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Summary

A number of recent publications note the observed correlation of snow/ice thickness in some arctic regions
with gravity field inhomogeneities. The physical mechanisms that could cause such a correlation are still
unclear. In this paper, we consider a possible mechanism for the ordered horizontal transport of heavy
admixtures (in particular, snow during low snowstorms) in the surface layer of the atmosphere under the
influence of the mentioned inhomogeneities. In the area of gravity anomaly, in addition to variations of the
vertical component, there are also components of this force that are tangential to the mean Earth ellipsoid.
In flat mesoscale atmospheric models, these are additional horizontal forces, to which the dynamics of the
atmosphere is quite sensitive. It seems appropriate to evaluate the possible systematic influence of such forces
on the horizontal transport of heavy impurities in the atmosphere, which include, for example, snow coming
from the surface into the surface layer of air at sufficiently strong winds (in situations such as low snow-
storms). It is assumed that in the absence of a heavy admixture, the medium is in a static state, in which the
horizontal component of gravity is compensated by the horizontal pressure gradient. When admixture enters
the air, the average density of the medium changes, and in the presence of a horizontal component of gravity,
an additional horizontal force appears. Its effect was studied within the framework of a simple linear analyti-
cal model. Estimates show that although the rate of additional horizontal transport is very low, the effect that
accumulates over many years can be noticeable.
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modene.

B nutepaType oTMeuaeTcs Habnogaemas Koppenaums TONWMHbI CHEXXHOTo/NeAsaHOro NoKpPoBa B HEKOTO-
PbIX APKTUYECKMX PETMOHAX C aHOMASTUAMM CUJIbI TAXKECTU. PaccMaTpuBaeTca BO3MOXHbI MEXaHV3M yro-
PALOUYEHHOTO FOPV30OHTANIbHOIO NEPEHOCa TAXENbIX NpumMecei (cHera) B atTMocdepe B HEOLHOPOAHOM
rose cunbl TaxecTn. MpoaHann3nMpoBaHHasa TeopeTuyeckas Moesb NMoKasblBaeT, UTo 3bdeKT, Hakanu-
BaIOLYMIACA B TEUEHME MHOTVIX JIET, MOXKET ObITb CYLLECTBEHHDBIM.
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BBenenne

B psne HemaBHUX MyOIMKaLUi OTMEYaeTcsl Kop-
peJsILMs TOJNIIMHBI CHEXXHOT0/JIEASTHOTO IIOKPOBa B
HEKOTOPBIX apKTUIECKMX PeTUOHAX (B OKPaMHHBIX
APKTUYECKUX MOPSX) C HEOTHOPOIHOCTSIMH TIOJIS
cibl Tskectu (Sharov, Nikolskiy, 2016). ®usu-
YeCcKHe MEXaHU3Mbl, BbI3bIBAIOIIME TaKyl0 KOppe-

JISILMIO, TIOKa He SICHBI. B 0061acT aHOMaJIMu CUITbI
TSIKECTH, KPOME BapralMii BEPTUKAJIbHOM COCTaB-
JISTIIOIIEN, CYIIECTBYIOT TAKXKE COCTABIISIOIINAE STOMU
CWJIbI, KacaTeJbHbIC K OOILIEMY 36MHOMY SJLIMIICO-
uay. B miockux Me3oMaciiTaOHbIX aTMOC(EpPHBIX
MOJEJSIX OTO — JIOTOJHUTEIbHbBIE TOPU30OHTAIBHBIE
CUJIbI, K KOTOPBIM IMHAMUKa aTMocdepbl BecbhMa
yyBCcTBUTEbHA. Llenecoobpa3Ho OlleHUTh BO3MOX-
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HOE€ CUCTEMAaTU4YeCKOE BIMUSIHME TaKUX CUJI Ha TO-
PU3OHTAJIbHBIN MEPEeHOC TSIKEIBIX MpUMECEid B aT-
Mocdepe, K KOTOPbIM OTHOCUTCS, HallpuMep, CHET,
MOCTYNAIOLIMK C TIOBEPXHOCTU B MPU3EMHBIN CJION
BO3IyXa MPU JOCTATOUYHO CUJIbHBIX BeTpax (B cUTya-
LIMSIX TUITA HU30BBIX MeTeNeit).

MartemaTnyeckasi MOJIeJIb

B pamkax miaockoii Mme3omaciuTabHON Moaenu
MPU3EMHOTO CJIOSI aTMOCMEPHI UCITOJIb30BaHa Je-
KapToBasl cucTteMa KoopauHat. PaccmarpuBaeTcs
MoJIyOorpaHUYE€HHAasl cpeja, OrpaHUYeHHasi CHU3Y
TBEPAON TOPU3OHTANBbHON MOACTUJIAIOUIEN TMO-
BepXHOCTHIO 7 = 0 (OCh Z HampaBjieHa BEpTUKAIbHO
BBEPX, OCb X — BIIOJIb TOPU30OHTAIILHON KOMIIOHEH-
Tl CUJIBI TSXKECTH). B HEeomHOPOTHOM MOJie CUJIBI
TSDKECTU CUYMTAEM 3aJaHHOW FOPU30HTAJbHYIO CO-
CTaBJIAIOLLYIO YCKOPEHUS CUJIBI TSXKECTH g,.. C HIX-
HEll TpaHUIIBI B CPeIy ITOCTyHaeT TsDKEIast IpUMeECh,
3ajaH AU @Y3MOHHBINI TTOTOK:

x(0u/0z) = —Mmipu z =0, )

IJe W — MaccoBasi KOHLEHTPALUs TSKEION MpuMe-
cu; x — KoadduuueHt e€ nuddysuu; M — miort-
HOCTb [TOTOKA ITpUMecH, Kr/(M%c).

Ecnu noctymieHue mpuMec ropu30HTaJIbHO-
OIHOPOIHO, TO ¢€ CTallMOHAPHOE FOPU3OHTAIBHO-
OIIHOPOIHOE paclipe/ie/ieHUe OIMUChIBAETCSI ypaBHE-
HUeM nrudy3un ¢ yIETOM oCeqaHUsT YACTHII;

—u(0u/0z) = x(d’w/dz’), ()

rae L — abCoTIOTHAS BeJIMIMHA CKOPOCTU OCeIaHust
YaCTHUL IPUMECH.

l'opU30HTaNIBHYIO TPOSKIIMIO CTALIMOHAPHOTO
ypaBHEHUST TMHAMUKY 3aITAIIEM KaK

0 =—(dp/ox) + pvAu + pg,, 3)

rme p — JaBJIICHHWE; P — ITOJIHAS IJIOTHOCTD CPeIbl;
vV — KOO(OULUMECHT KUHEMAaTUIECKOI BI3KOCTH; U —
CKOPOCTh BO3HMKAIOLIETO TOPU30HTATIBLHOIO TeYe-
HUS; A — CUMBOJI JIallJlacMaHa.

T'opU30HTAIBHYIO COCTABISIONIYIO YCKOPEHUS
CWIBI TSKECTU g, 1ajiee CUUTAEM U3BECTHOM U B pac-
CMaTpUBaeMOl 00JacTH MTOCTOSTHHOM, T.€. Mpearo-
Jlaraetcsl 6ajJaHC TOPU3OHTAJIbHON COCTaBISIONIEH
CHMJIBI TSKECTH, CUJI TOPU30HTAJIBHOTO I'paiudeHTa
NaBJIeHUs U BsI3KOocTU. He yuuThiBaeM 31eCh KOpU-
OJIMCOBY CMJIy, KOTOpasi Ha MPOCTPaHCTBEHHO-Bpe-

MEHHbBIX MacluTabax HU30BOI MeTeIn HECYILICCTBCH-
Ha. [JIOTHOCTB CKJIaAbIBAETCS U3 JIBYX CJ1ara€MbIX:

p=ptu,

rae U — mapuuaibHas IDIOTHOCTD IIPUMECH; YePTOU

0003HavaloTcs (POHOBLIEC 3HAUESHUST BEJIMYUH.
WmeeTcs B BUIy, YTO NIPU OTCYTCTBUU TTOCTYII-

JIEHUsI TSDKEIION IMIPUMECH Cpela HAaXOIUTCS B CTaTH -
YECKOM COCTOSTHMH, B KOTOPOM

00/0x = (g, C))

(coBmameHUE B CTATUYECKOM COCTOSIHUM M300ap 1
M30IMMKH C SKBUITOTCHUMATbHBIMU IIOBEPXHOCTSIMU
JloKa3aHo 115 ciydas uaeajibHolt cpenbl (KouuH,
1949), otauuue OT KOTOPOIi B JaHHOM KOHTEKCTe
HEIIPUHIUIINAIBHO).

B dopmyne (4) ropuzoHTaIbHAS COCTABSIONIAS
CUJIbI TSDKECTU CKOMIIEHCHPOBaHAa TOPU30HTAIbHBIM
rpagreHToM nasieHus. [1pu mocTyruieHuu B cpemy
TSDKETOM mpuMecH B ypaBHeHMe (3) n1oOaBiseTcsl He-
CKOINEHCUPOBAHHAs TOPU3OHTAIbHAsS cuia ug,. [1o-
CTYITJICHHE TIPUMECH CUYMUTAETCSI TOPU3OHTAJIBHO-OI-
HOPOJHBIM, TIO3TOMY CBsI3aHHAsI C 9TUM J00aBKa K
IUTOTHOCTY U JABJICHUIO 1 BO3ZHUKAIOIIEe TeUCHNUE He
3aBUCST OT TOPU30HTAIBHON KOOPAWHATHI X; TOPU-
30HTAJILHBIN I'palieHT AaBJIEHUs He MeHsieTcs. Torna,
BeIumMTas (4) 13 (3), MosTyyaeM ciiemyroliee ypaBHeHE:

V(P + W)(0%u/02%) = —g,. )

CucteMsl (2), (5) m1s1 UICKOMBIX GYHKIUR W(Z),
u(z) pemaeM ¢ KpaeBbIMHU yciaoBUsMH (1), a Takke ¢
YCIIOBUSIMU TIPWJIMITAHUS 1 3aTyXaHUS BO3MYIICHUI
B JaJIv OT MOJCTUIAIONIE MoBepXHOCTU: ¥ = () Ipu
z=0;u=0,du/dz=0npu z= co.

Pe3yabTaTsi

Pemenue ypaBHeHus (2) mpy paccMaTpUBaeMbIX
IPAaHUYHBIX YCJTOBUSIX UMEET CACAYIOLIMA BUI:

w= (M/v)exp(—z/h), h = y/v.

W3 popmynsl (5), ¢ y4éTOM KpaeBbIX YCIOBUIA,
roJyJaem:

. (6)

@__g_xi n(z) 8. X M
dz \Y%

——d7' =—=In| 1+ —exp L
2p+u(?) VU pvL h

[pu nanpHelieM MHTErprupoBaHuH (6) CKOPOCTh
U BBIpaXKaeTcs yepes crielmaabHble pyHKImu. B mpe-
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JeJIbHOM citydae | << P, KOrma MpuMech BHOCUT OT-
HOCUTEJIbHO MaJIblil BKJIAJ B TUIOTHOCTh BO3/yXa:

u =~ (Mx’g,/vvp)[1 — exp(=z/h)].

PesynpraT HanboJiee CUJILHO 3aBUCUT OT CKO-
poctu ocenaHus yactuil. Hampumep, B mpuzeMHOM
CJI0€ BO3MyXa B YCJIOBMSIX Ipu3eMHOI MeTenn (bprd-
koBa, 2016; Murens, 2018) p = 1 kr/m3, K03pdu-
LIMEHTHI TYpOYJIEHTHOTO 0OMeHa v =% = ¥ = 3 M2/c,
v = 0,2 m/c, Torna &4 = 15 M. Ecintu nipu atom
M = 21072 kr/(m%c), a g, = 0,5-1073 m/c? (Sharov,
Nikolskiy, 2016), To xapakTepHOEe 3HaYeH1E MaCcCOBOI
KOHLIEHTpaLmu rpumecu coctasisier 0,1 kr/m>, a mo-
PSIOK CKOPOCTU BO3HUMKaOILEro Teuenus 4-1073 m/c.
Hcnonb3oBaHue 31eCh CTallMOHAPHON MOJIEIM OIPaB-
JAHO TE€M, YTO MOJIyYEHHOE 3HAUeHUE CKOPOCTHU J0-
CTUTaeTCs 32 BeCbMa KOPOTKOe BpeMsl. [lelicTBUTEb-
HO, JUIST HeCcTallMOHApHOM 3ajadu B ypaBHeHUE (5)
J00aBJIIeTCS POU3BOIHAST TIO BPEMEHU:

(p + W) (0u/ot) = v(p + u)(0°u/02%) + ug,.

ITocne BHecenus tsaxeno npumecu (U #= 0) Ha
cpely HauMHaeT AeCTBOBATh MOIMOJHUTEIbHAS TO-
pU30HTaNIbHAS cujia (MocjeHee caaraeMoe B mpa-
Boil yactn). [Toka BSI3KOCTh HE CTAHET CYIIECTBEH-
HOI M TeueHue He NMPUOTUZUTCS K CTALIMOHAPHOMY
pexumMy, NpUOIMKEHHO BBITIOJIHSIETCSI ypaBHEHNE

(0 + w(0u/ot) = ug,.
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Ortcroga mojiy4yaeM OLIeHKY BpeMeHU Af, Heo0-
XOIUMOTO IIJIsSI JOCTVKCHUSI CKOPOCTH U:

Ar= (D + wWu/(ug,)-

J1s pacCMOTPEHHBIX 37IeCh 3HAYEHUIA TTapaMeT-
pOB BpeMSI BBIXOA Ha CTAllMOHAPHBINA peXXUM CO-
CTaBJIsET Mmopsaka 1 MUH.

3aKkioueHue

B HeomHOPOAHOM T10J1€ CUJTBI TSKECTU CYILIECTBY-
€T MeXaHW3M YIIOPSIAOYEHHOI'0 TOPU30HTATIbHOTIO
nepeHoca TSDKETbIX MpUMecei B atMocdepe, B 4acT-
HOCTH, CHEXXHBIX Macc. CKOPOCTb BOBHUKAIOIIUX I'O-
PU30HTAIBHBIX TEUCHUI — HU3Kasl, IT03TOMY MOXKHO
TOBOPUTH JIMIIb O Majioil IOIpaBKe K OOBIYHO-
My BeTpoBoMy niepeHocy (bwrakosa, 2016; Wamser,
Lykossov, 1995). OnHako BaxkHO UMETh B BUAY, UTO
peub UIET 00 3ddekTax nepemMelieHus npumMecH,
KOTOpbIE MOTYT HaKaIIMBaThCsI MHOTHE Toabl. Ha-
MpUMep, pacCUYUTAaHHOE 3/1eCh MepeMellleHUe CHera,
CBSI3aHHOE C €r0 MOCTYIUIEHUEM B BO3IYX, MPOUCXO-
auT 50 nHel B TeueHue roja, U 3a roj rnepemMelieHue
coctapysieT okosio 20 kM. Jlaxxe 3HaUMTENIbHO OoJiee
MEIJICHHOTO TIepeMellIeHUs JOCTaTOYHO (IIPU IIPO-
YUX OJIATOIPUSITHBIX YCIIOBUSIX) IJIST TTOCTEIIEHHOTO
MepeHoca CHEXKHBIX MacC Ha COTHU KUJIOMETPOB.
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