.0 ,° 10 h*, Azmajor; Sminor» Smajor; & hypocenter
! ! km ° km km
14.10.1908 14.56:17.5 82.13 36.19 12f 100 87.0 193.0 M,(ISC) = 6.61 by [Morozov et al., 2019]
18.02.1948 20:29:52.8 82.53 41.42 0(—01)6 80 18.0 24.4 M =6.5 by [Morozov et al., 2014]
26.09.1948 05:51:18.4 82.30 40.22 O(—49)9 70 40.5 104.7 - by [Morozov et al., 2014]
22.11.1948 23:32:48.0 82.42 41.90 O(—16)5 90 25.8 38.1 - by [Morozov et al., 2014]
13.03.1967 21:44:07.8 82.30 40.71 O(—O3)2 100 12.3 21.7 my(ISC)=4.3 by [Morozov et al., 2014]
- (4) mp(1SC)=4.3 .
14.03.1967 07:50:18.1 82.33 40.12 0-36 100 10.2 20.3 M(MOS)=5.5 by [Morozov et al., 2014]
(0) mp(ISC)=4.6
25.06.1975 10:14:57.9 82.42 39.54 0-43 100 14.1 35.5 mp(NEIS)=4.6 by [Morozov et al., 2014]
M(LAO) = 4.8

* — (h) means a fixed depth value when calculating the parameters of the epicenter; the number in brackets means the most probable depth value in the

depth range.

From 2006 to 2009, researchers of the Geological Institute of the Russian Academy
of Sciences, in collaboration with the Norwegian Petroleum Directorate, undertook three
expeditions aimed at clarifying the structure of individual sections of the continent-ocean
transition zone of the Barents Sea’s northwestern margins [Zaionchek et al., 2010]. These
expeditions revealed a system of large landsides on the continental slope of the Arctic
Ocean. Landslides had previously been found on the Norwegian continental slope, in the
Litke graben and at the extension of the Hinlopen Strait [Hjelstuen et al., 2007; Vanneste
et al., 2006; Winkelmann and Stein, 2007].

During one of the expeditions, signs of the intensive offset of large rock fragments
of turbidite fracture and alluvial cone formation were detected inside the Orle graben
formation. Similar phenomena were also observed on the western side, mainly occurring
due to the isostatic compensation of avalanche sedimentation. It is therefore possible to
assume that the eastern grabens, starting from the Franz Victoria, also act as channels for
sedimentary material transport.

Researchers at the Kola Branch, GS RAS [Vinogradov and Baranov, 2013] studied the
nature of seismic events in the western part of the Barents Sea shelf, within the continental
slope area. Regarding minor seismicity (M| < 2.2), seasonality was observed for the
earthquakes registered in the area from the Strait of Storfjorden (Svalbard archipelago) to
Bjornoya Island. In accordance with the suggested hypothesis, most of the low-magnitude
earthquakes are the result of the landslide processes taking place in steep shelf areas, with
their seasonality reflecting rapid changes in alluvial material mass flow during the warm
season. In particular, by analyzing the records of the SPITS seismic group, the authors
were able to identify waveforms caused by landslide events in the north of Spitsbergen.

Therefore, based on an overall analysis of the available geophysical, geotectonic and
new seismic data, it can be assumed that the prevailing geodynamic factor responsible for
the occurrence of low-magnitude earthquakes is the isostatic compensation of sedimenta-
tion in the continent-ocean transition zone.

Seismic activity is also observed within the easternmost island, Bely (Kviteya) in the
Svalbard archipelago, which also belongs to the Bely and Victoria High. On January 30,
2013, an earthquake with a magnitude of M| = 3.4 occurred near Bely Island. After this
earthquake, six earthquakes were recorded within five hours, which are aftershocks.
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Disperse seismicity occurs in the area of Franz Josef Land and Severnaya Zemlya
within the region of study. Since the time that a seismic station began operation on
Severnaya Zemlya in 2016, some earthquakes have been recorded in the continental slope;
however, the first thing to be noted consists in the fact that these were too few to infer
definite occurrence at certain tectonic features. Secondly, nearly all events were located
using records of a single station.

Conclusions

On the basis of the performed seismic monitoring of the continent-ocean transition
zone of the Barents-Kara region during the period from October 2011 to November 2020,
the following can be deduced:

1. Atotal of 192 earthquakes have been recorded during the period of observation with
magnitudes in the range between 0.7 and 3.9. The pronounced occurrence of the
epicenters at negative morphostructures of the continental slope, namely, grabens
and positive morphostructures — highs should be noted.

2. The areas of highest seismicity are the Franz Victoria and St. Anna grabens and Bely
and Victoria High. The prevailing geodynamic factor in the seismicity of the Franz
Victoria and St. Anna grabens is most likely isostatic compensation of sedimentation
in the continent-ocean transition zone.

3. The Orle graben is nearly free of earthquake occurrence. Surveys conducted in
the Orle graben area showed an abnormally high heat flow at the graben, 300 to
520 mW/mz, which is nearly 10 times the background value [Khutorskoi et al., 2009].
High temperatures in the lithosphere can be invoked to explain a virtually complete
absence of recorded earthquakes in the Orle graben area.
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Access to the data from broadband stations operating in the Svalbard Archipelago was
through the GEOFON program (HYPERLINK, https://geofon.gfz-potsdam.de/waveform/,
visited on July, 2024). The bathymetry is from the National Geophysical Data Center
and is available at https://www.ngdc.noaa.gov/mgg/bathymetry/maps/nos_intro.html
(visited on July, 2024). Description of the AH network is available at DOI: https://doi.
org/10.7914/SN/AH, the GE network — DOI: https://doi.org/10.14470/TR560404, the
PL network — https://www.fdsn.org/networks/detail/PL/ (visited on July, 2024), the NS
network — DOI: https://doi.org/10.7914/SN/NS, the NO network — https://www.fdsn.org/
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https://www.fdsn.org/networks/detail/DK/ (visited on July, 2024).
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Abstract: Most Peat Hydrological Units (PHU) in South Sumatra, Indonesia, have been threatened
by degradation from climate changes, human activities, and environmental factors. This study
mapped land cover using Random Forest Classification and identified forest degradation using NDFI
(Normalized Difference Forest Index) change analysis in several PHUs of the South Sumatra peatland
from 2015 to 2023. We combined Sentinel-1, Sentinel-2, and Landsat-8 data for the land cover
classification. Meanwhile, we utilized Landsat-8 to identify forest degradation. Our findings indicate
that tree cover significantly decreased in 2015, 2019, and 2023, coinciding with severe drought
conditions driven by El Nino events. A significant decrease in forest cover in 2019 was suggested by
low tree cover, up to 47.1% of the total area of 1.054 million ha. Therefore, grassland and bare/sparse
vegetation had more significant coverage percentages, reaching 22.89% and 11.40%, respectively, in
2019. Deforestation varied but generally decreased from 2015 to 2023, according to the analysis of
NDFI changes. Vegetation regrowth increased notably from 2016 to 2020 and remained relatively
stable afterward. In addition, forest disturbance decreased from 2015 to 2020 but slightly increased
in the last few years. Although two PHUs have encountered more severe degradation, their peatland
ecosystems included inside them have distinct characteristics. Specifically, the PHU of Sungai Saleh —
Sungai Sugihan encompasses cultivated areas, whereas the PHU of Sungai Sugihan — Sungai Lumpur
comprises protected areas. These findings highlight the need for restoration and sustainable land
management to prevent further degradation.

Keywords: Peatland, Land cover, Degradation, Random Forest, NDFI, South Sumatra, Remote
Sensing.
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1. Introduction

Hydrologically and ecologically different peat forest habitats regulate the global
carbon cycle, biodiversity, and climate [Page et al., 2011]. Peat forest degradation and land
cover changes due to drainage, deforestation, and land conversion pose unprecedented
risks to these vital ecosystems [Hooijer et al., 2010; Vijay et al., 2016]. Peatlands are carbon
sinks that help mitigate climate change [Page ef al., 2011]. Due to soil oxidation and
degradation, peat forests emit greenhouse gases when drained and deforested [Hooijer et al.,
2010; Khakim et al., 2020].

There are direct and indirect drivers of peatland deforestation and degradation in the
study area. Logging, industrial plantations, artificial drainage canals, recurrent fires, and
fire-based traditional farming practices are direct contributors. Indirect factors include
climate change, land use policy inconsistency, and inadequate management [Dolong et al.,
2017]. The logging and industrial plantations driving the degradation by agricultural
conversion are mainly for palm oil and acacia plantations [Astuti, 2021; Cooper et al., 2020;
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Miettinen et al., 2012; Nurhayati et al., 2021]. Industrial plantations and small holder
areas occupy a minimum of 21% of the peatland in South Sumatra [Putra et al., 2019].
In addition, the usage of uncontrolled fire has progressively increased over time in relation
to the traditional cultivation of sonor or swamp rice [Chokkalingam et al., 2006]. Land
clearance removes woody and non-woody plants for agricultural or industrial use. Logging
roads make interior forests simpler to access and move, worsening deforestation. Artificial
drainage systems lower the groundwater table for crop cultivation and timber transport.
However, drainage systems disrupt the hydrological equilibrium, increasing surface runoff
and decreasing water storage capacity. Consequently, the draining of peatlands can alter
hydrology and ecosystem processes.

Furthermore, drainage for agricultural and plantation development increases peat
soil subsidence and fire risk [Khakim et al., 2020]. The subsidence rate of peatlands in
South Sumatra increased by 6.4 times after the 2015 El Nifo event [Khakim et al., 2020]. In
addition, the rate ranged from —567 to 347 mm/year between 2019 and 2022 [Zheng et al.,
2023]. Higher temperatures, less precipitation, and more peat evaporation in droughts
reduce peatland groundwater tables. Drawdown accelerates peat oxidation and breakdown,
causing subsidence and carbon emissions. Peat fires are a significant issue in Indonesia,
notably in South Sumatra. Dry drainage makes peatlands more combustible [Khakim et al.,
2022]. Air pollution and climate change can result from peat fires releasing substantial
volumes of carbon dioxide and other pollutants [Cobb et al., 2017; Dommain et al., 2014;
Page et al., 2011].

Sustainable management and peatland degradation have been addressed. Strategies
include avoiding peatland conversion, encouraging rewetting and regenerating degraded
peatlands, and restricting burning [Dohong, 2017; Harrison et al., 2019; Uda et al., 2020;
Yuwati et al., 2021]. Due to their environmental and climate implications, peatland con-
servation and management in Indonesia, including South Sumatra, have garnered inter-
national attention. Initiatives like the Indonesian Peatland Restoration Agency (BRG)
have been established to coordinate restoration efforts [Humas, 2016]. Information on
peatland degradation is essential for designing effective policies and regulations that pro-
mote sustainable land use practices, prevent further degradation, and support restoration
efforts. Understanding and addressing peatland degradation in South Sumatra is crucial for
mitigating climate change, preserving biodiversity, regulating water resources, preventing
fires, promoting sustainable agriculture, supporting local communities, meeting interna-
tional commitments, and maintaining the ecosystem’s overall health. The urgent need to
understand the drivers and consequences of such changes underscores the importance
of advanced remote sensing technologies, which offer invaluable insights for effective
conservation strategies [Miettinen et al., 2017].

Ecological, hydrological, and environmental indices are used to estimate peatland
deterioration. Peatland degradation is quantified and monitored in several ways. Satellite
imaging (Landsat, Sentinel) can track land cover, vegetation health, and water levels. Using
Landsat-8, Sentinel-1, and Sentinel-2 satellite data to analyze peat forest degradation
and land cover changes is challenging. Landsat-8’s multispectral capabilities allow it to
identify deforested areas, agricultural growth, and vegetation health changes [Pettorelli et al.,
2014]. Sentinel-1 SAR technology provides all-weather imaging and reliable water table
monitoring, which is crucial for peatland health assessment [Asmufet al., 2019; Khakim
et al., 2022; Toca et al., 2023]. The spectral richness and high geographical resolution of
Sentinel-2 data improve peat forest ecosystem study. Its regular return intervals allow
monitoring of land cover changes, revealing subtle changes in vegetation composition
and structure [Carrasco et al., 2019; Poortinga et al., 2019; Urban et al., 2018]. Advanced
analytical methods are needed to obtain comprehensive information from these databases.

Unsupervised and supervised classification analyze land cover. Automatic, data-
driven unsupervised classification is ideal for land cover pattern research, especially
in areas with little prior knowledge. However, unsupervised classification has lower
accuracy and subjectivity in interpretation. In addition, unsupervised methods can produce
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numerous classes that might not have precise ecological or practical meanings, making
interpretation difficult. On the contrary, supervised classification allows us to differentiate
between them accurately based on your training samples. On the other hand, random
forest classification enables the automated identification and classification of land cover
types based on the spectral signatures of different land features, contributing to precise
mapping and monitoring [Gdmez et al., 2016; Malinowski et al., 2020; Shih et al., 2021;
Tian et al., 2016]. It allows for identifying and monitoring degradation-related changes
in land cover proportions. Landsat endmembers were successfully applied to derive
a Normalized Difference Fraction Index (NDFI) for monitoring forest degradation in
several environmental, such as Amazon forest [Souza Jr. et al., 2013], non-Amazonian
tropical forest [Schultz et al., 2016], and tropical peatland [Numata et al., 2022]

Spectral analysis examines peatland surface reflectance in different bands. Spectral
signatures can reveal vegetation, water, and soil changes. Changes in vegetation com-
position, density, and health indicate peatland degradation. Monitoring monoculture
plantations vs. diversified native vegetation can indicate a decline. Land cover changes
caused by peatland forest degradation can have serious ecological, environmental, and
socioeconomic consequences. Spectral Mixture Analysis (SMA) is a typical remote sensing
approach for assessing land cover component proportions in mixed pixels. Assessing peat-
land deterioration is another use for it. SMA and machine learning algorithms like random
forest classification are used for classifying complicated ecosystems like peat forests. SMA
uses remote sensing data to assess the fractional cover of vegetation, soil, and water [Adams,
1995; Sakti and Tsuyuki, 2015].

This study employed a supervised random forest (RF) classification method to gain
insight into the various types and spatial distribution of land cover. Furthurmore, the
SMA and NDFI were utilized to identify peatland vegetation degradation in the South
Sumatra peatland. The relationship between peatland forest degradation and land cover
refers to how changes in the condition and quality of peatland ecosystems affect the types
and distribution of vegetation and other land cover components within those ecosystems.

2. Materials and Methods
2.1. Study area

The study area is peatland, situated on the eastern coast of the island of Sumatra,
adjacent to the Musi River delta (Figure 1). The study area is in two Bayuasin and Ogan
Ilir Regencies and consists of nine peat hydrological units (PHUs). In 2015, the South
Sumatra region experienced a catastrophic event when the El Nifio phenomenon triggered
devastating fires in its vulnerable peatlands. These fires ravaged a substantial area, esti-
mated to be between 117,367 and 144,410 hectares (ha) of peatland within the province
[KLHK, 2020]. The impact of these fires was particularly severe in specific areas, with
approximately 6580 ha of burned peatlands located in villages situated within or adjacent
to former restoration and conservation project areas in the Banyuasin, Muba, and Ogan
Komering Ilir Regencies. Furthermore, an additional 13,061 ha of peatland succumbed to
the flames within oil palm plantations, while a staggering 67,846 ha were engulfed in fires
within logging concessions [Budiman et al., 2021].

Within the PHU Sugihan-Lumpur area, four villages have implemented livelihood
revitalization initiatives and participated in the Peat Care Village programs. These efforts
included providing essential livelihood support to the local community. However, it’s
noteworthy that these villages did not undertake additional restoration activities, such
as peat rewetting. Unfortunately, the reliance solely on livelihood revitalization and the
programs proved insufficient to mitigate peatland fire risk. From September to October
2019, these villages experienced fires that ravaged 14,113 ha of peatland. A notable fire
vulnerability persists despite groundwater monitoring stations in 8 out of 10 restoration
areas [Budiman et al., 2021].

While notable progress has been made in peatland protection, significant threats still
loom. Before recent conservation endeavors, numerous companies obtained concession
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Figure 1. Study area consisting of nine peat hydrological units.

permits encompassing vast protected peatland expanses. Alarmingly, over 25 percent of
the total 12.2 million hectares (30 million acres) of protected peatland has already been
allocated for concession areas, primarily geared toward pulpwood and palm oil plantations,
or possesses the potential for conversion into plantation or agricultural usage [Hidayah
et al., 2018]. It highlights the persistent challenge of safeguarding these critical ecosystems
against existing and potential land use pressures.

2.2. Land Cover Classification

We classified land cover over the study area by combining 544 radar images from
Sentinel-1 and 2923 optical imageries, comprising 2318 Sentinel-2, and 605 Landsat-8
from January 2015 to August 2023. We preprocessed the image using Google Earth Engine
(GEE). The radar data analysis involved using dual-polarized C-band data acquired by the
Synthetic Aperture Radar (SAR) instrument aboard the S1A satellite.

The Level-1 Ground Range Detected product (GRD), as provided by GEE, was em-
ployed in this analysis. These GRD images underwent radiometric calibration and orthorec-
tification. Two distinct polarization modes were used: single and dual-band co-polarization
with vertical transmit/receive (VV) and horizontal receive (VH). An additional preprocess-
ing step was implemented, which involved spatial filtering through a 7 X 7 Refined Lee
speckle filter to mitigate the inherent speckle noise found in radar images. This prepro-
cessing step was crucial for enhancing the suitability of the images for land cover detection
at the spatial resolution employed in this research.

Furthermore, additional bands, such as the VH/VV ratio, the normalized ratio proce-
dure between bands (NRPB) [Filgueiras et al., 2019], and the radar vegetation index (RVI)
[Yamada, 2015] were generated. For each observation date, a composite image comprising
five bands (VV, VH, VH/VV ratio, NRPB, and RVI) was created, as this combination has
been identified as optimal for characterizing land cover. Images were temporally combined
by calculating median values for each band, resulting in the generation of composites
spanning a one-year timeframe.

Sentinel-2 data, processed at level 1C as sourced from GEE, were employed. These
data have undergone orthorectification and radiometric correction, resulting in top-of-
atmosphere reflectance values. Bands 2 to 8 were selected and four indexes, namely
Normalized Difference Vegetation Index (NDVI), Normalized Difference Built-up Index
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Table 1. Bands and indices of each satellite for classification

Satellite Bands/Indices

Sentinel-1 VV, VH, VH/VV, NRPB, and RVI
Sentinel-2 B2-8,11, 12, NDVI, NDBI, S2REP, and IRECI,
Landsat-8 B2-7, soil, GV, NPV, GVs, shade, and NDFI

(NDBI), Sentinel-2 Red-Edge Position (S2REP), and Inverted Red-Edge Chlorophyll Index
(IRECI), were derived for use, with their initial spatial resolutions at 10 meters. An
automated cloud masking procedure was implemented to ensure data quality, utilizing
band QA60 from the S2 1C product, effectively masking both opaque and cirrus clouds.
Moreover, parameters derived from Landsat-8 are described in the following sub-section.

Table 1 shows the bands of each satellite for the classification input dataset. Several
indices were also derived from each dataset to be included as the input. These bands
and indices from Sentinel-1, Sentinel-2, and Landsat-8 images were merged into a single
fused image using the ‘addBands( ) function’ in Google Earth Engine. Parameters were
derived from unmixed fractions of the Landsat-8, such as Soil, Green Vegetation (GV),
Non-Photosynthetic Vegetation (NPV), Shade-normalized Green Vegetation (GVs), Shade,
and NDFI. More relevant feature variables boost classification accuracy [Amoakoh et al.,
2021].

Following the standardization of band values through band normalization, band
stacking was carried out by aggregating all the processed radar and optical images for
input each year. In this study, the Random Forest algorithm has been selected as the
classifier. This algorithm assigns equal weight to each of the band layer stack images. Equal
weighting in Random Forest (RF) classification ensures all features contribute equally
to the model's decision-making process. This approach simplifies the modeling process,
prevents bias, makes the model more robust to changes in the dataset, promotes balanced
decision-making, and assumes equal importance. The RF approach employs a collection of
decision trees to enhance prediction accuracy [Breinan, 2001]. We applied the Random
Forest classification algorithm due to its robustness and ability to handle complex land
cover patterns.

Based on field observation and image identification, we created point features for
different land cover classes. Each point was assigned a class label representing the land
cover class. To avoid overfitting, the labeled data was split into training and validation sets,
60% and 40%, respectively. The RF classifier with 120 trees was trained using the training
dataset, and the classifier learned the underlying patterns and relationships between the
features and class labels in the training data. The classifier performance was evaluated
using the validation set. The trained model was then deployed to predict land cover across
the study area.

2.3. Mapping Peatland Degradation

Peatland degradation is a critical environmental issue; remote sensing techniques are
used on satellites. This study mapped peatland degradation using USGS Landsat 8 Level 2,
Collection 2, Tier 1 from 2015 to 2023. We removed clouds and shadows from Landsat
8 imagery in GEE using the Quality Assessment (“QA_PIXEL”) band to mask out pixels
with clouds and shadows. To create a cloud-free composite image, we used the median to
combine multiple cloud-masked images into one representative image for a year.

We Applied an SMA algorithm to find the linear combination of endmember spectra
that best matches the observed mixed pixel spectrum. The output of SMA is a set of
fractional maps representing the spatial distribution of different land cover components
within each pixel. These maps indicate the proportion of each endmember (e.g., vegetation,
soil, water) present in each pixel. By comparing fractional maps from different periods, we
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Table 2. Reflectance values of the Landsat-8 endmembers

Reflectance Values of Landsat-8

Endmember Band 2 Band 3 Band 4 Band 5 Band 6 Band 7
(Blue) (Green) (Red) (NIR) (SWIR 1) (SWIR 2)
NPV 0.1514 0.1597 0.1421 0.3053 0.7707 0.1975
GV 0.0119 0.0475 0.0169 0.6250 0.2399 0.0675
Soil 0.1799 0.2479 0.3158 0.5437 0.7707 0.6646
Cloud 0.4031 0.8714 0.7900 0.8989 0.7002 0.6607

identified changes in the distribution of land cover components. It is beneficial for tracking
the progression of peatland degradation, such as changes in vegetation and soil exposure.

We defined the Landsat-8 endmembers based on a previous study [Souza Jr. et al.,
2005]. The pure reflectance values for the blue, green, red, NIR, SWIR1, and SWIR2 bands
of the Landsat-8 for different endmember materials like NPV, GV, Soil, and Cloud are
presented in Table 1.

Unmixing the Landsat-8 image using the built-in ‘unmix ()’ function in Google Earth
Engine involves estimating the fractional abundances of endmembers in each image pixel.
The unmixed fractions were then converted to the image of the SMA model of the study
area. The Shade and GVs fractions are used in the spectral mixture analysis to estimate
the proportion of shaded and sunlit vegetation within a pixel. These fractions provide
information about the vegetation canopy structure and can be calculated from the SMA
results. The Shade fraction represents the pixel proportion covered by shadows or shaded
areas. It is calculated by subtracting the sum of the GV and NPV fractions from 1:

Shade =1 — (GV = NPV).

The GVs was accounted for the shading effect by dividing the Green Vegetation (GV)
fraction by the complement of the Shade fraction:

GV

GVs = 100 - Shade’

The NDFI enhancing the degradation signal caused by selective logging and burning
was computed using the derived fraction images by:

GV — (NPV + Soil)

NDFL = 5 NPV + Soil -

Water and clouds affecting how we monitor forest degradation and loss were masked
using a thresholding method based on the values of the fraction images. A water mask was
created using threshold values for the Shade, GV, and Soil bands, where Shade is greater
than or equal to 0.65, GV is less than or equal to 0.15, and Soil is less than or equal to 0.05.
Meanwhile, a cloud mask was created by applying a threshold of 0.1 or more significant to
the Cloud band.

Changes in NDFI that indicate forest change were obtained by calculating the differ-
ence between the two images. A temporal color composite was generated using two yearly
NDFI images to enhance changes between them. The NDFI changes were then classified
by defining a threshold based on inspecting the histogram and the NDFI temporal color
composite.

3. Results and Discussion
3.1. Land cover analysis

Figure 2 shows the classified land cover over the study area. This land cover was
classified into seven major land cover classes, i.e., tree cover, shrubland, grassland, cropland,
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built-up, bare/sparse vegetation, and water bodies. The tree cover class includes peat
forests, oil palm plantations, rubber plantations, and mangroves. We defined shrub class
as woody perennial plants characterized by persistent, woody stems and no single, well-
defined main stem, typically standing at a height of less than 5 meters. Any geographic area
dominated by natural herbaceous plants (without persistent stems or shoots above ground
and lacking defined hard structure) is classified as grass. Grasslands, prairies, steppes,
savannahs, and pastures are examples of grasslands. Cropland refers to cultivated land
that can be harvested at least once within a 12-month following the first sowing or planting.
Built-up refers to areas occupied by buildings, roads, and various other human-made
constructions, including railroads. Built-up refers to areas occupied by buildings, roads,
and different other human-made constructions, including railroads. Furthermore, the term
“water class” is employed to categorize various aquatic environments such as fish ponds,
rivers, and other bodies of water.

WOTS G e 0D Dew ST

Figure 2. Classified land cover overlaid with hotspots from 2015-2023.

The overall accuracy (OA) of our land cover classification for 2015-2023 ranges from
90-94%, with a Kappa coefficient of 0.87-0.92, indicating a high level of accuracy and
agreement between predicted and observed land cover classes, as shown in Table 3. The
accuracy of the producers' (PA) and users' (UA) is also presented in this table. We randomly
selected validation points to validate the classification and compared the predicted classes
with observed land cover types in the field. The accuracy assessment showed that the
model performed well across different land cover classes, with minimal misclassifications.
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Table 3. Accuracy measurements of land cover

Tree Cover Shrubland Grassland Cropland Built-up Bare/sp.arse Water bodies

Year Kappa OA vegetation
PA UA PA UA PA UA PA UA PA UA PA UA PA UA
2015 092 094 096 1.00 1.00 090 085 0.86 080 0.80 0.67 1.00 1.00 094 1.00 1.00
2016 090 092 1.00 0.88 1.00 093 080 092 080 1.00 1.00 1.00 070 1.00 1.00 1.00
2017 0.87 090 094 091 082 09 09 090 080 1.00 1.00 1.00 1.00 0.80 0.71 1.00
2018 090 092 092 095 085 1.00 1.00 0.82 1.00 086 0.67 1.00 0.90 090 1.00 1.00
2019 0.88 091 1.00 097 086 0.86 094 0.76 057 1.00 0.00 000 0.81 1.00 1.00 1.00
2020 089 091 091 094 100 093 095 1.00 1.00 050 100 075 0.67 080 1.00 1.00
2021 090 093 1.00 0.89 1.00 090 1.00 1.00 1.00 1.00 1.00 1.00 0.62 1.00 1.00 1.00
2022 089 092 094 096 077 090 1.00 0.82 083 0.83 1.00 1.00 0.92 086 1.00 1.00
2023 0.87 090 096 1.00 0.7 1.00 091 0.83 080 0.7 0.67 1.00 1.00 075 1.00 1.00

Detailed information on the extent percentage of each class’s area is presented in
Figure 3. The tree cover shows some fluctuations over the years. Land cover changes in
a region like South Sumatra can be complex and influenced by multiple factors spatially
and temporally. The extreme climate, El Nifo events, are generally associated with drier
conditions and increased fire risk, leading to potential negative impacts on vegetation.
Tree cover increased in 2017 and 2020 but was lower in 2015, 2019, and 2023, directly
correlated with El Nino which had lower precipitation and drier over the study area. In
such situations, vegetation may already be stressed and more susceptible to degradation.

By comparing our classification results with historical data, we observed a significant
decrease in forest cover in 2019, indicated by low tree cover (47.1% of the total area of
1.054 million ha), primarily attributed to fires and logging. Therefore, grassland and
bare/sparse vegetation had more significant coverage percentages, reaching 22.89% and
11.40%, respectively. It suggests that the severity of the peat fires in South Sumatra in
2019 might surpass those observed in 2015. However, both El Nino in 2015 and 2019
likely contributed to reduced precipitation in those years, which could have led to drier
conditions and increased fire risk.

The increase in 2017 and 2020 could be related to recovery after the El Nino events.
However, tree cover had a slightly larger percentage in 2015 than in 2016. The impact of
an El Nifio event on any specific vegetation type may not be immediate. It can take some
time for the full effects of decreased precipitation and increased fire activity to manifest.
In some ecosystems, fire is a natural and essential ecological process. Certain plant species
have adaptations that allow them to thrive after a fire. However, intense fires can still lead
to degradation if ecosystems cannot regenerate properly between fire events. In the case of
the study area, the reduced precipitation and increased fire risk during the 2015 EI Nino
event might have directly affected shrubland in that year and tree cover in subsequent
years, including 2016.

On the other hand, human activities play a significant role in shaping land cover
changes. Human activities, such as agricultural burning, land clearing, or accidental
ignition, start many fires. Most fires occurred over the cultivation area in the PHU of
Sungai Saleh — Sungai Sugihan in 2015, 2018, and 2023. In these areas, drained peatlands
were used for agriculture and cultivation. In areas where human-induced fires are common,
vegetation degradation can occur due to the cumulative impact of these fires. On the other
hand, many hotspots can also be identified in the protected area, especially in the PHU
of Sugai Sugihan — Sungai Lumpur, in 2017, 2018, 2020, and 2021. Spatial correlations
between land cover changes and fire hotspots often result from natural ecological processes,
human activities, and environmental factors.
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Figure 3. Percentages of classified land cover classes from 2015-2023.

3.2. Degradation analysis

This study also mapped peatland degradation to identify the factors causing changes
in land cover. The data used for the degradation analysis consisted of Landsat-8 images
from 2015 to 2023, covering the study area. The pure reflectance values for the blue,
green, red, SWIR1, and SWIR2 spectral bands from the Landsat images were utilized for
identifying endmembers such as NPV, GV, and Soil, as illustrated in Figure 4b—d. Unmixing
the Landsat-8 images using the Singular Value Decomposition (SVD) method involved
estimating the abundance fractions of endmembers in each image pixel.

The fractions obtained from the singular value docomposition were then transformed
into a SMA model image for the study area. The Shade and GVs fractions, as shown in
Figure 4e,f, were used in spectral mixture analysis to estimate the proportions of vegetation
in a pixel that was shaded and exposed to sunlight. These fractions provide information
about the canopy structure of vegetation and can be computed from the SMA results. The
Shade fraction represents the proportion of pixels covered by shadows or areas shaded
by vegetation. Then, from the GVs, NPV, and Soil fractions, the NDFI is calculated. For
example, NDFI maps for 2019 and 2020 were used to map land degradation in 2020 by
mapping the NDFI changes between these two consecutive years. The NDFI for those years
and their changes can be displayed in Figure 4g-i.

Water and cloud, which can affect the mapping of forest degradation and damage,
must be excluded from the calculations, often referred to as masking, using a threshold-
based method based on the values of the fraction images. The water mask is created using
threshold values for the Shade, GV, and Soil fractions, where Shade is greater than or equal
to 0.65; GV is less than or equal to 0.15; and Soil is less than or equal to 0.05. Meanwhile,
the cloud mask is created by applying a threshold of 0.1 or greater to the Cloud fraction.

Changes in NDFI indicating land changes are obtained by calculating the difference
between these two images. A temporal color composite is generated using two annual
NDFI images to highlight the changes between them. The changes in NDFI are then
classified by defining thresholds and the temporal color composite of NDFI. In the Landsat
8 composite map (Figure 4a), green indicates vegetation, and brown represents bare land.
Bare land without vegetation corresponds to what the Soil fraction map shows, which
appears whiter. The whiter the color in the GV and GVs fraction maps, the more vegetated
the area. Similarly, for other fraction maps, such as NPV and Shade, the whiter color
indicates higher fraction values, reflecting the condition of the depicted objects.

Peatland degradation in South Sumatra, Indonesia, is primarily caused by human
activity and environmental factors. Draining peatlands for agricultural purposes, particu-
larly the creation of oil palm plantations and rice fields, upsets the natural hydrological
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Figure 4. Maps of (a) Landsat-8 RGB composite, (b-f) Landsat-8 fractions, (g) NDFI 2019, (h) NDFI
2020, and (i) NDFI change from 2019-2020.

equilibrium, causing the water table to decrease and the peat to dry out. This accelerates
the breakdown process and releases stored carbon into the environment. Large-scale land
conversion exacerbates the problem, as enormous sections of peatland are removed and
transformed into plantations. The loss of natural vegetation exposes the peat to oxidation,
accelerating decomposition. Furthermore, the region is prone to peat fires, particularly
during the dry season. Climate change exacerbates these difficulties by changing precipita-
tion patterns and increasing the frequency of extreme weather events like droughts and
wildfires, putting additional strain on already degraded peatlands. The orange on the
NDFI maps (Figure 4g,h) indicates forest disturbance related to fires and selective logging.
Meanwhile, the pink and white colors represent dry vegetation and bare land in previously
logged forests. In grassland areas, the orange color indicates dry vegetation. The NDFI
change map in Figure 4i used red to depict new deforestation, and pink represents selective
logging. The cyan color indicates vegetation regrowth in areas logged or burned a year or
more ago.

NDFI changes were classified to identify vegetation disturbances, deforestation, and
vegetation regrowth spatially and temporally from 2015 to 2023, as presented in Figure 5.
These maps are overlaid with the distribution of fire hotspots to analyze the relationship
between the NDFI change classification and the locations of fire occurrences. Generally,
these changes relatively corresponded to the identified hotspot distribution, indicating
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Figure 5. NDFI changes classes overlaid the hotspot from 2015-2023.

that the degradation caused by land fires obtained from the NDFI change classification
aligns with the observed fire events. According to the NDFI change categorization map,
the PHU of Sungai Sugihan — Sungai Lumpur, situated in the eastern region of the research
area, had the highest degree of degradation. Subsequently, the adjacent PHU located to
the west, specifically Sungai Saleh — Sungai Sugihan, exhibits a similarly significant level
of degradation. Although these PHUs have encountered more severe degradation, it is
essential to note that the peatland ecosystems within them exhibit distinct characteristics.
Specifically, the PHU Sungai Saleh — Sungai Sugihan encompasses cultivated areas, whereas
the PHU Sungai Sugihan — Sungai Lumpur comprises protected areas.

In addition, the extent of the percentage of degraded areas can be calculated based on
the NDFI change classification, as presented in Figure 6. According to these calculations,
the most severe degradation occurred in 2015, followed by 2019. The percentage of no
forest change has gradually increased from 2015 to 2018, showing that these areas have
comparatively recovered from the effects of the El Nifio in 2015. On the other hand, it
declined between 2019 and 2020 before climbing back up to 2023. Forest disturbance
includes activities that negatively impact the forest but may not necessarily result in
deforestation. This category covers disturbances such as logging, selective harvesting, or
fires. Forest disturbance decreased from 2015 to 2018 but slightly increased in the last
few years. New deforestation refers to converting forested areas into non-forest land cover
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types. It indicates the loss of forested land. New deforestation varied over the years but
showed a declining trend from 2015 to 2023, suggesting that efforts might have been made
to reduce deforestation. Vegetation regrowth represents areas where new vegetation has
grown, naturally or through reforestation, following previous disturbances. Vegetation
regrowth increased notably from 2016 to 2020 and remained relatively stable afterward. It
may indicate successful reforestation or natural regeneration.

Figure 6. Variation of area percentages for four NDFI change classes from 2015-2023.

Key observations from the results are the data suggests that there has been a reduction
in new deforestation over the years, which is a positive sign for forest conservation efforts;
the increase in vegetation regrowth from 2016 to 2020 is noteworthy and indicates restora-
tion efforts or natural recovery in previously disturbed areas; forest disturbance decreased
from 2015 to 2020 but showed a slight increase in the last few years, which should be
monitored to ensure sustainable forest management practices.

4. Conclusion

Our study analyzed land cover dynamics and forest degradation in South Sumatra’s
peatlands from 2015 to 2023 using Random Forest classification and NDFI change analysis
with a multi-temporal dataset from Sentinel-1, Sentinel-2, and Landsat-8. The classification
results showed seven land cover classes consisting of tree cover, shrubland, grassland, farm-
land, built-up regions, bare/sparse vegetation, and water bodies, offering a comprehensive
picture of land cover changes in the study area. Accuracy of 90% to 94% and a Kappa
coefficient of 0.87 to 0.92 shows significant agreement between predicted and actual land
cover classifications across categories. Our classification model’s low misclassification rate
proves its usefulness for monitoring peatland land cover changes.

The comprehensive examination of land cover alterations throughout the study un-
veiled variations in the extent of tree cover, which were impacted by intricate spatial and
temporal factors. It is worth mentioning that the effects of El Nifio occurrences, which
are linked to arid conditions and heightened susceptibility to fires, were noted during
periods of diminished tree coverage. The year 2019 experienced a notable decline in forest
area, predominantly because of fires and logging operations. Consequently, there was an
expansion in grassland coverage and an increase in areas with limited or no vegetation.
Forest disturbance increased slightly in recent years after decreasing from 2015 to 2020.
Anthropogenic activities, such as the deliberate burning of agricultural fields and the clear-
ance of land, have significantly influenced alterations in land cover. The areas in the two
PHUs have more severe degradation, and the gradation occurred in regions with distinct
peatland ecosystem functions. The PHU of Sungai Saleh — Sungai Sugihan degraded mainly
in the cultivation area, while the PHU of Sungai Sugihan — Sungai Lumpur in the protected
areas.
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The areas with the highest levels of fire activity were primarily located in regions
where fires caused by human activities were prevalent, namely on drained peatlands
utilized for agricultural purposes. Furthermore, the presence of fire hotspots was seen
within designated protected areas, indicating the intricate relationship between natural
biological processes, human actions, and environmental elements in influencing alterations
in land cover and degradation of forests.

Our study suggests that South Sumatra peatlands are ecologically important and
vulnerable to natural and human-induced processes, making monitoring and conservation
essential. Advanced remote sensing and historical data help policymakers and land man-
agers establish proactive policies to conserve these vital ecosystems in the face of changing
environmental challenges.

Acknowledgments. We would like to acknowledge Direktorat Riset, Teknologi, dan Pengab-
dian kepada Masyarakat (DRTPM) for financial support through “Penelitian Fundamental
Reguler”, Contract Number: 164/E5/PG.02.00.PL/2023, dated 5 July 2023. We also thank
the European Space Agency (ESA) for providing Sentinel-1 data, anonymous reviewers,
and the academic editor for their valuable comments and suggestions.

References

Adams, J. (1995), Classification of multispectral images based on fractions of endmembers: Application to land-cover
change in the Brazilian Amazon, Remote Sensing of Environment, 52(2), 137-154, https://doi.org/10.1016/0034-425
7(94)00098-8.

Amoakoh, A. O., P. Aplin, K. T. Awuah, et al. (2021), Testing the Contribution of Multi-Source Remote Sensing Features
for Random Forest Classification of the Greater Amanzule Tropical Peatland, Sensors, 21(10), 3399, https://doi.org/10
.3390/s21103399.

Asmuf, T., M. Bechtold, and B. Tiemeyer (2019), On the Potential of Sentinel-1 for High Resolution Monitoring of Water
Table Dynamics in Grasslands on Organic Soils, Remote Sensing, 11(14), 1659, https://doi.org/10.3390/rs11141659.

Astuti, R. (2021), Governing the ungovernable: The politics of disciplining pulpwood and palm oil plantations in
Indonesia’s tropical peatland, Geoforum, 124, 381-391, https://doi.org/10.1016/j.geoforum.2021.03.004.

Breiman, L. (2001), Random Forests, Machine Learning, 45(1), 5-32, https://doi.org/10.1023/A:1010933404324.

Budiman, I., R. D. Hapsari, C. I. Wijaya, and E. N. N. Sari (2021), The Governance of Risk Management on Peatland: A Case
Study of Restoration in South Sumatra, Indonesia, World Resources Institute, https://doi.org/10.46830/wriwp.20.00008.

Carrasco, L., A. W. O’Neil, R. D. Morton, and C. S. Rowland (2019), Evaluating Combinations of Temporally Aggregated
Sentinel-1, Sentinel-2 and Landsat 8 for Land Cover Mapping with Google Earth Engine, Remote Sensing, 11(3), 288,
https://doi.org/10.3390/rs11030288.

Chokkalingam, U., Suyanto, R. P. Permana, et al. (2006), Community fire use, resource change, and livelihood impacts:
The downward spiral in the wetlands of southern Sumatra, Mitigation and Adaptation Strategies for Global Change, 12(1),
75-100, https://doi.org/10.1007/s11027-006-9038-5.

Cobb, A. R., A. M. Hoyt, L. Gandois, et al. (2017), How temporal patterns in rainfall determine the geomorphology and
carbon fluxes of tropical peatlands, Proceedings of the National Academy of Sciences, 114(26), https://doi.org/10.1073/
pnas.1701090114.

Cooper, H. V,, S. Evers, P. Aplin, N. Crout, M. P. B. Dahalan, and S. Sjogersten (2020), Greenhouse gas emissions resulting
from conversion of peat swamp forest to oil palm plantation, Nature Communications, 11(1), https://doi.org/10.1038/
s41467-020-14298-w.

Dohong, A. (2017), Bolstering Peatlands Restoration in Indonesia through 3Rs Approach, in Developing International
Collaborations to Address Fire and Other Conservation Issues in Central Kalimantan, Indonesia, https://doi.org/10.13140
/RG.2.2.33080.19200.

Russ. J. Earth. Sci. 2024, 24, ES4012, EDN: YGBEBU, https://doi.org/10.2205/2024es000914 13 0f 15


https://doi.org/10.1016/0034-4257(94)00098-8
https://doi.org/10.1016/0034-4257(94)00098-8
https://doi.org/10.3390/s21103399
https://doi.org/10.3390/s21103399
https://doi.org/10.3390/rs11141659
https://doi.org/10.1016/j.geoforum.2021.03.004
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.46830/wriwp.20.00008
https://doi.org/10.3390/rs11030288
https://doi.org/10.1007/s11027-006-9038-5
https://doi.org/10.1073/pnas.1701090114
https://doi.org/10.1073/pnas.1701090114
https://doi.org/10.1038/s41467-020-14298-w
https://doi.org/10.1038/s41467-020-14298-w
https://doi.org/10.13140/RG.2.2.33080.19200
https://doi.org/10.13140/RG.2.2.33080.19200
https://elibrary.ru/ygbebu
https://doi.org/10.2205/2024es000914

MoniTorING LAND CovER Dynamics AND FOREST DEGRADATION IN SOUTH SUMATRA PEATLANDS. .. KHAKIM ET AL.

Dohong, A., A. A. Aziz, and P. Dargusch (2017), A review of the drivers of tropical peatland degradation in South-East
Asia, Land Use Policy, 69, 349-360, https://doi.org/10.1016/j.landusepol.2017.09.035.

Dommain, R., ]. Couwenberg, P. H. Glaser, et al. (2014), Carbon storage and release in Indonesian peatlands since the last
deglaciation, Quaternary Science Reviews, 97, 1-32, https://doi.org/10.1016/j.quascirev.2014.05.002.

Filgueiras, R., E. C. Mantovani, D. Althoff, E. I. Fernandes Filho, and E. F. da Cunha (2019), Crop NDVI Monitoring Based
on Sentinel 1, Remote Sensing, 11(12), 1441, https://doi.org/10.3390/rs11121441.

Goémez, C,, J. C. White, and M. A. Wulder (2016), Optical remotely sensed time series data for land cover classification: A
review, ISPRS Journal of Photogrammetry and Remote Sensing, 116, 55-72, https://doi.org/10.1016/j.isprsjprs.2016.03.
008.

Harrison, M. E., ]. B. Ottay, L. J. D’Arcy, et al. (2019), Tropical forest and peatland conservation in Indonesia: Challenges
and directions, People and Nature, 2(1), 4-28, https://doi.org/10.1002/pan3.10060.

Hidayah, H., J. Reidinar, N. S. Tjokorda, and W. Arief (2018), Indonesia’s Deforestation Dropped 60 Percent in 2017, but
There’s More to Do, https://www.wri.org/insights/indonesias-deforestation-dropped-60-percent-2017-theres-more-
do.

Hooijer, A., S. Page, J. G. Canadell, M. Silvius, J. Kwadijk, H. Wosten, and J. Jauhiainen (2010), Current and future CO2
emissions from drained peatlands in Southeast Asia, Biogeosciences, 7(5), 1505-1514, https://doi.org/10.5194/bg-7-15
05-2010.

Humas (2016), President Jokowi Establishes Peat Land Restoration Agency (BRG), https://setkab.go.id/en/president-
jokowi-establishes-peat-land-restoration-agency-brg/.

Khakim, M. Y. N., A. A. Bama, I. Yustian, P. Poerwono, T. Tsuji, and T. Matsuoka (2020), Peatland subsidence and
vegetation cover degradation as impacts of the 2015 El nino event revealed by Sentinel-1A SAR data, International
Journal of Applied Earth Observation and Geoinformation, 84, 101,953, https://doi.org/10.1016/j.jag.2019.101953.

Khakim, M. Y. N., A. A. Bama, and T. Tsuji (2022), Spatiotemporal Variations of Soil Moisture and Groundwater Level in
a South Sumatra Peatland, Indonesia During 2015-2018, GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY, 15(2),
58-70, https://doi.org/10.24057/2071-9388-2021-137.

KLHK (2020), Karhutla Monitoring System, https://sipongi.menlhk.go.id/.

Malinowski, R., S. Lewinski, M. Rybicki, et al. (2020), Automated Production of a Land Cover/Use Map of Europe Based
on Sentinel-2 Imagery, Remote Sensing, 12(21), 3523, https://doi.org/10.3390/rs12213523.

Miettinen, J., A. Hooijer, C. Shi, et al. (2012), Extent of industrial plantations on Southeast Asian peatlands in 2010 with
analysis of historical expansion and future projections, GCB Bioenergy, 4(6), 908-918, https://doi.org/10.1111/j.1757
-1707.2012.01172.x.

Miettinen, J., A. Hooijer, R. Vernimmen, S. C. Liew, and S. E. Page (2017), From carbon sink to carbon source: extensive
peat oxidation in insular Southeast Asia since 1990, Environmental Research Letters, 12(2), 024,014, https://doi.org/10
.1088/1748-9326/aa5b6f.

Numata, I., A. J. Elmore, M. A. Cochrane, C. Wang, J. Zhao, and X. Zhang (2022), Deforestation, plantation-related
land cover dynamics and oil palm age-structure change during 1990-2020 in Riau Province, Indonesia, Environmental
Research Letters, 17(9), 094,024, https://doi.org/10.1088/1748-9326/ac8a61.

Nurhayati, A. D., B. Hero Saharjo, L. Sundawati, S. Syartinilia, and M. A. Cochrane (2021), Forest and Peatland Fire
Dynamics in South Sumatra Province, Forest and Society, pp. 591-603, https://doi.org/10.24259/fs.v5i2.14435.

Page, S. E., ]. O. Rieley, and C. J. Banks (2011), Global and regional importance of the tropical peatland carbon pool,
Global Change Biology, 17(2), 798-818, https://doi.org/10.1111/j.1365-2486.2010.02279.x.

Pettorelli, N., K. Safi, and W. Turner (2014), Satellite remote sensing, biodiversity research and conservation of the future,
Philosophical Transactions of the Royal Society B: Biological Sciences, 369(1643), 20130,190, https://doi.org/10.1098/rstb.
2013.0190.

Russ. J. Earth. Sci. 2024, 24, ES4012, EDN: YGBEBU, https://doi.org/10.2205/2024es000914 14 of 15


https://doi.org/10.1016/j.landusepol.2017.09.035
https://doi.org/10.1016/j.quascirev.2014.05.002
https://doi.org/10.3390/rs11121441
https://doi.org/10.1016/j.isprsjprs.2016.03.008
https://doi.org/10.1016/j.isprsjprs.2016.03.008
https://doi.org/10.1002/pan3.10060
https://www.wri.org/insights/indonesias-deforestation-dropped-60-percent-2017-theres-more-do
https://www.wri.org/insights/indonesias-deforestation-dropped-60-percent-2017-theres-more-do
https://doi.org/10.5194/bg-7-1505-2010
https://doi.org/10.5194/bg-7-1505-2010
https://setkab.go.id/en/president-jokowi-establishes-peat-land-restoration-agency-brg/
https://setkab.go.id/en/president-jokowi-establishes-peat-land-restoration-agency-brg/
https://doi.org/10.1016/j.jag.2019.101953
https://doi.org/10.24057/2071-9388-2021-137
https://sipongi.menlhk.go.id/
https://doi.org/10.3390/rs12213523
https://doi.org/10.1111/j.1757-1707.2012.01172.x
https://doi.org/10.1111/j.1757-1707.2012.01172.x
https://doi.org/10.1088/1748-9326/aa5b6f
https://doi.org/10.1088/1748-9326/aa5b6f
https://doi.org/10.1088/1748-9326/ac8a61
https://doi.org/10.24259/fs.v5i2.14435
https://doi.org/10.1111/j.1365-2486.2010.02279.x
https://doi.org/10.1098/rstb.2013.0190
https://doi.org/10.1098/rstb.2013.0190
https://elibrary.ru/ygbebu
https://doi.org/10.2205/2024es000914

MoniTorING LAND CovER Dynamics AND FOREST DEGRADATION IN SOUTH SUMATRA PEATLANDS. .. KHAKIM ET AL.

Poortinga, A., K. Tenneson, A. Shapiro, et al. (2019), Mapping Plantations in Myanmar by Fusing Landsat-8, Sentinel-2
and Sentinel-1 Data along with Systematic Error Quantification, Remote Sensing, 11(7), 831, https://doi.org/10.3390/
rs11070831.

Putra, R., E. Sutriyo, S. Kadir, and I. Iskandar (2019), Understanding of Fire Distribution in the South Sumatra Peat Area
During the Last Two Decades, International Journal of GEOMATE, 16(54), https://doi.org/10.21660/2019.54.8243.

Sakti, A. D., and S. Tsuyuki (2015), Spectral Mixture Analysis (SMA) of Landsat Imagery for Land Cover Change Study of
Highly Degraded Peatland in Indonesia, The International Archives of the Photogrammetry, Remote Sensing and Spatial
Information Sciences, XL-7/W3, 495-501, https://doi.org/10.5194/isprsarchives-XL-7-W3-495-2015.

Schultz, M., J. G. P. W. Clevers, S. Carter, et al. (2016), Performance of vegetation indices from Landsat time series
in deforestation monitoring, International Journal of Applied Earth Observation and Geoinformation, 52, 318-327,
https://doi.org/10.1016/j.jag.2016.06.020.

Shih, H., D. A. Stow, K. Chang, D. A. Roberts, and K. G. Goulias (2021), From land cover to land use: applying random
forest classifier to Landsat imagery for urban land-use change mapping, Geocarto International, 37(19), 5523-5546,
https://doi.org/10.1080/10106049.2021.1923827.

Souza Jr., C. M., D. A. Roberts, and M. A. Cochrane (2005), Combining spectral and spatial information to map
canopy damage from selective logging and forest fires, Remote Sensing of Environment, 98(2-3), 329-343, https:
//doi.org/10.1016/j.rse.2005.07.013.

Souza Jr., C. M., J. V. Siqueira, M. H. Sales, et al. (2013), Ten-Year Landsat Classification of Deforestation and ForestDegra-
dation in the Brazilian Amazon, Remote Sensing, (5), 5493-5513, https://doi.org/10.3390/rs5115493.

Tian, S., X. Zhang, J. Tian, and Q. Sun (2016), Random Forest Classification of Wetland Landcovers from Multi-Sensor
Data in the Arid Region of Xinjiang, China, Remote Sensing, 8(11), 954, https://doi.org/10.3390/rs8110954.

Toca, L., R. R. E. Artz, C. Smart, et al. (2023), Potential for Peatland Water Table Depth Monitoring Using Sentinel-1 SAR
Backscatter: Case Study of Forsinard Flows, Scotland, UK, Remote Sensing, 15(7), 1900, https://doi.org/10.3390/rs150
71900.

Uda, S. K., G. Schouten, and L. Hein (2020), The institutional fit of peatland governance in Indonesia, Land Use Policy, 99,
103,300, https://doi.org/10.1016/j.landusepol.2018.03.031.

Urban, M., C. Berger, T. E. Mudau, et al. (2018), Surface Moisture and Vegetation Cover Analysis for Drought Monitoring
in the Southern Kruger National Park Using Sentinel-1, Sentinel-2, and Landsat-8, Remote Sensing, 10(9), 1482,
https://doi.org/10.3390/rs10091482.

Vijay, V., S. L. Pimm, C. N. Jenkins, and S. J. Smith (2016), The Impacts of Oil Palm on Recent Deforestation and
Biodiversity Loss, PLOS ONE, 11(7), e0159,668, https://doi.org/10.1371/journal.pone.0159668.

Yamada, Y. (2015), Preliminary Study on the Radar Vegetation Index (RVI) Application to Actual Paddy Fields by
ALOS/PALSAR Full-polarimetry SAR Data, The International Archives of the Photogrammetry, Remote Sensing and Spatial
Information Sciences, XL-7/W3, 129-131, https://doi.org/10.5194/isprsarchives-XL-7-W3-129-2015.

Yuwati, T. W., D. Rachmanadi, Pratiwi, M. Turjaman, et al. (2021), Restoration of Degraded Tropical Peatland in Indonesia:
A Review, Land, 10(11), 1170, https://doi.org/10.3390/land10111170.

Zheng, X., C. Wang, Y. Tang, et al. (2023), Adaptive High Coherence Temporal Subsets SBAS-InSAR in Tropical Peatlands
Degradation Monitoring, Remote Sensing, 15(18), 4461, https://doi.org/10.3390/rs15184461.

Russ. J. Earth. Sci. 2024, 24, ES4012, EDN: YGBEBU, https://doi.org/10.2205/2024es000914 150f 15


https://doi.org/10.3390/rs11070831
https://doi.org/10.3390/rs11070831
https://doi.org/10.21660/2019.54.8243
https://doi.org/10.5194/isprsarchives-XL-7-W3-495-2015
https://doi.org/10.1016/j.jag.2016.06.020
https://doi.org/10.1080/10106049.2021.1923827
https://doi.org/10.1016/j.rse.2005.07.013
https://doi.org/10.1016/j.rse.2005.07.013
https://doi.org/10.3390/rs5115493
https://doi.org/10.3390/rs8110954
https://doi.org/10.3390/rs15071900
https://doi.org/10.3390/rs15071900
https://doi.org/10.1016/j.landusepol.2018.03.031
https://doi.org/10.3390/rs10091482
https://doi.org/10.1371/journal.pone.0159668
https://doi.org/10.5194/isprsarchives-XL-7-W3-129-2015
https://doi.org/10.3390/land10111170
https://doi.org/10.3390/rs15184461
https://elibrary.ru/ygbebu
https://doi.org/10.2205/2024es000914

RUSSIAN JOURNAL of EARTH SCIENCES

CPABHUTEJILHOE BJIUAHUE THMJIPOMETEOPOJIOTNYECKUX
[TPOLHECCOB HA MEXKI'OJOBYK NMSMEHYNBOCTB CESOHHBIX

https://elibrary.ru/rnzfkl

TTosyueno: 17 siuBapsi 2024 r.
IIpunsro: 12 uronsa 2024 r.
Ony6aunkoBano: 17 nexkabpsi 2024 r.

(© 2024. KoJjleKTUB aBTOPOB.

KOJIEBAHUIM YPOBHS BAJITUNCKOTI'O MOP4

E. A. 3axapuyk!®, M. B. Bunorpamos'-2{, B. H. nya‘IeB*’l’2 u H. A. Tuxonosal»?

1CaHKT—HeTep6prCKHﬁ Tocymapcrsennsrit yausepcurer, r. Cankr-Ilerepbypr, Poccust
QFOCy,HapCTBeHHbIﬁ okeaHnorpadudeckuit nuucruryt umenn H. H. 3ybosa, r. Mocksa, Poccus
* Konraxr: Bragnmup Hukonaesuu Cyxaues, Syhachev@mail.ru

C nOMOIIBIO TPOJOIKUTEIBHBIX CPEJIHECY TOYHBIX MapeorpadHbIX HAOJIIOEHI 38 YPOBHEM MOPSI,
CILy THUKOBBIX aJIbTUMETPUYIECKUX U3MEPEHUI U JIAHHBIX PEAHAJIM30B METEOPOJIOIMIECKUX U TUJIPO-
dusnuecKux 1oJeil NCCIeayoTCsi OCOOEHHOCTH U (DU3MUECKIE MEXaHU3MbI MEXKT'OJ0BON M3MEHYN-
BOCTH CE30HHBIX KoJiebanuilt yposHs Basnruiickoro mops. [lokazano, uro 3a nepros 1889-2022 rr.
B CTOKrosibMe B MEXKI'OJIOBBIX U3MEHEHHsIX aMIUIUTYJ[ TapMOHUK Sa, Ssa, Sta, Sqa He orMeuaroTcs
CTATUCTUYECKH 3HAYMMbBIE JIMHEHHbIE TPEHIbI, HO HabJIIOMAIOTCs JOJITOIEPUO/IHBIE IUKJIBI C Bpe-
MeHHbIMU MaciiTabamu ot 20—-35 10 55 JieT U 0YeHb 3HAYUTETbHBIMA U3MEHEHUSIMU AMILIUTY/L OT
0,5-1,0 mo 25-27 canTumerpoB. B nocnennue pecaruierus y rapMoOHHMK Sa, Ssa, Sta HabJmogaercs
3aMETHOE yMEHbIIeHUEe aMILUIMTYJl U JUCIEePCUU KoJsiebanuii. Pe3ysibrarbl B3AUMHOIO KOPPEJIAIy-
OHHOT'O W MHOXKECTBEHHOI'O PErPECCHOHHOTO aHAJIU30B AHOMAJIUN CE30HHBLIX KOJIEOAHUN ypOBHS
MOPSI U Pa3JIMYHBIX TUJIPOMETEOPOJIOTHIECKUX MPOIECCOB CBUIETEILCTBYIOT, UTO CAMbIA OOJIBIION
BKJI&J[ B MEXKI'OJIOBYI0 U3MEHUYMBOCTDH CE30HHBIX KOJICOAHUN yPOBHS MOPS OKA3LIBAIOT U3MEHEHUS
KacaTeJbHOTO TPEHUsS BeTpa. BTOPBIME 110 3HAYUMOCTHU IPOIECCAMHY SBJISIFOTCS M3MEHEHUST ATMO-
cdepHOro IaBiIeHnsT HaJ | MOpeM U BojiooOMeHa Mexkay banruitckum u CeBepubiM Mopsimu. Camoe
HE3HAYUTEBbHOE BO3JEMCTBIE Ha, MEXKTOIOBYI0 U3MEHINBOCTh XapPAKTEPUCTUK CE30HHBIX KOJIeOaHUt

YPOBHA MOP#A OKa3bIBAIOT U3MEHCHUSA COCTABJIAIOIIUX IIPECHOT'O baJiaHCa U IJIOTHOCTU BOIBI.

Kro4deBbie ciioBa: ypoOBEHb MOPsi, CIIyTHAKOBbBIE AJIbTUMETPUIECKUE U3MEPEHNs, JaHHBIE PeaHa-
JIn3a, CE30HHBbIE KOJIEDAHUs, CKOJIL3AINNNA rapMOHUYECKAN aHAIN3, MEXKI0JI0Bas U3MEHUYUBOCTD,
TPEeHIbI, KacaTeJIbHOEe HAIIPSI?KeHe TPEHUsT BeTpa, aTMOChepHoe JaBeHne, CTepUIeCKrue KOJaehbaHusl,
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1. Beenenne

Cezonnblie KoJieOaHNsT YPOBHS UTPAIOT BaXKHYIO POJIb B JIMHAMUKE BOJI, TOYTH HOJTHOCTHIO
3aMKHYTOr0, MeJIKOBOIHOTO Basrruiickoro mopst. OHU SBJISIOTCS WHAMKATOPAMU M3MEHEe-
HUI METEOPOJIONMIECKUX [IPOIECCOB, HADJIIOIAIOIIErocs OTelIeHns Kiumarta [[opdeesa u
Manunun, 2014; Mdinnikus et al., 2020], Bogoobmena ¢ Cesepabim mMopem [Ekman, 2009;
Gustafsson and Andersson, 2001; Samuelsson and Stigebrandt, 1996] u okaspiBaoT 3aMeTHOE
BO3/IeiicTBre Ha Gepera u npubpexkHyio nadpactpykrypy Banrukn [Labuz and Kowalewska-
Kalkowska, 2011; Weisse et al., 2021|. B oTmesbHBIE TOABI OTMEYAETCS 3aMETHBIH BKJIIAJI
CE30HHBIX KOJebaHnit BaaTuiickoro Mopsi B OIacHbIe MOAbEMBI yPOBHs Ha BocToke Pum-
ckoro 3asusa [3azapuyx u Turonosa, 2011]. Mccnenopanus Ha BocToke PUHCKOTO 3a/uBa
HOKa3bIBaIOT, uTo B 95% cilydaes, onacHble IIOILEMBI YpoBHs B KpOHIITaATEe TIPONCXOINIH
B TOJIBI C TIOJIOXKUTEIHLHON aHOMAJIMell Ce30HHBIX KOJIeDaHuil ypoBHs Mopst. Pe3ybrarsl dnc-
JIEHHOTO THJIPOJAMHAMUYIECKOrO MOJIEINPOBaHus CBOOOIHBIX Koyiebanuii Basruiickoro Mopst
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CBUJIETEJIbCTBYIOT, UTO B CTPATH(MHUIIMPOBAHHOM MOPE N€HEPUPYIOTCs OAPOKJINHHBIE MOJIBI
COOCTBEHHBIX KOJIEOAHUIT ¢ IEPUOJAMHI OKOJIO OJIHOTO TOJIa, BEJIMIMHA KOTOPBIX CPABHUMA CO
CPEIHIME MHOTOJIETHUMHU OIEHKAMU I'OJIOBBIX KOJIEOAHUN YPOBHS, MOJyIEHHBIMUA Ha OCHOBE
aHasm3a MapeorpadHBIX U CIIy THUKOBBIX aJIbTUMETPUYECKUX JAHHbIX |Zakharchuk et al.,
2021].

O6u1a/1as1 BBIPAYKEHHOM PUTMUKON CE30HHBIE KOJIEOAHUsT UMEIOT HAUOOJIBIINE AMILIATY]I-
Hble MAKCHMYMBI B CIIEKTPAX CPEJIHEMECSIHBbIX 3HaUeHui ypoBHst Bantuku [Medsedes, 2014;
FEkman and Stigebrandt, 1990].

Teoperudeckue UCCIEIOBAHNS CBUAECTEILCTBYIOT, YTO CE30HHBIE BapUAIUU yPOBHS
MODsI BBI3BIBAIOTCSI CE30HHBIMYM U3MEHEHUSIMHU KacaTe/IbHOTO TPEHUsI BeTpa, aTMOC(hEpPHOro
JIABJIEHUST, MOPCKUX TE€UEHNUI, INIOTHOCTH MOPCKOH BOJIBI, KOJIMIECTBA ATMOC(HEPHBIX OCAJIKOB,
WCIIAPEHUsT ¢ TIOBEPXHOCTHA MOpPsi, MATEPUKOBOI'O CTOKA M BOJOOOMEHA C MPUJIETAIONIMU
MopckuMu bacceitnamu [ @yke, 2003; Gill and Niller, 1973; Leppdranta and Myrberg, 2009].

BripakeHHBIME XapaKTepHBIME OCOOEHHOCTSIMU CPEJIHEIO0 MHOT'OJIETHETO CE30HHOTO
XOJIa YPOBHS BaJITHIACKOTO MOpST SIBJISIOTCS BECEHHUI MUHUMYM, OCEHHE-3UMHU MAKCHMYM
U ACUMMETPUS CE30HHBIX U3MEHEHUl yPOBHSI, IPOSIBJISIONIASICSA B CPABHUTEIBHO OBICTPOM
MOHWYKEHUN yPOBHS MOPS 3UMOI-BECHOI, B Te4eHne 45 MeCAIeB, 10 MUHUMAJIbLHOIO 3HATCHIS
B ampeJsie-mMae, U 60jiee TPOIOKUTEIHHOM IIOIbEME YPOBHS JIETOM U OCEHBIO, B TeueHue 7—8
MECHIIEB, 0 MAaKCUMyMa B HogOpe-auBape [ udpomemeoposozus u eudpoxumus mopeti CCCP:
Ipoexm «Mopss CCCP». Tom III Baamutickoe mope. Bunyck I I'udpomemeoporoeuueckue
yeaosus, 1992; Saxapuyk u dp., 2022; Cheng et al., 2018; Mdnnikus et al., 2020; Zakharchuk
et al., 2022].

ITo MuenuIO UCCIEIOBaTEIEH, CE30HHOE MOHMKEHUEe YPOBHs Basruiickoro Mopst 3uMoii
U BECHOH IIPOMCXOIUT U3-3a HAOJIOAIONIET0Cs B 9TOT HEPUOJ], POCTa aTMOCHEPHOTO JABJICHNSI,
YMEHBITIEHUsT KOJTMIeCTBa aTMOC(EPHBIX OCAIKOB, HU3KUX 3HAYEHUN MATEPUKOBOIO CTOKA,
YBEJIUYEHUsI IIJIOTHOCTH MOPCKUX BOJI, CHUYKEHUsI CKOPOCTHU IOT0-3aIa[HBIX BETPOB U CMEHE
UX HAIPABJEHUS Ha CEBEPO-BOCTOYHBIE PYyMOBI, YTO CIIOCOOCTBYET YCHJIEHHIO OTTOKA BOJ U3
Banruiickoro mopst B Cesepuoe [[udpomemeopoaoeus u eudpoxumus mopet CCCP: ITpoexm
«Mopsa CCCP»s. Tom III Baamuiickoe mope. Bunyck I I'udpomemeopoaoeuveckue ycaosus,
1992; Lisitzin, 1974; Zakharchuk et al., 2022].

Cpe/iHee MHOTOJIETHEE CE30HHOE MTOBBIIIIEHNE YPOBHSI BaJITKN OT BECHBI K 3MMe SIBJISIeTCS
CJIEJICTBUEM BECEHHETrO YBEJIMUEHUsI PEIHOTO CTOKA, JIETHETO POCTa KOJUIECTBA ATMOCHEPHDBIX
0CaJIKOB, OCEHHE-3UMHEr0 OHUKEHUST aTMOC(EPHOro JIABJICHUs U TJIOTHOCTUH MOPCKUX BOJI,
a TaKKe OCEHHErO YCHUJIEHHs I0r0-3alla/IHBIX BETPOB, CIIOCOOCTBYIONIMX MPUTOKY BOJ| U3
Ceseproro mops B Basruiickoe [[udpomemeopoaoeus u eudpoxumusn mopetc CCCP: IIpoexm
«Mopsa CCCP»s. Tom III Baamuiickoe mope. Bunyck I I'udpomemeopoaoeuveckue ycaosus,
1992; Zakharchuk et al., 2022].

AcuMMeTpust CpeJTHEro Ce30HHOTO XOJIa YPOBHS BasTuKm ¢Bsi3aHa ¢ T€M, YTO METEO-
POJIOTUYECKHE U OKEAHOJOIMYECKHE IIPOIECCHI, BHI3BIBAIOIINE MOHUKEHUE YPOBHS MOPSI
UMEIOT BECEHHUE 3KCTPEMYMbBI, B TO BPEMs, KaK y IPOIECCOB, KOTOPbIE IPUBOIAT K POCTY
YPOBHST MOPsI, 9KCTPEMAJIbHbIE 3HAYEHUS PA3HECEHBI BO BDEMEHU: MAKCUMYMbI PEYHOIO CTOKA,
HADJIIOJAIOTCST BECHOM, a y KOJUIECTBA aTMOCKHEPHBIX OCAJIKOB — JIETOM, MUHUMAJIbHbIE 3HA-
YeHUsT aTMOC(EPHOTO JABJIEHUSI U MAKCAMYMBI I0T0-3aIa{HBIX BETPOB OTMEYAIOTCS OCEHBIO
u 3umoit [ludpomemeopoaoeus u eudporumus mopeti CCCP: Ipoexm «Mops CCCP». Tom
IIT Baamudickoe mope. Bunyckx I Tudpomemeopoaoeuueckue ycaosua, 1992; Zakharchuk
et al., 2022].

B psaje pabor nzydasnch TpuUtIUHBI CE30HHOTO X012 ypoBHS Baaruiickoro mops. B Ha-
qajie 1970-x ropos E. Jlucunpina npeamorokmia, 9T0 TaKne KOMIIOHEHTBI BOIHOTO OaJjamHca,
KaK BOJIOOOMeH Yepe3 JlaTcKue IpOJIMBBI U PEYHON CTOK, MOT'YT OBITH OCHOBHBIMU (DaK-
TOpaM#, OTBETCTBEHHBIME 34 CTAIMOHAPHBIE CE30HHBIC M3MEHEHHs] YPOBHs BaaTuiickoro
mops [Lisitzin, 1974]. Ilosnnee 6plia noarBepKieHa BaxKHOCTb BogoobMena ¢ CeBepHBIM
MOpEeM JIJIs Ce30HHBIX KoJsiebanuit yposust Mops [Ekman, 2009; Gustafsson and Andersson,
2001; Samuelsson and Stigebrandt, 1996], B To BpeMsi KaK KOPPEJISIIANA CE30HHBIX KOJIEOAHMI
yPOBHsSI BaqTHK! ¢ pEYHBIM CTOKOM BBIABJIEHO He Obuto [Stramska et al., 2013|. Johansson
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and Kahma [2016] 06HAPYKUIM XOPOIIYIO CBA3b MEXKIY PATAME CPETHEMECSIHBIX 3HATEHMUH
30HAJIBHOTO KOMIIOHEHTa Fe0CTPOMUIECKOTO BeTpa u MapeorpadHbIX U3MEPEHUl YPOBHSA
Banruiickoro mopsi, 3a UCKJIFOUeHHEM foro-3amnataoit yactu. OHU MOKa3a/Ii, 9T0 C U3MEHIN-
BOCTBIO 30HAJIbHO COCTABJISIONIEH re0CTPOMUIECKOIO BETPA MOXKET OBITH CBA3AHO IIPUMEPHO
75% m3MeHIMBOCTH O0ObeMa BOZBI BanTuiickoro Mopsi.

3HaunTeIbHOE yBeJIMYeHne K KOHIy XX BeKa KOJMIEeCTBa CTaHIN MapeorpadHbIX
U3MepeHuil YPOBHs CIIOCOOCTBOBAJIO MOSIBJIEHIIO PA0OT, B KOTOPBIX UCCJIEI0BAIUCH PEMTOHAJb-
HblE PA3JINYIUs B M3MEHEHUN XaPAKTEPUCTUK CE30HHBIX KOJIeOAHMI YPOBHS B IPUOPEIKHBIX
paitonax Basruiickoro mopsi. B paborax [3azapuyx u dp., 2022; Medsedes, 2014; Ekman,
1996] ¢ mMOMOIIBIO rAPMOHNYECKOTO aHAJM3a MHOTOJIETHUX PsiIOB MapeorpadHbIX H3MepeHHiH
YPOBHSI MOps U3ydYasach IPOCTPAHCTBEHHAS N3MEHYMBOCTD AMILIUTYJ, CE30HHBIX KOIeOaHui
B OeperoBoii 3omne Banruiickoro mopsi. Pe3ysnbrarsl cBueTe 1bcTBOBAIN 00 YBETUICHIHN AM-
IUINTY/IBI TOI0BOM rapMOoHUKY Sa oT 4-6 cm B JlaTckux mposmBax 10 12-14,5 cMm B BepmmHax
@unckoro u Boranveckoro 3amuBos [3azapuyx u dp., 2022; Medsedes, 2014; Ekman, 1996].
AMITUTYIBI TOJTYTOMOBOM TAPMOHUKHY SSa OKA3AJUCh B HECKOJIBKO Pa3 MEHbBINE W MEHSIIICD
ot 1-3 cm B ip. Karrerar n Jlarckux npoJsmsax, 10 5-6 cm B PuHCKOM 3as1Be, B pailone
AJlaHJICKMX OCTPOBOB, a TaK¥Ke y BOCTOYHOro 1modepexkbsi [1IBerun B BorHuveckom Mope
[Bazapuyx u dp., 2022; Medsedes, 2014; Ekman, 1996]. Cpesaue aMIummTyp1 TPETh TOJOBBIX
(Sta) u gerBepTh rOIOBBIX (SQa) FApMOHUK OKA3aJIMCh 3HAUYNTEBHO MEHBIIE AMILIATY/IL
rapMoHHK Sa 1 Ssa u BapbupoBan ot 0.1-0.8 cM Ha 1oro-zamajie MOps J0 MaKCUMAaJIbHBIX
snavennit 1,4-2,6 cm B @uHcKoM 3amuse |3azapuyk u dp., 2022; Medsedes, 2014].

Boubiias mpoo/zKUTeIbHOCTD PAZIOB u3Mepenuii ypoBus Mops (153-200 Jsier) Ha HeKo-
TOPBIX MapeorpadHbIX CTAHIUSX BaJTHKY [T03BOJIMIIA OIEHUTH MEXKIOIOBYIO U3MEHIMBOCTD
ce3ouHBIX Kosebannit B XIX — nagane XXI seka [Bazapuyx u dp., 2022; Medsedes, 2014;
Ekman and Stigebrandt, 1990; Hinicke and Zorita, 2008; Plag and Tsimplis, 1999]. Pesyin-
rarel Ekman and Stigebrandt [1990] nokazasn HaJmdue 3HAUNMOTO HOJIOKUTEIBHOTO TPEH/IA
B M3MEHEHUAX I'0J[0BOY KOMIIOHEHTHI YPOBHS MOpd 3a repuo, 1825-1984 rr, KoTopslii oHK
CBSI3BIBAJIA C BEKOBBIMU U3MEHEHUSME OKEaHOTPAMDUIECKUX YCIOBUI B CEBEPO-BOCTOUHOMN
gactu CeBepHON ATJIAHTUKE 3a CUET JBUKEHUS OKEAHUIECKOro 1oJsgpHoro dpponta [Ekman
and Stigebrandt, 1990]. OnHako, uccieOBaHuEe MEXKIOJOBOM U3MEHIMBOCTH TADMOHUKH Sa
B CrokrosbMme 3a Gostee oz aauit mepuos 1889-2020 rr. mokasaso y»Ke HAJNYINE HE3HAYTN-
MOTO TIOJIOYKUTEJILHOTO JINHEITHOTO TpeH1a, Ha (hOHE KOTOPOTO HADJIIOIAINCH IMKJIMIHOCTH
B M3MEHEHMSIX aMILINTY bl TapMOHUKY Sa ¢ rnepuogamu okojio 20-30 u 60 Jiet, mpuyuem camoe
3HAYUTEJIFHOE YMEHbBIIIEHNE aMILJIUTY T'OIOBBIX KOJIEOAHUN yPOBHS MODPS B PA3JIMIHBIX
paitonax Banruku ormedasnocs ¢ nagama 1980-x mo Hacrosimee BpeMsi, KOTIa B U3MEHEHUIX
aMILUIATY]] TAPMOHUKHU Sa B 9TOT MEPUOJ, B PA3HBIX pailOHaX MOpsl OTMEYAJINCH 3HAYNMBIE
OTpHUIATEJIbHBIE TPEHJbI, B TO BPEMs KaK B U3MEHEHUsIX TAPMOHUK 3sa, Sta, Sqa TpeHmon
He Habmonanocs |3azapuyx u dp., 2022]. MexKromoBble U3MEHEHUsI TAPMOHUKH Sa aBTOPbBI
cBsizpiBasin ¢ CeBepoaT/iaHTHIeCKUM KojiebaHueM U OOIeil TeHIeHIel OTeIIEHNsT KINMa-
ta [Medsedes, 2014; Plag and Tsimplis, 1999], ¢ BEKOBBIMI N3MEHEHUSIMU aTMOCHEPHBIX
ocaJKoB B pernone Basruiickoro mopst |Hiinicke and Zorita, 2008], a Tak»ke ¢ MEKTOOBBIME
U3MEHEHUIMU BeTpa u arMocdepHoro gasienus |3azapuyk u dp., 2022].

C. Bapb6oca u P. [lounep uccjieioBajan rojioBble U3MeHEeHHsI YPOBHsI BaJiTuiickoro
Mops 3a nepuon 1900-2012 rr. 1o JaHHBIM €r0 CpeIHEMECIHbIX 3HadYeHnil Ha 9 6eperoBbIx
CTAHIUSX C HOMOIIBIO JUCKPETHOro BeiiBier-ananusa [Barbosa and Donner, 2016]. Ounn
HE OIEHUBAJIU JIMHEHHBIA TPEH/I B M3MEHEHUN aMILJIUTY/Ibl TOJ0BOI KOMIIOHEHThI CE30HHBIX
KOJIe0AHMI YPOBHSI, KOTOPBIA BBIIEJISIICS APYTUMHA aBTopaMu |3azapuyk u dp., 2022; Ekman
and Stigebrandt, 1990; Hinicke and Zorita, 2008; Plag and Tsimplis, 1999], no obuapyzkuiu
qepeyoIIecs: MePUOIbl BHICOKMX W HU3KHUX AMILUIATYJI B MU3MEHEHUSX IOJOBOIO ITUKJIA
Ce30HHBIX Koslebanuit yposHst [Barbosa and Donner, 2016]. B pa6ore [Zakharchuk et al.,
2022] 9Tu 0COGEHHOCTH MEKI'OJIOBBIX U3MEHEHUI rOJIOBbIX KOJIeOAHUIl CBI3BIBAJIUCH C UX
AMILTUTY/THON MOJLYJISIIel, OHAKO MPUIMHBI 9TON MOMYJISIINN HE UCCJIEI0OBAJINCH.

B pabore [Bazapuyk u dp., 2022] ¢ HOMONIHIO B3AUMHOIO KOPPEJISIIHOHHOTO aHAIN3a
PsJIOB ME2KTOJOBBIX M3MEHEHUN aMILIUTY/IbI [OIOBOIO KOMIIOHEHTA CE30HHBIX KOJieDaHmii
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ypoBHs B 20 6eperoBbixX MyHKTaX BajaTuku ObLI0 TOKA3aHO, ITO U3MEHEHUsI aMILIATY/IbI TOJ0-
BBIX KoJiebanuit Ha cr. CTOKIOJIbM OYeHb XOPOIIO CBSI3aHBI C €€ MEXKIOJIOBBIMI N3MEHEHUSIMU
B JIpyruX NpUOPEKHBIX paitoHax bBasruiickoro Mops.

Ilo cpaBHenuio ¢ MmapeorpadHbIMI JAHHBIMHU CIIyTHUKOBBIE aJIbTUMETPUYECKUE U3MEPe-
HUsT OTKPBLIN BO3MOXKHOCTDH U3yUYeHUs KOJIEOAHUN YPOBHSI B OTKPBITHIX PAiOHAX OKEAHOB
u Mopeii. CpaBHEHNE XapaKTEPUCTUK CE30HHBIX M3MEHEHWIl YPOBHSI MODsi, TOJIYIeHHBIX
Ha OCHOBE aJIbTUMETPUYECKUX ¥ MapeorpadHbIX U3MEPEHUIl, II0KA3aJ10, YTO CILy THUKOBAasI
AJIBTUMETPHS CIOCODHA JJOCTATOYHO TOYHO OIHCHIBATH IIPOCTPAHCTBEHHYIO W BPEMEHHYIO
M3MEHYHUBOCTD CE30HHBIX KoJebauuil yposus Basruiickoro mops [Cheng et al., 2018; Kowal-
czyk et al., 2021; Pajak and Kowalczyk, 2019; Stramska and Chudziak, 2013; Zakharchuk
et al., 2022].

Ha ocnoBe pe3ysbTaToB rapMOHMYECKOIO aHAJINA3a CIIYTHUKOBBIX AJIBTUMETPUIECKIX
JAHHBIX OBLIO MOKA3aHO, YTO T'OJIOBbIE BO3MYIIEHUsI B II0JIE YPOBHsI BajTuiickoro Mopst
PACIPOCTPAHSIIOTCS ¢ I0r0-3aI1a/[a Ha CEBEPO-BOCTOK B BHJIE HU3KOYACTOTHBIX BOJIH CO CKOPO-
crsiMu 15-36 cM/c, KOTOPBIE XOPOIIIO COIIACYIOTCH ¢ TEOPETHYECKUMHE (DA3OBBIME CKOPOCTSIMU
6apoxnuuubIx BonH Kenbsuna [Zakharchuk et al., 2022].

Cheng et al. [2018] uCroNB30BaIN METOT IIUKJIOCTAIMOHAPHBIX SMIIMPIUIECKAX OPTOTO-
HAJbHBIX (DYHKIWI JIJTsI UCCJIEIOBAHNST 32aKOHOMEPHOCTEN TPOCTPAHCTBEHHOM CTPYKTYPbI
¥ BPEMEHHBIX U3MEHEHWII TOI0BOTO IUKJa YPOBHS B BasTuiickoM Mope Ha OCHOBE Cpejl-
HeMeCSTIYHBIX JIAHHBIX CIlyTHUKOBOW asibTuMeTpun 3a mepuoj 1993-2014 rr. [Cheng et al.,
2018]. Hust mccemoBaHust IPUIMH MeKTOJOBBIX M3MEHEHUH OIEHOK TOI0BOTO X0/ YPOBHsI
BanTuku npoBomuiics B3auMHBIN KOPPEJSIIINOHHBINA aHAJIN3 MEXK/Iy TVIABHBIMUA KOMIIOHEH-
TaMU T'OJOBOIO XOa YPOBHSI MOPSsI, PACCUUTAHHBIMU II0 CIIy THUKOBBIM aJIbTUMETPUIECKUAM
JIAHHBIM, U TJIABHBIMI KOMIIOHEHTAMU PA3JINYHBIX METEOPOJOTHIECKUX MAapaMeTPOB (30HAIb-
HBIM BETpPOM, 3HadeHHsAME HHeKca CeBepo-ATIaHTHIeCKOTO KoJIebaHusl, aTMOCGhEPHBIM
JIABJIEHUEM U TEMIIePaTypOil BO3/Iyxa). Pe3ybTaThl MoKa3a/l BO BCEX CIydasX BBICOKUE
oreHKH K03GbMUIMERTOB Koppesmn, gocruratomue 3Hadenuii 0,60-0,80 [Cheng et al.,
2018].

B pabore Zakharchuk et al. [2022] njs Gosiee IpescTaBUTEIBHON OIEHKU KOPPEJIAIH-
OHHBIX CBsI3eil MeXKIy MeXKI'OIOBbIMU HU3MEHEHUSIMU CEe30HHBIX KOJIEOAHWI YPOBHSI MODsI
¥ PA3IUIHBIX THIPOMETEOPOJIOTHIECKUX MIPOIIECCOB, OBLIO MPEJJIOKEHO UCKITIOYATH Hepe/T
B3aNMHBIM KOPPEJIAIMOHHBIM aHAJTN30M CTAIMOHAPHYIO KOMIIOHEHTY U3 PsiJIOB TADMOHUK
Sa, Ssa, Sta, Sqa, IOJyYeHHBIX C IOMOIIBIO CKOJIB3SIIEr0 FrapMOHIMYIECKOI0 aHAJIN3a, ¥ BCeX
THIPOMETEOPOIOrnIecKnx mporeccoB. [lo cpaBuenuio ¢ apyrumu paboTaMu B CTaThbe Za-
kharchuk et al. [2022] oneHuBasuch KOppesAIUU HE TOJBKO ¢ KOMIOHEHTAMU CKOPOCTH BETpa,
TEMIIEPATY PO BO3/yXa M aTMOCMEPHBIM JIABJICHUEM, HO TAKXKE U CO BCEMU COCTABJISTFOIIIMU
BOJHOIO Gasianca (0cajKaMu, UCIAPEHNEM, PEYHBIM CTOKOM 1 BogoobMeHoM ¢ CeBepHBIM
MopeM). Pe3ysibrarsl B3aUMHOIO KOPPEIAIUOHHOIO AHAIN3a IIOKA3AJIH, YTO JJIsd Beex 4-X
TapMOHHUK OTMEYaEeTCsl BBICOKAsT KOPPEJISIUs ¢ MEXKI'OJIOBBIMU U3MEHEHUSIMU BETPA U aT-
MocdepHOro JaBienust; st 3-X rapMoHuK (Ssa, Sta, Sqa) Gblia BBISIBJIEHA BBICOKAsl CBSI3b
¢ u3MeHeHusIME BojI00OMeHa. C TeMIiepaTypoit Bo3/iyXa BBICOKHE 3HAYeHUs] KOIDMOUIMEHTOB
KOppeJsuu ObLIN OTMEYEHBI TOJIBKO JJIsi TapMOHUKHU Sa. JIjis Bcex 4eThIPpEX rapMOHUK
He ObLIO OOHAPYKEHO CBSI3U C W3MEHEHUSIMHU OCAJIKOB, WCIIAPEHNSsI, MaTEePUKOBOI'O CTOKA
[Zakharchuk et al., 2022].

B nmepeunciennpix paborax He MCCIEI0BAIOCH BIASHAE HA U3MEHEHUS CE30HHBIX KOJIe-
OGaHUil ypOBHSI MOPsSI MEXKI'OJ0OBBIX M3MEHEHUIl IJIOTHOCTH BOJHBIX Macc Bajruiickoro Mopsi,
XOTsI BBICOKIE KOIDMUIMEHTHI KOPPEJISIIIUN MEXKTy U3MEHEHUSIMU TaDMOHUKHU Sa U TOJI0-
BBIMU KOJIEOAHHUSIME TEMIIEPATYPbl BO3/yXa, BbldBieHHble B paborax [Cheng et al., 2018;
Zakharchuk et al., 2022], MOryT CBUIETEIHCTBOBATH O HAJIMYIKE CBS3U C TEPMOCTEPUIECKOI
COCTABJIAIONIEH YPOBHA MODSI.

B psine pabot mccimenoBaach CBI3b MEXKIY CE30HHBIMHU KOJIEOAHUSAMU YPOBHSI MOPST
u usMeHeHusMu Berpa [Barbosa and Donner, 2016; Cheng et al., 2018; Johansson and
Kahma, 2016; Zakharchuk et al., 2022]. Onnako KosiebGaHNs yPOBHS BBI3BIBAIOTCsI HE CAMUM
BETPOM, a KaCATeJbHBIM HAIPSIKEHHEM TDEHHsI BETPa, KOTOPOE MMEET KBaPATUIHYIO 3aBU-
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CUMOCTH OT BeTpa. Iloaromy, dusudaecku, 6oaee MPaBUILHO OYIET ONEHUBATH KOPPEIAIINIO
MeKTy KOIeOaHUsIMI YPOBHS U KACATEJHHBIM HAIPS2KEHUEM TPEHUS BETPA.

11;10x0 M3yYEeHHBIM OCTAETCS BOIPOC O JIONSAX BJIUSHHUS PAIIUIHBIX METEOPOJOTTIECCKUX
U TUJIPOJIOTUIECKUX ITPOIECCOB HA MEXKTO/I0BYIO0 M3MEHIMBOCTH CE30HHDBIX KOJIEOAHUN YyPOBHS
MOps. B3aumMHbBIlI KOPPEJISAIMOHHBIN aHAJIN3 [TO3BOJISET HOJIYIUTh IIPEICTABICHUE JIUIIH
0 Ka4YeCTBEHHOU XapaKTEPUCTUKE CBA3U MEXKJTy IMporeccamMu. i cpaBHUTETHHBIX KOJTUIe-
CTBEHHBIX OIEHOK TAKUX CBsI3€ll CJIeyeT HCIOJIb30BATDb JIPYTUe METOJUIECKHE TTOIXOJIbI.

B nammoit ctarbe MBI IOCTAPAINCH YIECTh IIEPEINCIEHHbIE HEJJOCTATKA U METOINIECKIe
OrPAHUYEHUS TP UCCJIEOBAHUU CE30HHBIX KOJIe0aHnii ypoBHs Baruiickoro Mopsi.

Ilens paboTbl — MCCAETOBATH € MOMOIIBIO JIJIUTEIBHBIX MapeorpadHbIX U3MepeHui
ypoBHst MOpst B CTOKroJibMe 0COOEHHOCTH MEXKI'OJIOBBIX M3MEHEHUH Ce30HHBIX KOJIeOaHMil 3a
nepuon 18892022 rr. u OIeHUTh HA OCHOBE CIIyTHHKOBBIX AJIbTUMETPUYIECKIX U3MEPEHMIT
YPOBHSI MODsI, & TAKXKE JIAHHBIX PEAHAJII30B METEOPOJIOTUIECKUX U TUAPOMPUINIECKUX TIOJIei,
CpPaBHHUTEJIbHBIE KOJIMYECTBEHHBIE BKJIA bl BIUSHUS N3MEHEHHI KAaCATeJIbHOIO HAIIPSIYKEHU
TpeHus BeTpa, aTMOC(EPHOTO JABJIEHNS, INIOTHOCTH BOJIBI U KOMIIOHEHT BOJIHOTO OajIamnca
Ha MEXKTOJIOBYI0 U3MEHUMBOCTH COCTABJISIIOIINX CE30HHBIX KOJIeOaHuil ypoBHs basrruitckoro
Mops B nepuoy 1993-2022 rr.

2. /laHHBIE W METOBI

g uccieoBaHus TPUYIUH MEXKTOJOBBIX M3MEHEHH XapaKTEPUCTUK CE30HHBIX KOJIe-
banuit ypoBHs BaaTuiicKoro MOpst IPUBJIEKAJNCH CJIEAYIOIINE JAHHBIE:

1.  MapeorpadHble n3MepeHUsi YPOBHSI MOPsI ¢ BDEMEHHBIM IIATOM OJIHM CYTKHU HA CTaH-
musax CrokrosbMm 3a nepuog, ¢ 1889 mo 2022 r., Temcep (1993-2021 rr.), Xopubaek
(19932021 rr.), mosyuennsie ¢ pecypca E.U. Copernicus Marine Service Information
(https://doi.org/10.48670,/moi-00032), u Kponmranr 3a nepuox ¢ 1971 mo 2015 rr.
(em. puc. la), npenocrasiennble Cesepo-3amaaubiv Yiupasienuem Pocruapomera
(http://www.meteo.nw.ru).

Crokronbm

100 127 147 160 18 200 227 247 260 28 30Ba 10 127 14 16 18 20 227 24 26 28 30 B.A

0 20 40 60 80 100 120 140 160 180 200 220 240 0 5 10 15 20 25
Iiny6una, M Tponycku, %

Puc. 1. Barumerpusi BaaTuiickoro Mopst 1 MeCTONOJIOXKEeHNe MapeorpadHbIX CTaHIMi (KpacHble
kpyxkku (a). Kommaectso nponyckos (B mporeHTax OT 00mero KoaumdecTsa WIEHOB PAJia) B y3J1ax

CeTOYHOH 06J1aCTH AJBTUMETPUIECKUX JAHHBIX (6).

2. Cpennecyrounbie nanubie 0 croke Hesbr 3a mepuos 1971-2015 rr. mpeocTaBieHHbIE
Cesepo-BanagabiM YipasjiaeaueM Pocruapomera (http:,, / www.meteo.nw.ru).
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3. MaccuB KOMOMHUPOBAHHBIX AJbTUMETPUIECKHUX JAHHBIX HECKOJIBKHUX CITyTHUKOB: Jason-
3, Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2, Jason-2, Jason-1, T /P, ENVISAT,
GFO, ERS1/2, sriniouatomuii moJist anomasuii yposas mops (SLA) ¢ mpocrpancTBen-
HbIM paspemenneM 0,25° x 0,25° u quckperroctsio 1 cytku (E.U. Copernicus Marine
Service Information (https://doi.org/10.48670/moi-00145), moyYeHHbI METOIOM OII-
TUMAJILHON uHTEpHOJIsiiun 3a nepuoy 1993-2021 rr. [Bretherton et al., 1976; Pujol
et al., 2016]. Tlpu co3maHnm MaccHBa B UCXO/HBIE AJTBTUMETPUIECKUE JAHHbIE ObLIA BBe-
JIeHa, TONpaBKa Ha OPOUTAJILHYIO OMMHOKY, KOPPEKIINN HA WHCTPYMEHTAJIbHBIE OIMINOKH,
[OTpaBKa Ha BJHMAHHE TPOnochepbl 1 HOoHOCKhEPHl Ha 3ala3/IblIBAHIEe 30HIUPYIOIIe-
IO U OTPA’KEHHOTO MMILyJibca anbruMerpa [Le Traon et al., 1998]. Kpome sroro, u3
AJIBTUMETPUIECKUX JIAHHBIX OBLITH MCKJIIOYEHBI KOJEDAHUSI, CBSI3AHHBIE CO CTATHIE-
ckuM 3pdeKTOM aTMOChHEPHOrO TaBJIEHNs, BO3IECTBIE BETPOBBIX BOJIH, OKEAHCKUX
U 3eMHbBIX ITPUJIUBOB.

B GonbmuncTBe paboT, MOCBSIIEHHBIX UCCAEIOBAHUIM CE30HHOTO X0/1a YpOBHs BaiTumii-

CKOI'O MOPsl, UCIIOJIb30BAJIUCH JaHHBIE CPEJHEMECIIHbIX 3HaYeHuil yposus [Medsedes,

2014; Ekman, 1996; Ekman and Stigebrandt, 1990; Hinicke and Zorita, 2008; Plag

and Tsimplis, 1999]. Onnako B pabore [Bazapuyx u Op., 2022] GbLIO TOKA3aHO, UTO

Jutst 6oJtee TOYHOM OIEHKN XapaKTEPUCTHK CE30HHBIX KOJIEOAHWIT YPOBHSI MODPST CJIE/Iyer

UCTIOJTb30BATE PsIJIbl HE CPEHEMECAIHBIX, & CPEIHECYTOUYHBIX 3HAYCHUNA YPOBHS MOPSI.

[TosToMy B maHHO# paboTe UCIOIB3YIOTCS JTaHHBIE CPEIHECYTOYHBIX 3HAYEHUN CITyTHU-

KOBBIX aJITUMETPUYIECKUX U MapeorpadHbIX HAOIIOMeHNH 3a ypoBHEeM baaTuiickoro

MOpsI.

ApTUMeTpUYeCcKHe JaHHBIE [IPOBEPSIINCH HA HAJMYUe IpoIryckoB. Hanbosibiiee Ko-

JITYECTBO MPOILYCKOB, Bapbupyomiee oT 2 710 25%, CBA3aHO ¢ HAJIMIUEM PHUIIANHOTO

u Jpeiidyromniero JibJa B 3UMHAN [IEPUOJ] U MIPUXOJUTCS HA CEBEPHYIO YacTh BoTHH-

YeCKOro 3ajiuBa, a TaK>Ke Ha IEHTPAJIbHYI0 U BOCTOUHYIO dacTu PUHCKOro 3a/mBa

(puc. 16).

4.  Jlamnble peanajmsa MeTeoposorndeckux nojeit ERAS o ckopocTu n HarmpaBjieHIN BeTpa
Ha BbIcOTE 10 M U aTMOChEpHOro IaBjeHus HA YPOBHE MOPs C MPOCTPAHCTBEHHBIM
paspemenuem 0,25 x 0,25 rpajycos 3a nepuoz, 1993-2022 rr. (https://doi.org/10.243
81/cds.adbb2d47).

5. JlamHble permoHaJBHOrO peaHam3a Tuiapodumsmdecknx mojeii Baltic Sea Physics
Reanalysis (BALTICSEA_MULTIYEAR_PHY_003_011) o remmeparype, cosénocru Bas-
TUKW Ha PA3HBIX MOPU30HTAX C MPOCTPAHCTBEHHBIM pa3pelneHne 2 X 2 KM u 56 cjrosamu
[0 BepTUKaJu (TOJIIUHA CJIOEB MEHSIETCA B 3aBUCUMOCTH OT TJIyOHHBI OT 3 710 22 M) 32
nepuon 1993-2022 rr. (https://doi.org/10.48670/moi-00013). DTu naHHbBIE Oy IEHBI
C TIOMOIIBIO YUCJIEHHON peasm3arnuu rugpoauaamudeckoit mogean NEMO v3.6 (Nucleus
for European Modeling of the Ocean) [Hordoir et al., 2015; Pemberton et al., 2017],
Jist ycsioBuii BaaTtuitckoro Mopsi, B KOTOPO# UCIIOJIb3YeTCsl IPOIELyPa aCCUMUIISIITAN
KOHTAKTHOI M CIIyTHUKOBON MH(OPMAIMKM HA OCHOBE aJI'OPUTMa OJHON M3 PA3HOBU/I-
Hocreil duinbrpa Kansmana (Local singular evolutive interpolated Kalman (LSEIK)
filter) [Nerger et al., 2005]. B kadecTBe acCUMUIUPYEMBIX [IEPEMEHHLIX B MOJEJIN
NEMO v3.6 ucrop30Baauch CIlyTHUKOBBIE JIAHHBIE TIOBEPXHOCTHON TeMIIEPATyPhI
BoJipl, nosrydennblie [IBenckoii senoBoii cayzx6oit 8 SMHI (Swedish Meteorological
and Hydrological Institute), a Takxke in-situ usmepenuss T u S u3 6a3bl nanabix ICES
(http://www.ices.dk/).

Broigenenne ce30HHBIX KOJEOAHUI B MCXOMHBIX PsAjiaX YPOBHS MOPS U JIPYTUX THUJ-
POMETEOPOJIOTHIECKUX ITPOIECCOB MTPOU3BOIUIIOCH C TIOMOIIBI0 TAPMOHUYECKOTO aHAJU3A.
Amumrynpt (A) u daser (G) ce30HHBIX KOJEOAHUN yPOBHSI B CTAIMOHAPHOM HIPUOIIMKEHUN
m PACCYUTHIBAIUCH C MOMOIIBIO TAPMOHUIECKOTO AHAJN3A, BBITIOJIHEHHOTO 10 METOJLY HaM-
MEHBIINX KBaJPaTOB, C YIeTOM PEKOMEeHIaIuii, mpejcrasieHabix B pabore I'. H. Boitnosa
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[Voinov, 2002]. Onenusanuce 4 rapmonunku: rogosas (Sa) — 365,2 cyT, noxyrogosast (Ssa) —
182,6 cyr, Tpersromosas (Sta) — 121,8 cyT u gerBeprhrogosas (Sqa) — 91,3 cyr.

m = Aga Os(wWgat — Gga) + Agsa COS(Wssat — Ggga) +

(1)

+ Agta COS(Wstat — Ggta) + Asqa Cos(a}sqat - qua)f

rie Aga, Assar Astar Asqa — AMIUIATY/IbI TOJIOBOM, MOJIYTOJOBOH, TPETh rOJIOBOi U 4€TBEPThH
rofioBoit TapMOHUK; Gga, Gssas Gstas Gsqa — Dasbl 9TUX TADMOHNK; Wgy, Wssa, Wsta, Wsqa —
YaCTOTHI FAPMOHUK, t — BPEMSI.

YT06bI UCCIEI0BATHE OCOOEHHOCTU MEYKI'OJI0BONH M3MEHUYMBOCTH CE30HHBIX KOJIeOaHuil,
psizt ypoBHsT Mopst B CTOKTOJIbME TOIBEPTAJICS CKOJIB3SIIEMY TapMOHIIECKOMY aHann3y |Plag
and Tsimplis, 1999; Zakharchuk et al., 2022]. Iljisi romoBoit rapMOHUKY Sa epuoj, KBas3u-
CTAIMOHAPHOCTY (OTPE30K PAJA JJIsi PACUETOB) IIPUHUMAJICH PABHBIM 1 IO, U CKOJIb3SIIIMit
rapMOHUYECKUIT aHAJI3a [IPOBOAMIICS 6e3 IePeKPBITUs (T.€. 33 KaXK bl II0CIIe1yoIuii Tog).
Jlis ApyruxX TapMOHUK 3Ta MPOTEypa MPOBOAWIACH C IMepeKpbiTueM. [l mosyromosoit
KOMIIOHEHTBI SSa [ePHOJl KBA3UCTAIMOHAPHOCTH IPUHUMAJICS PABHBIM 1 I'OJl, U CKOJIbYKEHHE
MIPOBOJIMIIOCH C MTEPEKPBITHEM depe3 KazKJble TOJT0j1a; JIJIsi TPETh-TOJ0OBOIl rapMOHUKHN Sta
epHOJT KBA3UCTAIIMOHAPHOCTH IPUHUMAJICS PABHBIM 8 MECSIEB, U CKOJIbYKEHHE MTPOBOJIIOCEH
yepes KaxKble 4 Mecsna; Jijisl 9eTBEPTh-TOI0BOM TapMOHUKY Sqa HepuoJ KBa3UCTAIHOHAPHO-
CTU IPUHUMAJICS PABHBIM 6 MeCsIleB, U CKOJIbXKEHHE ITPOBO/IUJIOCH Yepe3 KarK/Ible 3 MecCsIa.
[To onenennpiM aMIIUTYIaM U das3aM [Jisi KayKI0r0 Ieprojia KBA3UCTAIMOHAPHOCTH IPE/I-
BBIYUCISJIACH PSAJIBI KOMIIOHEHT CE30HHBIX KOJIEOAHUM, KOTOPHIE 3aT€M CKJIEUBAJIUCH B PsiJl
C(t), onuCHIBAIOMIUI MEXKTOIOBbIE U3MEHEHNUsT KarKI0li KOMIIOHEHTHI CE30HHBIX KOJIeOaHMUIA.
B mecrax coemHeHMi TIPEBBIYUCIEHHBIX PSIOB WHOTIA OTMEYAJNCH PE3KHe CKAYKU YPOBHS
110 BBICOTE, KOTOPbIE CIJIazKUBAJIICH METOIOM Kybudueckoro ciuiaiina [de Boor, 1978] ¢ okaHoM
criazkuBanug 60 cytok (nmociemaure 30 CyTOK MPEIBIIYIIEro IEPUOa KBA3UCTAIOHAPHOCTH
u nepsbie 30 CyTOK CJIE/LYIOIEro IePHo/Ia KBA3UCTAIIMOHAPHOCTH ).

CpeiHekBaIpaTHIecKue OMMOKNA pacyera aMILUIUTY/] TAPMOHUK, OIEHEHHBIX ¢ TIOMOIIHIO
CKOJIB3SIIIET0 FaPMOHUYIECKOTO aHAJIN3A BEIYUCIISIICEH CJIeyonuM o0pa3oM. [1o octaTounbiM
PSIIaM, TIOJIy YeHHBIM JIJIsI KaXKJI0T0 IIEPHO/Ia KBA3UCTAIMOHAPHOCTH, OIEHUBAJIACH AMILIUTY/IbI
Ha 9acToOTax TapMOHHMK Sa, Ssa, Sta, Sqa. [lo psgaM 3THX aMIUTUTY]T OIEHUBAJIOCH UX
CPEHEKBAIPATUICCKOE OTKJIOHEHHE, KOTOPOE MPUHUMAJIOCH 38 CPEIHEKBAIPATHIECKYIO
ommobKy pacueTa aMIUIATYJL UCCIeyeMbIX FapMOHUK [3azapuyk u Op., 2022]

B nosrygeHHBIX 110 pe3ysIbTaTraM CKOJIB3SIIEr0 FapMOHIIECKOT0 aHAJN3a, PSIIaX aMILTH-
TyJI TApMOHUK Sa, Ssa, Sta, Sqa BBIIEISINCH JUHEHHBIE TPEHIbl. JHAYMMOCTD JIMHETHBIX
TPEHIOB B MEXKT'OJIOBBIX U3MEHEHUSIX aMILINTYJ] FapMOHUK Sa, Ssa, Sta, Sqa oleHuBaIach
¢ momompio Kpurepuss Crorogenta | Maaunun, 2008].

s nccyietoBanus IPUYUH U MEXAHIU3MOB COBDEMEHHBIX M3MEHEHUN XapaKTepuCTUK
CE30HHBIX KOJIeOaHUN ypoBHs BaaTuiickoro Mopsi IpOBOAMIICS B3AUMHBINA KOPPEJIAIUOHHBIN
U MHOXKECTBEHHBIN PErPEeCCHOHHBII aHAM3bI MEXKIOJIOBBIX BAPUAIHI YPOBHS MOPsI HA 9aCTO-
Te rapMOHUK Sa, Ssa, Sta, Sqa, pacCUUTAHHBIX C MOMOIILIO CIIy THUKOBBIX aJIbTHMETPIHIECKUAX
JIAHHBIX, C TAKUME YK€ KOJEOAHUSMH Pa3JIMYHBIX THIPOMETEOPOJIOTHIECKUX ITPOIECCOB,
OILIEHEHHBIX HA OCHOBE, ONUCAHHBIX BBIMIE, JAHHBIX PEAHAIN30B METEOPOJOTMYECKUX U TUIPO-
busmUecKx Moeii: KacaTe bHOTO HANPSAZKeHus TpeHus BeTpa (T, ), aTMochepHOro JaBjeHns
(P,), crepmaecknx Kosebannit yposusa mop# (Cp), armocdepubx ocakos (Pr), pewnoro
croka (R), ucnapenus: (EF), Bomoobmena mexay Banruitckum u CeBepHBIM MOPSIMU Yepe3
Harckue nposusst (Q).

BekTop KacaTelbHOIO Halpsi?KeHUust TpeHust BeTpa (T,,) PACCUUTHIBAJICA 110 M3BECTHOI
dopmyre:

R > >
Ty = CPO W‘W‘

o
rze ¢ — Ge3pa3MepHblit K03 dHUIUEHT, Py — INIOTHOCTH BO3Iyxa, W — BEKTOP CKOPOCTH BETpa.

Crepuueckue KoJyiebanus ypoBHst Mopsi (O p) PaCCUYUTBLIBAJIACH TIO JAHHBIM
o remneparype (7) wu coménoctu (S) BOOBI M3 PErHOHAJBLHOIO —peaHajn3a
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BALTICSEA_MULTIYEAR_PHY_003_011 (https://doi.org/10.48670/moi-00013). Hecmor-
psd Ha TO, YTO JJjisl 9TOrO peaHaJM3a WUCIOJb3yeTCsl YHUCJIEHHAs TUAPOIUHAMIIECKAS
monenb NEMO v3.6, ocHoBanHasi Ha npubJimKeHnn ByccruHecka, KOTOpoe He MO3BOJISeT
OIMCHIBATH U3MEHEeHHe 00bEéMa cTosIba MOPCKOI BOJIbI 6e3 n3aMeHeHus ero Maccol |Greatbatch,
1994|, npumeHnsieMble B paMKax JaHHOIO PEAHAJM3a aJIFOPUTMbl YCBOEGHUS CILY THUKOBOI
U KOHTAaKTHOH muopMamuu o6 m3menennun 1T u S, JaI0OT BO3MOXKHOCTH IOJICTPAMBATH
paccauTaHHBIE 110 MOJIEJU IOJIsI OKEAHOJOTUIEeCKUX XapPaKTEPUCTUK K UX HAOJIOIAEeMbIM
sHavenusiM. B pabore |3azapuyx u Jp., 2023| GBIIIO POBEIEHO CPABHEHWE CTEPUIECKUX
KoJiebaHMii YPOBHSI B HECKOJILKUX paiioHax BajlTuku, ONeHeHHbIX 10 JAHHBIM KOHTAKTHBIX
u3meperuii 7' m S, U 1O JAHHBIM PErHOHAJBLHOTO peaHasu3a. Pe3yibrarTsl CpaBHEHUs
CBUJIETEJILCTBOBAJIM, YTO JIAHHBIE PErHOHAJHLHOINO peaHaju3a 1mo 1 u S TO3BOJSIOT
JIOCTATOYHO TOYHO BOCIPOM3BOJIUTH KOJEOAHUsT YPOBHS MODSs, BLI3BAHHBIE U3MEHEHUSIMU
wioTHoCTH Boj Basruiickoro mopst [Baxapuyx u dp., 2023].

Crepuveckue KosebaHus ypOBHsI MOPsI OIEHUBAIINCH M0 caeytommeii dopmyie |Beao-
nernko u Koadynos, 2000]:

n
ACP _ 1 Apl
Ly —ZFipg,
At L po At
i=1
A
e % ~ CTepHYecKrne M3MeHEHHs yPOBHS MOpsI 3a OTPe30K BpeMmeHH Af, pg — cpef-

Ap; .
Hdd IIJIOTHOCTDH BO/IbI, ﬁ — U3MEHEHHNEe BO BpeMeHHU IIJIOTHOCTH BOJ/bI B KazKJIOM I-M CJIO€

(1=1,2,3,..., n), Az; — Tommuna Kaxjoro cjos. [Inornocts Bojp! (p) paccInTHIBATIACH IO
YDABHEHUIO COCTOSHUS, OnucanHoMmy B padore [Jackett and Mcdougall, 1995].

Pacuer Bomoobmena (Q) uepes Jlarckue IPOUBBI BBHIIOIHSJICS 110 METOIUKE, OMUCAHHOM
B paborax Jakobsen et al. [2010] u Mohrholz [2018], o dopmyre:

_|Ag,-B
Q= [T

rae Ky — smmupraecknit kosdpdunuent Tpenns. Cormacao [Jakobsen et al., 2010] ngs
mposmsos o paser oT 1,6x10710 ¢2m™3 10 2x 107! ¢?M™3; B — koppekimonHas 106aBKa Ha
PAa3HUILy yPOBHE MODS 3 CUT IPaIUeHTa IJIOTHOCTY BIOJIb IIPOJIUBa, (6apOKIMHHAS J00aBKA).
O6BbIYHO BeJIMYKMHA TON JT0OABKHM COCTABJIsIET HECKOJIBKO caHTUMeTpoB; Al; — pa3Huia
ypoBas Mopst Mexkty Karrerarom n Sanasnoit Baarukoii. Jiist oneHKE pa3HOCTH yPOBHS
Mopst (AC;) UCTIOJTB30BAJIUCH PSAJIBI CHHXPOHHBIX €KEYACHBIX MapeorpadHbIX HABIIOICHTN 32
ypoBHEM MOps Ha cTaHIusgx l'esicep n Xopubaek 3a nepuos 1993-2021 rr. Jlanubie 1o ypoBHIO
Mopst 6pwtn 1ostydensl ¢ pecypea Copernicus Marine Service (http://marine.copernicus.eu).
Ucxomubie psiibl ypOBHST yCPEIHSIACH 0 CYTOK M 3aT€M U3 JIAHHBIX YPOBHS MOPS Ha CTAHIIAN
XopHOaeK BBIUNTAINCH CHHXPOHHBIE 3HAUEHUSI YPOBHSI MOpsl Ha craHmuu [ejcep.

Cutetyst METOIUIECKAM PEKOMEHIAIIASIM, U3JI0KEHHBIM B pabore |Zakharchuk et al.,
2022], nepeJ; B3aMMHBIM KOPDEJISIIUOHHBIM U MHOZKECTBEHHBIM PEIPECCUOHHBIM AHAIU3AMU U3
PAJIOB COCTABJISIIONINX CE30HHBIX KOJIeOanuii ypOBHA MOPS, TIOJIYEHHBIX C TIOMOIIBIO CKOJIb3s1-
IIer0 rapMOHUYECKOro aHajm3a (f), BBIMUTAINCH PsIbl COCTaBISONUX ((f), pacCInTanHbIe
HA OCHOBE CTAI[IOHAPHOIO rapMOHUYecKoro axasmsa (1):

rje C(t) — aHOMAaJIM} COCTABIIAIONINX Ce30HHBIX KOJeOAHHil yPOBHS MOPS.

Takast ke Tporerypa ObLIa TPOU3BEIEHA JIJTsI PSII0B HECTAIMOHAPHBIX COCTABJISAIONINX
JIPYTHUX THIPOMETEOPOJIOTMIECKIX MPOIECCOB, B PE3YJIBTATE Uero OBLIM MTOJIYIEHBI PsiJIbI
AHOMAJIHII KACATEIBHOIO HAIPSIZKEHIs] TPEHHs BeTpa T, (1), armocdeproro pasnenns Py(t),
crepuueckux Kosebanuit yposus Mopst Cp(t)’, armocdepubix ocasikos Pr(t)’, peunoro cro-
ka R(t)’, ucnapennus: E(t)’, Bomoobmena mexxy Banruiickum n CeBepHBIM MOPSIMHU depe3
Harckue mposuse Q(t)’.
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BsauMHBIT KOPPEJISIIMOHHBIN aHAINE MEXKY aHOMAJIUSIMU COCTABJISIONIIX CE30HHBIX
Kojebanuii yposHsa Mops ((t) ¥ PasIMUHBIME CKAJISPHBLIME I'IIPOMETEOPOJIOIMICCKIMI
nporneccamu P(t)', Cp(t)’, Pr(t)’, R(t)', E(t), Q(t)’ mpomssoauiics myTeMm OleHUBAHHS HOD-
MUPOBaHHON B3aUMHON KOPPEIANMOHHON PyHKINN:

KC;’”I(T)

—— (2)
KC(O)KW(O)

rC,r](T) =

rae Kz(0), K;(0) — aucnepcun apyx ckansgpueix npoueccos C(t) u n(t), a K¢, (1) =

T—
ﬁ 0 o H)n(t+ 7)dt — ux B3auMHasg KOBapUAIMOHHAS (DYHKIUS, T — BPEMEHHOI CIBUL.

OreHKa B3aMMOCBS3U MEXKIY aHOMAJUSIME COCTABJISAIONIX CE30HHBIX KOJIeOaHUN ypPOB-
Hst Mopst ((t), 1 KACATEIBHOrO HANDSIKEHUs TPEHHsI BETPA T, (t) TPON3BOMMIACH Iy TEM
pacdera MHOYXKECTBEHHBIX KO3MDMUIUEHTOB KOPPEJIAIUN 10 METOUKE B3ANMHOIO KOPPEJIs-
[IMOHHOTO AHAJN3a MEXKJIy CKAJSPHLIMUA ¥ BEKTOPHBIMHU IIPOIECCAMHU, U3JI0KEHHOH B pabore
B. A. Poxxkosa [Poorckos, 2002]. Cremys 9T0ii METOMKE, B HAYAJE, ONEHUBAINCH MATPHILHI
KO3 DUITMEHTOB B3ANMHBIX KOPPEJISIUI CIIeIYIONEro BUIa:

r r T

et v
Dr]V =\"un  Tuu Tuvl Dy, =

vy Tvu Ty

rae Dy u Dy, — oupeeuTesn MaTpHulL, 1] — CKaJsApHBL 1porecc, V — BeKTOPHbIIL 1porecc,
U,V — COCTABJIAIONINE BEKTOPHOI'O IIPOIeCcca Ha IIapaJsijiesib U MEPUINAH, COOTBETCTBEHHO,
Tunr Tiusr Tups---r Typ — KO(DOUIMEHTHI B3AaMMHONR KOPPEJISAIHL.

3arem, PacCUUTHIBAJICH MHOXKECTBEHHbIH Koadduiment koppessanuu (M) Mex1y cKa-
JIAPHBIM (#]) U BeKTOpPHBIM Iponeccamu (V):

M, v =1[1- 3
q D, (3)

KoaddurmenTsr Koppessitn, paccantansble 1o dhopmynam (2) u (3), oleHnBaINCH
HA Pa3HBbIX BPEMEHHBIX CJIBHUIAaX ¥, 3aTeM, BRIOMPAJIUCH UX MAKCUMAJbHbIE 3HAUYEHUs (CM.
puc. 3).

Jyist TOro, 9To06hl KOJIMIECTBEHHO OIEHUTh OTHOCUTE/IbHBIE BKJIAJIbl PA3IUIHBIX M-
POMETEOPOJIOINYECKUX IIPOIECCOB B MEKI'0/I0BYIO H3MEHYNBOCTb COCTABJIAIONINX CE30HHBIX
KoJtebaHuii ypoBHsT BagTUiICKOro MOPsT TPOBOIMJICH MHOYKECTBEHHBIN PErPECCUOHHBII aHAIN3.
C 370l 11eJIbI0 ypaBHEHHST MHOXKECTBEHHON PErpecCHl 3allUChIBAIICH B CJIE/IYIOIIEM BUJIE:

Csa(t)’ =4apt+a [Tusa(t)/] + aZ[Tvsa(t)/] tas [Psa(t)/]"'

4
+ ﬂ4[CPsa(t)/] +as [Prsa(t),] +4ae [Rsa(t),] + a7[Qsa(t)’] +ag [Esa(t)’]’ ( )

Cssa(t), =apta; [Tussa(t)/] + a?_[Tvssa(t),] tas [Pssa(t)/]"'
+ ay [Cpssa(t),] t+as [Prssa(t),] t+ag [Rssa(t)’] + a7[sta(t)’] tag [Essa(t),]i

Csta(t)/ = ag + a1 [Tuga(t)']+ as[Tvga(t) ]+ a3 [Psta(t),]+
+ a4[Cpsta(t)/] t+as [Prsta(t),] +ae [Rsta(t),] + a7[Qsta(t),]+a8 [Esta(t)/]l

qua(t)’ =ap+tm [Tusqa(t)’] + aZ[TVsqa(t)’] + a3[Psqa(t),]+
+ 34[Cpsqa(t)’] + uS[Prsqa(t),] + 36[qua(t),] + a7[qua(t)’]"'uS[Esqa(t)’]:

rJe ay — CBOOOHBIN UJIeH ypaBHEHUs] MHOYKECTBEHHON perpeccud, a di, dp,..., dg — KO-

(7)

’ ’
dunmenTs 5TOrO ypaBHeHus, Tu(t)’, Tv(t) — 30HATbHAS U MEPUIMOHAJIBHAST KOMIIOHEHTHI
.o o — /
AHOMAJINI CE30HHBIX KOJIEDAHUI KacATEebHOIO HAIIPSIYKEHUsT TPEHUsT BETpa Ty, (1) , OCTAJIbHbIE
4JIeHBl YPABHEHUN ONMCAHBI B TeKCTe BhIe. [lepes mpoBeJeHneM perpecCuOHHOTO AHAJN3A
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BCe TIepEeMEeHHbIe, BXoJdamue B ypasHeHue (4)—(7) npuBoamincs kK 6e3pasMepHOMY BU/LY,
IyTéM HOPMUPOBAHUSA PANOB Ha UX CP. KB. OTKJIOHCHUS.

KosmmaecTBeHHbBIE OIEHKH OTHOCATEILHBIX BKJIAI0B Ka¥KJIOTO THIPOMETEOPOIOTHIECKOTO
npeaukTopa u3 ypasHeruii (4)—(7) paccUnTHIBAINCH CIIELYIONUM 06Pa3oM:

la;| .
B;= = 100%,
i:llail

riae B; — mpomeHTHBIN BKJIAJ, i-Or0 I'HJIPOMETEOPOJIOTHIECKOr0 (haKTOpa B MEYKIOJIOBYIO
U3MEHYNBOCTh aHOMAJIUI CE30HHBIX TapMOHUK Sa, Ssa, Sta, Sqa, a;— Ko3hPuImeHTs Ma-
TEMATUYECKOIO PA3JIOXKEHHsI YPABHEHHsI MHOXKeCTBeHHOIl perpeccun (i = 1,2,..., n), rae

n=_.

3. PesysbraTsl 1 MX MHTEPIpPETAAS
3.1. I3MeHYHMBOCTD AMILIUTYJ] COCTABJISIOIINX CE30HHBIX KOJIEOAHHUI YDOBHS MODS
B Crokrosbme 3a nepuos ¢ 1889-2022 rr.

Ha puc. 2 npencraBiensl pe3ysbTaThl CKOJIb3SIIEr0 TAPMOHIYECKOTO aHam3a 133-yer-
HET'O Psifia CPEIHECYTOYHBIX 3HAUEHMIT yPOBHS MOPsi B CTOKIoIbMe, KOTOPBIE JJEMOHCTPUPYIOT
OYEeHb 3HAYUTETHHYIO MEXKI'0JIOBYIO U3MEHYNBOCTH AMILTUTY/L ¥ BCEX 4-X TAPMOHUK CE30HHBIX
Kostebannii. B 3aBucumoctn ot roga oru mersaiorcesa ot 0,5-1,0 mo 2527 cartumerpos. Y Bcex
4-X TApMOHUK BBIJIEJIAIOTCS [TOJIOXKUTE/IbHBIE JIMTHEIHBIE TPEHbI, KOTOPBIE HE SBJISIOTCS
CTATUCTUYIECKU 3HAUYNMbIMU. CrirayKuBaHue psijOB MOJIMHOMOM 15 CTeleHu JIeMOHCTPUPYET,
YTO B MEXKI'0JI0BOIT MI3MEHIMBOCTU COCTABJISIIOIINX CE30HHBIX KOJeOaHUl HAbJIIOAAIOTCS T0JIr0-
MIEPUOHBIE TIHKJIBI ¢ BpeMeHHbIMI MaciTabamu ot 20-35 mo 55 jser. Hanbonpimas Begmanna
aMILIATYJT 9TUX [UKJIAIHOCTEH OTMEYAETCs JJjIsi TOI0BOI rapMOHUKU Sa, C yBeJIMIeHHEM
JaCTOTHI €6 0BGEPTOHOB pa3Max KoJeOaHMUil JIOITOIEePUOHBIX IINKJIOB yMeHbIaeTcs (puc. 2).
st rapmonnku Sa ¢ koHna 1890-x 10 Hadaaa 1980-x rogoB oTMedaeTcs KBa3UINKIIMIe-
CKOE yBeJIMYeHre €€ aMILIUTY/I [TOC/Ie Yero, J0 HACTOSINEr0 BPEMEHU, HADJIIOIAeTC s Pe3KOoe
BOJIHOOOPA3HOe UX yMeHbIeHune (puc. 2). MakcuMasbHbIe 3HAYEHUS JIUCTIEPCUN TOIOBBIX
KoJtebanuit Hadoganuck B 1920-e, 1940-e — 1950-e 1 B Koumne 1970-x magase 1980-x romos.
[Tocste sTOrO TMEpHMOAA AMCIEPCHUS TOMAOBBIX KOJEOAHUN PE3KO YMEHbBINAJIACH, TOCTUTHYB
B camoM Havasie 2000-x romos Broporo, nocse 1910-x romos, muanmyma (puc. 2). B pabore
Bazapuyx u dp. [2022] 6bUTO MOKA3aHO, ITO PE3KOE YMEHBIEHNE aMILTATY] TADMOHUKHA Sa
B IIOCJIEJTHAE JIECATUIIETUsI OOYCIOBJIEHO CHIKEHIUEM MHTEHCHUBHOCTHU T'OJIOBBIX KOJIeDaHMI
BeTpa, U, B MeHbIIeil crenenn, arMocdepHoro nasienus |3axapuyx u dp., 2022].

MexkromoBast U3MEHIUBOCTD MMOJIYTOJ0OBOI TAPMOHUKH SSa JIEMOHCTPUDYET BBIPAXKEH-
HBII TIepHUoJT yBeIndeHnsa e€ aMuanTya u auciiepcur B 1890-e — 1920-e romapl, mocye wero
oHn yMeHbIamch 10 1930-x — 1940-x rojioB, 3aTeM OTMEYAJICS MTPOJIOIZKUTEHHBIN POCT
amrutyn u auctepcun 10 1990-x romos. B noceauue q1aaaTh JeT HAOIIOMAETCS CHUXKEHNE
AMILIATYJL ¥ JUCIIEPCUH TIOJIYTOIOBBIX Kojtebauuii (puc. 2).

Jucniepcust TpeTbrofioBbix Kosebanuii (Sta) mukiandeckun ymenbinaiach ¢ 1880-x ro-
JIOB, JIOCTUTHYB CBOEro OCHOBHOro MmHuMyMma B 1930-x rojiax, mocsie 4ero oHa pocJja Jio
nagasa 2000-x rogos. B nocitenane 20 srer gaucnepcust TPETHIOIOBBIX KOJIEOAHMIT YPOBHSA
B CrokrosbMme c1abo ymeHbinaercst (puc. 2).

Camble HU3KME 3HAUEHNUS JIICIEPCUN YeTBEePThIOI0BBIX KoslebaHuii (Sqa) orMedasnnch
B 1940-e roxgpl, a camble 6osbimue — B 1970-e u B Hauaae 1980-x romos. B mociemmaue 20 jer
naburofaerca caabblit poct ux guctepeun (puc. 2).

3.2. BzauMHBIH KOPPEISIIHOHHBIE AHAJIN3 H3MEHIHBOCTH C€30HHBIX KOJIeOAHUI YPOBHSI MOPSI,
PACCUNTAHHBIX O AJITHMETPHIECKHM JAHHBIM, U THIPOMETEOPOJIOTHIECKHX MIPOIIECCOB
Pesgynprarshl B3anMHOIO KOPPEJISIITHOHHOTO aHAIN3a MEXKJTy AHOMAJIUSIMU COCTABJISIIO-
X CE30HHBIX KOJIEOAHUI YPOBHSI MOPsi, PACCUMTAHHBIMU 110 AJBTUMETPUIECKUM JTAHHBIM,
¥ Pa3JUYHBIX T'HIPOMETEOPOJIOINIECKUX IIPOIECCOB, MPEJICTaBJIEeHHbIE Ha PUC. 3, CBHUJE-
TEJILCTBYIOT, ITO camble OoJibIre Ko3hduimenTsr Koppeasimn, mgocturaorme 0,8—1,0,
OTMEYAIOTCS ME¥K/Iy aHOMAJIMAMI Ce30HHBIX Kojebanuii yposHs Mops ((t)’ u KacaTeibHOro
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Puc. 2. Mexro/oBble n3MeHEHHUs aMILIUTY L rooBoii (Sa), mosiyromosoit (Ssa), Tpersromosoii (Sta),
M 9eTBEPTHro/oBoi (Sqa) KOMIOHEHT CE30HHBIX Kosiebanuii ypoBHsi MOps B CTOKroJIbMe, pACCUUTAH-
HBIX 110 MapeorpadHbIM U3MepeHusIM 3a nepuof ¢ 1889-2022 rr. (yepuas jmHus). JInHefHbIH Tpens
0003HaYEeH MPSMOM CHHEH MyHKTUPHON JIMHUEH; 3e1€Hast JIMHUST — TOJINHOM 15 cTerenn, KpacHast
JIMHUST — U3MEHEHNe JUCIIEPCUH aMILIMTY/| TApMOHUK (IIpaBasi [IKaJIa), PACCUUTAHHON C [IepHOJIOM

ckonbkeHus 10 jer u nepekpeiTueMm 1 rom.

HAIIPSIZKEHNs TPEHIst BeTpa Ty (t) . OJHAKO 1P JBUKEHHH C [0Ta Ha CEeBEp MOpS CBSI3b
MEXKJIy 9TUMU MPOIIECCAMU CHUYKAETCsI, U JIJIsi AaHOMAJIMii TApMOHUK Ssa, Sta, Sqa Ha cesepe
BorHmrdeckoro 3amsa kosdbdurments: koppetsiun Mexkay ((t)') u T, (t) ymenbimarores 10
saavennii 0,3-0,4 (puc. 3). DTu OIEHKH, B OCHOBHOM, XOPOIIIO COTJIACYIOTCS C Pe3yJIbTaTa-
Mu paborsl [Zakharchuk et al., 2022], B KOTOPOil Ha OCHOBE AJLTUMETPUIECKUX IAHHDBIX
MeHbIel npogoskuTesbaocta (1993-2018 rr.) MpoBOAUIICS B3AaMMHBINA KOPPEJISIIIMOHHBII
anams Mexxy ((t) ¥ Ce30HHBIME aHOMAJHSME He T,(t), a BeTpa. XOTsl, IIPH CPABHEHU
¢ pabotoit |Zakharchuk et al., 2022|, BBISBISIIOTCS U HEKOTOPBIE PETHOHAJLHBIE DA3INYIHNS,
HAIpUMED, B HAIIEM CJIy4ae NI BCEX TAPDMOHUK yBEJIMIUBACTCS KOPPEJIANUS B IIPOJINBE
Karrerar, a mjis rapMOHUKEN Sqa ¥ Ha ore OTKpbITOil BasiTukn.
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Puc. 3. Koadbdunuenrsr MakcnMaabHON KOPPEIANNN MEXKIY aHOMAJIMSIMHI COCTABJIAIONINX CE30H-
HBIX KOJIeOAHUN YPOBHA MODPS, PACCUMTAHHBIMU I10 AJbTUMETPHUYIECKUM JTAHHBIM, U PA3JIMIHBIX

TUJIPOMETEOPOJIOTHIECKIX MPOTIECCOB (0OO3HAMEHUST CMOTPUTE B TEKCTE).

B Borundeckom n @uHCKOM 3a/MBaX, a TaKKe Ha CeBepe OTKPLITOM BaaTukum, BhICO-
Kast obpaTHas CBA3b, jgocturaromas —0,6. .. —0,8 ormeuaercs mexay ((t) u anomammsavm
COCTABJISAIONIAX CE30HHBIX Kosebanmii armocdepHoro nasaenus P(t)’, B To BpeMs Kax Ha 1ore
OTKpHITOl Banrukn cesasb mexky C(t) m P(t) orcyrersyer (puc. 3). Iloxoxme pesysrbraThi
ObLin nostydensl B pabore [Johansson and Kahma, 2016], B KOTOPOIi OlleHUBAJIACH KOPDEJIsi-
[Us MEXKJLy CPEIHEMECSIHBIMYU 3HAYCHUSME YPOBHSI MOPSI HA PA3JUIHBIX MapeorpadHbIX
CTAHIUSAX BAJITHKY U U3MEHEHUSIMU aTMOCHEPHOrO JIaBJICHHUS.

st amomasmit rapMoHuK Ssa, Sta, Sqa Ha 6osibimeit YacTu akBaropun BasTuiickoro
MOPst HaBJTO/IAI0TCs BhICOKUe 3Hadenus Koaddurmentos koppesmun (0,6-0,7) mexy C(t)
1 aHOMaJmAME BogooOMena Mexky CesepHbIM MopeM n Banruxoit Q(t), omHako cBa3b
MEKJIy STUMU IIPOIECCAMH OTCYTCTBYET JIJIs aHOMaJIuii rapMOHUKH Sa (puc. 3).

C MEeKTOIOBBIMHI H3MEHEHHAMHI aTMOChEpPHBIX 0caaKoB Pr(t)’, BEICOKas CBA3b OTMeYa-
€TCsl TOJIBKO JIJIsi TIOJIYTOJIOBOI TaPMOHUKH Ssa Ha BOCTOKe U ceBepe BoTHHYecKoro 3aimnsa,
B TO BpeMs Kak JIsl IPYTHX PailoHoB Mops KoddbdumuenTs! Koppesuun mexkay §(t)" u Pr(t)
Huskne (puc. 3).

Jljist Becex 9eThIpEX rapMOHUMK Ha OOJIbIIEH 9acTh aKBATOPUU MOPSI OTCYTCTBYET B3aUMO-
cBaA3b MexkJLy C(t)" n anomammsivu crepuueckux kosebanuit yposnst Mopst Cp(t). Uckmodenne
COCTaBJIsIET paiion [ ManbCcKoro 3aimBa, re jijisi TapMOHUK Sta n Sqa orMevaTcs Ko3bhurm-
eHTBbI KoppeJisiuy co 3Hadenusamu 10 0,6 mexxiy C(f) u Cp(t)’, a Takuxke oro-3amaias 4acThb
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MOpsI, TJIe JIJIsi TApDMOHUKHU SSa HAOJIIOMAI0TCs 3HAYEHUsT 00PATHOM KOPPEJISIIIUH, JIOCTUTA0-
mue 0,6.

puc. 3 CBUIETEJBCTBYET Tak>Ke 00 OTCYTCTBUHU CBSA3U JJIsi BCEX TapMOHUK MEXKILy
CE30HHBIMI aHOMAJIMAME ypoBHA Mops C(t) n ucnapennem E(t)', a TaksKe pedHBIM CTOKOM
R(t)" (puc. 3). Xopomro m3secTHO, uTo P. Hepa mMeeT camblit 60/ILITOM 06bEM PETHOTO CTOKA,
10 CPABHEHUIO ¢ IPYTUMM PEKaMHU, BHaJanomumMu B Banruiickoe mope [ludpomemneoposoeus
u eudpoxumus mopeti CCCP: Ilpoexm «Mops CCCP». Tom III Baamudickoe mope. Bumnyck
I Tudpomemeoposoeuneckue ycaosua, 1992; Lepparanta and Myrberg, 2009]. Tlostomy, mist
MPOBEPKU PE3YJIBLTATOB, MPEJACTABIEHHBIX HA PUC. 3, ObLI TAK¥Ke MPOU3BEJIEH B3AUMHBIN
KOPPEJISIITUOHHBIN aHau3 MeXKIy AHOMAJIMSMU CE30HHBIX COCTaBJISIONIUX YPOBHSI MOpsI
C(t)’, mosrydeHHBIMI Ha OCHOBe MapeorpadHBIX m3Mepennit B KpoHIITajre 1 ce30HHBIME
aHoMaJusIMu CTOKa HeBbl, MOy IeHHBIME 10 WHCTPYMEHTATHLHBIM U3MEPEHUAM. Pe3yibrars
TAKOrO aHAJM3a MpeJcTaBieHbl B 1a0/1. 1. OHM MOATBEPKIAIOT Pe3yIbTaThl, TOKa3aHHbIE
Ha PUC. 3, CBUJETEJIBCTBYIOIINE, IYTO U aHAJIN3 HHCTPYMEHTAJIbHBIX m3Mepenuii B HeBckoit
rybe @uUHCKOTO 3auBa JIJI BCeX 4-X TapMOHUK TTOKA3BIBAET OTCYTCTBHE KOPPEJISIIIAN MEXK Ty

C(t) u R(t).

Tabmauna 1. Makcumasibible 3HaYeHUs KO(DDUIUEHTOB KOppesanuu (T) MeXK/1y U3MEHEHUsIMU
AHOMAJIMI COCTABJISIIOIIUX CE30HHBIX KoJiebanuii yposHs Mopst B Kponmraare {(t) u anomanusmu

croxa Hepobr R(t)

Koppenupyemble mporiecchbt K(7)
Céalt) x Rg, (1) 0,19
Cs’sa(t) X R/Ssa(t) 0,04
Cla(t) x Ry, (1) 0,09
Ciqalt) X Rg . (1) 0,19

[Ipu npoBeseHnN B3aMMHOTO KOPPEJISIIMOHHOTO aHAJIN3a CTATUCTHIECKH JIOCTOBEPHBIE
OIIEHKHU BPEMEHHBIX C/IBUTOB MOT'YT OBITH IIOJIyY€HbI TOJIBKO JIJI CJIydaeB, KOIia HaOJII01a/IiCh
BBICOKHE 3HavYeHus KoabduimenToB B3auMuoii koppessuuu (>0,6). Eciu koadbdunuentst
Koppestsanuu Menbine 0,6, TO JUHENHAs CBA3b MEXK/Ly HPOIECCAMU OTCYTCTBYET U HE MMEET
CMBICJIa OTIEHNBATh BpEMEHHbBIE ¢/IBUTH. B HarieM ciry4ae GoJibIie 3HAYE€HUST KOPPEJIAINN
OTMEYAETCs TOJIBKO C U3MEHEHUSIMU KAacaTeJbHOIO HallpsizKeHus Tpenus serpa (10 0,8-1,0),
armocdepuoro masienus (10 —0,6...-0,8), a mia rapmonuk Ssa, Sta, Sqa — ¢ uzMeneHu-
samu BogoobMmena depe3 Jlarckue nposuset (10 0,6-0,7). He orMevanoch cBa3u aHOMAJIHi
CE30HHBIX KOJIEDAHUI YPOBHSI MOPS C COCTABJISIONIMME IIPECHOTO OAJIAHCA U CTEPUIECKUMU
KOJIebaHUsAME YPOBHs MOps (CM. puc. 3).

Anayu3 BpeMEHHBIX CIBUIOB JJIsl CJIyYaeB BBICOKOI Koppessnuu (>0,6) moKazaJ, 4ro
OHH OTpHIATEJbHbIE (Ce30HHBIE KOJeOaHUsl YPOBHS 3aIa3/[bIBAI0T OTHOCUTEIHHO CE30HHBIX
KOJ1e0aHUil M'UIPOMETEOPOJIOrNIECKHX [IPOIECCOB) U BapbUPYIOT OT —5 110 —15 cyToK Jjis
KacaTeJbHOI0 HAIPsI?KeHUsI TPEHUsI BETPA, a TakxKe aTMocdepHoro jasienust, u ot —20 10
—35 cyTok Juist Kosiebanuii BogoooMeHa yepe3 JlaTckue IposuBhL.

3.3. MHOXKeCTBEHHBII pErPDECCHOHHBIN aHAJN3 CE30HHBIX KOJICOAHHE yDPOBHS MODS

Iepes mpoBeIeHIEM MHOYKECTBEHHOTO PErPECCUOHHOIO AHAHM3a BCE THAPOMETEOPOJIO-
IrUYeCcKUe MPeJAUKTOPDI, KOTOPbIE SBJAIOTCS epeMeHHbIMU B ypaBHenusx (4)—(7), Obuiu mpo-
BEpEHbI Ha, CTENEeHb UX B3aMMOCBS3AHHOCTH. B Ta0i1. 2 mpecTaBieHbl CpeHne 110 aKBATOPUH
Banruiickoro Mopst 3Ha4eHHs MAKCUMAILHBIX KOI(MDMUIMEHTOB KOPPEIAIMA MEXK LY I'HIPOMe-
TeopoJiIormaecKuMu mporeccamu. Kak ciemyer u3 tabiuipt 2, KO3hOUIMEeHTh KOPPEISIi
BO BCEX CJIydasX HU3KHE. JTOT PE3YJbTAT JEMOHCTPUPYET, UTO TUAPOMETEOPOJIOTHICCKUE
HIPEeJUKTOPBI HE SIBJISIIOTCSA CBA3AHHBLIMH, UTO JleaeT UX BLIOOD pelpe3eHTaTUBHBIM JIJIsT
[IPOBEICHUST MHOKECTBEHHOI'O PErPECCUOHHOIO aHAIHN3A.

Ha puc. 4 nmpescTaBiieHbl pe3y/IbTAThl MHOKECTBEHHOTO PETPECCUOHHOTO AHAJIN3A, JIe-
MOHCTPUPYIOIIUE BbIParKeHHbIE KOJIMIECTBEHHO BKJIAJIbl CE30HHBIX aHOMAJIUI PasIuIHbIX
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Ta6auma 2. Cpennre o akBaTopun BasiTHICKOro MOpst 3HAYEHUs] MAKCUMAJIBHBIX KOI(DMUIMEHTOB

KOPPEJIAINN MeXK/Iy THIPOMeTeOPOJIOTHYeCKIMU IIPOIlecCaMu

T'apmonuka 1,0 rox

Hpemurrop  Cpsa(t)’  Qsalt)’ Psa(t)  Tusa(t) tvsa(t) Prsa(t) Esal(t) Rsa(t)

Cpsalt) 1,00

Q{6 0,01 1,00

Pga(t) -0,02 -0,05 1,00

Tugy(t) 0,00 -0,26 -0,35 1,00

Tvgy(t) -0,01 0,06 -0,21 0,33 1,00

Prea(t) 0,00 0,22 -0,46 0,05 0,22 1,00

Ega(t) 0,03 -0,08 -0,13 0,10 0,15 -0,02 1,00

Rga(t) 0,24 0,01 -0,07 0,00 0,03 0,06 0,02 1,00
T'apmonuka 0,5 roma

Ipesmkrop  Cpssa(t)’ Qssalt) Pssalt)  Tussa(t) Tvssa(t) Prssa(t)’ Essa(t)  Rssalt)

Cpssalt) 1,00

Qssalt) 0,00 1,00

Pyga(t) 0,04 0,09 1,00

Tugga(t) -0,12 -0,35 -0,42 1,00

TVgga(t) -0,02 -0,23 -0,20 0,34 1,00

Prega(t) -0,05 —-0,04 -0,43 0,11 0,06 1,00

Egsal(t) 0,01 -0,06 -0,02 -0,01 0,18 -0,11 1,00

Rl 0,09 0,04 -0,04 0,01 0,02 0,02 -0,03 1,00
Tapmonuka 0,33 roga

Mpesuxrop  Cpsta(t)’ Qsta(t)  Pstalt)  Tusta(t) Tvsta(t) Prsta(t)’ Esta(t)  Rstalt)

Cpstal(t) 1,00

Qstalt) 0,04 1,00

Pgia(t) 0,08 0,24 1,00

Tugta(t) -0,11 -0,46 -0,35 1,00

TVsta(t) -0,05 -0,08 -0,14 0,26 1,00

Prstal(t) 0,06 -0,04 -0,45 0,02 0,15 1,00

Estal(t) -0,38 0,03 0,01 0,01 0,20 -0,18 1,00

Rgta(t) -0,09 0,02 0,03 -0,02 -0,03 -0,05 0,08 1,00
Tapmonuka 0,25 roma

ITpenukrop CPsqa(t)/ qua(t)/ Psqa(t)/ Tusqa(t)/ Tvsqa(t)/ Prsqa(t)/ Esqa(t)/ qua(t)/

Cpsqalt) 1,00

qua(t)’ -0,03 1,00

Pgqalt)’ 0,08 0,35 1,00

Tigqalt)’ -0,04 -0,44 -0,33 1,00

Tvsqa(t)' 0,00 -0,09 -0,06 0,24 1,00

Pryqalt ¢ 0,07 -0,16 -0,53 0,08 0,11 1,00

Esqa(t)' -0,25 0,04 -0,03 0,05 0,17 -0,22 1,00

Rsqalt)’ -0,05 0,04 -0,01 -0,02 -0,02 -0,05 0,10 1,00

THAPOMETEOPOJIOTUIECKUX TPOIECCOB B MEKTOJIOBYIO U3MEHYNBOCTH COCTABJISIONTUX CE30H-
HBIX KoJiebanumit ypoBHs: Basrruiickoro mops. 3naderns K03h UIMEHTOB MHOKECTBEHHOM

KOPPEeJSIun JJIsi BCeX 4-X TapMOHUK SIBJSIOTCS BBICOKMMH U BapbupyioT ot 0,7 mo 1,0

(cM. puc. 4). DTOT pe3yibIaT CBUIETEILCTBYET, YTO IIPEJJIOZKEHHAsT HAMHU MOJEJb MHO-

JKECTBEHHOI perpeccuu IOCTATOYHO aJICKBATHO OINCHIBACT MEXKI'OJOBYIO M3MEHYNBOCTH
COCTABJISIIONINX CE30HHBIX KoJiebanmii ypoBHst Basiruitckoro mopsi. Hanbosibiiee Bo3zelicTeue
Ha UX U3MEHEHUs B TedeHHe 1ocjeiHuX 30 JleT OKa3bIBAIOT CE30HHBIE AHOMAJIUKU KacaTeIb-

HOT'O HaIPsKEHUsI TPEHUsSI BETPa, BKJIAIbI KOTOPBHIX B OTKPBITOIl Basnrtuke, np. Karrerar
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u Puxkckom zammee jocruraior 40-70%, yMeHbIasch, B 3aBUCUMOCTH OT TapMOHUKH, 10
30-60% B Punckom 3amuse, u 10 15-35% B Bornmdaeckom 3amuse (puc. 4).
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Puc. 4. Tomm Biuaaus (B %) pasinmdHbIX THIPOMETEOPOIOTHYECKUX MPOIECCOB B MEKIOOBYIO
N3MEHYNBOCTH AaHOMAJIMI COCTABJISIIOIINX CEe30HHBIX KoJebaHuii yposHsi Basruiickoro mopst (mepsbie

7 cronbros). B mociaenneM crosbie npeacTaBiaeHbl K03MdOUIUEHTH MHOXKECTBEHHON KOPPEJIAIUn.

BropbiMu 110 3HAYMMOCTH TTPOIIECCAMEU, BIUSIIOMIUME HA MEXKTOJIOBYIO0 M3MEHUNBOCTD
CE30HHBIX KOJICOAHUIT YPOBHS MODS, SIBJISIOTCS CE30HHBIE AHOMAJIMH ATMOCKHEPHOTO TABJICHHS
P(t)" u Bomoobmena Basrmiickoro u Ceseproro mopeit Q(t)’. Brmager P(t) B Boramueckom
sammse gocturaor 25-45%. Oqnako mpu ABMXKeHUHN Ha Ior Biuanue P(t) 3amerno ocmabe-
BAeT, U B OTKPHITOI BanTuke, a Takyke B PUyKCKOM 3amBe OHO cocTaBJisieT Beero 5—15%.
B ®unckom 3ammuBe 3aMeTHOE Bauauue P(t), mocruraromee 20-30%, oTMedaeTCs TOILKO
JIJIs TIOJTyTO/IOBOM rapMOHUKH Ssa (puc. 4).

Puc. 4 cBHIETEILCTBYET, YTO BIMSHHE CE30HHBLIX amoMaJuii Bomoobmena Q(t)’ ma
MEKTOJ0BYIO H3MEHINBOCTE CE30HHBLIX KoJIebanmit yposHa Mops ((t) yBeImduBaeTcs Ipu
YMEHBIIIEHUY [1IEPUOJIOB 00EPTOHOB I'OJI0OBOM BOJIHBI. Fcjim Jijisi T0/I0BOM TapMOHUKY BKJIAIBI
Q(t)’ mensorcs or 5 10 25%, TO IS 4TBEPTHIOJOBON TAPDMOHUKHI S(a OHI yBeIMYHBAIOTCS
1o 30-45% (puc. 4).

Ilo cpaBHeHUIO C BKJIalaMU CE30HHBIX aHOMAJIAN KACATEIBHOIO HAIIPSIXKEHUsI TPEHUST
BeTpa, arMochepHOro IaBIeHHs U BOJ00OMeHa Yepe3 JaTckue mposusbl Ha C(t), BansHne
JPYTUX THIPOMETEOPOJOIHIECKUX TPOIECCOB HA MEKTOJ0BYI0 U3MEHIMBOCTH CE30HHBIX
KoJiebaHUil yPOBHST MOPsI 3aMETHO MeHbIe. BKjIaibl CE30HHBIX aHOMAJIUN aTMOCKhEPHBIX
ocazxos Pr(t)’, B ocnoBHOM, He mpeBbiaeT 5—~15% 1 TOJIBLKO /Il FOJOBOM TAPMOHUKH Ha, OTe
Borandeckoro 3amusa u Bocroke OUHCKOrO 3a/MBa, a TaK¥XKe JJIs TOJIYTOI0BOM TrapMOHUKA
Ha ceBepe BoTHmueckoro s3asmsa, BKIabl Pr(t) B msmenenns C(t)” mocturaror 20-25%.

BosieiicTBre ce30HHBIX anoMasmit ncnapenus E(t) ma nsmenenns C(t) aaa Beex rap-
MOHUK Be3zjle He npesbimaer 5—15%.
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Camble He3HAYNTEIbHBIC BB B u3Menenns ((t)’, He mpesbimatomue 5-10%, okasbl-
BAIOT CE30HHbIE AHOMAJIMH CTEPUYECKUX Kosiebanuil yposHs Mops Cp(f)u pednoro croka
R(t)".

Harmmu pesysbraTbl MHOXKECTBEHHOT'O PETPECCHOHHOTO AHAJIM3A 3aMETHO OTJIHIAIOTCS OT
OIIEHOK BKJIAJ[a BETPa U aTMOCMEPHOro JaB/IeHNs B N3MEHEHNs] CE30HHDBIX KOJIeOaHMl yPOBHS
Basruiickoro mMops, mosiydeHnbix B paborax Johansson and Kahma [2016] u Barbosa and
Donner [2016] ¢ moMoIIpo IAPHON Perpeccuu ¢ UCHOIb30BAHNEM MapeorpadHBIX H3Mepe-
HUit ypoBHs Mopsi. B pabore Johansson and Kahma [2016] Braustaue 30HATBHOTO BETpa
B MEKT'OJIOBYI0 U3MEHUYNBOCTh CPEIHEMECSIHBIX 3HAUYECHUN YPOBHS JIJIsi BCEX ITPUOPEKHBIX
PaifoHOB MOPst PaBHO OKOJIO 75%, B TO BpeMs KaK Hallll Pe3y/IbTaThl HOKA3BIBAIOT CHUKEHUE
Busnus Berpa 10 30-60% B Punckom 3amuse u 10 15-35% B Boraunueckom 3ause (puc. 4).
U3 pesynbraros paborsl [Johansson and Kahma, 2016] caemyer Takzke, 9T0 Bo3jueiicrBre
aTMOChEPHOro TaBjIeHns] Ha, CE30HHBIE M3MEHEHUsI YPOBHS MOPSI SIBJISIETCSI HE3HAUUTEIHHBIM.
O tHaKO HAIN PE3yJIbTAThI MOKA3BIBAIOT, ITO B BOTHIHYECKOM 3aJIuBe BIIUSHIE aTMOChep-
Horo gpassienus jpocruraer 45% (puc. 4). DTu paznuyuusg MOryT ObITh CBS3AHBI C TE€M, YTO
Johansson and Kahma [2016] ucnonb3oBanu Jyisi aHAJIN3a CPEIHEMECSTIHBIE PsiJIbl yPOB-
Hsl, Te0CTPOMUIECKOrO BeTpa U aTMOChEPHOro JIaBIEHUsI, 13 KOTOPBIX, IPEIBAPUTEIHHO,
OBbLIIN MCKJIIOYEHBI TPEHbI. B oTiimdue OT MCIIOJIb30BAHHBIX HAMU CPEIHECY TOYHBIX JAH-
HBIX, CPEHEMECIIHbIE TAHHBIE HE SBJISIOTCH YKBUIUCTAHTHBIMU, 9TO IIPUBOIUT K OIMHOKAM
IpU pacuere aMIIUTY 1 a3 Ce30HHBIX KosiebaHuil yposHs Mopst [Bazapuyk u dp., 2022;
Cartwright, 1983]. CpenneMecstaHOe OCPETHEHNE DSJIOB TAKKe He UCKIIOYAET CHTHAJBI KOJIe-
baHuit M3 HU3KOYACTOTHOTO JUAITA30HA CHHOITHIECKON M3MEHUNBOCTA C IIEPUOIAMUI OKOJIO
40 cyTOK, KOTOPBIE XOPOIIO BBIPakeHbl B HECTAIIMOHAPHBIX (YACTOTHO-BPEMEHHBIX) CIIEKTPAX
CPeJTHECYTOUHBIX PANOB ypoBHs Bantuku [3azapuyk, 2008]. Kpome Toro, komebanusi ypoBHs
MODSI BBI3BIBAIOTCH HE IeOCTOPOPUIECKUM BETPOM, 8 KACATEJIHHBIM HAIIPSKEHUEM TPEHUsT
MIPUBOIHOTO BeTpa. V3-3a TpeHUs O MOJICTUJIAIOIILYIO TIOBEPXHOCTh IPUBOJIHBIN BETED MMEET
OTJIMYHBIE OT I'eOCTPOMUIECKOr0 BETPA HAIIPABJIEHHE U CKOPOCTD.

CpaBHeHME HAINAX OIEHOK KOJMYECTBEHHOTO BJIUSHUSI KACATEIHHOIO HAIIPSIZKEHUS
TPEHUsI BETPa Ha M3MEHEHUs T'OJOBBIX KOJIEOAHUIT YPOBHS MOpsi C Pe3yJIbTaraMu paboTh
Barbosa and Donner [2016], mokasbiBaeT xoporuee coryiacue st PUHCKOro 3a1Ba, ceBepo-
3ala/THOr0, a TAKXKe I0r0-3alaHOT0 PAOHOB OTKPHITONH BanaTukm, n 3aHukeHHble B 1,5—
2 paza, IO CpaBHEHUIO C HAIIUMU, OTIEHKH Jijid eHTpaabaoil bantukn n Karrerara. s
OICHOK BJIUSIHUSI aTMOCEPHOro JIABJICHUSI, XOPOIIee COIJIaChe C Pe3yabTaTaMu PabOThI
Barbosa and Donner [2016] ormeuaeTcst TOJIBKO Juist ceBepHOIT uacTn BoTHIIeCKOro 3amBa,
B TO BpeMs Kak i PuHCKOro 3ajmsa u oTKpbiToit Baswruku y Barbosa and Donner [2016]
OTMEYAETCs CYNECTBEHHOE 3aBbINICHIE BO3/IEHCTBIS aTMOCHEPHOTO JTABJICHNUS, [I0 CPABHEHHIO
C HAIIMMU OIIEHKAMM: Y HAC BKJIQJIbI aTMOCKEPHOrO JABJIEHUA B U3MEHUYUBOCTD I'OJOBBIX
KostebaHuil ypoBHs Mops 3z1ech cocrasisiior 5—10%, a y uux 35-52% [Barbosa and Donner,
2016]. Crosp 3HAUUTEIBHOE BIIMSIHIE ATMOCGHEPHOTO JIABIEHNs HA U3MEHIMBOCTH I'OJIOBBIX
Kosiebanmit yposHas mopst B PuHcKoM 3asmBe U OTKpbITOi Bastuke B pabore Barbosa and
Donner [2016] Ha HAIT B3/ COMHUTEIBHO, TAK KAK CTATUCTAYECKAN AHAJIN3 N3MEHEHWUI
aTMOCc(EepHOro JaBjeHns HaJ BalTuKO# MOKa3bIBAET CYIIECTBEHHOE YMEHBIEHNE Pa3Maxa
ero KosieGaHuil Py JIBIKEHNN ¢ ceBepa Ha or Mops [3azapuyx u dp., 2017]. HecoorsercTBue
pesynbraroB Barbosa and Donner [2016] nammm, MoxeT GBITH CBSI32HO € PSAFOM mpuanH. Bo-
mepBbix, C. Bapboca u P. Tonrep anaam3npoBasin, B OTJIMYINE OT HAC, PAIBI CPETHEMECTTHBIX
3HAYEHUI YPOBHS MOPs, IIOJIyYeHHbIE 110 MapeorpadHbIM U3MEPEHUsIM 38, JIPYTroil BpeMeHHOI
nepuon (1979-2012 rr.). Bo-BTOPBIX, OHI IPUMEHUIIN JJIsl BBIJEIEHNsT TOJA0BBIX KOJeOa M
YPOBHS MODPSI WHOI METOJ — HeIPePBhIBHOE BeiiBjeT-IipeoOpa3oBanune, U, B TPETbUX, OHHU
HCIIOJIH30BAJIA METEOPOJIOrNIECKHEe JIAHHBIE Ipyrux peananu3os (20th century reanalysis,
ERA-interim reanalysis).

4. 3akroueHue

1. PesysibrarThl CKOJIB34IIEr0 IapMOHMYECKOr0O aHauu3a 133-jeraero psga (1889-2022 rr.)
CPEeIHECY TOYHBIX 3HAYEHNI MapeorpadHbIX nu3Mepenunit ypoBHs Mopsi B CTOKrosbme
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[TOKA3bIBAIOT OYEHb 3HAYUTEIBHYIO MEKIOJIOBYI0 N3MEHUYNBOCTDH aMILIATY TAPMOHUK
Sa, Ssa, Sta, Sqa. B 3aBucumoctu ot roga onn menstiorcst ot 0,5-1,0 mo 25-27 canTumer-
POB. ¥ BCeX YeTBIPEX COCTABJISIONINX CE30HHBIX KOJIEOAHWI YPOBHS MOPsi OTCYTCTBYIOT
CTATUCTUYECKN 3HAUYUMBbIE JUHEHHbIE TPEeH/ibl, HO Ha6HIO)IaIOTC5{ J0JITOIIePpUOHbIE TTUK-
JITIHOCTH C BpeMeHHbIMU MactnTabavu ot 20-35 1o 55 sret. Hanbosbias Besimanna Tmx
MUKJIMIHOCTEH OTMEYAETCs JJIsi TOMOBOI TAPDMOHUKHU Sa, HO C YBEJIMIEHUEM JaCTOTHI
e 06epTOHOB pa3Max KoJieDaHUil JIOJIIOIEPUOIHBIX IUKJIOB YMEHbIIaeTcst. B moce-
HUE TPU JIECATUIIETHs] ¥ TADMOHUK Sa, Ssa, Sta HabIIomaeTcst 3aMeTHOe YMEHBIIEHTe
AMILIUTYJL U Jucnepcun Kojiebanuil. YaureiBasd, 4To B pabore [3axapuyx u dp., 2022]
OblL1a BbIsiBJIeHA BbICOKas Koppesdaius (0,8-1,0) MexKy M3MEHYUBOCTHIO CE30HHBIX
koJsiebanuit ypopHst B CTOKIojibMe U B JAPYTUX NPUOPEXKHBIX paiioHax BaJiruiickoro
MODsi, MOYXKHO IIPE/IITOJIOKATH, 9TO OIMUCAHHBIE HAMH OCOOEHHOCTH MEZKI'0IOBOIl M3MEH-
YUBOCTU XapaKTEPUCTUK CE30HHBIX KoJiebaumii B CTOKIrojibMe CBOMCTBEHHBI U JIPYTHM
pernonam Bastukn.

2.  BzsaumMHbIIl KOPPEISIUOHHBIN aHAIN3 MEXKIY AHOMAJIMSMHI COCTABJISIONINX CE30HHBIX
KOJIeOAHUI yPOBHSI MOPsi, PACCUUTAHHBIX C TIOMOIIBIO CIIY THUKOBBIX AJIBTHMETPUIECKIX
JIAHHBIX, ¥ TAKUMHU YK€ aHOMAJIUSIMU PA3JIMYHBIX I'HIPOMETEOPOJIOIMIECKUX IPOIIECCOB
[TOKA3aJI, 9TO caMasi OOJIbINAs KOPPEIANNsl OTMEYAeTCsl ¢ U3MEHEHUsIMUA KaCcaTeIbHOTO
Hanpsizkenus Tperns Berpa (10 0,8-1,0), armocdepnoro nasnenus (mo —0,6...-0,8),
a JIJIst TApMOHMK Ssa, Sta, Sqa 1 ¢ m3MeHeHusIME BojgooOMeHa depes JlaTcKue mposInBhI
(o 0,6-0,7). Koppeismus ¢ KacaTeJbHbIM HAIIPS2KEHHEM TPEHHsI BETPA YMEHbIIAeTCs
pu nBuzKeHnn ¢ ora zHa cesep 10 0,3-0,4, B TO BpeMst Kak ¢ arMOChEPHBIM TaBICHIEM
oHa, Ha000pOoT, ymenbInaercd 1o —0,1...—0,2 npu JBUKeHUU ¢ ceBepa Ha ior Mops. He
OTMeYaJoCh CBS3M AHOMAJUN CE30HHBIX KOJIeDAHUI YPOBHS MOPS C COCTABJIAIOIIIMEI
[IPECHOr0 DaIaHCa U CTEPUIECKUMU KOJIEOAHUSIMUA YPOBHSA MODSI.

3.  Pesynbrarhl MHOYXKECTBEHHOI'O PErPECCHOHHOTO aHAJIN3a CBUIETE/IHCTBYIOT, UTO HAM-
OoJIbIllee BO3/IEIiCTBIE Ha MEXKIOJIOBble M3MEHEHUsI CE30HHBIX KOJIEOaHU YPOBHS MOPSI
B Teuenune nocaennnx 30 JeT OKa3bIBAIOT CE30HHBIE AHOMAJIMH KACATEIbHOTO HAIIPsKe-
HUS TPEHHUs BeTPa, BKJIAIbI KOTOPBIX B OTKpbITON Banruke, mp. Karrerar u Puxckom
sasupe jpocruraior 40-70%, yMeHbIIasgch, B 3aBUCMMOCTH OT TapMoHuKH, 10 30—60%
B @unckoMm 3ayuse, u 10 15-35% B Boramyeckom 3aimse. BTopbIMu 1o 3Ha9MMO-
CTH IIPOIECCAMU, BJIUSIONIUMHU HA MEXKT'OJIOBYI0 U3MEHUYNBOCTDH CE30HHBIX KOJIeOAaHMit
YPOBHSI MOPsI, SIBJISTFOTCsI CE30HHBIE AHOMAJIUU aTMOCHEPHOIO JIABJIEHUS U BOJOOOMEHA
Basruniickoro u CeBepHOro Mopeii, BKJIaJbl KOTOPBIX, B 3aBUCUMOCTH OT PailOHOB
MOpst, BapbupyIoT oT H-15% mo 25-45%. Brragsl coCTABASIONMX TPECHOTO HATAHCa
¥ U3MEHEHUH IJIOTHOCTU BOJBI B MEXKT'OJOBYIO M3MEHINBOCTh CE30HHBIX KOJIEOAHMIT
YPOBHSI MOPsl HE3HAYUTENbHBI, U He npeBbinaor 5—15%.

Baaromapraoctu. UccnemoBanue BBIOTHEHO 3a cder rpanta Poccuiickoro Hayanoro dhoHaa
Ne 22-27-00209, https://rscf.ru/project,/22-27-00209/.
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With the help of long-term average daily tide gauge observations of sea level, satellite altimetry
measurements and data from reanalyses of meteorological and hydrophysical fields, the features
and physical mechanisms of interannual variability of seasonal fluctuations in the level of the Baltic
Sea are investigated. It is shown that for the period 1889-2022 in Stockholm, in interannual changes
in the amplitudes of harmonics Sa, Ssa, Sta, Sqa, there are statistically insignificant positive linear
trends, against the background of which long-term cycles with time scales approximately from
20-35 to 55 years and very significant changes in amplitudes from 0.5-1.0 to 25-27 centimeters are
observed. In recent decades, the harmonics Sa, Ssa, and Sta have seen a noticeable decrease in the
amplitudes and dispersion of oscillations. The results of mutual correlation and multiple regression
analyses of anomalies of seasonal fluctuations in sea level and various hydrometeorological processes
indicate that the largest contribution to the interannual variability of seasonal fluctuations in sea
level is made by changes in the tangential friction of the wind. The second most important processes
are changes in atmospheric pressure over the sea and water exchange between the Baltic and North
Seas. Changes in freshwater balance and density have the smallest impact on interannual variability
in seasonal sea-level patterns.
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IpeayioKeH TOAX0M, K COBMECTHOMY NPUMEHEHHIO MOJIeNIN, Peau30BaHHO! B IIPOrPAMMHOM KOM-
miekce HEC-RAS, u 6anmaHcoBoit Moziesn JJIsi OIMCAHUS TIEPEHOCA U TPAHC(HOPMAIINH B3BEIIEHHBIX
BEIIECTB B PEYHON Jiesibre. B yCTheBOH OBJIACTH PEKH BBIIEJSIOTCA THIPOJIOIMUYECKUE DAHOHDBI:
PYCJIOBbIE PAWOHBI, TIONMEHHBIE PAROHBI, 3ATAIJIMBAEMBIE [IPU BBICOKMX ITABOJKAX U IITOPMOBBIX
HArOHAX CO CTOPOHBI MODPsi, U PANOHBI aBaHAEILTHI. JIJIs THUAPOJIOrUIeCKUX PAWOHOB CTPOUTCS
JIMHAMUYECKasT MOJIeJIb GaIaHCca BOJBI M BEIECTB, TIEPEHOCUMBIX BOJHBIM ITOTOKOM. BBOAMTCS mapa-
METPHU3AIUS TPOIECCOB OCAYXKIEHNUST B3BEIIEHHBIX BEIIECTB U UX B3MYUMBAHUSI B 3aBUCUMOCTH OT
CKOPOCTH JIBUYKEHUSI BOJIBI M pazMepa 9acTull. PaccMaTpuBaeTCsi TPY I'PAJIAINU B3BECH 10 PA3MEPAM:
nesuToBas gpaknus (rIMHA), ajeBpuToBasa dpaxnus (WI) ¥ MEJKHUHA MEeCOK. AKIEHT JIeIaeTCst
Ha OIeHKE BJIMSTHUSI MOPCKMX IITOPMOBBIX HATOHOB H& MEPEHOC B3BEIIEHHBIX BEIIECTB B PEUHYIO
JeTBTY W UX OCazkKjeHue. [[jig onmcanus: IIOTOKOB BOJBI MEXK Ly paflOHaMM, CKOPOCTEH ee JIBUKEHWS,
JMHAMUKY €€ yPOBHS W TIPOIECCOB 3aTOIJIEHHUs TIONMBI TPUMEHSIETCS JIeTaJbHas MOJIETh Ha base
nporpammuoro komiiekca HEC-RAS, anantupoBannast K yciaoBusM ycrbeBoil obsractu p. Jlow.
BBITOTHEHBI pacdeTsl IEPEHOCa W HAKOILJIEHUsT B3BEIIeHHBIX BEIIECTB B yCTheBOM obiactn lona
IS IBYX BApUAHTOB TUAPOJIOTMYECKUX YCJIOBUI — ¢ HATOHOM BOJIBI CO CTOPOHBI MOpsI W 63 Hero.
PaccMoTpeHa TpoCTpaHCTBEHHO-BpEMEeHHasi N3MEHIMBOCTh KOHIIEHTPAIMNA W TPAHyJIOMETPUIECKOTO
COCTaBa B3BENIEHHBIX HAHOCOB B 3aBUCUMOCTH OT THJIPOJIOTHYECKHUX yCJIOBHiA. IlokazaHO, 9TO B OT-
CYTCTBHE HATOHHBIX SIBJICHHI TIPU HEOOJBININX PacXofaX BOJLI B3BEIICHHBIC BEMIECTBA B OCHOBHOM
OCaKJIAIOTCS B ABAHJIEJIBTE 38 MPEJEeJaMU MOPCKOTO Kpasl JIC/IbThI, a B TIEPHO/] HATOHA HACHIIIAIOT
BOJly W Ha 3Talle TI0/beMa ee yPOBHS MOCTYNAIOT B JIeJbTy, YJaCTUIHO 0CayKJasCh B PyKaBaX U B IIOM-
MEHHBIX paifoHax. [Ipm aTOM Ha 3Talle criajia ypPOBHSI BOJLI U3 PYCJIOBLIX PAlOHOB OHU BBIHOCATCS
3a MOPCKOt Kpail JIeJIbThI, a B MOWMEHHBIX B OCHOBHOM OCTalOTCs. JlJIsl yCJIOBUIT MaJlOBO/Ibs IIPU
HAOJII0IaeMO}l 4aCTOTE HATOHHBIX SIBJIEHHI U DU OTCYTCTBUU IIABOJKOB yCTheBasl obsacTb JoHa

3a/JIepKUBaeT B CpeHEM 20% B3BEHICHHBIX BEIIECTB, IIOCTYIIAOIIUX CO CTOKOM P. ,ZLOH.

KimioueBsie ciroBa: GaJiaHCOBasi MOJIeJIb, B3BEIIEHHOE BelecTBo, nporpaMMiusblii kommrekc HEC-RAS,

ITOPMOBO# HaroH, aejbra JloHa.

Huruposanme: Bepmuukos, C. B., 1. B. Illesepasies, A. B. Knemenkos, B. B. Kynsirun
n H. B. Jluxranckas MomennpoBanue mepeHoca ¥ HAKOIJICHWS] B3BEIIEHHBIX BEIIECTB B YCIOBUIX
MAJIOBO/Ibsl ¥ HATOHHBIX sIBJIEHWIT B ycTbeBoil obsiactu p. o // Russian Journal of Earth Sciences.

— 2024. — T. 24. — ES4013. — DOI: 10.2205/2024es000926 — EDN: NYRZMC

1. Beenenne

JlesibThI peK MUpa SIBJISIIOTCS BAYKHBIMU MeorpaduIecKuMUA PailoHaAMU, BKIIIOYAIOIINMA
B cebst Bcero okoso 0,5% mromaam cyimm, HO HACETEHHBIMU MoUTH 5% HACEJEHWS MHUDA
[Dunn et al., 2019]. Eme 140 MU/UTHOHOB YeJIOBEK IPOKUBAIOT B IIpeJieax 25 KM OT JIeJIbT,
a 3,5 MwuIMapia — B JeJIbTOBBIX BOJOCOOPHBIX Gacceiinax [Tessler et al., 2015]. Takum
06pa30M, TIOYTH TIOJIOBIHHA HACEJEHUsI 36MHOIO IIapa MPOXKUBAET B JEJIbTaX UM BOJU3U HUX
1 B X BOJOCOOPHBIX OacceiiHax.
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HenbThl BKAOYAOT B cebsi pa3HOOOpa3Hble JTaHaadThl, TAKNe KaK BOJIHO-O00IOTHBIE
YTO/Ibsi, TPUOPEKHYIO PACTUTEILHOCTD, PEKU, IPUJINBHBIE KAHAJIBI U ICTYAPHBIE BOIOEMBI,
KOTOpPBIe 00eCIIeINBAIOT BaXKHbIE SKOCUCTEMHBIE YCIyTu. BMecTe ¢ TeM JIeJIbThl CTAJIKIBa-
10TCs ¢ pasamuHbiMu yrpozamu [Day et al., 2016; Day and Rybczyk, 2019; Giosan et al.,
2014; Syvitski and Milliman, 2007]|, KOTOpble CHUXKAIOT [EHHOCTb YTUX YCJAYyT. [106adib-
HOE 3BCTATUYECKOE IMOBBIIIEHNE YPOBHs MOps, IpeBbimaioniee 3—4 mm/ron [Dieng et al.,
2017], paccmaTpuBaeTcst KaK peajibHasi yrposa st fAeiabr mupa [Day and Rybezyk, 2019;
Giosan et al., 2014]. IIIOTHHBI 1 BOJTOXPAHWIAIIA, KAK B CAMUX JIEJIBTAX, TaK U BBEPX IO
TEYEHUIO, TAKZKE IIPEICTABIISIOT CEPhE3HYIO YIPO3Y [JIs JEJIbT U3-338 COKPAINEHUS TTOCTYII-
JIEHWsI B3BEIIIEHHBIX HAHOCOB, & TaKKe M3-3a UCIIOJIb30BAaHUsI IIPECHON BOJbI HACEJIEHUEM,
IPOMBINIJIEHHOCTBIO U CeIbCKNM xo3stiicTBoM | Wolters and Kuenzer, 2015].

3a mocsename 60 JeT MOPCKOiT Kpail jiesbThl JloHAa mepecTas BBIABUTATHCS B MODPE
rmocJjie BBeJleHUs B dKciutyaTanuo Lumiasackoro Bogoxpanmmiia B 1952 1. 1 HU3KOHAIIOP-
HBIX IUIOTUH HUXKe 1o Tedenuto |Veneuvsky et al., 2023; 2022]. Ha oTmesbHBIX ydyacTKax
GPOHT IESBTHI jTaXKe CTaJl JIBUTATHCS B CTOPOHY cymiu. [Ipuwannoii, ¢ omHoit CTOPOHBI, CTAJIO0
YMEHBIIIEHIE NOCTYIJIEHUs PEYHbIX HaHocoB (Gosee uem B 10 pas). C apyroit cropoHbl, B TOT
2Ke TepPHUo/I BpeMeHH IIPOU30IILIN U3MEHEHUsI B PETMOHAJIBHON aTMOC(EPHON UPKYJISIIIAN.
[IpeobragatomumMu cTau 3ama/iHble U I0T0-3aI1a/IHbIE BETPbI, (DOPMUPYIONINE 3HATUTEIHHbIE
MITOPMOBbIE HATOHBI MOPCKOU BOJIBI B JIEJIBTY U CIIOCOOHBIE IIPUHOCUTH OOJIBIIOE KOJIAIECTBO
B3Becu. B 1ociie/iHre TOMBI TOJI0XKeHNEe (DPOHTA HeJIbThI CTabUIN3UPOBAJIOCH.

Kpome crabusinzariun MOPCKOro Kpast JeIbThl ¢ cepenntbl 1980-X ro/ioB HaYaaa yMeHb-
MIATHCA MMUPUHA PEIHBIX KAHAJIOB. MakcnMaibHOe n3MEHEHNEe TPOSBIISETCsT Ha, PACCTOSHUN
15-20 kM oT MOpcKoro Kpasi. 3iech K 2020 r. cymMapHasi MUPUHA KAHAJIOB yMEHbITMIACH
ua 80-100 M mwim 10%. BosmoxkHoe 00bsCHEHHE 3TOMY — 3apacTaHue U 3aujIeHUE KAHAJIOB
73-3a MOCTYIUIEHUS B3BEIIEHHBIX BEIIECTB IIPU HATOHAX BOJBI C MODSI.

Oxkocucrema A30BCKOro Mopsi, Kyja Brnajaer p. JloH, B HacTosInee BpeMsi HCIBITHIBAET
BJIMsIHUE OECIIPEIEeHTHOIO COYETAHUsI HETATUBHBIX (DAKTOPOB, BKJIFOYAIOIINX B Ce0sl TOBBI-
[IIeHKEe COJIEHOCTU U TeMIepaTypbl BoJ |Bepduukos u dp., 2022], rpancdopManuio BoIHOrO
COO0DIIIeCTBa, BHI3BAHHYIO BBITECHEHHEM aOOPUTEHHBIX BUIOB MHBA3MOHHBIMU TAKCOHAMU,
[PEIIIOJIOKUTETBHO B CBSI3U C U3MEHEeHHeM KJnMara B peruone |Berdnikov et al., 2023].

Bospire Haronsr npuHOCAT COJIEHYIO BOY, YTO JOJI2KHO HEM30€KHO CKA3aThbCs KaK
Ha Pa3BUTUU BOIHO-OOJIOTHBIX COOOIECTB JEJIbTHI, TAK W HA MPOIECCax OMOr€OXMMHUIECKOM
TPAHC(OPMAIMH BEIECTB, ITOCTYIAIINX ¢ PEKOI U U3 MOPs, B 30HE UX B3aWMMOJIEiICTBUS
[Iepaciox u Beponukos, 2021|. Tlociemasiss Bce UaIe CMeIaeTest BrityOb JeJIbTHL.

Ilempro HACTOSIIEH PAOOTHI SABJISETCHA ONMUCAHUE MTOAX0/IA K MOJIEJUPOBAHUIO BIIUSTHUS
IITOPMOBBIX HANOHOB HAa MEPEHOC M HAKOIJIEHWE B3BEIIEHHBIX BEIecTB B geibre JloHa
B yCJIOBUSIX HEJOCTATOYHON BOJHOCTU PEYHOTO CTOKA (IIEPUOJ MAJTOBOIBSI).

2. MarepuaJibl # METOJbI MCCJIETOBAHUS
2.1. PeruoH uccJjie0BaHUs

Permonom nccieoBanmst sBISETCS 9aCTh YCTheBOM obmacTu p. JoH, KOToOpast HAaTMHAET-
cst oT cranuibl Pa3fopekoii (37ech HAXOAUTCsI THAPOJOTUYECKUIT CTOKOBBIIL II0CT) U BKJIIOYAET
B cebg y4acToK peku jio I. Pocrosa-ua-Jlony (37ech nmeeTcs psiji GOKOBBIX IPUTOKOB — PEKU
Axcait, Tyanos, Manbra u TeMepHUK), JOHCKYIO J€/IbTY ¥ aBAHJIEIbTY — [IPUJIETAIOMIUIl yIa-
crok TaraHporckoro 3ajmsa 3a IpejejaamMu MOPCKOro Kpas nejbrsl (puc. 1A). Bea yerbeBast
obsactb Jlona npocrupaercs or cr. Pa3zmgopckoii Ha BocToke 70 JoKaHCKON KOChI Ha 3arajie
[Muzatinos, 1997], HO B JaHHON CTaThe TI0J] yCTHEBOH 06IACTBIO OYIET MOIPA3YMEBATHCS
PErnoH MCCJIeIOBAHUS.

Henbra {oHa nMeeT KJIACCHYECKYIO TPEYTOJBbHYIO (pOPMYy C BEpIIMHON Ha BOCTOKE
B . PocroBe-na-/lony, rime pykas Meprtsoro /lonra orBeTsisiercs ot peku /Lo, dporTOoM
nebrol Ha 3anage (39°11'-39°43" B. n. u 47°05'—47°16 ¢. 111.) 1 3aHUMAET [JIONIAbL OKOJIO
540 km?.

B snanmmadre nenprer Jona, 6JIM3KOM K YPOBHIO MOPsi, IIPe0dJIaaloT BOIHO-00/I0THBIE
YTOJlbsi U MHOXKECTBO BOJOTOKOB (OT IIEPBHYHBIX U BTOPUYHBIX JI0 HEOOJIBIINX KaHAJOB,
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COEIMHAIONMX BHYTPEHHIE BOJOEMBI JeJbThl). OCHOBHBIME DYKABaMU B JIEJIbTE SIBJISIOTCS
Craperit Hon, Bompmas Kamanaa, Mokpas Kamanga, Boasmag u Cpennsas Kyrepswma,
Meprssriit Joner. Huxke r. Azosa Crapsoiit Jlon npespairen B A30B0-JI0HCKO# CyIOXOHBIN
kauaJ (6osiee oapobuo cM. [Mamuwos u dp., 2019)]).

2.2. Ilogxona Kk MOJEJIUPOBAHUIO BOJHOTO U BEIeCTBEHHOro bajiaHca yCThEeBO
obsiactu lona

JLst MoJIe TMpOBaHUST IMHAMUAKH BOJIBI ¥ BEIIECTBA IIPEIJIATAETCS TIOJIXO], Y IUThIBAIOIIIHI
pas3HbIil IPOCTPAHCTBEHHO-BPEMEHHON MacIITabd HabJ/IroMaeMbIX 31ech siBjieHnii. CoObITHSI,
CBSI3aHHBIE C HATOHOM BOJIBI CO CTOPOHBI MOPsi, KAK MPABUJIO, HE MIPEBBIIIAIOT TPEX-IEThIPEX
cyTOK. B ocrajibHBIE IEPHOIBI BpEMEHHU, O0JIee [INTe/IbHbIE, TEPPUTOPHS IEIbTHI He 3aTallIr-
Baercs. TakuM oOpa3oM, roJI0OBON BPEMEHHON MHTEPBAJI MOXKHO pa30UTh Ha, IMOJMHTEPBAJIBI
C PA3HBIMU THIPOJOTTIECKUMHU YCJIOBUSIMU: OTHOCUTEIHHO KOPOTKHE 110 BPEMEHU, KOTJIa
JIeJIbTa, [TOJ/IBEPKEeHa, 3ATOIIEHUIO B PE3YJIbTaTe MOCTYIJICHUST BOJIbI CO CTOPOHBI MOPsI IIPH
[IITOPMOBOM HArOHe, U 0oJiee JIuTejIbHbIE, KOIJa MOMEHHbBIE U PYCJIOBBIE PAflOHBI TUIPOJIO-
IMYeCKU He CBsI3aHbl. Boja n Haxomsmuecs B Heil B3BEIIEHHBIE BEIECTBA IEPEMEIAIOTCS 0
PYCJIOBBIM paifoHAM B CTOPOHY MOPsi, a B paiffoHaxX CyIIH, PACIIOJIOKEHHBIX B MONAME JEJIBTHI,
[IPOTEKAIOT HE3ABUCUMbIE OT I'MJIPOJIOIUU PEKH IIPOIECCHI.

B mpocTpaHcTBEHHOM acIieKTe BBIJEJIEHBI CJI/IYIONINE TUIIBI PAROHOB YCTHEBOI OOJIACTH.
Bo-1iepBbIx, 3T0 pyCcI0BbIE PAOHBI, KOTOPBIE TOCTOSTHHO HAXOAATCS MO, BOJIOH U TI0 KOTOPBIM
BOJZIa M COJEpIKAIMecs B Hell B3BEIIEHHBbIE BEIECTBA IEPEMEIIAIOTC B CTOPOHY MODs, & IIpH
HaroHaX BOJ/IbI C MOPsd MOI'yT IIepeMellaTbCda U B O6paTHOM HaIlpaBJIEHUU. ]_D)O—BTOprX7 9TO
palioHbI TOUMBI JIEJIBTHI, KOTOPbIE B OCHOBHOM B T€YEHHUE IOjia IIPEJICTABIIAIOT cODOil CyTry,
HO WHOI/IA, B EPUOJ] HATOHOB WJIM PEYHBIX MABOJKOB 3aTAIINBAIOTCs. B-TpeThux, 3T0 paiion
TaraHpOrCKOro 3aJMBa — aBaHesbTa (IOBOIHAS HAKJIOHHAS YACTh JIEJIBTHI).

PasznenuB pyciioBble cerMeHTBI Ha OT/IEIbHBIE PAHOHBI C YI€TOM BETBJIEHUST OCHOBHO-
ro pycja Ha pyKaBa U MPOTIYKEHHOCTH KaXKIOr0 CErMEHTA, MOJIy9IaeM IUIPOJIOTHIECKOe
pafionnposanue ycrbepoit obnacru dona (puc. 1B).

st MoJIe TMpOBaHMsT TIEPEHOCA M OCAXKJIEHUsI B3BEIIEHHBIX BEIECTB B YCThEBOI 001a-
CTU UCHOJIB3YIOTCST JIBE MOJIEIN: MOJEJh YCTheBoit obactu Jlona Ha 6a3e mporpaMMHOrO
koMmiurekca HEC-RAS — DeltaDonHECRAS u 6anancosas mogens DeltaRiverBalanceModel.

MNudopmanmonHoit 0CHOBOM [IJIsT UCCJIEIOBAHNS CIyKAT: 6a3a JAHHBIX aBTOMATU3UPO-
BAHHBIX HAOJIIOJEHU 32 YPOBHEM BOJBI HA THAPOJOTHIECKUX mocTax HOXKHOro HaydIHOro
nentpa Poccuiickoii akagemun nayk (FOHIL PAH) B nenbre Jdona u 6a3a JaHHBIX TUAPOXU-
MUYECKUX IIOKa3aTeJell, oIy YeHHbIX B Xo1e sKcieaununonabix pabor FOHIT PAH B ycreesoit
obmacru ona B 2007-2021 rr. [Kaewenkos u dp., 2023].

2.3. Mongenap ycrpeBoii obJiactu /lona Ha 6a3e NporpaMMHOIO KOMIIJIEKCA
HEC-RAS — DeltaDonHECRAS

ITporpammusiiit komiutekc HEC-RAS, nipejiHa3HaveHHBIH J1J1sT MOJEJIMPOBAHUS TEIEHUsI
BOJZIBI 110 CHCTEMAM OTKPBITHIX KAHAJIOB, IPUMEHSAETCs, B YACTHOCTH, B MCCJIEIOBAHUAX 110
YIIPABJIEHUIO [OAMAaMU JIJIsl OIEHKU HocjeacTsuii 3aromienus [Hicks and Peacock, 2005;
Kleinschmidt Associates, 2020]. UcceoBanne ¢ ero mOMOIIBIO TEYEHUs] BOJBL B JIEJIBTAX
B YCJIOBHUSIX CTOHHO-HAT'OHHBIX UM IIPUJINBHBIX KOJIEOAHUIT yPOBHS MOPs B IIOCJIEHEE BPEMSI
TakKe noJydaer pacupocrpanenue [Pandey et al., 2021; Wang et al., 2021]. 3nech mbl
OIIMpaeMCsi Ha OIBIT OIEHKU 3aTOILIeHNs J1eJbThl JIoHa B mepuoj] IKCTpeMaIbHOINO HATOHA
B cenTsiope 2014 r. [IIlesepdaes u dp., 2017].

Pacuernast obmacte gemmrceas wHa 101095 gueek cpemuum pasmepom 100 Ha
100 m (puc. 1 B). IIpurok pedHoii BOJBI O OCHOBHOMY DYCJy B paiioHe craHuipl Pas-
JIOPCKOU M JMHAMUKA YPOBHS BOJIBI B TaraHporckoM 3aJiMBe IIPU BETPOBOM HAroOHE 33/[aI0TCS
B KaQ4eCTBE MPAHUIHBIX YCJIOBUI. 3aTeM PACCIUTHIBAIOTCS MOTOKU BOJBI MEXKJY STUeHKAMU
u 00beM BOJbI B HUX. PacuerHblii mar mogesn — 10 MUHyT. 9TH 3HAYEHUS 3AIIUCHIBAIOTCS
B 0a3y JIAHHBIX U HUCIOIB3YI0TCA Mojesbio DeltaRiverBalanceModel.
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Puc. 1. Pernon uccienosanust: ruaporpaduyaeckas cetb (A) (3Be37049KO0i OTMEUEH IIyHKT HaBIIoze-
HUSA 32 YPOBHEM BOJIBI), THIPOJOTHIECKOE palloHMpoBanue ycTheBoit obmactu lona (B) m mpumep
CETOYHOrO Pa3bUeHust JJist MOJIEIMPOBAHUS THJIPOJIOTHIECKUX YCJIOBUI C TIPUMEHEHUEM TIPOrPaMM-
noro komiiekca HEC-RAS (B).

2.4. BasgancoBast MozZeJIb IIepeHoca paCTBOPEHHbIX W B3BEIII€HHbIX BeEILleCTB

Mogenn DeltaRiverBalanceModel Britouaer B cebst caemyronue 60Ku (MOILYIIN): BOJ-
HOro OaJlaHca M [IEPEeHOCa U OCAXKJIEHUsI B3BEIIIEHHOI'O BEIECTBA.

JJ1s KazKI0ro U3 BBLAEACHHLIX TMAPOJIOIHYECKUX PAfOHOB CIIPABEIINBO CJIeAYIOIIee
ypaBHeHHe BogHoro Gasanca (1):

Vi(t+dt)=V;(t)+ ZQi’]’(t,t+ dt)— Qi’i(t,t+ dt)+ Qin,i(t1t+ dt), (].)
j

rue V;(t+dt), V;(t) — o6bem Bombl B i-M pailoHe B MOMEHTBI BpeMeHHu t+df U t COOTBETCTBEHHO,
ThIC. M2; Q; j(t,t+dt) — o6bem BozipL, MOCTYNUBIINIA B i-ii palfoH U3 j-TOro pafioHa B IEPHOJL
Bpemenn (t,t+dt), Teic. M> (CyMMHpOBaHHe HJET 110 BCEM j-M PailOHaM, KOTOPbIE HMEIOT
¢ i-M pafioHOM OOIIYI0 I'DAHUILy U Jjis KOTOPBIX IIOTOK BOJbLI HAIPABJIEH B i-ii pafioH);
Q;i(t,t+dt) — obbeMm BombI, KOTOPBIl BEITEK U3 i-I0 paiioHa B IepHOJ BpeMeHH (1, + dt),
TBIC. M7} Qin,i(t,t +dt) — 0bbeM BOIBI, HOCTYNUBIINI B i-if paiioH 13 BHEMIHUX MCTOYHHKOB
B 1Iepuos, Bpenmenn (t,t + dt), Teic. M.

B paccmarpuBaemoM ciydae BHENTHUE UCTOYHUKH — 9TO MPUTOK PEYHOINH BOJBI IO OC-
HOBHOMY PYCJIy M MOCTYILJIEHHE MOPCKO# BOjbI n3 TaraHporckoro sajimBa IIpu BETPOBOM
uaroe. /Ipyrue BHermHue UCTOUYHUKY (COPOCHI CTOYHBIX BOJI, IPUTOK MOA3EMHBIX BOJI U OCAII-
KH) He paccMaTpuBaioTcd. Takzke He NPUHUMAIOTCS BO BHUMAHUE UCIIAPEHUE U HOTEPU HA

I/IH(I)I/IJII)TpaL[I/IIO BO/IbI B IIOYBY.
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Bemmuuner Qjy, i(t,t + dt) 3ajarorcs B KadecTBe BHENIHHX (DaKTOPOB B MOJIEJN
DeltaDonHEC-RAS, a sesmmnet Q; i(£,t+dt), Q; ;(t,t+dt) paccuurbiBaioTes B 9T0# MOJe/H
KaK TIOTOKU BOJIbI Yepe3 TPAHUIIBI MEXKY PailOHAMM.

Mouyabs BogHOro 0o6MeHa HeobxouM Jijisi corsiacoBanus Mozesan DeltaDonHEC-RAS
¢ TUJPOJIOTHYECKUM PaflOHUPOBAHUEM, TJ€ OObEIUHSIIOTCS BCe sTIefiKU, BXOJSINAE B TOT
WM WHOU paiioH, obo0Imaercs nHMOPMAIWS 10 YPOBHIO BOJIBI, 00bEMY BOJIBI, ILIOIIAIN
3aTOIIEHUsI, TIOTOKAM W CKOPOCTSIM JBHYKEHUsI BOJbLI Y€PE3 IPAHMIILI MEXKIY sdeiikamu
U pailonaMu.

st pacuera JUHAMUKHI B3BEIIEHHBIX BEIECTB PACCMATPUBAETCS CJIEIyTolee OaTanCo-
BOE ypaBHenue (2):

Vi(t+dt)-b;(t+dt) =
= Vi(t)-bi(t)+ ) Qi j(t t+dt)-by(t)-
j

— Qi’i(t,t+ dt) . bi(t-i-dt) + Qin'i(t,t-i- dt) . bin,i(t)+
+w-Si(t,t+dt)-[a® - bi(t, t +dt) - b;(t+dt)] - dt,

tje b;(t + dt), b;(t) — cpemusiss Mo o6beMy KOHIIEHTDAIUs B3BEIIIEHHOT'O BEIECTBA B i-M
paifoHe B MOMEHTBI BpeMenH t +dt m ¢ COOTBeTCTBEHHO, MT/mv; bj, ;(t) — KOHTeRTparms
B3BEIIICHHOTO BEIIECTBA B BOJHBIX IIOTOKAX, IIOCTYIAIOMINX U3BHE, MI'/IM>; @ — CKOPOCTh
ocaxkJieHus! (TUAPABIMIECKasi KPYITHOCTD) B3BEIIEHHOTO BermecTsa, M/c; S;(t, ¢+ dt) — mo-
IIaJIb PaifoHa MOJ| BOIOMH, CpeHsis B HHTepBaJe BpeMent (t,t+ dt), Toic. M%; a® — mapamerp,
OTBEHAONHil 32 MHTEHCHBHOCTDL B3MyuuBanust; b} (t,t + dt) — KOHIEHTpaIus B3BEIEeHHOTO
BEIECTBA, 00YCIOBJIEHHASI TPAHCIIOPTUPYOIIEH CIIOCOOHOCTHIO IOTOKA, CPEJHssI B MHTEPBAJIE
(t,t+dt), mr/mm3.

Bemmuuna b*, cnenys [Zhang et al., 2014], onenusaerca 1o cienyrorieit popmyie (3):

* u3 m
b _K[gR—w] ) (3)

rie K, m — smnmpudeckune napamerpsl, K = 5,0 F/M3, m =0,92; u — cpeqHsst (10 BEPTUKAJIN)
CKOPOCTb TeY€HHsl, M/C; § — YCKOpeHme cBOOoaHOro mnajenus, ¢ = 9,81 M/Cz; R — run-
paBiaudeckuit pagmyc, M. Hikane nageKchbl TPUHAJJIEZKHOCTH K OIPEJICIEHHOMY pPaiioHy
OITYTIEHBI.

T'mnpasnuyeckuii paguyc mis p. JloH B HUXKHEM T€YeHUH U PYKABOB JIEJIBTHI MOXKHO
CYUTATDH IPOIMOPITUOHATBHBIM CPEIHEN TUIyOuHe.

Takum 06pa3oM, U3MeHEeHne KOHIIEHTPAIIMHI B3BEIIIEHHOIO BEIECTBA B MUAPOJIOITIECKIX
paiioHax KpoMe IIPOIECCOB €ro NOCTYILJIEHUS W BBIHOCA Yepe3 OOKOBBbIE IPAHUIIBI OIIPEIEsI-
€TCsI TIPOIECCAMHU €0 OCAXKJIEHUsT M B3MYJIMBAHUS U3 JIOHHBIX OTJIOKeHuit. VIHTeHCHBHOCTD
B3MyUNBaHIs KOPPEKTHPyeTcs mapanmerpoM a’.

CKOpOCTb OCaXK/IeHHsI YaCTHI] 3aBUCAT OT UX pa3Mmepa k (M) M pacCUnTBIBACTCS, CJIELys!
[Bapvuunuros u Ionos, 1988], o dopmyie (4):

2g(p1 —p)k\"?
1,75p

w=— (4)

rae p; — IUIOTHOCTh YacTun, p; = 2650 KF/M3; p — IUIOTHOCTL BoAbI, P = 1000 KF/M3;
@ — mapamMerp TYpOYJIEHTHOrO IIOBEJEHUSI HAHOCOB B IIOTOKE, KOTOPBIH OTpaxKaeT 0COOEHHO-
CTU OCaXKJEHUs JACTHI] B PEAJIbHBIX YCJIOBUIX BOJOEMA.

BsBech gesuTes Ha TpU IPYIIBL 10 pa3MepaM: IeauToBas (pakius (riuHa, clay),
gacruipl pasmepom menbiie 0,01 mM; ajespuroBas dpaxims (ui, silt), YacTunsr pazmepoM
0,1-0,01 MM u necuanas dpaxust (mecok, sand), gacTupr pasmepom Gosee 0,1 M.
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3. Pe3ynbrarsl uccienoBanus U UX 00CyXK1eHUE
3.1. KasqubpoBka napamerpoB u Bepugukarus mogeau DonDeltaHECRAS

IIpoBepka ruapoIOrnIeckoro 6J10Ka MOJEN IPOBOIUIACEH IIyTEM CPABHEHUS PEe3YJlb-
TATOB PACUETOB C M3MEPEHUAMHI PACXOJIOB BOJBI HA MOMEPETHBIX MPOMUIIX B CYTOXOTHOM
pycie Homa, B pykaBax Kamanua nm Kyrepbma n B rupJsiax 1oro-3amaaHoil TacTd AeIbTHI,
BBIIOJHEHHBIME 13-15 centsiopst 2016 . 111 KaJuOpOBKU IapaMeTPOB MOIEH U 22-23 ceH-
T6pst 2014 T. 1711 KOHTPOJIBLHOM TPOBEPKH (pAacCIpeieeHre TOUeK n3MepeHnil B meabre [{oHa
[peCcTaBieHo Ha puc. 2A).

Puc. 2. Pesysnbrarsr Bepudukanmn Mmouean ycrbeBoit obmactr Jona o ganaeiv 13—15 ceHTsabpst
2016 1. (3esensrit uBer) u 22-23 cenrsi6pst 2014 1. (2KesIThI 1BET): pacupe/ieJeHie TOYeK U3MepPeHHil
B zesbre [ona (A); xox ypoBHst Boabl Ha ypoBHeMepe Ha npuuase «llouckoi» (B); conocrasienue
PE3yJILTATOB PACUeTa PACXO0B BOJBI C JAHHBIMA HAOJIOJEHUH U KaJInGPOBKE [IapaMeTpOB MOJIEIN
(B); comocrasiienue pe3y/bTaToOB PacueTa PacXo0B BOJBL C JAHHBIMU HAGJIIOAEHNUI Ipu BepuduKanum
mozesn (I') (oTpumaresnbHble 3HAYEHHUS PACXOJOB BOZBI COOTBETCTBYIOT YCJIOBUSIM, KOTJA BOJA

JABUXKETCA OT MOPCKOT'O Kpasd B HallpaBJICHUU BEPIMTUHDBI ,ILeJ'H)TI)I).

B nepuom, 13-15 centstbpst 2016 r. pacxon Boasr B cr. Pazmopckoit B cpesaeM ObLI paBen
390 M3 /c, B mepmox 22-23 centsGps 2014 1. — 430 M3 /c. Ha yuacrke or cr. Pasmopckoit
JI0 BEPIIMHBI JIEJIBTHI IMeeTCsi H0KOBasl IPUTOYHOCTh n3 peK Manbra, Tysos, Akcait u Te-
MepHHUK. Tak Kak cucreMarnieckue HaOJIOIeHNs 371eCh OTCYTCTBYIOT, TO PACCMATPUBAJIUNCE
pasHbBIe CIIEHAPHHI TTOCTYILIEHHS BOIBI C MAJBIMI PeKaMu B mHTepBase or 50 10 150 m3 /c,
YTO BHOCHJIO HEOIIPEIEeIeHHOCTDb B IIOJIyYaeMble Pe3yJIbTaThbl. Y POBEHb BOJIBI Ha, MOPCKOI
IPAHUIIE YCTHEBOI 00JIACTH 33/1aBAJICS 110 JAHHBIM YPOBHEMEDA, YCTAHOBJIEHHOI'O HA IIPUYAJIE
«Honckoity FOxkuoro nayunoro nearpa PAH, koropsrit pacmosiozken npumepro B 20 KM OT
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IPaHUIBI PacdeTHOH 0bsiacTu B TaraHporckoM 3aJjiMBe CO CABHUIOM IO BpeMeHH 20 MUHYT
Ha3aJ, ¥ OTMeYeH 3Be3/I04KOoil Ha puc. 1A (X0 ypOBHS BOJIbI Ha yPOBHEMEDE IIPEICTABJICH
Ha puc. 2B).

B katecTBe KaMOPOBOYHBIX TAPAMETPOB PACCMATPUBAIHICEH ITUMPOBAT MOETb MECT-
nocru (IIMM) u koaddunuents mepoxoparoctu pycei. V3-3a npakTudecKu PaBHUHHOTO
JaummadTa AeJbThl U OTCYTCTBHUS JIETAJBHBIX IIPOMEPOB MPOMUIs pyces, OCOOEHHO Ha
HeCyIOXOIHbIX yuacTkax, [IMM mMmeer MHOrO Heollpe/le/IeHHOCTeH U TpebyeT yTOYHEHUSI.
B pesymbprare cepun BEIYUCINTEIBHBIX S9KCIIEPIMEHTOB, HAIIPABJIEHHBIX HA IPUOJINKEHNE Pac-
YeTHBIX PACXOI0B BOIbI JAHHBIMA HAOJIIOMEHUN B TOYKAX M3MEpEeHuit, 1yt Ko dUumenTon
[IIEPOXOBATOCTU PyCesl Be3Je ObLIn MpUHATHI onuHakoBbie 3Hadenust — 0,0125. Comocrasiie-
HUE Pe3yJIbTATOB PAacyeTa PACXO/0B BOJIbI C JaHHBIMU HAOIONEHUl IpeicTaBIeHo Ha puc. 2B.
st aBaHIeIbTHL OBLIO UCIIOIBF30BAHO TO K€ 3HadeHne KO3MMUIINEHTa MEePOXOBATOCTH, ITO
u ayis pycedt, a g noiimel — 0,08 (peKoMeHIOBAHHOE 3HAYEHUE JJIs 3aPOCIIUX TIOfM 110
M. ®@. Cpubuomy).

IIpoBepounbie pactaeTsl TpoBOaAMINCH Oe3 n3MmeHennsa 3uadenuit [IMM n koadduru-
€HTa IIIepoXOoBaTOCTU. PacdueTHbIe PACXO/bl BOJABI CPABHUBAJIUCH C JIAHHBIMA U3MEDPEHMIT,
BBINOJIHEHHBIMEA 22-23 cenTsibps 2014 1. (puc. 2T).

Pesyabrarer nposepku [cm. Taba. JIM3 u JIM4, Bepdnuxos u dp., 2023] nokaswIBaror,
9TO MOJIEJb J1eJbTHl JIoHAa BOCIPOM3BOIUT OCOOEHHOCTH PACIIPEIE/IEHUS BOIBI IO OCHOBHBIM
pyKaBaM, HECMOTPsI Ha, HEKOTOPbIE PA3jIM4Msi, KAK B CYJIOXOIHOM KaHaJje, TaK U B HECYIO0XOI-
HbIX rupsax Mepunoso u Kamennoe (rsiaBHbIM 06pa3oM, BOJIM3H MOPCKOIO Kpasl JeJIbTHI).
OrmMmedaeTcs MOBBIMIEHHOE PACIIPEIEICHNE CTOKA B CYJIOXOMHYIO JacTh JloHa 10 CpaBHEHUIO
¢ pykaBamu Kaman4da u Bonbiras Kyrepbma.

3.2. MaremaTnvyeckoe MoAeJINPOBaHUE TUAPOJIOTTIECKUX YCJIOBUI yCTHEBOII
obsiactu JloHa npu pa3JjimdHBIX PAcX0[aX BOJAbI U HATOHHBIX KOJIEOAHUSIX ee
ypoBHs1 B TaraHporckom 3ajinBe

B mepuosx 2015-2020 rr. B menbre lona mabmomamoch 50 HArOHOB ¢ MAKCUMAJTHLHBIM
morbeMoM ypoBHS BoAbl oT 1,0 mo 1,77 M OTHOCHTENIHLHO CPETHEMHOTOJIETHETO TTOJIOXKEHS
[Tuzmanckas u dp., 2023]. Y3 51010 nepedns: BHIGPAHO 5 HATOHOB, NMEIOIINX PA3HY0 0bece-
YEeHHOCTH M PA3HBIN pacxoj BOJI B cT. Pazmopckast ('1‘&6;1. 1), U OJIMH 3KCTPEMaJIbHbII HArOH
23-25 centsibpst 2014 1. ¢ MAKCHUMAJIbHBIM IPEBBIIIEHNEM YPOBHs BOAbI 3,7 M. Kpome sToro
PaCCMOTPEHBI: XapaKTepHBIE JJIsi YCThEeBOI 00JIACTH TUPOJIOrNIEeCKUe YCIIOBUSI, KOTIA STBHBII
HAaroH OTCYTCTBYET, HO HA MOPCKOM Kpae JeJbThl HAOIIOJAETCS TEPUOINIECKOE NU3MEHEHIE
YPOBHS BOJABI 10 MUHYC (0,5 M OTHOCHUTEIHHO CPETHEMHOIOJIETHEIO 3HAUYEHUS C IIEPUOIOM
12 wacos (cuenapuit BH-2), a tak:ke rupoJIOrn9ecKue yCJaoBuUs MOCTOSHHOIO PACXOIA BOJbI
IIpU TTOJTHOM OTCYTCTBHUHU M3MEHEHUsI YPOBHSI BOJIBI HA JIEBOW T'PAHUIE PACUIETHON 00JacTu —
B Taranporckom zasmse (cuenapuit BH-1). Tiist KazK10ro Harona BeIOPAHBL JaTa U BpeMsi
MaKCAMaJbLHOTO MMOoIbeMa ypoBHs Bojbl. Pacduerst o mozenmu DeltaDonHEC-RAS nposo-
JILIUCD JIJIsl 9€ThIPEX CYTOK (JABYX CYTOK JI0 HACTYILICHHUs] MAKCUMAJILHOIO YPOBHSI BOJIbI
u nByx — mocsie). Kparkue XapakTepUCTUKE PACCMOTPEHHBIX HATOHOB BOJBI CO CTOPOHBI
Taraaporckoro 3ajmBa MPUBEIEHBI HUXKE.

Cuenapmii H-1. Pacuér nposoauics misa nepuoga Mexay 16:40 19 mapra u 16:40 23 mapra
2018 r. ¢ MAKCUMAJILHBIM II0IbEMOM yPOBHs Bozbl Ha 1,77 M B 16:30 21 mapra (puc. A2).
Pacxoz Bogpt B JIoHy B 9TH JaThl cHavata cHmkascs ¢ 514 m3 /¢ (19 mapra) o 432 M3 /¢
(21 mapta), a 3aTem BospacTas 10 631 M3 /c 23 Mapra. PocT ypOBHS BOJIBI HAMAJICS C OTMETKH
vunyc 0,7 M OTHOCHTEILHO €r0 CPeIHEMHOrOJIETHErO HoJsiozKenusi. Habuomarores 3 BOJIHbI
pOCTa YPOBHS BOJIBI, CMEHSIIONIHECS MMaJeHUSIMU: ITepBas — B HOYb Ha 20 MapTa NPUMEpPHO Ha
1 M, BrOpas — B Teyenune 21 Mapra 10 MAKCUMAJIBHOIO HATOHHOTO YPOBHs BOABL (1,77 M),
TpeThs — BO BTOPOU IOJIOBUHE 22 MapTa npumepHo Ha 0,5 m.

Cuenapuii H-2. Pacuér nposouiics jyis epuoya Mexay 10:00 15 anpenst u 10:00 19 ampess
2020 r. ¢ MAKCUMAJILHBIM II0IbEMOM YPOBHsI BoAbl Ha 1,75 M B 9:50 17 anpess (puc. A3).
Pacxox Bogst B loHy B 9TH AaThl OBLT CTAOUIBHO OYeHb HU3KUM — 0KOJ10 300 M3 /c. Poct
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Taﬁnnua 1. Xa.paKTepI/ICTI/IKI/I PpaCYe€THBIX CIleHapueB HAarOHOB B JleJIbTe I[OHa

Konnenrpanus
. . B3BEIIEHHOI'O
MakcrMaJbHBbIH Cpenuwmii
IO/TbEM pacxoJ1 BOJILI pemectsa
YcnoBaOE Hara Obecneyen- B BOJE,
ypoBHsa Bogbl  Jara Havasa B CT. .
Ne 1 obo3HavYeHne OKOHYAHUS . HOCTb HaroHa,  MOCTYITAIOIei
OT CpeJIHEMHO- HaroHa Paszmopckoit
crieHapust HaroHa % B YCTBEBYIO
TOJIETHETO 3a IEPHUOJ,
3 00J1aCTh U3
3HAYCHUS, M HAroHa, mM>/c
Tarauporckoro
3a/mBa, Mr/J
1 H-1 1,77 18/03/2018 22/03/2018 507 27 120
2 H-2 1,75 14/04/2020 18,/04/2020 300 29 120
3 H-13 1,4 30/03/2016 03,/04/2016 407 54 70
4 H-16 1,36 19/04/2018 23/04/2018 1462 59 70
5 H-40 1,06 22/02/2019 26/02/2019 525 85 50
6 H>-3,7 3,7 23/09/2014 25/09/2014 541 0,8 160

ITpumeuanue: KonrenTpanus B3BEIIEHHOIO BEIIECTBA B BOJE, IIOCTYIAIONIER B YCTHEBYIO 00/IacTh U3 TaraHporckoro 3ajanBa, OIEHUBAJIACH
10 MaTepuajaM ucciaenoBanuii B genbre Jlona u TaraHporckom 3ajuBe [jIsi HArOHOB-AHAJIOTOB, & TaK»Ke 110 onucaHHbIM B [lanuvesa, 1985]
3aBHCHMOCTSIM B3MYYHMBAHNS JOHHBIX OTJIOXKEHUI B TaraHporckoMm 3aJjiiBe OT CHJIBI BETPa U BOJIHEHHUS MOps. B Hymepanuu cluieHapueB HarOHOB
HCIIOJIb3YETCsT UX MOPSIAKOBBIM HOMED B TabJinIle HArOHOB, 3apUKCHPOBAHHBIX B Iepuos ¢ susaps 2015 r mo mait 2020 r. Ha FEAPOMETEONOCTY
TOHII PAH B xyrope Houckom |[JTuzmarckas u dp., 2023].

YPOBH# BOJbI HavaJics ¢ orMeTKy 0,43 M OTHOCHTESIBHO €r0 CPEeIHEMHOIOJIETHET'O TIOJIOXKEHUS.
Boeimenstercs caagasia mHebobInoe majieHne yposus Boabl Ha 0,5 M, 3areM mpumepro 1,5 cyTok
IJIABHOIO HANOHHOT'O POCTA JI0 MAKCHUMyMa M HEOOJIBIION BCILIECK YPOBHSI BOJbI B KOHIIE
18 ampens ua 0,3 m. B cpaBuenun co crienapuem H-1 3ToT crieHapuit muHTEpeCceH TeM, UTO
[P TOM 2K€ MAKCHMAaJbHOM HATOHHOM YPOBHE BOIBI ee pacxon B JloHy mpumMepHO B 2 pasa
MEHBIIE, XOTs [IPOIOJ/IKUTEILHOCTD HATOHA IIPUMEPHO B 2 pa3a OoJbIIe.

Cuenapuit H-13. Pacuér nposomuiics jyist mepuoia Mexkay 10:30 31 mapra u 10:30 5 anpeJist
2016 r. ¢ MaKCHUMAaJIbHBIM I0J/bEMOM yPOBHs BoAbl Ha 1,4 M B 10:30 2 anpess (puc. A4).
Pacxost Bofb! B €. Paziopckoit B iesiom monmkenusbiil (koo 400 M /c), HO ¢ yCTONYIHBBIM
poctom ot 383 mo 440 M3 /c. Ha mporsizkeHUn BCero ClieHapusl YPOBEHb BOJIBI OBL BBIIIE
€ro CpeJHeMHOIOJIETHErO [OJIO2KEHNS], MAKCHMAJILHBIM HATOHHBIH yPOBEHb BOALI 1,4 M ObLI
JOCTUTHYT TprMepHO 3a 10 gacoB pocroMm Ha 0,7 M, 3aTeM IPIMEPHO 32 TO YK€ BPEMS YPOBEHD
BobI ynaut 10 0,7 M u ocrernenno najgas o 0,2 M, CMEHUBIIKACH B KOHIIE CIIEHAPUS CKATKOM
ypoBHs Bombl Ha 0,4 M. B 11e710M MOXKHO OTMETHTBH, YTO B 9TOM CIIEHAPUM UMUTUPYETCS
BETPOBOIT BCILUIECK YPOBHS BO/bI Ha 0,7 M Ha (hOHE MOBBIIIEHHOIO YPOBHS BOJBI U MEYKEHHOTO
pacxoja Boanl B Homy.

Cuenapuit H-16. Pacuér nposoauiics jist nepuoia mexkay 10:00 20 anpesist u 10:00 25 ampe-
st 2018 1. ¢ MaKCUMAJILHBIM [OIbeMOM yPOBHs BoAbl Ha 1,36 M B 10:00 22 anpesusa (puc. Ab).
D10 crieHapuii HeOOJIBIITOTO BETPOBOTO HArOHA Ha (DOHE ITOJIOBOHOIO pacxoa Boasl B JloHy —
poct ot 1330 ;10 1550 M3 /c. TlombeMm ypoBHst BOJBI Havasicst ¢ orMerkr 0,4 M OTHOCUTEBHO
€ro CpeJIHEMHOTOJIeTHero noJsioykerus. 1locse nebosbioro camkenus Ha 0,2 M B TedeHue
CYyTOK HAOJIIOIAJICS HATOHHBII POCT YPOBHS BOJBI IPUMEPHO Ha 1,2 M.

Cuenapmii H-40. Pacuér uposoauicst st nepuoga mex iy 0:00 24 despasist u 0:00 1 mapra
2019 r. ¢ MaKCIMAJBHBIM MOILEMOM YPOBHsI Boabl Ha 1,06 M B 0:00 26 despass (puc. A6).
DTO caMblil CJIa0OBI HATOH U3 PACCMOTPEHHBIX, PA3BUBABIIUICS Ha (DOHE CPEJIHEr0 Pacxoma
Bozsl B Jony — or 491 10 565 M3 /c. Tlo dopme maron 6m30k K cuenapuio H-13. Taxue
HaroHbl Ha (GOHE CpeIHero pacxoia Bojabl B /loHy Hambosee 1acThl.

Cuenapuii H9-3,7. D10 nanbosiee sxkcTpeMabHbIH HAroH 3a mocieanne 100 jier HabIIO-
nennit. Pacaér mpooamiicst nyist mepuoga Mmex iy 17:20 22 cenrsiopst u 17:20 27 cenTssOps
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2014 1. ¢ MAKCUMAJIBHBIM MOTbeMOM YPOBHS BOzbI Ha 3,70 M B 17:20 24 centsiopst (puc. AT).
Pocr yposus Bombr coctaBmt nopsaka 3,5 M 3a 12 gacoB Ha dhoHe cTabUIBHOTO MEXKEHHOTO
pacxogsa Bognl B dony — 430 M3 /c. 3a MUKOM TOIrbeMa YPOBHS BOIBI HABJIOAAIOCH €r0
IaJeHue B TeYeHue II0JIyTOpa JHEH.

15t OIEHKU TIOJIY9IEeHHBIX PE3YJIbTATOB MOJIEJMPOBAHUS THUAPOJOTAIECKAX YCIOBUN
[PV HATOHAX PA3HOI 0DECIIeIeHHOCTHU BBIJAEJEHO TPU PYCJIOBBIX THIPOJOTHIECKAX PAfOHA
(16, 23 u 42), PACIOIIOKEHHBIX Ha PA3HOM DACCTOSIHUU OT (PPOHTA NEeJbThl, U ofuH (4),
SIBJISTIOTIAIACS TPO0IKeHneM A30B0-/{0HCKOTO CY/IOXOHOTO KaHAJA B aBaHJIEIbTE.

JJtst pyC/IOBBIX PailOHOB B MEPUOJ AEHCTBUSI HATOHOB C IIPEBBIIIIEHUEM YPOBHS BOJIBI
B quanaszone ot 1,0 no 3,7 M (pucysku A2-A7) Habirogaercs: cHavYaa 3aMe/|JIeHIe CKOPOCTel
[IOTOKOB, HAIIPABJIEHHBIX B CTOPOHY 3aJIMBa, & 3aT€M IIOTOKHU Pa3BOPAYMBAIOTCH B OOPATHYIO
CTOPOHY U WX CKOPOCTH PACTET BIUIOTH JO0 JOCTHKEHUs [UKA YPOBHSI BOJbBI, KOTOPBII
HACTYIIAeT PaHbIle TUKa CKOPOCTH MOTOKA. 3aTeM CKOPOCTHU MOTOKOB OBICTPO MAIAI0T 0
HyJIsI, IOTOKU PA3BOPAYUBAIOTCH B HAIIPABJIEHUU OT PEKHU K MOPIO, U BOCCTAHABJIMBAIOTCS
OOBIYHBIE 3HAYEHUS UX CKOPOCTEHl. AMILTUTY/IBI CKOPOCTEH 0OPATHBIX TIOTOKOB MIPH YIAJICHUN
OT MOPCKOTO Kpasl JIeJIbThl YMEHbINATCs. II0TOKK B PyC/IOBBIX pailoHaxX BIAJIU OT MODS
HOJ BO3JIEHCTBIEM HATOHOB TOJIBKO 3aMeJISIOTCst (6e3 M3MeHeHUs! HalpapjeHns ). dem
UMHTEHCUBHE HArOH (BbIIlle MAKCUMAJbHBI YPOBEHDb) U HUXKE PEYHON PACXOll, TeM JaJIblIle
OT MOPCKOI'O Kpas JeIbThl (popMHUpYIOTCs obparHble Tedenus |Kaewenkos u [llesepises,
2023].

Baxkno ormeruTs, 4TO IIpM NAJEHUN YPOBHS BOJbI IIOCJE JIOCTHKEHUS MAKCHMYMa
HaroHa B PYCJIOBBIX pailOHAX JEJIbTHI, CKOPOCTU IIOTOKOB, HAIIPABIEHHBIX B CTOPOHY 3aJIH-
Ba, MPEBBIMIAIOT 3HAYEHHsI, KOTOPbIe ObLIN B IIEPUOJ, POCTa yPOBHsI BOIbIL. Jljisi paiioHOB,
PAaCIIOJIOYKEHHBIX B aBaHJEIbTe, 9TO HEe TaK. B mepmoJi najieHus ypoBHsS BOJBI CKOPOCTU
MOTOKOB HUYKE, 9eM B miepuo/], ero pocta. OcobeHHO 3TO 3aMETHO JIJIsT SKCTPEMAIHHOTO HATOHA
(puc. A7). Opnako, npu pacxoze Boabl B JIoHy GJU3KOM K 3HAUEHUIM, XaPAKTEPHBIM JIJIsT
1os0Bobst (prc. A5), 1 He OYeHb BBICOKOM YPOBHE HATOHA, 3Ta OCOOEHHOCTDH HAPYIIIAETCS —
[IPAKTUYECKH BCErja CKOPOCTh IIOTOKA [IPU YMEHbIIEHUU YPOBHSI BOIBI Bblllle (CpaBHHUTE
pucynku A5-A6 ma paiiona 4).

Jlj1si IOMEHHBIX PAlOHOB JIEJBTHI [0 Mepe UX 3aTOIJIEHNs CKOPOCTU IIOTOKOB YMEHb-
MAI0TCH UPU YIAJEHUN OT IPAHUYHBIX PYCJIOBBIX PAlOHOB K Iepudepud, Mpu IaeHun
YPOBHS BOJIbI Ha OTJIEIbHBIX yUacTKax pesbeda (epuku, KaHajbl CTOKA) CKOPOCTU [OTOKOB
MOI'YT BO3pacTaTh U3-3a 00Jjiee OBICTPOrO yMEHbIIEHUs IO PAROHA, [I0/IBEPXKEHHOTIO
3aTOIIEHUIO, Ye€M B IIEPHUOJ [T0bEMA YPOBHS BOBI.

Takum 00pa3oM B mepuobl HATOHOB CKOPOCTH ITOTOKOB B aBAHIEIBTE U PYCIOBBIX
paifoHaX MOI'YT JOCTUTATH JOCTATOYHO BLICOKUX 3HadeHuii (10 0,4-0,5 m/c u Gosee), 910
CO3/IaeT CHAYaJIa YCJIOBUS IS B3MYYHBAHUS JIOHHBIX OTJIOXKEHUIl B pailoHAX aBaHIEJIbTHI,
a 3aTeM Ha dTalle [MaJeHNs YPOBHHA BOABI U B PYCJIOBBIX PAliOHAX.

Ipu ocpeHeHnN CKOPOCTEH MOTOKOB 110 BbIJIEJEHHBIM THAPOJOrHIECKUM paiioHaM (3a
[EPUOJL PACUETa) MOJIyuaeM UX PACIpejieieHne BJIOJIb OCHOBHBIX pyces (puc. 3). Ilpu srom
PacCCMOTPHUM OTHEIHHO:

1) ocuosnoe cynoxomnoe pycio «Jdou — Crapoiii Jou — AJICK», upencrasieno mno-
CJIeIOBATEIBHOCTBIO THAPOJIOrTYecKnX paitonoB 78 —-64—57—42—30—23—22—16—9 oT
BEDIIKHBI JIeJIbThI K MOPCKOMY Kpaio (puc. 3A);

2) pykas «lou — Bonbmasa Kananua — Mokpas Kasandas, npegcrasieH 1mocienoBa-
TeJIbHOCTBIO PaitoHoB 78— 64—57—42—30—33—50—52—51—41 (puc. 3B);

3) pykas «/Jou — Boubimas Kasanga — Bosbinas Kyrepema — Kyrepsmay, npejcrasien
paifonamu 78—64—57—42—30—33—50—52—68—76—75—70 (puc. 3B);

4) pykas «dou — Bosbmaga Kamanua — Bonbmas Kyrepoma — Cpenusia Kyrepb-
May, IpeJicTaBieH paiioHamu 78—64—57—42—30—33—50—52—68—76—89—96—100
(puc. 3T);

5) pykas «lou — Meprsoiit Joueny, upencrasien paiionamu 78—83—107—111—
115—114 (puc. 310).
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Hnsa ciienapuss BH-1 ipu oTcyTcTBUM M3MEHEHUsI YPOBHS BOJBI B 3aJIMBE B BEPIINHE
JIEJIBTBL CPEJHssl CKOPOCTD [IOTOKA COCTaB/sgeT npuMepHo 15 cm/c u nagaer qo 10-5 cm/c
B rupaax Mokpas Kamnanda, Bosbmas Kyrepbma nHa Mopckoit rpanurie geabThl. B pykase
Meprssrit [IoHer; cKOpocTh OTOKa €le MeHbIIe — 10 3 ¢M/c. DTO CBA3AHO C HOCIIEL0BATEb-
HBIM BeTBJIeHHEM pycia JloHa HA IPOTOKM U PACIIMPEHHEM CyMMAapHON IIMPUHBI PyCeJI IO
Mepe TPHUOJIMKEHNsT K MOPCKOMY Kparo. Ha OTHe/IbHBIX y9acTKaX PyKaBOB CPEIHUE CKOPOCTH
[IOTOKOB M3-3a 0COOEHHOCTEH MOPMOMETPUH PyCell JIOKAIBHO BO3PACTAIOT (CM., HAIIPUMED,
puc. 3 paiionst 68, 57, 50 u 52).

st ciienapust BH-2 B paitonax, 0M3KuX K MOPCKOMY KPAIO JEJIbThI, U3-33 KOJIeOaHMit
YPOBHS BOJIBI C aMILTUTY0% 0,5 M B TedeHHe CyTOK, CKOPOCTU ITOTOKOB OISITh BO3PACTAIOT
10 1520 em/c.

40

=] =—2 =3

35
30
25
20
15
10

CpeaHsisi CKOPOCTh MOTOKA, cM/C
Cpennsisi CKOPOCTH MOTOKA, CM/C

41 51 52 50 33 30 42 57 64 78
Homep ruaposioru4yeckoro paiiona

—1 —2 —3 —4 —5

6 =T =g =l

Cpeansisi CKOPOCTh N0TOKA, cM/C
Cpe/Hsisi CKOPOCTH MOTOKA, CM/C

70 75 76 68 52 50 33 30 42 57 64 78 g8 eI ARRIEI
Homep ruaposioruyeckoro paiona Homep ruapoioru4eckoro paiona

A

Cpeansisi CKOPOCTH MOTOKA, cM/C

114 111 107 83 78
Homep ruapoaornyeckoro paona

Tun paitoHa
cywa

Puc. 3. Pacnipesnenenne cpeiHuX CKOPOCTEN MOTOKOB 0 pyKaBaMm AenbThl: «Jlor — Crapsrit /lon —
AICK» (A), «dou — Bosnpmas Kananga — Mokpas Kananua» (B), «don — Bonbmasa Kanamaa —
Bonpmas Kyreppma — Kyreppmas (B), «lon — Bompmaa Kananga — Bospmaa Kyreppma —
Cpeannsist Kyreppmay (I'), «lon — Meprebiit Jonens (). 1 — cuenapnit BH-1, 2 — cuenapuit BH-2,
3 — cuenapuit H-40, 4 — cuenapwmit H-16, 5 — cuenapwmit H-13, 6 — cuenapuit H-2, 7 — crenapwuit H-1,
8 — cuenapuit H9-3,7, 9 — cpegHee 1o BceM ClieHApUSIM HArOHOB.

HaronHble siBJIeHHs IPUBOJSAT K CYIIECTBEHHOMY (B 2-3 pa3a) yBeJMUYEHUIO CpeJIHeil
CKOPOCTH TOTOKOB B THUJIPOJOTHIECKUX pafOHAX MPAKTUYIECKHU JIO CEPEeIUHbBI JIEJIbThI CO
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cTopoHb! Mopd. [Ipu sToM ammumTyia KojiebaHuii CylecTBeHHO Bbilte (pucynku A2—-AT).
T'upposnoruyeckue ycsosus crenapus H-16 oramyaaiorcs 60IbIIUME PacXoaMu BOJbI (10
1550 m3 /€), O3TOMY 3/1eCh CKOPOCTHU [MOTOKOB B BEPINUHE JIEJBTHI CYIIECTBEHHO BBIIIE 110
CPaBHEHMUIO C Te€M, KOIJIa PAacXO/bl BOJbI HaxojiATcd Ha ypoBHe 300-500 M3 /c.

Bce 310 B COBOKyIIHOCTH BJIMSIET Ha MPOIECCHI TIEPEHOCA B3BEIIEHHBIX TACTHII.

3.3. MonesnpoBaHue JUHAMUKHA B3BEIIIEHHOTO BEIIIeCTBAa

Jljis pacdera IMHAMUKN B3BEIICHHOTO BEINECTBA MPHHATHI CJEAYIOINE TPAHUIHDIE
YCJIOBUSI.

CyMMapHas KOHIIEHTpAIUs B3BEIIEHHOTO BEIIECTBA B PEYHOM CTOKE B CT. Pa3mopckoit
npunsTa pasHoil 17 mr/n [Kaewenkos u dp., 2023] upu cieayiomemM pacipeeIeHun 110
dpaknusam: nemur (44,5%), anespur (51,3%), necok (4,2%). 1o cpeauuii rpanyIoMeTpu-
YeCKUil cOCTaB B3BECHU 1O JIAaHHBIM HaOs0eHnit cetu Pocrugpomera PP B c1. Pazmopckoir
3a nepuojt 2005-2020 rr.

CyMMapHast KOHIEHTpAIUs B3BEIIEHHOTO BEIIeCTBa B MEpUO/l HATOHA B TaraHporckoM
3aJIMBe PUHUMAJIACh PABHON 3HaveHHIo U3 TabJl. | TpHU clielyioleM paclpeeJleHuu 1o
dbpaxmman: nemmr (64,5%), anespur (35,5%). Yactur necuanoit dpaxnun — menee 0,1%.

CTpyKTypa JOHHBLIX OTJIOXKEHHI 33aBaJIach CIEIyIOMUM oOpa3oM. s pyCIOBbIX
paifOHOB IIPE/IIOJIAraIoCh, YTO COOTHOIIEHNE YacTull Takoe: neant (10%), axespur (25%),
necok (65%), a ms aBasmesnsTsl — nesut (20%), anespur (50%), necok (30%). Jus moii-
MEHHBIX PAfiOHOB OBbLI IIPUHAT TPAHYJIOMETPUYECKHIT COCTaB, XapaKTEPHBI JIJIst JIyTOBBIX
AJUTIOBUAIBHBIX 1104B |Hcaes u dp., 2022|: nemmr (50,5%), anespur (45,5%), necok (4%).

B kadecTBe HaYAIbHBIX 3HAYEHUIT [T BCEX PAHOHOB 3a/1aBAJIaCh KOHIICHTPAIUS JACTHIL
COOTBETCTBYIOMIETO pa3Mepa, OIpeeasdeMas TPAHCIOPTUPYIOMEH COCOGHOCTBIO MTOTOKA,
PACCYMTAHHON 1O CpeiHeil CKOPOCTH, XapaKTEePHOIT /sl palioHa B CJIyvae OTCYTCTBHS HATOHA
(cuenapuit BH-1).

JuHamMuka B3BEIEHHOTO BelecTBa mpu oTcyTcTBuy Harona (cumenapuit BH-1). B nannom
BBIUUCIUTETHHOM SKCIIEPIMEHTE PACCMATPUBAJIACH CUTYAIMsl, KOI/Ia HA IPAHUIE PACIETHON
obsiactu B TaraHpOrcKOM 3a/iuBe YPOBEHb MOPs HE M3MEHSIETCsI OTHOCUTEJILHO €0 CPEIHEMHO-
TOJIETHETO 3HAYEHS, OCAXK/IEHIIE B3BEIIIEHHOIO BEIECTBA IIPOMCXO/IAT Be3/le, & B3IMYYHBAHUE —
TOJIPKO B 3aJIMBE U B PYCJIOBBIX paiionax. B paiioHax, pacrosio:KeHHbIX Ha MOWMe JIeJIbTHI,
B3MYyUYMBaHUE JIOHHBIX OTJIOXKEHUI He 33/1aeTCsl.

IIpu BBIIOJIHEHNN PACTIETOB IPOBOMIACH SKCIEPUMEHTHI ¢ mapamerpoM a’ /st Koppek-
THPOBKHU CKOPOCTU B3MYYHBAHUS JACTUIL COOTBETCTBYIOIIETO pa3Mepa. 3a1ada 3aKII0IAIACH
B TOM, 9TOOBI «yPaBHOBECUTDY» IIPOIECCHI OCAXKIEHUSI U B3MYUNBAHUS JIJIsl PYyCJIOBBIX PANOHOB.
[Tonobpanuble 3HAYMEHMSA a® ns wacTm IIeJINTOBOM, aJIEBPUTOBOI U IIECYAHON pa3MepHOCTU:
0,35; 3,0 u 5,0 cooTBEeTCTBEHHO. YMEHBIIIEHUE MapaMeTpPa a® or mecuanoit X meMTOBOMI
dpakiun MoXkeT ObITh OObSICHEHO TeM, YTO MEJIKHe YACTHUIIBI CJIUIMAIOTCS U UX TPYIHEee
OTOPBATH OT JIHA.

B 1aHHBIX MHIPOIOrHYIECKUX YCJIOBUAX B KOHIIE PACYETHOTO IEPHUOA YCTAHABIMBAET-
Csl CTAITMOHAPHOE II0 MPOCTPAHCTBY PACIIPE/IE/IEHNE KOHIIEHTPAINY B3BEIIIEHHBIX BEIIECTB,
OIIpeJIesIIEMOe UX IIOCTYILJIEHHEM C JOHCKOM BOJIOI U IIPOIeCCaMU OCaXKIEHMST U B3MY YMBAHUSI.

Jlyist ocTAIbHEIX CIIeHADHEB 3HadeHne mapamerpa a’ He H3MEeHsIoCh.

PesymapraTsl BEIYHCINTEIBHBIX IKCIEPUMEHTOB IIPEICTABICHBI HA PUC. 4 KaK PaciIpese-
JIeHHe KOHIIEHTPAIMU B3BEIIeHHBIX YACTHI[ BJIOJb OCHOBHBIX PYCeJI JIeJIbTHI (110 aHAJIOIIN
¢ puc. 3).

Ilo mepe npoaBmkenust Boab OT CT. Pa3mopckoit K BepiinHe J1eJIbThl KOHIIEHTPAITUS
B3BEIIIEHHOI'O BEIECTBa yBeJuduBaercd npumepro 10 20 mr/n (puc. 4). B menbre uz-3a
CHU2KEHUSI CKOPOCTEH MMOTOKOB UX TPAHCIIOPTUPYIONIAs CIIOCOOHOCTH OCIabeBaeT, U O0ITAs
KOHIIEHTPAIMs B3BEIIEHHOrO BEIIeCTBa yMeHbInaercs 10 15-10 mr/J.

Tloxoxkasi cuTyanus xapakTepHa U JJjisi BTOPOTO CIleHApUs 0e3 siBHO BBIPAYKEHHOTO
naroHa (crenapuit BH-2), HO B OT/IeJIbHBIX paflOHAX JIeJIbThI, IPUMBIKAOIMIAX K MOPCKOMY
Kpalo, KOHIIEHTPAIIUs B3BEIIEHHOIO BerecTBa BospactaeT 10 30 mr/u (puc. 4). Do cBazano
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Puc. 4. Pacupenenierne cpemHeil KOHIIEHTPAIMM B3BEIIEHHOTO BEIECTBA IO PYKaBaM JEJIBTHI:
«Jlon — Crapsrii Jlon — AJICK» (A), «don — Bonpmas Kananua — Mokpas Kananaa» (B), «lon —
Bosbmaga Kananga — Bompmasa Kyrepoma — Kyrepomas (B), «lon — Bonbmas Kanamaa — Bosrbmas
Kyrepema — Cpennsist Kyrepemas (I'), «Ilon — Mepresiit Joneny (/). 1 — cuenapuit BH-1, 2 — o
cuenapuii BH-2, 3 — ciienapuit H-40, 4 — ciienapuit H-16, 5 — ciienapuit H-13, 6 — crienapuit H-2,
7 — cuenapuit H-1, 8 — crienapuit H3-3,7, 9 — cpesHee 110 BceM CIieHAPUSIM HArOHOB.

C CyTOYHBIMH KOJI€DATETbHBIMU JIBIKEHUSIMU YPOBHS BOJIBI U YBEJIUIEHUEM CKOPOCTEN
IIOTOKOB.

IIo mepe nposBU2KeHMsT BOJBI OT BEPIIUHBI JIEJIBTHI K MOPCKOMY KPalO CYIIeCTBEHHO
MEHSETCsl IPAHYJIOMETPHYECKUl COCTAB B3BEILIEHHOIo BemecTBa (puc. HA) — 11oJis 9acTuis
MIEJINTOBOI pasMepHOCTH yBeauansaercs 10 80%.

JmHaMuKa B3BEIIEHHOTO BENIECTBA MPHW HAaroHaxXx. B JaHHBIX pacdeTax Jjis CPaBHEHUs
C TUAPOJIOTUYIECKUMHU yCJIOBUSIMHA IIPU OTCYTCTBUU HATOHA KOHIIEHTPAIINS B3BEIIEHHOTO
BEIeCTBa B KaXKJIOM pailoHe yCpeJHs/Iach 3a BeCh IIE€PUOJ], HArOHA.

B aBamjenbTe B yCJa0BUAX IMITOPMOBOTO HATOHA MTPOUCXOJIUT BOJTHOBOE B3MYUNBAHUE
JIOHHBIX OTJIOYKEHU, W B JIeJbTY IOCTYIAIOT BOJHBIE TIOTOKU, HACBHIINEHHbIE B3BEIIIEHHBIM
marepuasioM (rabur. 1). KoHnenTparys B3BEMIEHHOTO BEIECTBA B BOJE CYIIECTBEHHO MEHs-

Russ. J. Earth. Sci. 2024, 24, ES4013, https://doi.org/10.2205/2024es000926 12 of 28


https://doi.org/10.2205/2024es000926

MO,ELEJ'II/IPOBAHI/IE IIEPEHOCA W HAKOIIJIEHVWA B3BELIEHHbBIX BEHIECTB. . . BEP/:[HI/IKOB n ap.

100 A 100 + b
80 80 + /—"\
S =
= 60 + = 60 + f
40 T g o400+ —\—
= =
E S
=20 1 o ] ), 3, 4 = 20 +
—_—]—2——3—A
0 t + t t t t t t { 0 t t t t t t t t {
9 16 22 23 30 42 57 64 78 9 16 22 23 30 42 57 64 78
Homep ruapoiornueckoro paiona Homep ruaposiornyeckoro paiona

Puc. 5. 'panynoMeTpuyeckuii cocTaB B3BEIIEHHOTO BEIIECTBa B OCHOBHOM pycie «Jlon — Crapbrit
Hon — AICK»: A — cnenapuit BH-1 (1 — rymna, 2 — un) u cuenapuit BH-2 (3 — rmna, 4— wuin),
B — cuenapnit H-16 (1 — rimna, 2 — win) u cuenapuit H-1 (3 — umna, 4 — wr).

€TCsl BO BDEMEHU U3-33 U3MEHEHUsl CPEJIHUX CKOPOCTEH MOTOKOB B IIUPOKOM JIUAIIA30HE OT
[IPAKTUYECKN HyJeBbIX 3HaueHuit 1o 40-50 cm/c (pucynkn A2-AT).

B nepunop Harona (puc. 5B) m3-3a mporeccoB 0CaXKAeHNs W B3MYIUBAHUS TPOUCXOJIUT
KaK yBeJMYEHUEe KOHIEHTPAIMK B3BEIIEHHOrO BEINECTBA, TAK U U3MEHEHUE ero MPAHYJIOMET-
PHUYECKOro cocTaBa (yBeJIMUeHue JI0JN ajleBpuToBoil dppakiun). KoHieHTpanus B3BeIeHHOro
BEIIECTBA B TIONMEHHBIX PafiOHAX JIeJbThI YBEIMINBAETCS, KAK TOJBKO OHU 3aTAIIJIMBAIOTCS
HAUOHHBIMHU BOJIAMU, IIPU 9TOM B3BECh B OCHOBHOM IIPEJICTABJIEHA YACTUIAMU II€JIUTOBON
Pa3MEpPHOCTH, T.K. B 9TUX PafiOHaX OTCYTCTBYET (B MOJE/IH) B3MY YMBAHUE IOUBEHHBIX TACTHII,
a aJieBpuTOBasl (PPAKIUS OCAXKIAETCsI HA TIOUBY.

3.4. Oca>kgeHne B3BEIIIEHHOT'O BEII[eCTBa B JeJIbTe

B cenrstope 2021 1. BO BpeMs HAOHA, KOTOPDIi 0 ' IPOJOTHIECCKUM YCIOBUIM COOTBET-
crByer crenapuio H-40, 6BbLIM yCTAHOBJICHBI CEIMMEHTAIIMOHHbIE JIOBYIIKN, KOHCTPYKTHBHO
cxoxue ¢ MCJI-110 [Jykawur u dp., 2011], B npnype3oBoit OWMEHHO YacTH PyKaBoOB
Crapoiit Jon, B rupse CBUHOE U B IIPOTOKE OCTPOBa Buprouuii, KpoMme TOro, aHaJu3u-
POBAJINCH JAHHBIE JOJITOBPEMEHHBIX SKCIIO3UINI PYCIOBBIX CEIUMEHTAIMOHHBIX JIOBYIIEK
B pykasax Crapseiit on n Kananua (puc. 6B). Tlocie o6paboTku B3BECH, HAKOIJIEHHON
B CEJIMMEHTAIIMOHHBIX JIOBYIIKAX, [OJIyYEHBI OIEHKN CKOPOCTEH OCAXKICHUS U COIIOCTABJICHBI
C pe3yJIbTATaMHU PacyYeTa CKOPOCTEH OCaXKJIeHNs B3BEHNICHHOTO MaTepuasa s CIeHAPUs

H-40 (puc. 6A, B).
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Puc. 6. CkopocTb ocak/ieHus B3BEIIEHHOIO BelecTBa B nofiMeHHbIX (A) u pyciossix (B) paitornax
JIeJIBTHL 110 Pe3yJIbTaTaM PACYeTOB B COLOCTABIEHUM C MATEPHAJIOM, HAKOIUIEHHBIM B CEJIUMEHTAI-

OHHBIX JIOBYIIKaX. B — mecra yYCTaHOBKH JIOBYHIEK.
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Mo>KHO OTMETUTB, YTO JIJIsI PYCJIOBBIX I'HIPOJIOIMIECKUX PAHlOHOB CYyTOYHbIE BEJTMIMHBI
OCaXKJIeHUsI B3BEIIIEHHOTO BEIECTBA OJU3KN K MOJEJIHLHBIM OIEHKAM B OOJIBbIIE CTEIeHN, IeM
JJTsT TIORMEHHBIX paitoHOB. J[Jist JIOBYIIIEK, yCTAHOBJIEHHBIX B paiioHe mpudasa B xyTope Jlon-
ckoM (paiion 16), sHaunTesnbHble oTamanst (B 5—10 pa3) BOSMOXKHO CBSI3aHBI C yCPEJIHEHUEM
MOJIE/IbHBIX OIEHOK B IIPE/IEJIaX BCErO PalioHa U OCOOEHHOCTSIMU PACIIOJIOYKEHUS JIOBYIIIEK.
Jluist nofiMeHHbIX palioHOB JIesIbThI (JI0BYIIKa 3, ocTpoB Buprounii u joBymiku 4a u 46, rupJio
CBuHOE) BO3MOXKEH HEJIOYyUeT B MOJIEJIN UHTEHCHBHOIO B3MYUNBAHUsI JOHHBIX OTJIOXKEHUH,
9T0 OTPedyeT B JaJbHeIeM KOPPEKTUPOBKY IapaMETPOB MOJIEH.

IIpu BBINOSIHEHNY BBIYUCIATEIBHBIX YKCIIEPUMEHTOB PACCIATHIBAINCH 3HAYCHUST PA3HIU-
IIbI MEXKJTy B3BEIIeHHBIM BEIIeCTBOM, KOTOPOE OCEJIaeT Ha JHO, U B3BEIIEHHBIM BEIEeCTBOM,
KOTOPOE IIEPEXO/IUT U3 JOHHBIX OTJIOXKEHHUIl B BOJY B Pe3yJIbTaTe MX B3MYYHBAHUS — pe-
3YJILTUPYIONIME BEIMUMHBI GaIaHca «OCeIanne — B3MyunBanue> B v/M>/cyr. s cuenapus
BH-1 onu npejcrasiienbl Ha pUC. 7 Jjis OCHOBHBIX PYKaBOB JI€JIBTHI B 3aBUCUMOCTU OT
paccrosiHust OT ee BepiuHbI (rpaduku ¢ uHIeKCoM «1»). Y06 CPABHUTE UX ¢ BEJIMUAHAMU,
XapaKTEPHBIMHU [IJIsI CIIEHAPUEB C HATOHAMIY, 3HAYEHUS OAJIAHCa «OCEJaHne — B3MYIHBAHUE
obLn ycpensens! o creHapusm H-40, H-13, H-2 u H-1, a 3aTem u3 Hux ObLIX BHIYTEHBI
3HAUEHUs OajlaHCca «OCejlaHue — B3MydunBaHue» Jyisi ciieHapust BH-1 (mokasansr Ha puc. 7 ¢
unziekcoM «2»). Cruenapuit H-3,7 He paccMarpuBaics, T.K. OH SIBJISIETCS 9KCTPEMAIIBHBIM.
Cruenapuit H-16 Tak:ke He paccMaTpuBaJiCs, T.K. 37[€Ch HATOH ITPOUCXOJUT IIPU BHICOKOM
pacxojie BOJIBI.

IIpu orcyrcTBuM Harona OaJjiaHC «OCeJaHUe — B3MYyYHWBAHUE» IIOJIOXKUTEJIEH, U II0
BCEM PyCJIaM ITPOMCXOJNT HAKOIJIEHNE B3BEIIIEHHOTO MaTepuaJia. BKiiag HArOHOB ITPUBOIUT
K B3MYYMBAHUIO JIOHHBIX OTJIOXKEHUI HA yYacTKaxX OT BEPIIUHBI JEJbThI [IPUMEPHO 0
25 kM (3a uckirouerneM Meprtsoro JIoHNa), 3aTeM HABIIONAETCS MEPEKIFOIEHNE: TPOIECChI
HAKOILIEHNUSI MAaTeprUaJIa HAINHAIOT [IPEBAINPOBATH HAJT PA3MBIBOM, HO IIOTOM BO3JI€ MOPCKOTO
Kpasi JeJIbThl B3MYUNBaHUE OISITh HAYNHAET JIOMUHIPOBATH. DTO ITOITBEPKIAET BBIBOJ] O TOM,
YTO pevyHasl BOja Ha JTalle IaJleHNs ee YPOBHsI HAUNHAET BBIHOCUTD HAKOILJIEHHBIN B PYCJIOBBIX
paffioHax OCAOYHBIN MATEPUAJI 33 IIPEJIEIbl MOPCKOTO Kpasi JeJIbThI, IJe CKOPOCTH IOTOKOB
PE3KO AJIA0OT U B3BEIIEHHOE BEMECTBO HAUMHAET HAKAILIMBATHCS HA JTHE.

KosuiaecTBennbIe OIEHKH B3BEIIIEHHOTO BEIECTBA, OCEJAIONIET0 B YCTHEBOW 00IacTh
Hona (B moiiMeHHBIX pailoHAX, B DYCJIOBBIX PailoHAX U pafloHAX ABAHIEIBLTHI) IPU HATOHAX
pa3Hoii 00eCIIeYeHHOCTH, MPEJCTaBIeHbl B Tadr. Al.

Jannast BepcHust MOJIEIH, IIPEIYyCMATPUBAIOIIAs IIPOIECCHI OCAXKJICHUsI B3BEIIIEHHOTO
BEIeCTBa ¥ B3MYYMUBAHUS JIOHHBIX OTJIOXKEHHUH, JEMOHCTPHUPYET CJIEAYIOIINI MEXaHU3M,
OIPEIEIAIONINN PA3HYI0 MMHAMUKY B3BEIIIEHHBIX HAHOCOB B PA3JIUYHBIX PAOHAX YCTHEBOM
obsactu. CKOPOCTB MOTOKA MPHU CHaJe YPOBHS BOJBI TIOC/IE TIPOXOXK IEHUSI INKA HATOHA B PYC-
JIOBBIX paiiOHaX CTAHOBUTCS CYIIIECTBEHHO BBIINE, YEM IIPH IIObeME ee ypoBHs. B pesyibrare
B3BEIIEHHOE BEIIeCTBO, MOCTYIAOIIEe B AeIbTY IIPU HOIbeME YPOBHS BOJBI U OCEIAOIIEe
B paffiOHaX C OKOJIOHYJIEBBIMU CKOPOCTSIMU ITOTOKOB, 32T€M OISITh BHIHOCUTCS 33 IIPEJIEJIbI
MOPCKOT'O Kpasi JIeJIBTHI.

IIpu naronax ¢ neGosbmmmu pacxogamu Bogasl (300-600 M2 /c) B pyc/IOBBIX syUeiiKax
B3BEIIEHHOE BEIEeCTBO HAKAILIUBAETCS, HO C POCTOM PacxosioB BoAbl 10 1400-1550 M3 /c
GasaHC CMeI@aeTcsl B CTOPOHY B3MyUYMBaHUs JOHHBIX oTioxkeHui (Tabsr. Al). Tor xke addexr
XapaKTepeH U I SKCTPEeMATLHOTO HaroHa 3,7 M IPH CPeJHUX pacxomax ol (450 M3 /c).

Panee namu B pabore [/Tuzmanckas u dp., 2023| ObLIN 1IPEICTABIEHBI OIIEHKH HAKOILJIE-
HUsl B3BEIIIEHHBIX BEIECTB B Jesibre J{oHa, KOTOpbIE ONMUPAJIUCh Ha PACUeThl, BBIIIOJHEHHBIE
B pabore [Illesepdses u Kaewenkos, 2020|. 3mech, ¢ IpuMeHEHNEM HOBOIO TOIXO/A K MO-
e TMPOBAHUIO TIEPEHOCA U OCAXKJICHWSI B3BEIIEHHBIX BEIIECTB yCTheBOil obmactu lona stu
OIIEHKN yTO4YHEeHbI (Tadi. 2).

HawuboJibiiee HaAKOIIEHNE B3BEIIIEHHOTO BEIIECTBA OTMEYAeTCsl JIJIsi PAiOHOB, PACIIONIO-
JKEHHBIX B aBaHesibre. QDakTUIeCKH B3BEIIIEHHBIE BEIIECTBA, [TOIHATHIE BOJIHEHUEM CO JTHA
B [I€pUOJ], PA3BUTHS HATOHA, BO3BPAIAIOTCS 0OPATHO, 33 MCKJIIOUYEHNE TON 9acTh, KOTOpas
ocellaeT B IOMMEHHBIX paiflOoHAX U B OTIEJIbHBIX PYKaBaXx JI€JIBTHI.

Russ. J. Earth. Sci. 2024, 24, ES4013, https://doi.org/10.2205/2024es000926 14 of 28


https://doi.org/10.2205/2024es000926

MOLLEJ'II/IPOBAHI/IE INMEPEHOCA U HAKOIIJIEHWSA B3BEIIEHHBIX BEIIECTB. . .

BEPAHUKOB U IpP.

20 + A
15 +
10 +
= 51
NS T L 1 "‘E
t -
-1
-2
0 10 20 30 40 50
Paccrosinmne ot BEPIIHHBI 1€JIbTbl, KM
40 - B
20 +
Y ._\*5/_5/\.5/ l o I
&0+
Z 40 1
-60 +
——]
=807 —_2
-100 —
0 10 20 30 40 50
Paccrosinue ot BEPIIHHBI J€JbThbl, KM
10 T a
5 -+
g0 T ~—— } !
2
=
T 51
-10 § -1
—2

-15 —
0 10 20 30 40

Paccrosinmne ot BEPLIHHBI 1€JIbTbl, KM

Puc. 7. [ToToku B3BEIIEHHOTO MaTepuaJia Mpu 0OMeHe

5 b
0 + + t /\- i
-5
-10 =0
-15 ha
20
0 10 20 30 40 50
Paccrosinue ot BEPIIHHBI 1€JIbTbl, KM
30 7 r

¢ IHOM 10 pyKaBaM aeibThl: «/lon — Crapbrit

Ion — AICK» (A), «don — Bonpmasa Kananua — Mokpasa Kananuas (B), «lon — Boabmas Ka-

sanva — Bonpmast Kyrepema — Kyrepsmas (B), «Zlon
Cpenusasa Kyrepomar (T'), «Jdon — Meprsoiii loner»

— Bonpmas Kananya — Borbmas Kyrepbma —

(II). 1 — Basanc «ocemanne — B3AMyINBAHUE>

st crieHapust BH-1, 2 — pazauna B 3HaYeHUsAX HajaHCa «OCEJaHNe — B3MYUINBAaHUE» MEXK]Iy CIIeHA-

pusimu ¢ HaroHamu u crienapuem BH-1.

Tabnuma 2. Teepaptit crok p. Hou (cr. Pazmopckast) u ocak/ieHne B3BEIIEHHBIX BEIIECTB B JE/IbTE

JloHa Ipy MITOPMOBBIX HAarOHaX

Io [JTuzmanckasn u dp., 2023]

Yucno Ocazkmenne Ocaxnenne
Ton nHel ¢ Ha- CTOK B3BEIIIEHHBIX B3BENIEHHBIX B3BEIIEHHBIX
TOHOM BEIECTB, ThIC. T BEIIECTB B JIEJIbTE BEIECTB B JEJIbTE
Homna, TeIC. T Howna, TeIC. T
2015 37 65,2 129,6 15,04
2016 51 72,9 176,5 22,72
2017 36 356,8 143,5 18,54
2018 12 331,6 52,0 7,46
2019 35 496,6 99,5 10,61
2020 19 318,3 77,1 10,13

Yucsuo gueit ¢ maromamu B 2015-2020 rr. usmensiiocs ot 12 mo 51 auast. B ocrasabmoe

BpeMs B3BEIIEHHBIE BEIECTBA, IEPEHOCUMbIE PETHON BOJION, MOTJIN HAKAIIMBATHCS B PYyC-
JIOBBIX PajfioHaX JIeJIbTHI (B YCIOBUSAX MAJIOBOJbs IPH pacxoiax Boisl 300—600 M3 /¢ BoJIa
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Ha TI0iiMy He BhixoauT). Ho meprnosmaeckne HATOHBI MOTYT CIIOCOOCTBOBATH B JAJIbHEHIIIeM
BBIHOCY 3TOI'0 MaTepuaJja 3a Ipeesbl MOPCKOIO Kpasd JIeJIbThI.

4. BoiBoapl

1. B oTcyTcTBIE HAaroHHBIX SIBJIEHUI IPU PACXOJaX BOJLI HUXKE CPETHEMHOTOJIETHUX
3a COBpeMeHHBIN MaJoBOHbI mepuo 2007—2020 rr. B3BellleHHbIE BeIecTBa TPAKTUIECKT
TPAH3UTOM IIPOXOIAT Yepe3 JesIbTy, HESHAUUTEIBHO 0CAXK/1asCh B PyKaBax C HEOOIbIINMU
CKOPOCTSIMU TIOTOKOB, HO B OCHOBHOM OCAaXKJAIOTCS B aBaHJeJbTe 38 MPeIeIaMi MOPCKOTO
Kpasi JIeJbTHI.

2. Ilpu maromne J1r060#t 06€CIIEIeHHOCTH B3BEIIEHHDBIE BEIIECTBA, HAKOIICHHBIE B aBaH-
JesbTe, TOJT BO3MEICTBIEM BOJIHEHUST HACHIMIAIOT BOJY W HA dTAlle MOIbeMa ee YPOBHS
MOCTYMAIOT B JEJbTY, YaCTUIHO OCAaXKJIAsICh B PyKaBaX M B 3aJIUTHIX BOJIONH MONMEHHBIX
pationax. Ilpu cHMKeHUN YPOBHST HATOHA BEIECTBA, OCEBIINE B TIOWMEHHBIX PAMOHAX JIEIbTHI,
B OCHOBHOM TaM U OCTAIOTCS, & BEIIEeCTBA, HAKOILUIEHHBIE B PYCJIOBBIX PailoHAX, BBIHOCATCS 34
MOPCKO#1 Kpail nesbThl. [Ipu 9TOM U3 pyKaBOB JI€JIBTHI MOTYT OBITH BHIHECEHBI U BEIECTBA,
HaKOIJICHHBIE TaM MEXKJy HAarOHAMU.

3. Husa ycnosuit masoBoabs npu zHabiogaemoit B nepuos 2015-2020 rr. yacTore HAroH-
HBIX SIBJICHWIT U [IPU OTCYTCTBUU MABOJKOB yCTheBas 0bsiacTh JloHA 3a/1epXKUBAET B CPETHEM
20% B3BENIEHHBIX BEINECTB, MOCTYIAIONIUX CO CTOKOM p. JIoH.

Baarogapuoctu. Pabora Beimosimena B pamkax ['3 FOHIL PAH: Ne rocperucrpa-
mun 122013100131-9, Ne rocperucrpanun 122011900153-9, Ne rocperucrparmu 122103100027-
3 u HayuHoro nmpoekta PH® Ne22-27-00818 «Buusinue jyinTe/IbHOTO MaJIOBO/IbsI ¥ M3MEHEHUIA
kimmarta (Ha py6eske XX—XXI BeKOB) HA IMHAMUKY B3BEIIEHHOTO BEIECTBA B YCTHEBOM
obstactu lonas.
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IIpunoxenne A

Puc. Al. Cuenapuii «6e3 naronas — BH-2. Kosiebanne ypoBHsI BOJbl Ha MOPCKOM Kpae JeJIbThI
¢ amumaTynoi 0,5 M 1 pacxof| BOJBI B cTaHuie Pasnopcekoii (a), pacuérras 3oHa 3aromienns (6),
CBA3b CPEJHEH CKOPOCTH [OTOKOB U YPOBHst BoAEL B 4 (B), 16 (1), 23 (k) u 42 (K) IHIPOIOrAYECKUX
paiionax. JInnamuka cpeaneit ckopoctu noTokoB B 4 (1), 16 (e), 23 (3) u 42 (1) ruApoIornd4ecKux

paitoHax.
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Puc. A2. Cuenapuit H-1. Jlunamuka ypoBHsSI BOJIBI 110 IAHHBIM ypOBHEMEpa B X. JIOHCKOM M pacxof,
Bozbl B cT. Pasnopckoii (a), pacuéruas 30Ha 3atoruienus (6), CBA3b CpeHel CKOPOCTH IIOTOKOB
u yposHst Bozpl B 4 (B), 16 (1), 23 (k) n 42 (k) rupposorndeckux paifonax. JuHaMuka cpeHeit

ckopocTu 110ToKOB B 4 (1), 16 (€), 23 (3) u 42 (;1) ruxposoruyecKux paifoHax.
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Puc. A3. Cuenapuit H-2. /IlunaMuka ypoBHsI BOJbI IO JaHHBIM ypOBHEeMepa B X. JIOHCKOM U pacxof
BOABL B cTanuue Pasnopckoii (a), pacuérHas 30Ha 3aromierns (6), CBA3b CpeJiHeH CKOPOCTH TOTOKOB
n yposHsi Boasl B 4 (B), 16 (1), 23 (k) u 42 (k) rugposiorndeckux paitonax. JIunamuka cpeaneii
ckopocTu I0TOKOB B 4 (1), 16 (e), 23 (3) u 42 (1) ruxposorudeckux paifoHax.
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Puc. A4. Cuenapuit H-13. /Ilunamuka ypoBHsT BOJIBI IO JAHHBIM ypoBHEMepa B X. JloHCKOM u pacxo
BOABI B craHuie Pasgopckoii (a), pacuéraas 30Ha 3aTomenus (6), CBA3b CpeHEll CKOPOCTH IIOTOKOB
u yposHst Bozsl B 4 (B), 16 (1), 23 (k) u 42 (k) rupposorndeckux paitonax. Junamuka cpegHeit

ckopocTH 110TOKOB B 4 (1), 16 (e), 23 (3) u 42 (1) ruxposoruueckux paiioHax.
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Puc. A5. Cuenapuii H-16. IlunaMuka ypoBHS BOJBI 110 JIAHHBIM ypOBHEMepa B X. JIOHCKOM M pacxo/,
BOJBI B cranuie Paznopcekoit (a), pacuérnaga 3oHa 3aTorienus (6), CBaA3b CpefHeil CKOPOCTH OTOKOB
u yposHst Bogpl B 4 (B), 16 (1), 23 (k) un 42 (x) rupposorndeckux paitonax. Junamuka cpeHeit

ckopocTu 110ToK0B B 4 (1), 16 (e), 23 (3) u 42 (;1) rupposoruyecKux paifoHax.
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Puc. A6. Cuenapuit H-40. /Ilunamuka ypoBHsT BOJIBI IO JAHHBIM ypoBHeMepa B X. JloHCKOM 1 pacxo
BOABI B craHune Pasgopckoii (a), pacuérHas 30Ha 3aTomenus (6), CBA3b CpeHEll CKOPOCTH IIOTOKOB
u yposHst Bozsl B 4 (B), 16 (1), 23 (k) u 42 (k) rupposorndeckux paitonax. Junamuka cpegHeit

ckopocTu 110ToKOB B 4 (1), 16 (e), 23 (3) u 42 (1) ruxposoruueckux paiioHax.
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Puc. A7. Cruenapuit H9-3,7. Jlunamuka ypoBHsT BOJIBI 110 TaHHBIM YPOBHEMePa B X. JIOHCKOM 1 pacxoj
BOJIBL B cTaHuIe Pasnopckoit (a), pacuérHas 30Ha 3aTonsenus (6), CBsI3b CpeJiHEN CKOPOCTH OTOKOB
u yposHst Bozasl B 4 (B), 16 (1), 23 (k) u 42 (k) rupposorndeckux paitonax. Junamuka cpeHeit
ckopocTH 110ToKOB B 4 (1), 16 (e), 23 (3) u 42 (;1) ruxposoruueckux paifoHax.
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Tabmmna Al. /InHamuka B3BENIEHHOI'O BEIECTBA B yCTbeBOil obsactu JloHa 3a mepmoji HaroHa, THIC. T

Bes narona,

Crarbs (Ipuxom, pacxomn) KoJiebanue [apayerpsr Haromos
pacxojia BOJIbI YPOBHS BOJBI OT

=50 cm 10 0 cm
Howmep crienapus BH-2 H-40 H-16 H-13 H-2 H-1 H2-3,7
MaxkcumasibHOEe U3MEHEHNE yPOBHS 50 106 136 140 175 177 370
BOJIBI TIPU HATOHE, CM
Cpennuii pacxo BOJbI, M3 /c 550 525 1462 407 300 507 541

V3MeHeHns B OCaXKIeHUU B3BEIIEHHOTO BEIIECTBA, THIC. T

OceJio Bcero, B TOM YHUCIIE: 1,23 0,25 3,37 0,32 1,00 1,40 3,79
B moitmenubix paitonax JiebThI 0,00 0,02 0,02 0,05 0,19 0,07 1,77
B pycnoBeix paitonax maenabThb 0,11 0,12 0,02 0,24 0,60 1,82 2,93
B paitonax aBaHIe1bTHI 1,12 0,11 3,33 0,03 0,21 -0,49 -0,91
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An approach is proposed for the joint use of the model implemented in the HEC-RAS software
and a balance model to describe the transport and transformation of suspended solids in a river
delta. In the river estuary region, hydrological areas are distinguished: channel areas, floodplain
areas, flooded during high floods and storm surges from the sea, and the delta front areas. For
the hydrological areas, a dynamic model of the balance of water and substances transported by
water flow is built. Parameterization of the suspended solids sedimentation processes and their
resuspension is introduced depending on the speed of water movement and particle size. Three
gradations of suspended solids in size are considered: pelitic fraction (clay), alevrit fraction (silt)
and fine sand. The emphasis is on assessing the impact of marine storm surges on the transport of
suspended solids into the river delta and their deposition. To describe water flows between areas,
movement speeds, level dynamics and floodplain flooding processes, a detailed model based on the
HEC-RAS software adapted to the conditions of the Don River estuary area is used. Calculations
of the transport and accumulation of suspended solids in the Don River estuary area were carried
out for two variants of hydrological conditions — with the water surge from the sea and without it.
The spatiotemporal variability of the concentration and granulometric composition of suspended
sediment depending on hydrological conditions is considered. It is shown that in the absence of
surge phenomena and low water flow rates, suspended solids are mainly deposited in the avandelta
outside the sea edge of the delta, and during the surge period they saturate the water and, at the
stage of rising its level, enter the delta, partially settling in the branches and in the floodplain
areas. At the same time, at the stage of the water level decline, they are carried out of the channel
segments beyond the sea edge of the delta, and mostly remain in the floodplain areas. For low-water
conditions with the observed frequency of surge events and in the absence of floods, the Don estuary

area retains on average 20% of suspended solids entering with the Don River runoff.

Keywords: balance model, suspended matter, modeling system HEC-RAS, storm surge, the Don
River delta.
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