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B paboTe 13/10XeHbl OCHOBHbIE pe3ynbrarhl uctonbsoBanusa muccuu GRACE mpu onenke
OTHeTIBHBIX COCTAB/IAIOMINX 6ACCEITHOBBIX BIAr03alacoB, pacyeTe COCTAB/IIONINX BOJHOTO
6amaHca u rugponorndeckoM MopenupoBanyu. Ouenka omnbku ganHbix GRACE cocras-
nsiet mopsigka 11 MM i Bogoc6opoB rwromagpio 100 ThIC. KM? U YMEHDIIAETCA 110 Mepe
POCTa IJIOMA/IM YCPeJHEHMs, YTO M03BOJIAeT (PUKCUPOBATh MHOTOJIETHIO 1 CE30HHYIO 13-
MEHUVBOCTD B/Iarosanacos. IlokasaHo, 4TO yMeHbIIeHe BIaro3anacos B 6acceiite p. [lon
3a 2002-2019 rr. B 1pr6IM3UTEIBHO PABHOI CTENIEHN CBA3aHO KaK C IIOYBEHHOI B/IArOit, TaK
U TOA3eMHBIMM BoftaMut. [Ipu 9TOM MUHMMYM 3aI1acOB IOJ3€MHBIX BOJ] OBUI JOCTUTHYT yoKe
B2010T1., anouBeHHbIX — K 2015 1. Haunnas ¢ 2016 1., 3ammacbl Io[3eMHBIX BOJ, B OacceitHe JJoHa
B Te4yeHMe 3MMHETO TIepyofa IPAKTIIECKH He M3MEHSIOTCS, YTO CBA3aHO, BEPOSITHO, C 607Ib-
MM KOMMYECTBOM OTTEIlesIell M MeHbIIeil ITyOMHOI C/I0sl MPOMEP3aHus B 9TOT HEPUOF,.
Ilo faHHBIM MeTeOCTaHLIMII [/IA OCafIKOB XOJIOIHOTO Nepuofia eBpoIelickoit yactu Poccun
(EYP) 6blma monmydeHa BeMM4MHA UX CUCTeMaTM4ecKoil oumbkm — 20-25%. CpaBHeHMe
BeM4MH Brarosanacos anasa pek cesepa EYP nmo GRACE u mopenu ECOMAG mnokasano
ux xopouryio cormacoBaHHocTb (NSE = 0.78 + 0.89). IIpu arom, B cpaBHennu ¢ GRACE,
ECOMAG peMOHCTpUpYeT MEHbBIINII POCT B/Iaro3anacoB B 3UMHMII IIepuof U 6omee Obl-
CTPYIO MX CpPabOTKy B LIEPMOJ IONOBOAbs. B HacTosmMe BpeMs IPOrpecc B IMpYMEHEHNN
manHpix GRACE B rupiponorny tuMUTHPYeTCS UX HU3KUM IPOCTPAHCTBEHHO-BPEMEHHBIM
paspelleHneM, KOTopoe, B pamkax camoit Muccuu GRACE, B 6/miKaiiiiye rofbl yIy4IIeHo He
6yner. IIpu atom cam npuunun paborsl GRACE MoeT B lepcleKTIBe IPYMEHATHCS K pas-
JIMYHBIM CITY THUKOBBIM TPYTIIIMPOBKAM.

Kntouesvle cnosa: MOHUTOPUHT, KOCMUYecKas IpaBUMETPHA, BOTHbIE PeCyPChl, TUAPOIOTH-
4ecK1e MOJIENN.

1. BBeeHMe 1 TOCTaHOBKA IPOOIEMbI

Heo6xoaMocTh 00eCIeYnTh YCTONYNBOE Pa3BUTIE OOIIeCTBA B YCIOBUAX YCUIN-
BAIOI[ErOCsI BIMSHYS Ye/I0BeKa Ha MPUPOLY CTABUT Iepelt TUPOIOraMiy HOBbIE BBI3OBBI
(Wilby, 2019). [Insa pemieHns Takux Ba>KHBIX NPOOJIEM, KaK IOTydeHIe HeOOXOAMMBIX

* VlccnenoBaHue BBIONHEHO mpu nopagepxkke PODU (mpoekt Ne 18-05-60021-ApkTuka — pacyer
BJIAT0O3AIIaCOB VI MOZie/IMPOBaHue Jyisl apKTudeckux 6acceitHoB) u PH® (mpoext Ne 21-47-00008 — meTo-
IMYecKye BOIPOCHI, OlleHKa TOYHOCTH JaHHbIX GRACE).
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[AQHHBIX [JIs C1a0OU3Y4YeHHBIX TepPUTOPUIL, IPOTHO3 HABOJAHEHNUIT Y MaJIOBOANIL, MCCIIe-
moBaHMe GUSMYECKMX IIPUUYVH 3aCyX, OXBAaThIBAIOIINX OOJbIINE TEPPUTOPUN, CO3TAHNE
CHCTEMBL YIIpaBJIeHNUs PUCKAaMM OIACHBIX IPUPOMAHBIX SIBJICHUI B PEXUMe peaTbHOTO
BpeMeHH, HeobxoayMa MHPOpMaLys 0 3amacax BOfbl B PEYHOM BOJOCOOpe, UX pacipe-
Ie/leHUN M COCTOSHMM. SHAUNUTEIbHBII IIPOTpecc B 9TOM HaIpaBJeHN! B IOC/IefHIE fle-
CATUIETVA CBSA3aH C PAa3BUTIEM peaHa/nn3a MeTeopPOTOTMYeCKUX II0/IeH ¥ CITY THUKOBOI
MUKPOBOJTHOBOJI cbeMK/. OFHAKO 3TV MHCTPYMEHTBI UCIIOb3YIOT IAHHbIE Ha3eMHbIX
HaOJIIOfeHNIT JJIs1 KaMMOPOBKM, BaNUAALMU U, B Psfie CIydaeB, KOPPEKLMU PacCUNTAH-
HBIX BeIMYVH B/Iar03aIacos.

ToYHOCTD MUKPOBOTHOBOJ CbeMKY TAaK>Ke CY/ILHO 3aBYICUT OT JIOKAIbHBIX YCIIOBUI
(penbeda, mecucToCcTH, COCTOSHMS MOACTUIAONEI TIOBEPXHOCTI U Ap.). B memom ona
Jy4llle BOCIIPOM3BOAUT COCTOSIHME ITOBEPXHOCTM BOJOCOOpa M IEPBBIX CAHTUMETPOB
TOJIIY IOYBOTPYHTOB, YeM OojIee ITyOOKIX CTIO€B.

B 3HauMTENbHOI CTENEHM OT ITUX HEJOCTATKOB CBOOOJHA CITyTHMKOBAas CUCTeMa
GRACE, nosBosAmoIas n3y4aTb BpeMeHHbIe Bapualiuy IPaBUTALMOHHOTO MO 3eMIIN,
00YCIOB/IEHHBIE TIPOLIeCCaMil MacCOIlepeHoca B 000/I0YKax 3eMIu, B TOM YNCTIe B I'M-
npocdepe (Zotov et al., 2015b). Koneunrsim npoxgykrom muccuu GRACE sBisiorcs aHo-
Manny 6acCceiHOBBIX Brarosamacos (terrestrial water storage — TWS), mpencTaBaAOMINX
€000l 3a11achl TIOBEPXHOCTHBIX 1 ITOA3EMHBIX BOJI BO BCEX arperaTHBIX COCTOSHMSAX (Zo-
tovetal., 2015a). PaboTsl ¢ ucnonpsosanmeM GRACE B rupponornm BegyTcs o TpeM oc-
HOBHBIM HaIlpaB/IeHMAM: 1) uccregoBanye n3MereHuss T WS u ero oThe/IbHBIX COCTaBIIA-
IOLIMX II0f] BIMSHUEM XO35I/ICTBEHHO [eSATENbHOCTY U KIMMaTa; 2) pacyeT OTHe/NIbHBIX
COCTABJIAIOLINMX BOIHOTO H6amaHca (0CAIKOB, MCTIAPEHNS 1 PEYHOTO CTOKA); 3) aCCUMUIIA-
s fanubix GRACE B rupjponornyeckie MOfeny, MX MCIONb30BaHye Ipy KanuOpoBKe
U BaJIMJIaliiy MOJemnein.

Ilenbio paboTh! ABsIETCS 0600IIEHE OCHOBHBIX Pe3y/IbTaTOB, IOJTYYeHHBIX B paM-
KaX TpeX BbIIIeYKa3aHHBIX HAIIPABIeHNUII, KaK aBTOPaMU CTaTbM, TaK U JPYTVMI MCCIIe-
IOBaTe/sIMI, a TaKXKe paspaboTka peKOMeHJaLmil o Mcronb3oBaHuio fanHbix GRACE
U OILleHKA IIePCIEKTUB UX MCII0/Ib30BaHMSL.

2. Muccua GRACE

Muccus GRACE (Gravity Recovery And Climate Experiment) Hauana cBoro pabory
C 3aIlyCcKa JABYX CITyTHUKOB-O1usHerjoB B Mapre 2002 r. OHI ITOTHOCTBIO IIPEKpPaTUIN
cBoe (pyHKI[MOHMpOBaHMe B ceHTsA6pe 2017 1. (a, HaumHas ¢ 2011 ., B ux pabore 61N
HepepbIBbI), ofHako B Mae 2018 r. 6pumm 3amymensl cnyTHuku GRACE-FO. CnyTHukn
GRACE-FO npaktnyecku aHanorndusl cnyTHukaM GRACE (npuHiun pabotsl, mapa-
MeTpbI OpONTHI), 32 MICK/TIOYEHMeM Ha/Im4ys 6oree TOYHOro fanbHOMepa 1 GPS-aHTeHHBI
It M3MepeHMst Ipoduieli TeMIlepaTypbl U BIaXXHOCTH B atMocdepe (gracefo.jpl.nasa.
gov, n. d.).

[Tpuniun pabors: Muccunt GRACE ocHoBaH Ha yHZaMeHTaIbHBIX 3aKOHAX pesis-
tuBUCTCKONM MexaHuku. OcHoBoit Muccun GRACE sBndAroTCA Ba CIIyTHUKA, 71 KOTO-
PBIX pacCUMTHIBAETCA M3MEHEHMe UX KoopanHat. HermocpecTBeHHO M3MepeHms mpubo-
POB COCTaBIIAIOT HY/IeBON ypoBeHb 06paboTku (L-0). [lamee mporcXopuT IepeBoy n3Me-
peHuit Ipu6opoB B p13MYECKIIe BETMYNHDI C YYETOM KaT1OPOBOYHBIX K09((PUIINIEHTOB
npu6OpOB, BKII0Yas IPOBEPKy KadecTBa AaHHbIX (L-1A). IlomHOCTBIO TOATOTOBIEHHbIE
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IS pacyeTa aHOMa/INI IPaBUTALMIOHHOTO 107151 TaHHbIE IIPEACTABIAI0T 06011 L-1B ypo-
BeHb 00pabOTKI. 3aTeM, VICIIOIb3Ys aITOPUTM pelleHNsA 0OpaTHOI 3aJa4n C peryiipu-
3a11eit, OTy4aoT aHOMa/IMIO TPABUTALMOHHOTO 110/1A 3eMn. [l/1 BbifieneHNs CoCTaB-
JIAIONIeN, CBA3AHHOI ¢ IlepepacIpene/ieHrieM BOTHBIX Macc Ha cyue (L-2), u3 anomanmit
TPaBUTAIVIOHHOTO IO/ BBIYMTAIOT IIPOYMe KOMIIOHEHTDI, pacCINTbIBaeMble Ha OCHOBE
pAna reodusnyecKux Mopeneil. KOHeUHBIN IPOAYKT, MOMTy4aeMblil IIOC/Ie TIPYMEeHeHNs
PasIMYHBIX GUIBTPOB I MUHMMU3AIMA IIYMOB B L-2, mpeficTaBiseT coboil cpefHe-
MecsuHble/cpeHefieKagHble BemmanHbl T WS B y3nax rpagycHoit cetkn (gfz-potsdam.de,
n.d.; Dahle et al., 2019; Chen, 2019).

OTMeTnM, YTO HENOCPEICTBEHHO MO NaHHBIM u3Mepenuii ciyTHnKoB GRACE pac-
CUNTBIBAIOTCSI AaHOMAJIMY IPaBUTALMOHHOrO IO/ 3eMIN, HO He BepTUKAIbHOE (BJONID
HOPMasy K IMOBEPXHOCTH) pacIipefie/ieHlie MacC, ONpPele/AIIINX BeTNYNHY 3TUX aHO-
mammit. ITostomy GRACE ¢uxcupyer n3MeHeHue BJIaru BHE 3aBUCUMOCTY OT TOTO, Ha
KaKoJl ITy0VHe/BBICOTE 9TO M3MEHEeHMe IIPOM30IIII0. BMecTe ¢ TeM KOMMYECTBO BJIaru
B IJIYOOKVX BOJJOHOCHBIX TOPM3OHTAX, He APEHUPYEMBIX PEYHOII CeThI0, HA BPEMEHHBIX
IMIPOMEXYTKaX B JeCATKU ¥ COTHH JIET, KaK IIPaBIUJIO, IPAKTUYECKM HE U3MEHAETCA U I10-
aToMy He ¢pukcupyercs B saHHbIX GRACE.

ITo Mepe coBeplLIEHCTBOBaHMA METOLOB 0OPAaOOTKM JJAHHBIX M3MEpPEeHMII, pacyera
U pasBUTHA reo(PU3NUECKUX MOJieTiell MosAB/IsICh HoBble Bepcuu gaHHbIX GRACE, mo-
CTIeIHsIsI U3 KOTOPBIX, 1ecTtast (RL-06), 6bi1a BoinyieHa B fexkadpe 2018 r. Kaxxpas HoBast
Bepcus fauHbIX GRACE nmeeT MeHblyio ommnoKy, yeM npegbiayias. Tak, A/ JaHHbIX,
npenoctasnAeMblx GFZ, ymeHbIeHe oMOOK OT Bepcui K Bepcuu cefytoee: 14 % ot
RL-01 x RL02, 24 % ot RLO2 x RL03, 4% ot RL03 x RL04, 0% ot RL04 x RLO5a (Haun-
Hasa ¢ RLO5a, 8 TWS He BKmOUaoT aTMOChepHyIo Brary), 41 % or RL05a k RL06 (Dahle
etal., 2019).

Jna nepexopa oT JaHHBIX L-1B K L-2 cymlecTByIOT Ba OCHOBHBIX IOAXO/A: IPefi-
craByienne aHomamit TWS B Buie cyMMbl chepudeckux rapmonuk (SH — spherical har-
monic) wau MmackoHoB (MC — mascon). B nenom MC aBnsgeTcsa HeCKOIbKO Oojee TOY-
HBIM (HO He BCeTZia 1 Be3fie) 1, KpOMe TOro, He TpebyeT, Kak SH, IpuMeHeHVsI MHOXeCTBa
GUIBTPOB, YTO YIPOIIAET VICIOMb30BaHNe ¥ MHTepIpeTanuio faHHbx o TWS (Wang et
al., 2020).

Hepsatp apxuBoB ganHbIXx GRACE (Grigoriev, 2018) B Bepcun RL-05 6bU1u 1cnosns-
30BaHBI JIs1 OLIEHKV MeXXapXUBHOTO padbpoca sHaueHnit TWS Ha oCHOBe pacuyeTa BeJn-
YMHBI CPEHEKBA/IPATHYECKOTO OTKIOHEHNS (O, Tyys) 38 KOK/ABLA MECAL] IO OT/E/IbHBIM
LIEHTPaM [JIs1 BCETO PAMla U €T0 OTHE/IbHBIX YacTell I 27 PeYHbIX 6accellHOB Ha Teppu-
Topun P®. Bemmanna O, s He saBucut or TWS u mensiercs ot 0.9 cM B Oacceline
p. /lensl 10 4 cM B 6acceiine p. [lemxnnsl (Grigoriev, 2018).

Bemmunna 0, g TECHO CBsA3aHA C IIOMaAbI0 Bofocbopa (F, Toic. KM®), 1T KOTO-
poro nmpousBopwcs pacuer. Ilpy annpokcuMaumny 3aBUCUMOCT O,y s = f (F ) 70-
rapudmudeckoit GyHKLMel Mbl ToTy4aeM KoappuiumeHT gerepMuHannm, pasuoii 0.86,
U ypaBHEHUe CBA3K

o-apx.TWS =5.99 -0.64 ln(F) (1)

o 2
B nmamasone mromageit o 100 Thic. KM BemMuMHA O, ryyg MPAKTUYECKN HE 3a-

BIUCUT OT F, 4TO CBAI3aHO C MOTepeli BBICOKOYACTOTHONM cocTapnAomieil Bapuanyumu TWS

npy QUIbTpaLyy. YMEHbIIEHNE Oy, 1y € POCTOM F 00BACHACTCS TeM, YTO pasindue
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B 06pabOTKe MICXOMHBIX JAHHBIX CKA3bIBA€TCSI, [TTABHBIM 00Pa30M, Ha METKOMACIITAOHOIT
usMmenunBocty o TWS (Ferreira et al., 2016).

[TepBbie orenkn TouyHOCTU AaHHBIX GRACE mosBWINCH elfe [0 Havamda paboThl
muccun. [Tnanuposanoce, 410 GRACE 6ypmer mpefocTaBisaTh JaHHbIE KaX/ble 2—4 He-
Jenyu ¢ TOYHOCTBIO MOpsAfKa 2 MM Ha Cylle ¥ 1 MM I OKeaHa Jyid IUIOLIafieil Mopsaj-
ka 100 toic. km> (Wahr et al., 1998). lauHble, HOTy4YeHHbIe B IIepPBble MeCsIbl paboThI
muccun GRACE, nokasanu cyiiecTBeHHO MEHBIIYI0 TOYHOCTb — IopAAKa 21 MM npu
papuyce ycpennenust TWS B 750 km (Wahr et al., 2004). Tekyiiye olieHKY TOYHOCTH JaH-
HbIX GRACE (mst RL-05) nmeror 6071b111071 pa3époc B 3aBUCUMOCTY OT UCIIONIb3yeMOIt
metopuku. OL[eHKH, TIOyYeHHble MeTOOM «Tpeyronku» (three-cornered hat method),
1711 BOMOCOOPOB ¢ TUTomaapio mopsigka 100 Teic. KM [TOKa3bIBaIOT oum61<y OT 7 MM
(Ferreira et al., 2016) go 25-50 mm (Long et al., 2017), 4T0, BAMMO, YKa3bIBaeT Ha He-
HOPMaJIbHOCTD pactpefenenst oumbok B psagax TWS, He 0O3BOAOIIEN MCIONTB30BATD
METOJ, «TPEYTONKI» /ISl UX OLleHKM. VIHble MeTomb! JAloT OLjeHKY B 17-18 MM (Vishwa-
karma et al., 2018).
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Puc. 1. Ounbka onpenenenuss TWS 3a XOTOGHBIN PO, IIPY PA3IMIHOI IUTOIIAAM Bogocbopa (mmo
nanubiM GRACE nst pex EUP)

s psiga Bogocbopos eBpometickoit vactu Poccuu (EYUP) Bennunna o6k TWS

(ee cpeHeKBaApaTNIECKOrO OTK/IOHEHNs) OblIa paccYMTaHa Ha OCHOBE YPaBHEHNS BO-
IHOTO b6aaHca 3a xonogHbli nepuop (Grigoriev, 2018) o JaHHBIM O C/I0€ PEYHOTO CTOKA,
0CafIKoOB U Mcmapenus. [t BOMoCcOOpOB ¢ momaapio mopsigka 100 Thic. KM omm6Ka

coctaBwia nopsiaka 10.5 MM (puc. 1), 4T0, € yIeTOM MPEIIIoNoKeHNs O PaBEHCTBE HY/IIO
OIIMOKY OTIpeNeeHst CTI0sT CTOKA U CIIOSI MCTIAPEHNs, MOKHO CYUTATh BEPXHEI OI[eH-
Koit. IIpu 3TOM He0OXO[MMO YUUTBIBATD, YTO omnbOka TWS MoxeT 3aBUCETD OT Ce30Ha,
Tak Kak GRACE Mo>xeT He y/1aBI1BaTh M3MEHEHM, IIPOMCXOAAIIE JOCTATOYHO 6BICTPO
(x mpuMepy, M3MeHeHMe Baro3anacoB B IEPUOJ MOMOBOABs). Takke, YTO 0COOEHHO
Ba)XHO J/IsI CPEMHMX BOAOCOOPOB, omnbka TWS 3aBUCKT OT TOTO, HACKOTTBKO CUHXPOHHO
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MEHSIIOTCs BJIAr03aIachl Ha BOJOCOOpe U MpUIErawlieil TEPpUTOPUNM, TaK KaK CUTHAI
€ MajIoro BOffoc60pa 3alyMIIeH CUTHAJIOM C ITpujieraonuieii repputopun. CoOTBETCTBEH-
HO, omnbka TWS 3aBUCUT He TONBKO OT IUIOMIAZIN BOAOCOOPA, /ST KOTOPOTO IPOU3BO-
murcs pacdet TWS, HO U OT ce30Ha U ONOXKeHUsI Bogochopa.

3. Vicnonp3oBanne GRACE pj1a pemeHns ruiponorn4ecKnx sajgaqd

3.1. U3menenue b6acceiinosvix 6714203anacoé u axmopul,
obycnasnusatouiue ux Ha meppumopuu Poccuu u 6 mupe

ITockonbky panHple GRACE omnuceiBaloT nsmeHenne TWS ¢ MecAYHBIM paspelie-
HIIEM, UX IIPYMeHEeHe OTPaHIYeHO MCCTIefl0BAHeM MHOTOJIETHE 1 Ce30HHON M3MEeHYM-
BocTy. IIpn aTOM 60/Iee KpaTKOBpeMeHHbIe U3MEeHEeHN s (M3MEHEeHNS BIAKHOCTY ITOYBBI
B pe3y/bTaTe BbINA/IeHN OCA/JKOB, MI3MEHEHNe 3aI1aca BOZIbI B CHE)KHOM IIOKPOBeE B IIepH-
Off OTTeIIe/IN U [p.) He BCerzia GUKCUPYIOTCS.

OpuyMy 13 Haubonee BOCTPeOOBAHHBIX OODBEKTOB MCCIAEHOBAHMS JISI MUCCUN
GRACE saBnaworcsa negaukn. 3a nocnegHue 20 1eT TOYHOCTb aIbTePHATUBHOTO METO-
Ia — CHYTHMKOBOJ a/lbTYMEeTPUN — 3HAUYUTENbHO BO3POC/IA 1 yKe IIO3BOIAET Olperie-
JIAITh U3MEHEeHMe BBICOTBI JIETHMKOB C TOYHOCTBIO 0 HECKOMBbKIX MIIIMMETPOB, HO IIpU
3TOM OHa He N30aBUIACh OT CBOMX (PyH/IaMeHTa/IbHBIX HEJOCTATKOB — 3aBVMICYIMOCTH pe-
3y/IbTaTOB I3MEPEHMII OT CBOJICTB IOACTIIAIONIEN IIOBEPXHOCTI, COCTAaBa JIbIa ¥ (PMpPHA.

GRACE mnokasana yMeHbllIeHMe Macchl NEeJHUKOB IpeHnmaHamyu M AHTapKTUABI,
a TaxoKe MO3BOJINIIA BBIABUTD PailOHBI, Ile CKOPOCTb 3TOTO yMEHbIIeHNA MaKCUMasb-
Ha — IOKHYIO U 3allafiHyI0 YacTu Ipennanauy, paiton Mopsi AMyHJCeHa B AHTapKTufie.
[TpuBneveHMe NaHHBIX A/IbTUMETPUN ¥ MOJENIMPOBAHNUA TO3BOIW/IO IIPUIATH K BBIBOAY,
YTO yMeHblIeHNe Macchl [peHmanickoro nefHnKa Ha 40 % CBA3aHO C yBenMYeHMeM Mac-
ChI I KOJIMYECTBA OTKOJIOBIIMXCS AbAVH, a Ha 60 % — C TassH/EM bfa (Rignot etal., 2011;
Sasgen et al., 2012). ITpu aToMm Ha poHe pocTa TeMIIepaTypbl OKeaHa CYLeCTBEHHYIO PO/Ib
B M3MEHeHMAX OajlaHca JIeTHUKOB Chilpajia KPYIIHOMACIITaOHas UMPKY/IALMs aTMOChe-
po! (Mémin et al., 2015).

GRACE BrepBble I03BOINIA IPOCTEAUTb VI3MEHEHIEe BJIaro3anacoB pevyHbIX Oac-
CEITHOB Ha PETMOHATBLHOM U ITTOOATbHOM YPOBHSX, @ TAKXKe BBIABUTDH OCHOBHBIE (paKTO-
pbl, ero onpepensomue. B uamenenun T'WS B TponnuecK1X U XOMTOGHBIX PeTMOHAX IIpe-
obmamaeT ce30HHasA M3MEHUMBOCTD, OOYCTOBIEHHAS NMHAMUKON BBIMAJEHNA OCAaJKOB
(Scanlon et al.,, 2018). HanpaBnieHHbIe M3MeHeHMs XapaKTEePHBI /I pallOHOB MHOTOJIET-
Hux 3acyx (KamudopHus) mnm paiioHOB OTKAauKM IIO[I3€MHBIX BOJ, Ha HY>K[JBI CENTbCKO-
ro xossiictBa (ceBepo-BocTok Kuras, ceBepo-3anan Vuaun, ror CaynoBckoit ApaBun).
3HauMMasa MHOTO/IETHAA M3MeHYMBOCTb T WS 114 10)KHOTO IOTyLIapus BO MHOTOM 00b-
AcHsercs BmusHreM Onb-Hunbo (Humphrey et al., 2015b; Rodell et al., 2018).

Hannbie Muccum GRACE, accuMunupoBaHHble BMeCTe C IPYTMMM JaHHBIMM JVC-
TaHI[MIOHHOTO 30HAVPOBAaHUA B I'MPONOTMYECKUEe MOMENN, TaKXKe MCIONIb3YIOTCA A
pacyeTa 3a11acoB ITIOYBEHHDIX U TTO/[3¢MHbIX BOJ, V1 Pa3NIYHbIX MH/EKCOB, XapaKTepU3yo-
I[VIX OIIACHOCTD Pa3BUTIH 3aCyX WM HaBofHeHuiT (nasagrace.unl.edu, n. d.; globalfloods.
eu, 2020).

ba3oBbIil aHA/MN3 YBIAKHEHHOCTM PEYHOTO BOJZOCOOpa BO3MOXKHO IIPOBECTY Ha
ocHoBe paHHbIX GRACE, r100anbHBIX I'MIpPONIOTMYECKUX MOJENell M CIYTHUKOBOIL
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Puc. 2. Cocrapysmoniye Blaro3anacos B 6acceitHe p. JIOH KaK OTHOLIEHNE SKBUBAJIEHTHOTO CIIOS
ozl (H, cM) K cpenHuM 3HadeHuAM 3a 2004-2009 rr.: I — 1o4Ba 1 pacTUTENbHOCTD; 2 — CHEXXHBII 110-
KpoB; 3 — 3amac Boabl B LIMMIAHCKOM BOJOXpaHM/INIILE; 4 — 3aIlac IOA3E€MHBIX BOJ

anpTrMeTpun. B wacTHoCcTH, Hamu 3a 2002-2019 rr. B 6acceitne p. [Jon 6b1a Ipou3Befe-
Ha jlekomriosunua TWS Ha 3amac Bjaru B BepXHeM 2-MeTPOBOM CJIOe ITOYBBHI, Ha Iiepe-
XBaueHHYIO PaCcTUTENbHOCTDIO BJIATy, 3aIac BOfbl B cHeTe (o saHHBIM Mofenun GLDAS
Noah 2.1 (Giovanni)), 3amac Bogel B LlumsiHcKkoM BomoxpaHuuie (1o JaHHBIM psfa
a/IpTUMeTpuYecKux cryTHUKoB (ipad.fas.usda.gov, 2020)) u Ha 3amac IIoJj3eMHBIX BOJ| KaK
pasuuny mexxpy TWS o GRACE (RL-06 MC JPL) u BeIlIeyKa3aHHBIMU COCTABIISIONIN-
mu TWS (puc. 2).

Onst p. Oou (ct. Pasgopcxkast) mepuop 2007-2016 rT. 0TIMYaeTCss MUHMMATbHBIMU
TOZIOBBIMM PacXofiaMy BOJBI, HAUMHAs, IO KpaitHell Mepe, ¢ 1945 1. 9To CBsA3aHO I/IaB-
HBIM 00Pa30M C IOBBILIEHHBIMI BeJIMYMHAMU UCTIAPEHNS 38 pacCMaTpUBaeMBblil IEPHOT,
TaK KaK BeaumduHa ocagkos 3a 2007-2016 rr. 6p1a 6/mska K MenuaHe 3a 1945-2016 1.
V3 puc. 2 BUHO, YTO B L|eJIOM, HECMOTPsI Ha 3aMeTHOe IoTelyieHue B bacceiine p. [Jon
B TIOCTIETHIE JIECATUIETHS, OCHOBHAasA (asa CpabGOTKM 3aMacoB TOJA3E€MHBIX BOJ ITO-
IpeXXHeMY IPUXOAUTCS Ha 3MMY, B TO BpeMs Kak C KOHIa 3MMbI ((deBpanb-MapT) [0
CepenMHbBI-KOHIJA JIeTa MPONCXOAUT MX mononHeHre. OgHako ¢ 2016 I. KapTuHA MeHs-
eTCSl — CEe30HHDIl X0/l HauMHAeT CrIaxuBarbca. PopMupoBaHue cToKa B Iepuof, Mo-
noBoAbsi B 2016-2019 IT. 6bUIO CBA3AHO C HOYTY IIOTHBIM OTCYTCTBYEM C/I0SI CE30HHOTO
npoMepsaHusa. B pesynbTrare NpoUCXOAUT CylLIeCTBEHHOE IIOMOTHEHNEe TIO3€MHBIX BOJ
u ux 6ojiee paHHee IIOCTYIIEHNE B PEKIL.

JIns 3amacoB MOYBEHHON B/IarM XapaKTePHO YMeEHbIlEHUe TOfIOBbIX MaKCUMYMOB
(Bcrmep 3a yMeHbILIEHMEM 3aI1aCOB BOZIBI B CHETE) 1 OTHOCUTE/IbHOE IIOCTOSIHCTBO T'OIOBBIX
MMHMMYMOB. MUHMMYM 3aIlacoB IIOJ3E€MHBIX BOJ, BO BpeMsA ManoBopbsa 2007-2016 rr.
OBIT JOCTUTHYT y>Ke B Hadajie 2011 1, a K 2012 I. OH BEPHY/ICS K CPELHEMHOTO/IETHEMY
3HAYEHMIO, B TO BpeMs KaK 3aIlachl BOJBI B I0YBe TONbKO B 2014-2015 IT. OocTUIIN CBO-
€r0 MYHMMYMa.

Kocsenno, ganusie GRACE B03MOXHO UCIIONIb30BaTh A/ pacyeTa BemuuuHel TWS
U 3a TIepYOf, TIPeAIIeCTBYIOINIT Hadany pabors! muccun. Kak 6b10 nokasano B (Grigo-
riev and Frolova, 2018), MexXiy pacxomamMy BOAbI 1 6AaCCeTHOBBIMU BjIarosamacamim 3a
Hepuo IeTHel MeXXeH! CYIIeCTBYeT TeCHas CBA3b. Tak, Ipy pocTe BeTMYMHBI B/Iaro3a-
IacoB Ha 1 MM, cpeflHeMeCsYHble pacXojbl BOAIbI B CTBOpe X. bensdeBckuil yBennunpa-
orca Ha 2.28 m’/c. KoabduumenT neTepMuHamy i 91O 3aBUCUMOCTY COCTABIISET
88.6 %. Ha ocHOBaHUM 3TOM 3aBUCUMOCTH, a TAK)KE€ PACXOLOB BOADBI 3 MIO/Ib — aBLYCT
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B cTBOpe X. bensieBckmit (3a 1944-1951 TT. pacxofibl BOIBI ObUTM BOCCTAHOBIEHBI 10 [JAH-
HBIM cTBOpa I. Kamau), 6p1n paccuntansl anomanuy TWS Ha 1 sHBaps 1978 u 2007 rr.
oTHOCUTENbHO 1 AHBaps 1945 r. TlomyyeHHble A1 yacTu GacceiiHa Bbllle CTBOpa X. be-
nsgeBckmit BenmmauHbl TWS ObUIM pacpocTpaHeHBl /1A 4acTy GacceifHa BbILIE CTBOPA
cT. Pasgopckas. Benmnunnaa TWS Ha 1 aaBaps 2017 1. BBIYMCIATACh OTHOCUTEIBHO BeJu-
yyHbl TWS Ha 1 auBapsa 1945 1. mo fanHbIM GRACE 1 paccunrtanHoit Bemunaer TWS 3a
2007 r. I[Torryuennsle Bemunubl TWS npeacrasieHs! B TaomI. 1.

Tabnuya 1. PaccanTaHHbIe BeTMYMHBI BIAro3anacos s 6acceiiHa p. [lon
BbIlIe CTBOpa cT. Pasgopckasa Ha 1 aHBaps, B MM

Top 1945 1978 2007 2017
TWS, Mmm 0 88 145 64

3.2. Pacuem omoenvHvix cCOCMAAAIOULUX 600H020 Oananca
¢ nomouwvio dannvix GRACE

[l onpepeeHNs HEM3BECTHDIX YWIEHOB MUCIIONIb3yeTCsl YpaBHEHVE BOJHOTO OalaH-
ca, HeCMOTPsI Ha OTHOCUTE/IbHO HEOOJIBIIYI0 TOYHOCTb TAKMX PACYETOB [0 CPABHEHNIO
C M3MEpEeHUAMHU WINM pe3ylIbTaTaMl MOofenypoBaHud. [IpeuMylecTBo TaKoro IOAXO-
Ia — BO3MOXXHOCTD IIPOBEEHSI OLIeHKM I OOJIbIINX OTHOCUTEIBHO MaTOVM3yYCHHBIX
VIV TPYJHOJOCTYIHBIX Tepputopuii (Lorenz et al., 2014; Seo and Lee, 2017).

OpHako B IIeIOM 3TO HaIllpaBJIeHMe He IOJYYMIO Pa3BUTHUA, Ha YTO MMEETCs He-
cxkonbko npuunH. GRACE ynosneTBOpuUTeNbHO OmuchiBaeT msMeHenue TWS nmmb
B OacceiiHax OOJBLIVX PeK, Ha KOTOPBIX, KaK IIPAaBU/IO, IPOBOJSATCS PETyIApPHbIE I'Mi-
IpoMeTpudeckye HabmoneHns. Ipyboe BpeMeHHOe paspellleHe JaHHBIX He I03BOJISAET
HO/Ty4aTh CBeeHNs 0 Hanbosiee 3HAYMMBIX XapaKTepPUCTIKAX BOJHOTO PEXIMa, a He00-
XO[VIMOCTDb IIPUBJIEKATh JAHHBIE IO MCIAPEHNIO I OCaJKaM He IaeT BO3MOXKHOCTH MC-
II0/Ib30BATh pacCUMTAaHHbIE BeIMYMHDI PACXOJ0B BOABI /151 KaIMOPOBKI VIV BaIValiN
K/IMMaTVYeCKUX Mofiesieil. PacdeT Be/IMYMHbI MICIIAPEHS TI0 YpaBHEHIIO BOJTHOTO OajaH-
ca c nomopio GRACE, kak IpaBuio, He OIIpaBaH B CYUTY OOJIbIIel TOYHOCTY peaHa-
3a Meteoponornyeckux monert u LSM (land surface model) (Xu et al., 2019).

He Halijsa mypokoro npyuMeHeHus Ipy pacyeTe 3JIeMEHTOB BOJHOro OalaHca, ompe-
Jie/ieH1Ie KOTOPBIX BbI3bIBaeT HamOosblINe CIOKHOCTH, faHHble GRACE, He uMerouye
CUCTeMATUIeCKOil OLIMOKY, MO3BOMVINA OLEHUTh CUCTEMATNYECKYI0 OLIMOKY OCafKOB
XOJIOfHOTO Heprofia KaK Ha ITI00aJbHOM YpPOBHe, TaK U /I OT/EIbHBIX TePPUTOPUIL
(Swenson, 2010; Behrangi et al., 2017).

MBI OLIEHWIN CUCTEMATUYECKYI0 OIIMOKY 3MIMHUX OCaJKOB, MI3MEPEHHBIX C IIOMO-
IBI0 OcagKoMepa TpeThbAKOBa, a TAKXKe C IIOMOIbI0 OTKOPPEKTVPOBAHHBIX U HEOTKOP-
PEeKTHPOBAaHHBIX JAHHBIX 110 MeToAMKe [TaBHOI reodusmyeckort obcepsaropun (Bogda-
nova et al., 2007), IIOJIy4E€HHOJ Ha OCHOBE pa60T, IIpoBOAMBIINXCS Ha Banpgaiickom ocaf-
KOMEpPHOM IIONNIOHe [oCyfapcTBEHHOro IMAPONIOTMYeCcKOro MHCTUTYTA. [lia pacuera
CMEIIeHHOCTY 3MIMHMX OCA[KOB MbI BOCIIO/Ib30BA/INICh YPaBHEHMEM BOJHOrO OanaHca,
IOIyCKast, YTO OCA[IKV ABJIAIOTCA eJMHCTBEHHBIM 3JIEMEHTOM BOJHOTO OajaHca, NMero-
MM CMellleHHYIo olleHKy (Grigoriev, 2018).
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[l ¥iCTIpaB/IeHHBIX U HEMCIIPABIEHHBIX CYMM OCAafIKOB 32 XOJIO[HbIIT IIepUOJ ObIIN
paccYMTaHbl BETMYMHBI CUCTeMATN4ecKoit oimoOku (bias, MM), OTHOCUTENBHOI CHCTEMA-
TUYECKOI olMOKM (OTHOLIeHNe bias K CpefjHEMY CJI0I0 M3MepPEeHHBIX 0CafiKkoB — bias, %)
U OlIMOKa BBIOOPOYHOTO CpenHero bias (Opigs, MM). Pe3ynmbpraThl pacdera Jis psija BOLO-
c60pOB IpefCTaBIe bl B TAOM. 2.

Tabnuya 2. OmeHKa CUCTEMATIYECKOI OUIMOKI M3MePEHHBIX 0CAJKOB XOTOSHOIO IEPMOJA U OmInOKa
OIpeeIeHNsI ee BBIGOPOYHOTO CPETHETO

Heuncnpasnennbie Vicnpasnennbie
Pexa — mocr
bias, mm | bias, % | Opias, MM | bias, mm | bias, % | Opigs, MM
p- Oxa — r. Top6aroB 40.8 239 19.4 17.9 9.2 26.7
p. Jon — ct. Pazgopckas 31.1 21.5 12.7 11.4 7.0 18.3
p. ITevopa — c. OkcuuO 81.1 33.2 28.4 28.3 9.6 27.2
p. Mesenb — c. Manonucoropckas 60.8 28.5 22.7 28.3 11.5 25.8
p. Ces. [IBuHa — c. Ycrb-IInnera 44.2 21.3 23.2 3.7 1.5 28.3
p. Ypan — r. Openbypr 72.2 68.8 21.1 18.7 11.9 19.8
p. Barka — c. Barckue Ilonanbt 39.7 20.0 16.5 30.0 14.4 20.6
p. benasa — r. Bupck 64.0 36.4 15.8 41.7 21.0 20.2
p- Kama — 1. Taiinbr 21.9 11.1 27.5 -1.1 -0.5 30.8

B cpepHeM Benm4uHa 0CajIkOB XOIOJHOTO IepUOja, PacCCYMTaHHAA 10 METOALY BO-
mHOro OajaHca, oKasaaach Ha 23 % Oojblie, yeM m3MepeHHas. Hamborbliee pacxox-
leHMe XapakKTepHo i OacceitHa p. Ypan (Bbiute ctBopa I. Openbypr) — 6omee 68 %.
BeposTHO, 4TO CTO/Mb HempaBAoONOfOOHas oleHKa bias mis 6acceitHa p. Ypan cBs3aHa
C 3aHIDKEHMEM CJI0s1 OCAJIKOB IIPY MHTEPIOIALUN BBULY MaloOr0 KOIMYeCTBA CTAHLIMIA
Ha OGOJIBIINX BBICOTAX M 3aBBbIIIEHMEM Be/IMYMHbI u3MeHeHus TWS 3a X0lMonHbBI epu-
on B pesynbrare cny4aitHpix omn6ok GRACE. [Ins 6acceiina p. Oxu pasHuLa Mexpuy
PAacCYMTAHHBIMYM U M3MEPEHHBIMM OCafIkaMM COCTaBisAeT okono 20 %, amsa GacceiiHa
p. don — 20-30%, mna 6acceitnos p. Iledoper — 30 %, p. CesepHoit [IBuaBI — 20 %.
st 6acceitna p. Kambl xapaktepHs! 3HadeHus: B 10-20% 3a mckmodeHrem bacceitHa
p. benoii, rie ator mokasarens gocturaet 30-35 %, 4TO, BEpOATHO, CBA3aHO C onmMbKamMu
npu uHTepnonsaunu. ITo abcomoTHON BennurHe HanboIbllee KOMMYECTBO HEYITEHHBIX
ocafikoB HabmrofaeTcs B bacceitHe p. Ileyops! B ctBope ¢. OKcrHO — 80 MM 32 XOJIOJHBII
nepuop (Grigoriev, 2018).

3.3. VIcnonv3osanue GRACE npu zudponozuteckom mMoOoenuposanuu

[Tpn mopenupoBaHuu GOPMUPOBAHUS PEYHOTO CTOKA IOSBISETCS BO3MOXXHOCTH
paccMarpuBaTh 3HAYeHMsA CYMMAapHBIX 0acCelIHOBBIX BJ/Iar03alacoB KaK OTHE/IbHBII
pe3ynbTaT MONENMPOBAHNA M CPAaBHUBATD OouLeHKM 1 WS, monmyd4eHHbIe IpU MOJeIpO-
BaHUM, CO CIIyTHUMKOBBIMM JAaHHBIMU, HAallpyMep AJIA JOIOTHUTEIbHOI BepuduKamm
mopenu. Muorumu uccnepnosarensamu fanuble GRACE npuBiekaroTcss He TO/NIbKO IS
BepudUKAIMU MO, HO U IJIs1 KaTMOPOBKM MOJENbHBIX IIaPaMeTPOB.
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AccuMmnAnMsA JAaHHBIX CHYTHMKA OCHOBAaHA Ha KO/IMYECTBEHHON OLIeHKe OLIMOOK
MOJIe/Il ¥ aHHBIX HAOMIOfEHMII C MOC/enyIollell KOMOMHaLVell pe3yIbTaTOB MOJEN-
POBaHMs 1 TAHHBIX M3MEPEHUIT [/Is1 YMEHbLICHNsI OLIMOKY B ONpee/IeHNI MOJIe/IbHBIX
napamMeTpoB. Cpefiut MeTOJ0B aCCUMIIAIY MOXKHO BBIZIE/TUTD BapMAI[IOHHbIE METO/B,
aHa/IOTMYHbIe TeM, KOTOpbIe VMICIIONb3YIOTCA IPU CO3[JaHUM PeaHa/l1n30B I0Jiell MeTeo-
PONOTMYECKNX XapPaKTEPUCTUK, ¥ METOMbI CTaTUCTMYECKOTO IOC/IeIOBaTe/IbHOIO aHa-
n13a, BKIIOYAs PasMvHble Bepcun QUIbTPOB: KaIMaHOBCKMIT, MHOTOYaCTUYHBII, He-
raycCoBBIil GUIBTP IMCTOrpaMMbl paHroB (non-Gaussian rank histogram filter) (Khaki
etal., 2017). 3auacryto BMecte ¢ faHHbIMU GRACE B Mozie/b acCUMMWIMPYIOTCS 1 APYTHe
IOVICTAHI[MOHHBIE JAHHBbIE — IIPeXKJie BCETO NaHHbIE II0 BTaXHOCTM IOYBEI, 3aI1ace BOJbI
B CHere 1 BenmunHe ycnapenns (Jiang and Wang, 2019). Accummsanus fanaeix GRACE
B TUZIPOTIOTMYECKIE MOTENN, KaK IPaBIIO, IPUBOAUT K YMEHBIIEHMIO OIIMOOK pacyeTa
3aI1acoOB IOJI3€MHBIX BOJ ¥ IIOYBEHHOM B/IarY B C/I0€ MOIIHOCTBIO OT HECKONIBKUX JIeCsT-
KOB CaHTUMeTpoB — Ha 15-30%. COOTBeTCTBEHHO, YMEHbIIIEH) e OIOOK 3aMeTHO ISl
coctapystronux T'WS, [ KOTOPbIX BO3MOXKHBI HaIlpaB/ICHHbIE M3MEHEHMS B TeUeHUe
HecKObKUX MecsueB 1 6onee (Tangdamrongsub et al., 2017; Tian et al., 2017). V3smeHe-
HIe TOYHOCTH BOCIIPOM3BEMEHNA PEYHOTO CTOKA VM MCHAPEeHMs IPY aCCUMMIALVN VH-
dbopmanyy o TWS npakTudecku He IIPOUCXOUT.

[Tpn xamubpoBKe TUAPOMOrMIecKoit Mofenu ¢ nmomoinpio ganHeix GRACE mapa-
MeTpPBI MOAOMPAIOTCS TaK, YTOOBI MOJENb HAWIYYLIMM 00pa3oM BOCIPOM3BOAMIA KaK
pacxofbl BOfBI, TaK U GacceilHOBble Baro3amachl. IIpy 9TOM B 3aBUCHMOCTM OT LN
paboThl BO3MOXKEH IOfOOP KpUTEpHeB KauecTBa, KOTOpPbIe B OOJIbIIEN CTelleHy ObIIn
6bl HATIPABJIEHBI HA MUHUMM3AIINIO OMIMOOK BOCIIPOU3BEEHNSI BIATO3aMACOB VTN Pac-
xonoB Bopbl. Kak 6bUI10 IpOeMOHCTPUPOBAHO B psifie MCCIENOBAHMUIA, UCIIONb30BaHNE
Opy KamMOpOBKe MapaMeTPOB TUAPOMOIMYECKOIl Mofenu maHHbIx 0 TWS coBmecTHO
C DaHHBIMM O CTOKe He YXyZAIIaeT KaueCTBO MOJENMPOBAHMNA PEYHOTO CTOKA M YMEHb-
IIaeT OMMOKM IIPU MOJIEMPOBAHUN APYTUX KOMIIOHEHTOB BOJHOTO OajaHca, BK/II0Yas
3aIrachl NOI3eMHBIX 1 TOYBEHHBIX BOJI, 3aIIachbl BOJBI B CHere 1 ycnapeHue. OJHaKo st
HACTPOVKM rupiponorndeckoit Mmopenu ogaux ganHbix GRACE Hemocrarouno (Bai et al.,
2018), Tak Kak 1cnonb3oBaHye faHHbix T WS 111 kamuOpoBKy Mozeny 6e3 MpUB/IeYeHUs
APYTOI TU/IPOIOTNYeCKOi MHPOPMAIINN JaeT Pe3y/IbTaT, O/IUSKIUIL K CTy4aiiHOMY BBIOO-
PY KanubpyeMbIX IIapaMeTpPOB.

B Hamreit paboTe mist yeTblpex 6acceiiHoB ceBepHbIX pek (Oneru, CeBepHoit [Bu-
HbI, Mesenn, [Teqopbl) ObIIO IPOBEEHO CpaBHEHNE B/IAr03amnacoB, PACCIUTAHHBIX C I10-
Moo Mozenu popmupoBanus croka ECOMAG (Motovilov et al., 1998) ¢ manHbIMK
o TWS cnyrankos GRACE. IlepBoHauabHO J/11 YKa3aHHBIX 6acceifHOB Mofienb GopMu-
pOBaHMs CTOKA OblTa OTKa/MMOpOBaHa 1 BepupMULIUpOBaHa Ha OCHOBE CYTOYHBIX JAHHBIX
0 pacxopax BOfibI 3a MHOTONIeTHMI Hepuof, ¢ 1980 o 2014 r. (Motovilov and Gelfan, 2013;
Krylenko et al., 2014, Golosnoy and Krylenko, 2017) u nokasana BbICOKYI0 3¢ deKTuB-
HOCTb IIPU BOCIPOM3BeeHNY ruaporpadoB CTOKA B Pas3IMIHbIX CTBOPAX.

[Tpu MopenupoBannu GOPMUPOBAHMS CTOKA BIATO3aIAChl BO BCEX pacCMaTpuBae-
MBIX BEPTUKAJIbHBIX YPOBHSX 110 BCEM YIENbHBIM BOJOCOOpaM (pacueTHBIM eSMHULIAM
B Mogemt ECOMAG) cyMMUpOBannch 3a KaKble CyTKY U B Ta/IbHEIIIIIeM OCPeTHSIIICD
C MECSIYHBIM ILIIaTOM, COOTBETCTBYIOIeM BpeMeHHOMY 1ary faHHbIX GRACE. [lanee aHa-
norn4Ho ¢ gaHHbIMU GRACE 6b1m1 paccumTaHbl aHOMA/INY BJIATO3AIIaCOB OTHOCUTEIb-
HO VX CpefHMX 3HadeHui 3a nepuop 2004-2009 rr.
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Puc. 3. AHOManuu Brarosamnacos B 6acceitnax pp. Ces. JIBunsl (a), ITedopst (6), Meseunn (8) 1o pe-
3y/bTaTaM MofenpoBanus Ha ocHoBe Moziert ECOMAG (I) u o ganubiM criytHUKOB GRACE (2)

CpaBHeHMe IT0Ka3ajIo, YTO cMofenpoBaHHble Ha ocHoBe ECOMAG u mony4eHHbIe
Ha OCHOBE CITyTHMKOBBIX M3MepeHMIT CYMMapHble B/Iaro3arnachl B UCCIeyeMbIX Oacceii-
Hax 3a paccMarpubaemblii mepuoy 2002-2014 rr. XopoIIo COBIAAIOT KaK I10 IMATIA30HY
M3MeHEeHMIT, TaK ¥ 10 ce30HHOMY Xony (puc. 3). Kpurepnit coorBerctBus Haura — Cat-
knga (NSE), paccunTaHHBIN 0 CpeIHEMECTYHBIM 3HAYEHMSIM B/Iar03aIacos, IIOyYeH-
HBIM Ha OCHOBE JIBYX METOJIOB, Ji/IsI BceX OacceitHoB, nmpesbicui 0.75 (Tabn. 3).

Tabnuua 3. CpaBHeHHUe Pe3ynbTATOB MOfeMpoBanusa Ha ocHoBe ECOMAG 1 cTy THMKOBBIX JAHHBIX
TIO B/Iaro3amnacaM B 6acceifHax pek Ha ocHoBe Kpurepusa NSE

bacceitn p. Onera p- Ces. [IBuHa p- Mesenn p. Ilevopa
Kpurepnit
coorBeTcTBMA Hama — 0.78 0.85 0.83 0.89
Carxnuda (NSE)
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OCHOBHOJI IepMoOJ yBeMYeHNs BJIaro3anacoB B IIpefesiax 0acceilHOB CeBEePHBIX
peK — Iepyuoy, CHerOHAaKOIUIeHMs. B Havane OKTAOpS Hpu HEYCTOMYMBOM CHEXHOM
IIOKpOBe HAOMIONAIOTCS Hamboslee BBICOKME PACXOKIEHNS MEX/Y OLleHKaMy IO MOfe-
JIM ¥ CyTHUKOBBIMU JaHHBIMU, B 3uMHUI nepuoj ECOMAG mnokasbiBaeT HECKOIbKO
MeHbBIINIT pocT BlarosanacoB B cpapHeHnn ¢ GRACE. MakcuManbHble 3Ha4eHUA Bila-
ro3afnacoB KakK IO pe3yjabTaTaM MOMAEIMPOBAHMSA, TaK U 110 CIIyTHUKOBBIM JaHHBIM Ha-
O/MI0at0TCs B KOHIlE Masi — MIOHE [TOC/Te Teprofia cHerotasHus. B 6acceiine p. Ilewopsr
MaKCUMYMBbI HaOTIOJAI0TCSI HECKOJIBKO II03Ke, YeM B OCTAa/IbHBIX OacceiiHaX. ITO CBs3a-
HO ¢ 60J1ee TTO3/JHIM Ha4ya/IOM CHETOTAsIHUA, YTO 1 IeMOHCTPUPYIOT Pe3y/IbTaThl MOJIE/IN -
poBaHus. B meTHuit nepuop Bnarosanacsl yMEeHbLIAIOTCS 3a CYET UCIIAPEHNUS U CPabOTKM
TPYHTOBBIX TOpU30HTOB, 11py 9ToM ECOMAG nokasbiBaeT 60jiee ObICTpOe yMEHbIIIEHe
BJIaT03aI1aCOB I1OCTIE MTOJI0BOJbA MO cpaBHeHMIo ¢ faHHbiMK GRACE.

HekoTopble OT/IN4NS B OLleHKAaX BJIar03aracoB MOTYT OBITH CBSI3aHBI C BO3MOXKHBIMU
HOTPELIHOCTSIMU B MCIIO/Ib3yeMBbIX IIPU MOJeTIMPOBAHUY JAHHBIX 00 OcagKax, 0COOeHHO
3MIMHMX, YIOMSIHYTBIMY Bbllle. Hanbonblume pacxoxjeHns MeXy pesyabTaTaMy MO-
IeMMpOBaHVs U JAaHHBIMU CITyTHMKA Hab/rofatotcs B 6acceiine p. OHeru 1 MOTyT ObITD
CBSI3aHBI KaK C HEJIOCTATOYHOIT OCBEI[EHHOCThI0 METEOPOIOTMIECKON MHPOPMAI[eil 13-
3a MEHBILINX PasMepoOB BOZOCOOpa, TaK 1 BIMSHMEM KapcTa B bacceiiHe peKu.

Pe3y/bTaThl CpaBHEHMsI OL|EHOK BJIar03aIacoB J/Is1 PeYHbIX GACCeilHOB ceBepa eB-
poreiickoit Teppuropun Poccuu, monydeHHble ABYMsI He3aBUCUMBIMY MeTomaMu (IO
pesy/bTaTaM MOJEIMPOBAHYS U IO CIIyTHMKOBBIM IaHHBIM), IIOKa3bIBAIOT, YTO B JajIb-
HellllleM MO>XXHO JICTIO/Ib30BaTh MOJe/IbHbIE OLIEHKM BJIar03aIacoB JI/IA YBeIMYeHUs IPo-
TOJDKUTETbHOCTY PAAOB 3a MpellecTBYIOMMNIA ncTopmaeckuii nepuop fo 2000 r. Taxoke
B II€PEXONHBIIl EPUOJ, BBOJA B SKCIUTyaTal[MI0 HOBBIX 'PAaBMMETPUYECKUX CITYTHUKOB
B 2017-2019 rT. MOJ€/TbHbBIE OLEHKU MOTYT OBITh UCIIONIb30BAHDI /I BaULALA CIIyT-
HUKOBBIX JTaHHBIX.

4. 3aknroueHue

Muccusa GRACE BHeca 3HaUMTENbHBIN BK/IAJ] B pelleHMe psAfa KII0YeBbIX 3ajay,
CTOALIMX Iepef ruaponorueit. ViccenoBaHus Mpojeany mMyTh OT IPOCTBIX BOZHOOA-
JIAaHCOBBIX COOTHOLIEHUII 1O 60Iee CIIOXKHBIX METONOB, ITO3BOJIAIOIINX COBMELIATH IIpe-
MIMYIIeCTBA AUCTAHIVOHHBIX TaHHBIX 1 (PM3MKO-MaTeMaTH4eCKOro Moaenuposanus. Ha
PaHHMX CTaIMIX HaXORUTCs pa3paboTKa CepBUCOB, TO3BOISIOMINX C IOMOIIBIO JAHHBIX
GRACE mpoBoauTb He TOIBKO MOHUTOPMHI OIACHBIX THUPOTOTMYECKUX CUTYAIMIL,
HO 1 IIpefckaspiBaTh ux (Jaggi et al., 2019).

Braropapst cBoeit rtouHocTH (11 MM 1 II01Ia 1€l HOpsiAKa 10° KMZ) manubie GRACE
MO>KHO JCIIOTb30BaTh [IJISI MCC/IENOBAHNUs AMHAMMKI BJIAaro3arracoB M MX OTHETbHBIX
OCTaBIIAIUX B CE30HHOM VI MHOTO/IETHEM paspe3ax. Tak, ObUIO BBIABIEHO, YTO HECMO-
TPsI Ha IPOJO/DKUTEIBHYIO TUAPOTIOTMYECKYI0 3aCyXy B 6acceiine p. Jon B 2007-2016 rr.,
naJleH1e 3aI1acoB ITOJI3EMHBIX BOJ, IPEKPATHUIOCh y>Ke B 2011 r. Ba>kHbIIT BBIBOJI CBA3aH
C IOATBEPXKIEeHMEM HATM4MA CUCTEMATNYECKOTO 3aHVDKEH S KO/IMYeCTBa TBEPbIX OCafl-
KOB Ha 20-25% 1npu CyLecTBYIOLEN METOVMKE UX U3MEPEHUA U KOPPEKTUPOBKU. Bhi-
sBneHHble pasnuuns B guHaMmyke TWS o ganubiM GRACE 1 gaHHBIM, paccunTaHHBIM
¢ nomoisio Mogent ECOMAG, no3BoA0T TOBOPUTD O BOSMOXXHOCTU X COBMECTHOTO
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VICIIO/Ib30BAHNSA TPV aCCUMWISALIMY VIV KaIMOPOBKM IapaMeTpoB MOfienu st 6onee
TOYHOTO ¥ GU3MYECKN 000CHOBAHHOTO MOJEMMPOBAHNA PEYHOTO CTOKA.

Bmecre ¢ Tem mporpecc, focturHythlit B kKadecTse gaHHbIX GRACE (¢ RL-01 mo
RL-06), cBsA3aH ¢ pa3BuTIeM BCIOMOTATeNIbHBIX MOJeseil (I/IAO0M30CTaTIYeCKOTO MOf-
HATNA, aTMOC(EPHOI LIUPKYIALUMA U Ap.) U METONOB pacyeTa, IOTEHLMAM PasBUTHUSI
KOTOPBIX, ITPM HEM3MEHHOI MHCTPYMEeHTa/IbHOI 6a3e Myccuy, orpannder. CyiecTy-
I0T TeXHUYECKIE CTIOKHOCTY ¢ QYHKIMOHMPOBAHMEM TeKYIIeil MUcCun. AKCeepoMeTp,
ycraHoBeHHBI Ha ofinH n3 cnyTHUKOB GRACE-FO, okasancsa HeucnipaBHBIM. []14 mpo-
IO/DKeHNs QYHKIMOHMPOBAHNUSA BCeil MICCuy ObUI pa3paboTaH arOPUTM pacyeTa IoKa-
3aHMI HENCIIPABHOTO aKCelIepPOMETPa, YTO, OFHAKO, CKa3a/I0Ch HA TOYHOCTY KOHEYHOTO
nponykTa. JlasepHblit nHTEpdepomeTp, ycTaHoBIeHHbIT Ha criyTHUKM GRACE-FO, He
ucnonp3yercs npu pacuete TWS, a pyHKIMOHMPYET C IIe/IbI0 AeMOHCTPAINU €T0 BO3-
MOXKHOCTe! 71 Ja/IbHeMIINX MUCCHIA, B TOM YIC/Ie He CBA3aHHbIX C U3y4eHNeM I[poc-
depsr 3emmn. IIpy sTom BHeIpeHne 6oree TOYHBIX U3MEPUTENbHBIX IPUOOPOB Ha CITyT-
Hyky myccyn GRACE He yCTpaHUT OCHOBHYIO IPOOIEMY MMCCHUM, @ UMEHHO — OTHO-
CUTEIbHO IPyboe IPOCTPAHCTBEHHO-BPeMEeHHOe paspelleHNe JaHHBIX (XOTsA HeCKOIbKO
YBEIMYNUT UX TOYHOCTD). 3aITyCKa HOBBIX CITyTHMUKOB B pamkax muccuy GRACE Ha man-
HBIIl MOMEHT He ITAHNPYeTCA.

OpnHako, ecny 3HAYUTETBHOTO Mporpecca B pamkax camoit muccuu GRACE B 6u-
Kallllye TOAbI BPsAJ, I CTOUT OXKUJIATh, TO CaM IIPMHIIMNIL, JISKAIUII B OCHOBE MUCCHUH,
MOYKeT HalITV MpuMeHeHme. 3a ocmenHme Tofbl psg komnanunit (OneWeb, Starlink u gp.)
3agBVIN O IJIAHAX 10 PA3BEPTHIBAHMIO TPYIIIMPOBOK U3 [IeCATKOB THICAY CITyTHMKOB Ha
OKOJI0O3eMHOJ1 0pO1Te, KOTOPBIe OYAYT 0OMeHNBAThCs MHPOpMaLMelt MeXxy coboii ¢ Imo-
MOIIBI0 Ta3epoB. PYHKIMOHMPOBaHMe MOJOOHOI ceTH MOTpedyeT CO3JAaHMA IEHTPA,
B KOTOPBIiT CTekamach Obl MH(popManus 06 opoUTax CIlyTHUKOB 1 KOTOPBII MOT ObI 6e3
y4acTusA 4eloBeKa NMPYHUMATD pelleHnsa 00 UX M3MEeHEeHUM /IS TOTO, YTOOBI N30eXaTb
cronkHoBeHys Mexxay Humn (Esa.int, 2020; Thespacereview.com, 2020), 4To MOXeT ObITb
UCIIONIb30BAHO /I pacyeTa aHOMa/IMIi ITPaBUTALIMIOHHOTO NOJA. Taxoke, HECMOTPS Ha OT-
CYTCTBME TeKYIIMX IIJIAHOB 10 3anycKy HOBbIX cyTHUKOB GRACE, nHcTpyMeHTanbHasd
0a3a MyCcCuU IPOJO/DKAET PasBUBATHCA B PAMKaX APYTYX IIPOEKTOB, B YaCTHOCTH IO VC-
cnepoBaHMIo rpaBuTanuoHHbIX BoH (LISA) (lisa.nasa.gov, n.d.).
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The paper presents the main results of using the GRACE mission in fields of study such as esti-
mations of the components of basin water storage and water balance, and hydrological mode-
ling. The estimate of error of GRACE data is in the order of 11 mm for watersheds with an area
of 100 000 km?and decreases with an increase of basin area. This accuracy made it possible to
identify long-term and seasonal variability of water storage. It was shown that the decrease in
total water storage in the Don basin for 2002-2019 is approximately equally caused by both
soil moisture and groundwater changes. At the same time, the minimum level of groundwater
was already reached in 2010; the minimum level of soil moisture — in 2015. Since 2016, Don
basin groundwater changes very little during the winter period, which is likely due to the in-
creased number of thaws and thinning of the freezing layer during this period. Based on the
precipitation data from meteorological stations for the cold period of European Russia, the
value of their systematic error was estimated at about 20-25 %. The comparison of the values
of total water storage for the river basins of the northern part of European Russia, according
to GRACE data and ECOMAG runoff modeling results, has shown their good coincidence
(NSE = 0.78 + 0.89). In comparison with GRACE, ECOMAG shows a smaller increase in
water storage during the winter and a faster decline during the spring flood period. Currently,
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GRACE data processing, No. 18-05-60021- Arctic research).

Becmuux CIT6T'Y. Hayxu o 3emne. 2021. T. 66. Boin. 1 121


file:///C:/Users/st004801/Documents/CURRENT/921071_7-1-2021%20%d0%b2%20%d0%b2%d0%b5%d1%80%d1%81%d1%82%d0%ba%d1%83%20%d1%81%d0%b4.%2009.03.2021/ 
mailto:krylenko_i@mail.ru
mailto:zavocado@gmail.com

122

progress in the use of GRACE in hydrology is limited by the low spatial-temporal resolution
of data, which, within the framework of the GRACE mission itself, will not be improved in the
coming years. At the same time, the principle of GRACE operation can be applied in the future
to various satellite constellations.
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