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MOZENUPOBAHUE PACCEAHUA COJTHEYHOI O CBETA KANJEN
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AHHOTaLMA

Lensb. BoisicHeHne 0CO6EHHOCTEN B3aUMOAENCTBIS BUAUMOrO CBETA C NMPO3PA4HbIMU HEOAHO-
POAHOCTAMM (Kannsamu) B aTMOCEpe npu M30TePMUYHECKNX YCIOBUAX.

Mpoyegypa n MeToAbI. VIHTEHCMBHOCTb NaAaloLLEero U3ny4yeHuns orpaHuyeHa MHTEHCMBHOCTbIO
QIHEBHOr0 CBETa. B TakoM ciy4ae B3aMOLENCTBME U3NTYHEHUS C Kansen orpaHuym1BaeTcs ynpy-
rMMm paccesHunem (paccesHuem Panes). PaccmatpuBatoTcs fBa npefesfibHbIX Cryvyas B3aumo-
JeNCTBMSA CBETa C Kansieir: NpuesivkKeHue ny4eBoin (reOMeTpu4ecKoin) ONTUKK 1 BOHOBOR ON-
TUKN B NPUOBSIMXKEHNI PINEEBCKOro paccesHWs. 310 N03BONAET UCCNeA0BaTb BAUSHME pasMe-
POB Kanenb Ha paccesHne CBeTa B 3aBMCUMOCTU OT [JINHbI BOJTHbI.

Pe3ynbrarbl. B npefenax ny4eBoil ONTUKM W MPUHATON UHTEHCMBHOCTW UCCej0BaHa 3aBUCH-
MOCTb PaccesiHus 0T pa3mMepoB Kannu 1 OT BXOAa M3My4yeHus B Kano. A B paMKax paccesHus
Panes peanusytoTcs M3BECTHblE 3aBUCUMOCTW WHTEHCMBHOCTU PAcCesAHUs OT AJIMHbI BOJIHbI
CBETa 1 paguyca Kannu.

Teoperuyeckasn n/unn npakTHYECcKasa 3HaYumMocTh. B npeaenax NPUHATBLIX YCIIOBUIA B3aUMOAEN-
CTBUA CBeTa C (NPO3pa4HoN) Kanse BoAbl PACCMOTPEHHbIE MOAENN (NpUbNMKeHne Ny4eBon
ONTUKKU 1 NPUGNKEHNe paccesHns Pares) No3BOIMNK BbIIBATb 3aBUCUMOCTb PACCEAHHOIO
CBETa OT Pa3mMepoB Kaneslb, a TaKXXe NOATBEPAUTb XapaKTepHbIe 3aBUCUMOCTN MHTEHCUBHOCTH
paccesHus OT ANKHbI BOMHbLI CBETA W paguyca Kansu.

Knrouesbie cnosa: ny4esas (reoMeTpuyeckas) ontuka; npubnumxeHne Panes; pasamepbl pacce-
MBAOLLIEN Kannu

MODELING OF THE SCATTERING OF SUNLIGHT BY A DROP
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Abstract

Aim. The purpose is to reveal the features of the interaction of visible light with transparent
inhomogeneities (droplets) in the atmosphere under isothermal conditions.

Methadology. The intensity of the incident radiation is limited by the intensity of daylight. In this
case, the interaction of radiation with a drop is limited by elastic scattering (Rayleigh scattering).
Two limiting cases of the interaction of light with a drop are considered: the approximation of
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ray (geometric) optics and wave optics in the Rayleigh scattering approximation. This makes it
possible to study the effect of droplet sizes on light scattering depending on the wavelength.
Results. The dependence of scattering on the size of the droplet and on the entrance of radiation
into the droplet is investigated within the limits of the beam optics and the accepted intensity.
In the framework of Rayleigh scattering, the known dependences of the scattering intensity on
the wavelength of light and the radius of the drop are realized.

Research implications. Within the accepted conditions of interaction of light with a (transparent)
drop of water, the models considered (the ray optics approximation and the Rayleigh scattering
approximation) revealed the dependence of scattered light on the size and shape of droplets,
and also confirmed the characteristic dependences of the scattering intensity on the wavelength
of light and the radius of the drop.

Keywords: ray (geometric) optics; Rayleigh approximation; scattering droplet dimensions and
form

BBegeHune
SIBneHus paccestHNsI BUIVIMOTO CBeTa Ha HEOTHOPOJHOCTAX B aTMOCdepe XOpoIio
MU3BECTHBI [2; 5; 6; 8-10; 13; 17] u onmvicaHbl B COBPEMEHHOM IUTEPATYPE. ITu ABIEeHUA
YYUTBIBAIOT pacCesHME OT PA3MNYHBIX ICTOYHMKOB CBETAa — OT COJTHEYHOTO, O KOTe-
PEHTHOTO (1a3epHOro) ucto4Huka [3; 7; 11; 12; 15; 18]. Hanbonee n3BecTHbIM pe3yiib-
TaTOM TAaKOTO paccedHMsA ABJIAETCA MOSBIIEHNE PAfyTy, KOTOpas BOSHMKAET, KaK pe-
3y/IbTaT pacCesHV HEKOTePEeHTHOTO N3TyYeHNs Ha Me/IKIX KaIvLax Bofsl [6; 10]. ITo-
HUMaHIe€ SBJICHNA PacCeAHNA KaIl/LAMM ITONafalollero Ha HUX U3y9eHNA BO MHOTUX
CTy4asx IOKa JaneKo oT 3aBeplueHns:A. Hanpumep, oTkioHeHne Gpopmsl Karmm (e€ pe-
¢dbopManma) MOKeT, KaK OXKUJJAeTCA, IPUBECTH K IIOJTHOMY BHYTPEHHEMY OTPayKeHIIO
U ICY€3HOBEHNIO HEKOTOPBIX CIIEKTPA/IbHBIX COCTAB/IAKINX U3 IePBOHAYA/IbHO I1a-
HaloIero u3nydeHus. B HacTosmeil paboTe MOieIMPYeTcs OYeHb Majiast YacTb BCETO
MHOT000pasysi B3aMMOJIe/ICTBUA BUVIMOTO CBeTa C KAIULAMU — MICCTIeNIyeTCs oBefe-
HII€ VI3JTyYeHNs B3aIMOJEIICTBYIOIIETO cO ChepuiIecKMI KaIUIAMY PasHbIX pa3MepOB

U B 3aBUCYMOCTH OT BXOJ]a MI3TTy4€HNA B KaIl/IIO.

PasnunyHble ycnosua paccessHnA cBeTa
PaccmarpuBaeM B3auMOJIeICTBYUE 3/IEKTPOMArHUTHOTO U3JTYYeHNUA B IIpefie/laX BU-
muMoro cBeta (cM. Tab. 1) ¢ kamsiMu Bofbl chepudeckoit Gpopmbl. VIHTEHCHMBHOCTD
U3/Ty4eHNs He IPEeBOCXOAUT MHTEHCUBHOCTD JIHEBHOTO CBETA.

Tabnuya 1/ Table 1
CneKTpalbHbIi COCTaB cBeTa /

Spectral composition of light

ITokasaTenp npenomieHnA
Ber IlnHA BOTHBI B n . .
(m7s1 oTIpeqeIéHHbBIX 3HAYEHNIT TUH BOJIH)
Kpacusrit 770-620 1,3289 (768,2 nm)
OpanxeBblil 620-575 1,3311 (656,3 nm)
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IToxasarens nmperomneHnsa

IIBet IlmHA BOTHBI B i . .
(ns1 ompeeIéHHBIX 3HAYEHWIA ITVH BOJIH)

JKénrerit 575-550 1,3314 (643,8 nm)

3enéuplit 550-510 1,3330 (589,3 nm)

T'omy6oit 510-480 1,3345 (546,1 nm)

Cunnit 480-450 1,3371 (486,1 nm)

®uoneToBbIit 450-380 1,343 (381,1 nm)

Wcrounuk: [2; 6; 8;9].

CBeToBast BOJIHA, C [INHOI BOMHBI A, BCTpedas MpeIsiTCTBre pasmepoM d, mnbo
ero orubaer, 160 YACTUYHO IIPETIOM/ISIETCS B HEM 1 OTPaXKaeTcs OT Hero. PasnmmyaioTt
HECKOJIbKO CITy4aeB COOTHoUeHuA A u d:

(1) A > d - cpena He pacceuBaer cBeT (paccesinue Pernes);

(if) A ~d — cBeTOBBIE BOJIHBI OTMOAIOT MIPEISATCTBIUSA C pa3MepoM d, MeHssI HalpaB-
JIeH1e, ¥ CO37AI0T AudpaKMoHHYyIo KapTuny (Paccesiane Mu);

(iii) A < d - Habmogaercsa oTpaxeHue u npenomnenre (yxe npu d > 0,1\ Bo3-
pacTaet pojib IpOLeccOB OTpaXkeHus cBeTa [9; 10; 13; 14; 16]).

Bo Bcex mepeunciieHHBIX C/TyYasix Py pacCMaTPUBAEMBbIX MHTEHCUBHOCTSIX BBITIOTI-
HSIOTCS YCIIOBUSI YHPY2020 PACCEAHUS, TIPY KOTOPOM PAaCcCesIHHbIN CBET XapaKTepusy-
eTCsI TOM Ke YAaCTOTOI, YTO U Tajlafollee U3TydeHne.

B aroit paboTe paccMaTpuBaeM TOJIBKO [iBa KpaltHMX ciyd4as, (i) — pe/ieeBckoe pac-
cesinue u (iif) — mpuOIVOKeHe TeOMETPUYECKOI! (JTy4eBOil) ONTUKIN.

(#ii) st BBIsIB/IEHMsT OCOOEHHOCTEN OTPaskeHMsI U TIPe/IOMIeHNsI KaIliell BOCIIO/Ib-
3yeMCsl CTaHJAPTHBIMM COOTHOIIEHUAMM [1; 4] MeXXay yrmamm nafieHus @ u IpeioM-
nenus S (cm. puc. 1).

Yl o u 3 CBA3aHBI MEXJy cO00i1, TIOKa3aTe/b IPeTOMICHNA:
sina
=n 1
sin B ( )
V3 tpeyronbHuka ABD (puc. 1) yron § paBeH cymMMe [IByX BHYTPEHHUX, C HUM He
CMEXHDbIX:

B=a-B+v2 (2)

Torpga
__a+ty/2

p =" 3)
Ortcroma yromn Mex/y nafgaolyM Ha KaIUTio 1 OTPaKEHHBIM JTy4aMI

Y=4p - 2a @)
OtHottenne h/R = X mpUHSATO Ha3bIBATh MPUILETBHBIM TAPAMETPOM

x = % =sina (5)

/13 3akona nmpemomeHus ceta (1), yuntsiBas (2), A1 CMHYyCa yI/Ia Ipe/IOM/ICHNS

I10/Ty4a€M BbIpa’K€HUE:
X

sinff = - (6)

Y



ISSN 2072-8387 ‘ BectHuk MockoBckoro rocyaapctenHoro obnactHoro yHusepcuteta. Cepua: Ousnka-Marematuka [ 2022/Ne1

Beipasum yriel @, § 4epes mpuiienbHbIi mapameTp (5) u k03 uieHT npenomre-
uus (1):

a = arcsinx
X

B = arcsin—
n

Puc. 1/ Fig. 1. CBA3b yI7I0B IafieHNs U OTpaXKeHNs ¢ KoadduumeHTaMy mpenomaeHus [1; 4].
o — yroy nageHus; [ — yroy mpeIoM/IeHNsI; ¥ — YIOJI OTKIIOHEHMs Ty4a, BbILIeAIIero 13
KaIlIy, OT HAIpaBJIeHys Ty4a IepBOHAYA/IbHOTO HAIIPaB/IeHNs; [I0Ka3aTe/lb IPeIOMIEHNS 1
(Bospyxa) = 1 m n (Bogpl) = 1,33; h — paccrosnue ot npsamoit Ox fo A (mocie OZHOKPaTHOTO
OTpaKeHUs CBeTa BHYTpu Karm); R — papguyc karu / Relation of angles of incidence and re-
flection with refractive coefficients [1; 4]. & - angle of incidence; S - angle of refraction; y -
angle of deviation of the beam emerging from the drop from the direction of the beam of the
initial direction; refractive index n (air)=1 and n (water)=1.33; h — distance from the line Ox
to A (after a single reflection of light inside the drop); R - radius of the drop.

VlcTouHMK: COCTaB/IeHO aBTOpaMu

Torna yron BbIxoza nsnydenns us kamwm y (puc. 1)

y = 4arc sin% — 2arcsinx (7)
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Puc. 2 / Fig. 2. 3aBucuMOCTb 3Ha4eHNUA yITIa IPeTOM/ICHN OT 3HA4eHMII afaoero ny4a (7)
mnst n = 1,33 / Dependence of the value of the refractive angle on the values of the incident
beam (7) for n=1,33.

VcTouHuK: cocTaBieHo aBTOpaMu

V3 3aBucumoctu (cM. puc. 3) cefyer, 4To 4eM OoJIbllle 3Ha4YeHIe yI/Ia HafeHus o,
TeM OoJibllle yros BeixoAa y. Hanborbiee 3HaueHMe yriia BBIXO/Ia OKa3bIBAeTCS paB-
HBIM )y = 42°
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3HadeHne MPULCIIBHOTO TapaMeTpa

Puc. 3 / Fig. 3.3aBMcMMOCTD IIPETIOMIEHHOTO YT7Ia f OT IIPUIIeIbHOTO IapaMeTpa X /
Dependence of the refracted angle 8 on the aiming parameter x

VcTouHuk: cocTaBieHo aBTOpaMu
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Hawu6onbuiee 3Hauenne npenomnénHoro yria 0,68 mpu R = const (cm. puc. 4).
h

y = 4arc% - Zarc% (7a)

® 41,65048556
38,17344744 42,02650907
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Puc. 4/ Fig. 4.3aBUCHMOCTD yI/Ia BBIXO/a Y CBeTa U3 IapooOpas3Hoil Kamm Bogbl N, = 1,33
OT IPUIIENIBHOTO IapaMeTpa X. Uncmamu Ha rpadyke yKasaHbl CpeIHIE [0 YUCTTY «I[BETOB»
3HauyeHMs yria Beixofia / Dependence of the exit angle y of light from a spherical water drop

n, = 1,33 on the aiming parameter x. The numbers on the graph indicate the average values of

the exit angle by the number of “colors”.

VIcTOYHUK: COCTaB/IEHO aBTOpaMn

x
Y = 4arc sin——= — 2arcsinx

1,33
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Puc. 5/ Fig. 5. 3aBucumocTs yri1a Beixofia (7) cBeTa U MPUILIEIbHOTO IapaMeTpa OT A/INHbI
BOJIHBI BUJJIMOTO CBeTa. Y Ka3aHBbI IBa IPeeNbHbIX CIy4as: A KpacHoro ny= 1,328 u g
¢uonerosoro ng= 1,343 / Dependence of the light exit angle (7) and the aiming parameter on
the wavelength of visible light. Two limiting cases are indicated: for red n;= 1,328 and for
purple ng=1,343.

VIcTOYHUK: COCTaB/IEHO aBTOpaMun
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Kak cnepyer 13 npuBeaéHHBIX puc. 2— 6, 3aBUCUMOCTD yIJIa BBIXOZIa Y CBeTa 13 ce-
PUYECKOI KaIl/I NMPOAB/IAET 9KCTpeMabHble CBOJICTBA BO BCeX clIydasax. K Tomy ke
XOJI JTy4elf, COOTBETCTBYIOIIX KOPOTKOBOTHOBOMY M3/Ty4eHNIo (HampuMep, duone-
TOBBIIT), IIPOSIBJIAET MEHblIlee IIpe/IOM/IeHe, YeM IMHHOBOTHOBOE (KpacHoe) M3/y-

JeHue.
(i) — peneeBckoe paccesnue. B momHoMm Buge ¢opmyna Pames [10; 16] Beiraput

CTIeYIOLIIM 06pasoM:
[ = 9n?(1+cos? 8) , n?—n3
2r2)t n2+2n3

)2V 2, (8),

rie [y - MHTeHCUBHOCTD MAfIAI0LIero CBeTa, I — PaCCTOsIHME OT HAO/II0faTesI 10 Ya-
CTHUIIBL, N — TIOKA3aTe/N MPeTOM/IEHNUs AUCIePCHOI (asbl 1 ANUCIEPCHOI cpefsl, V —
00BbEM paccenBalolleil YacTULbL; A — IJIMHA BOIHBL; O — YOI pacCesiHUsL.
1,345
1,34
1,335
1,33
1,325

1,32

MOKA3ATENb MPENOMJIEHUA

381,1 486,1 546,1 589,1 643,8 656,3 768,2
OVMHA BOJIHbI BWOAMMOTO CBETA

Puc. 6 / Fig. 6. 3aBrcuMOCTb ITOKa3aTesis Pe/IOMJICHIS BOABI #; OT JIVTHBI BOTHBI BU[UIMOTO
cBera / Dependence of the refractive index of water n; on the wavelength of visible light.

VcTouHuK: cocTaBieHo aBTOpaMu

VHTeHCUBHOCTD, BBIYMCIEHHAs 110 (8), moKaspIBaeT (CM. puc. 7) U MOATBEPK/AET,
YTO MaKCUMaJbHOe 3HaYeHMe MHTEHCUBHOCTU PaCCesTHUS IPUXONUTCSI Ha KOPOTKO-
BOJIHOBYIO 9aCTb M3/Ty9eHN.
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Puc. 7 / Fig. 7. 3aBucuMOCTb MHTEHCUBHOCTH I pacCestHMs CBETa OT I/IVHBI BOMHBI A BUM-
MOTO CBeTa AJIs1 Kareyb, pPa3Mepbl KOTOPBIX MHOTO MeHbllle AIVHBI BOTHBI cBeTa / Depend-
ence of the intensity I of light scattering on the wavelength A of visible light for droplets whose
dimensions are much smaller than the wavelength of light.

VcTouHuUK: cOCTaBIeHO aBTOpaMMu.
Beruncnenus mmo Bcei pabote Benuch Ha si3bike Pithon.

3aknioyeHume
CpaBHeHMe IByX IIpeJie/bHBIX CTy4aeB B3auMOeICTBIS U3Ty4eHns (COOTBETCTBY-
IOLIIeT0 IHTEHCUBHOCTY IHEBHOTO cBeTa) A >> d (peneeBckoe paccessuue) u A < d (y-
YeBOe IpeIoM/IeHNe) TIPOsIB/IsieT IIPOTUBOIIONIOXKHOE IOBefieHNe. PerreeBckoe paccesi-
HIIe TI0Ka3bIBaeT, YTO KOPOTKOBOTHOBOE U3/Ty4deHue (ero MHTeHCUBHOCTD) BBIILIE, YeM
IJIs1 [UIMHHOBOJIHOBOTO m3ydenus (puc. 7). OgHako B crydae nydeBoit onTuku (A <
d) KaIuis IpeIoMIsieT CUIbHee IMHHOBOIHOBOE U3TydeHne (puc. 5).

Cmamost nocmynuna 6 pedaxkyuto 11.01.2022 e.
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