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Calculating scheme for ground freezing depth variations
and its application in different landscapes

Snow study is important because snow, after the ocean, is the second largest interface between the atmos-
phere and Earth's surface and it covers considerable part of the land during winter. Changes in snow cover ex-
tent and snowpack properties in recent decades in response to warming are ongoing and will likely continue
in future. Ground thermal regime, despite the simplicity of measuring the ground temperature, remains an in-
sufficiently studied field of landscapes. For determination of air-temperature influence, snow cover thickness,
absolute values and the dynamics on the depth of ground freezing and thawing, a number of ground freezing
models have been developed. In this work, the calculation is done with calculating scheme for ground freez-
ing constructed on the basis of three-layer media heat conductivity problem (snow cover, frozen and thawed
ground) with phase transition on the boundary of frozen and unfrozen ground. The heat balance equation in-
cludes phase transition energy, inflow of heat from unfrozen ground and outflow to frozen ground, snow cov-
er and atmosphere. The heat flux is calculated on basis of Fourier law as a product of heat conductivity and
temperature gradient. It is supposed that temperature changes linearly in each media. The calculations of
ground freezing depth variations are done for plain and mountain regions. The ground freezing depth calcula-
tion results correspond to the observed values. Hence, the influence of the recent climate and weather con-
trasts and snow cover spatial and temporal variations on underlying ground freezing depth variations are in-
vestigated and reviled. This is vital, although climatic norms between 1961-1990 and 1991-2020 did not il-
lustrate significant changes, but some strong weather variation extremes and contrasts (such as hotness in last
2020 year and weather anomalies of this 2020/2021 winter) are present in recent decades causing danger and
risks for population and economics.
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Introduction

As snow is one of the largest interfaces between the atmosphere and Earth's surface covering considera-
ble part of the land during winter it is important to study snow. Changes in snow cover extent and snowpack
properties in recent decades in response to warming are ongoing and will likely continue in future. Despite
the simplicity of measuring the ground temperature, ground thermal regime remains today an insufficiently
studied field of landscapes. This topic was essentially explored by A.V. Pavlov [1]. To determine the influ-
ence of air-temperature and snow cover thickness, absolute values and the dynamics on the ground freezing
and thawing depth, a number of ground freezing models have been developed. For example, for his ground
freezing depth estimation scheme, V.A. Kudriavtsev [2] characterized warming and cooling action of snow
cover on the ground depending on snow accumulation regime, its duration and suggested equation for esti-
mation of ground freezing depth including snow cover thickness, its thermal properties and amplitude of
yearly air temperature oscillations. Applying this model, our calculation scheme for plain areas were done
for observation site of Lomonosov Moscow State University for bare and covered with snow surface and for
Moscow region. Verifying and proving the method consistency of the calculation, scheme was done accord-
ing to the ground freezing depth and thermal regime observation data for plain regions where the data is
available. For the rock ground freezing modeling, the model Alpine3D [3] consisting of the 3D atmospheric
processes model coupled with the 1D energy balance model SNOWPACK was used. In this article, during
the construction of debris flow and snow avalanche protecting installation in the mountain regions, the prob-
lem of fixation and stability of these constructions under the conditions of seasonally or permanently frozen
ground arise. For this reason, the freezing depth of the soil is estimated based on the developed calculation
scheme data on the thickness of the snow cover and air temperature for the Terskol weather station of the
Elbrus region for winter periods 2015/16-2019/20. The calculating scheme for ground freezing is construct-
ed on the basis of three-layer media heat conductivity problem (snow cover, frozen and thawed ground) with
phase transition on the boundary of frozen and unfrozen ground. The heat balance equation includes phase
transition energy, inflow of heat from unfrozen ground and outflow to frozen ground, snow cover and at-
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mosphere. The heat flux is calculated on basis of Fourier law as a product of heat conductivity and tempera-
ture gradient. It is supposed that temperature changes in each media linearly. The results of ground freezing
depth calculations indicate that ground under snow cover stays frozen in the Elbrus region from December to
April. At the same time, the ground under the snow-covered surface freezes according to calculations on av-
erage by 20 or more cm. If the snow cover is partially or completely blown away, the ground may freeze to a
depth of 1 m or even more and last for a longer period. Thus, the proposed method allows to evaluate soil
freezing as a factor of soil stability for the protection of constructions.

Experimental

In this paper, we calculate freezing depth based on data on air temperature and snow cover thickness
applying the proposed calculation scheme for weather station of Lomonosov Moscow State University and
Moscow region weather stations (for number of winter seasons for verifying and proving the consistency),
and for Terskol meteorological station (for the snow-covered soil surface of the winter seasons 2015/16—
2019/20). The calculation scheme was based on the problem of thermal conductivity of a three-layer medium
(snow, frozen and thawed soil) with a phase transition at the boundary of frozen and thawed soil. The heat
balance equation included the energy of the phase transition, the inflow of heat from the thawed ground and
the outflow to the frozen ground and, in the presence of snow cover, through it to the atmosphere. The heat
flux was calculated considering Fourier law, as the product of the thermal conductivity and the temperature
gradient. It was assumed that the temperature in each medium varies linearly (for example, [4, 5]). For snow
cover and frozen ground, the formula of thermal conductivity of a two-layer medium was used.

The calculation of ground freezing based on data on air temperature and snow cover thickness and
thermal conductivity during the winter period made it possible to estimate the intensity of the freezing front
movement during this period. The dependence of the speed of the freezing front movement was found ac-
cording to the calculated scheme. The scheme took into account the freezing of the ground from below on
the frozen ground mass in winter based on data on the daily air temperature (the thickness and thermal con-
ductivity of the snow cover).

The heat balance equation was written as

Fi=cLV+ F>,

or as:

dhg/dt =V = (F1 - F2)/cL, (1
where F; — heat outflow through the frozen ground (and snow cover) from the freezing front (W/m?) to the
atmosphere; ¢ L V = ¢ L dhy /dt — consumption heat at the phase transition; ¢ — moisture content of the soil
(1-4 kg/cm*m?), (last value corresponds to the complete filling of pores with water from a lightweight clay
with a density of 2000 kg/m* and a porosity 0,617 [1]); L — energy of the phase transition (335 kJ/kg);
V = dhg/dt — the speed of the freezing front (cm/s); F> — heat exchange in the cooling melt the ground be-
fore the freezing front (W/m?).

The heat flux was expressed according to the Fourier law: F = —\ grad T. The heat flow through the fro-
zen ground from the freezing front to the atmosphere in the case of snow cover was expressed in terms of
thermal conductivity and heat flow of a combination of two media (snow cover and frozen ground):
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here T, is the air temperature, /s and /g are the snow thickness and freezing depth, and As and A4 are the
thermal conductivity of snow and frozen ground.

It was assumed that at a depth of 10 m in the ground, there is a point of zero annual temperature fluctua-
tions 7o with an average annual value of about 7 °C. Therefore

AT T
F, ==\, ~ =N ﬁ ,
thg

here Au,q is the thermal conductivity of thawed soil. Calculations were performed in one-day increments. At
first, it was considered that the thickness of the frozen ground /g was 0.5 cm. The freezing rate J and the
value of the frozen ground thickness /g, was calculated for the next day (time step). According to [6], the
average thermal conductivity of thawed and frozen clay soil could be taken as 1.4 and 1.8 W/m°C. The aver-
age thermal conductivity of snow A. was calculated relatively to the density according to the formula of
A.V. Pavlov [1] and was taken equal to 0.18 W/m°C.
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Results and Discussion

In this paper, a difference scheme was constructed for the derived first-order time differential equation
for changing the depth of soil freezing by approximating this differential equation by the explicit Euler
method: Ag(ta1) = hso(tn) + AT V(tn). According to the obtained difference scheme, each winter season of re-
cent decade calculations of ground freezing depth variations were performed of plain observation site of Lo-
monosov Moscow State University for verification and mountain of Terskol meteorological station. An ex-
ample of the calculation results of mountain of Terskol meteorological station for the winter season 2016/17
is shown on the Figure 1.
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1 — air temperature; 2 — thickness of snow cover; 3 — estimated depth of freezing of the ground
under the snow cover; 4 — estimated depth of freezing of exposed ground

Figure 1. Changes in air temperature and freezing depth based on calculations for snow-covered
and exposed ground surfaces of a weather station Terskol for winter period 2016/17

The example of results of calculations of ground freezing depth for plain under bare and covered with
snow site surface of the meteorological observatory of Lomonosov Moscow State University for the winter
period 2017/18 and their comparison with the observed data are displayed in the Figure 2.
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The results of calculations for ground freezing depth for the bare (3) and covered with snow site surface (5) and their
comparison with the observed data (2 and 4 correspondingly). Air temperature (/) and snow cover thickness (6)

Figure 2. Variations of air temperature and ground freezing depth according to the data of calculations
and observation under bare and covered with snow site surface of the meteorological observatory
of Lomonosov Moscow State University for the winter period 2017/18
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The results of calculations of maximal ground freezing depth for the bare site surface of the meteoro-
logical observatory of Lomonosov Moscow State University for the winter periods of 2011/12-2017/18 and
their comparison with the observed data are demonstrated in Table 1 indicating general consistency of the
calculating method.

Table 1

Comparison of calculated and observed maximal ground freezing depth under bare and covered
with snow site surface of the meteorological observatory of Lomonosov Moscow State University
for the winter periods of 2011/12-2017/18

Maximal ground freezing depth under bare site  |Maximal ground freezing depth for the covered
Winter period surface, cm with snow site surface, cm
observed calculated observed calculated

2011/12 120 110 18 10

2012/13 118 120 8 12

2013/14 100 87 18 4

2014/15 95 85 30 7

2015/16 78 88 25 30

2016/17 100 100 3 7

2017/18 95 105 14 18
Max diff. 13 23
Min diff. -10 =5
Aver. diff. 1,6 4

From the Table 1 one can see that averaged difference of calculated and observed maximal ground
freezing depth under bare site surface of the meteorological observatory of Lomonosov Moscow State Uni-
versity for the winter periods of 2011/12-2017/18 is 1.6 cm and under the covered with snow site surface it
is 4 cm. The main advantage of the calculating scheme is that it reproduces the dynamic of the ground freez-
ing process well. So, the calculation method is physically well-justified. The solution method thoroughly de-
scribes the process of changing the freezing depth during the winter season. It is important for the successful
operation of the method to set the initial data as accurately as possible.

The proven consistency of the method allows to predict that the results of calculating the maximum
ground freezing depth for Terskol weather station are valid. These results are demonstrated in Table 2.

Table 2

Variations in the maximum ground freezing depth, average snow cover thickness for February
and the sum of negative monthly temperatures for Terskol weather station for winter periods 2015/16-2019/20

Winter Sum ofnﬁlgatlve Averaged February snow Max. freezing depth Max. freezing depth of
period monthly o cover thickness, cm of snow-covered ground, cm | exposed ground, cm
temperature, °C
2015/16 —18,7 60 21 97
2016/17 27,7 40 23 119
2017/18 —14,2 70 8 83
2018/19 -19.4 60 20 96
2019/20 20
Conclusions

As indicated in Table 2 the thickness of the accumulated snow cover on the mountain Terskol weather
station can reach half a meter or more. At the same time, the ground under the snow-covered surface freezes
according to calculations by an average of 20 centimeters or more. In the case of partial or complete blowing
off of the snow cover, freezing of the ground can occur to a depth of 1 meter or more and last for a longer
period. Thus, the proposed method for calculating the dynamics of the ground freezing depth on basis of data
on air temperature and snow cover thickness allows to assess the variation of ground freezing depth in differ-
ent landscapes. It is also necessary to mention that for the mountain Terskol weather station, we do not have
values of ground freezing depth for verification, but only air temperature and snow cover thickness. Howev-
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er, we rely on the proven general consistency of the calculating scheme for the plain territory where the veri-
fication data of ground freezing depth is available.
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TonbIpakThIH KaTy TePeHAIriHIiH 63repyiHiH ecenTik cbhbI30achl
JKOHe OHBI IPTYPJIi JaHAmaGTTApAAa KOJAAHY

Kapzs! 3epTTey oTe MaHBI3IbI, OMTKEHI MYXUTTaH 0acKa, Kap arMocdepa MeH xep OeTi apachIHAarbl eKiHIIi
YJIKeH Oaitnanbic OO TaObLIAbI, all KbICTA Kap JKEpIiH eadyip Oeinirid kamTuabpl. COHFBI OHXBUIIBIKTAp
KbUIbIHYFa JKayan PETiHIe Kap >KaMBUIFBICHIHBIH ayJaHbl MEH KACHETTEpiHIH e3repyl Kairacyla >KoHe
Oonamiakra aa JKaJdFacybl MYMKiH. TONBIDAaKTBIH JKbUIy DEXKHMi, TONBIPAK TEMIIEPaTypachlH eJIliey
KapanaibIMABUIBIFbIHA KapamMacTaH, Oyrinje nanamadTrapably a3 3epTTeNIreH aiMarsl Oonbln Kaya Oepeni.
AOCONIOTTI MOHIEP MEH aya TEMIIepaTypachiHbIH JUHAMMKAChl MEH Kap JKaMbUIFBICHIHBIH KaJIbIHIBIFbI
TOIBIPAKTHIH KaTy J>KOHE epiTy TepeHAIriHe ocepiH aHbBIKTay YIIIH TONBIPAKTHl KATBHIPYIBIH OipKaTap
MoJeTbepi skacanapl. Makanana ecentey My3[JaThbUIFaH jkoHe My3aaTtbiiMaran Gru miekapachlHaa (a3aibik
aybICyMeH YII KabaTThl OPTaHbIH (Kap JKaMBUIFBICHL, MY3JaTBUIFAH JKOHE €PIreH TONBIPaK) XKbLTYy ©TKI3TIIITIK
MIHJIETI HeTi3iHAe CalbIHFaH TOIBIPAKTHl MY3MaTyABIH ECENTIK cXeMachl OOHBIHINA JKy3ere achIpbUIFaH.
XKbutry OanmaHChIHBIH TeHIeyi (ha3aiblk aybiCy SHEPrUsACHIH, My3/laThbUIMaraH TOIBIPAKTAH XbUIY arbIHBIH
JKOHE MY3JAThUIFaH XKEpre XbLIy aFbIHbIH, Kap >KaMBbUIFBICBI MEH aTMocdepaHbl KaMTHIbL JKbUly arbIHbI
Oypbe 3aHbIHA COMKEC KbUTY OTKI3TIIITIK [IEH TeMIepaTypa rpaJueHTiHiH KeOelTiHaici peTiHae ecenTtemnmi.
Op oprazarbl TeMIlepaTypa ChI3BIKTBIK ©3repeli Aen OoypkanraH. TONBIPAKTHIH KaTy TEpeHIIriHIH e3repy
ecenTepi Ka3bIK JKOHE TayJyIbl ayJaHiap YIIH ecenTesai. TombIpakThIH KaTy TePeHMIrH eCenTey HOTIKeNnepi
OalikamraHn MoHJepre coiikec kenmemi. OcbUlalilia, COHFBl KJIMMATTHIK JKOHE aya-paiibIHBIH Kapama-
KaHIIBUIBIKTApBIHEIH  ocepi, COHJIal-aK Kap >KaMBUIFBICHIHBIH KCHICTIKTIK JKOHE YyaKpITIIa e3repicTepi,
TOIBIPAKTHIH KATy TEPeHMITiHIH e3repyi 3epTTEeIreH JKoHE TaJKbUIAaHFaH. Byl eTe MaHbBI3IBI, OWTKeHi
KIUMAaTTBIK HOpMayap 1961 sxeupman 1990 xeurra neiiin sxkoHe 1991 xpurman 2020 sxpuFa  JeiiH
aiiTapibIKTail ©3repreH KoK, 0ipak aya-pailbIHbIH aybITKYybl MEH Kapama-KaWIIbLIBIKTapbl ©T¢ KATThl 00JIIbI
(mbicanbl, eTker 2020 KbUIbI ©T€ BICTHIK aya-paiibl sxone 2020/2021 . KbICTarbl aya-pailbIHbIH aybITKYbI).
Byt Xanblk IeH 5KOHOMMKA YIIiH Kayill IeH KaTep Ty JbIPajibl.

Kinm ce3dep: ecentik cxema, aya TeMmIeparypachl, Kap ’KaMbUIFbIChl, TONBIPAKTHIH KaTybl, JaHAmadTTap,
TayJbl ayJaHaap.
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PacuérHasi cxema u3MeHeHUs IJIyOUHBI IPOMeP3aHUs IPYHTA
U ee IPUMEHEeHHe B PAa3JIMYHBIX JaHamagTax

W3yuenne cHera BakHO, IIOTOMY 4TO, 33 HCKJIFOUCHHEM OKEaHa, CHET SBJIIETCS BTOPHIM O BEIIMYHMHE CBA3Y-
IOILMM 3BEHOM MEXy aTMOC(EepOii U MOBEPXHOCTHIO 3eMIIH, a 3MMON CHET MOKPBIBACT 3HAYUTEIIBHYIO YacThb
cymu. MI3MeHeHus TUIOMaan U CBOMCTB CHE)KHOTO TOKPOBA B MOCJIEAHHE JECATUIETHS B OTBET Ha MOTETIe-
HHE MPOJI0IDKAIOTCS U, BEPOATHO, HAWIYT NMpoaobKeHHe B OyaymieM. TepMudeckuil pexxuM rpyHTa, HECMOT-
pst Ha IPOCTOTY U3MEPEHHS €r0 TEMIIEPATyphl, HA CETOJHALIHUN JEHb OCTAETCsl MaJlo U3y4EHHOH 0071acThIo
napamadToB. s onpeneneHus BIUSHUS aOCOMIOTHBIX 3HAUCHUH, TMHAMUKI TEMIIEpaTyphl BO3AyXa U TOJ-
IIMHBI CHEXXHOTO MOKPOBa Ha TIIyOMHY IMpOMEp3aHUsl W OTTaMBaHMS TPyHTa pa3paboTaH psi MojeieH mpo-
Mep3aHus TPyHTa. B cTaThe pacdyer mpoBOAMIICS IO pacYEeTHOH cXeMe poMep3aHHs TPYHTa, IIOCTPOSHHON Ha
OCHOBE 3a/1au¥l TEIUIOIPOBOJIHOCTH TPEXCIOMHBIX cpel| (CHEXHBIN MOKPOB, MEP3JIbIH M TaIBIH TPYHT), C (a-
30BBIM IIEPEXO/IOM HA FPAHUIIE MEP3JIOTO U He3aMep3IIero rpyHTa. Y paBHEHHE TEIIOBOTO OaaHca BKIIOYaeT
SHepruo (a3zoBoro mepexona, NPUTOK TEIUIA M3 HE3aMep3LICH MOYBBI M OTTOK TEIUIa B MEP3IIYI0 3EMIIIO,
CHEXHbIH MOKpPOB M aTtMocdepy. TemnoBoil moTOK paccuuThiBaeTcs 1o 3akoHy dypre Kak mpousBeneHHe
TEMJIONPOBOAHOCTH M TPafMeHTa TeMnepartypsl. IIpeamonaraercs, 4To TemmepaTrypa B KaxJI0H cpesie n3Me-
HsleTCs TUHEIHO. PacueThl M3MeHeHHs TiTyOHHBI IPOMEP3aHHs TPYHTA BBITIOIHEHBI U1 PABHUHHBIX M TOPHBIX
paiioHOB. Pe3ynbTaThl pacdera TIyOHHBI IPOMEp3aHUS TPyHTa COOTBETCTBYIOT HAOIIOJAEMbIM 3HAUCHUSIM.
Takum 06pa3om, HCCIERyeTCS U OCY>KAAeTCsl BIMSHIE HEAaBHUX KIMMAaTHUECKUX U IMTOTOJHBIX KOHTPACTOB, a
TaKoKe MPOCTPAHCTBEHHBIX W BPEMEHHBIX BapUallii CHE)XHOTO ITOKPOBa Ha BapHallUH TIIyOUHBI TPOMEpP3aHUs
TIOJICTHJIAIOIIEH TTOUBBI. DTO JEHCTBUTENHEHO BAXKHO, IIOTOMY YTO, XOTSI KIIMMaTHYECKHEe HOPMBI B EPHOJ C
1961 mo 1990 r. u ¢ 1991 no 2020 rr. U3MEHUINCh HE OYEHb CYIIECTBEHHO, OJHAKO MPOSBUINCH 3KCTpe-
MaJIbHbIE MOTOJIHbIE KOJeOaHUs M KOHTPAcThl (HapuUMep, OUeHb jKapkas noroga B npouuioM 2020 r. u mo-
rofiHbIe aHOMauH 3ToH 3uMbl 2020/2021 r.) B IIOCIEAHHUE ASCATHICTHSI. DTO CO3AaET OMACHOCTh M PUCKHU IS
HACENICHUS U SKOHOMHKH.

Kniouesvie cnosa: pacueTHas cxema, TeMIlepaTypa BO3IyXa, CHEXXHBIH ITOKPOB, IIPOMEp3aHUE TPyHTa,
JMaHAMmAQTEL, TOPHBIC PaHOHBL.
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