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Summary

The paper presents results of experimental studies of the deformation of a freshwater ice cover. The works were
carried out on the Lake Arakhley located in the Trans-Baikal Region, where winters are characterized by small
amount of snow and sharp daily changes in the air temperature reaching 25 °C. As a result of this, the tempera-
ture gradient of the surface layer of the ice cover exceeds 1 °C/cm. This causes formation of the dry cracks in the
upper layers of the cover. The authors measured daily variations in the temperature of the ice cover at various
depths by its thickness. Results of the experiment made possible to propose the explanation for the formation of
dry cracks and the depth of them, which reaches 20 cm in the Trans-Baikal Region. According to studies using
a differential strain gauge, it was found that the upper layer of the ice cover is in a stressed state due to changes
in its temperature. This is evident from the fact that when the temperature of the upper layer of ice changes, the
distance between the reference points slightly changes too. When the air temperature approaches the tempera-
ture of the «ice—water» phase transition, the ice cover is unloaded. We assume that the dry cracks can also be
formed when the stress state of ice is released at even lower temperatures. Interest in these structural changes
had been arisen in connection with possible variations in the electromagnetic properties of the ice cover, which
can be detected by non-contact radio wave measurements. These variations result from the presence of a quasi-
liquid layer on the surfaces of dry cracks (together with hoar-frost and snow in them), which can exist down to a
temperature of —90 °C. Its presence increases the complex relative permittivity of a medium consisting of a solid
(ice) and a liquid phase (water film). Calculations of the radiometric temperature within the centimeter range in
a flat-layer non-isothermal medium have shown that the presence of dry cracks in the ice cover increases radio
temperature up to 5 K on both, vertical and horizontal polarizations. This value is recorded during radiometric
measurements, and this factor should be taken into account during the remote sensing of freshwater ice covers.
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MpoBefeHbl 3KCNeprMeHTaNbHble UCCNeAoBaHWA CYXUX TPEeLUVH, Bbi3BaHHbIX BapraLvaMy TemnepaTypbl
BEPXHMX CJIOEB B MPECHOM JiefiiHOM NMoKpoBe o3epa Apaxneit (3abalikanbckuii Kpai). C Mcrnonb3oBaHem
ondodepeHLmanbHOro aaturMka gedbopmaummy yCTaHOBIIEHO, UTO BEPXHUI CJION NIeAAHOrO MOKPOBa M3-3a
N3MEHEeHNA ero TemnepaTtypbl HAXOQUTCA B HAMPAXEHHOM COCTOAHUN. [pn OCTUKEHUM Npefesa TeKkyJe-
CTV MPOUCXOANT BbICTPas pasrpy3Ka Hanps>keHi ¢ 06pasoBaHEM CYXMX TPeLVH. PacuéTbl pagnospKoCT-
HOIl TemnepaTypbl B CAHTMMETPOBOM AMana3oHe C UCMOosb30BaHNEM MJIOCKOCIONCTON HEM30TEPMUYECKON
cpepbl MOKa3anu yBenunyeHve 3o Temnepatypbl o 5 K npy Hannumm cyxux TpeLmH B 1efAHOM NOKPOBe.

Beenenue

JlenstHOI TOKPOB MPECHBIX BOMOEMOB UMEET I1TU-
POKO Pa3BETBIEHHYIO CETh TPELIVMH, KOTOPbIE 00pa-
3YI0TCSI B CUJTy pa3HbIx npuurH. Hampumep, B pabo-
Te [1] popMupoBaHUe cTaHOBBIX TpellMH Ha balikae
CBSI3BIBAIOT C OCJA0JIEHUEM JIb/Ia HA OIpeneIEHHbIX
y4acTKax 13-3a HallpaBJIeHHOTO pocTa KPUCTAILIOB MO/

BJIMSIHUEM TIOMJIEAHBIX TeUEHU I, BOZHUKAIOIIMX MO
BO3MIEICTBUEM CeIIeBbIX KonebaHuii. CTaHOBBIE Tpe-
LIMHBI — 3TO CKBO3HBIC Pa3pbiBbl B JICASTHOM IOKPO-
B€, OJIHAKO CYILLIECTBYIOT U CYXH€ pa3phIBLI BO JIbIY,
00YyCJIOBJIEHHBIE TEPMUYCCKUMU U TUHAMUYCCKUMU
Harpy3kamu Ha Hero [2, 3]. B nrensHomM nmoxkpose Tpe-
IIMHBI, IO MHEHUIO aBTOPOB PaboTHI [3], yaliie Bcero
BO3HMKAIOT NapajieIbHO 0a3MCHBIM TUIOCKOCTSM WU
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Puc. 1. TemnepaTypHble 3aBUCUMOCTU TOJIIMHBI KBa3M-
JKMIKOTO CJI0S1 Ha TTIOBEPXHOCTU TpaHyJI Jibaa [ 5]

Fig. 1. Temperature dependences of the thickness of a
quasi-liquid layer on the surface of ice granules [5]

MEPHEHANKYISIPHO UM, YTO XOPOIIIO BUTHO Ha JIe/s-
HOM TMOKPOBE MPECHBIX BONOEMOB. B pe3ynbrate 31010
W3MEHSIIOTCS ero (pu3ndeckue cBorcTra. Tak, HaIU-
YKe CyXux TpeluH Ha 15% yMeHbIIIaeT JomyCTUMBbIe
Harpy3Ky Ha JIEN TTPU TTPOE3JIE TT0 HEMY TPAHCTIOPTHBIX
CPEICTB (B CJTydae IMMPOYHOTO KPUCTATBHO-TTPO3PAYHO-
ro Jipaa 0e3 BkiIoueHuii) [4]. Kpome MexaHnyeckux
CBOWCTB, U3MEHSIIOTCSI U DJIEKTPOMArHUTHbBIE CBOM-
CTBa JIbJIa, COAEPKAIIIETO CyXHe TPEILMHBI, YUTO MOXKET
MPUBECTHU K OLIMOOUYHON UHTEPIPETALUU PAIUOIOKA-
LIMOHHBIX TAHHBIX, MOJyYaeMbIX C Pa3JIMYHbIX JeTa-
TEJIbHBIX alMapaToB WIK MPU Ha3eMHbIX U3MEPEHUSIX.

DTO CBSI3aHO C CYIIECTBOBAaHMEM Ha TIOBEPXHOCTH JibAa
KBa3VKUIKOTO CJIOSI, KOTOPBI MOXET CYIIIECTBEHHO
W3MEHSITh TUAJIEKTPUUYECKIE CBOMCTBA JIASTHOTO TO-
KpoBa, OCOOEHHO IpU OOJIbIION yAeIbHOU MOBEPX-
HOCTH MHES WY CHeTa B TPEILIHAX.

Ha puc. 1 npuBeneHa 3aBUCMMOCTb TOIILMHBI KBa-
3VDKMIKOTO CJI0sI ¢ Ha JIeAsTHOI TTOBEPXHOCTU B 3aBU-
cumocTu ot Temnepatypbl 1'[5]. I1pu Takux ToammHax
CBOMCTBA TepeoxJIaXKIEHHON BOIbl OJIMU3KU K CBOM-
cTBaM 0OBEMHOI BOJIBI [6, 7], HE SBISIOTCS UCKITIOYE-
HUEeM U e€ TuaJieKTpudyeckue cBoiictna [8, 9]. Orme-
TUM, 9TO KBA3VDKMIKUA CIOM COXPAHSIETCS N0 HU3KUX
temrieparyp (okoso 90 K). B ciyyae Oonplmx yaeib-
HBIX ITOBEPXHOCTEH TPEIIMH B €AMHUIIC 00bEMA JIbIa
(1, ciemoBaTeNIbHO, OONBIIOTO 00BEMA KBa3VKU/I -
KNX CITOEB) M3MEHSIOTCS 3HAYEHUST TECTBUTEITLHOMN
€' 1 MHUMOM €" 9acTell OTHOCUTEILHOM TUDJICKTPU-
YECKOI ITPOHMIIAEMOCTH Cpebl €. TakK Kak €" >KuaKoi
BOJIBI HA YETHIPE MOPSIAKA OOJbIIe 3TON BEININHBI
IUTSL JIbIA, Pagruo(U3nIecKrie CBOMCTBA JICASIHOTO I10-
KpOBa CYIIIECTBEHHO M3MEHSITCSI, €CJIM OTHOCUTEIb-
HbII 00BEM KBA3VKMAKUX CJIOEB JOCTUTHET 3HAYECHUI
1070+ 1073.Tak, Ha yactote 9,7 I'T11 ipu TeMnepaType
npaa v Boasl —5 °C €' u €" mpy yBemueHN O0BEMHOIM
KOHIIEHTPAIMI BOIBI OYIyT TaKKe pacTh (puc. 2).

Pacuér BoinosHsIIcs 1o pedpakiMOHHONM MOJEIN,
npuBenéHHOM B pabore [10]: €22 =p,e,% + (1 —p,)e,*>,
rIe p; — OTHOCUTEbHAsA O0BEMHAsI KOHLIEHTPALUS
BOJIBL; €, — IUAIEKTPUYECKAS] IPOHULIAEMOCTb BOJIBI;
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Puc. 2. 3aBUCUMOCTb MHUMOI (ITyHKTUPHAs TUHUS) U JEMCTBUTEILHON (CIUIONIHAS JUHUS) YACTEeil OTHOCUTENBHOM
KOMILJIEKCHOM JIU3JIEKTPUYECKOM IMTPOHUIIAEMOCTU ABYXKOMIIOHEHTHOM cpenbl (Boga—ia€a) B 3aBUCUMOCTU OT

00BEMHOM KOHIIEHTpaLMY Boabl Ha yacTote 9,7 I'T.
Temneparypa cpenbl paBHa —5 °C

Fig. 2. Dependence of the imaginary and real parts of the relative complex permittivity of a two-component medium
(water—ice) depending on the volumetric concentration of water at a frequency of 9.7 GHz.

The temperature is —5 °C

- 446 -



C.B. Yviperrxanos, A.A. [ypynes

€,— IUAJIEKTPUYECKAsl MPOHULIAEMOCTb JIbAA. 3Haye-
HME MHUMOM 1 NEVMCTBUTEJILHOM YacTeil OTHOCUTEIb-
HOM KOMITIEKCHOM OUAJICKTPUIECCKON TPOHUIIAEMO-
CTU JJISI TIepeoXJIaXKAEHHOI BOMIbI ONpPeaesIsiioch U3
paborts! [8], a mst mpaa — m3 padotsl [11]. Camu cyxue
TPELIMHBI HE JAI0T 3aMETHOI0 3HAYEHUST 00BEMHOM
KOHILIEHTpaLMU BOABI BO JIbIY, OAHAKO OHU OOBIYHO
3aTOJIHSIIOTCSI CHETOM U MHEEM, KOTOpbIE YBeIM4MBa-
10T MJIOLIAlb TOBEPXHOCTU; KPOME TOIO, OHU MOTYT
OBITb BJIAXHBIMU, YTO CYILLIECTBEHHO YBEJIUYUT 3HAUE-
Hug € m " cpenpl [12].

Takum obpa3om, ucciegoBaHUe CyXUX TpelluH
U UX CBOMCTB, CBSI3aHHBIX C HAJIMYMEM KBa3VKUIKO-
ro cjosl, — akTyajibHasl 3ama4a JJisl JMCTaHLIMOHHO-
ro 30HAUPOBAHUSI U PELICHUSI IPYTUX NPUKIaTHbBIX
3aja4. HaMu BbITIOJIHEHBI U3MEPEHUS TeMIlepaTyp-
HBIX AecdopMaLuii JIeASTHOro MOKpOoBa MPECHOro 03epa
B BECEHHUI TIEpUO/I U pacipeaesieHs: TeMIepaTyphl 110
IyOMHE TTIOKPOBA, a TAKXKE CAeJIaHbl OLIEHKHW Ipupaiiie-
HUM paIroSIPKOCTHOM TeMIIepaTyphbl B CAHTUMETPOBOM
JUana3oHe IJis1 paIlOMETPUUECKUX U3MEPEHUIA.

MeTonuka u3mMepeHui

st m3ydeHus TeMIiepaTypHbIX AehopMalinii Jie-
ISTHOTO ITOKPOBA IIPECHOTO 03epa Apaxiieii, pacIoo-
JKeHHOTro B 3a0ailKaIbCKOM Kpae, B HEM Ha pa3imi-
HBIX [IyOMHAX ObLTN YCTAaHOBJIEHBI TEPMOPE3UCTOPEL.
Ha mmoBepxHOCTH JIeIsTHOTO IOKPOBa pa3Melaics 1aT-
ynkK gedopmanmm. O3. Apaxieit [IMHONM 1 IMNPUHOMN
0KoJi0 10 KM 1 ¢ MCXOTHOM MUHEpaIn3aleil BOIbI
okoJio 160 Mr/n [13] B 3uMHUIA EpUOM OKPHIBACTCS
JIeATHBIM TTIOKpOBOM ToymnHo# 1o 150 cm [14] ¢ Mu-
Hepamm3anueit 1 mr/kr. CHeXXHBII ITOKPOB Ha IIOBEPX-
HOCTH JICASTHOTO TIOKPOBA B PEIKMX CITydasix TOCTUTa-
eT 20 cMm. EcTb 110many, mojHOCTEIO CBOOOIHBIC OT
CHEra, YTO CBSI3aHO C OCOOBIMU KIIMMAaTUIECKIMHU YC-
JIOBUSIMM 3a0aliKaIbCKOTO Kpasl.

Tepmope3nucTopbl MOMEIIAIUCh B JISASTHOU I10-
KpOB C 11IaroM 5 CM T10 [JIyOUHE IMyTéM eCTECTBEHHOI'O
BMopaxkuBaHus. [1okazaHMsI COMPOTUBIICHUIA C JaTIM-
KOB TeMIIepaTyphl 3alIMChIBAJIN C TIOMOIIIBIO CUCTEMBI
cOopa maHHBIX GUPMBI «Agilent» B pexkuMe peaibHOro
BpeMeHU. Ilepen ycTaHOBKOI TepMOIATIMKOB BBITION-
HeHa 1x KayimbpoBka B Tepmokamepe «Espec SU-261»,
KOTOpasl TTI03BOJIMJIA OTKAIMOPOBATh JATYMKK C TOU-
HocThio 110 0,1 °C B IIMPOKOM MHTEpBaJIe TEMIIEPaTyp.

CylecTBYIOT KaK KOHTaKTHHIE, TaK 1 O€CKOH-
TaKTHbIe MeTOAbl [15] udaMepeHus: XxapakTepucTUuK

JIEISTHOTO TOKpPOBa, KOTOPbIe MO3BOJISIIOT OMpeae-
JISITh €ro MexaHuueckue napameTpsl. Kak npasuio,
Takue HaOJII0IeHUs — TOYeUHbIe, HO JJIsl YBearuue-
HUS 3PHEKTUBHOCTU MIPUMEHSIIOT pacnpeaesiéH-
HbI€ BOJIOKOHHO-OMNTUYECKHE JaTUMKU, UMEIOIIe
XOPOIIUN MeXaHUYECKUI KOHTAKT co abaoM. 1o
JIOKaJNbHBIM AedopMauusM Kabeasl ¢ MTOMOIIbIO
KOTepPEHTHOro peaeKToMeTpa MOXHO (PUKCUPO-
BaThb JIOObIE €ro MOABUXKU, AaxKe He3HAUYUTeb-
Hble [16, 17]. K pacnpocTpaHEHHBIM KOHTaKTHBIM
MEeTOoJaM, PeTUCTPUPYIOIIUM JedopMalluu JeASTHO-
ro MOKpOBa, OTHOCSTCSI pe3UCTUBHBIC, UHAYKTUB-
HbIE U PE30HAHCHbIE, UCITOJIb3YIOLINE COOTBETCTBY-
IollMe BUIbI Mpeobdpas3oBaTeseii [15].

B HacTosilieM ucciaeqoBaHUM MCMOAb30BaH UH-
JYKTUBHBII MpeoOpa3oBartelib, a UMEHHO: paauoya-
CTOTHbBIN auddepeHIaIbHBIN U3MepUTeb aehop-
Mauuu [18]. ITpuHIUIT pabOThl TAKOTO U3MEPUTES
OCHOBaH Ha NpUMeHeHUU AUdhepeHLIMATBHOM CXeMbI
U3MEPEHUS BHICOKOYACTOTHOI'O HAMPSIKEHUS TIPU T1e-
peMeleHnr (eppUTOBOTO CEPACYHMKA B KATYIIKE UH-
TYKTUBHOCTU OTHOCUTEJIBHO €€ LIEHTPaJTbHOI YacTH,
YTO MO3BOJISIET MOJIYyYaTh BHICOKYIO CTAOMIBHOCTb U3~
MEpUTENISl, a TAKXKe BbICOKYIO €ro YyBCTBUTEIbHOCTh
(okos0 1 MkM). JIaTuMK ycTaHABIMBAICS Ha JISASTHOM
nokpose 03. Apaxyeit B 200 M ot 6epera.

Dotorpadust qaTarka rpuBenaeHa Ha puc. 3. JmHa
crepxkHs — 70 cM. OnopHbIE TOUKU, MEXIY KOTOPbI-
MM BBITOJTHSIIN U3MEPEHUsI, KECTKO (DUKCUPOBAIU B
JISASTHOM TIOKPOBE Ha AUAJIEKTPUUYECKUX CTEPXKHSIX C
LIeJIbIO UCKJTIOUEHMS UX CIBUTa MPU MOATAUBAHWUU MO,
JIeHiCTBUEM COJTHEUHOM paauauvu. Mi3MepeHus BbINo-
HSUTA B BECEHHMI MEPUOJ, TIEPE] HaYaIoM IECTPYKLIMU
JIeASTHOro TTOKPOBAa, KOIAa B CBSI3U CO 3HAUUTEIbHBIM
repenagoM HOUHBIX M JHEBHBIX TeMIIepaTyp BOJIU3U
TeMIiepaTyphbl a30BOro rnepexoaa Jéa—Boaa Mporcxo-
JSIT 3aMeTHBIE TepopMaLIvK JISASTHOTO MTOKPOBA, B TOM
YUCJIe U ero IJIaCTUYeCKoe TeYeHNe.

HOJIy‘leHHbIe pe3yabTaThl U UX 06cymelme

BusyaibHO B JIeASTHOM TTIOKPOBE B BECEHHUI TIe-
puon (MapT) NPUCYTCTBYET OOUIIbHAS CETh CYXUX Tpe-
IKH (cM. puc. 3), oOpa3zoBaHNe KOTOPbIX CBSI3aHO C
OOJIBLLIMM TIEPEIIagoM THEBHBIX M1 HOYHBIX TEMIIepa-
Typ. B 3abaiikanibe Takue repemnaabl MOTYT TOCTUTATh
25 °C [19]. Kak ycTaHOBJIEHO U3 BU3yaJbHbIX HaOJIIO-
JIeHUI, TIIyOMHA CYXUX TPEIIVH OOBIYHO HE MPEeBhI-
maet 20 cM. DTO CBSI3aHO C TEM, YTO 3HAYMTEIbHbIE

-447 -



Mopckue, peuHble u 03épHble 1b0bl

Puc. 3. ®ororpacdusa natunka aedopMainm, yCTaHOB-
JIEHHOTO Ha JIEJSTHOM TTIOKpOBe 03. Apaxiieit

Fig. 3. Photo of a strain gauge installed on the ice cover
of Lake Arakhley

BapuyalK TEMIIEPATYpPhl BO JIbIy B TEUEHHME CYTOK KaK
pa3 MpocieKnBaloTCs UMEHHO J0 TaKuX T1yornH. Ha
puc. 4 TIpuBeeHbI ITOJIyYeHHbIE B CepeIMHe MapTa Ha
MPOTSLKEHUU HECKOJIbKMX THEH SKCIIepUMEHTATbHbIE
pe3yibTaThl IO U3MEPEHUSIM TEMIIEPATypPhl B TOJIILE
JIeASTHOTO TTIOKpoBa Ha TiyounHax 1, 5, 10 u 15 cm. Kak
BUIHO U3 MPUBEIEHHBIX IPa(UKOB, CyTOYHbBIC Bapy-
alluM TeMIlepaTypbl BHYTPU JEASTHOIO MOKpoBa Ha
ryouHe 15 cM He3HAUMTEeNbHBI U TTPUOIU3UTEIHHO
cocraBisior 1 °C. I1o 3Toi1 mpuumHe TyOMHA CYyXHUX
TPEIIVH B JIEASTHOM TTOKPOBE U He TIpeBbItaeT 20 cM.

CornacHo hopMyJie 1151 JMHEMHOTO pacIIMPEHUS
tBEpIoro tena AL = aLAT (AL — nuHeliHOe yBeIu-
YeHUe pa3MepoB Tena ITUHON L, o — KO3((ULINEHT
JIMHEHHOTO TEIUIOBOIO paciiupeHus jabaa, AT — u3-
MEHEeHHUEe TeMIlepaTyphl Tella), JEM Mo/ NeliCTBueM
LUKJIMYECKUX U3MEHEHUN TeMIlepaTyp IpeTepIie-
BaeT CUJIbHBIE Aedopmaumu. s 1baa o 3aBUCUT OT
Temrieparyphbl, u npu temnepatypax 0 + —20 °C ero
3HauYeHue cocTasisieT okoso 50 x 1076 °C~1 [20]. U3
dopmybl it AL MOXHO TIOJTyYUTh U3MEHEHUE JI-
HeHOro pa3Mepa IMOBEPXHOCTH JibAa MPU €ro Harpe-
BaHUU WIM oxJaxneHuu. Tak, pyu U3BMEHEHUU TeM-
neparypsl 1baa Ha 10 °C mipu pa3Mepe JIeASTHOTO OIS
1 M ero TMHEWHBIN pa3Mep YBEJIMUUTCS TP HarpeBa-
HUM WIM YMEHBIINUTCS TIPU oXJIaXneHuu Ha 0,5 M.
OTOT 3(h(PeKT U TIPUBOAUT K MOSIBIICHUIO CYXUX Tpe-
LLIMH B JIEASTHOM ITOKPOBE.

Ha Bonoémax, rae cyrouHble BapyUaliy TeMIIepaTy-
PBI BEpXHETO CJ10s1 JIbJa He TaK BEIMKU, KakK B 3abaiika-
JIbE, CYXUX TPEIVH B JIEISTHOM ITOKPOBE TIPaKTUUECKU

]
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Temneparypa, °C
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Puc. 4. BpemeHHOI xoa TeMniepaTypbl BHYTPU JIEASHOTO
MOKpPOBa Ha IIyOMHAX, CM:

1-1;2-5;3—-10;4—-15

Fig. 4. Temporal course of temperature inside the ice

cover at depths, cm:
1-1;2-5;3—10;4-15

Het. Ha o3. balikan nipu cpegHeii uMpruHe BogoEMa
nopsaka 50 KM 0IHOAKTHOE CYyTOYHOE pacllIupeHue
JISISTHOT'O TIOKPOBAa B BECEHHUI TIEPUOI MOXKET JOCTH-
ratb 45,5 M [21]. ¥V Gepera nensiHOI MOKPOB MpUNastH
KO JTHY, YTO OrpaHMYMBAET BO3MOXKHOCTh €I0 CMellle-
HUSI OTHOCUTEJIbHO OeperoBoil TMHUM, TO3TOMY MPU
MafgeHU TeMIIepaTypbl HOUbIO (CXKATUU JISASTHOTO I10-
KpOBa), a TAK>Ke MOBbIILIEHUN TeMIIepaTypbl THEM (€ro
PpacIIMpeHNUN) BO JIbIY BO3HUKAIOT CUIbHBIC HAIIPSIKe-
Hus. Takue cucteMaTUuecKrie U3BMEeHEeHMsI PUBOAST K
nechopMaliy JISASTHOTO TIOKPOBAa M 00pa30BaHUIO Tpe-
ILIMH B HEM, B TOM YUCJIE U CYXUX.

HaHHbIe 0 BennmurHe AehopMalii BEPXHETO CIIOS
JISASTHOTO TIOKPOBAa B TeUeHMeE TMOJIyTOpa CYTOK B Jie-
JISTHOM TOKPOBe TpuBeAeHbl Ha puc. 5. [1pu usmeHe-
HUM TeMIIepaTypbl BO3AyXa B TEUEHUE CYTOK IKCTpe-
MyMBbI 1e(hopMalliy PacTSKEHUSI—CXATUS JICISTHOTO
MOKpPOBa Ha UCCIIETyeMOM YJacTKe Jibla HabJrona-
I0TCSI B paHHUE YTPEHHME W TTO3IHNE JHEBHBIE YaChl.
OTMETHM, UTO MPU MPUOIMKEHUN TeMIIepaTyphbl BO3-
Iyxa K TeMmIieparype da3oBoro nepexona J€a—Bomaa
JIEA HAUMHAET PacLIUPSITLCS, TIPU 3TOM HaOJI0IaI0T-
¢ (OIIYKTyaldy 3TUX ITOIBIDKEK, TOCTUTAIOIINE 5 MKM
Ha puHe 70 cM. TIpy moHWXXeHUU TeMIlepaTyphbl JIEI
HauMHAeT C3KMMAThCSI, TIPY 3TOM M3MEHEHHUE PacCTo-
STHUST MEXKAY OTIOPHBIMU TOYKAMU JOCTUTAI0 40 MKM.
KoHkpeTHbIe n3MepeHusl elli€ pa3 NoATBepKAAIOT, UTO
B MIPUPOIHOM JISASTHOM MOKPOBE MPaKTUUeCKU Bceraa
CYIIECTBYIOT MEXaHUUECKME HaMPSIKEHMST, KOTOPhIE
BO3HUMKAIOT B pe3yJIbTaTe HarpeBaHUs U OXJIaXKIACHUS
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Puc. 5. Jlepopmaiiust aeasiHOro mokpoBa Ha 03. Apaxjeit
27 n 28 despans 2019 1.:

| — U3MeHeHUe PACCTOAHUA MEXKAY ABYMA TOUYKaMM, paCCTOsA-
HUe MeXIy KoTopbiMu 70 cM; 2 — TemIiepaTypa Bo3ayXa Ha BbI-
coTe 5 ¢M oT JICOAAHOIO IMTOKpPOBa

Fig. 5. Deformation of the ice cover on the lake Arakh-
ley. February 27 and 28, 2019:

1 — change in the distance between two points, the distance
between which is 70 cm; 2 — air temperature at a height of 5 cm
from the ice cover

BEPXHUX CJIOEB JieAsTHOro nokposa. JIEN, Haxomsch B
TaKOM COCTOSIHMM, U3MEHSIET HE TOJIbKO MeXaHUYe-
CKU€, HO U CBOM OUINIEKTPUUYECKHE XapaKTEePUCTH -
ku [22, 23]. T1pu DOCTMKEHUN TIpeaeia TeKy4eCTH
JIbAA 3JICKTPOMATHUTHBIE TIOTEPU BO JIbAY B MUKPO-
BOJTHOBOM JMAaIla30He KPaTKOBPEMEHHO YMEHBIIIAIOT-
¢ [22]. DToT hakT MOXKHO UCIOIB30BaTh IPU paauo-
30HIMPOBAHUH JICASTHBIX TeEJL.

OnuH 13 Croco00B PaTMO30HANMPOBAHUS JEATHBIX
ITOKPOBOB — ITACCUBHBII METOI PATOMETPUHN, TIPUA KO-
TOPOM OIIPEIEIIIETCS MOIITHOCTh COOCTBEHHOTO paIio-
TEeIJIOBOTO U3Ty4YeHUsT O0bEeKTa. DTOT METO UMEET PSiJ
MPEUMYILECTB, B YACTHOCTH, OH OTHOCUTCSI K BCEIIO-
TOHOMY, TTI03TOMY HET HEOOXOAMMOCTHY UCIIOIb30BaATh
€CTEeCTBEHHYIO (COTHEUHBIN CBET) WJIN NCKYCCTBEHHYIO
MOJACBETKY MOBEPXHOCTU 00beKTa. M3nydyeHue dop-
MUPYETCSI B TOCTaTOYHO INTyOOKOM IOBEPXHOCTHOM
CJI0€, YTO TO3BOJISIET YCTAHABIMBATD PSIIl XapaKTepH-
CTHUK rccaeayeMoit cpenbl. Apkuii mpumep UCOIb30-
BaHW MUKPOBOJIHOBO palliOMETPUN — MOHUTOPUHT
JIEASTHBIX TIOKPOBOB APKTUUECKNUX Mopeit [24], TTo3Bo-
JITIOLINI OIIpeNesiaTh Tpagalliy JISASTHOTO IIOKPOBa,
€T0 TPaHMIIbI, HAIMIME CHEXXHMII 1 T.I1.

Dusnyeckast BeJIMYMHA, XapaKTepr3yollasi MOILI-
HOCTb COOCTBEHHOI'O PaIMOTEIIOBOIO M3IyYeHUs
Cpelbl, — paIuosIpKOCTHas Temneparypa 7, 3HaueHue
KOTOPOIi 3aBUCUT OT psiaa (pakTopoB, a UMEHHO: Tep-

MOIVMHAMIYECKOM TeMIlepaTypbl 00beKTa, yIja Ha0-
JIIONECHUS, TUBJICKTPUIECKIX CBOMCTB Cpelbl 1 T.II.
[NosiBiIsTIOmMECS Cyxye TPEIIMHBI 1 TOIagaloIe B
HUX MHEH U CHET IIPUBOIAT K POCTY KOHIIEHTpAILIUU
MepeoxJIakKAEHHOI BOIBI B BEpXHEM CJIOE JICASTHOTO
MOKPOBa. DTa 0COOEHHOCTh CYIIECTBEHHO YBEJIUIUT
MHHMYIO 4aCTh OTHOCUTEIbHON KOMIUIEKCHOM I1-
BJIEKTPUYECKON MPOHUIIAEMOCTH JIbIa (CM. pucC. 2),
YTO IPUBEIET K POCTY 3HAUSHMSI €T0 PATHOSPKOCTHOM
TEMITEPaTyPBbL

B 11e;10M 11OBEpXHOCTB JIEASHOTO IIOKpPOBA IIpe-
CHBIX 03€p IIPEACTABIISICT COOOM TOCTATOYHO TUTOCKMIA
CJIOI, BapHalliH IT0 BBICOTE KOTOPOTO HE IIPEBBIIIAIOT
5 MM. XOTSI CYIIECTBYIOT 1 JOCTATOYHO IIEPOXOBATHIC
YJacTKM IIOBEPXHOCTH JIbAa, KaK Ha puUC. 3, HO OHH,
Kak IIPaBWIO, He IpeBhIIaloT 5—10% ob1weii mrona-
I BOMHOTO 00BEKTa. DTH CBOMCTBA JICASTHOTO ITOKPOBa
MOXKHO MCIIOJIb30BaTh IIPU PAaCcUETe ero pagroTeIlIo-
BOT'0 M3IIyYeHNSI, TAK KaK OHM He BJIMSIIOT Ha 3HAYCHIE
PagMOSIPKOCTHOM TeMIIepaTyphl, XapaKTepU3yIolieit
MOIITHOCTb COOCTBEHHOTO paTlOTEILIOBOrO M3TyICHMS
B CAaHTUMETPOBOM IMAara3oHe, HO MX BIMSIHUE CYIIe-
CTBEHHO B MIJIMMETPOBOM IMAara30He.

ABTOpamMu ObUIN BBIIOJIHEHBI PACU€Thl 1) KaK Ha
BepTuKaabHOU (BIT), Tak 1 Ha ropuzoHTabHOM (I'T1T)
MOJISIPU3ALMSIX JJIs1 YETBIPEXCIONHOM TJIOCKOCIOU -
CTOI Cpelbl, COCTOSIIEH U3: a) BO3AYLIHOM CPebl;
0) cJ10s1 YBAQXKHEHHOTO Jibaa TOJIIKUHOK 20 ¢M ¢ TeM-
nepatypoil —5 °C, B KOTOPOM MMEIOTCS CyXue Tpe-
IIMHBI, HAOUTHIE CHETOM; B) CJIOsI CYXOro JbJa Mpu
temmnepatype —5 °C touauumHoit 80 cM; r) moayodec-
KOHEeYHoro cjiog Boabl npu temmneparype 1 °C. Pac-
YEThl BBIMOJHEHbI AJ151 JAUHBI BOJIHBI 3 ¢M (B CBO-
0OJHOM MPOCTPAHCTBE) U yrje HabawoaeHus 45°.
PanuosipkocTHast TemIiepaTypa pacCUMTHIBAIACH IJIsI
HEU30TePMUUYECKOM TIJIOCKOCIOUCTOM Cpelbl, B KO-
TOPOW YYUTHIBAIOTCS OTpakarolIve 1 MOrIoNatonme
CBoOIicTBa Kaxjoro ciod [25]. JaHHast MeToauKa pac-
y€Ta 3aKJIIOYAETCs B TOM, YTO PACCYMTHIBAETCS COO-
CTBEHHOE MUKPOBOJTHOBOE M3JTy4eHME, B KOTOPOM M3~
JIYYAIOIIEN CUCTEMOM CIIY>KUT BOJIHASI TIOBEPXHOCTD,
MMOKPHITasT HECKOJIBKUMU CIIOSIMU JIEISTHOTO TTOKPO-
Ba, HaJ KOTOPBIMU PACIOJIOXKEH TOJICTBINA CJIOM aT-
Mocdepbl. B pe3yibrare pacu€ToB onpezesicHa 3aBU-
CUMOCTb 7, OT 10U >KUIKOM BOABI B TOHKOM (20 cm)
cJ10€ JIbJIa, HAXOSAIIEMCST Ha CyXOM JIeISTHOM TTIOKPOBE
MPECHOT0 BOAHOI0 00beKTa (puc. 6). YCTaHOBJIECHO,
YTO TIPU 00BEMHOI 10K kKot Boabl 0,1% mpupa-
IIEHNEe PaIMOSIPKOCTHON TeMIlepaTypbl COCTaBJIsSIET
30 K Ha BepTUKaTBLHOM 1 TOPU3OHTAILHOM TMOJIsIpr3a-
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Puc. 6. 3aBUCUMOCTb PaIUOSIPKOCTHON TeMIepaTyphl
JIEASTHOTO MOKPOBa TOJIIMHON 1 M OT HOJY XXUIKOW BO-
Ibl B BepxHeM 2(0-CaHTUMETPOBOM CJI0€ Ha BePTUKaIb-
Hoii (BIT) u ropusonTanbsHoit (I'T1) monsipuzanusix.

VYron HabmogeHusi — 45°, remnepatypa jgpaa —5 °C, yacrora
usnyderus 10 I'Tu

Fig. 6. Dependence of the radio brightness temperature
of the ice sheet, one meter thick, on the fraction of liquid
water in the upper 20 cm layer on the vertical (BIT) and
horizontal (I'TI) polarizations.

Viewing angle 45°, ice temperature —5 °C, frequency of received
radiation 10 GHz

usix. OTMETHM, YTO MPU YBEJIMYEHUM JUTMHBI BOJTHBI
npupaileHue 3HaueHus: 7, Oynet Oosblue, a npu €€
YMEHbIIIEHUN — MEHBIIIE.

B npupoaHbIX JeAsIHBIX TOKPOBAX MO SKUIKOMN
BOJIbI 32 CYET CYXUX TPEIIMH, 3alI0OJTHEHHBIX CHETOM,
MaJla 1 €€ 3HaueHue He TpeBbIIIaeT, 1o IpeaBapu-
TEJIbHBIM OLIEHKAM COIVIACHO MCCIIeIoBaHusM |5, 26],
0,01%. OnnHako, Koraa IprHa TAKUX TPEILIUH J0CTU-
raeT HECKOJIbKUX CAaHTUMETPOB U OHM MOJTHOCTBIO 3a-
MOJIHEHBI CHETOM, KOJIMYECTBO BJIarM B TaKOM cpele
oynet 61m3ko K 0,1%. JIpyroii mpuMep Takoro ciy-
yasi — TOPOCHI, YacTO HabJogaeMble Ha JISISTHOM T10-
KpoOBe, IJie yAeJbHasl IUIolaab MTIOBEPXHOCTHU (CHera,
MHesT) ¢ KBa3VDKUAKUM CI0EM TakKe MMEET BhICOKOE
3HaYeHUE, B pe3yJbTaTe Yero J0JIs BOAbI B €AUHUIIES
00bEMa cpelibl CYLIECTBEHHO BbIIIE, YeM Y HeHapy-
LLIEHHOTO TJIOCKOCIOMCTOrO JISASTHOro nmokposa. [1pu
HaTypPHBIX TPACCOBBIX U3MEPEHUSIX PATUOSIPKOCTHOMN
TEMITEPaTypPbl MPECHBIX JIEAAHBIX TTOKPOBOB B CAHTU-
METPOBOM JIMala30He B Cilyyae TOPOCOB HaOJIt01aB-
11Ieecsl 3HaYeHUe PaaruosipKOCTHOM TeMIepaTyphbl Ipe-
BbIIIAET (DOHOBOE 3HAYEHME Ha HECKOJIBKO IECSITKOB
rpanycoB KenbBrHa [27]. DTa BelM4MHA COOTBETCTBY-
eT npuoau3uTesabHo 0,1% XUAKOCTHU B JIEASTHOM I10-
KpoBe. B ciyyae cyxux TpemiuH npupaiieHue oyaer
JOCTUTaTh HECKOJIbKMX I'PaIyCOB, YTO BIIOJHE MOXKET

OBITH 3aPETUCTPUPOBAHO COBPEMEHHBIMU PAINOMET-
PUYECKMH YCTPOMCTBAMU, HAIIPUMEP, IIPH IOCTPOE-
HUU pamTron300pakeHHIA.

Yo KacaeTcs paaroIOKALMOHHBIX M300pakeHHI,
TO TPEIIMHBI XOPOIIIO BUAHBI ¢ KOCMUYECKUX aIllla-
paToB, HAa KOTOPHIX YCTAHOBJICHA PadMOIOKAIIMOH-
Has armaparypa. CTpyKTypa TpellyH, JeISTHBIX TUIUT
1 OJIOKOB OTUYETIIMBO ITPOCIICKMBAETCS Ha pagapHbIX
M300pakeHNSX, 9TO TIOKa3aHO B MccienoBaHum [28].
Kpome Toro, 1o panroIoKaImoHHBIM CHUMKAaM, C I10-
MOIIBIO KOTOPBIX YCTAHABIMBAIOT TPEIINHBI B JICIsI-
HOM ITOKPOBE, MOXKHO OIIPEIEIISITh Y ITONBYLKKI JIEIsI-
HbBIX 0JIOKOB. OMHAKO padoT 110 pagroIOKAIIIOHHOMY
OIIpeAeICHIIO CyXHX TPEIMH 1 CIIoco0y Kimaccuduka-
LV TPEIIVH B HAYYHOM JIUTepaType HeT.

Brisoapl

1. IIpu u3MeHEHUN CYTOYHOI TeMITepaTyphl BEPX-
HUX CJIOEB JICISTHOTO ITOKPOBA U JOCTIDKEHNM TpaIy-
eHTa Temrreparypsl ~70 °C/M B HEM BO3HHMKAIOT MeXa-
HUYECKIE HAIIPSDKeHNST, COPOC KOTOPHIX HAOMIOOAeTCs
pyu 00pa30BaHUM CYXMX TPEIIUH, OCOOCHHO B CIIy-
yae IpUOIIKEHUSI K TeMriepaType (pa3oBOro mepexo-
Ja IEN—BoaA.

2. B MoMeHT cOpoca HaIpsSLKEHHOTO COCTOSTHUST
JIbIa PACCTOSIHIE MEXIY OITOPHBIMM TOUKAMU B JIEMISI-
HOM ITOKPOBE UCIIBITHIBACT JIOKAIbHBIC (hIYKTyalluu,
3HAYCHME KOTOPBIX JOCTUTALT IECSITKOB MUKPOMETPOB
Ha onuH MeTp. Takoiil agdekT HadmoaaACs B MapTe B
6eperoBoii 30He 03. Apaxeii B 200 m ot 6epera. [l
IPYTUX BOOOEMOB 1 BpEMEHU rofia TPeOYIOTCSI TOTION-
HUTEJIbHBIC UCCIICIOBAHNS.

3. B pe3yibrare pac4€ToB panrosSIpKOCTHOM TeMITe-
paTyphl IIPECHOTO JIGASTHOTO IIOKPOBa Ha BOMHOM I10-
BEPXHOCTH II0 CJIOMCTOI HEM30TEPMUUIECKOI CTPYK-
Type (IDIOCKOCIONCTAsT YeThIPEXCIIOMHAsI cpena) ObUIO
YCTaHOBJICHO BIMSIHHE CyXMX TPEIIH Ha IIPUPALLICHIe
pagnospKOCTHON TemIepaTyphl. [1py Hamuunm mo-
BEPXHOCTHBIX TUIEHOK BOIbI Ha JIEASTHBIX CTPYKTYpax
(cHer, 3a0UTHINI B CyXHe TPEIIUHBI) pagrOSIPKOCTHAS
TeMIIepaTypa yBeJIMIMBaeTCsI KaK Ha BEPTUKAJIbHOMM,
TaK ¥ Ha TOPU3OHTAIBHON moJisspu3anun. Jiis mpu-
POIHBIX OOBEKTOB IIPY KOHLIEHTPALIMI JOJIU KUIKON
Bonnbl 0,01% nipupaitenue nocturaer 5 K Ha 060ux mo-
JISIpU3alKsIX. DTOT 3PHEKT MOXKHO 3a(pUKCHUPOBATH
MpU pagOMETPUIECKIX U3MEPEHUSIX, U €T0 He00X0-
MO YYUTBIBATD IIPH PATUOMETPUICCKIX UCCIICIOBA-
HUSIX JISISTHBIX ITOKPOBOB IIPECHBIX BOMOEMOB B KOHIIE
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Iepuoaa JenocTaBa, Koraa yaeIbHbI O0BEM CYyXUX
TPEIIMH B JIEASTHOM ITOKpOBe MakcuMaieH. 1o pammo-
METPUYECKIM M3MEPEHMSIM MOXKHO OIIPEACISITh MUHE-
paNM3aIunIo JICASTHOTO IIOKPOBA, €T0 TOMIINUHY, a HaIH-
Yiie CyX1X TPEIH BHECET ITOTPEIIHOCTb B M3MEPEHUS
3TUX BEJIMYMH.

4. B nemssHOM MOKpPOBE TTPECHBIX BOTOEMOB 3abaii-
KaJIbCKOT'O Kpasi HaOIomaeTcsl OOIIMpHAs CETh CYXUX

JIutepaTypa

1. bopdonckuii I'.C. TIpruriHbI BOBHUKHOBEHUSI CTAHOBBIX
TPELIMH B JICASHBIX MOKpoBax o3ep // 'eorpacdus u
mpup. pecypcebl. 2007. Ne 2. C. 69-76.

2. I'naumonorudeckuii cinosaps / [Mox pen. B.M. Komsi-
koga. JI.: 'mnpomereounsnat, 1984. 528 c.
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4. Metonnueckue peKOMeHIalnu paboT Mo OlIEHKE Tpy-
30ITOTLEMHOCTH JIEIOBBIX TiepenpaB. M.: DexepanbHoe
nopoxHoe areHTcTBO (PocasTomop), 2017. 42 c.

5. Konocoe I' /., Taeynun A.B. Kanopumerpruueckue mc-
CJIeI0BaHMSI KBAa3VDKMIKOTO CJIOST HA TIOBEPXHOCTH Ipa-
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C. 406—409.
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HUE COIEpXKaHUS He3aMepaIleil BOAbl B TIEHOCTEKIIE
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10.21440/2307-2091-2018-3-83-88.
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HocTH ¥ ouBorpyHToB. M.: Hayka, 1986. 190 c.

11. Mauepem FO.4. Panno3oHIMpoBaHKE JICIHUKOB. M.:
Hayuansrit mup, 2006. 392 c.

12. Komasxoe B.M., Mauepem 10.4., Cocnoséckuii A.B.,
Tazoeckuii A.@. CKOpOCTh pacipoCTpaHEHUS paglo-
BOJTH B CYXOM U BJIa)KHOM CHEXXHOM TOKpoBe // JIEm u
Cuer. 2017. T. 57. Ne 1. C. 45—56. doi: 10.15356/2076-
6734-2017-1-45-56.
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T. 12. Ne 2. C. 29-35. doi: 10.21209/2074-9155-2018-
12-2-29-35.

~

[o2]

Nel

TpelyH ITyornHoM 10 20 cM, BOZHMKAIOIINX B MaJlo-
CHEXXHBbIE 3UMBI B Pe3KO KOHTUHEHTAJIbHOM KJIMMa-
T€, KOrJa CyTOYHbBIC Bapyalluy TeMIIepaTyphl JOCTH-
ratot 25 °C. Pagnodnsnyeckie XapaKTepUCTUKI JThIa
C CYXMMH TpeIIMHAMU TPEOYIOT CIeIIMAIbHBIX HCCIe-
MOBaHMI, KOrJa HEOOXOMMO OIPEeNeIsATh YACIbHYIO
IUTOIIAIb IIOBEPXHOCTH ITOJIOCTE, 3aIIOJIHSIIOIINX MX
YaCTULL U O0BEM KBa3MKUIKUX CIOEB.
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