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Climate warming and anthropogenic impact are causing transformation of geocryological
conditions in the river basins of Northeast Russia. Changes in the thickness of the active layer,
configuration of taliks, types of landscapes and other factors lead to the transformation of
water exchange processes between surface and groundwater runoff. This is manifested in the
seasonal redistribution of the components of the water balance, accelerated melting of aufeis,
and change in the ratio of waters of different genesis in the structure of river runoff. As a result,
natural and anthropogenic risks that affect the safe and efficient development of infrastructure
and socio-economic processes are increasing. At the same time, the system of observations
developed in the Soviet period has been practically destroyed in the region. This paper offers
a vision of organizing complex multidisciplinary research to assess and project changes in
the conditions of underground and surface water interaction in natural and disturbed river
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basins of the cryolithozone of Northeast Russia, including for solving applied problems, based
on permafrost, hydrology, hydrogeology, landscape science and geophysics with applications
of remote sensing and field research integrated through mathematical modeling methods. To
achieve this goal, natural and disturbed landscapes will be identified using remote sensing
data, and key areas will be selected for detailed research. Geophysical and drilling works will
be carried out within the sites to establish permafrost-hydrogeological conditions, monitoring
stations will be equipped to determine hydrogeological, hydrometeorological and geocryo-
logical characteristics, including sampling for isotopic and hydrogeochemical studies. As the
main key sites, we propose using the area of the Kolyma Water-Balance Station and the site of
the Anmangynda aufeis, where long-term observation series were carried out in the 20™ cen-
tury. Field data will become the basis for improving the mathematical model of runoff forma-
tion, considering the relationship between groundwater and river runoff in the conditions of
permafrost. Mathematical modeling will make it possible to quantitatively analyze the water
balance of rivers considering various factors, and project water availability both for specific
industrial facilities and for the region as a whole.

Keywords: water exchange processes, permafrost, river runoff, active layer, talik, supraperma-
frost waters, underground runoff, aufeis, geophysics, remote sensing, mathematical modeling,
monitoring, isotopes, climate change, anthropogenic disturbances, Northeast Russia.

1. Introduction

Northeast Russia is an important strategic resource base, and according to the devel-
opment plans of the Russian Federation it will soon become one of the most dynamically
developing regions of Russia in the permafrost zone. Climate change is listed as one of the
main external challenges in the forecast of long-term socio-economic development of the
Russian Federation for the period up to 2030. In this regard, it becomes relevant to study
the interactions and responses of all components of the natural environment to climate
change and anthropogenic impacts.

At present, the Arctic and adjacent territories are subject to climate change that is
unprecedented in historical time. This is true both in terms of the degree of climate change
as well as in terms of its effects on the environment and built infrastructure. The average
annual temperature in the region is growing twice as fast as the global average, having a
significant impact on all components of the environment (Assessment report..., 2008;
Holmes et al., 2013).

Observations of the permafrost temperature in Russia also show its increase in the
last 20-30 years (Romanovsky et al., 2010). Degradation of the cryolithozone, changes in
the thickness of the active layer, the configuration of taliks, landscape types, and other fac-
tors lead to the transformation of process interactions between surface and underground
runoff. This is manifested in the seasonal redistribution of water balance components,
acceleration of aufeis melting, and changes in the ratio of water of different genesis in the
river flow structure. Direct and indirect evidence of such changes is observed in various
regions of the world (Yoshikawa et al., 2003; Osterkamp, 2005; Walvoord and Striegl, 2007;
Akerman and Johansson, 2008; Harris et al., 2009; Quinton et al., 2011; Shepelev, 2011;
Brutsaert and Hiyama, 2012; Hinzman et al., 2013; Jepsen et al., 2013; Fedorov et al., 2014;
Tregubov et al., 2020).

The mechanisms of interaction between surface and underground runoff, water-bear-
ing rocks, and permafrost are variable and are largely determined by landscape character-
istics. Quantitative estimates of the permafrost response and the impact of the active layer
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dynamics on the relationship between surface and groundwater and the runoff formation
in the future remain uncertain due to the nonlinear nature of interactions between climate
and permafrost landscapes (Burn and Nelson, 2006; Tananaev et al., 2016; Laudon et al.,
2017; Makarieva et al., 2019).

At the same time, the anthropogenic impact associated with the industrial and infra-
structural development of the Northern territories is increasing, including the develop-
ment of mineral deposits, construction of roads, power lines and other linear structures,
industrial facilities and settlements, construction of hydraulic structures (bridges, water
intakes, dams, etc.). All these works have an impact on natural landscapes and the pro-
cesses occurring within them.

Climate change contributes to increasing natural and anthropogenic risks that affect
the safe and efficient development of infrastructure and socio-economic processes in the
cryolithozone (Selin et al., 2011; Streletsky et al., 2012; Grebenets et al., 2013).

On the territory of Northeast Russia, permafrost has a continuous distribution in the
Arctic region, and is discontinuous in coastal areas. Water exchange between surface and
underground waters occurs almost exclusively along sub-stream taliks, leading to the for-
mation of numerous aufeis (Alekseev, 2016; Makarieva et al., 2019). Currently, there are
only a few studies indicating that the aufeis regime has changed significantly over the past
30 years, which directly reflects changes in the water exchange system of surface and un-
derground runoft in the region. Presumably, this change is due to an increase in the share
of permafrost runoff and the dynamics of underchannel taliks due to climate warming,
but there is currently no direct evidence for this. In addition, a significant change in the
system of water exchange in river valleys is expected, where for almost a century there has
been a large-scale change in the structure of riverbed deposits resulting from gold min-
ing, a deep change in geocryological conditions during freezing of gold-mining polygons,
and anthropogenic changes in talik zones and water exchange processes. In general, the
dynamics of aufeis formations and runoff changes in the Northeast, including those with
anthropogenic causes, directly determine (i) the profitability of gold mining, which is the
basis of the economy of the region, (ii) the risks of operating the road network, which is
largely associated with river valleys, (iii) the operating mode of reservoirs, and (iv) water
supply to settlements. Therefore, the scientific study of changes in the water exchange sys-
tem of the Northeast and their projections for the near future is an urgent task for the de-
velopment of the territory of the Northeast. Coordinated interdisciplinary efforts in field
monitoring, studying processes at various scales, and developing methods for modeling
water exchange processes are necessary for science-based forecasts of future changes in
the cryolithozone and the early development of methods for adapting all parts of human
life to such changes.

It is important that research should be conducted based on data which has already
been obtained in a stationary climate, supplemented by modern observations in a chang-
ing climate.

This paper outlines the prospects for the development of complex permafrost-hy-
drological sites, including restoring the scientific base of the region developed in the So-
viet period, in order to implement a set of interdisciplinary studies aimed at studying the
mechanisms of interaction and forecasting water exchange of underground and surface
runoff in the cryolithozone of Northeast Russia in a changing climate with associated
industrial development.
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Fig. 1. The study area and prospective research objects. (Digital elevation model obtained from the site
(USGS Data Site, n. d.) was used as a geographic basis for building maps.)

There are unique scientific sites where monitoring of hydrological and cryogenic pro-
cesses typical for the entire region of the mountain territory of Northeast Russia (Maga-
dan region) has been carried out for decades. Among them are the Kolyma Water-Balance
Station (KWBS) (Stokovoe village), which operated during the period 1948-1997, as well
as the Anmangynda aufeis station (25 km from Ust-Omchug), where observations were
made from 1962 to the end of the 1990s. Such sites with a long series of observations do
not exist in any other northern country (Fig. 1).

2. Research key sites

2.1. The Kolyma Water-Balance Station (KWBS)

The Kolyma Water-Balance Station (KWBS) is located in the upper reaches of the
Kolyma River, in a mountainous area (elevation 830-1690 m), in the zone of continuous
permafrost. The average annual air temperature is approximately -12 °C, and the amount
of precipitation ranges from 250 to 440 mm per year. Most of the territory is covered
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with rocky talus, thickets of cedar elfin and larch woodlands. The thickness of permafrost
reaches 400 m, the depth of summer thawing ranges from 20 cm in swampy lowlands to
3 m in goltsy landscapes. The runoft formation processes are representative of the vast
territory of the Upper Kolyma and adjacent regions of Northeast Russia.

The KWBS operated ten hydrological gauges in catchments ranging from 0.27 km? to
21.6 km?, two meteorological sites, 55 rain gauges, more than 20 permafrost meters, sev-
eral hydrogeological wells, evaporation, water balance and runoff sites, and conducted
regular snow-measuring surveys and experimental studies of hydrological and permafrost
processes from 1948 to 1997. The station data are systematized and described in detail by
Makarieva et al. (2018).

2.2. The Anmangynda aufeis

Aufeis are important elements of the hydrological system of the cryolithozone of the
Northeast. Their development is associated with the discharge of both underground and
surface waters, so the response of aufeis to climate change is different depending on the
type of source water. In recent decades, the variability of aufeis formation processes in var-
ious natural and climatic conditions of the Arctic zone has been noted (Morse and Wolfe,
2015; Alekseev, 2016; Crites et al., 2020). Well-identified on satellite images, aufeis can
serve as indicators of changes in water exchange processes in the cryolithozone (Makarie-
va et al., 2019; Crites et al., 2020; Gagarin et al., 2020).

At present, routine interdisciplinary observations of aufeis processes are practically
absent both in Russia and in the rest of the world despite the study of individual aufeis in
central and southern Yakutia (Gagarin, 2012; Gagarin et al., 2020).

The Anmangynda aufeis is located in the basin of the Anmangynda River close to
155-159 km of the Tenka highway (Magadan region), 30 km southeast of the town of
Ust-Omchug. The elevation of the Anmangynda river watershed ranges from 700 to
1850 m. The study area is characterized by harsh winters and short summers. The aver-
age air temperature in July and January at the weather station Ust-Omchug is +10.7°C
and -27.7 °C, respectively (1966-2012). The absolute minimum reaches -58 °C. The aver-
age annual precipitation is 375 mm (Ust-Omchug). The area is in the zone of continuous
permafrost, sometimes interrupted by talik zones. The thickness of permafrost reaches
200 m, deeper along watershed divides and shallower in river valleys (Bukaev, 1966).

In 1962, studies of the aufeis regime in the Anmangynda river basin were organized
in order to investigate the dynamics of aufeis processes. The research included determin-
ing the size and volume of aufeis; mapping aufeis and fixing aufeis formations; study of the
processes of runoff formation and the influence of climatic factors on the aufeis regime;
study of the hydrochemical composition of surface waters (Bukaev, 1966; Lebedev and
Ipatieva, 1980).

The catchment of the Anmangynda River is representative of Northeast Russia, and
the Anmangynda aufeis is the only research plot in the world with long-term observa-
tions, including the dynamics of area and volume of the aufeis field.

3. Prospects for comprehensive interdisciplinary research

Different Earth sciences traditionally focus on individual components of a single nat-
ural system even though water exchange processes are the basis for the functioning of the
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cryolithozone. The complexity of the processes under consideration, combined with water
and heat flows, necessitates an interdisciplinary scientific approach (Bloschl et al., 2019;
Yang, 2020).

In this paper, we offer a vision for organizing complex research to assess and project
the changes in the conditions of underground and surface water interaction in natural and
disturbed conditions in the river basins of the cryolithozone of the Northeast, including
for solving applied problems, based on permafrost, hydrology, hydrogeology, landscape
science and geophysics with applications of remote sensing and field research integrated
through mathematical modeling methods (Fig. 2).

the scale of ‘the scale of
B, 5 the watershed
_the key site

Dynamics,

i e climate change
= landscape science projectionf ’

Fig. 2. The outline of interdisciplinary research. (Digital elevation model obtained from the
site (USGS Data Site, n. d.) was used as a geographic basis for building maps.)

Mapping permafrost landscapes will allow us to establish their diversity, select key
sites for the first phase of the project, both in natural conditions and in valleys modified by
gold mining activities. This part of the study will be implemented based on open satellite
data, verified for the research tasks during field work. A complex of geophysical surveys
and drilling of wells for the organization of temperature and hydrogeological monitoring
of groundwater will be carried out in key areas, and a network of gauging stations will
be created to monitor the hydrological characteristics of rivers. Hydrogeochemical and
isotope studies will also be carried out. Hydrological modeling will link all aspects of the
research, as well as be used to assess the current state of the system and forecast changes
in water exchange characteristics.

3.1. The use of satellite data and unmanned aerial vehicles for mapping natural
and anthropogenic disturbed landscapes

Remote research methods traditionally include satellite imagery (for example,
high-resolution Sentinel-2/MSI images or archives of satellite images of the Landsat mis-
sion) and use unmanned aerial vehicles to create detailed orthophotos with reference to
coordinates. Analysis of high-resolution satellite images is used to identify characteristic
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Fig. 3. An example of the use of satellite data in the studying inter-annual dynamics of the Anmangynda
aufeis (Landsat-8 and Sentinel-2 images). Compiled by the authors

types of terrain (including those disturbed, for example, by the gold mining industry)
and key areas where equipment is installed and monitored (Joria and Jorgenson, 1996;
Virtanen et al., 2004; Fraser et al., 2012). The terrain can be evaluated in terms of the trans-
formation of natural landscapes as a result of climate warming or human activities based
on the analysis of changes of spectral characteristics (Kirpotin et al., 2008; Kravtsova and
Bystrova, 2009; Jones and Arp, 2015; Swanson, 2019). An example of such use of remote
sensing methods is the study estimating the long-term dynamics of the aufeis area based
on Landsat images and historical data (Makarieva et al., 2019a; 2019b) (Fig. 3).

3.2. Geophysical research to establish permafrost-geological and
hydrogeological structure of the study area

It is necessary to conduct geophysical studies aimed at establishing tectonic distur-
bances for the selected key sites, which may be the underground source of aufeis feed-
ing. Geophysical studies can also help determine the configuration and thickness of per-
mafrost and talik zones (Gagarin, 2012; Olenchenko et al., 2017; Gagarin et al., 2019).
It is advisable to use the methods of geo-radiolocation, electrical tomography, contactless
electrical profiling, and near-field formation sensing to solve geological-structural and ge-
ocryological problems (Khristoforov, 2018; Gagarin et al., 2019; Olenchenko et al., 2019).
A comprehensive analysis of the results of multi-scale geophysical studies will significant-
ly reduce the ambiguity of interpretation of geophysical data. Drilling operations must
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be carried out in the study area to verify the geophysical data. Boreholes can also be used
to establish the geological structure and composition of rocks, determine their thermal
and water-physical properties. Deep boreholes are aimed at studying the hydrogeological
characteristics of groundwater and determining the values of annual heat of talik zones,
and shallow boreholes can be used to observe changes in the thickness of the active layer
in the characteristic landscapes of key sites.

3.3. Monitoring hydrometeorological, hydrogeological, isotopic and
geochemical characteristics of the natural environment

Hydrometeorological observations include the measurement of both meteorological
characteristics and elements of the water balance of key sites. Hydrological monitoring also
includes regular sampling of water and ice to determine their hydrochemical and isotopic
compositions in order to determine the genesis of natural waters and thus the processes of
water exchange (Aggarwal et al., 2005; Ekaykin, 2016). Hydrogeological monitoring will
consist of routine measurements of the groundwater level in specially equipped boreholes,
their temperature and mineralization, with parallel periodic sampling for hydrochemical
and isotopic compositions. We will carry out aufeis measurement work to obtain morpho-
metric parameters of aufeis (Bukaev, 1966; Lebedev and Ipatieva, 1980).

3.4. Landscape field research

A permafrost-landscape survey is carried out within key sites based on remote sens-
ing results and includes a field description of the selected landscapes, considering their
permafrost-geological features, soil and vegetation cover, snow accumulation features, etc.
(Alekseev, 2005). The traditional field route observations can be used, with GPS tracking
of observation points and creation of landscape maps and profiles for this purpose.

3.5. Modeling runoff formation processes and projections of changes as
a result of climate change and human activity

Mathematical modeling links all aspects and results of the above studies into a single
system describing hydrological and permafrost-hydrogeological conditions, and is also
used to assess the current state and forecast changes in water exchange characteristics, dy-
namic groundwater storage in the region, water-ice regime of rivers in a changing climate,
transport, energy and industrial development of the territory (Bolton, 2006; Pomeroy et
al., 2007; Schramm et al., 2007; Fang et al., 2013; Fang and Pomeroy, 2020; Marsh et al.,
2020). Generalization and prediction of the interaction of permafrost, surface and under-
ground runoff at local and regional levels are possible only based on mathematical models
that adequately describe both the formation of the temperature field and the hydrological
cycle in various permafrost landscapes and hydrogeological conditions.

Traditionally, geocryology, hydrology and hydrogeology have developed various ap-
proaches to modeling natural processes in the cryolithozone. For example, geocryology
usually models environmental parameters such as temperature, permafrost distribution,
and depth of thawing and freezing. Water filtration, soil moisture, surface and under-
ground runoff are considered factors of temperature field formation and are practically
not considered in calculations (Sosnovsky, 2006; Malevsky-Malevich et al., 2007). Hy-
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drological and hydrogeological models for the permafrost zone do not consider the con-
nection between underground and river runoft. The simplified scheme of modeling the
processes of flow formation in permafrost and methods of parameter calibration that do
not correspond to the observed natural phenomena, do not make it possible to obtain
reasonable projections of changes in the hydrological regime and the state of permafrost
in the future.

In this study, monitoring data and geochemical and geophysical analysis will be used
to determine the role of underground recharge in the formation of river flow, including
the time of water exchange and water reserves in underground horizons. The new field
data obtained will become the basis for improving the algorithms and methods for param-
eterizing the hydrological model. After verification of the model, based on historical and
newly obtained observational data, model experiments will be carried out to assess the
impact of taliks and permafrost on ground and surface runoft, as well as projections of the
possible consequences of climate change on taliks, permafrost and river flow in the region.

Mathematical modelling of soil temperature, active layer properties and dynamics,
flow formation and interactions between ground and surface water will be performed by
means of the process-based hydrological model Hydrograph (Vinogradov et al., 2011, Se-
menova et al., 2013). The model has proved to be a reliable tool for the study and forecast-
ing of hydrological processes in the permafrost zone (Semenova et al., 2013). The model
algorithms combine physically-based and conceptual approaches for the description of
hydrological processes. The main parameters of the model are the physical properties of
landscapes that may be measured in nature and are classified according to the types of
soil, vegetation and other characteristics. The method for modeling heat dynamics in soil
is integrated into the Hydrograph model. Also, the approaches are proposed to estimate
thermal conductivity and heat transfer of calculation soil layers in the conditions of soil
freezing/thawing and variable soil moisture. Physical properties of the materials compos-
ing the soil profile, such as density, porosity, thermal conductivity and thermal capacity,
the maximum water holding capacity, are used as the model parameters (Semenova et al.,
2014; Lebedeva et al., 2015).

Data obtained at representative sites can become the main source of information
about processes occurring in poorly studied remote areas of the cryolithozone (Semenova
etal., 2013). Based on such data, the parameters of the developed model will be estimated,
their individual elements will be verified, and new modeling systems will be built.

4. Reconnaissance and implementation of the first stage of the research

In July and September 2020, the authors conducted two reconnaissance surveys in
Northeast Russia to investigate the possibility of organizing research and restoring mon-
itoring of geocryological and hydrological processes. The reconnaissance survey includ-
ed the field study of the Anmangynda aufeis, the installation of basic equipment at the
Kolyma Water-Balance Station, remote sensing survey of the Kyubume aufeis in eastern
Yakutia and brief field surveys of the aufeis fields along the Tenka and Kolyma highways.

The landscape profiling of the Anmangynda aufeis glade was performed to assess the
permafrost-hydrogeological conditions; special attention was paid to the description of
vegetation cover, properties of rocks composing the glade and geocryological phenomena.
The conducted landscape studies made it possible to establish the features of the forma-
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Fig. 4. The orthophoto of the Anmangynda aufeis (resulting from the field research in July, 2020)

tion of aufeis, indirectly determine the presence of taliks, assess the species composition
of vegetation, identify the places of discharge of groundwater, discover new mechanisms
of transportation and accumulation of alluvial sediments.

Quantitative assessment of changes in the area of the aufeis was obtained for the same
period based on remote sensing data from an unmanned aerial vehicle. The area of the au-
feis field decreased from 0.65 to 0.31 km? from July 4 to July 15 (Fig. 4). The maximum area
of the Anmangynda aufeis observed in spring before the start of ablation may reach up to
5-6 km®. By September 16 the aufeis had melted completely. The intensity of ice melting
at representative sites of the Anmyngynda aufeis was calculated, the maximum total and
daily values of which for the period from July 10 to July 18 were 68.6 and 7.7 cm/day,
respectively. Isotopic and hydrochemical analysis of waters from various sources was also
performed to determine the genesis of the waters that formed the aufeis. The analysis of
the samples collected showed that the water is ultra-fresh and belongs to a slightly acidic
environment; the Olchan River (left tributary of the Anmangynda River) is enriched with
Ca®* and SO;". Based on field observations, the water balance of the Anmangynda river
basin was assessed considering the aufeis meltflow. From July 4 tol5 total rainfall was
30 mm, river flow amounted to 27 mm, and aufeis inflow was about 3-5 % of total river
runoff.

At the Kolyma Water-Balance Station, a set of data loggers were installed to record
(1) the water level and temperature in the Kontactovy creek, (2) precipitation at the high-
est part of the watershed at the Morozova creek, which presents the goltsy landscape.
These data have not been processed yet.
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The final point of the survey route was the Kyubyume aufeis. An orthophotoplan
of the aufeis glade was compiled, and water samples were taken for isotopic and hydro-
chemical analysis. Unlike the Anmangynda aufeis, the Kyubyume aufeis has not melted
completely and some parts of the aufeis remained throughout the warm season to reform
in the cold season. This shows that aufeis phenomena are very different and several field
sites should be chosen for investigation to get a wider understanding of the processes and
the factors influencing them.

Currently, field observations continue, obtaining meteorological and hydrological
information on the Anmangynda aufeis, and the data are being prepared for the imple-
mentation of the second stage, which includes the interdisciplinary studies listed above.

5. Discussion and conclusion

Russia has seen an increase in the temperature of permafrost and the thickness of the
seasonal thaw layer in recent decades (Romanovsky et al., 2010; Garagulya et al., 2012;
Sherstyukov and Sherstyukov, 2015). Climate warming and degradation of permafrost
are leading to the transformation of the natural system, but the mechanisms of change
are poorly understood. However, over the past 30 years, Russia has significantly lagged
behind other Arctic countries in the field of research on water exchange processes in the
cryolithozone (Laudon et al., 2017). Thus, to study the mechanisms of interaction and
forecast water exchange of underground and surface waters in the cryolithozone of North-
east Russia, it is necessary to conduct complex interdisciplinary studies.

The solution of the problem and generalization of the results is possible only at the
regional scale, considering the specific features of climate, geological structure, topogra-
phy, geocryological characteristics, and landscapes. To a large extent, it depends on the
availability of field data of joint observations of the dynamics of the permafrost, hydroge-
ological conditions in the catchments and river flow, which allow the identification of the
mechanisms of their interaction, and also the ability to track the dynamics in the historical
perspective, to justify the forecast of changes in the future. The scientific novelty of the
proposed research is as follows:

Comprehensive monitoring of permafrost, hydrogeological conditions and runoft
formation processes will be organized in Northeast Russia at several key sites for the first
time in 30 years. The representativeness of the selected key sites will allow the transfer of
the research results to the regional level, and the approaches developed will be relevant for
other regions of the cryolithozone.

Newly organized regime observations at the reference aufeis polygon will make it
possible to study the dynamics of aufeis-forming sources and calculate the dynamic re-
serves of underground water. Geophysical and hydrogeological data will be used to es-
tablish the relationship between the types and structure of the hydrographic network and
the location of sub-stream taliks. This will make it possible to assess the intensity and
transformation of water exchange processes as a result of changes due to climate change
and anthropogenic activity.

For the first time, quantitative estimates of the share of underground flow in general
runoff during various phases of the water regime will be calculated for the Northeast, based
on monitoring data, isotope geochemistry, and the developed water exchange model.
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For the first time, an atlas of permafrost landscapes will be compiled based on remote
sensing data, including landscapes disturbed by the activities of gold mining companies.
Based on the published and newly obtained data, the atlas will allow for the systematic as-
sessment of predicted changes in water exchange in various types of landscapes depending
on the response of permafrost and taliks to climate change. It will also allow the assess-
ment of the degree of transformation of the water exchange system within anthropogenic
disturbed areas, as well as their contribution to changes in the hydrological and ecological
regime of rivers in Northeast Russia.

For the first time, the projections of changes in the regime and geochemical compo-
sition of natural waters will be developed for the Northeast region as a result of the trans-
formation of the water exchange structure due to climate warming and human activity.

The possibility of implementing the listed prospects for the development of scientific
sites in the cryolithozone of Northeast Russia is determined by the following factors.

— Availability of continuous long-term observations on the permafrost, hydrogeo-
logical conditions, and river flow at selected key sites during the historical period,
which will allow us to track the dynamics of permafrost characteristics, hydroge-
ological conditions and flow and link them to climate changes.

— Traditional methods of studying the state of thawed and frozen zones (monitor-
ing, landscape indication, drilling) will be supplemented by detailed geophysical
surveys, methods of isotope and hydrochemistry, automated observations with
high time resolution and mathematical modeling.

— Use of modeling methods that explicitly consider the dynamics of the active lay-
er and its variable states in hydrological calculations. New algorithms and para-
metrization describing the mechanisms of communication between ground and
surface waters will be developed together with permafrost scientists based on
monitoring data.

— Availability of infrastructure and human resources for the organization of full-
fledged comprehensive monitoring of research objects.

— Interdisciplinarity and experience of the team.

— The research is supported by the government of the Magadan region at region-
al and local scales. They are ready to cooperate and help in the implementation
of the project. Contacts with municipal authorities were established and positive
feedback was received from residents during the expedition.

The proposed program requires a strong scientific base and the prospects can be re-
alized only by attracting young scientific personnel, which necessitates close interaction
between research institutes and universities across Russia.

The authors are grateful to the local authorities of the Tenka district of the Magadan
region (represented by the head of the Tenka district D. A. Revutskiy) for their support in
organization of the research. We also thank two anonymous reviewers who provided con-
structive comments to the manuscript allowing for its significant improvement.
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Ilorennenue kaMMaTa M aHTPOIIOI€HHOE BO3JIEiICTBME NMPUBOLAT K pPasHOHAIIPaBIE€HHBLIM
U3MEHEHUAM TeOKPMOTOIMYeCKIUX YCTIOBUII B peuHbIx 6acceitHax CeBepo-Bocroka Poccny,
B TOM 4MC/Ie TpaHCOpMaLNH IIPOLECCOB BOJOOOMEHA MEX/y TIOBEPXHOCTHBIMM 1 IIOfI3€M-
HBIMM BOfIaMU. DTO IPOAB/IAETCSA B CE€30HHOM IIepepacpee/IeHII COCTAB/IAIOINX BOJTHOTO
6ajraHca, yCKOpeHWM CTalBaHNs HaJlefiell, MI3MEeHEeHV COOTHOLIEHMsSI TUIIOB IIPUPOHBIX BOJ
B CTPYKTYpe pe4yHOro cToKa. Bo3pacTaloT mpupofHble I aHTPOIIOT€HHbIe PUCKH, BAMAIOIINE
Ha GesomnacHoe 1 9 dexTuBHOE pazBuTUEe NHOPACTPYKTYPDI U COLMATPHO-IKOHOMUYECKIX
mporeccoB. CrcreMa HabMIOEHNUIT, CTIOKMBILIASICS B COBETCKUI Mepyof, Oblla MpaKTuye-
CKM paspylleHa B pernoHe. B pabore mpenmaraeTcsi BUjieHe OpraHM3anny KOMIITIEKCHBIX
MEXUCIUIUIMHAPHBIX MCC/IEJ0BAHNIL IO OLIEHKE U IIPOTHO3MPOBaHUIO MI3MEHEHMIT YCTIOBUIA
B3aMMOJIEICTBYA IIOA3€MHbBIX U IIOBEPXHOCTHBIX BOJ, B €CTECTBEHHBIX M HAapYILIEHHbIX pey-
HBIX OacceitHax Kpnonnto3oubl CeBepo-Bocroka Poccuu, B TOM 4mcrie [ist perieHmns mpu-
KJIAJHbIX 3a/1a4, OCHOBAHHBIX Ha ITOJXOJaX Mep3/I0TOBefeHIIs, TUAPOIOT Y, TUAPOTeO0IO0T U,
naugmadroBeneHnsa 1 reopUSUKY C IPUMEHEHNEM METOJOB AMUCTAHIIVIOHHOTO 30HAMPOBA-
HIS Y TOJIEBBIX MCCIENOBAHMIL, MHTETPUPOBAHHBIX C IOMOILBI0 MAaTEMATNYeCKOI0 MOJe/MN-
poBauust. [I1s BOCTVDKeHMs TOCTaB/IeHHO 1€V IIPOBefieHa MAeHTU KA eCTeCTBEHHBIX
U HapyLIeHHbIX JTaHAMAPTOB C UCIO/NIb30BAHMEM JJAHHBIX IMUCTAHIIVIOHHOTO 30H/IMPOBAHNUA
3emu, BbIOpaHbI KITIOUeBbIe PATOHBI IS AETAMBHBIX MCCaenoBanmit. Ha miomaakax mpo-
BefleHbI reodusudeckye 1 6ypoBble pabOThI 0 YCTAHOBIEHIIO MHOTO/IETHEMEP3TIO-TUPO-
TeOJIOTMYeCKIX YCI0BMIL, 060 Py[OBaHbI CTAaHIIY MOHUTOPIHTA [/IS1 OIIPeJie/IeHIS TUIPOreo-
JIOTMYEeCKMUX, IMIPOMETEOPOOINYECKMX Y T€OKPUOIOTMYECKUX XapaKTePUCTUK, BKIIIOYasd
0T6Op IpOoO6 /I M30TOIHBIX U IUAPOreOXMMUIECKIX VICCTIeJOBAaHMil. B KadecTBe OCHOBHBIX
K/TIOUEBBIX OO'BEKTOB MPeEMIaraeTcsi MCIOAb30BaTh paitoH KoIbIMCKOI BOHO-6amaHCOBOIT
CTAHIUY ¥ IOJIUTOH HAa AHMaHTBIHIVHCKON Hajely, [JIsl KOTOPBIX MMEIOTCS MHOTOJIeTHIE
pAnbl HaOmofeHuit, mpoBefeHHbIX B XX Beke. IlomeBble HaHHbBIE CTAaHYT OCHOBON J/IA CO-
BEpIIEHCTBOBAHMs MaTeMaTI4ecKoi Mofenu GopmMupoBaHust cToka. MaremMaTnieckoe Mo-
[epOBaHye MO3BOIUT KOJIMYECTBEHHO IIPOAHAIN3MPOBATh BOJHbIN Oa/laHC PeK C Y4eTOM
pasmuHbIX (aKTOPOB M [aTh IPOTHO3 BOJOOOECIIEYEHHOCTM KaK JjIsi KOHKPETHBIX IIPO-
MBIIICHHBIX 00'beKTOB, TaK I [JIs1 PETJOHA B LIEJIOM.

Knmiouesvie cnosa: mporiecchl BOJOOOMeHa, MHOTOTIETHASA MeP3/IOTa, PEYHOI CTOK, JieATeNb-
HBIIT CJI01, TaIMK, HaJIMEP3/I0THBIE BOJIbI, IIOA3EMHBLII CTOK, HaJlefib, Teo(U3uKa, AUCTAHIV-
OHHOE 30HJVPOBAHNE, MATEMATIYECKOe MOJIEIMPOBAHIe, MOHUTOPYVHT, N30TOIIbI, N3MEHe-
HI€ K/IMMaTa, aHTpOoIIoreHHble BosMmylieHns, Cesepo-Bocrok Poccun.

Cratbsi IOCTYNNIA B pefakiiio 17 oktsa6ps 2020 1.
CraTbsl peKOMeH/IOBaHa K 1edary 14 gexabpst 2020 .
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