HCCIEJJOBAHHUE 3EMJIN U3 KOCMOCA, 2024, Ne 4, c. 56—68

PUSNYECKHUE OCHOBbDI

NCCIEJOBAHUA 3EMJIN N3 KOCMOCA

OIIPEJAEJEHME OBIIEI'O COOEPXKAHUA ITNOKCUJA YITIEPOJA
B ATMOC®EPE 110 JAHHBIM CITYTHUKOBOTI'O

OYPBE-CIIEKTPOMETPA UKDC-2: AHAJIN3 U OIIBIT IPUMEHEHUA

© 2024r. A. H. Pyones" *, B. B. Toromom3un’', A. B. Yenenckuii', 0. B. Kucenesa',
. A. Kozaos?, b. 1. Benan®, M. 10. Apmmnos’, F0. M. Tumodees’, A. B. I1anos’,
A. C. IIpokymkun’
'Hayuno-uccaedosamenvciuii yenmp “Ilnanema”, Mockea, Poccus
2Hcenedosamenvckuil yenmp umenu M. B. Keadviua, Mockea, Poccus
*Unemumym onmuru ammocghepor um. B.E. 3yesa CO PAH (MOA), Tomck, Poccus
‘Canxkm-Ilemep6ypeckuii 2ocydapcmeennsiii yrusepcumem (CII6TY), Cankm-Ilemep6ype, Poccus
SUnemumym aeca um B.H. Cyxaueea CO PAH, Kpacnospck, Poccus
*E-mail: alex.rublev@mail.ru
TToctynuna B pegakuuio 18.03.2024 r.

Ha ocHOBe peTpocrneKTHBHOTO COIMOCTaBAEHUSI C TAaHHBIMU Ha3eMHBIX CIIEKTPOCKOMUYECKUX M3MEpPEeHUI
B Ilereprode Cankr-IlerepOyprckoro rocyaapcrBeHHoro yHuBepcuteta (CITI6IY) u camoieTHBIX U3Mepe-
Huii B paiioHe HoBocubupckoro Bomoxpanwiuiia MHcrutyra ontuku atmocdepst uM. B.E. 3yesa (MOA),
npoBeaeHHbIX B 2019—2022 rr., BBIMOJHEH aHAM3 Pe3y/IbTaTOB IPUMEHEHUsI HOBOW BEPCUM PErpecCUOHHOMN
METOIMKY OMpeaeeHUs 0011ero coaepkaHus auokcuaa yriepoaa XCO2 (MonbHOM goau atMmocdepHoro CO,
B CYXOM BO3/yXe) Mo M3MepeHUsIM MHppakpacHoro dypbe-crniektpoMerpa MKPC-2 poccuiickoro mMeTeo-
poJorn4eckoro ciytTHuka “Meteop-M” Ne2. JlaHo omucaHre BHECEHHBIX U3MEHEHUI B METOIUKY C LIEJIbIO
TTOBBIIIIEHUST TOYHOCTU CITYTHUKOBBIX OLIEHOK. Tak, /I KOMIIEHCAIIUK BIIMSTHUASI U3BMEHEHUST XapaKTePUCTUK
MK®C-2 Bo BpeMs mimTesbHOro nojera Ha oueHkr XCO2 ucnonb3yeTcss UX KaaIuOpoBKa IO pe3yjbTaTam
HaszeMHbIX u3MepeHnit oocepBaropuu NOAA Ha ByikaHe MayHa-Jloa (octpoB I'aBaiin). [Tociie kKanuOopoBKu
1 UIBTpaIMy OOaYHBIX CIIEH PacXOKIEHHME CITYyTHUKOBBIX OIIEHOK C JAHHBIMA Ha3eMHBIX U CaMOJIETHBIX
W3MEPEeHUI XapaKTepU3yeTcsl CPEMHUM KBaJIpaTUIeCKUM OTKJIOHeHWeM ~4 MiH"' wim 1% oT o61iero conep-
xkaHusg XCO2. YToObl yCKOPUTH aJanTalllio perpecCUOHHOro anroputma oueHku XCO?2 kK gaHHbIM UKD C-2
Ha HOBBIX CITyTHUKAaX Ipelaraetcsl JOMOJHUTEbHO K KOHTAaKTHBIM M3MepeHMsIM KoHieHTpauuii CO, uc-
noJib3oBaTh olleHK XCO?2 HazemHoii cetu TCCON. Takxke B perpeccusix B KauecTBe elle OJHOTO MPeIUKTO-
pa, XapaKTepu3yIOIIero COCTOSTHUE TTPUOopa, 1eJecoo0pa3Ho UCITOIb30BaTh TOMIIMHY KPMOOCAIKa Ha CTEKIIe
oronpuemurka UKDOC-2.

Karouesvie crosa: MIOKCHI yriiepona, perpeccusi, ontudeckas tonmmHa, MK®DC-2, HazeMHBIe M3MEPEHUS
M TIOTIEPEYHAst TOPU30HTAIbHAS LIMPKYJISLINS
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BBEJIEHUE

M3MeHeHUs] KOHLEHTpaluK aTMOC(EpPHBIX 0~
TOXWBYILIUX IMAPHUKOBBIX Ta30B OKa3bIBAIOT CYIIE-
CTBEHHOE BJMSIHME Ha KiauMaT 3emiau. M3 HuX ou-
OKCHUJ, yriepoia — Hauboyee BaXHBI MapHUKOBBI
ra3. ['mobanpHas KoHueHTpauusi atMmocgepHoro CO,
yBeanuuiaach ¢ 280 MaH"' (B JOMHAYCTPUATBHYIO 3IT0-
xy) 10 419.9 man™' x 2022 . (Brosuterens BMO, 2023).
B bronnerene BcemupHoit Meteoponornueckoit Op-
ranm3anuu (biomnerens BMO, 2023) ykasbiBaercs,
uyrto B repuon ¢ 1990 mo 2022 rox paguaiiioOHHOE BO3-
JECTBUE TOJITOXUBYIIUX MAPHUKOBBIX Ta30B YBEJIU-
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yutoch Ha 49%, nipu 3ToM Ha gomo CO, MpuxoauTcs
78% »toro yBenmmaeHu. s yaydIneHrs HaIIero mo-
HUMaHWS TIPUPOTHBIX ¥ aHTPOITOTEHHBIX TTPOIIECCOB,
VIIPaBJSIONINX TTapHUKOBBIM 3h(eKTOM aTMochepsl,
HEeoOXOAMMBbI IIoOaTbHbIE JaHHbIE COAEpXKaHUS aT-
MocpepHoro CO, ¢ XOpomIMM HPOCTPAHCTBEHHBIM
1 BPEMEHHBIM pa3pelieHueM, 00ecrneurThb MoayyeHue
KOTOPBIX MOXHO TOJIbKO MYTEM Pa3BUTUSI CITyTHUKO-
BBIX METOMIOB U3MepeHuil. B X ocHOBe JieXXaT aHaIu3
CIIEKTPOB OTPaXKEHHOT'O M PACCESTHHOTO COJHEYHOTO
W3JTy4EeHUSI, PETUCTPUPYEMBIX C TTOMOIIBIO CIIEKTPO-
metpoB BMK muanazona (TANSO-FTS, OCO), unu
aHaJIN3 CTIEKTPOB YXOISIIEro TeTUIOBOTO M3TyYeHUS,
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PETUCTPUPYEMBIX C ITOMOLIBIO TUIEPCIIEKTPOMETPOB
MK nuanaszona (¢pypbe-crnekrpoMmerpbl IASI, CrlS,
TES, HIRAS, UK®DC-2, nudpakliMOHHBIA CIIEKTPO-
meTp AIRS) (YVenenckuit, 2022).

CrnemyeT OTMETUTb, YTO MH(]paKpacHBIM (ypbe—
criekrpoMerp MK®C-2 (3aBeneBuy, 2009) B HAacTOSI-
1ee BpeMs SIBJISIETCSI eIMHCTBEHHBIM B Poccunm cepuii-
HBIM CITyTHUKOBBIM IPUOOPOM, KOTOPBIIA MOXKET ObITh
HCITOJIb30BaH ISl TJI00AJIbHOTO MOHUTOPUHTA COIEP-
JKaHUs IUOKCHUaa yriiepojaa B atMocdepe. OH ycTaHaB-
JINBAETCSl Ha OTEYECTBEHHBIX IMOJISIPHO-OPOUTATIBHBIX
kocmuueckux anmnaparax (KA) cepuu “Merteop-M”.
B yactHOoCcTHM, mpubop ycremHo (YHKIHOHUPOBAJ
Ha opOUTe BO BpeMsl BCEr0 CPOKa aKTUBHOTO CYIIE-
ctBoBaHust KA “Mereop-M” Ne 2 (2014 — 2023 rT.).
CTaOWIbHOCTh PAaIUOMETPUYECKUX XapaKTePUCTUK
NK®C-2, noaTBep:kaeHHasi B psiie UHTEPKATUOPOBOK
Mo 3apyOeXXHbIM CIYTHUKOBBIM MPpUOOpaM, MO3BOJIU-
Jla pa3paboTaTh PErpecCUMOHHYI0 METOAMKY OLIEHKU
00beMHOro cojepxaHue auokcuaa yriaepoga XCO?2
B 3eMHOI1 aTMocdepe, ToapoOHO usioxkeHHYo B (I'o-
Jomoi3uH, 2022; Ycnenckuit, 2022). TlpeaukTopsl
B ypaBHeHuu perpeccun u3 (I'omomonsun, 2022) —
3¢ GEeKTUBHBIE ONTUYECKUE TONIINHBI, BEIMUCICHHBIC
[0 U3MEPEHUSIM CIIEKTPaJIbHOM MHTEHCUBHOCTH YXO-
nsero UK nanyuenus B kananax MK®C-2 B nuana-
30He 11—14 MKM, IpUMBIKAIOIIEM K CHJIBHOM IOJIOCE
norjomeHuss CO, ¢ LeHTpoM 15 MKM. DTaIOHHBIMHA
3HAUCHUSIMM IS TIOCTPOCHMSI PErpecCuy CIyKUIU
3HaueHuss XCO?2, BBIYMCICHHBIE MO BHICOKOTOYHBLIM
n3MepeHnssM B 2015—2016 1r. KOHUEHTpALUi TUOK-
cuja yriaepoja, IPOBEACHHBIX Ha BBICOTHOI Maute
MmexayHaponHoi obcepBaTtopun ZOTTO (skcrepu-
MeHTaJlbHag riomanka MHetutyra geca um B.H. Cy-
kayeBa CO PAH, npumepHo B 22 KM OT roceJika 30TH-
Ho, Ha ieBoM Oepery Enuces, LlenTpanbHass Cuoups),
U ONy0JIMKOBAaHHBIM TaHHBIM CAMOJIETHBIX U3MEPEHUIA
(ApmnHoB, 2009), BBIMOJHEHHBIX paHee B palioHe
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Puc. 1. Bpemennoit xon 3HavyeHuit XCO2, mojaydyeH-
HBII 110 TaHHBIM Ha36MHbBIX U CITYTHUKOBBIX U3MEPEHU I
BOom3u Cankr-IlerepOypra 3a 2019—2022 rr.

NCCIEAOBAHUME 3EMJIM U3 KOCMOCA  Ne 4

HoBocubupckoro BomoxpaHwiuiia. JoNmoaHUTETbHO
npuBiekanuch oueHkn XCO2, TojlydeHHBIE IO pe-
3y/lbTaTaM HazeMHbIX u3MepeHuii 2015-2016 rr. 06-
cepBatopun NOAA Ha Bynkane MayHa-Jloa (ocTpoB
I'aBaiin).

IIpoBenennoe B (I'omomom3un, 2022) cpaBHEHUE
otleHOK XCO2 (MK®C) ¢ aHaJOTUUYHBIMU OlIEHKA-
MM MO JaHHBIM 3apyOeKHBIX CITYTHUKOBBIX CIIEKTPO-
meTpoB CrIS u OCO nHan teppuropueii EBpazun 3a
11 mueit B okTsi0pe 2021 T. TTOKAa3ajIo0 XOpollee Coria-
cue. Cpennue 3HaueHuss XCO2 (MK®C) zannmanu
MPOMEXKYTOUHBIE 3HAUECHMST MEXKIY OlLICHKaMU aHalo-
ros: Ha 3.2 muiH"' Bbime XCO2 (CrlS) u Ha 1.2 M
Huke XCO2 (OCO). B 6e30061a4HbIX YCAOBMSIX JIsI
COBITAAIONINX II0 MECTY PACITOJIOXEHMS THUKCeIei
NKDC-2 u OCO cpegHekBaapaTUuHas HEBSI3Ka Olle-
Hok XCO2 He mpeBbIIIaeT 2 MiaH .

OnHako, npu conoctapieHuu (Hukutenko, 2024)
¢ oueHkamu XCO2, nnoayyeHHbsiMu B CIIOI'Y mo Ha-
36MHBIM M3MEpPEHUSIM TOTOKOB COJHEYHOIO WU3Iy-
yenusi MK @ypoe-criekrpomerpom Bruker 125HR
(IMeteprod, nepuon 2019—2022 rr.), Oblaa BhISIBIIE-
Ha 3HAYMTEIHHO OONbIIAs aMIUIUTYda TOMOBOTO XOIa
XCO2 (MK®DC) u cyiiecTBeHHOE 3aHUKEHUE UX BEJIH-
4yrH, HaunHas ¢ 2021 r. AHajnornyHas KapTuHa Ha0JIto-
Jajgach U MPU CpaBHEHUM C OMYOJMKOBAaHHBIMU JaH-
HBIMU U3MepeHuil ¢pypbe-canekrpomeTpa TANSO-FTS
srnoHckoro cryTHuka GOSAT B paiioHe (uHCKOK
reopusndeckoit oocepsaropuu Copankions (Taylor,
2022) — onuxaimemy K Ileteprody mNyHKTY ceTu
TCCON. PesynbraThl cOMoOCTaBlIeHU Ha3eMHBIX W3-
Mepenuii CII6I'Y u ouenok o nanabiM GOSAT ¢ me-
JMMaHHBIMU 3HAYEHUSIMU JTHEBHBIX OLICHOK IO JAaHHBIM
NKDC-2 g ero nukceneii npeneiax 250 km ot Ile-
teprocda obcyxnatorcs B (Hukurenko, 2024) 1 noka-
3aHBI HA puc. 1.

B (Hukutenko, 2024) Takxke mpeacTaBlieHbI Tep-
Bble Pe3yJbTaTbl pabOT MO COBEPLIEHCTBOBAHUIO Me-
tonuku (Fonomomnsun, 2022), KOTOpbiE CBOIMINCH
K YTOUYHEHMIO BBICOTHOTO Xoaa KoHleHTpauuu CO, no
JAHHBIM CAMOJICTHBIX UBMEPEHUI U TOMOJHUTEIbHOMN
KaymopoBke orneHoK XCO2 (MK®C) mo Ha3zeMHBIM
n3MepeHussM KonueHTpanuii CO, B oOcepBaTopuu
NOAA Ha BynkaHe Mayna-JIoa (octpoB I'aBaiin), BbI-
nojHeHHbIM B 2019—2022 rr.

PaGora mo manpHeimiein MoguduUKaIUM METOOU-
ku (Fonomonsun, 2022) onpenenenus XCO2 (MKDC)
ObLi1a MPOMOJIKEHA U €€ Pe3yJIbTaThl OTPAKEHbI B JaH-
Holt craTbe. [ToMuMO cpaBHEHUI ¢ Ha3eMHBIMU M3-
MmepeHussmu CII6IY B He€ BKJIWOYEHO oONUCaHUE
PETPOCIIEKTUBHOTO COTIOCTABIICHUS PE3yIbTaTOB MPH-
MEHEeHUSI MOAUMDUIIMPOBAHHON METOAMKHN C KOHTaKT-
HBIMU caMoJieTHBIMU u3MepeHusiMu MOA, koTopble
BBIMOJIHSUIUCH B TeUEeHUeE psia jieT B palioHe HoBocu-
6upckoro BomoxpaHuaua. [IpoBemeHHbBIE COMTOCTaB-
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JIEHUSI ¢ Ha3eMHBIMU 1 CaMOJIETHBIMU U3MEPEHUSIMU
XCO2 B 2019-2022 rr., NpUHATBIMU 3a “UCTUHY,
noaTBepanJIv 3(hHEKTUBHOCTD MPEITOKEHHBIX MO -
(bukanmii perpeccuoHHoil meronuku (I'oJloMOJ3UH,
2022) ompenenenus XCO2 (MK®C-2), cocrosmmmx
B (hopMupoBaHUM BTaOHHBIX 3HaueHUit XCO2 nis
o0yyaroleil BRIOOPKM Ha OCHOBE COYETaHMSI KOHTAKT-
HBIX MU3MEPEeHUsI KOHIIEHTpALIMI HAa BBICOTHOI MauTe
obcepBatopun ZOTTO, obcepBatopun NOAA Ha
ByJIKaHe MayHa-JIoa u camosieTHbIX u3Mepenuii MOA
B Cubupu.

s nprMeHeHYs] B MOHUTOPUHIE COACPXKaHWSI AU -
OKCHIIa yTJIepoaa TaHHBIX KOHKPETHBIX 3K3eMILISIPOB
NK®C-2 Ha HoBbix KA cepuu “Meteop-M” (YcneH-
ckuit, 2021) nenecooOpa3HO UCIOIB30BATh MOAUDU-
LIMPOBAaHHYIO perpeccuoHHyio metonuky (I'oiaomor-
3uH, 2022). Ilpu aTOM oOpraHuzauysi MOHUTOPUHTA
noTpedyeT, BOOOIE TOBOPSI, OINEPaTUBHOIO MOJIyYe-
HUS perpeccuii ajst kaxkaoro ouepenHoro KA, Tak kak
U3MEPEHUsT KOHKPETHBIX 3K3eMIuisspoB MKDC-2 co-
JepXkaT pa3IMuHOTO poja CUCTeMaTUYeCKHUe OIIMOKY,
BKJTIOYAsT MTHCTPYMEHTAIbHBIE. B CBSI3M 2TMM B cTaThe
obcyxxaaeTcsl BKIIOYEHHUE B COCTaB MPEAUKTOPOB pe-
rpeccun 1j1st HOBbIX UKD C-2 ToNmrHbI KpUOOCaaKa,
M3MEHEeHNEe BEeJUYMHBbI KOTOPOI B Mpoliecce IKCIUTY-
aTtauu Ipudopa M3-3a HEJIMHEHHOCTH aMIUIMTYIHOM
XapaKTepUCTUKN (POTONPUEMHUKA MOXKET BbI3BATh
cMelieHue oleHoK XCO2. 3aMeTuM Takxe, YTo JUIst
BaJIMIALMM CITyTHUKOBBIX o1leHOK XCO2 1 yCKOpeHUSsT
MOJTy4yeHUsl pabouMnX perpeccuii MOKHO TOMOJHUTENb-
HO K KOHTaKTHBIM U3MEPEHUSIM UCIIOIb30BaTh TaHHBIC
HazemHoi cetu TCCON (Wunch, 2011). Jas1 MHOTUX
MYHKTOB 3TOM ceTu pe3yibTaTthl usmepeHuit XCO2 no-
CTYITHBI B T€YeHHE IMOJIYyrofa ¢ MOMEHTa M3MEpPEeHUI.

JHanee maercs aHAJIU3 TTPUYMH BBISIBICHHBIX METO-
JUUYECKUX TIOTPEIIHOCTEN PerpecCMOHHON METOAUKU
(T'omomomn3un, 2022) 1 onMcaHbI CIIOCOOBI UX YMEHb-
LIEHUSI.

YTOYHEHHME BEPTUKAJIBHOI'O [TPODUIIA
KOHUEHTPAL MU CO,

Kak oTMedyeHO BbIIlE, CpaBHEHUE OLIEHOK
XCO2 (MK®C), monydeHHBIX IO IepBOHAYATLHOMN
Bepcuu Metoauku (I'omomonsun, 2022), ¢ JaHHBIMU
HA3eMHBIX M CITYTHUKOBBIX M3MEPEHUIl 3a Iepuon
2019—2022 rr. (cM. puc. 1) nmokasaao 3HAYUTEIbHOE
pacxoxaeHue B rogoBoMm xome XCO2. Haubomee Be-
POSITHOM MPUYMHON SIBJISIETCS BhIOpaHHAs cxema Iie-
pecueta npoduiteit KonueHTpaunu CO, B 3TaJIOHHbIE
3HayeHus obmero cogepxanus XCO2 no gJaHHBIM 13-
MEpPEHMI1 Ha BBICOTHOM MauTe obcepBaropuu ZOTTO
MpU MOJIydeHUU paboueil perpeccum.

Hanomuuwm, uyto B (I'omomon3uH, 2022) pacueTsl
sTaioHHbIX XCO2 npoBOAWINUCH B THU U 4Yachl, KOT-

NCCIEAOBAHUME 3EMJIM U3 KOCMOCA  Ne4

Ja Mo JaHHBIM M3MEPEeHUI Ha MauTe repeMellrBa-
HUe aTMocdepbl MPUBOAMUIO K PaBHOMEPHOMY pac-
npeneneHnio KoHneHtpanuu CO, B IpU3eMHOM CJIOe
atMocgepbl. Kpurepuem orbGopa JaHHBIX SBISIJIOCH
coBmageHne (B mpenenax =1 MiH') KOHIEHTpaLUi
rasa, I3MepeHHBIX Ha BCEX TUTOMIAIKAX MAYThl (MeXK-
oy 4—301 m). Ilpu nepecyere K 001IEMy COAEPKAHUIO
XCO2 B (I'omomonszuH, 2022) noaarajoch, 4TO IOCTO-
SIHCTBO 0ObeMHOI KoHueHTpamuu CO, coxpaHseTcs
MU3-32 KOHBEKTMBHOTO TepeMellMBaHUsI aTMocdepbl
npumMepHo 10 1.5 km (benan, 1994). Mexny KOHIIEH-
TpalusIMHA Ha 3TOM ypOBHeE, a Takke Ha 3 U 7 KM IS
BepTUKaibHOTO Tipoduisi (ApurHos, 2009), mony-
YEeHHOTO IO JaHHBIM CaMOJIETHBIX M3MEPEHUI B CO-
OTBETCTBYIOIIIEM Mecslle, MCIOIb30Ballach JIMHEHHAS
WHTEPIOJSIMS 110 BbicoTe. Ha 7 KM M BblllIe KOHIIEH-
Tpalusl CUMTaNach TMOCTOSSHHOW. MeXromoBoil Xxon
naHHbIX (ApiiuvHoB, 2009) yuuThIBaJICS BBENEHUEM
TIOTNIPAaBOK B CaMOJIETHBIN IMPOMWIL OTHOCHTEIHEHO
KOHIIEHTpalluu Ha ypoBHe 0.5 KM, KOTopasi, B CUIYy
CIEJJAaHHOTO MOIYIIeHUs, MPUHUMaJach paBHOM M3-
MmepeHHoil Ha maute ZOTTO. BorunciaeHHbIE TaKUM
ob6paszoM 3HaueHUsI XCO2 ucnoinb30BaJnuCh AJIST IOy~
YeHUs STaJIOHHBIX 3HadueHuii XCO2 Ha maTy IpoJjieTta
cryTHUKa “Meteop-M” Ne 2 TMHEHHON MHTEPIIOIsI-
LMEW 10 BPEMEHU.

OmHAaKo TIPU COIOCTABJIEHUM C TaHHBIMU aIllIPOK-
CHMAILM CaMOJIETHBIX U3MePEeHUI, MpoBoauMbiXx MOA
HenocpeacTBeHHO B 2015-2016 rr. (AnToHoBMY, 2023),
KOT/Ia OCYIIECTBIISUICS HAOOP CTATUCTUKU JUISL TIOJTyde-
Hus perpeccun (I'omomomnsun, 2022), oka3ajaoch, 4TO
JUTS TETUTOTO TIeproja roga HaOIogaeTcsl CyIeCTBeH-
Hasl pasHMUIA MEXAY M3MEPECHMSIMM KOHLIEHTpALUid
CO, na maure ZOTTO 1 caMOJICTHBIMU YK€ Ha BBICOTE
500 m. Kak rmoka3aHo Ha puc. 2, Ha3eMHbIC U3MEPEHMUS
JAIoT 6oJiee HU3KYE 3HAUYCHUS KOHIIEHTPALIVI 110 CpaB-
HEHUIO ¢ caMoyieTHbIMU (AHTOHOBMY, 2023), nmpuueM
3aHIDKEHUE JOCTUTAET MIPUMEPHO 15 MH™.

Mcxonst u3 3Toro, B BepTUKAIbHBIN TPOPUIb 00b-
eMHbIX KoHLleHTpauuii CO,, MCIOIb3yeMbIil IIJIsI pac-
yeTa TaJIOHHBIX 3HaYeHnii XCO?2, OblJIM BHECEHBI 13-
MmeHeHwus. 1o 300 M oH onpenessicss KOHLeHTpale,
usMmeperHoit Ha Maute ZOTTO; mexay 300 M u 7 KM —
JIMHEMHOW WMHTEPIOSILIMEN IO BBICOTE CaMOJIETHBIX
n3Mepenuit MOA, a Bblllie 7 KM — TIOCTOSTHHOI KOH-
LIEHTpalMeil, paBHOI caMOJIETHOM Ha 7 KM.

Cnenyer oTMeTUTh, uTo u3MepeHuss MKDC-2 Ha
oopty KA “Meteop-M” Ne 2 mpoBOAMJIUCH B YTPEH-
Hue (~9 yacoB yTpa MECTHOIO BpeMEHM) U BeYepHUe
yachl (~9 yacoB Beuepa), Korjaa B TEIJIbli nepuon ¢o-
TOCUHTE3 ellle/yKe He MOT CKOMIIEHCHPOBAaTh HAKO-
IUIeHWEe OMOKCUIA YIJepoaa 3a CUYET JbIXaHUS MOYBbI
U pacTUTeTbHOCTU. OmHAKO YTOYHEHHME Ha BpeMs
IpoJieTa CIyTHUKA 3TajJoHHBIX 3HaueHuii XCO2 He
npoBoauiioch. Kak rmokasaay BbITTOJHEHHbIC OLIEHKHU,
BHOCUMBIE TIONPaBKW, YYMUTHIBAIOIINE (HAKTUUECKUE
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Puc. 2. ConocraBneHue camoneTHbIX u3mepeHuii MOA
CO PAH c usmepeHUsIMU OOBEMHBIX KOHIIEHTpALV
CO, Ha BbIcoTHOI MauTe obcepBatopuu ZOTTO.

3HauYeHUS KOHLeHTpauuii B nuamna3one 0—300 M, HocsT
CITydaifHBIA XapaKTep U He MpeBbIIaioT 1—2 MiuH™" m1s
OOJILIIMHCTBA CJIydyaeB. DTO CYIIECTBEHHO MEHBIIIE,
yeMm paszopoc oueHOK XCO2 B OTHENbHBIX IMUKCEIISIX
NK®C-2, 0cobeHHO B YCI0BUSIX pa3opBaHHOM 001a4-
HOCTH, KOTJa OH MOXET JoCcTUTaTh 20 MJIH™.

Hnsa uamepenuit B oocepBatopun NOAA Ha May-
Ha-Jloa, KOTOpble TaKXe MCITOIb30BAIUCh IS TTONIY-
yeHUs1 paboueil perpeccuu, BEpTUKAIbHBIN MPOQUIb
koHueHTpauu CO, nojarajicsi TOCTOSSHHBIM U paB-
HBbIM CpelHeCyTOUHOMY 3HauyeHuto. [IpoBeneHHas
MpoBepKa MO JOCTYIMHBIM MPOMUISIM CAaMOJIETHBIX 13-
mepeHuii (BeprukanbHble MpouUIN IUOKCUIA YIJIe-
porna, 2JeKTPOHHBIM pecypc) Haa ocTpoBoM Mojio-
kamn (laBalickuii apxumenar) rmokasajga MOCTOSTHCTBO
o BbIcOTe 00beMHOI KoHuleHTpauuu CO, B TeueHUE
BCEro rojia, No3ToMy U3MEHEHMSI B paHee MOJTyYeHHbIe
3HAYEHUS HE BHOCUJIUCE.

YTouHeHMe BepTUKAIbHOTO MpOouisi KOHIIEHTpa-
uuu CO,, UCHOIB3yEMOTO ISl ONPEACIEHUS STaTOH-
Hbeix XCO2 B lleHTpanbHoit Cubupu rpu nojydyeHuu
paboueit perpeccuu, IMO3BOJMIO YMEHBIITUTh aMIUIHA-
Tyay rogoBoro xoaa oueHok XCO2 (MKPC) npumep-
Ho mo 10—12 muu! (FTomomomn3uH, 2022), T. €. 10 3Ha-
YeHUI, KOTOpbIE COOTBETCTBYIOT HazeMHbIM (Bruker
125HR) u cnytHukoBbiM (GOSAT) wusMepeHusm
B paiione Ileteproda.

YYET USMEHEHUWM PATMOMETPUYECKUX
XAPAKTEPUCTUK UKDC-2

YMeHbllleHre aMIUIMTYIbl TOA0BOTO XOAa B OLIEH-
Kax XCO2 HUKaK He MOBIMSJIO Ha YBEJIUYMBAIOIIEECs
co BpeMeHeM 3aHmkeHne oeHoK XCO2 (MKDPC) o
CpPaBHEHUIO C HE3aBUCUMBIMU Ha3¢MHBIMM M CIIyT-
HUKOBBIMU OlIEHKaMU. 3aBUCUMOCTb paccorjiacoBa-
HUS OIIEHOK OT BPEMEHHU O3HAYaeT, UYTO €CTh KaKHe-
TO W3MEHEHUS PaTuOMETPUUYECKUX XapaKTepUCTUK
NK®C-2 — mHCTpyMeHTAbHBIE (DPAaKTOPHI, BIUSIOIINE

NCCIEAOBAHUME 3EMJIM U3 KOCMOCA  Ne 4

Ha onpeaesieHre XCO2 (MK®C) B nepuoasl moayde-
HUs paboueil perpeccuu u/Win JaTbHEUIINX PETyJIsip-
HBIX U3MepeHni. Bo BpeMs Bcero cpoka aKTUBHOTO CY-
mectBoBaHusT KA “Meteop-M” Ne 2 (2014-2023 rr.)
dypwe-crrekrpomerp UKDC-2 ycrmenrHo GyHKIINO-
HUPOBaJ Ha OPOUTE, HEOAHOKPATHO YYacTBOBAJ B pa3-
JIMYHBIX MHTEPKATMOPOBOUHBIX KAMITAHUSIX, TTOATBEP-
JMUBIINX CTAOMJIBHOCTD €0 XapaKTEPUCTUK 1 BBICOKYIO
TOYHOCTH M3MepeHuii. [lorpemrHocTb, BHOCUMAS B 13-
MEpEeHMS CIEKTPaTbHBIX WHTEHCUBHOCTEN (MM SIp-
KOCTHBIX Temriepatyp) MK uznydeHus: paznuuHbIMU
(hakTOpamMu, HaXOAUTCS B TIpejaeiax JOIMYCKOB, Mpe-
YCMOTPEHHBIX TEXHUYECKUM 3alaHueM Ha CO3[daHue
npubopa, oAHAKO, TeM HE MEeHee, MOXET BIMSATH Ha
MOTPeIIHOCTh olleHOK XCO2.

B xauecTBe mpuMepa Takoro BIMSIONIEro ¢akTo-
pa Ha puc. 3 MpUBEIEH BPEMEHHOI XOI KaJluOpPOBKU
NK®DC-2 B IpKOCTHBIX TeMIlepaTypax Mo TpeM CITeK-
tpanbHbiM MK kaHanam pagumomerpa SEVIRI, ycra-
HOBJICHHOT'O Ha 0OPTY €BPOMNEeiCKUX Te0CTallMOHAPHBIX
KA Meteosat-10 (mo 2018 r.) u Meteosat-11 (HauuHast
¢ 2018 r.). KanuOGpoBKM OCYIIECTBIISUIUCH 110 CUHXPOH-
HbeIM peructpaunsiM MK yxonsiiero nzirydeHust B MO-
MeHT nposera KA “Meteop-M” Ne 2 paifoHa OICITYT-
HUKOBOI Touku ctosiHus (0°) reoctanoHapHbix KA
B [’ BUHECKOM 3a/IMBe ATJTaHTUYECKOTro okeaHa. B cBoro
ouepenb paguoMerp SEVIRI nepuonnyeckn Kaamopo-
Bajica mo @ypbe-criekTpomeTrpy IASI, ycraHoBIIeH-
HOMY Ha moJisipHo-opouTtanbHbix KA Metop-A u -B.
OtMmeTtuM, yto cneumanbHoli rpymmon GSICS (Global
Space based Inter-Calibration System) mpu BcemupHoii
METeOpOJIOTMYECKOW OpraHuzauuu (Gypbe-CreKTpo-
meTp IASI nmpu3HaH B KadyecTBe 00pa31oBOro rprubdopa
IJ11 TIoBepoK (MHTepKaanOpoBok) MK cryTHUKOBBIX
pubopoB Ha opbure. PesynbTaThl MHTEPKAINOPOBOK
spkocTHbeIX TemmnepaTyp SEVIRI mo IASI otuernuBo
BUIIHBI Ha rpaduke 1151 KaHajaa 13.4 MKM, B KOTOpOM
rnocie Kaxaoi kanuopoBku (Meteosat-11, 2018-2023)
3HAYeHUSsI MOIPABOK YXOAIT Ha HYJIEBOU ypOBEHb. DTO
CBUJIETEJILCTBYET O cTabuiabHOCTU padboTthl MKDC-2
B CMEKTpPAJIbHOM pabodyeM nMaria3oHe STOT0 KaHasa.
Hanporus, B kaHane 12 MKM HaOII0gaeTCsl M3MEHE-
HUe KanuopoBouHoil mornpasku ¢ +0.1K (2019 r.) no
—0.1K (2023 1.), KOTOpOE HE KOMIIEHCUPYETCsl UHTep-
Kanuoposkamu ¢ IASI, T.e. 3T0 U3MeHEeHMEe KaJIMOPOB-
ku camoro UK®C-2.

JloMmoJHUTEIbHBIE MCKaXKeHUs CIEeKTpaJbHON 3a-
BUCHUMOCTHU MEXIy U3MEPEHUSIMU B OTIEIbHBIX KaHA-
nax UK®C-2 MoryT BHOCUTh Kpruoocaaku — jela. Ha
puc. 4 mpuBeneH BPEMEHHOM XOJ YOBIBAHUSI CKOPO-
CTU HapacTaHWSI JbJa Ha PTYTHO-KaAMUEBO-TEIIIYPO-
BoM (PKT) dotopesucrope UKDC-2 ¢ cobcTBEeHHOIM
TemIiepaTypoii mpumepHo S0K.

Ouncrtka doropesucropa (“pasMopakuBaHue’) Ha-
YUHAETCS NP TOCTVKEHUU TOJIIMHBI JIbaa h = 1 MKM.
B 2015—-2016 rr. oHa mpoBomWIaCh IPUMEPHO pa3
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Puc. 3. Bpemennoii xon kammb6poBku MK®DC-2 B sipkocTHBIX Temmepatypax mist KaHanmoB SEVIRI KA Meteosat-10 (1o

2018 1.) u Meteosat-11 (HauuHas ¢ 2018 1.).

B 10 gueit. C ymeHbIIEHHEM CKOPOCTH HapacTaHMS
ocagka IIepHoI OYMCTKM yBenuumBaicsa. B 2021 1.
oH moctur 60 mHEW W Jajbllle He MEHSUICA. YPOBEHBb
kpuoocagka B MK®C-2 KoHTpoaupyeTcss 1O 3Ha-
yeHuto myma NSRF B 1IleHTpe MoJ0Chl MOIJIOIIEHUS
npaa. CrekTpalibHOE (B 3aBUCHMOCTH OT BOJIHOBOTO
quciaa v, CM'') TIpOTTyCKaHMe JISASTHOM TUIEHKOW pa3-
JIMYHOM TONIIMHBI h 6e3 yueTa nHTepdepeHIIMOHHOTO
oTpaxeHus Ha ee rpaHunax (Hudgins, 1993) nokaszaHo
Ha puc. 5.

CrneBa ot 950 cM™' — B cIleKTpaJibHOI 061acTH, 3a-
nericTBoBaHHOM st onpeneneHusi XCO2, — MUHU-

NCCIEAOBAHUME 3EMJIM U3 KOCMOCA  Ne4

MaJIbHOE MPOIMYCKaHWe 7151 TOIIIMHBI JIEASTHON TIJIEHKN
1 MKM coCTaBJIsIeT IpuMepHO 67%, TIpU 3TOM ITIPOITY-
ckanue Ha 900.1 cM™' — omnopHoOIt yacToTe, KOTopast Co-
OTBETCTBYET MaKCUMaJIbHON TMPO3payHOCTU aTMOC-
epbl U UCHOB3YETCSl B aJITOPUTME JJIsI ONpeAeIeHUsI
CIEKTPaJIbHBIX TOJIIMH TMOMJIONIEHUsI atMoc(epbl —
oymet paBHO 80%. Mcrionb3oBaHue TIPU U3MEPEHUSIX
HUK®C-2 BHyTpeHHel KaJluMOpOBKM II0 OOpPTOBOMY
KaJMOpOBOYHOMY MCTOYHUMKY CYIIECTBEHHO HUBEJU-
pyeT 3Ty pa3HUILly, HO HaJIuuhe KPUOOCAIKOB BbI3bIBa-
eT CMellIeHHe paboueil TOUKM Ha HeJIMHEHHOM aMILIM-
tyaHolt xapakTtepuctnke PKT merekropa MK®C-2
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¥ TIOSIBIIEHUE TOTIOJTHUTEIBbHBIX CITEKTPaTbHBIX UCKa-
keHuil (AHoxuH, 2011). Be1uyuHbI 3TUX MCKaXEeHU I
B kKaHajnax MK®PC-2 Manbl, HO HEM3BECTHBI, U, YUU-
ThIBasl 3aJelicTBOBaHUE B paboueii perpeccuu M3me-
pPEHUII HECKOJbKMUX KaHAJOB M €€ HEJMHEWHBIN Xa-
paKTep, MOTYT BbI3BaTh CIIyUailHyIO OIIUOKY B OLICHKE
BpeMeHHoro TpeHaa XCO2. CienyeT y4ecTb, 4YTO cpa-
3y MOCJe OYMCTKM CKOPOCTh HapacTaHWSI KPUOOCA-
Ka cymecTBeHHO Bbile (MuxambueHko, 1988), yem
B KOHILIe paboyero repuojaa Mmpu IPpUOIVKEHUU €ro
TOJIIIMHBI K TIpeleIbHOMY 3HadeHro h=1 MkMm. D10
BelleT K HapylIeHWI OJHOPOAHOCTU YCJIOBUM M3Me-
pEeHUI TIpU TTOJIyYeHUN KO3(POUIINEHTOB perpeccuu
U ee UCIIoJib3oBaHuM i olieHoK XCO?2. Hanpumep,
B 2015—2016 rr., KOrga o4ucTKU BhINOMHsUIACh 1 pas
B 10 gHeilt, moasg BpeMEHM IpPOBEIECHUS M3MEpeHU
NUKDC-2 ¢ h > 0.5 MKM TIpH TTOJYYSHUU pEerpeccuu
Obl1a IpUMEPHO Ha 7% MeHbllle, YeM TP IIPOBeIe-
HuM oueHok XCO2 B 2019-2022 rr., Koraa rnepuon
OYMCTKHU cOCTaBJIsLI 60 THEIA.

Kak cinenyer U3 npuBeIeHHOTO PACCMOTPEHMST, KOP-
peKTHoe ompenesieHue MexrogoBoro TpeHaa XCO2, Bo
MHOTOM CBSI3aHO C YYETOM COCTOSIHUSI IIPpUOOpa B Te-
YeHUEe BCEro CPOKa IKCIUTyaTalliM, BKIIIOYAsl TIEPUOJ
MPOBEICHUS U3MEPEHUI IS MOJIydeHUs paboueil pe-
rpeccun. [IpakTUuecKoe OCYIIECTBICHUE TAKOTO yde-
Ta BO3MOXHO BKJIIOYEHUEM TOJIIMHBI KPUOOCAIKa,
JIOCTYITHOTO U3 CTAaHIapTHOTO Habopa BBIXOAHBIX IaH-
Hbix UKDC-2, B KauecTBe IPEIUKTOPOB PErPeCCUu.
DTO0 Heobxoaumo cieiath Ipu onpeneneHnn XCO2
MO JaHHBIM HOBBIX CIIYTHUKOB cepuu “Meteop-M”,

PYBJIEB wu np.

Bkitouasi KA “Meteop-M” No 4, BbIBeIeHHOTo Ha
COJTHEYHO-CUHXPOHHYI0 opouTy 29 dheBpaiist 2024 r.

KAJIMBPOBKA OLIEHOK XCO2
1O KOHTAKTHBIM USMEPEHUAM
OBCEPBATOPUUN MAVHA-JIOA

YyecTb BO3MOXKHBII BpeMEeHHOM Ipeiid OTaebHbIX
TexHudyeckux xapakrepuctuk MK®PC-2 (Hanpumep,
Jerpagaluio OOpTOBOro KaJluOPOBOUYHOIO MCTOUHU-
Ka) MpU TIOCTPOCHUM PErpeccur HEBO3MOXHO, T.K.
B BBIXOIHBIX JaHHBIX UKD C-2 HeT cOOTBETCTBYIONINX
ITapaMeTpoB, TIPUTOXHBIX UISI BKIIFOUCHUS B COCTaB
MpeIKTOPOB. BBOAUTL KaKue-TO TIOMPaBKM IO pe-
3yJbTaTaM UHTEPKAJIUMOPOBKHU BO BpeMsI TOJIeTa TakKe
HEJIb3s: CTAOWILHOCTh PAIMOMETPUUYECKUX XapaKTe-
puctuk UK®C-2 He XyXe ymOMSHYTOro BhIle (y-
poe-criekrpometpa IASI (Zavelevich, 2018).

BcnenctBue ckazaHHOTO 11e7€C000pa3HO KOHTPOJIM-
poBaTh U KajauoposaTh camu olieHKu XCO2 (MK®DC),
a JIJIs1 3TOro HY>KHO KaKHe-TO U3MEepPEeHMs BLIOpaTh B Ka-
YyecTBe 3TaIOHHbIX. Mcrionb3oBaHMe B KAYECTBE ITAJIOH-
HbIX oleHKH 110 JaHHBIM GOSAT mam OCO-2 (Taylor,
2023) BBI3BIBAET OOJIBIIME CIOXKHOCTU IPU ITPOCTPaH-
CTBEHHO-BPEMEHHOM COBMEIIEHUU Pa3IUYHBIX CIIYT-
HUKOBBIX JJAHHBIX: 3apyOeKHbIe TTPUOOPHI, TIO CpaBHE-
Huto ¢ UKDC-2, umelor cyliecTBeHHO 6oJiee BEICOKOE
MPOCTPAHCTBEHHOE pa3pellieHue; K TOMY Xe Haj 0071b-
IIei YacThio TeppuTOopuu Poccuy mpakTHYeCcKU IT0jI-
HOCTbIO OTCYTCTBYIOT mM3MmepeHust GOSAT u OCO-2
B 3UMHUM TIEPUO]I.
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Puc. 6. CpasHenue orieHok XCO2 (MK®C) no u nmociie KaaubpoBKu 1o gaHHbIM MayHa-Jloa.
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OO611enpu3HaHHbIe dTaJJOHHbIC JTaHHBIE — PE3YJb-
TaTbl KOHTAaKTHBIX M3MepeHUi KoHLeHTpauuit CO,,
KOTOpble BeayTcs 6ojee 60 jeT B oOcepBaTOpUM Ha
Mayna-Jloa (I'aBaiickue ocTpoBa) Ha BBICOTE OKOJIO
3400 m. Kak yXe oTMedanoch, BEpTHUKAJIbHBIN IIPO-
(unb orHocutenbHON KoHLeHTpaluu CO, mpakTu-
yecku mocTtosiHeH (BepTukanbHble mpoduiu, sjek-
TPOHHBIN pecypc), MOSTOMY HET CJIOXHOCTEH C ero
nepecyeToM Ijs TojiydeHus 3HadeHuit XCO2. Ha
puc. 6 mpeacTaBieHbl Pe3yJbTaThl KATUOPOBKHU OLIE-
HOK XCO2 (MK®C) o usmepenusim Ha MayHa-Jloa.
3mech U gajee B Ka4eCTBE CITYTHUKOBBIX OLIEHOK MC-
MMOJb30BAINCH UX MeIWaHHbIe 3HAYCHMS TS TTHKCe-
neit UK®C-2, momasimx B KBagpaT 4°x4° 110 IpoTe
U IOJITOTE C LIEHTPOM B MECTe HAXOXKICHUST UCTOUHM -
Ka 3TaJIOHHBIX TaHHBIX.

[Mocne kammu6poBku oreHOK XCO2 (MKDC) 1o
JaHHbIM MayHa-Jloa cpenHekBaapaTUyecKast HeBsI3-
Ka (rms) CIyTHUKOBBIX U Ha3eMHbIX JaHHBIX COCTaB-
nsgeT rms = 2.6 MuIH', a KO3 GUIUEHT KOPPETALUN
R = 0.67. [1onoaHUTEIbHO, 111 UCKIIIOYEHUS B OLIEH-
kax XCO2 omuOoK, CBSI3aHHBIX C 00JIAYHOCTBIO, I10-
napatolieit B moie 3peHnst MK®C-2, B KauecTBe KpU-
Tepusi (UIbTpALIMKM OOJIAYHBIX CLIEH HCIOJb30BaHO
ycinoBue 1 < 1.05, tae 1 — OTHOILIEHUE MPU3EMHOTO
JaBJICHMS K JaBJICHUIO Ha BHICOTE, COOTBETCTBYIOIIEH
SIPKOCTHOI TeMIIepaType MUKCeNIs B OMHOM U3 MUKPO-
OKOH MPO3pavyHOCTU atMocdepnl, B pailoHe 11 MKM.
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[Toporosast BenuuuHa 1 = 1.05 npeacTasasier coboi
KOMIIPOMMCC MEXIY TPUEMJIEMOM BEIUYMHON rms
n xommyectBoM Imkcenein MKPC-2, BkIoyaeMbIX
B 00paboTKy. Kpurepnii n < 1.05, ycTaHOBIEHHBII 5M-
MMPUYECKH P KaauOpoBKe 110 AaHHBIM MayHa-Jloa,
HCTIONB30BAJICA U B JaJbHEHIIIEM MPU COMOCTaBIeHUN
otleHoK MK®C-2 ¢ jaHHBIMM Ha3¢MHBIX U CaMOJIET-
HbIX u3MepeHuii B [lereprode n Hang HoBocubupckum
BOJOXPaHUJIMILEM, TIpUYEM Ha MaTepualie MpoaHallu-
3UPOBAHHBIX BEIOOPOK OH BHITIOTHSUICS TIPUMEPHO IS
20% nsmepenuit UKDOC-2.

COITOCTABJIEHUE OLIEHOK XCO2 (UK®C)
C JAHHBIMU HABEMHBIX Y CITYTHUKOBBIX
U3MEPEHUU B PAMOHE MMETEPTO®A

B (Hukurenko, 2024) ObLIO BBINIOJIHEHO IEpPBOE
cpaBHeHMe oleHOK XCO2 ¢ maHHBIMM Ha3eMHBIX 13-
MepeHuii ¢ypbe criekrpoMmeTrpa Bruker 125HR, BbI-
nojHeHHbIX B [leteprode B 2019—2022 rr. JdomnoaHu-
TEJTHPHO MPUBJIEKAINCH Pe3YJIBTaThl MHTEPITONISIIIAN (IO
2020 r.) u skcrpanonsaiuu (mociae 2020 r.) oleHOK
GOSAT (Taylor, 2022) B paiioHe (pUHCKOI Treodu-
3ugeckoit obceparoput COmaHKIONS, TIAE PacIoio-
KEeH OJUH U3 yHKTOB u3MmepuresibHoi cetu TCCON,
onuxaimuii K I[eteprody. B otinuue or (HukureH-
Ko, 2024), pe3yiabTarhl, MpeacTaBICHHbIE HAa puc. 7,

390
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Puc. 7. Conocrasnenue orieHok XCO2 (MK®C) co cnyrHuKoBbIMU (paiioH CompaHKio1a) M HAa3eMHBIMU CITIEKTPOCKOIUYE-

ckumu uzmepenusimu CII6I'Y (Bruker 125HR, Tlereprod).

NCCIEAOBAHUME 3EMJIM U3 KOCMOCA  Ne 4
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Puc. 8. Comnocrapnenue oueHok XCO2 (MK®DC) ¢ pesyabraramu camosieTHbix (MOA) u cnyrHukoBbix (GOSAT) uzmepe-

Huli B paifoHe HoBOCMOUPCKOro BOAOXpaHWIMILIA.

MOJIy4eHbl ¢ (uiIbTpalMell 00JaYyHbIX CLIEH MO Kpu-
teputo 1 < 1.05 1 mpuMeHeHHWEM HOBOI JIMHEIHONI
dbyukmm s koppekuun 3HadeHnit XCO2 (MKPC),
MOoJIydeHHOM TTpu KajanodpoBKe olieHoK XCO2 mo uzme-
peHussM MayHa-Jloa.

Hcrnonb3oBaHue 1 KpUTEpUSI TIPUBEIO K TOMY,
yTo He Bcerna nHU m3MmepeHuii MK®C-2 coBmamaioT
C OTHSMU HaseMHbIX u3MepeHuit Bruker 125HR, moa-
TOMY KOJIMYECTBEHHAsI OLIEHKA TOYHOCTU CITyTHUKO-
BBIX M Ha3zeMHBIX BoccTaHoBneHniT XCO2 mpoBoauTCsS
METOIOM IBOMHBIX Pa3HOCTEH OTHOCUTEJIbHO KPUBOI1
GOSAT, dakrnuecku IOBTOpPsIIONICH (CpeaHeKBaapa-
TUYECKas HeBs3Ka 0 = 1.8 MaH™'; KodhUIIMEHT KOp-
persiuuu R = 0.99 (Taylor, 2022)) usmepeHus myHKTa
TCCON B Copankione. BeramciaeHHoe TakuM 00pa3om
cpenree cmernenne A orneHok XCO2 (MK®DC) otHo-
CUTENIbHO Ha3eMHbIX u3mMepeHuii Bruker 125HR cocra-
o A = —0.86 M. CootBercTBeHHO Wit UKDC-2
cpenHee cMelleHue co 3HayeHusiMu KpuBoit GOSAT
A = —0.42 MiaH', cpemHeKBaapaThuecKash HEBSI3Ka
rms = 3.4 MaH"', KoadduumeHT Koppesaiuu R = 0.80;
it Bruker 125HR A = 0.44 mun™!, rms = 2.4 miH™,
R = 0.82. B 000ux comocTaBieHUsIX CTaHAApPTHBIC OT-
KJIOHEHUSI 0 U3-3a MAJIOCTU CPETHUX CMEILIeHUI A Ipak-
TUYECKU COBITAJIA CO 3HAYCHUSIMHU TMS.

COITOCTABJIEHUE OLIEHOK XCO2 (MK®C)
C IAHHBIMU CAMOJIETHBIX
1 CIIYTHUKOBBIX UBMEPEHUN B PAMOHE
HOBOCUBUPCKOT'O BOJOXPAHUJIULLIA

Pe3ynmbraThl  peTpOCTIEKTMBHOTO — COTIOCTaBICHUS
otileHOK XCO2 (MK®C), mojsyyeHHBIX C ITOMOIIbLIO
MOIUGUIIMPOBAHHONW METOIUKU, C CAMOJIETHBIMU W3-
MepeHusimu MOA B paitoHe HoBocuGupckoro Bojo-
XpaHWJIUIIA TIpeaCTaBleHbl Ha puc. 8. Ha Hem Takxke
npuseneHbl oteHk XCO2 (GOSAT), raBHbIM o0pa-
30M, 3a 2022 .

3mech, KaK M paHee, I CpaBHEHUS Pe3yIbTaToOB
Pa3TMYHBIX MO KOJMYECTBY U BPEMEHU IMPOBEACHUS 13-
MEepEHUI UCTIOJIb3YETCSl OTTIOPHAst KBa3UIepuoanIecKast
KpHWBasi — arnmpoKCUMAIIUs TOIOBOTO M MEXTOIOBOTO
xoja ob1ero coaepxanus XCO2 no caMoIeTHBIM TaH-
HbIM. OCHOBOI [UIS1 BBIYMCICHUI W allpoOKCUMAIIUU
BpeMeHHOTr0 X01a XCO2 IBJIsINCh BEpTUKaJIbHbBIC TTPO-
(mm KOHIEeHTpalldii TUOKCHUIA YIepoma caMoJeTa-
naboparopun “Ontuk” MOA Ha 6aze TY-134 (AHo-
xuH, 2011) B auamnasoHe BbicoT 0—7 kM. B oTinune ot
cpaBHeHMI ¢ KpuBoii 1o faHHbIM GOSAT (puc. 7), mo-
CTpOeHHOM 1o m3MepeHusIM Hax ComaHKioa IpuMep-
Ho B 1000 kM ot Ileteproda, camonetHas kpuass MOA
OTpaxkaeT JaHHbIE, TOJyYeHHbIE HEIMOCPEICTBEHHO

TaﬁJmua 1. Cratuctuueckue XapaKTePpUCTUKHU OTKJIOHEHUU OLIEHOK XCO2 or alllIpoKCMallM1 €ro xoaa o MHOIoJIETHUM CcaMO-

JIeTHBIM u3MepeHussm MOA

M cTOouHMK TaHHBIX A, MaH! rms, MJH" o, MITH™! R KonnuectBo

Camoutet —0.56 2.4 2.4 0.90 27
GOSAT (Becs nepuion) —1.24 5.7 5.6 0.61 31
GOSAT (c yueToM TpOoITyCKOB —4.5 6.4 48 0.81 18
CaMOJICTHBIX JAHHBIX) ’ : ’ :

HNK®DC-2 (Bech nepuomn) —3.75 5.6 4.1 0.56 36
HNK®C-2 (¢ yaeToM IIpoITycKOB 17 4.4 41 0.74 19
CaMOJIETHBIX TAHHBIX) ’ : ’ ’
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BOIM3M HoBOCMOUPCKOro BogOXpaHWINILA, B pailoHe
koToporo monydeHbl otleHKn XCO2 (MK®C). B cBa-
31 C 9TUM CTAaTUCTUUYECKHUE XapaKTePUCTUKA TOYHOCTH
oueHok XCO2 o usmepenusim GOSAT u UKDC-2
paccuMTaHbl OTHOCUTEJBHO OTOH KBasuIlepuoOaUde-
CKOM KpMBOW U MpencTaBiIeHbI B TabauIe 1.

OropHast KpuBas SIBJISICTCSI arlIIpoKCHMMaIveil ca-
MOJICTHBIX U3MepeHMii. EcTecTBeHHO, YTO OHa obecrie-
YHBaeT C HUMU HaWJIyulllee COTJIacUe IO CpaBHEHUIO CO
CyTHUKOBBbIMU. IIpu comocTaBieHUM CITyTHUKOBBIX
JAHHBIX CTATUCTUUYECKHME XapaKTepUCTUKU pacCUMTa-
HBI JIJISI BCETO PacCCMaTPUBAEMOT0 BpEMEHHOTO TIEPUO-
na 2019—2022 rr. Kpowme toro, mist GOSAT u UK®DC-2
OHM BBIYUCIISUIMCH TOJIBKO ISl BpEMEHHBIX TTPOMEXYT-
KOB, KOTrJa He ObLJI0 OOJIBIINX ITPOITYCKOB CaMOJIETHBIX
JaHHbIX. Tak, B pacueThl CTATUCTUYECKUX XapaKTepH-
CTUK He Boluin JieTHHUe Mecsubl 2021 1 2022 rr., Korma
MOJIETHI CAMOJIETOB HE BBITONHSUINCH. Kak BUAHO U3
TabJIULIBI, B 3TOM CJIyyae CITyTHUKOBBIE OLIEHKU Iai0T
JIy4YllIEE COIJIACUE U KOPPEJSLIUIO C CAMOJIETHBIMU U3-
MEPEHUSIMH IS 000UX ITPUOOPOB.

BbIBOAbI U ITPEJJIOKEHWA

CpaBHeHUe OLIEHOK O0IIIEro cofepKaHus IMOKCUIa
yrirepona XCO2 (MK®DC) ¢ onenkamu XCO2 B paiio-
He Ileteproda (2019—2022 rr.) Mo TaHHBIM HA3EMHbBIX
m3mepenuii UK ¢ypoe-cnekrpomerpa Bruker 125HR
U snoHcKoro ciyTHuka GOSAT BbISIBWIN OOJBIIYIO
amIatyny rogoBoro xona XCO?2 B olieHKax IO JaH-
HeiIM MK®C-2 u ux cyliecTBeHHOEe 3aHUXKEHHE CO
BpeMmeHeM. BeienctBue 3Toro B pazpaboTaHHON paHee
pErpecCMOHHON METOIHWKEe YTOYHEHa TpOolleaypa BbI-
YUCJICHUS BEPTUKAIBHOTO TPOGUIS KOHIEHTPAIUU
CO, 1 aTasioHHbIX 3HaYeHUil XCO2, UCMOIb3yeMbIX
MpYA TIOJIYYEeHUU perpeccur. JlOMOTHUTETBHO, s
KOPPEKTHOTO oIlpeaeaeHus Mexxromooro xoga XCO2,
BBITIOJTHEHA KAJIMOPOBKA MOJYyYaeMbIX OLIEHOK IO dTa-
JIOHHBIM JTAHHBIM — KOHTAaKTHbIM u3aMepeHusm XCO2
Ha MayHa-Jloa.

IIpoBenenHasi MoauuUKaLys PerpecCUOHHON Me-
TOAWKHW TO3BOJIMJIA CYIIECTBEHHO YMEHBIIUTH pac-
XOXJIEHUS ¢ HA3eMHBIMU 1 CITYTHUKOBBIMU JAHHBIMU.
Cpennee cmenienmne oteHoK XCO2 (MKDC) otHOCH-
TeJIbHO Ha3eMHBIX u3Mepenuii Bruker 125HR B I1etep-
rode U caMoJIeTHBIX M3MepeHuil B paitoHe HoBocu-
OMPCKOT0 BOAOXPAHMIMINA He MpeBbimaer 1 u 2 Ml
cOOTBeTCTBeHHO. CTaHIapTHOE OTKJIOHEHME OIIEHOK
XCO2 (MK®C) ot maHHBIX Ha3eMHBIX U CAMOJIETHBIX
M3MEPEHUI COCTaBIISAET TIPUMEPHO 4 MITH ' TIpH KO3~
¢unuente koppersiiuu R = 0.7—0.8. ConocrapieHue
C JMAHHBIMM MHOTOJIETHUX CaMOJIETHBIX W3MEpeHMIl
MOA B Cubupu noxasauo OJM30CTh CTATUCTUYECKMX
XapakTepuCTUK oTKIIOHeHM# omneHoK XCO2 (MK®C)
n XCO2 (GOSAT).

NCCIEAOBAHUME 3EMJIM U3 KOCMOCA  Ne 4

Wcxomst u3 aToro, 11eJ1ecoo0pa3HO COXPAaHUTD MTPEXK-
HUI perpecCUOoHHbIN roaxoa K onpeaeiaecHuo XCO?2 1o
JaHHbiM MK®C-2. Jlng noayyeHus: padboueii perpec-
CUM PEKOMEHIYETCsl MCIIONb30BaTh 3TAJIOHHBIE KOH-
TaKTHbIE M3MEPEHMS] KOHLIEHTpalUUil TUOKCHUIA YIJie-
pona Ha BbICOTHOI MauTe obcepBaropun ZOTTO, Ha
BysiKaHe MayHa Jloa (o6cepBatopusi NOAA) u camo-
sietHble udmepeHust MOA; nocienHue misi 6osee Tou-
HOTO OITpeeIeHNST BEPTUKAIBHOTO TTPOMWIIST KOHIICH-
tpaunu CO, xenaTesibHO poBOAUThL B LleHTpanbHOM
Cubupu, B paitone oocepBaropuut ZOTTO.

s yyeta BO3BMOXHOTO BJIMSIHUSI KPUOOCATIKOB Ha
TOYHOCTb OolleHKM XCO2 UX TOJIIMHY CJIeIyeT BKIIIO-
4yaTh B COCTaB MPEIUKTOPOB paboUyMX perpeccuit, mo-
JIydaeMBbIX JIJIsI HOBBIX CITIyTHUKOB cepun “Meteop-M”.

CucremMaTnyecKylo ommoky B orieHkax XCO2, cBsi-
3aHHYIO C COCTOSIHMEM CITyTHMKOBOIO paaudoMeTpa
1 BO3MOXHBIM U3MEHEHNEM €TI0 XapaKTepUCTUK, TPYI-
HO WM HEBO3MOXHO Y4eCTh B PErPECCUOHHOM aJiro-
putme. JIJisi KOPPEKTHOTO ONPEEIEHNS] MEXTOIOBOTO
xoga XCO2 TpebyeTcss KanuOpoBKa I10Jy4aeMbIX Olle-
HOK I10 3TaJIOHHBIM u3MepeHusM. Hanbosnee npocTbiM
CIOCOOOM 3TOI KaJIMOPOBKU SIBJISIETCSI UCIIOJIb30Ba-
HUE KOHTAaKTHBIX M3MepeHuid Ha MayHa-Jloa 6e3 Ka-
KOro-m00 MCHOJIb30BaHMUs alpUOPHON M MOIEIbHOM
nH(pOpPMaLIUN.

s Banumanyy TOJydyaeMbIX OILICHOK, a TakKke
YCKOpPEHUST TIOIydeHUsI pabouynx perpeccuii mo KOH-
TaKTHBIM M3MEPEHUSIM HeJIeCO00Pa3HO MOTIOTHUTEIhb-
HO UCIOJb30BaTh AaHHbIe HaszeMHo# cetu TCCON.
Cetb TCCON Ha gaHHBIA MOMEHT COAEPKUT 26 cTaH-
1uii. Jlanaeie uamepenuii XCO?2 Ha cranmusx TCCON
MOKHO TOJIy4aTh OMNEPaTUBHO (C BPEMEHHBIM JIaroM
HeckoJibko MecsiiieB oT natbl usmepeHusi (TCCON,

East Trout Lake Canada
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Homep Mecsiia B 2023 romy
Puc. 9 BpCMCHHOﬁ XOoa MaKCUMaJIbHbBIX 1 MUHUMaAJIb-

Heix XCO2 mnox maHHbIM ctaHuuu East Trout Lake
TCCON.
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Taommna 2. Cranuun TCCON s Banunanun oreHok XCO2 UKDC-2

CraHuus Iupora Jonrora BricoTa Han ypoBHEM MOpsI, M
East Trout Lake (CILIA) 54.35 c.mm. 104.99 3.11. 501.8
Park Falls (CILIA) 45.94 c.1. 90.27 3.1 442.0
Sodankyla (PuHISIHIMS) 67.37 c.u. 26.63 3.10. 188.0
Harwell (Benukobpuranus) 51.57 c.. 1.32 3.1. 142.0
Izana, Tenerife (Mcrmanus) 28.31 c.m. 16.50 B.1. 2367.0

2024)). B kauectBe nmpumepa Ha puc. 9 MokaszaH XoI
3HaueHuit XCO2 no naHHbIM ctraHuuu East Trout Lake
B 2023 roay, HauMHas ¢ Masl.

BepositHo, uyTO 1151 Banmupanuu oueHoK XCO?2 Oynmet
noctaToyHo gaHHbIX ¢ 5 ctanuuit TCCON, npencras-
JICHHBIX B TAOMMIIE 2.

CrenyeT OTMETUTh B 3aKIIOYEHHE, YTO OLIEHKU
XCO2 na cetmu TCCON 1mpu UCIIOIB30BAHUU pa3-
JIMYHBIX BEPCU MPOrpaMMHOTO KOMILJIEeKca BOCCTa-
HoBjieHUs1 XCO2, KaiubpyloTcs Mo caMOJIETHBIM U3-
mepeHusiM. Hanpumep, nepexoa B 3TOM KOMILJIEKCe
Ha HOBYIO CHEKTPOCKOMUYECKYI0 MH(pOpPMALUIO 10
atMocdepHbIM TazaM B 2021 1. M3MEHWJI 3HaYeHUeE
KoadduIMeHTa KaTu6poBKY Ha 2% (T.e. yBeJIMUEeHUE
XCO2 na 8 mun') (Roshe, 2021). Beneacrsue ato-
ro ucnoab3oBaHue naHHbIX TCCON I0XKHO UMETH
BCITIOMOTATENIbHBIN XapaKTep IMPH MOJyYeHUU pado-
yeil perpeccuu mjist HOBbIXx UK®DC-2, He mogMeHsIs
KOHTaKTHbIE M3MepPEeHUs] BEepTUKAJIbHBIX Mpoduieit
koHueHTpauu CO, ¢ TTOMOIIBIO CaMOJIETOB U BbI-
COTHBIX MauyT.
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Derivation Of the Carbon Dioxide Total Column in the Atmosphere from Satellite-
Based Infrared Fourier-Transform Spectrometer IKFS—2 Measurements: Analysis and

Application Experience

A. N. Rublev', V. V. Golomolzin', A. B. Uspensky’, Yu. V. Kiseleva', D. A. Kozlov’, B. D. Belan®,
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The paper discusses the use of a new version of the regression technique for derivation the total content of carbon
dioxide in the atmosphere XCO2 (column-averaged dry-air mole fraction) from measurements of the infrared
Fourier-transform spectrometer IKFS—2 installed on board Russian meteorological satellite Meteor-M No. 2.
To evaluate the accuracy of satellite-based XCO2 estimates the retrospective comparison was made with data
from ground-based spectroscopic measurements at Peterhof site of St. Petersburg State University as well as with
aircraft measurements of the V. E. Zuev Institute of Atmospheric Optics (IOA) in the area of the Novosibirsk
Reservoir conducted in 2019-2022. A brief description of the regression technique modifications is given made to
improve the accuracy of satellite — based XCO2 estimates. In particular, to compensate for the effect of changes
in the IKFS-2 characteristics during a long flight, the XCO2 estimates calibration is realized using ground - based
XCO2 measurements at the NOAA Observatory on Mauna Loa volcano (island of Hawaii). After calibration and
cloud scenes filtering, the discrepancy between satellite estimates and ground-based / aircraft measurements is
characterized by root mean square deviation of ~4 ppm or 1% of the CO2 total content. In order to accelerate the
adjustment of the regression technique, used for estimating XCO2, to IKFS-2 data on new satellites, it is reasonable
to use XCO2 observations at the TCCON terrestrial network in addition to conventional contact measurements of
CO, concentrations. Along with this, it seems rational to use the cryogenic film thickness on the glass of the IKFS-2
photodetector, characterizing the state of the instrument, as additional predictor in the regression model.

Keywords: greenhouse gas, carbon dioxide, atmospheric concentration, total column, ground-based network,
infrared Fourier-transform spectrometer, regression technique
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