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NMOBbILWEHUE CTABUIIbHOCTU AHATIMTUYECKOWU MOAU®UKALINU
METOOA NEHIMNW ANA KANIMBPOBKU COJIHEYHbIX ®OTOMETPOB

ISSUES OF INCREASING THE STABILITY OF THE ANALYTICAL MODIFICATION
OF THE LANGLEY METHOD FOR CALIBRATION OF SOLAR PHOTOMETERS

WU. T. Yob6aH3ape, HaunoHanbHoe a3apokocMrUYecKoe areHTCTBO, I. baky
ichobanzada@cameron.slb.com

I. Chobanzade, National Aerospace Agency, Baku

CdopmynmpoBaHa ¥ pelueHa 3agaya MOBLILLEHUS] CTAGUNBbHOCTU aHaNUTUYEcKo MoauduKaLmm MeTtoma
JleHrnu pns kanubpoBKKU CONHEYHbIX hoToMeTpoB. ConHevHble OTOMETPbI NpegHa3Ha4YeHbl A4S UCCrenoBaHus
pasnunyHbIX KOMMNOHEHTOB atMocdrepbl U n3nydeHnss ConHua. C NOMOLLbIO COMHEYHbIX (HOTOMETPOB MOTYT ObITb
n3MepeHbl aTMocepHbIA a3po30rb, BOAsHbIE Napbl U napameTpbl cBeveHus ConHua. M3BecTHO. YTO BoAsHbIE
napbl U aTMOCHEPHBIN a3P030fb — OCHOBHbIE MPUYNHBI BO3HUKHOBEHUS M06anbLHOro notenneHunsi. ToyHas oueHka
yKasaHHbIX (haKTOpPOB SBMNSAETCH BaXHeWLWen 3ajaden MeTeoponorum u pusmkm atmocdepbl. AKmyarbHOCMb
uccredosaHusi: BbiICOKasi JOCTOBEPHOCTbL pPe3ynbTaToB U3MEPEHUI C MOMOLLLbIO COSNTHEYHBLIX (DOTOMETPOB MOXET ObITb
obecneyeHa Npu oCyLLECTBNEHUN TOYHOM KanMbpoBkM aTnx NpnbopoB. [ns kannbpoBky CONHEYHbIX OTOMETPOB
06bI4HO UMcnonb3yeTcs rpacdoaHanUTUYecknii Metoq auarpamm JlIeHrnmM 1M HeKoTopble €ero aHanuMTuyeckue
moamdumkaumm. OCHOBHbBIM HeoCcTaTkoM MeToaa JIeHrnu, a Takke ero aHanuTUYEeCKo BEPCUN ABNAETCS BNMAHWE
HecTabunbHOCTN ONTUYECKOW TOMWUHBLI aTMocdepbl Ha pe3ynbTaT KanubpoBKM COMHEYHbIX doToMeTpoB. Kak
pesynkTart, TOHHOCTb 1 JOCTOBEPHOCTb TakUX U3MEPEHMI OKa3blBalOTCA HeBbICOKMMU. CriegoBaTenbHo, pa3paboTka
HOBBIX, BbICOKOTOYHbLIX METOAOB KanmbpoBKM CONHEYHbIX (DOTOMETPOB ABNSETCSA akTyanbHow 3agadei. O6bekmom
uccnedosaHusi SABNAKOTCS CONHeYHble (DOTOMETPHI, LUMPOKO NMPUMEHSIEMbIE B MEXAYHAPOAHbLIX M3MEPUTENbHbIX
ceTsiX, NPUMEHSIEMbIX A4S UccneqoBaHus atMmocdepsl. [pedmemom uccredosaHusi SABRSIETCS METO, KanmbpoBKu
3TUX NPMOOPOB, ABMSAIOLMINCA BaXKHENLEN U HeoOXoOAMMOW METPOSIOrMYecKkon npolenypown, obecrneynBatoLlen
paboTocnocobHOCTbL COMHEYHbIX (OOTOMETPOB. Llenbro uccredoeaHusi SBMSETCA MNOBbILEHWE TOYHOCTU W
CTabunbHOCTM M3BECTHOrO MeToAa KannbpoBKM CONMHEYHbIX POTOMETPOB. 3adayu uccriedo8aHusi: a) BbIICHEHNE
MPUYMH, MNPUBOASILLMX K MOSIBNEHUIO MOrPELIHOCTEN KanMbpoBKM COMHeYHbIX ¢oTomMeTpoB; 6) paspaboTka
METOZ0NOrMYECKO OCHOBbLI NpeaiaraemMoro crnocoba MOBbLILEHUST TOYHOCTM UM CTabUNbHOCTM KanubpoBKu
CONHeYHbIX (POTOMETPOB. Pe3yribmamsl Ucc/ie008aHus: ANst PELLEHUsI NOCTaBMNEHHbIX 3a4a4 NPearioxXeHo y4ecTb
OCHOBHbIE TPeHObl U3MEHEHUSI ONTUYECKOW TOMLUMHBI aTMOCEPHOro a3po3ons B TeYeHWe OHA ANns NPOBeAeHUS
KOMneHcauun ero BnusaHus. MonyyeHbl aHannTu4eckme BbipaXKeHUs BHOBb BBOAMMOIO KO3adhdumLmeHTa Koppekuum
BMUSAHUSA M3MEHEHUS OMTUYECKOW TOMLWMHbI aTMOCKEPHOro a3po30nd, YTO MO3BOMSET MOBLICUTH TOYHOCTb
NpoBOAMMON KannMbpoBKKU CONHEYHOro hoTomeTpa

Knro4esble crnoea: conHeyHbie d)omomempb/, amMocd)epa, Kanu6poeKa, onmu4eckas 603ayLUHaFI Macca, onmu4eckas mori-
WuHa, as3po3orsib, UsMepeHus, mo4YHoCcmeb, rnocspewHoCcmsb, 8005IHbIE napbl

The problem of increasing the stability of the analytical modification of the Langley method for calibration of solar
photometers is formulated and solved. Solar photometers are designed to study various components of the atmos-
phere and solar radiation. With the help of solar photometers, atmospheric aerosol, water vapor and solar lumi-
nescence parameters can be measured. It is known that water vapor and atmospheric aerosol are one of the main
causes of global warming and an accurate assessment of these factors is the most important task of meteorology
and atmospheric physics. High reliability of measurement results using solar photometers can be ensured by ac-
curate calibration of these devices. To calibrate solar photometers, the graphoanalytic method of Langley diagrams
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and some of its analytical modifications are used. The main disadvantage of the Langley method, as well as its
analytical version, is the effect of instability of the optical thickness of the atmosphere on the result of calibration of
solar photometers. As a result, the accuracy and reliability of the results of such measurements are low. Therefore,
the development of new, high-precision methods of calibration of solar photometers is an urgent task. The object of
the study is solar photometers, widely used in international measurement networks used to study the atmosphere.
The subject of the study is the calibration method of these devices, which is the most important and necessary
metrological procedure that ensures the operability of solar photometers. The purpose of the study is to improve the
accuracy and stability of the known method of calibration of solar photometers. The objectives of the study are (a)
to find out the reasons leading to errors in the calibration of solar photometers and (b) to develop a methodological
basis for the proposed method of improving the accuracy and stability of calibration of solar photometers. To solve
the tasks set, it is proposed to take into account the main trends of changes in the optical thickness of atmospheric
aerosol during the day to compensate for its influence. Analytical expressions of the newly introduced correction
factor for the effect of changes in the optical thickness of the atmospheric aerosol are obtained, which makes it
possible to increase the accuracy of the calibration of the solar photometer

Key words: solar photometers, atmosphere, calibration, optical air mass, optical thickness, aerosol, measurements, accuracy,
error, water vapor

BeedeHue. ConHe4vHble OOTOMETPLI SABNAKT-  MEXAYHApPOAHbIX W3MEpUTENbHbIX CEeTbSX ANS
CS BaXHEWLWMM WHCTPYMEHTOM, NpefHa3Ha-  UCccreoBaHust aTMocdepsbl.

YEHHbIM AN MUCCNeaoBaHWsl PasfUYHbIX KOM- lNpedmemom uccrnedosaHusi ABNSETCA Me-
noHeHTOB artmocdepbl M usnydyeHus ConHua.  To4 KanubpoBKM 3TMX NPUOOPOB, SABNSAOLLMIACA
C nomoLLblo COMHEYHbIX (OTOMETPOB MOryT Ba)KHeMLWen N HeobXxoaMmon METPONorMyeckomn
OblTb U3MepeHbl aTMOCdEPHbIM a3po3orib, BO-  npoueaypon, obecneumBatollenn pabotocnocob-
OsHble napbl 1 napameTpbl cBedeHna ConHua. HOCTb CONMHEYHbLIX OTOMETPOB.

M3BeCTHO. 4TO BoAsiHblEe Napbl 1 aTMOCHEPHbIN Llenbro uccnedosaHusi siBNSIETCA NOBbILLE-
aspo30b ABNAKTCA OQHOW M3 NPUYUH BO3HUK-  HME TOMHOCTM U CTabUNbHOCTM N3BECTHOIO METO-
HOBEHMA rnNobGanbHOro MOTENSIEHUs, U TOYHas  4a KannbpoBKM CONTHEYHbLIX POTOMETPOB.

OLeHKa yKasaHHbIX (hakTOpOB SBMSETCS BaX- 3adayu uccredosaHus:

Henwen 3agayen MeTeopornornn u puanku ar- 1) BbIICHEHWE NPUYMH, KOTOPbIE NPUBOAAT K

Mocdepbl. NOSIBNEHWNIO MOrPELLUHOCTEN KanmbpoBKM COSTHEY-
AkmyarnbHocmb membi uccriedosaHusi. Bbl- HbIX OTOMETPOB;

COKasi [OCTOBEPHOCTb pPe3ynbraTtoB U3MepeHui 2) paspabotka meTogonornyeckon 6asbl

C MNOMOLLBbI COMHEYHbIX (POTOMETPOB MOXET  npegnaraeMoro cnocoba MoBbILEHUS TOYHOCTU
OblTb obecneyeHa nNpu OCYLIECTBMEHUU TOYHOW U CTABUNbLHOCTM KannbpoBKM COMHEYHbIX hoTo-
kanubpoBkn aTux npmbopoB. [Ons kanubpoBkM  METPOB.

COMHEYHbIX POTOMETPOB OBbIYHO UCMOMNb3yeTcs Memodsi uccnedosaHusi. Kak B rpadhoaHanu-
rpacpoaHanuMTU4eckMn MeToq Avarpamm JleHrnm  TUYecKow Bepcuu, Tak 1 B aHanMTU4eCcKon Bepcum
N HeKOoTopble ero ycoBepLleHCTBOBaHus [4-6]. mMeToaa JleHrnm kanubpoBKM CONHEYHbIX POTOME-
CyluecTByeT Takke aHanNnUTU4eckasl BEpCusi 3Toro  TPOB MPUUYMHAMKU HETOYHOCTU U HECTABUIBLHOCTH
MeToaa, BrnepBble U3noxeHHasa B pabote [3]. B pesynsrata kannbpoBKu ABRAIOTCA:

JanbHenwemM NOSIBUNUCL pasnuuHble mMoaudu- a) metop, JleHrnn ocHoBaH Ha 3akoHe byre-
Kaumm aHanutudeckon sepcum [1; 2]. OCHOBHbIM pa-bepa;
HegocTaTkoM MeTtoda JleHrnu, a Takke ero aHa- 0) ons kanMbpoBKM CONHEYHOro boTomeTpa

NUTUYECKON Bepcuun, SBMNSETCA BNUAHME HeCcTa-  UCMONb3YeTCs He pearnbHas, a pacyeTHass Benu-
OMNBbHOCTU ONTUYECKOW TOMLLUMHBLI aTMOCKEpPbl HA  YMHA BHEAaTMOCHEPHOW CONHEYHOW paanaLlmu;
pesynerat KanMbpoBKM COMHEYHbIX (hOTOMETPOB. C) Ang BbluncneHnsa sHeatmocdgepHon Con-
ToYHOCTb M OOCTOBEPHOCTb PEe3ynbTaToB TakMX — HEYHOW pagvauuun UCMNonb3yeTcs METOA 3KCTpa-
NU3MepeHnn okasblBalOTCA HeBbiCOkMMWU. Cneno-  nonsaAumm BO BPEMEHM, B TEHEHME KOTOPOW aTMocC-
BaTenbHO, pa3paboTka HOBbLIX, BbICOKOTOYHbLIX  )epHble NoKkasaTenun N3MeHsIHTCS.
METOAOB KannbpoBKU CONHEYHbIX (pOTOMETPOB Memodonozusi npepnaraemoro cnocoba
SBNSAETCA aKTyanbHOW 3afajven. npegycmaTpusaeT  cneuuwanbHble  onepauuu,
Obbekmom uccriedosaHusi SIBNSAIOTCA COM-  MNO3BOMSAOLLME OCYLLEeCTBUTb YYET BPEMEHHOro
HeYHble (POTOMETPbI, LIMPOKO WCMOMb3yeMble B U3MEHEHWS ONTMYECKON TOMLWWWMHBLI aTMocdepsbl
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0551 NOBbILEHUS TOYHOCTM MPOBOAMMONM Kanu-
OpoBku.

M3noxnm aHanuTU4eckyto BEpPCU0 MeToda
JleHrnu [3]. OcBeLeHHOCTb Ha BXOAE COMHEYHOro
¢oToMeTpa Npu ONTUYECKUX BO3QYLUHbIX Maccax
m; U m, ONpenenum Kak

I(A,my) = Iy (Dexp[-m;Toem (D]

I(4,m;) = I (Dexp[—1m, Tam (D)),
rae I,(4) — BHeaTMocdepHas paguaums;
Taem (A) — ONTUYECKan ToNwMHa atMmocdepsl;
1(2,my), 1(1,m,) — OCBELLEHHOCTb Ha BXoae do-
TOMeTpa Npu COOTBETBYHOLLNX ONTUYECKUX MacCax.
Ecnu npuHatb

my =k -m,,

M
@)

(3)
a TakKke BO3BECTU (2) B CTEMEHDb k, TO HA OCHOBE
(1)...(3) MOXHO Mony4nTb crnegyoLlee Bblpaxe-
HWe Ans BbluMcneHus I,(A):

k-1 [1{A,m, )k
b =" Ghm

Takum o6pasom, Ans BblYUCMEHWs BHeaT-
MocepHONn paguauumn JOCTaTOMHO NPOBECTU U3-
MepeHns NP ONTUYECKMX BO3QYLUHbIX Maccax m;
n km, U Aanee BbINOMHUTb HEKOTOPbIE BbluUCe-
HWS1 B COOTBETCTBUN C hopmyrion (4).

BmecTe ¢ Tem, ecnu m,>M; 1 3a nepuog At
N3MeHeHUs1 ONTUYECKOM BO3AYLLHOW Macchl OT My
[0 1y onTuYyeckas TomnwmHa aTtMocdepbl MOXeT
N3MEHNUTBLCS Ha BENUYUHY At ., (1)-

CnepoBarternbHo, BblpaxeHue (1) npumet Bug

I(A,my) = I, (A) - exp[—m1[Tarm(A) + ATyem]] =
‘ro (’1) g Exp[_mlta:m(i)]' exp[_mlﬂ"[a:m] (5)

4)

Ecnn yyecTs (3), To BbipaxkeHue (5) npumeT BuAa

I(4,kmy) = I, (1) - exp[—hkm, T4, (D] -

- exp[—kmyAtaym] - ©)
BosBeas (2) B cTeneHb K, NONy4Ynm

(';lﬂmz:]k . ‘IO {:';L:]k : exp[_kaTazm(l) .

Bbluncnnm otHoweHme (6), (7).
Nmeem

@)

f':}l.-kmz:] - fgl:ﬂ:] 3
Mam, )% (A

expl—km; Aty ] ®)

M3 (8) nonyunm

©)

Io(j-) =

k-1 | 1A, my ) expl—km, At gem].
HAkm,)

OquM,ﬂ,HO, YTO HecTabunbHas BenuyMHa

AT, NPVBEAET K MOSIBAEHMIO NOrpeLHocT 1o (A)
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npu Hemucnonb3oBaHun dopmynsl (9). OueBnaHoO,

YTO CaMbIM MPOCTbIM CNOCcobOM yyeTa BNUAHMSA

AT ;. SBNSETCA OMHAMUYECKOEe M3MEHEHne KO-

adppULMEHTa K 3aKOHY
1

== )

(10)
ATgrm
ans yero Heobxogumo nameputb At,:,, BO Bpe-
MEHW.
B yactHoM crniyyae, ecnn uU3BeCTeH NUNHENn-
Hbll TPEHO W3MEHEHUs At BO BpEeMeHMu, TO
cnegyet pacCMOTpPeTb BO3MOXHOCTb MUHUMMU3a-
LMW1 BNUSIHWSI 3TOW COCTAaBISAOLLEN HA SKCMOHEH-
umanbHbli MHOXUTeNb B (9). Ecnn gonyctuTs,
UYTO AT, UBMEHSIETCS BO BPEMEHU B MHTEpBane
(0+AT ¢ 1max ) TO CPEOHIOW BEMUYMHY Y 3TOrO
MHOXWUTENS BbIYUCIIUM KakK

1 jﬂTarmma.r

0

y= exp[—km, AT g | d AT 4oy -(17)

Atarmmax

Beegem Ha paccMoTpeHue yHKUMIO ynpas-
neHus

k‘ = f(ATatm)

N Hanoxum Ha (12) crnepyrowee orpaHUunNTESb-
Hoe ycrnoBue:

AT grmmax
| i (. A5 .

C yyetom (11) n (13) coctaBum 3agadvy Heo-
KrlaccuMyeckon BapuauuoHHOW onTumusaumm Jla-
rpaHxa

(12)

52 C = const. (13)

1

’ f(;kﬂfmmﬂ-l' Exp[_f(Afamn)mz Arahn]d‘&ratm =E

(14)

F =

ATgrmmar

47 [ O £ (AT g ) AT g1, — €|

CornacHo ypaBHeHuto Juinepa-JlarpaHxa,
onTumarnbHas yHKuMs, npueogswast F K MUHU-
MYMY, OOMXHA BbINOMHSATL CrieaytoLlee ycnoBue:

a {ex‘p I=fldrgrmIma Atgrml m, A'Eagm s
ATgrmmax
. 15
+nf('ﬂtazm:]} =0 (1)
U3 (15) Haxogum
—expl-flATgemIms dtgrm] madtarm +1n= 0. (16)

Marmmax
M3 (16) nonyunm

] — n-4Tarmmax (17)

exp [_f(&razm )mQ &Erx:m

mzATgem

U3 (17) Haxogum

f (&Tahnl =

1 My Mgrm

(18)

My ATarm N-8T armmax
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Takum obpasom, npu peweHnn (18) pyHKLK-
OHan F gocTturaert akcTpemyMma. HeTpygHo noka-
3aTb, YTO ITOT AKCTPEMYM SBMSETCS MUHUMYMOM,
T. K. BTOpasi Npom3BogHasa nogplHTerpansHOn dyHK-
unm B (14) — Bcerga nonoxuternbHas BeNMYnHa.

Pesynbmambi uccriedosaHusi. Takum obpa-
30M, npegnaraembli MeTog npegycMmarpvBaeT
OCYLLECTBMEHNE AMHAMUYECKOW KOMMEHCcaumu
BMUSIHUS M3MEHEHUS ONMTUYECKOW TOMWMHbLI aT-
Mocdepbl Ha TOYHOCTb Kanmnbposku. CornacHo
nonyyYyeHHOMY pe3ynberaTty, AOns KoMMeHcauum
BNUSAHUA AT, Ha TOYHOCTL KanMBpPOBKM COS-
He4vHoro ootomerpa ¢ poctom At,,,, BO BpeMeHu
KOPPEKTUPYIOLLMIA KOI(PMPULMNEHT K B LIENOM crie-
ayeTt ymeHblatb. CornacHo (3), npu 3ToM Takke
NOANEXNT N3MEHEHMIO My, T. €. ¢ pocToM Alarm
cnegyetr pabotaTb B WHTepBane BpeMeHW [0
nonygHsd, Kkorga M; BO3MOXHO YMEHbLUAETCS A0
eanHuubl. M HaoboporT, ecnn At,,,, YMEHbLUAET-

NTenTe 8204820680

cs, TO K crneayeT yBenuumBarb, YTo, CornacHo (3),
npvBedeT K poCTy ™y, T. €. KanMbpoBKy crnegyet
OCYLLECTBIATb NOCe NoMnyaHs, Korga m pacTer.

Bbig0o0dkbl.

1. OnpegeneHo, YTo OCHOBHasA NpuYMHa rpa-
doaHannTU4YeCKoOn 1 aHanMTU4YeCKon Bepcuin me-
Toga avarpamm JleHrnun 3akn4aeTcs B UCMOSb-
30BaHMM He pearibHOro, a PacyeTHOro 3Ha4YeHus
COITHEYHOTO BHEATMOCHEPHOTO U3MNYYEHNUS.

2. lMpeanoxeHo y4ecTb OCHOBHblE TpPeHAbl
WU3MEHEHNA ONTUYECKOW TOMLWMHbBI aTtmocdep-
HOro aspo30ns B TeYeHWe AHSA ANS NPOBEeAeHUs
KOMMEeHcaunn ero BAnNstHUS.

3. lonyyeHbl aHanuUTU4eckue BblipaXeHus
BHOBb BBOAMMOIO KO3hUUMEHTa KOoppeKLmu
BMUSHUS M3MEHEHWUsI OMTUYECKOW TOMWUHbBI aT-
MOCCEPHOIO a3po3014, YTO NO3BOMSET NOBLICUTb
TOYHOCTb NPOBOAMMOM KannbpOBKM COMHEYHOro
doTomeTpa.
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