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Ïðåäëîæåí ñïîñîá îïðåäåëåíèÿ ñòðóêòóðíîé õàðàêòåðèñòèêè ïîêàçàòåëÿ ïðåëîìëåíèÿ âîçäóõà èç äàí-
íûõ èìïóëüñíîãî êîãåðåíòíîãî äîïëåðîâñêîãî âåòðîâîãî ëèäàðà. Âûïîëíåíà àïðîáàöèÿ ïðåäëîæåííîãî ñïî-
ñîáà â àòìîñôåðíûõ ýêñïåðèìåíòàõ. Ïîëó÷åíû âðåìåííûå çàâèñèìîñòè ñòðóêòóðíîé õàðàêòåðèñòèêè ïîêàçà-
òåëÿ ïðåëîìëåíèÿ â ïðèçåìíîì ñëîå àòìîñôåðû è ïðîâåäåíî èõ ñîïîñòàâëåíèå ñ âðåìåííûìè õîäàìè ñêîðî-
ñòè äèññèïàöèè êèíåòè÷åñêîé ýíåðãèè òóðáóëåíòíîñòè, ïîëó÷åííûìè èç òåõ æå ëèäàðíûõ äàííûõ. Òàêèì 
îáðàçîì ïîêàçàíî, ÷òî êîãåðåíòíûå ëèäàðû ìîãóò èñïîëüçîâàòüñÿ äëÿ èññëåäîâàíèÿ íå òîëüêî âåòðîâîé, íî 
è òåìïåðàòóðíîé òóðáóëåíòíîñòè. 

 

Êëþ÷åâûå ñëîâà: êîãåðåíòíûé äîïëåðîâñêèé ëèäàð, îòíîøåíèå ñèãíàë-øóì, ñòðóêòóðíàÿ õàðàêòåðè-
ñòèêà ïîêàçàòåëÿ ïðåëîìëåíèÿ, ñêîðîñòü äèññèïàöèè òóðáóëåíòíîé ýíåðãèè; coherent Doppler lidar, signal-
noise ratio, structure characteristics of refractive index, rate of dissipation of turbulent energy. 

 
 

Ââåäåíèå 
 

Â íàñòîÿùåå âðåìÿ êîãåðåíòíûå äîïëåðîâñêèå 
ëèäàðû (ÊÄË) øèðîêî èñïîëüçóþòñÿ äëÿ ïîëó÷åíèÿ 

èíôîðìàöèè î ñêîðîñòè âåòðà è ïàðàìåòðàõ âåòðî-
âîé òóðáóëåíòíîñòè, â ÷àñòíîñòè î ñêîðîñòè äèññèïà-
öèè êèíåòè÷åñêîé ýíåðãèè òóðáóëåíòíîñòè ε, õàðàê-
òåðèçóþùåé ïðîöåññ ïåðåäà÷è òóðáóëåíòíîé ýíåð-
ãèè îò êðóïíûõ âèõðåé ê ìåëêèì â èíåðöèîííîì 
èíòåðâàëå ìàñøòàáîâ íåîäíîðîäíîñòåé âåòðîâîãî ïî- 
òîêà [1]. Òóðáóëåíòíîå ïåðåìåøèâàíèå âîçäóøíûõ 

ìàññ ñ ðàçëè÷íîé òåìïåðàòóðîé âûçûâàåò ôëóêòóà-
öèè ïëîòíîñòè è, êàê ñëåäñòâèå, ôëóêòóàöèè ïîêà-
çàòåëÿ ïðåëîìëåíèÿ âîçäóõà. Âîçíèêàåò òàê íàçû-
âàåìàÿ îïòè÷åñêàÿ òóðáóëåíòíîñòü, äëÿ îïèñàíèÿ 
êîòîðîé â èíåðöèîííîì èíòåðâàëå ìàñøòàáîâ íåîä-
íîðîäíîñòåé îáû÷íî èñïîëüçóåòñÿ òàêîé ïàðàìåòð, 
êàê ñòðóêòóðíàÿ õàðàêòåðèñòèêà ïîêàçàòåëÿ ïðåëîì-
ëåíèÿ C n

2
. Óðîâåíü ýõîñèãíàëà ÊÄË çàâèñèò îò èí-

òåíñèâíîñòè îïòè÷åñêîé òóðáóëåíòíîñòè [2], òàê ÷òî 
ðåãèñòðèðóåìàÿ ïðèåìíèêîì ëèäàðà ñðåäíÿÿ ìîù-
íîñòü ýõîñèãíàëà äîëæíà ñîäåðæàòü èíôîðìàöèþ  
î ñòðóêòóðíîé õàðàêòåðèñòèêå C n

2
. 

Â íàñòîÿùåé ñòàòüå ïðåäëîæåí ñïîñîá îïðåäå-
ëåíèÿ C n

2
 ïî âåëè÷èíå ýõîñèãíàëà èìïóëüñíîãî ÊÄË.  
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Ïðîâåäåíî àïðîáèðîâàíèå ïðåäëîæåííîãî ñïîñîáà  
â íàòóðíîì ýêñïåðèìåíòå. Ïîëó÷åííûå äàííûå î C n

2
 

â ïðèçåìíîì ñëîå àòìîñôåðû ñîïîñòàâëÿþòñÿ ñ ðå-
çóëüòàòàìè îöåíèâàíèÿ ñêîðîñòè äèññèïàöèè ε èç 
òåõ æå ëèäàðíûõ äàííûõ. 

 

1. Òåîðèÿ 
 
Èçâåñòíî, ÷òî ïðè ôîêóñèðîâêå çîíäèðóþùåãî 

ïó÷êà èìïóëüñíîãî ÊÄË (ÈÊÄË) íà íåêîòîðîå ðàñ-
ñòîÿíèå F ñðåäíÿÿ ìîùíîñòü ýõîñèãíàëà < PS 

(R) > 
(îòíîøåíèå ñèãíàë-øóì SNR(R) = < PS 

(R) >/PN, 
ãäå PN – ñðåäíÿÿ ìîùíîñòü øóìà) èçìåíÿåòñÿ âäîëü 
òðàññû çîíäèðîâàíèÿ è ïðèíèìàåò ìàêñèìàëüíîå 

çíà÷åíèå íà íåêîòîðîì ðàññòîÿíèè R = Rmax îò ëèäà- 
ðà [1, 2]. Ñîãëàñíî [1, ðèñ. 1.8] Rmax çàâèñèò îò C n

2
. 

Ñëåäîâàòåëüíî, çíàÿ çàâèñèìîñòü Rmax îò C n

2
, ìîæíî 

ïîëó÷àòü èíôîðìàöèþ î ñòðóêòóðíîé õàðàêòåðèñòè-
êå òóðáóëåíòíûõ ïóëüñàöèé ïîêàçàòåëÿ ïðåëîìëåíèÿ 
ïóòåì íàõîæäåíèÿ ïîëîæåíèÿ ìàêñèìóìà â ðàñïðå-
äåëåíèè ëèäàðíîãî îòíîøåíèÿ ñèãíàë-øóì SNR(R) 
âäîëü òðàññû çîíäèðîâàíèÿ. 

Äëÿ íàõîæäåíèÿ çàâèñèìîñòè Rmax îò C n

2
, â ñëó-

÷àå ñòàòèñòè÷åñêîé îäíîðîäíîñòè òóðáóëåíòíîñòè íà 
òðàññå çîíäèðîâàíèÿ, êîãäà C n

2
 íå çàâèñèò îò R, ìû 

âîñïîëüçîâàëèñü ÷èñëåííûì ìîäåëèðîâàíèåì ðàáîòû 
ÈÊÄË â òóðáóëåíòíîé àòìîñôåðå. Îïèñàíèå àëãî-
ðèòìà ìîäåëèðîâàíèÿ ðàáîòû ÈÊÄË ìîæíî íàéòè, 
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íàïðèìåð, â [1, ñ. 27]. ×èñëåííîå ìîäåëèðîâàíèå îñó- 
ùåñòâëÿëîñü äëÿ ëèäàðà ñî ñëåäóþùèìè ïàðàìåòðàìè: 
äëèíà âîëíû ëàçåðà λ = 2 ìêì, äëèòåëüíîñòü çîí-
äèðóþùåãî èìïóëüñà τP = 400 íñ, ðàäèóñ ïó÷êà íà 
âûõîäå èç òåëåñêîïà a0 = 2,5 ñì è ôîêóñíîå ðàñ-
ñòîÿíèå F = 1,5 êì. Ýòè ïàðàìåòðû ñîîòâåòñòâóþò 
2-ìèêðîííîìó èìïóëüñíîìó ÊÄË Ãåðìàíñêîãî àýðî-
êîñìè÷åñêîãî öåíòðà [3]. 

Íà ðèñ. 1 ïðåäñòàâëåíû çàâèñèìîñòè îòíîøåíèÿ 

ñèãíàë-øóì îò äàëüíîñòè èçìåðåíèÿ SNR(R), ðàñ-
ñ÷èòàííûå íà îñíîâå ÷èñëåííîãî ìîäåëèðîâàíèÿ äëÿ 
êîëìîãîðîâñêîãî ñïåêòðà ôëóêòóàöèé ïîêàçàòåëÿ ïðå- 
ëîìëåíèÿ [4] ïðè ðàçëè÷íûõ C n

2
. Âèäíî, ÷òî ñ óâåëè-

÷åíèåì C n

2
 ìàêñèìóì ðàñïðåäåëåíèÿ SNR(R), ò.å. Rmax, 

ñìåùàåòñÿ â ñòîðîíó ëèäàðà. 

 

 
Ðèñ. 1. Çàâèñèìîñòü íîðìèðîâàííîãî îòíîøåíèÿ ñèãíàë-
øóì îò äàëüíîñòè çîíäèðîâàíèÿ ïðè C n

2
 = 0 (1), 10–14 (2), 

  5 ⋅ 10–14 (3), 10–13 (4) è 5 ⋅ 10–13 (5) ì–2/3 

 

Çàâèñèìîñòü Rmax îò C n

2
, ðàññ÷èòàííàÿ íà îñíîâå 

÷èñëåííîãî ìîäåëèðîâàíèÿ, ïîêàçàíà íà ðèñ. 2 â âèäå 
ñïëîøíîé êðèâîé. Ñîãëàñíî ðåçóëüòàòàì ðàñ÷åòà âå- 
ëè÷èíà Rmax èçìåíÿåòñÿ îò 950  ïðè C n

2
 ≤ 10–15 ì–2/3 

äî 250 ì ïðè C n

2
 = 10–12 ì–2/3. 

Çàâèñèìîñòü îòíîøåíèÿ ñèãíàë-øóì îò äàëüíî-
ñòè èçìåðåíèÿ SNR(R) â âèäå àíàëèòè÷åñêîãî âûðà-
æåíèÿ ìîæåò áûòü ïîëó÷åíà ëèøü ñ èñïîëüçîâàíè-
åì òîãî èëè èíîãî ïðèáëèæåíèÿ. Â ÷àñòíîñòè, äëÿ 
SNR(R) â ïðåíåáðåæåíèè êîððåëÿöèåé âñòðå÷íûõ 

âîëí [5, 6] (áèñòàòè÷åñêîå ïðèáëèæåíèå) è ñ èñïîëü-
çîâàíèåì êâàäðàòè÷åñêîé àïïðîêñèìàöèè [4–6] ìîæ- 
íî ïîëó÷èòü ïðîñòóþ ôîðìóëó âèäà [1, 2]: 

 
π

η λ
= β

ν π

2

2

2

0

SNR( ) ( ) ( ) ,
4 ( )

P

A

E c
R R T R

h B a g R
 (1) 

ãäå η – êâàíòîâàÿ ýôôåêòèâíîñòü ôîòîäåòåêòîðà; 
EP – ýíåðãèÿ çîíäèðóþùåãî èìïóëüñà; c – ñêîðîñòü 
ñâåòà; hν – ýíåðãèÿ ôîòîíà; B – ïîëîñà ïðîïóñêà-
íèÿ ïðèåìíèêà; β

π
(R) – êîýôôèöèåíò îáðàòíîãî àý-

ðîçîëüíîãî ðàññåÿíèÿ; TA(R) – àòìîñôåðíîå ïðîïóñ-
êàíèå; 

 
Ðèñ. 2. Çàâèñèìîñòü ðàññòîÿíèÿ ìåæäó ëèäàðîì è òî÷êîé 
ìàêñèìóìà Rmax îòíîøåíèÿ ñèãíàë-øóì îò ñòðóêòóðíîé õà- 
ðàêòåðèñòèêè ïîêàçàòåëÿ ïðåëîìëåíèÿ C n

2
; ñïëîøíàÿ ëè-

íèÿ – ðåçóëüòàò ðàñ÷åòà ñ èñïîëüçîâàíèåì ÷èñëåííîãî ìî-
äåëèðîâàíèÿ, øòðèõîâàÿ – ðåçóëüòàò ðàñ÷åòà ñ èñïîëüçî- 
  âàíèåì ôîðìóë (2) è (3) 

 

 
⎛ ⎞ ⎛ ⎞λ⎛ ⎞= + +⎜ ⎟ ⎜ ⎟⎜ ⎟ π⎝ ⎠ ⎝ ⎠ ⎝ ⎠

22 2

0

2 2

0

4
( ) 1– 1

( ) 2s

R a R
g R

F r R a
 (2) 

– íîðìèðîâàííûé êâàäðàò ýôôåêòèâíîãî ðàäèóñà çîí- 
äèðóþùåãî ïó÷êà íà ðàññòîÿíèè R; 

 
⎡ ⎤π⎛ ⎞ ⎛ ⎞⎢ ⎥= μ ⎜ ⎟ ⎜ ⎟λ⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

∫
–3 5

2 5 2

2

0

2
( ) ( ) 1–

R

s n

z
r R dzC z

R
 (3) 

– ðàäèóñ ïðîñòðàíñòâåííîé êîãåðåíòíîñòè ñôåðè÷å-
ñêîé âîëíû, ðàñïðîñòðàíÿþùåéñÿ èç òî÷êè z = R  
â òî÷êó z = 0 (ïðè óñëîâèè, ÷òî � ,

s n
r l  ln – âíóò-

ðåííèé ìàñøòàá òóðáóëåíòíîñòè); μ = 1,45 [4]. 
Ñîãëàñíî ôîðìóëå (1) äëÿ ñòàòèñòè÷åñêè îäíî-

ðîäíîé àòìîñôåðû (β
π
 è C n

2
 íå çàâèñÿò îò ðàññòîÿ-

íèÿ R) è TA(R) ≈ 1 ìàêñèìóì ôóíêöèè SNR(R) ñîâ-
ïàäàåò ñ ìèíèìóìîì g(R). Ðåçóëüòàò ðàñ÷åòà çàâèñè-
ìîñòè Rmax(C n

2
), ïîëó÷åííîé ïóòåì íàõîæäåíèÿ òî÷åê 

ìèíèìóìà ôóíêöèè g(R), ïðåäñòàâëåí íà ðèñ. 2  
â âèäå øòðèõîâîé êðèâîé. Âèäíî, ÷òî ñïëîøíàÿ êðè-
âàÿ, ïîëó÷åííàÿ íà îñíîâå ÷èñëåííîãî ìîäåëèðîâà-
íèÿ, ãäå ó÷èòûâàåòñÿ êîððåëÿöèÿ âñòðå÷íûõ âîëí 
[5, 6], è øòðèõîâàÿ êðèâàÿ, ðàññ÷èòàííàÿ ñ èñïîëü-
çîâàíèåì ôîðìóë (2), (3), ñóùåñòâåííî îòëè÷àþòñÿ 
äðóã îò äðóãà. Òàê ÷òî èñïîëüçîâàíèå ïðèáëèæåííûõ 
ôîðìóë äëÿ îöåíèâàíèÿ C n

2
 ïî ñìåùåíèþ ìàêñèìó-

ìà ðàñïðåäåëåíèÿ SNR âäîëü òðàññû çîíäèðîâàíèÿ 
áóäåò ïðèâîäèòü ê çíà÷èòåëüíîé ïîãðåøíîñòè. Äëÿ 
îöåíèâàíèÿ C n

2
 ýòèì ñïîñîáîì íåîáõîäèìî èñïîëüçî-

âàòü ðàñ÷åòíûå äàííûå äëÿ Rmax(C n

2
), ïîëó÷åííûå íà 

îñíîâå ÷èñëåííîãî ìîäåëèðîâàíèÿ ïî ñòðîãèì ôîð-
ìóëàì. Îöåíèâàíèå ñòðóêòóðíîé õàðàêòåðèñòèêè C n

2
 

èç äàííûõ àòìîñôåðíîãî ýêñïåðèìåíòà íàìè îñóùå-
ñòâëÿëîñü ñ èñïîëüçîâàíèåì çàâèñèìîñòè Rmax(C n

2
). 
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2. Ýêñïåðèìåíò 
 

Äëÿ îïðåäåëåíèÿ C n

2
 îïèñàííûì âûøå ñïîñîáîì 

ìû âîñïîëüçîâàëèñü èñõîäíûìè äàííûìè ëèäàðíûõ 
ýêñïåðèìåíòîâ, ïðîâîäèâøèõñÿ íà ëåòíîì ïîëå àý-
ðîïîðòà Ìþíõåíà âåñíîé 2011 ã. Â ýêñïåðèìåíòàõ 

áûë çàäåéñòâîâàí 2-ìèêðîííûé èìïóëüñíûé ÊÄË 

Ãåðìàíñêîãî àýðîêîñìè÷åñêîãî öåíòðà [3]. Öåëüþ 

ýêñïåðèìåíòîâ áûëî ëèäàðíîå èññëåäîâàíèå âèõðåé, 
ãåíåðèðóåìûõ èäóùèìè íà ïîñàäêó ñàìîëåòàìè. Ïî-
ýòîìó âî âðåìÿ ëèäàðíûõ èçìåðåíèé èñïîëüçîâàëîñü 
ñêàíèðîâàíèå çîíäèðóþùèì ïó÷êîì â âåðòèêàëüíîé 
ïëîñêîñòè ïåðïåíäèêóëÿðíî âçëåòíî-ïîñàäî÷íîé ïî- 
 

ëîñå. Ìàêñèìàëüíûé óãîë ìåñòà ϕ ñîñòàâëÿë 6°, à ñêî- 
ðîñòü ñêàíèðîâàíèÿ áûëà ðàâíà 2 °/ñ. 

Ñ öåëüþ ïîëó÷åíèÿ ñðåäíåãî ïðîôèëÿ SNR(Ri), 
ãäå Ri = R0 + iΔR, R0 = 400 ì, i = 0, 1, 2, …, 500  
è ΔR = 3 ì, ïðè îáðàáîòêå ëèäàðíûõ äàííûõ ïðè-
ìåíÿëàñü àêêóìóëÿöèÿ îòäåëüíûõ îöåíîê îòíîøåíèÿ 
ñèãíàë-øóì äëÿ êàæäîé ïîñûëêè çîíäèðóþùåãî èì-
ïóëüñà, íàêàïëèâàåìûõ â òå÷åíèå 5 ìèí è ïîïàäàþ-
ùèõ â èíòåðâàë óãëîâ ìåñòà îò 1 äî 3°. Â ýòîì ñëó-
÷àå îöåíêà Rmax ïîëó÷àëàñü êàê ðåçóëüòàòû óñðåäíå-
íèÿ SNR ïî âåðòèêàëüíîìó ñëîþ â ïðåäåëàõ âûñîò 
ïðèìåðíî îò 1,5 äî 10 ì. Ñ èñïîëüçîâàíèåì ïîëó÷åí-
íîé îöåíêè Rmax è äàííûõ, ïðåäñòàâëåííûõ íà ðèñ. 2 
 

 

 
 à á 

 
 â ã 

 
 ä å 

Ðèñ. 3. Âðåìåííîé õîä ñòðóêòóðíîé õàðàêòåðèñòèêè ïîêàçàòåëÿ ïðåëîìëåíèÿ âîçäóõà C n

2
 (êðóæî÷êè, øêàëà ñëåâà) è ñêî- 

ðîñòè äèññèïàöèè êèíåòè÷åñêîé ýíåðãèè òóðáóëåíòíîñòè ε (ñïëîøíûå êðèâûå, øêàëà ñïðàâà), ïîëó÷åííûé èç ëèäàðíûõ 
  äàííûõ 30.03.2011 (à), 31.03.2011 (á), 01.04.2011 (â), 05.04.2011 (ã), 06.04.2011 (ä) è 07.04.2011 (å) 
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â âèäå ñïëîøíîé êðèâîé, îïðåäåëÿëàñü ñòðóêòóðíàÿ 
õàðàêòåðèñòèêà C n

2
. Äëÿ èñïîëüçîâàâøåãîñÿ â ýêñïå- 

ðèìåíòàõ 2-ìèêðîííîãî ÈÊÄË ìèíèìàëüíàÿ äàëü- 
íîñòü çîíäèðîâàíèÿ ñîñòàâëÿåò 400 ì. Òàê ÷òî, ñî-
ãëàñíî ðåçóëüòàòàì ÷èñëåííîãî ìîäåëèðîâàíèÿ íà 

ðèñ. 2, ìàêñèìàëüíîå çíà÷åíèå C n

2
, êîòîðîå ìîæíî 

îïðåäåëèòü ïî ïîëîæåíèþ òî÷êè ìàêñèìóìà ðàñïðå-
äåëåíèÿ SNR(Ri), äëÿ ýòîãî ëèäàðà íå ïðåâûøàåò 
3,5 ⋅ 10–13 ì–2/3. Ýòîãî îãðàíè÷åíèÿ ìîæåò íå áûòü 

äëÿ äðóãèõ ëèäàðîâ. Íàïðèìåð, äëÿ ëèäàðà HRDL [7] 
äëèòåëüíîñòü çîíäèðóþùåãî èìïóëüñà τP = 200 íñ  
è ìèíèìàëüíàÿ äàëüíîñòü çîíäèðîâàíèÿ, êîòîðàÿ 

äîëæíà óäîâëåòâîðÿòü óñëîâèþ τ�0 2,PR c  ñîñòàâ-
ëÿåò ïðèìåðíî 200 ì. Ýòî ïîçâîëÿåò èç äàííûõ ëè-
äàðà HRDL è äðóãèõ ÈÊÄË ñ êîðîòêîèìïóëüñíûì 
çîíäèðóþùèì èçëó÷åíèåì îïðåäåëÿòü C n

2
 â áîëåå 

øèðîêîì äèàïàçîíå, âïëîòü äî ìàêñèìàëüíûõ çíà-
÷åíèé C n

2
, íàáëþäàþùèõñÿ â àòìîñôåðå. 

Íàðÿäó ñ îöåíèâàíèåì C n

2
, èç ýòèõ æå ëèäàðíûõ 

äàííûõ ìû îïðåäåëÿëè ñêîðîñòü äèññèïàöèè êèíå- 
òè÷åñêîé ýíåðãèè òóðáóëåíòíîñòè ε ìåòîäîì ïðî-
äîëüíîé ñòðóêòóðíîé ôóíêöèè ðàäèàëüíîé ñêîðîñòè 
[1, 8–12], èñïîëüçóÿ äëÿ ðàñ÷åòà ñòðóêòóðíîé ôóíê-
öèè ëèäàðíûå äàííûå, èçìåðåííûå â ïðèëåãàþùåì 
ê Çåìëå ñëîå òîëùèíîé 30 ì. 

Íà ðèñ. 3 ïðåäñòàâëåí ïîëó÷åííûé èç ëèäàðíûõ 
èçìåðåíèé âðåìåííîé õîä ñòðóêòóðíîé õàðàêòåðè-
ñòèêè ïîêàçàòåëÿ ïðåëîìëåíèÿ âîçäóõà è ñêîðîñòè 
äèññèïàöèè êèíåòè÷åñêîé ýíåðãèè òóðáóëåíòíîñòè. 
  Âèäíî, ÷òî çà èñêëþ÷åíèåì ïðåäñòàâëåííûõ íà 
ðèñ. 3, á äàííûõ ñòðóêòóðíàÿ õàðàêòåðèñòèêà ïîêà-
çàòåëÿ ïðåëîìëåíèÿ C n

2
 ðàñòåò ñ óòðà ñî âðåìåíåì, 

äîñòèãàÿ ìàêñèìóìà ê ïîëóäíþ. Òàêîé âðåìåííîé õîä 

C n

2
 â ïðèçåìíîì ñëîå àòìîñôåðû ýêñïåðèìåíòàëüíî 

íàáëþäàëñÿ äðóãèìè àâòîðàìè íà îñíîâå ïðÿìûõ 

èçìåðåíèé ôëóêòóàöèé òåìïåðàòóðû [4] è ñ èñïîëü-
çîâàíèåì ñöèíòèëëîìåòðà SLS-20 [13]. Ïðåäñòàâëåí-
íûå íà ðèñ. 3 çíà÷åíèÿ C n

2
 õîðîøî ñîãëàñóþòñÿ ñî 

çíà÷åíèÿìè ñòðóêòóðíîé õàðàêòåðèñòèêè ïîêàçàòå-
ëÿ ïðåëîìëåíèÿ âîçäóõà íà âûñîòå 1,8 ì, ïîëó÷åí-
íûìè â [13]. 

Íà ðèñ. 3 òàêæå ïðåäñòàâëåíû âðåìåííûå çàâè-
ñèìîñòè ñêîðîñòè äèññèïàöèè ε. Âèäíî, ÷òî êàê ñòðóê-
òóðíàÿ õàðàêòåðèñòèêà C n

2
, òàê è ñêîðîñòü äèññèïà-

öèè òóðáóëåíòíîé ýíåðãèè ε âîçðàñòàþò ïî ìåðå ïðî-
ãðåâà ïîâåðõíîñòè Çåìëè íà÷èíàÿ ñ 7 óòðà ìåñòíîãî 
âðåìåíè è äîñòèãàþò ìàêñèìóìà â ïîëóäåííûå ÷àñû, 
êîãäà â àòìîñôåðå, êàê ïðàâèëî, ðåàëèçóåòñÿ íåóñ-
òîé÷èâàÿ òåðìè÷åñêàÿ ñòðàòèôèêàöèÿ. Â ðÿäå ñëó÷à-
åâ âðåìåííîé õîä C n

2
 è ε ïî÷òè îäèíàêîâ, íàïðèìåð 

1 àïðåëÿ (ðèñ. 3, â). Îäíàêî åñòü ñèòóàöèè (ðèñ. 3, á), 
êîãäà çàâèñèìîñòè C n

2
 è ε îò âðåìåíè ñóùåñòâåííî 

ðàçëè÷àþòñÿ. 

 

Çàêëþ÷åíèå 
 

Â íàñòîÿùåé ñòàòüå ïðåäëîæåí ñïîñîá îïðåäåëå-
íèÿ ñòðóêòóðíîé õàðàêòåðèñòèêè ïîêàçàòåëÿ ïðåëîì- 
ëåíèÿ C n

2
 èç èçìåðåíèé ðàññòîÿíèÿ Rmax îò ëèäàðà 

äî òî÷êè ìàêñèìóìà â ðàñïðåäåëåíèè îòíîøåíèÿ 
ñèãíàë-øóì âåòðîâîãî ÈÊÄË âäîëü òðàññû çîíäè-

ðîâàíèÿ. Ñïîñîá àïðîáèðîâàí â àòìîñôåðíûõ ýêñïå-
ðèìåíòàõ. Ïðîâåäåíî ñîïîñòàâëåíèå âðåìåííûõ õî-
äîâ C n

2
 è ε, ïîëó÷åííûõ ñîîòâåòñòâåííî ïðåäëîæåí-

íûì ñïîñîáîì è ìåòîäîì ïðîäîëüíîé ñòðóêòóðíîé 
ôóíêöèè ðàäèàëüíîé ñêîðîñòè [1, 8–12], èç îäíèõ 
è òåõ æå äàííûõ, èçìåðåííûõ 2-ìèêðîííûì ÈÊÄË 
íà ëåòíîì ïîëå àýðîïîðòà Ìþíõåíà âåñíîé 2011 ã. 
Ïðåäñòàâëåííûå íà ðèñ. 3 ýêñïåðèìåíòàëüíûå äàí-
íûå äëÿ C n

2
 íå ïðîòèâîðå÷àò ðåçóëüòàòàì èçìåðåíèÿ 

ñòðóêòóðíîé õàðàêòåðèñòèêè â ïðèçåìíîì ñëîå àò-
ìîñôåðû ïðÿìûìè [4] è îïòè÷åñêèìè [13] ìåòîäàìè. 
Â äàëüíåéøåì ìû ïëàíèðóåì ïðîâåäåíèå èññëåäîâà-
íèé òî÷íîñòè îïðåäåëåíèÿ ñòðóêòóðíîé õàðàêòåðè-
ñòèêè ïîêàçàòåëÿ ïðåëîìëåíèÿ (òåìïåðàòóðû) âîç-
äóõà ïðåäëîæåííûì â ýòîé ðàáîòå ñïîñîáîì ïóòåì 
ñðàâíèòåëüíîãî àíàëèçà îöåíîê C n

2
 èç äàííûõ èçìå-

ðåíèé ÈÊÄË «Stream Line» [14] è àêóñòè÷åñêîãî 
àíåìîìåòðà. 

Ðàáîòà âûïîëíåíà ïðè ÷àñòè÷íîé ôèíàíñîâîé 
ïîääåðæêå ÐÔÔÈ (ïðîåêòû ¹ 13-05-00458 è 12-05-
00332). 
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V.A. Banakh, I.N. Smalikho, S. Rahm. Estimation of the structure characteristics of refractive index of air 
from a coherent Doppler wind lidar data. 

A technique is proposed for estimation of the structure characteristics of refractive index of air from data  
of a coherent Doppler wind lidar. The proposed technique is tested in atmospheric experiments. Time profiles  
of the structure characteristics of refractive index in the atmospheric surface layer are obtained and compared 
with the time profiles of the dissipation rate of the kinetic energy of turbulence obtained from the same lidar 
data. It is shown in this way that coherent lidars can be used for investigation of not only wind turbulence, but 
also temperature turbulence. 

 

12. Îïòèêà àòìîñôåðû è îêåàíà, ¹ 9. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


