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AHHOTALUMUA

BBeaeHue. Ha cerogHsiLLHUIA feHb n3MeHeHne knMaTta B APKTUYECKON 30HE SABMSIETCA BaXKHOW NpobnemMon Anst MMpoBOro
coobuecTBa. byayum kpynHenien ctpaHon B mupe, Poccuiickas ®egepaunsi 0cobeHHO ysisaBMMa K MOCNEACTBUSAM U3MEHE-
HWSA KNMmara 13-3a CBoeW 0BLUIMPHOW TEPPUTOPUU, CIIOXKHBIX KITMMATUYECKMX YCIOBUI N 0COBEHHOCTEN reorpadnyeckoro
nonoxenus. Llenb nccnegoBaHus — aHanma BAUSIHUS aHTPOMOreHHbIX (DaKTOPOB Ha M3MEHEHUe KnMmMaTta B ApKTUYECKOn
30He Poccuickon ®epepaumm (ASPD) Ha npumepe Pecnybnvku Komu n paspaboTtka pelueHuin Ans CMsir4eHns ero Heratue-
HbIX MOCNeaCTBUN.

MaTtepuanb! U MeToAabl. VIHCTpyMEHTaMV ANsi OLEHKN BIUSIHUSI @aHTPOMOreHHbIX (DaKTOPOB Ha M3MeHeHue knumara B Pe-
cnybnuke Komu siBnstoTcsa: npoctpaHcTBeHHoe [MIC-mogenupoBaHue, aHanMTUYecKMin MeTod, CTaTUCTUYECKUMI aHanu3
[aHHbIX U KapTorpadgumpoBaHve. Ha ocHOBe 3TVMX METOL0B MCCeoBaHMs CO34AETCs NPOCTPAHCTBEHHAs MOAENb AN Bbl-
SIBNEHNs1 Hanbonee NoABEPXKEHHbIX M3AMEHEHUIO KINMMaTa panioHOB.

Pe3ynbraTtbl. PazpaboTaHHas mMeTtogmka no3BonsieT onpefenutb ypbaHnsmpoBaHHble Tepputopun A3P®, Hanbonee noa-
BEpPXXEHHble nokKasaTensiM naMeHeHusi knumara. lNpoBefeH aHanua TeppPUTOPUK MO KONMYECTBY BbIGPOCOB OCHOBHbIX Nap-
HUKOBBIX ra3oB: yrnekucroro rasa (CO,), metaHa (CH,), okcnaa asota (NO,). MpoekTHbIA SKCnepuMeHT NpousseaeH Ha npu-
mepe Pecnybnuku Komu. MNprBeneH npymMep pelleHusi NpobnemMbl AN CHDKEHUS MoKkasaTenen no M3MEHeHWo Knumarta
A3PO.

BbiBoAbl. BhisiBnieHa He06Xx0aMMOCTb NPUHATUSA MEP A1 CHUXKEHUSI aHTPOMOreHHOro BO34ENCTBMSA Ha KNMMaTuyeckue ms-
MeHeHusi B Pecniybnuke Komu. Pe3ynbraThl 4aHHOMO nccnegoBaHms MOryT ObiTh NONE3HbIMU N1 NPUHATUSA peLueHnin B 06-
nacTu KNMMaTU4eCcKom NONMUTKKN Ha PernoHanbHOM U HauMOHANbHOM YPOBHSIX.

KIMKOYEBBIE CIIOBA: n3meHeHve knumara, aHTponoreHHble daktopbl, ASP®, xusHectonkuin ropoa, KpanHun Cesep,
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ABSTRACT

Introduction. Today, climate change in the Arctic zone is an important problem for the world community. As the largest
country in the world, the Russian Federation is particularly vulnerable to the effects of climate change due to its vast territory,
difficult climatic conditions and geographical location. The purpose of this study is to analyze the impact of anthropogenic
factors on climate change in the Arctic zone of the Russian Federation, using the example of the Komi Republic, and to
develop solutions to mitigate its negative consequences.

Materials and methods. Tools for assessing the impact of anthropogenic factors on climate change in the Komi Republic
are: spatial GIS modelling, analytical method, statistical data analysis and mapping. Based on these research methods,
a spatial model is being created to identify the areas most susceptible to climate change.

Results. The developed methodology makes it possible to identify the urbanized territories of the Russian Arctic that are most
susceptible to climate change indicators. The territory was analyzed by the amount of emissions of the main greenhouse
gases carbon dioxide (CO,), methane (CH,), nitrogen oxide (NO,). The design experiment was carried out using the exam-
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ple of the Komi Republic. An example of applying a solution to the problem to reduce climate change indicators in the Arctic

zone of the Russian Federation is given.

Conclusions. The necessity of taking measures to reduce the anthropogenic impact on climate change in the Komi Republic
has been identified. The results of this article can be useful for decision-making in the field of climate policy at the regional

and national levels.
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BBEJEHUE

I'mobanpHOE OTEIIICHNE KIIMMATa, CBSI3aHHOE, B TIEpP-
BYIO OYepellb, C aHTPOIIOTCHHBIMI BBIOPOCAMH TTAPHUKO-
BBIX I'a30B, B TCUCHHE TOCIICIHUX ACCATHIICTHI SBIISICTCS
001IeMUpPOBO# TeHACHIMEH. VI3MeHeHHs KiTMMara moji-
TBEPIKIAFOTCS HA TIIO0ATBHBIX KIIMMATHIECKUX MOJIEISIX
CMIP, cnyxaimx 0CHOBOM JUISI COBPEMEHHOTO aHaJI3a
nepemens! kiuMara. Mudopmanms CMIP, ocobenno Ho-
Beitmme ceenenus moxermn CMIP6, kpuTndeckn BakHa
Jutst GOPMUPOBAHHMSI TPOTHO30B M TTOCIIEICTBUI TpaHC-
dopmanuu knrMara. Tem He MEHee, HECMOTPS Ha pas-
BUTHE KIMMAaTHIECKOTO MOJICIUPOBAHUSA, B HACTOAIICE
BPEMsI OIILYIIACTCS HEXBATKA CIICIUAIN3UPOBAHHBIX TPajI0-
CTPOUTEITFHBIX METOIMK JUTS OIICHKH MOCIICICTBIIA H3Me-
HEHUSI KIIMMaTa B TOPOIaX M PErHoHax.

OnHuM 13 HanOoJIee HAMIAAHbBIX [I0Ka3aTeel Kiu-
MaTHYECKHUX TEPEMEH CIYXKHUT TeMIepaTypa BO3IyXa.

Poct cpenneronoBoii TeMneparypbl HaJl CyLIEH B IEPUOL
19762020 rr. moseimaercs Ha 0,179 °C kaxmgoe aecs-
trtetne [ 1-3]. {1t moATBep KAeHNMS 3TOTO TEe3Hca aBTO-
paMu cOCTaBJIEHBI TPA(QUKU N3MEHEHUS TEMIIEPATyphl
o TaHHbBIM, Tony4eHHbM U3 Earth Engine Data Catalog
3a TIOCJIEIHUE TPH JecaTmieTus (puc. 1).

Poccuss — eanHCTBEHHAs CTpaHa, TA€ TPaHHIA
ADKTHKH 3aKpeIuieHa 3aKOHOaTeNbHO, yKa3oM [pesn-
nenta Poccuiickoit denepary BeeIeHa APKTHYSCKAS
30Ha Poccmiickoit @enepamnu (A3PD). A3PD oxBatsl-
BAaET 9 PETHOHOB: YETHIPE OTHOCATCS K HEH MOTHOCTHIO!
MypmaHckas o6nactb, HeHelknii aBTOHOMHBIA OKPYT
(mamee — AOQ), Uykorckuit AO, SImano-Henerxwii AO;
Th 9acTigHO: PecmyOrnrka Komu, Pecrry0mika Kapemms,
Pecrry6nmuka Caxa (SIkyTus), ApxaHrenbckas 001acTh,
Kpacnosipckuii kpail. YeTblpe NpuapKTUUECKUX PETMOHA
BKITIOUaroT B cebs: Xantel-Mancuiickuit AO — FOrpa,
Kamuarckwmii kpaii, Maraganckas odnacts. [Tmormans ap-

I I I'patniibl cyobekToB PO, TEPPUTOPHHE KOTOPBIX MOJHOCTHIO HIIM YaCTUYHO BOIUIH B APKTHYCCKYIO 30HY PD

min ._ |

max

Puc. 1. Mereoponorndeckue nanueie Poccuniickoit ®eneparmn: @ — 1991 r; b — 2000 r; ¢ — 2015 1y d — 2022 1. (110 uH-

dhopmarum Earth Engine Data Catalog)

177

(09) Z HIAUIGG "9] Q] Hureaveedno u suen



s MTGLCTEO: 7o 16, BhIMYCK 2 (60)

A.E. Kopo6eliHukoea, A.A. CokosnibHUKO8a

KTHYECKUX Tepputopuit — 4,8 MitH km? (28 % TeppuTo-
pHU CTpaHbl). 371€Ch IPOXKUBAET 2,6 MITH YEJIOBEK, OOJbIIe
TIOJIOBHHBI HACEJICHUS] MUPOBOM APKTHKH.

Ha ocHoBe nH(OpMannuu poccUiiCKMX CTaTHCTH-
YeCKHX eKeroJHUKoB DenepanbHOl cirykObl rocyaap-
CTBEHHOW CTaTUCTHUKM IIPOBEJICH aHAINU3 CpeTHeMeC -
HOM TeMIepaTypsl BO3yXa U KOJIMYECTBO OCAJIKOB I10 pe-
ruoHaMm P®. B 2020 . mpowuzolen pe3kuil CKadyok pocTa
CH,, 4T0 MOXET CBUJIETENHCTBOBATH O HAMOOIEe 3HAYH-
TEJILHOM TTOBBILICHUH TEMIIEPATYPbI, KOTOPOE OBLIIO OTME-
4eHO Ha Bcel Teppuropun A3PO:

* cpenHsst (aKTHUecKasi TeMIeparypa siHBapsi co-
craBisiia —16,5 °C, orkiionenue ot Hopmbl 6,4 °C. Hau-
Oonbuiee OTKIOHEHHE OT HOpMBEI B 2020 r. 3aMeTHO
B CeBepo-3anasHoM denepansHoM okpyre (C3PO), sto
6,8 °C (puc. 2, a);

* cpennss (akTHUecKasl TemIeparypa HIoias —
14,7 °C, orknonenue ot HopMel — 1,3 °C (puc. 2, b).
HanborpIree oTKII0OHEHNE OT HOPMBI TAKXKE MPUCYTCTBY-
er B C3DO0 u cocrasuser 2,1 °C;

* CPEIHEMECIHOE KOJIMYECTBO OCAIKOB B HIOJNE
2003 . — 69,5 mm, B 2020 . — 62,3 MM (puc. 2, ¢);

* cpaBHHUBAs rpa)MKu CPETHEMECAIHBIX TOKa3a-
Tenel mo pernonam A3P®, MOXXHO MPUHATH K BEIBOAY,
YTO KOJUYECTBO OCAAKOB IMPSIMO TPONOPLHUOHAIBHO
TeMIIEpaType BO3AyXa: YeM TeIIee TeMIepaTypa BO3Iy-
Xa, TeM 0oJIbIIIee KOJIMUECTBO OCAIKOB BBINAACT HA TI0-
BEPXHOCTH 3eMu (puc. 2).

AHann3 U3MEHEeHHH TeMIIepaTypbl 1 OCAAKOB B IIe-
puoa 2003—2022 rT. MO3BOJISIET CIETATh BBIBOJ, YTO MPHU-

== 2003 = 2010 2020
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Pecoyfinmks Kovn
Heneusnit AD
Kpacuonpesuil spail
Pecnyfiamka Caxa

Amano-Heneuxwnii AD
Kamua

Pecuyfimwa Kapeann
Apranreancsan ofaacr.

Xanvwa-Manculicknit AD

YUHOI YCKOPEHHOTO B ATH TOJIbl COKPAIICHUS JIEJIHUKOB
SIBJISIETCS yBEJIMUEHHE JICTHEH TeMIeparypbl BO3Iyxa
¢ "Hagana XXI B. Ha 1,5 °C u, B nepByio ouepenb, OX-
BaThiBaeT u3MeHenus Ha tepputopuu C3PO. [Tocnen-
CTBUSI NIO0AJIBHOTO TIOTEIJICHHSI OILYIIAIOTCS HE TOJIBKO
B APKTHYECKOM PErHOHE, HO U JAJIEKO 3a €T IpesenamMmu
[4-6].

PocT ypoBHS MapHUKOBBIX T'a30B Ha4aJl YyCKOPEHHO
WJITH BBEPX TOCIIE BO30OHOBIIEHUSI 00beMa IPOU3BO/I-
CTBa MPOMBIIUIEHHOCTH cTpaHbl B 1926 . u 1o 1990 1.
(puc. 3). OnauM U3 HanOOJICEe BAYKHBIX MTAPHUKOBBIX Ta-
30B SIBJISIETCS TMOKCHUJT YITIEPO/a, TAKHE Ta3bl, KaKk METaH
M 3aKHCh a30Ta, TAK)KE UMEIOT BIHMSIHUE Ha II00aIbHOE
noreruienne [7-9]. Ha puc. 3 oroOpakeHbl cyMMapHbIe
BBIOPOCHI IO TPEM MapHUKOBBIM ra3aM. Ha rpadukax,
ocHoBaHHBIX Ha jaHHbIX OurWorldinData.org, Beienen
nepuon 1930-1990 rr., Tae HaAOIIOMACTCS TPOIOIIKHI-
TEJFHBIN POCT YPOBHS MAPHUKOBEIX ra30B (puc. 3, 4).

[To cBenennsm PocrumpoMeTa pocT KOHIICHTPAITH
MapHUKOBBIX ra30B Ha Teppuropun Poccun B 2022 1.
CTaJl PEeKOPIHBIM, B TIEPBYIO OYEpEab YIICKUCIIOTO Ta3a
(CO,) n merana (CH,). Konnenrpauus yrieKuciaoro
ra3a Ha Tepputopun PO B 2022 1. Bo3pacTaert 1o cpaBHe-
auro ¢ 2020 u 2021 r. (puc. 3).

Bropas mo 3Ha4MMOCTH TIPHYUHA TII00ATHFHOTO T0-
TETUIEHHS MOCIIE YIIEKUCnoro rasa — metal (CH,)) —
OecrBeTHbIN ra3 6e3 3anmaxa. C 1750 . momy yBeTHIrin
KOJIMYECTBO MeTaHa B arMocdepe mpumepHo Ha 150 %.
JloObI4a NCKOIaeMbIX BUJIOB TOIUTHBA, TAKUX KaK HE(Th,
ra3 ¥ YIojb, SBISACTCS KPyITHEUIIINM HCTOYHIKOM BBIOPO-
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Puc. 2. CpenHemecsiyHbIe OKa3aTeu 1Mo peruoHam A3P®D: a — cperHeMecsiHas TeMiieparypa Bo3ayxa (SHBaph); b — cpeHe-

MeCsS9Hasl TeMITepaTrypa Bo3ayxa (HIOJb); ¢ — CPEHEMECSYHOE KOTMIECTBO OCAIKOB (SHBAPH); d — CPEAHEMECSTIHOE KOIMUECTBO

0CaJKOB (MIOJIb) (POCCHHCKHE CTaTUCTUIECKUE €KETOTHUKN DenepanbHOi CITyKOBI TOCYTapCTBEHHOW CTaTHCTHKU M Microsoft

Excel)

178



BAMSIHUE @HTPOMOreHHbIX GAKTOPOB Ha M3MEHEHWNE KAMMATa ropOAOB APKTUUECKOM 30HbI
Poccurickor ®eaepaummn Ha npumepe Pecrybanku Komum

C. 176-203

20¢

Russia

101

0t

a

\Wx.mu
10¢

b

Puc. 3. Bribpockl napnukoBbix razos CO,e mno kareropusm (a); BbiOpockl Ha aymy Hacenenus CO, (b) (MCTOUHUKH:

OurWorldinData.org u Adobe Illustrator)
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Puc. 4. BeiOpochl MapHUKOBBIX ra3oB Ha Jaymy Hacenenus: @ — CH,; b — NO_(uctounuku: OurWorldinData.org n Adobe

Ilustrator [13])

coB MeTaHa. JIroau Takke YBEeIWYMUIM BEIOPOCH METaHa
13-32 UHTEHCUBHBIX METOJIOB BEJICHUS CENBCKOIo X035ii-
CTBa, )KUBOTHOBOJICTBA U yjasieHust otxozoB [10, 11].

[TapHuKOBBIE ra3bl, TaKue Kak METaH, OCTAIOTCS
B arMocdepe 3eMIIH, TI03BOJISISI COTTHEYHOMY CBETY TIPO-
XOIIUTb Yepe3 Hee, HO 3ajeprkuBas Terwio [12, 13]. Oano
HeJ[aBHEe MCCIIE0BaHNe 1I0Ka3ajo, 4To ObICTpOE COKpa-
IIeHNE BHIOPOCOB METaHa MOXKET 3aMETUTh CKOPOCTh
norerenus 3emau Ha 30 %. B 2020 . cpegneronoBas
KOHILICHTpAIMs METaHa Ha JyIlly HaCEeJIeHUsI COCTABIIsIA
3,21 1, moce yero mpowusoren ckadok 10 3,35 182021 .

(puc. 4, a).

Pactymmii cnpoc co CTOpOHBI CETBCKOTO X035 CTBA,
TPAHCIOPTA, MPOMBIIUIEHHOCTH U YHEPTEeTUKHU MpH-
BeJ K PE3KOMY POCTY YPOBHEH a30THOTO 3arps3HEHHUs
1 CBSI3aHHBIX C HUM BBIOPOCOB MTApHUKOBBIX Ta30B [14].
Bri6pocer 3akucu azora (NO ) 0T NpOMBINIIEHHOCTH
u cxxuranus, Hanpumep, B 300 pas mounuee, uem CO,
KaK ITapHUKOBOTO Ta3a (puc. 4, b).

MeraH ¥ Apyrue yrIeBOJOPOAbI B IPUPOJHOM Trase
COEIMHSIOTCS C OKCH/IAMH a30Ta, 00pasysi 030HOBOE 3a-
rpsi3HeHHE atMocdepsl (puc. 5) [15, 16]. Ha 3HaunTens-
HOM 4acTH CTPaHbI COXPaHAETCS TCHJCHIUS YMEHbIIIe-
HUS IPOJIOJDKUTEIIBHOCTH 3aJIeTaHusI CHEXKHOTO TTOKPOBa,
P 3TOM HaONIofaeTcs yBEJINYEHWE MaKCUMAIBHON

3a 3UMY BBICOTHI CHEXXHOT'O ITOKPOBA Ha OOJIbLICH YacTh
cTpaHbl. B nporecce TasHUS MHOTOJETHEH MEp3JIOTHI,
3aHumaromeit 63 % reppuropun Poccun, BbICBOOOXK-
JIAIOTCSl HAKOMUBIIIMECS B 3aMep3Ilel OpraHrKe MapHU-
KOBBIE Ta3bl, B 4aCTHOCTH yriekucibiid ras CO, u Gonee
arpeCcCUBHbIN 10 BO3/ICHCTBHIO Ha KiuMar metan CH,
[17—-19]. 3oHa BeuHOI MEP3TOTHI AKTUBHO OCBAUBAETCS
Onaromapsi 3arracam ToJIC3HBIX HCKOTTAEMBIX, HO BIIHSHIE
TeMIepaTypHBIX N3MEHEHHH BIICUET 32 COOOM cepbe3HbIe
MOCTICNICTBYS JUTsl HHpacTpyKTyphl pernoHoB CeBepa,
YTO HEraTUBHO CKAXKETCS Ha 3[aHUIX U BIOCIEICTBUU
MpUBEJET K UX paspyuienuo [20, 21].

PocT xoHUEHTpanuu MapHUKOBBIX I'a30B M CO-
BpEMEHHOE MOTEIJIEHUE KIIMMara Ha BCEH TEpPUTOPUH
3EMHOTO Il1apa HETIOCPE/ICTBEHHO CBSI3aHbI ¢ Ipo0eMoit
AHTPONOreHHOro Bo3aeiicTus [22, 23]. Xo3stiicTBeHHAs
JIESITEIbHOCTD YEJIOBEYECTBA — UCIIOJIBb30BaHUE MTPUPOJI-
HBIX PECYPCOB, CYLIECTBEHHOE COKpAIIEHHE MIOUIaaAH
JICCHOH MTOBEPXHOCTH, OTCYTCTBHE €€ BO3OOHOBIICHUS,
a B CBSI3U C 3TUM 3a00JlaunBaHUE TEPPUTOPHUH, POCT
MIPOMBIIIICHHBIX U TOPOJICKUX TEPPUTOPUI — BCE ITO
TIOBBIIITAET KOHIICHTPAITHIO TIAPHUKOBBIX T'a30B U TEM Ca-
MBIM YCHIIUBACT IMAPHUKOBBIA A(PPEKT, 9TO MPHUBOIAUT
K POCTY CPEIHETOZ0BOH TeMITepaTyphl IPU3EMHOTO CITOST
atMocdepsl.
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| T'pannusr cyGhekToB PO, TepPHTOPHH KOTOPBIX TIOTHOCTBIO HIIH YaCTHYHO BOUILTH
B APKTHYECKYIO 30Hy PD

T OO
a

[ Tpanuisl cyobekros PO, TeppuTOpPHI KOTOPBIX MONHOCTIO HIH HYaCTHYHO BOLLIH

B ApKTHYECKYI0 301y PD

Puc. 5. Konnenrpanus IpupoHbIX ra3oB Ha Tepputopun Poccniickoit @enepanun: @ — NO ; b — NO_ + CH, (ucrounukmu:

Earth Engine Data Catalog n Adobe Illustrator)

MATEPHAJIBI U METO/JbI

AHTpoOIIOreHHbIe (PaKTOPBI — 3TO COBOKYIHOCTh
rpymmbl (akTopoB, MPSMO WM KOCBEHHO CBSI3aHHBIX
C JICATEILHOCTBIO YEJIOBEUECTBA, BIMSAIOMINX Ha H3Me-
HeHue U (pyHKIIMOHUPOBaHUE OKpyKatoieit cpenbl. Oc-
HOBHEIM JIpaifBEpPOM COBPEMECHHOTO IOTEIUICHUS SIBIISI-
€TCsl MpooIKaroImics poct konuentpauui CO,, CH,,
okcuja asota NO _ (puc. 6).

Kunaccudukaius KIFOYeBbIX aHTPOITOTCHHBIX KC-
TOYHHUKOB BBIOPOCOB MApHUKOBBIX Ta30B MOXET 0a3u-

i TIpsiMbie MCTOYHUKU
1 DNeKTPOCTaHIINT

! YroapHBIE MIaXThI

' Tlonuronst TBO

: IIpousBoacta

AHTpOnOreHHas
Harpyska

I KocBeHHbIE HCTOUHUKH
! ABTOMOOUIIBHBIN TPaHCHOPT
" Asponopts

; TernoBoit octpos

pOBAThCS Ha Pa3IMYHBIX KPUTEPHAX, TAKUX KaK THII
JeATeNbHOCTH, MAaCIITa0bl WIIM MPSAMBIC 1 KOCBCHHBIC
MCTOYHUKH:

1) mpsiMble UCTOYHHKU:

* JNEKTPOCTAHIMH (OCOOCHHO T€, KOTOPHIC HCIIOIb-
3yIOT HCKOIIaeMOE TOILIHBO);

* YTroJIbHBIC IIAaXThl (BEIOPOCH METaHa B Mpolecce
JI0OBIYN);

e monuronsl ThO (MeTaH OT pa3iIoKeHHs OpraHu-
YECKUX OTXOIIOB);
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Puc. 7. Teopetnueckas MOA€Ib BIUSHUS AaHTPOIIOTEHHON HArpy3KHU Ha U3MEHEHHUE KiInMaTa
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* TIPOM3BOJICTBA (3aBHCHT OT OTPACIIH, MHOTHE MPO-
u3BO/CTBa BeIOpackBatoT CO, n IpyTHE rasbl);

2) KOCBEHHbIE HCTOYHHKH:

* aBTOMOOMJIbHBII TPaHCIIOPT (BBIOPOCHI OT Cropa-
HUSI TOIUIUBA);

* a3pOIOPTHI (BKITFOUAOT B ce0s1 KaK BEIOPOCHI OT ca-
MOJIETOB, TaK M OT COILYTCTBYIOIIEH HHPPACTPYKTYpbI);

* TEIUIOBOM OCTPOB (HE SIBISIETCS] HICTOYHUKOM B TIPS
MOM CMBICIIE, HO CHOCOOCTBYET ITOBBILIICHHUIO TEMIIEPaTy bl
U, KaK CIICZICTBUE, YBEIUUCHHUIO SHEPTrONOTPEONICHIS);

3) OBITOBBIC U ITPOM3BOJICTBEHHBIC OTXOJIBL:

* MOryT OBITH HICTOYHUKOM KaK MPAMBIX, TaK U KOC-
BEHHBIX BEIOPOCOB B 3aBICHMOCTH OT CIIOC00a oOparire-
HUS C OTXOZaMH M MX IIepepadOTKH.

BrnwmstHye aHTpONIOreHHBIX (PAKTOPOB HA H3MEHEHHE
KJIMMaTa OKpYXKalolleH Cpebl:

* IIOBBIIICHUE TEMIIEPATYPBI;

* U3MEHEHHE OCAJIKOB;

* TIOJTbEM YPOBHSI BOJIbI;

* U3MEHEHHE IKOCHCTEM.

Ha ocHoBe kiaccu(uKanuy OCHOBHBIX aHTPOIIO-
TeHHBIX (pakTOpOB pazpaboraHa TEOpPETHYECKask MOIEIb
BIIUSTHU S aHTpOHOFeHHOﬁ Harpy3ku Ha UI3MCHECHHE KITU-
Mara (puc. 7).

Jnst aHanm3a nccueayeMoi TeppUTOpUH 110 KOJTH-
4eCTBY BHIOPOCOB ITAPHUKOBBIX T'a30B HEOOXOMMO pac-
CMarpuBaTh TEPPUTOPHUIO PETHOHA COCTaBHBIMH YaCTSIMH,
B HallleM clly4yae [0 MyHUIMIaIbHBIM palionam. MHcTpy-
MEHTaMH JUIsl CO3JaHMsl MOJIENM HanOosee N3MEHUMBBIX
TEPPUTOPHIL, MOABEP>KEHHBIX N3MEHEHHNIO KIIMATA, SIBIISI-
I0TCSL:

* npocTtpancTBeHHoe ' MIC-MonenupoBaHue Mo3Bo-
JIACT U3y4aTb NPOCTPAHCTBCHHBIC JaHHBIC, BKJIHOYas pac-
IpeJiesieHIe BEIOPOCOB Ta30B HA TEPPUTOPUH;

* QHAJTUTHYECKUI METO TPUMEHSIETCS [Tl BBISIBIIC-
HUS 3aKOHOMEPHOCTEH ¥ TPEH/IOB B CBEJICHHUSIX O KIIMMa-
TE U BBIOpOCaXx;

. C6op undopmanuu
* METEOPOJIOTHUECKHE TAHHBIC
* KOJIMYECTBO OCAJIKOB;
* KJIMMAT OT/ENbHON TOYKH,
| BbI3BaHHBI 3(heKTOM 0CTpOBa TEILIa

IlepBslii sTan

[Ipoctpancreennoe ' MC-monenuposanue
| * cxema paifoHOB, HAnGOJIee TIONBEPKEHHBIX
U3MEHEHUIO KIIUMaTa;
* PEKOMEH/IallH 110 CHUYKEHHIO BIUSHUS
| Ha U3MEHEHHUE KIUMaTa

YeTBepTHIi dTA

* CTAaTUCTUYCCKUM aHAIIN3 JaHHBIX Ja€T BO3MOX-
HOCTb OLICHUTH CTENCHb BIMSHHS Pa3INYHBIX (AKTOPOB
Ha BBIOPOCHI TAPHUKOBBIX I'a30B;

* KapTorpadupoBaHIe.

HcenenoBanue BKITIOYAET YETHIPE KITIOUEBBIX T,
MIPUBE/ICHHBIX Ha pHC. 8.

[lepBblif aTamn npencrasisier codoii coop nudopma-
IIUH 110 N3MEHEHHIO KJIMMaTa B PETHOHE 3a IOCIIEIHIE
JECSTUIETHS: METCOPOIOTHUECKUE CBEJCHUS, KOIIUe-
CTBO OCAJIKOB, KJIMMAaT OTHEJIbHON TOYKH, BbI3BAHHBI
3¢ dpexrom octposa terwia (Urban Heat Island, UHI).

Ha BTOpOM 3Tame mMeTozom KapTorpadudecKkoro
aHaJIM3a BBISIBILIFOTCS. MECTA HAMOOJIee OMAaCHBIX OTXO-
JIOB, YTO TAKKE BIMSET HA OMOpa3HOOOpasue MPUPOIbI.
Takoke onpenessiFoTcsi MecTa pacloIOKeHUs [IIaBHBIX
MCTOYHHMKOB TEXHOTCHHOTO BO3/ICHCTBHS M BBITPYKalOT-
cst manable Climate Trace i1t ycTaHOBIEHHUS MECTOIIO-
JIOKCHHUA KPYITHBIX HCTOYHUKOB U OIICHKHU KOJTMYCCTBCH-
HBIX BEIOPOCOB B TEYEHHE BPEMEHH.

Ha Tpetbem srane Ui OTAEIHHOTO MYHHINTIAIb-
HOTO paiioHa TpeOyeTcsl pacCuuTaTh CyMMapHOE KOJIHYe-
CTBO BBIOPOCOB 1O TpeM mapHukoBbM razam CO,, CH,,
NOX, YUUTBIBAIOIUX TUIIbI OCHOBHBIX UCTOYHUKOB 3a-
TpsI3HEHMS. DTOT aHAJIN3 IIPOBOANTCS ITPU MOMOILH TIPO-
rpamMHoro obecrieueHus QGIS Ha ocHOBE OTKPHITOM
0a3bl TaHHBIX KPYIHBIX HCTOYHUKOB BEIOpocoB Climate
Trace. Cenenus Climate Trace BbITpy»aroTcsi B TaOJIU-
Iy aTpuOyTOB MO KaXJIOMY U3 MyHUIMIIAIBHBIX paio-
HOB ¢ HA0OPOM BBOJIA IAHHBIX: HAMMEHOBAHNE TPAHHIIBI
aJIMUHHUCTPATUBHO-TeppUTOpHaiIbHOro AeneHus (AUT),
OCHOBHOTO (paKTOPa MCTOUYHHKA 3arPSI3HCHHS U CyMMap-
HOE KOJINYECTBO BEIOPOCOB.

UeTBepThlIii 3Tall MpeCTaBIseT COO00H MpOoCTpaH-
ctBerHoe [ MIC-monemmpoBanne. Ha 6a3e nHpopMarmm
arprOyTOB C TIOMOIIBIO METO/IA KITACTEPH3AIMY TAHHBIX
COCTaBJISIETCSI CXeMa pallOHOB, HanOoJIee MOABEPIKEHHBIX
M3MEHEHHIO KJIMMaTa IO IPaJlalliy [BETOB: OT CBETIIOTO
K TEMHOMY, COOTBETCTBEHHO OT HE3HAUUTEIBHOTO K HaH-

. Kaprorpaduueckuii ananms
* MecTa HanboJiee OIacCHbBIX OTXO/OB;
* HeCaHKIMOHUPOBAHHBIE MECTa
' pasMelIeHNs OTXO/0B;
| * PacIONI0KEHUE NCTOYHUKOB aHTPOIIOTCHHOTO
| BO3ICUCTBHUA B IIpeJenax TePPUTOPHU

Bropoii atan

CTaruCcTHYECKUi aHaIN3
* pacdyeT CyMMapHOT0 KOJIMYeCTBa BEIOPOCOB
O TpeM JpaiiBepam;
* co3/IaHKe TabIHIbI aTPHOYTOB HA OCHOBE
nanneix ClimateTrace

Tpernii 5Tan

Puc. 8. Drans! ncciaenoBaHys BBISIBICHHS BIMSHISA aHTPONOTEHHBIX (JaKTOPOB HA TEPPUTOPHIO
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00JIBIIIEMY BBIOPOCY MMAPHUKOBBIX Ta30B. TaKKe HA ITOM
JTare Moay4eHHON MOJEIN COCTABIISIIOTCS PEATIOKEHHS
10 ajanTaluu TEPPUTOPUH, HAIIPaBICHHbIE HA OPTaHU-
3aIIUI0 MEPOTIPUATHH [T CHIDKCHUS BEIOPOCOB TTapHU-
KOBBIX T'a30B HAa TEPPUTOPUU UCCIIETOBAHMSL.

Pa3paboTanHbIe ATAmBl UCCICTOBAHMS TO3BOJAT
MIPOAHAIMN3UPOBATh BIHMSHIE aHTPOIIOTCHHBIX (haKTOPOB
Ha U3MEHeHHe Kinmara ApKTH4Yeckoii 30HbI Poccuiickoit
®denepaluu U MOArOTOBUTH PEKOMEHIALUM JUIsl CMsITye-
HUs €ro HeraTuBHbIX nocinenctsuid. [locrpoennas cxema
aHajM3a palioHUPOBAHUS AACT BO3MOXKHOCTb HAIISJIHO
MOKa3aTh TCPPUTOPUU BHIOPOCOB OCHOBHBIX KPYITHBIX
HCTOYHHUKOB.

PE3VYJIBTATHI UCCJIEJOBAHUA

Jnst ampobanuu TeopeTHUeCKUX HCCIIeTOBaHUN
Opia BeIOpaHa Tepputopus Pecmybmmku Komu. Pac-
cMaTpuBaeMasi TeppPUTOPHUs PACIOIOKeHa Ha CEBEepo-
BOCTOKe eBporieiikoit gactu Poccrm n Bxonut B C3DO
(puc. 9). Cornacuo Ilocranosnenuto IIpaBurenbcrsa
PO ot 16.11.2021 Ne 1946 k paiionam Kpaiinero Ce-
Bepa PecriyOimkn Komu oTHOCSTCSI TOPOJICKHE OKpYyTa:
Bopkyra, HTa, YcuHCK; MyHUIMIIAIbHbIE PANOHBL:
Vers-Hunemckuii, Moxkemckuii, [ledopa; k MecTHOCTSIM,
MpupaBHEHHBIM K paifoHam Kpaiinero Cesepa: CBIKTHIB-
Kap, Yxra, BykTbU1; MyHULIMIIANbHBIE palioHbl: KHsxk-
noroctckui, Koitroponckuii, Koprkepocckuii, ITpu-
my3ckuit, CekThIBIuHCKHN, CocHOTOPCK, CHICONBCKUH,
Tpounxo-Ilewopckuii, Ynopckuit, Ycrb-Beimckuii, YeThb-
Kynomckuti [2].

[lepBbrIif aTamn npencrasisier codoi coop nudopma-
IIUU: METEOPOIOTMYECKUX TAHHBIX, KOJTMUECTBA OCa-
KOB M KJINMAaTa OT/EJIbHON TOYKH, BBI3BAHHBIX (P (eK-

[ ] I'panumst Pecrry6inku Komu

TOM ocTpoBa Temia. [eorpaduyeckoe moyokeHue Pe-
cnyonnkn KoM B OTHOCHTENBHO BBICOKMX IIHPOTAX,
YIAJIEHHOCTh €€ OT TEeIIOro ATJIaHTHYECKOro OKeaHa
1 OITM30CTHh OOMIMPHOTO A3HMATCKOTO KOHTHHEHTa 00-
YCIIaBJIMBAIOT B PECHyOINKe YMEPEHHO-KOHTHHEHTAIb-
HBII KJIMMAT, 3HAYUTEIbHO OTIANYAIOMUIicS OT KiIMMara
ocranbHON Teppuropun EBporsl. bonbmas npotsikeH-
HOCTH PECITyOIKH C ceBepa Ha 0T 785 KM, ¢ I0ro-3armaia
Ha ceBepo-BOCTOK 1275 kM, ¢ 3amaza Ha BOCTOK 695 kM,
a Takxke pazHooOpazue (puzuko-reorpapuyeckux ycio-
BUIl CO3/AI0T CYIECTBEHHYIO Pa3HUILy B KIMMAaTe OT-
JICTBHBIX €€ paiioHOB.

C mOMOIIBIO TEOMPOCTPAHCTBEHHON MIaT(OPMEI
cryTHUKOBBIX cHUMKOB Earth Engine Data Catalog mpo-
nykta Habopa nanHbeix Terra Climate o exxeMecsTHOM
KJIMMaTe U KJIIMMaTHYeCKOM BOJHOM OajaHce sl TIIo-
0aJIbHBIX HAa3€MHBIX HOBerHOCTeﬁ COCTaBJICHBI CXCMbI
METEOPOJIOTNYECKUX JIAHHBIX TeppuToprn Pecrryonmkn
Komu 3a nepuon 1991-2022 r. (puc. 10). Kak u B aipyrux
pernonax Apkrtuku, Pecmybnuka Komu crankuBaercs
C IMOBBIILICHHEM CPEAHEroJ0BOW TeMIeparypsl. 3a 1o-
CJICTHHE JICCSITUIIETHS yCTAaHOBMIICSI TPEH/T HA yBEJINUe-
HHE TEeMIIEPaTyp B Pa3HBIX CE30HAX, 0COOCHHO 3aMETHOE
B 3UMHHC MCCSIIBI.

CrangapruszupoBanHas 0a3a JaHHBIX 110 0CaJKaM
SPEIbase karanora nanusix Earth Engine cocraBiena
Ha OCHOBE CXeMbI 32 MpoMeKyToK 1991-2022 . 3a Bpe-
MenHyto mkaixy SPEI B 12 mecsineB. OTMmedaeTcst poct
TOIOBOTO KOJTMYECTBa 0caakoB (puc. 11). B mocnemnme
30 ner Temneparypa ysenuuuiacs Ha 0,8-1,5 °C, B pe-
3yJbTaTe 4ero rpaHuIa MEP3JIOTHI, 3aJI€raouIeH ¢ 1o-
BEPXHOCTH, OTCTynMIa K ceepy Ha 30-50 kM.

KinMar oTnenpHON TOYKH OMpEaessieTcsl CBOM-
CTBaMH TOPOJICKON CPE/Ibl B €€ OKPECTHOCTSIX HE TOJIb-

* CBIKTBIBKap

I'panunp cyobektoB PO, TeppuTOpUE KOTOPBIX MOTHOCTHIO HIIM YaCTUYHO BOLIUTH B APKTHYECKYIO 30HY PO

ApkrHuueckas 30Ha PO

I'panuLbl IpHAPKTHYECKUX CYyObeKTOB PD

Puc. 9. Pecrryonuka Komu B cucteme paccenenus Poccuiickoit ®denepanun (ncrounuk: QGIS n Adobe Illustrator)
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a b

| Tpanuns! Pecrryomuku Komu

win [

max

Puc. 10. Meteoponorudeckue aanusie Teppuropun Pecryomuku Komu: a — 1991 1; b — 2000 ¢ — 2015 1n; d — 2022 1

(ucrounuk: Earth Engine Data Catalog u Adobe Illustrator)

| I'panunpr Pecryonuku Komu

min

. max

Puc. 11. KoimmuectBo ocankoB Ha Teppuropun Pecnyommku Komu: @ — 1991 r; b — 2000 T; ¢ — 2015 rn; d — 2022 1. (-

tounuku: Earth Engine Data Catalog u Adobe Illustrator)

KO Ha JIOKaJIbHOM MaciiTade (B pamnyce MepBhIX COTCH
METpOB), HO U Ha Me3omaciTabe (B paauyce 70 10 km).
D70 CBSI3aHO C TEM, YTO TEIUIOBbIE A(P(HEKTHI HEOOIBIINX
OZIHOPOJIHBIX YYACTKOB aKKYMYJIHPYIOTCSI I IEPEHOCST-
Cs BO3YIIHBIMH IIOTOKaMH HaJ| TOpoAoM. B pesynbrare
dhopmMupyercss Me30MacIITaOHbI OCTPOB TEIUIa, KOTO-
PBIi BBIpaXkKeH HanOoJiee SIPKO B LIEHTPAIBHBIX paiioHax
TOPOJIOB, HO 3a CUET aTMOC(EPHOTo MEPEeHOCa MOKET
pacnpocTpaHsIThCA K OKpaMHAM MErarojuca 1 Jaxe
B MPUropoabl. DPQPEeKT 0cTpoBa TeIjia UMEET MECTO
661Th U B PecryOnmke Komwu, XoTst Macuirad ero mpo-
SIBJICHHUS MOJKET OBITh HAMHOTO MEHBIIIE 110 CPAaBHEHHIO
¢ OOJIBILIIMU TOPOJIAMH.

C nomormsio Habopa nanubix Earth Engine o miio-
OampHBIX M3MeHeHMsX yenoBeka CSP gHM cocraBnena
CXeMa COBOKYITHOTO ITOKA3aTelIsi N3MEHEHNUS YEJIOBEKOM
3€MHOH ITOBEPXHOCTH, KOTOPBI PaCCUNTHIBAETCS ITyTEM
OLICHKH JOJIM U3MEHEHHOTO MECTOIOJIOKEHUS (TIHKCe-
ns1). Pecrrybnuka Komu o6amaer HU3KOH IIIOTHOCTBIO
HACeJICHUs U 110 OOJIbIIeH YaCTH COCTOMT U3 MPUPOIHBIX
JaHAmagToB, BKIIOYAst JIeca, PABHUHBI U Pa3INYHbBIC BO-
JTHBIE pecypcbl. M3-3a 3T0ro B pernoHe He HaOMoaeTcs

SIPKO BBIPAYKEHHOTO (P PeKTa 0CTpOBa TeIIa, KOTOPHIHA
00OBIYHO BO3HHKAET B TOPOJACKUX pailoHaX ¢ BBICOKOU
TUIOTHOCTBIO 3aCTPOMKH M HUCITOIb30BaHNEM ac(halibTH-
POBaHHBIX MTOBEpXHOCTEH (puc. 12).

Taxoke OblTa COCTaBJICHA CXeMa MCKYCCTBEHHOM
3acBETKM Heba Ha OCHOBE CITYTHHUKOBBIX NaHHbIX Light
Pollution Map (World Atlas 2015). Mcxons u3 puc. 13,
MOXKHO CJIEJIaTh BBIBOJL, YTO 3aCBETKY HeOa Ipe/IcTaBIIs-
10T COOOH HE TOJILKO HACEJICHHBIC ITyHKTHI.

Ha ocHoBe nannbix Light Pollution Map (World
Atlas 2015) u karanora energybase He()TSHBIX H Ta30BBIX
MecTopoxaeHni B mporpamme Illustrator mponsseneHo
HacJanBaHUE JBYX CXEM, UCXOJsl U3 Yero MOXKHO Clie-
JIaTh BBIBOJI, UTO 3aCBETKa HEOa MMeeT reorpaduueckyro
MPOTSHKEHHOCTh aKTUBHBIX HE(TSHBIX MECTOPOXKIACHNUH,
BBISIBJICHHBIX UX JIEKTPUIECKUM CBETOM, a TAKXKE CBET
W TEIUIO, BBIJEISIEMbIC TIPH CXKUTAHUU TTPUPOIHOTO rasa
(puc. 14). Topsimii mpupoHEII Ta3 IIEpPBOHAYAIBHO pac-
TBOPSUICS B CHIPOI HE(TH M BBIXOIUT U3 PAaCTBOPA BO Bpe-
Msl IPOM3BOJICTBA. BypOBbIE KOMITAHUM CHKUTAIOT €ro
Ha (haxere, TOTOMY YTO ra3 HeyT00HO MM HEBBITOJTHO HC-
TI0JIb30BaTh Ha OypOBOI! INIOIMIA/IKE, MM TTIOTOMY YTO €ro
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Puc. 12. [1notHOCTS M pa3Menienne HaceneHus PecryOnuku
Komu (ncrounuxku: Earth Engine Data Catalog u Adobe Illus-
trator)

Tocenenus

® Ot 50 o 100 ThIC. Yet.
® Ot 20 10 50 ThIC. Yem.
* Or 10 10 20 TBIC. Yeu.
e Ot 5 o 10 ThIC. Ye.

|:| I'panuiel MyHUITMIANEHBIX PaifoHOB

Zenith sky brightness
mAgnALGH N secand
3 i m

= 220 219 217206 185<17

Puc. 13. ATyac ncKyccTBeHHO# 3aCBETKH HeOa Ha OCHOBE CITyT-
HUKOBBIX JaHHBIX (ncTouHukH: Light Pollution Map n Adobe
Illustrator)

9 MecTtopokaeHus

Puc. 14. 3acBeTka Heba + MECTOPOKICHUS HA IPHUMEPE: @ — YCHHCKOTO paiioHa; b — YXTHHCKOTO paifoHa (uctounuku: Light

Pollution Map, energybase u Adobe Illustrator)

JIOCTaBKa Ha PHIHOK OOXOIUTCS JOPOro. JTa MpaKTHKa
MPOM3BOMT OOJIBIITYEO BCIIBIIIKY FOPSIIETO I'a3a, KOTOPhIN
OCBEIIAET OKPYIKAIOIIYIO 00JIACTh U BBIITYCKAET BHICOKYIO
TeMIIeparypy U 3arpsi3HeHHe B arMochepy.

Ha BropoM 3Tare ¢ HOMOIIBIO TAHHBIX MAaTepPUaIoB
aHaJM3a TePPUTOPHAIEHOM CXEMBI C OTXOAaMH OBLITH CO-
CTaBJICHBI CXEMbl MECT HAKOIUICHHSI OMIACHBIX OTXOJI0B
1 BBIABJICHBI HCCAHKIUOHUPOBAHHBIC MECTa pasMele-
HUSL OTXOZIOB, PACHOIOKEHHbBIC Ha 3eMIISIX JIECHOTO (DOH-
na (puc. 15, 16). Cpeau 11 peruonos C3®O Pecrybuka
Komn 3aamMaeM 5-¢ MeCTo 0 KOJTMYEeCTBY 00pa3yrOIHX-
cst otxonoB. OCHOBHOM BKJIa] B 00pa30BaHKe OTXO/IOB,
BPEAHBIX KaK NpHUPOAC, TaK U YCIIOBEKY, BHOCAT NPECA-
MPUSITHS TI0 TOOBIUE MMOJIE3HBIX UCKOMAEMBIX U 00paba-

184

TBIBAIOIIIME TIPOM3BOJICTBA, TaK Kak PecrybOinka Komu
SIBJISICTCS OJJHON M3 KPYIHEHIINX YHEPrOChIPhEeBhIX 0a3
Ha ceBepo-3amnane Poccun, B yacTHOCTH yIuIst, AepeBa
1 HedTu. [T1aBHBIE OTPACIIU IIPOMBILIEHHOCTH C BbI-
COKHMM 00pa30BaHUEM OTXO/I0B — YIVIEI00bIBAIOIIAs
(OAO «Bopxkytayromib», OAO «Illaxta MaTayTOIBY ), HE-
¢renodsiBatomas (OAO «Komuenpay», OAO «CeepHas
He(hTh», OAO «EHucei») u nepeBoodpabaTbIBaroIas
(OAO «Moumu CJITIK»). B mporieHTHOM COOTHOIICHHH
9THM TIPEIPHUATHIM IPUHAICKUT oOpazoBanue 80 %
OTXOJIOB M 00JIACTH 3arpsi3HEHHS] HE OTPaHUYUBAIOTCS
b 3emiiei. OTXO0/bI, He MOJJIeKAIUe CII0Ib30Ba-
HUIO U TIepepadoTKe, HAMPABISIOTCS B MECTa XPaHCHHs
" 3axopoHeHus (puc. 17).
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o YEHHCK

JNevopa

Puc. 15. Mecra HakOIIJICHUS OMACHBIX OTXOA0B (MCTOUHUKH:
QGIS u Adobe Illustrator)

Taxxe Ha ocHOBe jaHHbIX QGIS BhIsSBICHBI MecTa
PACIONIOKEHUSI OCHOBHBIX HCTOYHUKOB TEXHOT€HHOTO
BO3JIEUCTBUS: IPOU3BOJICTBA U MECTOPOXKICHHUSI MTOTE3HBIX
nckomnaemsbix (puc. 17). Jlyis moacyera KOIMUECTBA BhI-
OpOCOB MAPHUKOBBIX OBLIH BRITPYKeHHI AaHHbIe Climate
Trace, oOCHOBaHHBIC Ha CITyTHHKAX, METOJAaX AMCTAHITI-
OHHOTO 30H/IMPOBAHUS I 00YIEHHOM aJTOpPUTME HUCKYC-
CTBEHHOTO MHTEILIEKTa. [1ompoOHEIi 0030p MI00ATEHBIX
BBIOPOCOB TI03BOJIHIT OTIPEACITUTH MECTOMOTIOKEHHE KPYTI-
HBIX HCTOYHUKOB U OI[EHUTH KOJIMYECTBEHHBIE OIICHKH BbI-

o YEHHCK

@evopa

Puc. 16. HecaHKIIMOHUPOBaHHBIE MECTa Pa3MEIIEHHUS OTXO-
JIOB, PACIIOJIOXKEHHBIX HA 3eMJLSIX JIECHOTO (hoH/1a (MCTOUHHUKH:
Source: QGIS u Adobe Illustrator)

OpocoB B TeueHue Bpemenu (puc. 18). Mcxoms uz sToro
MOJKHO CZIEJIaTh BBIBOJI, YTO MEX/Ty ITOKa3aTeIIsIMH TIEPBO-
TO dTara MCCIeI0BaHNs, MECTAMH HAKOIUICHHSI OTXOJIOB,
a TaKke PactoyIOKeHHUsI HCTOUHUKOB TEXHOTEHHOTO BO3-
JEHCTBUS U KOJIMYEeCTBa BHIOPOCOB OCHOBHBIX KPYITHBIX
(uctounmk Climate Trace) IpOBOTUTCS B3aUMOCBA3aHHBINA
aHaM3 0OBEKTOB BRIOPOCOB aHTPOIIOTEHHBIX (haKTOPOB.
TpeTbuM 3TarioM NPOU3BOJUTCS CTATUCTUYECKUI
aHaJIM3 MO BBHIOPOCAM MAPHUKOBBIX I'a30B HA TEPPHUTO-
pun pecny6mnukyn Komu, Brirodas yrmekucisiii ras CO,,

SYREYy Har
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Puc. 17. Ananu3 pacroioxeHHs: HCTOYHUKOB TeXHOTeHHOTo Bo3neiicTBus (ucrounnku: QGIS n Adobe Illustrator)
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Puc. 18. KonmuecTBo BEIOPOCOB OCHOBHBIX KPYIHBIX HCTOUHHMKOB (Mctounnku: Climate Trace u Adobe Illustrator)

okeungpt azota NO u meran CH,, KOTOpbI€ OKa3bIBAIOT
3HAYUTENBEHOE BIIMSHIC HA OKPYKAIOIYIO CPEAy H KITH-
Mar peruoHa.

Ha ocnose nndopmarnuu Climate Trace coctas-
JieHa TabnmuIa arpruOyTOB IO TPEM IMaPHUKOBBIM Ta3aM
C HaUMCHOBaHHMEM HCTOYHHKA 3arps3HCHUS U €T0 pac-
MIOJIOXKCHUEM B TIPENeIaX PEerHoHa, a TaKkKe CyMMap-
HBIM KOJIMYECTBOM BHIOPOCOB Ka)IOTO U3 TAPHUKOBBIX
ra30B Kak M0 OTICIFHOMY UCTOYHUKY 3arps3HCHUS, TaK

U TI0 paifoHy, U 10 BceMy peruony Pecnyonmku Komm.
W3 Tabnumbl MOXXHO BHJETH, YTO HAaUOOJIbIIEE KOJMYe-
CTBO BBIOPOCOB T10 TPEM TTAPHUKOBBIM I'a3aM IPUXOANTCS
Ha TePPUTOPUIO ApKTHIECKOI 30HEI Pecryomikn Komu.

Ha yerBeprom 3Tare cocrapisieTcsi cxema IpocTpaH-
creenHoro [ IC-monenmpoBanus Ha 6a3e Tpex OCHOBHBIX
3arps3HAIOLIMX BEIIECTB: YIVIEKUCIBIN ra3 COZ, OKCH/JIbI
azota NO_wu metan CH, ¢ y4eTOM CTENeHu UX BIUSHUS
Ha 3[J0pOBBE YeIIOBEKa M OKPYIKaIOIyIo cpexy. [lanuble

KomnmuectBo BEIOpOCOB 3arpsi3asronux Bemects Source: ClimateTrace m Microsoft Excel

Haunmenosanne AJIT VcTounuk 3arpsasHeHns Co, CH, | NO, | CO,e
T
Topozckoit okpyr AbdponopT (BHYyTpEHHUI) 34 391,6 0,24 0,96 343928
ChikTbiBicap Asporiopr (3apyGexHBiii) 1344,79 0,01 0,04 1344,84
ABTOMOOWJIBHBIN TPAHCIOPT 72 867,7 2,39 1,88 72 871,97
DIeKTPOCTaHIIMS 2175 000 - - 2175000
ITomuron TBO — 3128,02 — 3128,02
o erome sy - 6L08 | 3943 | 10051
HUroro 2 283 604,09 3191,74 42,31 2 286 838,14
CBIKTBIBIMHCKUH ABTOMOOMJIBHBI TPAHCIIOPT 11017 0,36 0,28 11 017,64
paiton Viroro 11017 0.36 0.28 1101764
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IIpooonocenue maon.

Haumenosanue AJIT VICTOYHHUK 3arpsA3HEHHs CO, CH, NO, | CO,e
T
T'oponckoii oxpyr Abdponopr 1190,59 0,01 0,03 1190,63
BopxkyTa Bopramopckast yroipHas Iaxra - 61303,5 - 61303,5
Komcomorbckast yronpHast mraxra - 24 403,8 - 24 403,8
3anonspHasl yronpHas maxra - 29 799,1 - 29 799,1
BopkyTuHcKas yronpHas maxra - 312104 - 312104
IOHBsATHHCKAS yrOoMbHAS MIAXTa - 1099,78 - 1099,78
BopkyTruHCKast SIEKTPOCTaHIINS 659 000 - - 659 000
Htoro 660 190,59 147 816,59 0,03 808 007,21
Toponckoii okpyr YxTa | Asponopt (BHYTpEeHHHMIA) 15 491,7 0,11 0,43 15 492,24
Absporniopt (3apyOeiKHBIH) 51,04 - - 51,04
Vxruncknit HIT3 443 825 60,68 6,19 443 891,87
IMonuron TBO - 6192,58 - 6192,58
e L
Htoro 459 367,74 6278,21 22,48 465 668,43
Toponckoii okpyr Anponopt 27,05 - - 27,05
Wuta =
o (crom sy - S B I
Htoro 27,05 5,38 3,47 35,9
T'opozckoit okpyr Absporopt 8538,92 0,06 0,24 8539,22
Yeunck MecropoxaeHue HepTH n—rasa 1010970 19 093,7 - 1030 063,7
DIEKTPOCTaHLUS 286 000 - - 286 000
e o | w || e
Hroro 1305 508,92 19 098,75 0,24 1324 607,91
B oo (cromme o) - R B
Hroro 0 1,32 0,85 2,17
MP CocHoropck DIEeKTPOCTaHLUS 825 000 - - 825 000
Uroro 825000 0 0 825 000
Kusxnorocrexuil BrITOBBIC H—TTPOU3BOACTBEHHBIC
paiion OTXO[b! (CTOUHBIC BOJIbI) B 2,25 a 2,25
Htoro 0 2,25 0 2,25
MP Ileuopa Abspormopt 596,43 - 0,02 596,45
DNEeKTPOCTAHIIMS 2429 000 - - 2429 000
Mecra 3axopoHeHus — 376791 — 376791
o |
Uroro 2429 596,43 3773.3 35 2433 373,23
VYere-Lunemcknii Absponopt 581,74 — 0,02 581,76
paiion HUroro 581,74 0 0,02 581,76
Mxemckuil paiton - - - - -
Hroro 0 0 0 0
VYnopckuit MP Cpenne-Tumanckuit 276 633 - - 276 633
e oo |
HUroro 276 633 1,24 0,81 276 635,05
ChIconbCcKHid pailoH - - - - -
Hroro 0 0 0 0
oo [Emmer oo |
Uroro 0 1,19 0,77 1,96
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Oxkonuanue maoi.

Haumenosanue A/IT VcTouHuK 3arpsi3sHEHUs CoO, CH, | NO, | CO,e
T
Koprkepocckuii paiion |— 1533,45 2,73 0,07 1536,25
Uroro 1533,45 2,73 0,07 1536,25
VYerb-Boimckuit paiion | ITonuron TEO - 14 2333 - 14 2333
HUroro 0 142333 0 142333
Yere-Kynomckuit - - - - -
paiion Hroro 0 0 0 0
IIpuny3ckuii paiton - - - - -
Hroro 0 0 0 0
Koiiroponckuii paifon | ITonuron TBO - 7122,65 - 7122,65
Uroro 0 7122,65 0 7122,65
Hroro cymmapHoe 110 peruony 8253 060,01 201 529,01 74,83 8 454 663,85

TabnuIpl aTpubyTOB 10 CyMMapHBIM TOKa3aTelsIM BbI-
OpOCOB MapHUKOBBIX Ta30B 10 KAXJIOMY W3 pailoHOB
Pecnyomuku Komu Obuti BHECeHBI B riporpammy QGIS.
MeTon0oM KilacTepu3alny CO3aHbl MSATh YPOBHEH MOKa-
3aresnieit JIereH/1bl KOJIMYeCTBa aHTPOTIOTEHHBIX BEIOPOCOB
JUISL OKpammBaHust paiioHoB Pecrryonukn Komu ot cBert-
JIOTO K TEMHOMY, 1€ CBETJIBIH — 3TO MUHUMAJIBHOE KOJIH-
YECTBO 3arpsI3HSIONINX BEILIECTB, & TEMHBIH — BBIOPOCEHI
6omee | Mo T. [IpoaHann3upoBaB KOJIMIECTBO BHIOPOCOB

OT K&XIO0T0 M3 UCTOYHWKOB aHTPONOTEHHOTO BO3eH-
CTBUSI, OBIJIa COCTABIICHA SKOJIOTHYECKAsI CXEMa OIacHO-
crtu st 20 paiionoB Pecrryonuku Komu. /lannast monens
MO3BOJISIET HAIVIAHO YBUETh HAHOOJBILEE KOJIUUECTBO
BBIOpOCOB B [ledopckom 1 YCHHCKOM palioHaX, KOTOPhIE
HaxoznsTest Ha Tepputopun Kpaiinero Cesepa PecryOmmkn
Komu (puc. 19).

JI1s1 OBBILLIEHUS KU3HECTOMKOCTH ropofoB Pecry-
ok KoMy B yCITOBHSIX TIIOOATBHOTO MOTETICHHUS He-

Tloceneuus

Cromuua Pecny6muku Komu
o1 50 1o 100 ThIC. Hen.

ot 20 j10 50 ThIC. Yen.

ot 10 110 20 Thic. ve.

oT 5 710 10 ThiC. uern.

DOGOOO

Tpannua PecryGmikn Komu

AHTpOTIOTEHHbIE BRIOPOCH

0

<5001
<100 000 T
<500 000 T
<1000 000 T
>1000000 T

Puc. 19. Paitonsl, HanboJee moaBep)KeHHBIE N3MEHEHHIO KIIMMaTa palloHnpoBaHus pernona Pecryonukn Komu, monroroeiexH

B mporpamme QGIS na marepranax Climate Trace
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00X0IMMMO pa3paboTaTh W BHEAPUTH IUIAHBI aalTaIlN
K I3MEHEHHIO KITMMaTa. JTH IUIaHbI JIOJDKHBI BKITIOUATh 00-
HOBJICHHE HHPPACTPYKTYPHI 1 KHITUITHOTO (OHAA, YIyd-
IICHUE CHCTEM NPEITYNPEKICHUS U TOTOBHOCTH K YPE3BBI-
YaifHBIM CUTYalIMsIM, a TaK)Ke COJCHCTBHE YCTOHUHMBOMY
PasBUTHIO U UCTIOJI30BAHUIO BO306HOBHHCMBIX OHEPIreTH-
YECKHX pecypcoB. POCT ypoBHsI MOpel U U3MEHEHUE KIIH-
MaTH4ECKHUX YCIOBHI MOTYT MPUBECTH K TIOBPEXKICHHIO
1 pa3pyIIeHHI0 HHPPACTPYKTYPBI M JKHJIMIIHOTO CEKTOPa
TOPOJIOB.

MosxHo BBIJICJIUTH HECKOJIBKO BUI0OB HEIaTUBHBIX
BO3IICHCTBHI Ha OKPYKAIOIIYIO CPEey B X01e 00yCTpOii-
CTBA MECTOPOXKICHHH:

* Ha arMoc(epy, BEIOPOCHI ITPU CKUTAHUH TIPOJTYKTa;

* Ha BOJJHO-OMOJIOTHYECKUE PECYPChI, cOpPOC CTOY-
HBIX BOJI, YHUUTOXKEHHE (ayHbI PU CTPOUTEIILCTBE BO-
JTHBIX MIEPEXOJIOB.

IMTapmxckoe comatuenue 2015 1. mpU3HAaeT, 4To U3Me-
HEHHE KJIMMaTa SIBISICTCSI PEaJIbHBIM M OSCIPEIe/ICHTHBIM
BBI30BOM, TpeOyIOIINM CPOYHBIX JICHCTBHUIA BO BCEM MHpE,
U OIIpeielIsieT TaKue YCWINSI 0 CHIDKEHUIO, KaK BKJIAJ
B «yZEp>KaHUE POCTa CPEAHEMHUPOBOI TEMIEpaTyphbl Ha-
MHoOro Hmxke 2 °C cBepx JOUHAYCTPHAIbHBIX YPOBHEH
1 TIPWJIOXKEHUST YCWITHH B TIEJISIX OTPAHUYCHUS POCTA TEM-
niepatypsl 10 1,5 °C, npu3HaBasi, 4T0 3TO 3HAYUTENBHO CO-
KPaTHT PUCKH U MOCIEACTBHS U3MEHEHHUS KITIMATay.

B 2022 r. ogHUM U3 IPUOPUTETHBIX HAINIPABICHUN
He(TEra3oBbIX KOMIIAHUH 110 yCTOHYNBOMY Pa3BUTHIO
cTajia ’KoJorndeckas nosecrka. Hedrerazoseie npen-
MpUATHS pa3padaThIBAIOT U BHEAPSIOT PELICHUS IS OIl-
TUMU3AIUN TPOMBIIITIEHHOH JESITEIbHOCTH MPEATpHs-
THH, 9TOOBI JOCTHYB TENIEH TTO0 COKPAIIEHHIO BEIOPOCOB.
Cpenu crioco0oB nepexoaa HeTerasoBbIX KOMIAHUN

B 00J1aCTh «3€JICHBIX» MHHOBAIMI MOYKHO OTMETHUTB Clie-
JIYIOIIME HapaBICHUS:

1. Baenpenne B0300HOBIISIEMBIX HCTOYHUKOB SHEP-
THH — COJIHEUHAas ¥ BETPOBasi AEKTPOIHEPreTHKA.

2. Co3naHue 1 pacrpoCTpaHeHHE OUOTOILTHBA.

3. KoHTpoab U CHUKEHHE YJIENIBHBIX YIIEPOIHBIX
BBIOPOCOB B pa3Be/Ke U J00bIYE: BHEPECHNE HHHOBALIU-
onnbIx TexHonoruit (BIIJIA, ckannpoBaHue, yIbTpasBy-
KOBBIE JICTEKTOPHI).

4. CHIWKXEHHE YIIIEpOIHOTO ciela: ylaBiIuBaHHe,
Mcnonb30BaHue U xpanenue yrepoga CCUS.

3AKJIIOYEHUE U OBCYXJIEHHUE

V3meHeHne KIMMara — OfiHa U3 CaMbIX aKTyaJIbHBIX
U CEPHE3HBIX MPOOIIEM, KOTOPBIE HEOCPEICTBEHHO BIIHS-
0T Ha HAaIlly TUTAaHeTY M BCE €€ 3KOCHCTEMBI. DTO I100asTh-
HOE SIBJICHHE 3aTParuBacT BCE PETMOHBI MUPA, BKITIOYAs
Poccuro n ApkTHdecKyro 30HY, B KOTOPYIO BXOAUT U Pe-
cryonrka Komu.

[TosTanmHoe uccienoBaHue 1aj0 BO3MOKHOCTD MPO-
QHAJIM3UPOBATh BIIMSHUE aHTPOIIOTEHHBIX (PaKTOPOB Ha N3~
MEHEeHHUe KMMmaTa ApkTraeckoit 30Hb1 Poccuiickoit derne-
PaIMu ¥ CMOJIEIIMPOBATH CXEMY aHaJIn3a paiOHUPOBAHMSI,
MO3BOJISTIOIIYIO HATYISITHO 1T0Ka3aTh TEPPUTOPUH BHIOPO-
COB OCHOBHBIX KPYITHBIX HCTOYHHKOB 3arps3HEHMSI.

[TpuMeHeHHe SKOOrNYECKUX TEXHOIOTHI W HHKE-
HEepHBIX pemeHni B He()Tera30BoH NMPOMBIIUICHHOCTH
MMeEET PsA MPAKTHUECKUX MPUMEHEHHH, HallPaBICHHBIX
Ha yMEHbIICHHE HEraTUBHOTO BO3/ICHCTBHS Ha OKpYsKa-
oLy cpeny. HekoTopble U3 TakuxX pelieHni BKIoYa-
0T B ce0s1 IPIMEHEHNE COBPEMEHHBIX METO/IOB OYHCTKH,
BHEIPEHNE HOBBIX TEXHOJIIOTHUH M CPEZICTB JUIsl CHIKCHHS
BBIOPOCOB ITAPHUKOBBIX Ta30B B aTMOCHEPyY MPH MPOILEC-
cax o0y U nepepaboTku HeTH U rasa.
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INTRODUCTION

Global warming, primarily linked to anthropogenic
greenhouse gas emissions, has been a worldwide trend
over recent decades. Climate change is corroborated by
the CMIP global climate models, which form the ba-
sis for contemporary analysis of climate change. CMIP
data, particularly the latest findings from the CMIP6
model, are critical for developing projections and assess-
ing the impacts of climate change. However, despite ad-
vances in climate modelling, there is currently a shortage
of specialized urban planning methodologies for assess-
ing the impacts of climate change in cities and regions.

One of the most telling indicators of climate change
is air temperature. The average annual temperature over
land rose by 0.179 °C per decade between 1976 and
2020 [1-3]. To support this argument, the authors have
produced graphs showing temperature trends based
on data obtained from the Earth Engine Data Catalogue
over the last three decades (Fig. 1).

Russia is the only country where the Arctic bound-
ary is enshrined in law, and the Arctic Zone of the Rus-
sian Federation (AZRF) has been designated by a decree
of the President of the Russian Federation. The AZRF
covers nine regions: four fall entirely within it — the Mur-
mansk Oblast, the Nenets Autonomous Okrug (hereinaf-
ter “NAQO”), the Chukotka NAO and the Yamalo-Nenets
NAO,; five fall partially within it — the Republic of Komi,
the Republic of Karelia, the Republic of Sakha (Yaku-
tia), the Arkhangelsk Oblast and the Krasnoyarsk Krai.

The four sub-Arctic regions comprise: the Khanty-
Mansi Autonomous Okrug — Yugra, Kamchatka Krai
and Magadan Oblast. The Arctic territories cover
an area of 4.8 million km? (28 % of the country’s terri-
tory). They are home to 2.6 million people, more than
half the population of the global Arctic.

Based on information from the Russian statistical
yearbooks published by the Federal State Statistics Ser-
vice, an analysis was carried out of average monthly air
temperatures and precipitation levels across the regions
of the Russian Federation. In 2020, there was a sharp
rise in CH,, which may indicate the most significant
temperature increase recorded across the entire territory
of the Arctic Zone of the Russian Federation:

» the average observed temperature in Janu-
ary was —16.5 °C, with a deviation from the norm
of 6.4 °C. The greatest deviation from the norm in 2020
was observed in the North-West Federal District NWFD),
at 6.8 °C (Fig. 2, a);

* the average observed temperature in July was
14.7 °C, with a deviation from the norm of 1.3 °C
(Fig. 2, b). The greatest deviation from the norm was also
observed in the NWFO, amounting to 2.1 °C;

* the average monthly precipitation in July 2003
was 69.5 mm, and in 2020 it was 62.3 mm (Fig. 2, ¢);

* comparing the graphs of average monthly precipita-
tion by region in the North-West Federal District, it can be
concluded that precipitation is directly proportional to air
temperature: the warmer the air temperature, the greater

|:] Borders of the subjects of the Russia, territories that are fully or partially included in the Arctic Zone of the Russian Federation

min . |

max

Fig. 1. Meteorological data for the Russian Federation: ¢ — 1991; b — 2000; ¢ — 2015; d — 2022 (based on information from

the Earth Engine Data Catalogue)
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Fig. 2. Average monthly values for the regions of the AZRF: ¢ — average monthly air temperature (January); b — average
monthly air temperature (July); ¢ — average monthly precipitation (January); d — average monthly precipitation (July) (Rus-
sian statistical yearbooks published by the Federal State Statistics Service and Microsoft Excel)

the amount of precipitation falling to the Earth’s surface
(Fig. 2).

An analysis of changes in temperature and precipi-
tation between 2003 and 2022 suggests that the accelerat-
ed retreat of glaciers during this period is due to a 1.5 °C
rise in summer air temperatures since the start of the 21st
century, and primarily affects the North-West Federal
District. The consequences of global warming are being
felt not only in the Arctic region, but also far beyond its
borders [4-6].

Greenhouse gas concentrations began to rise rap-
idly following the resumption of industrial production
in the country in 1926 and continued to do so until 1990
(Fig. 3). One of the most significant greenhouse gases is
carbon dioxide; gases such as methane and nitrous ox-
ide also contribute to global warming [7-9]. Fig. 3 shows

20¢

Russia

15¢

10¢

a

the total emissions of these three greenhouse gases.
The graphs, based on data from OurWorldinData.org,
highlight the period 1930-1990, during which a sustained
rise in greenhouse gas levels was observed (Fig. 3, 4).

According to data from Roshydromet, the rise in
greenhouse gas concentrations across Russia in 2022
reached record levels, primarily for carbon dioxide CO,
and methane CH,. Carbon dioxide concentrations across
the Russian Federation in 2022 are rising compared with
2020 and 2021 (Fig. 3).

The second most significant cause of global warm-
ing after carbon dioxide is methane CH, — a colour-
less, odourless gas. Since 1750, humans have increased
the amount of methane in the atmosphere by approxi-
mately 150 %. The extraction of fossil fuels, such as oil,
gas and coal, is the largest source of methane emissions.

Russa

b

Fig. 3. CO,e greenhouse gas emissions by category (a); per capita CO, emissions (b) (sources: OurWorldinData.org and Adobe

Illustrator)
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] Borders of the subjects of the Russia, territories that are fully or partially included
in the Arctic Zone of the Russian Federation
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Borders of the subjects of the Russia, territories that are fully or partially included
in the Arctic Zone of the Russian Federation

b

Fig. 5. Concentrations of natural gases within the Russian Federation: ¢ — NO_; b — NO_ + CH, (sources: Earth Engine

Data Catalogue and Adobe Illustrator)

Humans have also increased methane emissions through
intensive farming practices, livestock rearing and waste
disposal [10, 11].

Greenhouse gases such as methane remain in
the Earth’s atmosphere, allowing sunlight to pass through
but trapping heat [12, 13]. One recent study showed that
a rapid reduction in methane emissions could slow the rate
of global warming by 30 %. In 2020, the average annual
per capita concentration of methane was 3.21 tonnes, fol-
lowed by a surge to 3.35 tonnes in 2021 (Fig. 4, a).

Growing demand from agriculture, transport, indus-
try and the energy sector has led to a sharp rise in nitro-
gen pollution levels and associated greenhouse gas emis-
sions [14]. Nitrogen oxide NO_emissions from industry
and combustion, for example, are 300 times more potent
than CO, as a greenhouse gas (Fig. 4, b).

Methane and other hydrocarbons in natural gas com-
bine with nitrogen oxides to form atmospheric ozone pol-
lution (Fig. 5) [15, 16]. Across much of the country, the
duration of snow cover continues to decrease, whilst
the maximum winter snow depth is increasing across most
of the country. As the permafrost, which covers 63 %
of Russia’s territory, thaws, greenhouse gases accumu-
lated in the frozen organic matter are released, in par-
ticular carbon dioxide CO, and methane CH,, which has

a more potent impact on the climate [17—19]. The perma-
frost zone is being actively developed due to its mineral
reserves, but the impact of temperature changes is having
serious consequences for the infrastructure of the north-
ern regions, which will adversely affect buildings and
subsequently lead to their collapse [20, 21].

The rise in greenhouse gas concentrations and
the current global warming across the entire globe are di-
rectly linked to the problem of human impact [22, 23].
Human economic activity — the use of natural resources,
a significant reduction in forest cover, a failure to re-
plenish it, and, as a result, the waterlogging of land, and
the expansion of industrial and urban areas — all contrib-
ute to an increase in greenhouse gas concentrations and
thereby intensify the greenhouse effect, leading to a rise in
the average annual temperature of the lower atmosphere.

MATERIALS AND METHODS

Anthropogenic factors are a set of factors directly
or indirectly linked to human activity that influence
changes in and the functioning of the environment.
The main driver of current global warming is the con-
tinuing rise in concentrations of CO,, CH, and nitrogen
oxides NO_(Fig. 6).
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Drivers of modern warming affecting climate change in the Russian Arctic

Fig. 6. The main drivers of current global warming

The classification of key anthropogenic sources
of greenhouse gas emissions can be based on various cri-
teria, such as the type of activity, scale, or whether they
are direct or indirect sources:

1) direct sources:

* power stations (particularly those using fossil fu-
els);

* coal mines (methane emissions during extraction);

* landfill sites (methane from the decomposition
of organic waste);

» manufacturing (depending on the sector; many
manufacturing processes emit CO, and other gases);

2) indirect sources:

» road transport (emissions from fuel combustion);

» airports (including emissions from both aircraft
and associated infrastructure);

* heat island effect (not a source in the strict sense,
but contributes to higher temperatures and, consequently,
increased energy consumption);

3) household and industrial waste:

» may be a source of both direct and indirect emis-
sions, depending on how the waste is managed and pro-
cessed.

The impact of anthropogenic factors on environ-
mental climate change:

* rising temperatures;

* changes in precipitation;

* rising water levels;

» changes to ecosystems.

i Direct sources
Power plants
! Coal mines
' Landfills of solid household waste
" Productions

., Anthropogenic Indirect sources
- load I Road transport

" Airports

; Thermal Island

' Household and industrial waste

Based on the classification of the main anthropo-
genic factors, a theoretical model of the impact of anthro-
pogenic pressure on climate change has been developed
(Fig. 7).

To analyze the study area in terms of greenhouse gas
emissions, the region must be broken down into its con-
stituent parts; in our case, by municipal districts. The tools
used to model the areas most vulnerable to climate change
are:

* spatial GIS modelling, which enables the analysis
of spatial data, including the distribution of gas emissions
across the territory;

« analytical methods are used to identify patterns
and trends in climate and emissions data;

* statistical analysis of data makes it possible to as-
sess the extent to which various factors influence green-
house gas emissions;

* mapping.

The study comprises four key stages, as shown in
Fig. 8.

The first stage involves gathering information on cli-
mate change in the region over recent decades: meteoro-
logical data, precipitation levels, and the climate at specif-
ic locations affected by the urban heat island (UHI) effect.

In the second stage, cartographic analysis is used to
identify the locations of the most hazardous waste, which
also affects biodiversity. The locations of the main sources
of anthropogenic impact are also determined, and Climate
Trace data is extracted to establish the locations of major
sources and assess quantitative emissions over time.

Temperature rise.

Precipitation I Climate
changes. change
Water level in the Russian
rise. , Arctic
Changing I

ecosystems

Fig. 7. A theoretical model of the impact of human activity on climate change
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. Collecting information
» meteorological data;
* amount of precipitation;
« the climate of a particular point caused
. by the heat island effect

The first stdge
: Spatial GIS modelling
« a diagram of the areas most affected
by climate change;

» recommendations for reducing
the impact on climate change

The fourth stage

_ Cartographic analysis
* places of the most hazardous waste;
* unauthorized waste disposal sites;
'+ location of sources of anthropogenic
. impact within the territory

~ The second stage

Statistical analysis
.+ calculation of the total number of emissions
for three drivers;
'« creating an attribute table based
on Climate Trace data

The third stage

Fig. 8. Stages of the study to identify the impact of anthropogenic factors on the area

In the third stage, for each individual municipal dis-
trict, the total emissions of the three greenhouse gases —
CO,, CH,, NO_ — must be calculated, taking into ac-
count the types of major pollution sources. This analysis
is carried out using QGIS software, based on the open-
access Climate Trace database of major emission sour-
ces. Data from Climate Trace is exported into an attribute
table for each municipal district, containing the following
data fields: the name of the administrative-territorial divi-
sion (ATD), the main pollution source factor, and the to-
tal emissions.

The fourth stage involves spatial GIS modelling.
Based on the attribute data, a map of the areas most vul-
nerable to climate change is compiled using a data clus-
tering method, with a colour gradient ranging from light
to dark, corresponding to greenhouse gas emissions rang-
ing from negligible to the highest levels. At this stage,
proposals for regional adaptation are also drawn up based
on the resulting model, aimed at organizing measures to
reduce greenhouse gas emissions within the study area.

The research stages outlined will enable an analy-
sis of the impact of anthropogenic factors on climate
change in the Arctic region of the Russian Federation
and the formulation of recommendations to mitigate its
negative consequences. The zoning analysis framework
developed will make it possible to clearly identify the ar-
eas where emissions from the main major sources occur.

RESEARCH RESULTS

The territory of the Komi Republic was selected
for the validation of theoretical research. The area under
consideration is situated in the north-east of the Europe-
an part of Russia and forms part of the North-West Fed-
eral District (Fig. 9). According to Resolution No. 1946
of the Government of the Russian Federation dated
16 November 2021, the urban districts of Vorkuta,
Inta and Usinsk, as well as the municipal districts of Ust-
Tsilemsky, Izhemsky and Pechora, are classified as Far

North regions of the Komi Republic; the following lo-
calities are classified as equivalent to Far North regions:
Syktyvkar, Ukhta, Vuktyl; and the municipal districts
of Knyazhpogostsky, Koygorodsky, Kortkerossky, Pri-
luzsky, Syktyvdinsky, Sosnogorsk, Sysolsky, Troitsko-
Pechorsky, Udorsky, Ust-Vymsky and Ust-Kulomsky [2].

The first stage involves gathering information: me-
teorological data, precipitation levels and the climate
of a specific location affected by the heat island effect.
The Republic of Komi’s geographical location at rela-
tively high latitudes, its distance from the warm Atlan-
tic Ocean and its proximity to the vast Asian continent
result in a temperate continental climate, which differs
significantly from that of the rest of Europe. The repub-
lic’s considerable extent — 785 km from north to south,
1,275 km from south-west to north-east and 695 km from
west to east — as well as the diversity of its physical and
geographical conditions, result in significant differences
in the climate of its individual regions.

Using the Earth Engine Data Catalog geospatial
platform for satellite imagery, specifically the Terra Cli-
mate dataset on monthly climate and climatic water bal-
ance for global land surfaces, meteorological data maps
of the Komi Republic were compiled for the pe-
riod 1991-2022 (Fig. 10). As in other Arctic regions,
the Komi Republic is experiencing a rise in average an-
nual temperature. Over recent decades, a trend towards
rising temperatures across the different seasons has be-
come established, which is particularly noticeable during
the winter months.

The standardized SPEIbase precipitation database
in the Earth Engine data catalogue is compiled on the ba-
sis of the scheme covering the period 1991-2022,
using the 12-month SPEI time scale. An increase in an-
nual precipitation is observed (Fig. 11). Over the last
30 years, temperatures have risen by 0.8—1.5 °C, caus-
ing the boundary of the permafrost layer lying just below
the surface to retreat northwards by 30-50 km.
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[ ] The borders of the Komi Republic

=i Borders of the subjects of the Russian Federation, territories that are fully or partially included in the Arctic Zone
of the Russian Federation

| The Arctic Zone of the Russian Federation

|| Borders of the Arctic regions of the Russian Federation

Fig. 9. The Komi Republic within the settlement pattern of the Russian Federation (source: QGIS and Adobe Illustrator)

a b c d
[ The borders of the Komi Republic

Fig. 10. Meteorological data for the Komi Republic: a — 1991; b — 2000; ¢ — 2015; d — 2022 (source: Earth Engine
Data Catalogue and Adobe Illustrator)

a b c d
[] The borders of the Komi Republic

mi " _ A

Fig. 11. Precipitation in the Komi Republic: a — 1991; b — 2000; ¢ — 2015; d — 2022 (sources: Earth Engine Data Catalogue
and Adobe Illustrator)
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e O

Fig. 12. Population density and distribution in the Komi Repub-
lic (sources: Earth Engine Data Catalogue and Adobe Illustrator)

The climate at a specific location is determined by
the characteristics of the urban environment in its vicin-
ity, not only on a local scale (within a radius of the first
few hundred metres) but also on a mesoscale (within a ra-
dius of up to 10 km). This is because the thermal effects
of small, homogeneous areas accumulate and are trans-
ported by air currents over the city. As a result, a meso-
scale heat island is formed, which is most pronounced in
city centres but, due to atmospheric transport, can spread
to the outskirts of the metropolis and even into the sub-
urbs. The heat island effect is also present in the Komi
Republic, although the scale of its manifestation may be
much smaller compared with large cities.

Using the Earth Engine dataset on global human-in-
duced changes CSP gHM, a composite index of human-
induced changes to the Earth’s surface has been compiled,

220 219 21.7 206 18.5 <17,

Fig. 13. Atlas of artificial sky glow based on satellite data (sources:
Light Pollution Map and Adobe Illustrator)

calculated by estimating the proportion of altered loca-
tions (pixels). The Komi Republic has a low population
density and consists largely of natural landscapes, includ-
ing forests, plains and various water bodies. As a result,
the region does not exhibit a pronounced heat island
effect, which typically occurs in urban areas with high
building density and the use of paved surfaces (Fig. 12).

A map of artificial sky glow was also compiled
using satellite data from the Light Pollution Map (World
Atlas 2015). Based on Fig. 13, it can be concluded that
sky glow is not caused solely by built-up areas.

Using data from the Light Pollution Map (World
Atlas 2015) and the energy base catalogue of oil and gas
fields, two maps were overlaid in Illustrator; from this, it
can be concluded that sky glow corresponds geographi-
cally to the extent of active oil fields, as revealed by their

Settlements

® between 50,000 and 100,000 people
® between 20,000 to 50,000 people

* between 10,000 to 20,000 people

« between 5,000 to 10,000 people

Boundaries of municipal districts

9 Places of deposits

Fig. 14. Sky and field illumination, illustrated by the following examples: a — Usinsk District; b — Ukhta District (sources:

Light Pollution Map, energy base and Adobe Illustrator)
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Fig. 15. Sites where hazardous waste is accumulated (sources:
QGIS and Adobe Illustrator)

electric lighting, as well as the light and heat emitted
during the combustion of natural gas (Fig. 14). Burning
natural gas was originally dissolved in crude oil and is
released from the solution during production. Drilling
companies burn it off in a flare because it is impractical
or uneconomical to use the gas on the drilling site, or be-
cause transporting it to market is costly. This practice
produces a large flare of burning gas, which illuminates
the surrounding area and releases high temperatures and
pollution into the atmosphere.

In the second stage, using the data from the analysis
of the territorial waste management scheme, maps of haz-
ardous waste accumulation sites were drawn up and un-

GJYommek  JMura

glesopa

Fig. 16. Unauthorized waste disposal sites located on forest
land (sources: QGIS and Adobe Illustrator)

authorized waste disposal sites located on forest fund land
were identified (Fig. 15 and 16). Among the 11 regions
of the North-West Federal District, the Komi Republic
ranks fifth in terms of the volume of waste generated.
The main contributors to the generation of waste harm-
ful to both the environment and human health are mineral
extraction and processing enterprises, as the Komi Re-
public is one of the largest energy and raw material bases
in north-western Russia, particularly for coal, timber and
oil. The main industrial sectors generating high levels
of waste are coal mining (OJSC “Vorkutauhol”, OJSC
“Intauhol Mine”), oil production (OJSC “Komnedra”,
0OJSC “Severnaya Neft”, OJSC “Yenisei”) and timber

I.@CMH(K {

© Productions
& Deposits

Protected areas

Fig. 17. Analysis of the distribution of sources of anthropogenic impact (sources: QGIS and Adobe Illustrator)
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Fig. 18. Emissions from major sources (sources: Climate Trace and Adobe Illustrator)

processing (OJSC “Mondi SLPK?”). In percentage terms,
these enterprises account for 80 per cent of waste genera-
tion, and the areas affected by pollution are not limited to
land alone. Waste that cannot be reused or recycled is sent
to storage and disposal sites (Fig. 17).

Furthermore, using QGIS data, the locations of the main
sources of anthropogenic impact were identified: industrial
facilities and mineral deposits (Fig. 17). To calculate green-
house gas emissions, Climate Trace data— based on satel-
lite imagery, remote sensing methods and a trained artifi-
cial intelligence algorithm — were downloaded. A detailed
analysis of global emissions made it possible to identify
the locations of major sources and to estimate the quantita-
tive emissions over time (Fig. 18). Based on this, it can be

concluded that an interrelated analysis of anthropogenic
emission sources is being carried out, linking the indica-
tors from the first stage of the study, waste accumulation
sites, the locations of sources of anthropogenic impact, and
the emission volumes of the main major sources (source:
Climate Trace).

The third stage involves a statistical analysis of green-
house gas emissions within the Komi Republic, including
carbon dioxide CO,, nitrogen oxides NO_ and methane
CH,, which have a significant impact on the region’s envi-
ronment and climate.

Based on information from Climate Trace, a Table
of attributes has been compiled for the three greenhouse
gases, showing the name of the pollution source and its

Volume of pollutant emissions Source: ClimateTrace and Microsoft Excel

Name of Pollution source CO, CH, | NO, | CO,e
the administrative- t
territorial division
Domestic airport 34,391.6 0.24 0.96 34,392.8
International airport 1,344.79 0.01 0.04 1,344.84
Road transport 72,867.7 2.39 1.88 72,871.97
Syktyvkar Urban Power plant 2,175,000 - — 2,175,000
District Municipal solid waste landfill - 3,128.02 - 3,128.02
xgtees\s;tzgd industrial waste - 61.08 39.43 10051
Total 2,283,604.09 3,191.74 42.31 2,286,838.14
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Continuation of the Table

Name of Pollution source CO, CH, NO, | CO,e
the administrative- t
territorial division
. Lo Road transport 11,017 0.36 0.28 11,017.64
Syktyvdinsky District
Total 11,017 0.36 0.28 11,017.64
Airport 1,190.59 0.01 0.03 1,190.63
Vorgashorskaya Coal Mine - 61,303.5 - 61,303.5
Komsomolskaya Coal Mine - 24,403.8 - 24,403.8
. . | Zapolyarnaya Coal Mine - 29,799.1 - 29,799.1
Vorkuta Urban District - -
Vorkutinskaya Coal Mine - 31,2104 - 31,2104
Yunyaginskaya Coal Mine - 1,099.78 - 1099.78
Vorkuta Power Plant 659,000 - - 659,000
Total 660,190.59 147,816.59 0.03 808,007.21
Domestic airport 15,491.7 0.11 0.43 15,492.24
International airport 51.04 - - 51.04
Ukhta Oil Refinery 443,825 60.68 6.19 443,891.87
Ukhta Urban District | Municipal solid waste landfill - 6,192.58 - 6,192.58
R:;:;S\S;:gd industrial waste B 24.84 15.86 407
Total 459,367.74 6,278.21 22.48 465,668.43
Airport 27.05 - - 27.05
Inta Urban District Rf:sl;svtvl;’t:gd industrial waste 5.38 3.47 8.85
Total 27.05 5.38 3.47 359
Airport 8,538.92 0.06 0.24 8,539.22
Oil and gas field 1,010,970 19,093.7 - 1,030,063.7
Usinsk Urban District Power Plant — 286,000 - - 286,000
3\(});1&;2;:3 industrial waste B 499 B 499
Total 1,305,508.92 19,098.75 0.24 1,324,607.91
o Domestic and industrial waste B 132 0.85 217
Vuktyl Urban District | (wastewater)
Total 0 1.32 0.85 2.17
Sosnogorsk Municipal Power plant 825,000 — — 825,000
District Total 825,000 0 0 825,000
pra_zhpogostsky g‘(/)zirsl;svt::tzgd industrial waste B 225 3 295
District
Total 0 2.25 0 2.25
Airport 596.43 - 0.02 596.45
Power plant 2,429,000 — - 2,429,000
Pechora Municipal Waste disposal sites - 3,767.91 - 3,767.91
District Domestic and industrial
(Woasfes‘;:tzr)d dustrial waste - 5.39 3.48 8.87
Total 2,429,596.43 3,773.3 3.5 2,433,373.23
) .. | Airport 581.74 - 0.02 581.76
Ust-Tsilemsky District
Total 581.74 0 0.02 581.76
Izhemsky District — - — —_ —_
Total 0 0 0 0
Sredne-Timansky 276,633 - - 276,633
g:iscgls;y Municipal g:;g;s\,tvl;t:?)d industrial waste B 124 0.81 205
Total 276,633 1.24 0.81 276,635.05
Sysolsky District - - - - -
Total 0 0 0 0
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End of the Table
Name of Pollution source Co, CH, | NO, | CO,e
the administrative- t
territorial division
. Domestic and industrial waste
Tr.01t§k0-Pechorsky (wastewater) - 1.19 0.77 1.96
District
Total 0 1.19 0.77 1.96
L - 1,533.45 2.73 0.07 1,536.25
Kortkerossky District
Total 1,533.45 2.73 0.07 1,536.25
Lo Municipal solid waste landfill - 14,233.3 - 14,233.3
Ust-Vymsky District
Total 0 14,233.3 0 14,233.3
Ust-Kulomsky District — — — — —
Total 0 0 0 0
Priluzsky District — - - - —
Total 0 0 0 0
o Municipal solid waste landfill - 7,122.65 - 7,122.65
Koygorodsky District
Total 0 7,122.65 0 7,122.65
Regional total 8253,060.01 | 201,529.01 | 74.83 | 8,454 663.85

location within the region, as well as the total emissions
of each greenhouse gas — both by individual pollution
source and by district, and for the Komi Republic as
a whole. The Table shows that the highest volume of emis-
sions of these three greenhouse gases is concentrated in

the Arctic zone of the Komi Republic.

In the fourth stage, a spatial GIS modelling scheme
is drawn up based on three main pollutants: carbon di-
oxide CO,, nitrogen oxides NO_and methane CH,, tak-
ing into account the extent of their impact on human
health and the environment. Data from the attribute
Table on total greenhouse gas emissions for each district

The capital of the Komi Republic

from 500 to 1,000 thousand and people
from 20 to 50 thousand people

from 10 to 20 thousand people

from 5 to 10 thousand people

The border of the Komi Republic

Anthropogenic emissions

Settlements

0

<500 tons

< 100,000 tons
<500,000 tons
< 1,000,000 tons
> 1,000,000 tons

DOGOOO

Fig. 19. Areas most vulnerable to climate change in the Komi Republic, prepared using QGIS based on data from Climate Trace
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of the Komi Republic were imported into QGIS. Using
a clustering method, five levels of the legend for anthro-
pogenic emissions were created to colour-code the dis-
tricts of the Komi Republic from light to dark, where
light indicates the lowest levels of pollutants and dark
indicates emissions exceeding 1 million tonnes. Follow-
ing an analysis of emissions from each source of human
activity, an environmental risk map was compiled for
the 20 districts of the Komi Republic. This model clearly
shows the highest levels of emissions in the Pechora and
Usinsk districts, which are located in the Far North
of the Komi Republic (Fig. 19).

To enhance the resilience of towns and cities in
the Komi Republic in the face of global warming, it is
necessary to develop and implement climate change ad-
aptation plans. These plans should include the moderniza-
tion of infrastructure and the housing stock, the improve-
ment of emergency warning and preparedness systems,
and the promotion of sustainable development and the use
of renewable energy sources. Rising sea levels and chang-
ing climatic conditions may lead to damage to and de-
struction of urban infrastructure and the housing sector.

Several types of negative environmental impacts
can be identified during the development of deposits:

* on the atmosphere, emissions from the combus-
tion of the product;

* on aquatic and biological resources: discharge
of wastewater, destruction of fauna during the construc-
tion of water crossings.

The 2015 Paris Agreement recognizes that climate
change is a real and unprecedented challenge requiring
urgent global action, and identifies such mitigation efforts
as a contribution to “holding the increase in the global av-
erage temperature well below 2 °C above pre-industrial
levels and pursuing efforts to limit the temperature in-
crease to 1.5 °C, recognizing that this would significantly
reduce the risks and impacts of climate change”.

In 2022, the environmental agenda became one of
the key priorities for oil and gas companies in terms
of sustainable development. Oil and gas firms are de-
veloping and implementing solutions to optimize their
industrial operations in order to meet their emissions
reduction targets. Among the ways in which oil and gas
companies are transitioning towards “green” innovations,
the following areas are worth noting:

1. The adoption of renewable energy sources — so-
lar and wind power.

2. The production and distribution of biofuels.

3. Monitoring and reducing carbon emissions per
unit in exploration and production: the introduction of in-
novative technologies (UAV, scanning, ultrasonic detec-
tors).

4. Reducing the carbon footprint: carbon capture,
utilization and storage (CCUS).

CONCLUSION AND DISCUSSION

Climate change is one of the most pressing and se-
rious issues directly affecting our planet and all its eco-
systems. This global phenomenon affects all regions of
the world, including Russia and the Arctic region,
of which the Komi Republic forms part.

This phased study has made it possible to analyze
the impact of anthropogenic factors on climate change
in the Arctic region of the Russian Federation and to model
a zoning analysis scheme that clearly illustrates the areas
of emissions from the main major sources of pollution.

The application of environmental technologies and
engineering solutions in the oil and gas industry has
a number of practical applications aimed at reducing
the negative impact on the environment. Some of these
solutions include the use of modern purification methods
and the introduction of new technologies and measures
to reduce greenhouse gas emissions into the atmosphere
during oil and gas extraction and processing.
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