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A quantitative analysis of the forecast dynamics of seasonal freezing depth in the 21st century has been 
carried out using climate projections obtained by 5  models of the Atmosphere-Ocean General Circulation 
Model from the CMIP5 model ensemble. This analysis is based on the simulation of snow cover dynamics on 
the surface and vertical heat transfer and unsaturated water fl ow in the topsoil and the underlying unsaturated 
zone. The thermophysical and hydrophysical input parameters were obtained from the inversing of the tem-
perature data at observation sites on the territory of the Moscow State University Zvenigorod Biological Station. 
The epignosic simulations of freezing depth during the period of 1945–2015 have shown a decreasing trend for 
a period starting from 1940s through the early 1990s, with its subsequent stabilization in the late 20th and early 
21st century. Predictions of seasonal freezing depth for the second half of the 21st century involved generation 
of three stationary meteorological time series of diurnal resolution (each spanning 100 years for the periods of 
2020–2040, 2040–2060 and 2060–2080) for all of the circulation models utilizing the RCP8.5 greenhouse gas 
emission scenario. These series were used as boundary conditions in modeling of intra-annual dynamics of the 
snow cover depth at earth’s surface, and heat and moisture transfer dynamics in the underlying subsurface zone. 
The simulation results analysis revealed reduction of the thickness of the seasonally frozen layer and reduction 
by at least a month (by the 2060s and 2080s of the 21st century) of soil freezing duration due to earlier onset of 
steady air temperatures above zero degrees Celsius in the spring. Given those results of the heat transfer and 
water fl ow simulations for fi ve diff erent climate projections still diff er signifi cantly one from other, they do not 
allow to provide any reliable predictions of the long-term dynamics of seasonal freezing depth in the second half 
of the 21st century.

Depth of freezing, modeling, heat transfer and water fl ow, unsaturated zone, seasonally frozen layer, climate 
change, the thermal regime of soil 

INTRODUCTION

Eff ects of current (observed) and predicted cli-
mate changes on the surface heat balance and heat 
transfer between soil surface and the atmosphere 
have been intensively studied over the last decades. 
Most often, analysis of changes in the thermal regime 
of soils is focused on the areas of permafrost distribu-
tion, due to the increasingly arising problems of its 
degradation and affi  liated increase in the layer of sea-
sonal thaw (i.e. active layer, AL). Examples of such 
studies can be found in [Anisimov, 2009; Pavlov et al., 
2010; Arzhanov et al., 2013; Koven et al., 2013]. 

The problem of observed and predicted variabi-
lity of seasonal freeze depth (SFD) is studied less 
 extensively, though. The temperature dynamics ana-
lysis based on the data from a number of Russian 
weather stations (WS) over the last 40 years [Sher-
styukov, 2008] indicates that long-term tempera-
ture changes within the 80–320 cm depth interval in 

the European Russia beyond the limits of the perma-
frost zone correlate well with air temperature varia-
tions, producing a warming trend in the shallow sub-
surface.

Analysis of fi eld data and modelling coupled heat 
transfer and vertical water fl ow in the freezing/thaw-
ing soils [Kalyuzhny and Lavrov, 2016] has shown re-
ducing trends (since the mid-1980s) for seasonal soil 
freezing depth in the Volga river basin.

The forecast of variations in the thermal regime 
of soils in the 21st century shows a good correlation 
with the predicted variability of air temperatures and 
precipitation patterns derived from global and re-
gional atmosphere–ocean general circulation models 
(AO-GSMs). The insights provided in [Anisimov and 
Kokorev, 2017] suggest that, given a signifi cant uncer-
tainty of results yielded by various AO-GCMs, any 
suffi  ciently reliable forecasting appears problematic 
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today; anyway, the range of this uncertainty is tend-
ing to decrease with advancements in climate model-
ing, thereby improving the accuracy. 

Despite the existing AO-GCMs being often jus-
tifi ably criticized, for example from the perspective of 
description of the solar radiation block [Fedorov, 
2019], they allow the climatologists to generate cli-
mate change projections to mid and end of the 21st 
century, involving the scenario analysis approach, 
and to utilize them for analyses of the potential chan-
ges in water resources, crop yield, etc.

Note that from the standpoint of the thermal re-
gime, this uncertainty involves both the predicted 
factors: air temperatures and amount of precipitation. 
The eff ect of temperatures is generally recognized as 
follows: the higher is the winter temperatures, the 
shallower is the depth of seasonal freezing. At this, 
the AO-GCMs results for the European part of Rus-
sia project the growth of mean annual temperatures 
in the 21st century, while its magnitude is largely dic-
tated by the greenhouse gas emission scenario. 
Whereas the precipitation pattern is more compli-
cated, inasmuch as the predicted variations change 
from model to model, and their eff ect on the seasonal 
thaw dynamics has proven not so obvious. 

As is known, however, an increase in precipita-
tion should lead to a decrease in SFD, due to a poten-
tial increase in soil moisture and thermal resistance of 
snow cover. An anticipated decrease in the average 
snow cover depth (SCD) driven by increased winter 
temperatures will be off set by additional precipita-
tion in the AO-GCMs predicting prolifi c precipita-
tion for the cold season. A decrease in precipitation, 
especially during the cold period, provides natural 
restrains to the SFD by reducing the soil moisture 
content and thermal resistance of the snow cover. 
However, eff ects of the coupling of temperature and 
precipitation on the predicted SFD dynamics can be 
analyzed only with use of dynamic models that joint-
ly describe variations in SCD and heat and moisture 
transfer in soils.

The research aims to provide a quantitative anal-
ysis of the projected SFD dynamics in the 21st cen-
tury utilizing the AO-GCMs-derived climate projec-
tions based on CMIP5, a new multi-model ensemble 
of models [Semenov and Stratonovitch, 2015] on the 
basis of SCD and the vertical heat fl uxes in the un-
derlying unsaturated zone dy namics modeling. The 
research methods have amounted to:

1. Justifi cation and verifi cation of the heat and 
moisture fl uxes model parameters derived from soil 
temperature observations.

2. Epignostic modeling (solution of inverse prob-
lems) of SFD dynamics in the second half of the 20th 
and early in the 21st century based on actual tempera-
ture and precipitation measurements.

3. Generation of precipitation and temperature 
ti me series for five AO-GCMs selected within 
CMIP5.

4. Forecasting simulations of SFD dynamics us-
ing generated series and comparative analysis of the 
results for diff erent AO-GCMs.

In contrast to most of the above mentioned 
works, this study considers the heat and moisture 
transfer simulation as one-dimensional, “landscape” 
model, inasmuch as the main objective is to reveal the 
diff erences in soil thermal regime responses to various 
AO-GCMs-generated climate projections.

MATHEMATICAL MODEL 
OF THE ACTIVE LAYER THICKNESS DYNAMICS 

The Surfbal model [Grinevskyi and Pozdniakov, 
2017; Pozdniakov et al., 2019] was used in the SFD 
dynamics modeling to factor into the warming eff ect 
of the snow cover. The model consists of three inter-
related calculation blocks (submodels): precipitation 
transformation on the surface during the year; poten-
tial evapotranspiration and heat transfer; and water 
fl ow in the unsaturated zone. The Surfbal model uses 
long-term daily precipitation and snow water equiva-
lent (SWE) series, relative air moisture content, mi-
nimum and maximum air temperatures, wind speed, 
and surface incident solar radiation measured or re-
covered from the daily minimum and maximum tem-
peratures as meteorological inputs.

The Surfbal precipitation transformation sub-
model allowing calculating snow accumulation, con-
solidation and melting includes the seasonal snow 
cover dynamics model developed by A.N. Gel’fan and 
Yu.G.  Motovilov and found to be well-proven in 
these processes modeling at the catchment scale for 
the Central Russia [Gel’fan and Moreido, 2014]. This 
model estimates the dynamics of snow accumulation 
and loss at the point, taking into account the major 
controls of the snow cover depth and its density, 
which include: snow accumulation from precipita-
tion, its loses during melting and transpiration, snow 
compaction due to an increase in the current average 
density compared to the density of freshly precipi-
tated snow. 

Horizontal, wind-induced snow transport is not 
taken into account in this model, while melt water 
consumption is split between surface runoff  and infi l-
tration. The Gel’fan–Motovilov model allows esti-
mating the dynamics of snow water equivalent, snow 
depth and average snowpack density at the point, 
utilizing (in line with the Surfbal model) the same 
meteorological input data derived from daily mea-
surements, such as: diurnal precipitation, maximum 
and minimum air temperatures.

A one-dimensional vertical heat transfer equa-
tion with account of phase transitions interpreted as 
continuous throughout the below zero temperature 
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range is used to estimate the soil temperature dyna-
mics in the Surfbal program:
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where T is temperature; θi is volumetric ice content; 
θw is volumetric water content; θmax is porosity; Li is 
latent heat of ice fusion; Cs is additive volumetric heat 
capacity of soil, as a sum of products of the phases of 
volumetric heat capacities C (with appropriate sub-
scripts: r for the solid rock phase, w for water, i for ice, 
and air for air) by the volume fraction of each phase; 
λef is soil t hermal conductivity coeffi  cient , taking into 
account of the actual content of water θw and ice θi at 
given temperature T; qT is vertical heat fl ux; t is time; 
z is vertical coordinate; vz is the vertical water fl ow 
rate calculated by solving the unsaturated water fl ow 
equation in porous medium conjugated to (1).

Modeling water phase transitions continuous 
over the entire negative temperature range using 
equation (1) after [Dall’Amico et al., 2011] and the 
van Genuchten’s equation of state generalized to ne-
gative temperatures in the submodel of heat transfer 
linking the mobile water content θ in soil with the 
suction head h(θ):
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where α, m, n are van Genuchten empirical parameters 
selected by minimizing the deviations calculated by 
function (2) of suction heads and their measured ex-
perimental values at known moisture content.

While at subzero temperatures, the suction head 
hT (θw,T) is largely dictated by both the content of 
unfrozen water θw and temperature:
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where T* is the freezing point of water at a given mois-
ture content; 0

aT  = 273.16 °С; h(θ) is the suction head 
calculated using the van Genuchten equation (2); the 
subscript T in the formula for suction head hT(θw,T) of 
unfrozen water in the low-temperature environment 
shows that this head depends on temperature. An ex-
pression for the average pore saturation with mobile 
water in the presence of ice S is defi ned as
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where θmax is the maximum volumetric moisture con-
tent; θmin is the residual water content which that is 
not moved by gravity and suction head gradients.

The volume content of ice θi at a given negative 
temperature is thus determined as the diff erence be-
tween the total moisture content at a positive tem-
perature and the content of unfrozen water at a sub-
zero temperature:
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The use of equations (1)–(5) with no water fl ow 
conditions included allows estimating the thermal re-
gime for a case when total moisture content remains 
constant at each point of the calculated profi le, with 

only phase-changes taking place, i.e. 
ρ

θ = − θ
ρ

w
i w

i

.d d  

If equation (1) is coupled with the unsaturated 
fl ow equation, then, while solving them simultane-
ously, the time-variable total moisture content 
θ = θw + θi is analyzed  at each calculated point of the 
profi le. 

In equation (1), the coeffi  cient of thermal con-
ductivity of soils λef depends on the matrix thermal 
conductivity, as well as water contents and phase 
composition. The Coté and Konrad algorithm [Côté 
and Konrad, 2005] is included into the Surfbal code 
for this dependence parameterization and calculation 
of thermal conductivity coeffi  cient for a specifi ed pore 
saturation with mobile water.

The nonlinear interpolation between the values 
of thermal conductivity in fully water-saturated 
(λsat) (at known volume ice content) and dry (λdry) 
states over the entire range of positive and negative 
temperatures takes the form of:
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λ = =
λ − λ + κ −

dry

sat dry

( )
( ) ,

1 ( 1)

S SS
S

where κ is an empirical parameter controlled by rocks 
lithology and their state (frozen, unfrozen).

Modeling the temperature waves propagation 
from the surface to the unsaturated zone requires the 
knowledge of the temperature of the underlying sur-
face, which is: vegetation cover (in the summer) and 
snow surface (in the winter). At this, the Surfbal soft-
ware uses the available surface air temperature (SAT) 
data at the meteorological measurement height, as 
input data. 

The general boundary condition [Pozdnyakov et 
al., 2019] was used in the current version of Surfbal 
specifi es the transition from air temperature (Tair) to 
the underlying surface temperature (Tsoil) and is writ-
ten as
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where ΔT(t) is the diff erence between temperatures 
of air and the underlying surface caused by the radia-
tion heating (summer season) and cooling (winter 
season), as a given function with annual periodicity. 
Its parameterization is discussed in greater detail in 
[Pozdnyakov et al., 2019].

The denominator in the left part of the boundary 
condition (6) is the sum of thermal resistances of the 
underlying surface (Rsurf) and the air (Rair), both be-
ing responsible for the intensity of heat transfer be-
tween the underlying surface and the meteorological 
measurement height. Parametrization of these resis-
tances in the Surfbal software is shown below. As an 
overwinter parameter, Rsurf is defi ned as

 −= λ +∫ 1
surf sn 0

0

( ) ,
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where H is the present snow cover depth with a thermal 
conductivity coeffi  cient λsn. In the warm season, cha-
racterized as snow-free, Rsurf is the thermal resistance 
of forest/fi eld leaf-fl oor R0, when available.

The air resistance Rair is determined as
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where σ is the Stefan–Boltzmann constant; εs is the 
emission factor of the underlying surface, while for the 
surfaces of snow/moistened soil, the parameter εs value 
can be assumed to be equal to one; ra is the air resistance 
[s/m] controlled by the wind speed and two reference 
heights (vegetation height and meteorological mea-
surement height [Allen et al., 1998]) and calculated in 
the Surfbal evapotranspiration submodel. 

Equation (6) is used as a boundary condition on 
the surface in the warm and cold seasons, with no 
snowmelt. During the snowmelt, the temperature on 
the underlying surface, i.e. the snow surface, is as-
sumed to be known and equal to zero, inasmuch as all 
the heat entering this surface is consumed by the 
snowmelt.

Therefore, for this particular period, equation 
(5) is used as a boundary condition at Tair + ΔT = 0 
and Rair = 0. 

EPIGNOSTIC AND RETROSPECTIVE
MODELING 

The thermal regime modeling was based on the 
results obtained from the unsaturated zone heat-and-
moisture transfer monitoring sites on the territory of 
the Zvenigorod Biological Station of Moscow State 
University [Grinevskyi et al., 2011]. The two additi-
onal monitoring sites were designed (and accordingly 
located) as distinctly representative of the fi eld and 

forest environments. The unsaturated zone tempera-
ture monitoring have been run since 2009 within 
them, with the automatic temperature data loggers 
installed at depths of 0.25, 0.5, 0.8 and 1.5 m from the 
surface. The surface layer of sites constitutes natural 
vegetation on the fi rst above-fl oodplain terrace of the 
Moskva river. In terms of lithology, sediments com-
posing the unsaturated zone are loamy (fi eld site) and 
sandy loamy (forest site). 

Key characteristics of soils were derived from 
laboratory analyses of the samples with undisturbed 
structure (hydrophysical characteristics) and from 
the experimental determinations in the test pit using 
MIT-1, a thermal conductivity gauge (thermophysi-
cal characteristics)

Using the model described above, the heat-and-
moisture transfer in the unsaturated zone was simu-
lated for these sites with the focus on the epignosic 
period (2009–2016). Figure 1 shows the epigenosic 
modeling results compared to the observational data, 
which is discussed in greater detail in [Pozdnyakov et 
al., 2019].

 In the heat transfer simulations, the daily snow 
depth and snowpack density data derived from the 
precipitation transformation submodel were trans-
lated into the snow thermal resistance using Sturm’s 
function of thermal conductivity λsn to snow density 
ρsn [Sturm et al., 1997]:

− −

− −

λ =

⎧ ⋅ + ⋅ ρ ρ ≤⎪=⎨
− ⋅ ρ + ⋅ ρ ρ >⎪⎩

sn

2 4 3
sn sn

3 6 2 3
sn sn sn

2.3 10 2.34 10 , 156 kg m ,

0.138 1.0110 3.233 10 , 156 kg m .

A retrospective simulation of heat transfer in the 
second half of the 20th–early 21st centuries based on 
the fi eld site section and observational data on the air 
temperatures and precipitation dynamics was select-
ed for further research. 

Given that the meteorological observations data 
from the Zvenigorod test site are restrained by rela-
tively short series, the observational time series from 
the nearest Mozhaisk weather station were used as 
input meteorological data. These were preferred due 
to their high correlation (in regard to maximum and 
minimum daily air temperatures and monthly pre-
cipitation) with the Zvenigorod WS data. 

Daily meteorological time series for 1945–2015 
selected as a boundary condition on the surface were 
based on the Mozhaysk station data, while water- and 
thermophysical characteristics of the section were in-
ferred from the experimental and model calibration 
data for the Zvenigorod fi eld site. Results of the cal-
culation of the annual maximum penetration depth of 
the zero isotherm, i.e. the maximum depth of frost 
front penetration are shown in Fig. 2. The study [Pozd-
nyakov et al., 2019] showed that the zero isotherm 
penetration depth and its calculated overwinter dy-
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namics in the investigated region are very sensitive to 
the choice of the model of a relationship between the 

snow thermal conductivity and its density. The calcu-
lations shown in Fig. 2 were therefore performed for 
two models of such relation based on: (1) the above 
mentioned Strum’s function, and (2) the dependence 
according to N.I. Osokin et al. [2013], obtained by 
generalizing the best known empirical links between 
snow thermal conductivity and density:

 − − −λ = ⋅ − ⋅ ρ + ⋅ ρ2 4 6 2
sn sn sn9.165 10 3.814 10 2.905 10 .

Regardless of the diff erence in the values, using 
the dependence after N.I. Osokin with other param-
eters unchanged yields the maximum penetration 
(15–20 cm deeper) of the zero isotherm (Fig. 2). The 
overview of the freezing depth curves smoothed by 
the local polynomials reveals that they all show a 
consistently decreasing trend from 40s to the mid-
80s–early 90s, followed by some stabilization in the 
late 20th and early 21st centuries.

SEASONAL FREEZE DEPTH VARIABILITY 
FORECASTING FOR THE 21st CENTURY

Forecasting seasonal freeze for the second half of 
the 21st century involved LARSWG 6.0, a stochastic 
weather generator [Semenov and Stratonovitch, 2010, 
2015], whose sixth version allows forecasting daily 
time series for GCM of surface weather conditions in 
the CMIP5 multi-model ensemble [Semenov and 
Stratonovitch, 2015]. The meteorological time series 
Mozhaysk weather station was selected for generator 
setting over the period spanning 1945–2015, which 

Fig. 1. Comparison of the observed and model temperatures at the fi eld (а) and forest (b) sites.
1 – measurements at a depth 0.25 m; 2 – measurements at a depth 1.5 m; 3 – model temperature at a depth 0.25 m; 4 – model tem-
perature at a depth 1.5 m; 5 – measurements at a depth 0.8 m; 6 – model temperature at a depth 0.8 m.

Fig. 2. Results of retrospective modeling of soil 
freezing depth dynamics for the fi eld site.
1 – model maximum soil freezing depth calculated as a function 
of snow thermal conductivity and snow density according to 
N.I. Osokin; 3 – model maximum soil freezing depth calculated 
as a function of snow thermal conductivity and snow density 
according to Strum et al.; 2, 4 – local polynomial smoothing of 
the results, accordingly.
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served as a basis for retrospective calculation of soil 
freezing depth. The LARSWG 6.0 includes fi ve mo-
dels, whose characteristics are listed in the Table 1. 

Three stationary meteorological time series of 
diurnal resolution, each spanning one hundred years 
for the periods of 2020–2040, 2040–2060 and 2060–
2080, were generated for all of the circulation models 
in Table 1 utilizing the RCP8.5 greenhouse gas emis-
sion scenario. The choice of a centurial modeling pe-
riod for each of the 20-year meteorological time series 
is explained by the necessity of obtaining steady 
time-averaged characteristics of seasonal thaw, in-

cluding: the average long-term expected intra-annual 
SFD dynamics and the average long-term maximum 
freezing depth for each of the selected intervals. That 

Ta b l e  1. Characteristics of the predicted precipitation  
and temperature using diff erent GCMs under 
 the extreme greenhouse gas (GHG) 
 emissions scenario (RCP8.5) over 2060–2080

No. Model Country

The 2060–2080 forecast 
for Moscow region 

Total 
annual pre-
cipitation, 

mm

Mean 
annual air 

temperature 
(MAAT), °С

1 EC-EARTH European 
Union

761 8.15

2 GFDL-CM3 USA 788 11.0
3 HadGEM2-ES Great Britain 569 10.6
4 MIROC5 Japan 673 10.2
5 MPI-ESM-MR Germany 678 7.8
6 Basic time series 

(1945–2015)
626 4.7

Fig. 3. Variations of mean annual air temperature 
and total annual precipitation versus the basic time 
series. 
1 – observational data; 2 – generated time series for the period 
of 2060–2080 under extreme greenhouse gas emission scenario 
(RCP8.5). At the top above the symbol is shown the name for 
the time series forecasting model, at the bottom is the averaging 
period for observed time series. 

Fig.  4.  Mean multiyear intraannual dynamics of 
model soil freezing depth.
Time intervals for averaging modeling results using actual time 
series (1, 2) or forecasting time series for the EC-EARTH 
 model (3–5).

Fig. 5. Comparison of mean multiyear maximum 
seasonal freezing depth for basic and forecasting 
time series for 2060–2080.
1–6 – models’ numbers correspond to those listed in Table 1. 
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was exactly why statistically stationary time model 
series for each predicted interval signifi cantly exceed-
ed its length.

The generalized characteristics of the increase in 
average annual temperatures and the coeffi  cient of 
variation of annual total precipitation in relation to 
the time series of initial observations for the Mo-
zhaysk station for 1945–2015 are given in Fig. 3. 
Given that the initial meteorological data are charac-
terized by long-term variability, Fig. 3 shows addi-
tional characteristics of temperature and precipita-
tion variations for both the entire period (1945–
2015), and for its starting (1945–1980) and terminal 
(1990–2015) parts.

Figure 3 demonstrates that all models predict an 
increase in mean annual temperatures averaging from 
3 to 6.5 °C, whereas only the HadGEM2-ES model 
forecasts a warmer and drier climate for the studied 
region. Interestingly, the temperature and precipita-
tion dynamics plot (Fig. 3) shows that the results ob-
tained from the EC-EARTH and GFDL-CM3 mo-
dels appear to inherit the observed trend of climate 
change in the coordinates given in Fig. 3. The trans-
formation of precipitation on the earth’s surface and 
the distribution of soil temperatures in the unsatu-
rated zone were modeled for each of the generated 
meteorological time series. Then the average long-
term curve of the zero isotherm penetration depth 
characterizing the freezing depth is calculated by av-
eraging each temperature series model. 

N.I. Osokin’s dependence was used in the fore-
casting simulations to link the density and snow ther-
mal conductivity. The results of the calculated dynam-
ics of the freezing depth averaged for the entire basic 
time series (1945–2015) and for the starting time-
period (1945–1980) were compared with the forecast-
ing results based on the time series generated by LAR-
SWG utilizing the EC-EARTH model (Fig. 4).

Figure 4 clearly refl ects the general pattern seen 
as the predicted decrease in the maximum average an-
nual freezing depth and the earlier onset of the warm 

period in the spring, as compared to the 20th century. 
Almost the same comparison, but for the period of 
2060–2080, is shown in Fig. 5, performed for the fi ve 
generated time series, according to the forecasting 
climate models in Table 1. Despite the fact that all 
tested models yield a signifi cant decrease in the ma-
ximum average long-term freezing depth, the diff er-
ences between the models are large enough to give a 
confi dently predict the magnitude of such decrease 
(Fig. 5).

Based on the results of simulating for the period 
2060–2080, the maximum values of freezing depth, 
snow water equivalent (SWE) of the snow cover and 
snow depth were determined for each model year to 
characterize the annual spikes in freezing depth, 
SWE in the snowpack, and snow depth. The average 
values and standard deviations of these characteris-
tics are listed in Table 2 and compared with the same 
characteristics resulted from the epignostic modeling. 
Thus, Fig. 5 describes the expected average long-term 
curve of the freezing depths distribution within the 
year, while the average rates of the annual maximum 
valu es of freezing depths, SWE and snow depth are 
given in Table 2. 

It follows from Table 2 that the maximum annual 
freezing depth will be decreased by 10 cm or less com-
pared to observation series despite the increase in 
temperatures obtained for four of the fi ve tested mod-
els. This is associated with a more than two-fold de-
crease in the maximum snow depth, i.e. its warming 
eff ect is decreasing. 

The GFDL-CM3 model has shown almost twice 
as little value of the maximum freezing depth, while 
the maximum SWE and depth of snow diff er little 
from other models; the total precipitation is found to 
be the largest. In this model, a decline in the maxi-
mum freezing depth appears to be aff ected by the gen-
eral increase (including overwinter) in water absorp-
tion, entailing an increase in soil moisture content 
and, accordingly, to an increase in heat loss because of 
phase changes. 

Ta b l e  2. Statistical characteristics of maximum soil freezing depths and snow water equivalent (SWE), 
 snow cover depth in forecasts for 2060–2080 using diff erent GCMs 
 under the extreme greenhouse gas (GHG) emissions scenario (RCP8.5)

Statistical characteristics
Model Basic time 

series
(1945–2015)EC-EARTH GFDL-CM3 HadGEM2-ES MIROC5 MPI-ESM-MR

 Mean multiyear maximum soil 
freezing depth, m

0.48 0.28 0.42 0.46 0.50 0.53

Standard deviation in freezing 
depth, m 

0.14 0.08 0.10 0.10 0.12 0.26

Mean multiyear maximum snow 
water equivalent (SWE), mm

35.1 20.5 20.2 21.6 31.6 94.2

Standard deviation in SWE, mm 16.7 9.1 10.2 8.9 15.7 44.9
Mean multiyear maximum snow 
cover depth (SCD), cm

20.7 13.7 13.3 14.0 19.0 38.7

Standard deviation in SCD, cm 7.1 5.6 5.9 5.0 7.1 14.9
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The average long-term freezing depths derived 
from the forecast modeling results (for three time in-
tervals and fi ve predictive models) and complement-
ed by epignostic calculations are presented in Fig. 6. 
Note that the results for each calculation period are 
assigned to the midpoint on the time scale, while 
symbols magnitude in this fi gure is scaled according 
to the maximum snow cover depth. The maximum 
symbol magnitude corresponds to the snow depth of 
30 cm and decreases linearly until it becomes equal to 
zero. The point corresponding to the period of 2040–
2060 is unavailable for the GFDL-CM3 model due to 
the impossibility to generate meteorological time se-
ries covering this period in the LARS WG 6.0 version 
of this model. The results shown in Fig. 6 revealed a 
signifi cant diff erence in the average long-term freez-
ing depth obtained by diff erent models for each peri-
od. These show however an obvious trend: the less 
the model predicts the temperature excess over the 
basic time series (Table 1), the greater the predicted 
average annual freezing depth obtained therefrom.

Result of the GFDL (Geophysical Fluid Dyna-
mics Laboratory of Princeton University) Climate 
Model version 3 (CM3) predicting warm season pre-
cipitation anomalies (extreme warm and wet) was 
quite unexpected. Despite the extreme nature of the 
predicted climate change, specifi cally this model was 
found to “inherit” the retrospective modeling results 
(Fig.  6). However, answering the question as to 
whether this result is explicable or incidental requires 
additional analyses of the data from other weather 
stations in the region.

CONCLUSIONS

The studies allow an inference about perspecti-
vity of the considered approach for using the results 
obtained by global and regional GCMs in the analysis 
of precipitation transformation on the surface and 
heat transfer and water fl ow in the unsaturated zone 
described by the local (landscape) dyna mics models. 
Specifi cally this approach allowed us to reveal how 
the observed and forecast trends in climate change 
grade into changes in thermal fi elds in the shallow 
subsurface and become manifested in the snow cover 
depth and seasonal freeze depth dynamics, as well as 
to assess the uncertainties in forecasting such trans-
formations.

The simulation studies on the example of a type 
section of rocks of the unsaturated zone and Moscow 
region-specifi c conditions confi rm the generally re-
ducing trend in the average seasonal freezing depth 
generated by the results of observations in the late 
20th and early 21st centuries [Kalyuzhny and Lavrov, 
2016]. 

The eff orts made to predict active layer thick-
ness dynamics over the 21st century based on the cli-

mate variability predicted by last generation AO-GC-
Ms have shown in varying degrees that all the used 
models produce a decreasing trends to the 60–80s of 
the 21st century for SFD and for the time-period dur-
ing which the soil freezing takes place in the unsatu-
rated zone, due to one month or even more earlier 
onset of steady air temperatures above zero degrees 
Celsius in spring.

However, the diff erences between the modeling 
results obtained on the base of the precipitation and 
temperature series generation for diff erent forecast 
GCMs are still signifi cant, precluding thereby reli-
able long-term forecasts for freezing depth dynamics 
for the second half of the 21st century.

The work was fi nically supported by the Russian 
Science Foundation, RSF (grant No. 16-17-10187). 
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