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Ïðîâåäåíû ðàñ÷åòû ñïåêòðîâ ìåðöàíèé çâåçä, íàáëþäàåìûõ ñêâîçü àòìîñôåðó Çåìëè íà êîñìè÷åñêèõ àï-

ïàðàòàõ. Ðàññìîòðåíû òðè ðàçëè÷íûå ìîäåëè 3D-ñïåêòðà íåîäíîðîäíîñòåé, ôîðìèðóþùèõ ìåðöàíèÿ: èçî-
òðîïíûå, àíèçîòðîïíûå è íåîäíîðîäíîñòè ñ ïåðåìåííîé àíèçîòðîïèåé. Âû÷èñëåíû 2D- è 1D-ñïåêòðû ìåðöà-
íèé äëÿ ôàçîâîãî ýêðàíà â ïðèáëèæåíèè ñëàáûõ ìåðöàíèé. Ïîêàçàíî, ÷òî îäíîìåðíûå ñïåêòðû äëÿ ðàçíûõ 
ìîäåëåé íåîäíîðîäíîñòåé ìîãóò áûòü áëèçêè äðóã ê äðóãó. Ó÷åò ïåðåìåííîé àíèçîòðîïèè íå ìåíÿåò ðàäèêàëü-
íî õàðàêòåð ñïåêòðîâ ïî ñðàâíåíèþ ñ ìîäåëüþ íåîäíîðîäíîñòåé ñ ïîñòîÿííîé àíèçîòðîïèåé. 

 

Êëþ÷åâûå ñëîâà: çîíäèðîâàíèå àòìîñôåðû èç êîñìîñà, òóðáóëåíòíîñòü, àíèçîòðîïíûå è èçîòðîïíûå íå-
îäíîðîäíîñòè, ïåðåìåííàÿ àíèçîòðîïèÿ, ñïåêòðû ñëàáûõ ìåðöàíèé; sounding of atmosphere from space, tur-
bulence, anisotropic and isotropic irregularities, variable anisotropy, weak scintillation spectra. 

 

Ââåäåíèå 
 

Àòìîñôåðà ñîäåðæèò íåîäíîðîäíîñòè ïëîòíîñòè 
ðàçëè÷íûõ òèïîâ, âëèÿþùèå íà îáùóþ öèðêóëÿöèþ 
è îïðåäåëÿþùèå ñòàòèñòè÷åñêèå ñâîéñòâà ñâåòîâûõ 
è àêóñòè÷åñêèõ âîëí, ðàñïðîñòðàíÿþùèõñÿ ñêâîçü 

àòìîñôåðó. Èññëåäîâàíèå íåîäíîðîäíîñòåé â âåðõ-
íåé òðîïîñôåðå è íèæíåé ñòðàòîñôåðå èìååò âàæíîå 
ïðàêòè÷åñêîå çíà÷åíèå, ñâÿçàííîå ñ áåçîïàñíîñòüþ 
ïîëåòîâ âîçäóøíîé òåõíèêè [1]. Îäíèì èç ñïîñîáîâ 
èçó÷åíèÿ íåîäíîðîäíîñòåé ÿâëÿåòñÿ àêòèâíî ðàçâè-
âàþùèéñÿ â ïîñëåäíèå äåñÿòèëåòèÿ ìåòîä íàáëþäå-
íèÿ ñî ñïóòíèêîâ ñêâîçü àòìîñôåðó ìåðöàíèé èçëó-
÷åíèÿ çâåçä ëèáî èñòî÷íèêîâ, íàõîäÿùèõñÿ íà áîðòó 
êîñìè÷åñêèõ àïïàðàòîâ, â îïòè÷åñêîì èëè ðàäèîäèà- 
ïàçîíàõ. Êàê ïîêàçàëè ýòè èññëåäîâàíèÿ, â óñòîé÷è-
âî-ñòðàòèôèöèðîâàííûõ ñëîÿõ àòìîñôåðû íåîäíî-
ðîäíîñòè âûòÿíóòû â ãîðèçîíòàëüíîì íàïðàâëåíèè 
[2, 3]. Ñâîéñòâà òðåõìåðíûõ íåîäíîðîäíîñòåé õàðàê-
òåðèçóþòñÿ èõ 3D-ñïåêòðîì, êîòîðûé îïðåäåëÿåò âèä 
2D- è 1D-ñïåêòðîâ ôîðìèðóåìûõ ìåðöàíèé. Ïîñêîëü-
êó 2D-ñïåêòðû ìåðöàíèé èçìåðÿòü òðóäíî, â ýêñïå-
ðèìåíòå, êàê ïðàâèëî, èçìåðÿþòñÿ 1D-ñïåêòðû. 

Â íàñòîÿùåé ñòàòüå ðàññìàòðèâàþòñÿ ñïåêòðû 
ìåðöàíèé, ïîðîæäàåìûå òðåìÿ ðàçëè÷íûìè òèïàìè 
íåîäíîðîäíîñòåé. Ïåðâûé òèï – èçîòðîïíûå íåîä-
íîðîäíîñòè. Ôîðìèðóåìûå èìè ñïåêòðû ìåðöàíèé 
èññëåäóþòñÿ äàâíî [4], è ìû ïðèâîäèì èõ òîëüêî 
äëÿ ñðàâíåíèÿ. Âòîðîé – àíèçîòðîïíûå íåîäíîðîä-
íîñòè, êîòîðûå ðàññìàòðèâàëèñü â ðàáîòàõ ïî ñèëü-
íûì ìåðöàíèÿì [5–7]. Òðåòèé èç ðàññìàòðèâàåìûõ 
çäåñü 3D-ñïåêòðîâ âíà÷àëå áûë ïðåäëîæåí È.Ï. ×óí- 
÷óçîâûì â [8], ãäå áûëà ðàçâèòà òåîðèÿ, ïîêàçàâøàÿ 
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âîçìîæíîñòü âîçíèêíîâåíèÿ ñèëüíî àíèçîòðîïíûõ 
íåîäíîðîäíîñòåé òåìïåðàòóðû è ñêîðîñòè âåòðà â íå- 
ëèíåéíîì ïîëå ñëó÷àéíûõ âíóòðåííèõ âîëí â óñòîé÷è-
âî-ñòðàòèôèöèðîâàííîé àòìîñôåðå. Çàòåì ýòîò ñïåêòð 
áûë ìîäèôèöèðîâàí â [9, 10], ãäå áûëî ó÷òåíî ïëàâ-
íîå óìåíüøåíèå àíèçîòðîïèè íåîäíîðîäíîñòåé ïðè 
óìåíüøåíèè èõ âåðòèêàëüíîãî ìàñøòàáà. Ñïåêòðû 
ìåðöàíèé, ôîðìèðóåìûå íåîäíîðîäíîñòÿìè ñ ïåðå-
ìåííîé àíèçîòðîïèåé, äî ñèõ ïîð íå èññëåäîâàëèñü. 
Çäåñü îíè âû÷èñëÿþòñÿ è ñðàâíèâàþòñÿ ñî ñïåêòðà-
ìè, ôîðìèðóåìûìè èçîòðîïíûìè è àíèçîòðîïíûìè 
íåîäíîðîäíîñòÿìè. 

 

1. Óðàâíåíèÿ äëÿ òðåõ âàðèàíòîâ  

3D-ñïåêòðà 
 

Áóäåì ðàññìàòðèâàòü 3D-ñïåêòðû îòíîñèòåëü-
íûõ ôëóêòóàöèé N – ïîêàçàòåëÿ ïðåëîìëåíèÿ: ν = 

( )= – .N N N  Äëÿ èçîòðîïíûõ íåîäíîðîäíîñòåé 
èñïîëüçîâàëñÿ ñïåêòð Êîëìîãîðîâà–Îáóõîâà–Êîð- 
çèíà [4] ñ âíóòðåííèì è âíåøíèì ìàñøòàáàìè: 

ν ν

⎛ ⎞
Φ = + κ ⎜ ⎟

κ⎝ ⎠

11 2
–

2 2 2 6
* 2

1 ( ) ( ) exp – ,
m

K
C Kk  ⊥= +2 2 2,zK k k  (1) 

ãäå kz – âåðòèêàëüíîå âîëíîâîå ÷èñëî; k⊥ – âîëíî-
âîå ÷èñëî â ãîðèçîíòàëüíîé ïëîñêîñòè: k ⊥

2
 = k x

2
 + k y

2
. 

Ñòðóêòóðíàÿ õàðàêòåðèñòèêà Ñ ν

2
 çàäàåò «ìîùíîñòü» 

èçîòðîïíûõ íåîäíîðîäíîñòåé, κ*, κm îïðåäåëÿþò 
ñîîòâåòñòâåííî âíåøíèé 2π/κ* è âíóòðåííèé 2π/κm 
ìàñøòàáû. 

Äëÿ àíèçîòðîïíûõ íåîäíîðîäíîñòåé, àíàëîãè÷-
íî [5–7], èñïîëüçîâàëàñü ñëåäóþùàÿ ìîäåëü 3D-
ñïåêòðà: 



 

298 Ôåäîðîâà Î.Â. 
 

 
ν

⎛ ⎞
Φ = η + κ ⎜ ⎟

κ⎝ ⎠

2
–5 22 2 2

2 * 2
2 ( ) ( ) exp – ,

an

w

K
C Kk  

 ⊥= η +2 2 2 2,an zK k k   (2) 

ãäå η – êîýôôèöèåíò àíèçîòðîïèè. Â ýêñïîíåíòó  
â (2) âåðòèêàëüíîå è ãîðèçîíòàëüíîå âîëíîâûå ÷èñ-
ëà âõîäÿò îäèíàêîâûì îáðàçîì, òàê êàê âíóòðåííèé 
ìàñøòàá κw ñâÿçàí ñ ìîëåêóëÿðíîé âÿçêîñòüþ. Ïðè 
κ* << κw ñïåêòð (2) èìååò äîñòàòî÷íî ïðîòÿæåííûé 
èíòåðâàë κ* << Kan << κw, âíóòðè êîòîðîãî ïðèáëèæåí- 

íî âûïîëíÿåòñÿ ñòåïåííàÿ çàâèñèìîñòü Φ2ν ∼ η2K an
–5

. 
Ýòîò ñïåêòð ïåðåõîäèò â èçîòðîïíûé ïðè ìàñøòà-
áèðîâàíèè ïî îñè Z. 

3D-ñïåêòð îòíîñèòåëüíûõ ôëóêòóàöèé ïîêàçà-
òåëÿ ïðåëîìëåíèÿ, îñíîâàííûé íà ïðåäëîæåííîì  
â [9, 10] 3D-ñïåêòðå îòíîñèòåëüíûõ ôëóêòóàöèé òåì-
ïåðàòóðû, èìååò âèä 
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R  (3) 

Çäåñü T0 – òåìïåðàòóðà íåâîçìóùåííîé ñðåäû íà 

äàííîé âûñîòå; ωBV – ÷àñòîòà Áðåíòà–Âÿéñÿëÿ; g – 
óñêîðåíèå ñèëû òÿæåñòè. Óðàâíåíèå (3) òàê æå, êàê 
è (1) è (2), âêëþ÷àåò äâà õàðàêòåðíûõ ìàñøòàáà. 
Âáëèçè âíóòðåííåãî ìàñøòàáà κw ïðîèñõîäèò ñòîê 
ýíåðãèè â òóðáóëåíòíîñòü èç-çà ïðîöåññîâ îáðóøåíèÿ 
âîëí. Êðîìå òîãî, â (3) íåÿâíî ïðèñóòñòâóåò òðåòèé 
õàðàêòåðíûé ìàñøòàá κM. Îí ïîÿâëÿåòñÿ â óðàâíå-
íèè, õàðàêòåðèçóþùåì çàâèñèìîñòü êîýôôèöèåíòà 
àíèçîòðîïèè îò âåðòèêàëüíîãî âîëíîâîãî ÷èñëà: 

 
⎡ ⎤κ

η = η +⎢ ⎥
κ +⎣ ⎦

2

0 2 2
( ) 1 .w

z

M z

k
k

  (4) 

Â (4) ïðåäïîëàãàåòñÿ, ÷òî áîëüøàÿ àíèçîòðîïèÿ 
êðóïíîìàñøòàáíûõ íåîäíîðîäíîñòåé íà÷èíàåò ñóùå-
ñòâåííî ìåíÿòüñÿ ïðè âîçðàñòàíèè kz äî íåêîòîðîãî 
κM > κ*. Ïðè äàëüíåéøåì âîçðàñòàíèè kz êîýôôèöè-
åíò àíèçîòðîïèè íà÷èíàåò óáûâàòü î÷åíü ìåäëåííî, 
âûõîäÿ íà íåêîòîðîå ïîñòîÿííîå çíà÷åíèå, ðàâíîå 
η0 > 1. Òàêàÿ ôîðìóëà îáåñïå÷èâàåò äëÿ ãîðèçîí-
òàëüíîãî ñïåêòðà îòíîñèòåëüíûõ ôëóêòóàöèé òåìïå-
ðàòóðû ïðîïîðöèîíàëüíîñòü âîëíîâîìó ÷èñëó â ñòå-

ïåíè –5/3 [10]. Íàêîíåö, κ = κ +
5

* *( ) (1
z z

R k k  

+ κ
5

* )
z

k  – ðåãóëÿðèçèðóþùàÿ ôóíêöèÿ, âêëþ÷å-

íèå êîòîðîé â (3) íåîáõîäèìî äëÿ òîãî, ÷òîáû ñó-
ùåñòâîâàëà äèñïåðñèÿ ν. 

 

2. Äâóìåðíûå è îäíîìåðíûå  

ñïåêòðû ìåðöàíèé 
 
Ñïåêòðû îòíîñèòåëüíûõ ôëóêòóàöèé èíòåíñèâ-

íîñòè èçëó÷åíèÿ ðàññ÷èòûâàëèñü äëÿ èñïîëüçóåìîé 
â [5–7, 11, 12] ìîäåëè ôàçîâîãî ýêðàíà â ïðèáëè-

æåíèè ñëàáûõ ìåðöàíèé. Äâóìåðíûé ñïåêòð â ïëîñ-
êîñòè íàáëþäåíèÿ ñëåäóþùèì îáðàçîì ñâÿçàí ñ 3D-
ñïåêòðîì íåîäíîðîäíîñòåé [13]: 

 
ν

⎡ ⎤+
= Φ ⎢ ⎥

⎢ ⎥⎣ ⎦

2 2
(1) 2

0

( )
( , ) (0, , ) sin ,

2

z y
I z y y z

L k k
F k k C k k

k
  (5) 

ãäå L – ðàññòîÿíèå îò ôàçîâîãî ýêðàíà äî ïëîñêî-
ñòè íàáëþäåíèÿ; k0 = 2π/λ, λ – äëèíà âîëíû. Ïà-
ðàìåòð C çäåñü íàñ èíòåðåñîâàòü íå áóäåò, òàê êàê 
âñå âû÷èñëåííûå ñïåêòðû áóäóò íîðìèðîâàòüñÿ íà 
äèñïåðñèþ ìåðöàíèé β 0

2
, ïðîïîðöèîíàëüíóþ C: 

 

∞ ∞

∞ ∞

β = ∫ ∫2 (1)
0

– –

( , ) .I z y z yF k k dk dk   (6) 

Ïðè ðàñ÷åòàõ èñïîëüçîâàëèñü ñëåäóþùèå çíà÷å-
íèÿ ïàðàìåòðîâ: L = 3000 êì, λ = 500 íì, κm = 1 ðàä/ì, 
κw = 1 ðàä/ì, κ* = 0,005 ðàä/ì, êîýôôèöèåíò àíè-
çîòðîïèè äëÿ (2) ïðèíÿò ðàâíûì 10, òàê êàê äëÿ 
òàêîãî çíà÷åíèÿ ñëàáî ñêàçûâàåòñÿ âëèÿíèå ñôåðè÷-
íîñòè, êîòîðàÿ çäåñü íå ó÷èòûâàåòñÿ. Äëÿ ìîäåëè (3) 
ìàêñèìàëüíîå çíà÷åíèå êîýôôèöèåíòà àíèçîòðîïèè 
ηmax, ñîîòâåòñòâóþùåå kz = 0, òàêæå ïðèíèìàëîñü 

ðàâíûì 10, îòêóäà κM = 0,5 ðàä/ì. Äëÿ ïðèíÿòûõ 
çíà÷åíèé L è λ ðàäèóñ Ôðåíåëÿ RF ðàâåí 0,489 ì, 
ïîýòîìó áåçðàçìåðíûå âåëè÷èíû ìàñøòàáîâ ñîñòàâ-
ëÿþò κmRF = κwRF = 0,489, κ*RF = 0,00244. 

Ïðèíÿòûå çíà÷åíèÿ ïàðàìåòðîâ ÿâëÿþòñÿ ìî-
äåëüíûìè, íî ðàñ÷åòû, ïðîâåäåííûå äëÿ äðóãèõ çíà-
÷åíèé ìàñøòàáîâ, ïîêàçûâàþò, ÷òî îñíîâíûå ïîëó-
÷åííûå çàêîíîìåðíîñòè ñîõðàíÿþòñÿ. Äàëåå âñå ðå-
çóëüòàòû ïðåäñòàâëåíû â áåçðàçìåðíûõ êîîðäèíàòàõ. 
  Ñïåêòð, ôîðìèðóåìûé èçîòðîïíûìè íåîäíî-
ðîäíîñòÿìè (1), ÿâëÿåòñÿ ôóíêöèåé îäíîé ïåðåìåí-
íîé, íî â ìîäåëÿõ (2) è (3) ïðèñóòñòâóåò àíèçîòðî-
ïèÿ, ïîýòîìó ñîîòâåòñòâóþùèå èì 2D-ñïåêòðû íåîá-
õîäèìî èçîáðàæàòü íà äâóìåðíîì ãðàôèêå (ðèñ. 1). 
  Òàê æå, êàê â [12], ñïåêòðàëüíàÿ ïëîòíîñòü óì-
íîæåíà íà îáà âîëíîâûõ ÷èñëà è, êðîìå òîãî, íîð-
ìèðîâàíà íà β 0

2
. 2D-ñïåêòð äëÿ (1) ñèììåòðè÷åí. 

Ìàêñèìóìû ñïåêòðîâ äëÿ (2) è (3) ñäâèíóòû âëåâî 
îòíîñèòåëüíî (1) íà ïîðÿäîê è áîëåå èç-çà ïðèñóòñò-
âèÿ àíèçîòðîïèè. Äðóã îò äðóãà ñïåêòðû äëÿ (2) è (3) 

îòëè÷àþòñÿ, ãëàâíûì îáðàçîì, â îáëàñòè ìàêñèìóìà. 
Äëÿ (3) ýòà îáëàñòü ñìåùåíà âïðàâî è âûòÿíóòà ïî 
ñðàâíåíèþ ñ îáëàñòüþ äî (2). Êðîìå òîãî, ïðàâûé 
êîíåö ñïåêòðà (3) ñæàò ïî âåðòèêàëè. 

Îäíîìåðíûå ñïåêòðû ïîëó÷àþòñÿ èíòåãðèðî-
âàíèåì äâóìåðíîãî ñïåêòðà. 1D-ñïåêòð, èçìåðåííûé 

âäîëü ïðÿìîé, íàêëîíåííîé ïîä óãëîì α ê âåðòèêà-
ëè, âû÷èñëÿåòñÿ ñëåäóþùèì îáðàçîì: 

 

∞

∞

′ ′ ′α = α α α + α∫(1) (1)

–

( , ) ( cos – sin , sin cos ) ,I IV k F k k k k dk  

ãäå k – âîëíîâîå ÷èñëî âäîëü ýòîé ïðÿìîé. Ïðè α = 0 
èçìåðÿåòñÿ âåðòèêàëüíûé ñïåêòð, èíòåãðèðîâàíèå ïðî-
èçâîäèòñÿ ïî ãîðèçîíòàëüíîé ïðÿìîé. Óãîë α = 90° 
ñîîòâåòñòâóåò ãîðèçîíòàëüíîìó ñïåêòðó, èíòåãðèðî-
âàíèå èäåò ïî âåðòèêàëüíîé ïðÿìîé. Â ñëó÷àå ïðî-  
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Ðèñ. 1. 2D-ñïåêòðû ìåðöàíèé: à – äëÿ ìîäåëè (1); á – äëÿ 
ìîäåëè (2); â – äëÿ ìîäåëè (3). Ïðèâåäåíû ëèíèè óðîâ-

íåé âåëè÷èíû { }⎡ ⎤ β
⎣ ⎦

(1) 2
0lg ( , ) .z y z yIk k F k k  Öèôðû íà ëèíèÿõ 

ñîîòâåòñòâóþò ñëåäóþùèì çíà÷åíèÿì: 1 – –5; 2 – –4,5; 3 –  
  –4; 4 – –3,5; 5 – –3; 6 – –2,5; 7 – –2; 8 – –1,5 

 
èçâîëüíîãî óãëà çîíäèðîâàíèÿ ïðÿìûå ïðè ïðåä-
ñòàâëåíèè â ëîãàðèôìè÷åñêîì ìàñøòàáå ïðåîáðàçó-
þòñÿ â èçîãíóòûå òðàåêòîðèè, ïðèìåðû êîòîðûõ 
ïðèâåäåíû â [12]. Óæå ïî âèäó 2D-ñïåêòðîâ íà 
ðèñ. 1 ìîæíî çàêëþ÷èòü, ÷òî âåðòèêàëüíûå ñïåêòðû 

äëÿ âñåõ ìîäåëåé äîëæíû áûòü ïîõîæè äðóã íà 
äðóãà, òàê êàê ìàêñèìóìû ñïåêòðîâ ðàñïîëîæåíû 
ïðèìåðíî íà îäíîì óðîâíå ïî âåðòèêàëüíîé êîîðäè-
íàòå, â òî âðåìÿ êàê ãîðèçîíòàëüíûå ñïåêòðû äëÿ 

ìîäåëåé ñ àíèçîòðîïèåé äîëæíû îòëè÷àòüñÿ îò ñïåê-
òðà äëÿ èçîòðîïíîé ìîäåëè. Íà ðèñ. 2 ïðèâåäåíû 

ñïåêòð ìåðöàíèé äëÿ ìîäåëè (1), à òàêæå âåðòèêàëü-
íûå è ãîðèçîíòàëüíûå ñïåêòðû äëÿ ìîäåëåé (2)  
è (3). 

 

 

Ðèñ. 2. Ñïåêòð ìîäåëè (1), âåðòèêàëüíûå è ãîðèçîíòàëüíûå 

ñïåêòðû äëÿ ìîäåëåé (2), (3), âåðòèêàëüíûé ñïåêòð ìîäåëè 

(3) äëÿ çíà÷åíèÿ ηmax = 100. Ïðîèçâåäåíèÿ ñïåêòðàëüíîé 
ïëîòíîñòè íà âîëíîâûå ÷èñëà íîðìèðîâàíû íà äèñïåðñèè 
  ìåðöàíèé β 0

2
 

 

Êðîìå òîãî, äëÿ ñðàâíåíèÿ ïîêàçàí âåðòèêàëü-
íûé ñïåêòð äëÿ (3) ïðè çíà÷åíèè ηmax = 100 (ãîâîðèòü  
î ãîðèçîíòàëüíîì ñïåêòðå äëÿ ýòîãî ñëó÷àÿ íåëüçÿ 
áåç ó÷åòà ñôåðè÷íîñòè). Ïðîèçâåäåíèÿ ñïåêòðàëüíîé 
ïëîòíîñòè íà ñîîòâåòñòâóþùèå âîëíîâûå ÷èñëà òàê-
æå íîðìèðîâàíû íà äèñïåðñèè ìåðöàíèé β 0

2
. Ìîæíî 

îòìåòèòü áîëüøåå ñõîäñòâî âåðòèêàëüíîãî ñïåêòðà 
äëÿ (2) ñ èçîòðîïíûì ñïåêòðîì, ÷åì ñ âåðòèêàëü-
íûì ñïåêòðîì äëÿ (3), õîòÿ ïîëîæåíèå ìàêñèìóìîâ 
ðàçëè÷àåòñÿ íå áîëåå ÷åì â 3 ðàçà. Ãîðèçîíòàëüíûå 
ñïåêòðû äëÿ (2) è (3) îòëè÷àþòñÿ áîëåå ñóùåñòâåííî. 
Ñïåêòð (3) ðàñïðîñòðàíÿåòñÿ âïðàâî íà áîëüøèé èí-
òåðâàë âîëíîâûõ ÷èñåë. Îäíàêî ìîæíî ñäåëàòü âû-
âîä, ÷òî ðàçëè÷èÿ îäíîìåðíûõ ñïåêòðîâ íåäîñòàòî÷-
íî âåëèêè, ÷òîáû ìîæíî áûëî ñ óâåðåííîñòüþ ñäå-
ëàòü âûáîð â ïîëüçó îäíîé èç ýòèõ ìîäåëåé. Ñïåêòð 
äëÿ (3) ñ ηmax = 100 çàíèìàåò ïðîìåæóòî÷íîå ïîëî-
æåíèå ìåæäó âåðòèêàëüíûìè è ãîðèçîíòàëüíûìè 

ñïåêòðàìè äëÿ (2) è äëÿ (3) ñ ηmax = 10. 
Â [12] áûëî ïîêàçàíî, ÷òî äëÿ àíèçîòðîïíûõ 

ñïåêòðîâ ìåðöàíèé ñ η = 10 ÷ 30 ïðè óâåëè÷åíèè óãëà 

α ïðèáëèæåíèå ôîðìû îäíîìåðíîãî ñïåêòðà ê ôîðìå 

ãîðèçîíòàëüíîãî ñïåêòðà ïðîèñõîäèò â óçêîì èíòåð-
âàëå α  âáëèçè 90°. Ðàññìîòðåíèå ýòîãî æå ïðèáëè-
æåíèÿ äåìîíñòðèðóåò îòëè÷èÿ ìåæäó ìîäåëÿìè (2) 
è (3). Íà ðèñ. 3 ïîêàçàíî, êàê òðàíñôîðìèðóþòñÿ 
îäíîìåðíûå ñïåêòðû ïðè ïåðåõîäå îò âåðòèêàëüíîãî 
çîíäèðîâàíèÿ ê ãîðèçîíòàëüíîìó. 

Ñðàâíèâàÿ âåðõíþþ ïàíåëü äëÿ (2) ñ íèæíåé 
äëÿ (3), âèäèì, ÷òî äëÿ ìîäåëè (3) ñïåêòð áûñòðåå 
ïðèáëèæàåòñÿ ê ãîðèçîíòàëüíîìó ïðè óâåëè÷åíèè 

óãëà íàêëîíà α: åñëè äëÿ (2) ïðè α = 85° ñïåêòð åùå  
 



 

300 Ôåäîðîâà Î.Â. 
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Ðèñ. 3. 1D âåðòèêàëüíûå, ãîðèçîíòàëüíûå è íàêëîííûå 

ñïåêòðû ìåðöàíèé: à – äëÿ ìîäåëè (2), á – äëÿ ìîäåëè (3); 
ïðîèçâåäåíèÿ ñïåêòðàëüíîé ïëîòíîñòè íà âîëíîâûå ÷èñëà 
  íîðìèðîâàíû íà äèñïåðñèè ìåðöàíèé β 0

2
 

 
ñóùåñòâåííî îòëè÷åí îò ãîðèçîíòàëüíîãî, òî äëÿ (3) 
ýòî îòëè÷èå ñîâñåì íå âåëèêî. Òåì ñàìûì ïåðåìåí-
íîñòü àíèçîòðîïèè ïðèâîäèò ê áîëåå áûñòðîìó ïå-
ðåõîäó íàêëîííîãî ñïåêòðà ê ãîðèçîíòàëüíîìó ïðè 
óâåëè÷åíèè óãëà çîíäèðîâàíèÿ. 

 

Çàêëþ÷åíèå 
 

Ïðîâåäåíû ðàñ÷åòû ñïåêòðîâ îòíîñèòåëüíûõ 

ôëóêòóàöèé èíòåíñèâíîñòè èçëó÷åíèÿ, íàáëþäàåìî-
ãî ñêâîçü àòìîñôåðó, ñ èñïîëüçîâàíèåì ìîäåëè ôàçî-
âîãî ýêðàíà â ïðèáëèæåíèè ñëàáûõ ìåðöàíèé. Ðàñ-
ñìîòðåíû òðè ðàçëè÷íûå ìîäåëè 3D-ñïåêòðà ôîð-
ìèðóþùèõ ìåðöàíèÿ íåîäíîðîäíîñòåé: èçîòðîïíûå, 
àíèçîòðîïíûå è íåîäíîðîäíîñòè ñ ïåðåìåííîé àíè-
çîòðîïèåé. Âû÷èñëåíû 2D- è 1D-ñïåêòðû ìåðöàíèé. 
Ïîêàçàíî, ÷òî, íåñìîòðÿ íà ñóùåñòâåííîå ðàçëè÷èå 
2D-ñïåêòðîâ, îäíîìåðíûå ñïåêòðû äëÿ ðàçíûõ ìî-
äåëåé (îñîáåííî âåðòèêàëüíûå) ìîãóò áûòü áëèçêè 
äðóã ê äðóãó. Ó÷åò ïåðåìåííîé àíèçîòðîïèè íå ìåíÿ-
åò ðàäèêàëüíî õàðàêòåð êàê äâóìåðíîãî, òàê è îäíî-
ìåðíûõ ñïåêòðîâ ïî ñðàâíåíèþ ñ ìîäåëüþ íåîäíî-
ðîäíîñòåé ñ ïîñòîÿííîé àíèçîòðîïèåé. Îäíàêî ïðè 
óâåëè÷åíèè óãëà çîíäèðîâàíèÿ 1D-ñïåêòð äëÿ ìîäå- 
 

ëè ñ ïåðåìåííîé àíèçîòðîïèåé áûñòðåå ïðèáëèæàåò-
ñÿ ïî ôîðìå ê ãîðèçîíòàëüíîìó ñïåêòðó, ÷åì äëÿ ìî-
äåëè ñ ïîñòîÿííîé àíèçîòðîïèåé. 

Àâòîð âûðàæàåò áëàãîäàðíîñòü À.Ñ. Ãóðâè÷ó çà 
âíèìàíèå ê ðàáîòå è ïîëåçíûå îáñóæäåíèÿ. 
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O.V. Fedorova. Scintillation spectra behind inhomogeneities with variable anisotropy. 
The numerical examination of spectra of stellar scintillations observed through the Earth’s atmosphere 

from space is carried out. Three models of 3D spectra of inhomogeneities forming scintillations are considered: 
isotropic, anisotropic, and inhomogeneities with a variable anisotropy. 2D and 1D scintillation spectra were cal-
culated for a phase screen model in the approximation of week scintillations. It is shown, that 1D spectra for 
different models can be close to each other. The taking into account of a variable anisotropy does not change 
considerably the character of spectra in comparison with model of inhomogeneities with constant anisotropy. 
 


