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MOJAEJIOBAHHSA YIIPABJIHHA COHAYHUM
BUITPOMIHIOBAHHAM 3 BUKOPUCTAHHAM OPBITAJIBHUX
JBEPKAJI 3 YPAXYBAHHAM 3AJIE2KHOCTI AJIBBE1O 3EMUJII

BIA TEMIIEPATYPU

IIpoBeneHo Moje/IlOBaHHSI YIPABJIIHHA COHAYHMM BHUIPOMIiHIOBAHHSIM 3 BUKOPHCTAH-
HSIM OPOITAIbLHUX A3epKaJl 3 yPaXyBaHHSAM 3aJ1eKHOCTI ajabOeno 3emuii Bix TemMmeparypu.
Bysio Bu3HaveHo, 0 YpaxXyBaHHSI 3aJIesKHOCTI ajnb0eno 3emuli Big Temmeparypum Mae€ He-
3HAYHMI BIUIMB HA IUIOIIY OPOiTAIBHMX [3epKaJjl, HeoOXigHY A/l 3HM)KEHHSI CepeIHbOl
TeMIepaTypu noBepxHi 3emui i komnencaunii r;i100aJ1bHOr0 NoTeJIiHAA. Takoxx ypaxyBaH-
HAl 3aJ1eKHOCTI ajab0eno 3eMuli Bil TemnepaTypu Maiike He 3MiHIO€ Yac JOCATHEHHs PiBHO-
BaKHOI TeMIlepaTypu nmoBepxHi 3emJii NpyM BUKOPUCTAHHI MeTOAY YNPABJIHHA COHAYHHUM
BUIIPOMiHIOBAHHSIM 3 BUKOPUCTAHHAM OpPOiTAJILHUX JA3epKaJl.

KurouoBi cioBa: ann0eno 3emuii, riio0ajbHe MNOTEIUIIHHA, METOAM YHPABJIHHA CO-
HAYHUM BHIPOMIiHIOBAHHSAIM, OpOITANBbHI [3epKajia, MOJe/Jb €HEPreTHYHOro OajaHcy
3emuri.

D.V. Krasnoshapka, K.Y. Zolotko
Oles Honchar Dnipro National University

SIMULATION OF SOLAR RADIATION CONTROL USING ORBITAL
MIRRORS TAKING INTO ACCOUNT THE DEPENDENCE OF THE
EARTH'S ALBEDO ON TEMPERATURE

Modeling of solar radiation control using orbital mirrors considering the dependence of
the Earth's albedo on temperature was carried out. In the previous work, an analysis of the
method of controlling solar radiation using orbital mirrors was carried out, in particular,
the area of orbital mirrors needed to compensate for global warming was determined, and
the dynamics of the Earth's surface temperature when using this method was found. In this
study, for the sake of simplicity, it was assumed that the albedo of the Earth does not de-
pend on temperature, although such a dependence exists within certain limits of tempera-
ture values. Many studies indicate a very strong influence of such dependence on the be-
havior of the Earth's climate as a dynamic system and leads to the occurrence of bifurca-
tion. It is important to conduct a more accurate simulation of solar radiation control using
orbital mirrors, considering the dependence of the planet's albedo on the surface tempera-
ture. It was determined that considering the dependence of the Earth's albedo on tempera-
ture has a negligible effect on the area of orbital mirrors, which is necessary to reduce the
average temperature of the Earth's surface and compensate for global warming. If we take
the height of the orbit of the mirrors to be 400 km, then the value of n = 0.39 and the area
of the orbital mirrors without taking into account the dependence of the albedo of the plan-
et on the surface temperature is 4.59*10 m? and taking into account: Sm=4.20%10% m?,
that is, the area of the mirrors decreases by 8%. Also, considering the dependence of the
Earth's albedo on temperature almost does not change the time it takes to reach the equi
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librium temperature of the Earth's surface when using the solar radiation control method
using orbital mirrors. It was determined that the time during which the temperature of the
Earth’s surface becomes balanced after the start of the orbital mirrors, considering the de-
pendence of the planet's albedo on temperature, is practically no different from the similar
time calculated without such consideration and is approximately 14-15 days. This study
was conducted for a temperature close to the current value of the global average tempera-
ture of the Earth. It is of interest to model the control of solar radiation using orbital mir-
rors, considering the dependence of the Earth's albedo on temperature for a much wider
range of temperatures.

Key words: Earth's albedo, global warming, solar radiation management methods, or-
bital mirrors, Earth’s energy balance model.
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MOIEJUPOBAHMUE YIIPABJIEHUA COJTHEYHBIM U3JIYUYEHUEM C
NCIHOJIb3OBAHUEM OPBUTAJIBHBIX 3EPKAJI C YYHETOM
3ABUCUMOCTU AJIBBEJO 3EMJIA OT TEMIIEPATYPbI

IIpou3BeaeHo Moae/iIMpoBaHie YNPABJIEHUS COTHEYHBIM HM3JIyYeHHEM € HUCIOJIb30BAHU-
eM OpOMTAJILHBIX 3epPKaJ ¢ Y4eTOM 3aBHCHMOCTH aj1b0en0 3eMiin oT TeMneparypbl. bbLio
onpeaesIeHo, YTO y4eT 3aBHCHMOCTH ajb0en0o 3eMiIM 0T TeMIepaTypbl OKa3bIBaeT HE3Ha-
YHTeJbHOE BJHSIHME HA IJIOIIAAb OPOMUTAJBHBIX 3epPKaJl, HEOOXOAUMYIO /ISl CHUKEHHS
CcpefiHell TemIepaTypbl NOBEPXHOCTH 3eMJIM M KOMIICHCAIMH IJ100AaJIbHOIO IOTeNJICHH.
Taxkske y4er 3aBHCHMOCTH a1b0e10 3eMJIM OT TeMIepaTyphbl IOYTH He U3MEHsieT BpeMs J10-
CTHIKCHUS] PABHOBECHOM TeMIIEPATYPhbl MOBEPXHOCTH 3eMJIM IIPH MCIOJIL30BAHMU METOAA
yIpaBJIeHHsI COJIHEYHBIM M3JIyYeHHEeM C HCIO0JIb30BAHNEM OPOMTAIBHBIX 3epPKaJ .

KuroueBbie cioBa: anp0eno 3emiin, ri100ajJpHoe NOTENVICHHE, METOAbI YIIPABJICHHUS COJI-
HEYHBIM H3JIy4YeHHEeM, OpOUTAJIbHBIE 3epPKajia, MOAE/]Ib JHEPreTH4ecKoro dajanca 3emJu.

Beryn. [aaycrpiamizaiiiga y riao0ansHOMY MaciiTadl KpiM OYEBHIIHUX TIEepeBar
JUTSL JIFOAICTBA MPUHECHA TAKOX 1 JAESKI CYTTEBI MPOOJIEMH, Cepel] AKX OJHIEIO 13
HaWBaXXJIMBIIIUX € TJIOOATbHE MOTEIUTIHHSA. MacmTaOH1 BUKUIM ITApHUKOBUX Tra3iB
MIPOMMCIIOBICTIO 1 CIPUYMHEHUI HUMHU TaK 3BaHUM MApHUKOBHUU e€(EeKT MmpHu3Ben
710 TOTO, 1110, Hanpukiajd, yxke y 2017 poiii cepeans riiodajibHa Temmeparypa Ha
noBepxHi 3emuti Oyna npuoau3Ho Ha 1,1 °C BHILOIO, MOPIBHSHO 13 TOIHAYCTplajb-
HUM piBHEM (TOOTO cepenHbpOpiuHOK Temmeparyporo y 1850-1900 pokax) [1].
[lomanpiie miABUIICHHS TEMIEpPAaTypu MpHU3BEAE IO 3HIDKEHHS BUPOOHUIITBA Y
CITBCBKOMY TOCTOJapCcTBi [2], HecTaul BOAM IS MIJBHOHIB JIOJIeH y OaraThox
perioHax [3], HEraTUBHI 3MIHU y TaKMX €KOCHCTEMAaXx SIK apKTUYHA TYHJIpa Ta JIiCU
Amazonku [4], 301IbIIIEHHS KUTBKOCTI JIICOBUX TOXKEXK y BChbOMY CBITI [5] Ta 10
1HIINX HACIIKIB.

Od4eBUHO TOJIOBHUM HAIMpPSIMKOM OOpOTHOM 3 TI00aJbHUM TOTEIUIIHHSIM €
3MEHIIICHHS] BUKUI1B MAPHUKOBUX rasiB. ToMy MIXKypsii0Ba rpyra eKCrepTiB 3 Mu-
TaHb 3MiH kimiMmary (Intergovernmental Panel on Climate Change, IPCC) «I'no-
OasibHe notertinHAg Ha 1,5 °C 3anpornoHoBana 0OMEXUTH MOTEIUTIHHSA Ha piBHI 1,5
°C HUIXOM CKOPOYEHHS I100aibHUX BUKUAIB JAiokcuay Byriento (CO2) Ha 45 %
10 2030 poky nopiBHsiHO 3 2010 pokoM 1 3BeneHHs ix 10 Hyss 10 2050 poky [6].
Haxanp octanHi mojii y cBiTI, HacaMIiepes, BiiickkoBa arpecisi Pociiicbkoi dene-
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parii mpoTu YKpainu 1 ii HaCTIIKH, TOKA3yIOTh, 110 TOCATHEHHS I1€1 METH MaJlou-
MOBIPHO, 4epe3 30UIbIIECHHS BUTPAT PO3BMHEHUX KpaiH Ha 00OpOHY, JAOMOMOTY
ODKEHIIsIM, CyOCHii Ha eIEKTPOCHEPTII0 Ta BUTPATU Ha OCTaBKy [7]. Tomy Baxk-
JMBE 3HAYCHHSI HA0YBaIOTh ANbTEPHATHBHI CIOcOOU 6OPOTHOM IPOTH TI100ATHEHOTO
NOTEIUIIHHS, HaNpUKIaJ, TaK 3BaHE YIMPABIIHHS COHSYHUM BHUIIPOMIHIOBAHHIM
(solar climate intervention a6o solar radiation modification) i KOHKpETHO OJIUH i3
HOro BapiaHTIB - BUKOPUCTaHHS OpOITaIbHUX J3epKaj a00 CKOPOYEHO - KOCMIUHI
MmeTo i (space-based methods).

B po0Gorti [8] mpoBeneHo aHai3 METOAY yHpaBIiHHS COHIYHUM BUIIPOMIHIOBAH-
HSIM 3 BHUKOPHUCTAHHAM OpOITaTbHUX J3€pKaJl, 30KpeMa, BU3HAUYEHO ILIOIIY
opOITaIbHUX J3epKaj, HEOOXiTHY JJi1 KOMIIEHCallli Trj00aJlbHOTO MOTEIIIHHSA,
3HAWJIEHO NUHAMIKY TeMIIepaTypH MOBEpXHI 3eMiIl MPpU BUKOPHUCTAHHI IaHOTO Me-
TOoy. Y JTaHOMY JIOCIHIJKEHHI Ul COPOIIEHHS IMPUITyCKaiocs, 1o aapdeno 3eml
HE 3aJICKUTh Bl TEMIEPATYPH, X0Ua TaKa 3aJE€KHICTh ICHY€E Y MIEBHUX MeXaX 3Ha-
4yeHb Temneparypu. barato nociipkeHb BKa3yloTh Ha JIy’K€ CHIIBHUN BIUIMB TaKoOl
3aJIEKHOCTI Ha XapaKTep MOBEIIHKU KIIMaTy 3eMill SIK JUHAMIYHOI CHCTEMH 1 IpH-
3BOJIMTH JI0 BUHUKHEHHs Oidypkarii [9, 10]. [IpencraBiseTscss BaXKIMBUM HPOBE-
CTH OUIBILI TOYHE MOJEIIOBAHHS YIPABIiHHSA COHSYHUM BHUIIPOMIHIOBAaHHSM 3 BHU-
KOPHUCTaHHSAM OpOITANbHUX J3€PKal 3 YpaxXyBaHHIM 3aJICKHOCTI alnbOe0 MIIaHETH
BIJl TEMIIEpATypH OBEPXHI.

IMocranoBka 3apaui. Mozenb eHepreTuyHoro OajaHcy 3emill 3 ypaxXyBaHHAM
TOT0, IO aJIbOe10 3eMill 3aJIeXKUTh BiJl TEMIIEPATYpPH, MOKHA MPEACTABUTH TaKUM
YUHOM:

CE

aT, :(1_%(T))5—AT
ot 4 (1)
ne C. - edexTHBHA TEIUIOEMHICTH cepenoBuina (Bumipwoerbes y Jhx/m2K?), T, -

TeMIIEpaTypa noBepxHi, t - yac, «, - anbbeno muaneTn, S, - COHAYHA CTana i AT

- 3arasbHa KibKIiCTh €HEPTii, o BUnpoMiHioe 1 M2 moBepxHi 3emui.
3asie’KHICTh albOeI0 TJIAHETH BiJ TEMIEpAaTypH MOBEPXHI MOKHA BUPA3UTH Tak

[9]:
o(T)=0.5+0.2tanh(0.1(265—T)) )

3aranbHy KiIBKICTh €HEprii, Ky BUIPOMiHIOE 1 M? IIOBEpXHi 3eMili 3HAXOIUMO
3a 3akoHOM Crtedana-bonbiiMaHa, IpU 1IbOMY BpPaxoBYIOUM 1H(payepBOHY IPO-
HUKHICTh aTMOC(epH 7 :
4
A T: SGTS T (3)
ne o - ctana Credana-bonbiMana, & - BUIPOMIHIOBAJIbHA 3/JaTHICTh TOBEPXHI.
3 (1), (2)1(3) Mogenb eHepreTUUHOrO Oanancy 3emuti HaOy/ie TAKOTO BUTIIALY:

C. aaTts _ (1—0.5—o.2tanh(o.1(265—T)))% _eoT

(4)
HeoOx11H0 BHM3HAYUTH HACKUIBKHA BIUIMBAE 3AJE€KHICTh albOE€I0 IIJIAHETH BIJ
TEMIIepaTypy MOBEPXHI Ha 3HAYCHHS IUIOMNII OPOITAIBHMUX M3€pKayi, HEOOX1THHUX
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U1 KOMIIEHcAllli 00aabHOr0 MOTEIUIIHHSA 1 JUHAMIKY TeMIlepatypu 3emill Ipu
BUKOPHUCTAHHI OpOITAIBHUX J3€pKall.

BuzHauenHsi mwiomi opoOiTajdbHMX A3epKajd i3 BPaxXyBaHHAM 3aJI€XKHOCTI
aJb0e/10 IVIAHEeTH Bi/l TeMnepaTypu noBepxHi. 3rigHO [8] COHAYHY CTaTy MOXKHA
3HANTH 32 BUPA30OM:

deoT™h

S. =
0 1—0LIO

()

Ji 3HMKeHHS TI100anbHOI cepelHboi TeMrepatypu Ha T, —T, , ne T, - notouHa

rino0anbHa cepesiHs TeMieparypa, 1, - rodajabHa cepeaHs TeMmrepaTypa A0iHaY-

CTPIJIBHOTO PIBHSA, 3 ypaxyBaHHSIM 3aJIe)KHOCTI aab0eI0 TUTAHETH BiJl TEMITepaTy-
pu noBepxHi (2), Tpeda 3MEHIIUTH MOTY>KHICTh COHIYHOTO BUIIPOMIHIOBAHHS Ha:

S deot (TZ*A _Tl*A) (6)

02_801: _

p
Ac 801- HOTy}KHiCTB COHAYHOI'O BHHpOMiHI-OBaHHSI oe3 BHKOPHUCTAHHA O3CPKaJl, a

S, - TIOTY)KHICTh COHSYHOTO BUIIPOMIHIOBaHHS 3 BUKOPHCTAHHSM [3pKaJl.

3 ypaxyBaHHSM 3aJI€KHOCTI aab0€e/10 TUIAHETH B1Jl TEMIIEpaTypy MOBEPXHI (2):
x4 x4

T2 Tl
1-0.5-0.2tanh(0.1(265~-T,)) 1-0.5-0.2tanh(0.1(265 —Tl*)))
3HailIeMO BIJHOCHY BEJIMYMHY 3MEHIICHHS TMOTY>KHOCTI COHSYHOIO BH-
MIPOMIHIOBAHHSI, TOCTATHE JIJISl 3HUKEHHS I100aIbHOI CepeHbO1 TeMNIepaTypu Ha 1
rpajayc (Il JOCATHEHHS IN100aIbHOI TEMITEpaTypy JOIHAYCTPIaIbHOTO PIBHS):
S, —S
20 70 (8)
So,

BukopucroByrouu riobanbHy cepenHto temnepatypy 15.4° C [10], abo T=15.4
K, BunpomiHioBanbHy 31aTHICTh NoBepxHI &£=0.97 1 3HayeHHs 7 =0.64, maemo
BiTHOCHY BEIUYHMHY 3MEHIIEHHS MOTYXHOCTI COHSYHOTO BHIPOMIHIOBAaHHS A=-
0.0127, T06TO HEOOX1THO 3MEHILIUTH NOTYXHICTh Ha 1.27%.

[TopiBHIOOUM 11€ 3HAYEHHS 13 3HAYEHHSIM, PO3paxOBaHUM 0€3 ypaxyBaHHS 3a-
JeKHOCTI anbOeno rmianetu Bix temneparypu moepxui oT) — A=1.41% [8],
MO’KHa KOHCTaTyBaTH, 0 BpaxyBaHHs o 1) A€o 3HMKYE BUMOTH 0 HEOOX1THO-
r0 3MEHIIEHHS NOTY>KHOCTI COHSIYHOTO BUITPOMIHIOBAHHSI.

[Tioma opOiTanbHUX A3€pKaj 3HAXOAUTHCS TAKUM YHHOM:

TRZA
= ©)
ne R.=6371000 M cepenHiil pagiyc 3emii, n — BEJIMUYUHA, sIKa TIOKa3ye SIKy YacTH-

HY JIOBKMHU OpOITH A3€pKajo BIAKUIAE TIHb Ha 3eMIIio [8].

Sxmo B3atu Bucoty opOitu a3epkan 400 km to BenmumHa n = 0.39 1 mioma
opOiTabHUX A3epKall 0e3 ypaxyBaHHS 3aJIeKHOCTI alb0e1o IUIaHeTH Bij TeMIiepa-
Typu noBepxHi 4.59*%10'% M?, a 3 ypaxysanuam: Sp=4.20*10%? M? T06TO MOmIA
n3epKan 3MeHITyeTbesi Ha 8%. TakuM 4WHOM, BpaxyBaHHS 3aJI€KHOCTI albOeno

So, — S, = 4e0T(

A=

S
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IUTAHETH BiJl TEMIIEPATYPU MOBEPXHI HE3HAYHUM YHMHOM 3MEHIIYE ILJIONLY J3epKal,
Ky Tpeba BUBECTH Ha OpOITy, AJSl 3HWKEHHS II100aIbHOT TeMIiepaTypu 3emii 10
JOIHTyCTP1adbHOTO PIBHS.

BnuimB 3aj1eskHOCTI ab0e0 JIAHeTH BiJ TeMIepaTypu MoBepxHi 3emJii Ha
AUHAMIKY TeMIepaTypu NpPH BHKOPHUCTaHHI opOiTajbHUX A3epkaia. Sk Oymo
3a3HaueHO y [8], y pa3l BUKOPUCTAHHS METOAY YIPABIIHHS COHSYHUM BH-
MPOMIHIOBAHHSIM LUISIXOM PO3MIIICHHS OpOITATbHUX J3€pKasl pIBHOBa)KHA TeMIIE-
patypa 3eMJIi YCTaHOBJIIOETHCSI HE MUTTEBO Uepe3 BETUKE 3HAUCHHS TEIJI0EMHOCTI
CepeIoBHUIIa TOBEPXHI CyIri 1 okeany. OOUHCICHHS TOKa3ajy, 10 IS JOCSITHCHHS
PIBHOBa)KHOT TEMIIEpaTypH MOBEPXHI 3eMJIi BiI MOMEHTY PO3MIILIEHHS 3€pKajl Ha
op6iti mpoxoauThk 61au3bko 15 mi6. [Ipencrasisie iHTepec BU3HAYUTH, SIK BILJIMBAE
Ha LIel yac BpaxyBaHHSA 3aJI€KHOCTI anb0e/0 TIAHETH BiJl TeMIIepaTypH MOBEPXHI
3emii. [l1g BU3HAYEHHS Yacy JOCATHEHHS PIBHOBAXKHOI TeMIEpaTypu Tpeda B3sITU
PIBHSIHHSL MOJIEJI1 €HepreTuyHoro 6anancy 3emii (4).

Po3paxyHku Ta oTpumyBaHHs iHporpadiku Oyau IpoBeAeHI 3 BUKOPUCTAHHSIM
MoOBH nporpamyBaHHs Bucokoro piBHs GNU Octave. Bennunna eexTuBHOI Ter-
noeMHOCTI cepenopua aopisuiosanaC, = 2.08-10° /MK [11].

Ha puc. 1. 300paxxeHo rpadik 3aj1eXHOCTI TEMIIEpaTypy MOBEPXHI 3emull Bif 4a-
Cy HICJIsl BUKOPUCTAaHHS OpOITalbHUX A3EPKal 13 BpaXyBaHHSIM 3aJI€KHOCTI albOe-
JI0 TUTAHETH BIJ TEMIIEpaTypu MOBEpPXHI 3emill — CYyIJIbHA JiHis 1 0€3 Takoro
BpaxyBaHHS — MYHKTUPHA JiHIS.
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Puc. 1. [Innamika Temnepatypu noBepxsi 3emJii npyu BUKOPUCTaHHI OpOiTaIbHUX A3€ep-
KaJI 3 ypaxXyBaHHSAM Ta 0e3 ypaxyBaHHH 3aJ1€:KHOCTI ajb0e/10 IJIAaHEeTH BiJl TeMIeparypu
noBepxHi 3emuri

Sk cyuuibHa, Tak 1 MyHKTUPHA JIiHISA BUXOJSATh Ha TOPU3OHTANIbHY JIJISTHKY MpPHU-
0sm3HO 3a 14-15 110 micns noyaTKy NnajiHHA TeMIIepaTypHu.

TakuMm unHOM, rpadiku MOKa3ylOTh, IO ypaxyBaHHS 3aJIC)KHOCTI ajibOeno mia-
HETH CJIA0KO BIUIMBAE HA JTUHAMIKY 3MIHU TeMrepaTtypu 3emill Mpu BUKOPUCTaHHI
opOITaIbHUX J3€epKall.
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AHaJI3 oJepKaHUX pe3yJbTaTiB Ta BUCHOBKH. B 1aHiii poOOTI mpoBeaeHO
MOJICITIOBAHHS YIPABIIHHSA COHSYHUM BHUIIPOMIHIOBAHHSIM 3 BHUKOPHUCTaHHSIM
opOiTambHUX A3€pKAT 3 YpaxXyBaHHSAM 3aJICKHOCTI abOeno 3eMJi BiJ TeMIepary-
pu. Byno BcTaHOBIIEHO, 1110 BpaXyBaHHS 3aJI€KHOCTI aah0e10 TUTAHETH BijJ TeMIIe-
paTypH MOBEPXHI 3MEHIIYE IJIONLy J3epKaj, sSKy Tpeba BHBECTH Ha OpOiTy, s
3HIKEHHS TTI00aIbHOT TeMIepaTypu 3eMJIi 10 T0IHAYCTpialbHOTO piBHA Ha 8%.

Busznaueno, mo yac, 3a KU Temreparypa MOBEpXHI 3eMJll CTae BPiBHOBaXe-
HOIO MICJIS MOYaTKY Jii opOITAIbHUX A3epKall 3 ypaxyBaHHSIM 3aJICKHOCTI aab0e10
IJIaHETH B1JI TEMIIEPATypH MPAKTUYHO HE BIAPI3HIETHCSA BiJI aHAJOT1YHOrO Yacy,
o0umcIeHoro 0e3 TaKoro ypaxyBaHHS 1 CTAHOBUTH MpuOan3Ho 14-15 mib.

Hane nocnimkeHHs OyJio IpOBEACHO ISl TeMIIepaTypH, OJU3bKOi 10 TOTOYHOTO
3HauYeHHS TJI00anbHOI cepeaHboi Temreparypu 3emii. Ilpencrasmuse iHTEepec 3po-
OWTH MOJICITIOBAHHS YIIPABIIHHS COHSYHUM BUIPOMIHIOBAHHSM 3 BUKOPHCTAHHIM
OpOITAJIbHUX J3EPKaj 3 ypaXyBaHHSIM 3aJI€KHOCTI aibOeno 3eMJl BiJl TeMIepary-
pH T 3HAYHO IIMPIIOTO Jianma3oHy TeMITepaTyp.
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