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Íàñòîÿùàÿ ðàáîòà ïîñâÿùåíà èññëåäîâàíèþ âëèÿíèÿ ñóòî÷íîé äèíàìèêè òóðáóëåíòíûõ ïðîöåññîâ  

â ïðèçåìíîì ñëîå àòìîñôåðû íà ñóòî÷íóþ äèíàìèêó íàïðÿæåííîñòè ýëåêòðè÷åñêîãî ïîëÿ â ýòîì ñëîå. Ñî-
ãëàñíî ñóùåñòâóþùåé ïðàêòèêå ìîäåëèðîâàíèÿ ýëåêòðîäíîãî ïðèçåìíîãî ñëîÿ àòìîñôåðû ïðè íàëè÷èè òóð-
áóëåíòíûõ ïðîöåññîâ êîýôôèöèåíò òóðáóëåíòíîé äèôôóçèè â ïðåäåëàõ ýëåêòðîäíîãî ñëîÿ ÿâëÿåòñÿ ôóíê-
öèåé âûñîòû è èìååò ñòàöèîíàðíûé õàðàêòåð; çàäàåòñÿ òàêàÿ çàâèñèìîñòü èñõîäÿ èç ãèäðîäèíàìè÷åñêèõ 
ïðåäñòàâëåíèé. Ïðåäëîæåíà ìàòåìàòè÷åñêàÿ ìîäåëü äèíàìèêè íàïðÿæåííîñòè ýëåêòðè÷åñêîãî ïîëÿ â ïðè-
çåìíîì ñëîå àòìîñôåðû â ñëó÷àå òóðáóëåíòíîãî ýëåêòðîäíîãî ýôôåêòà. Îñíîâíûì óðàâíåíèåì ìîäåëè ñëó-
æèò óðàâíåíèå ïîëíîãî òîêà â ïðèçåìíîì ñëîå, ïîëó÷åííîå â ïðèáëèæåíèè ñèëüíîãî òóðáóëåíòíîãî ïåðåìå-
øèâàíèÿ è îïèñûâàþùåå ýëåêòðîäèíàìèêó ýòîãî ñëîÿ êàê ðåçóëüòàò äåéñòâèÿ ñîâîêóïíîñòè ëîêàëüíîãî  
è ãëîáàëüíîãî òîêîâûõ ãåíåðàòîðîâ. Ðàññìàòðèâàåòñÿ íåñòàöèîíàðíûé õàðàêòåð òóðáóëåíòíîãî îáìåíà ñ öå-
ëüþ ïîäòâåðæäåíèÿ ðàíåå âûÿâëåííûõ àâòîðàìè ýôôåêòîâ â ñóòî÷íîé äèíàìèêå íàïðÿæåííîñòè ýëåêòðè÷å-
ñêîãî ïîëÿ ïðèçåìíîãî ñëîÿ â óñëîâèÿõ ñòàöèîíàðíîé òóðáóëåíòíîñòè. Äëÿ îïèñàíèÿ ñóòî÷íîé äèíàìèêè 
òóðáóëåíòíûõ ïðîöåññîâ èñïîëüçîâàíû äàííûå ãðàäèåíòíûõ èçìåðåíèé â âûñîêîãîðíûõ óñëîâèÿõ Ïðèýëüá-
ðóñüÿ. Ïîëó÷åíà çàâèñèìîñòü êîýôôèöèåíòà òóðáóëåíòíîé äèôôóçèè îò âðåìåíè, ñ ó÷åòîì êîòîðîé â ðå-
çóëüòàòå ðåøåíèÿ óðàâíåíèÿ ïîëíîãî òîêà íàéäåíî óòî÷íåííîå âûðàæåíèå äëÿ ñóòî÷íîé äèíàìèêè íàïðÿæåí-
íîñòè ïîëÿ. Óñòàíîâëåíî ïîÿâëåíèå ñäâèãà ïî âðåìåíè ñóòî÷íûõ ýêñòðåìóìîâ, èçìåíåíèå èõ àìïëèòóäû  
è âîçíèêíîâåíèå äîïîëíèòåëüíûõ ýêñòðåìóìîâ, çàâèñÿùèõ îò çíà÷åíèé ýëåêòðè÷åñêîãî ïîëÿ. Âñå ïåðå÷èñ-
ëåííûå ýôôåêòû ñîïîñòàâèìû ñ ãëîáàëüíîé óíèòàðíîé âàðèàöèåé è óâåëè÷èâàþòñÿ ñ óñèëåíèåì íàïðÿæåí-
íîñòè ýëåêòðè÷åñêîãî ïîëÿ. Ðåçóëüòàòû èññëåäîâàíèé ìîãóò áûòü ïîëåçíû äëÿ ðåøåíèÿ ðÿäà ïðèêëàäíûõ 
çàäà÷ ãåîôèçèêè, â ÷àñòíîñòè ìîíèòîðèíãà ýëåêòðè÷åñêîãî ïîëÿ àòìîñôåðû è àíàëèçà äàííûõ àòìîñôåðíî-
ýëåêòðè÷åñêèõ èçìåðåíèé. 
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Ââåäåíèå 
 

Ñóòî÷íàÿ äèíàìèêà íàïðÿæåííîñòè ýëåêòðè÷å-
ñêîãî ïîëÿ â ïðèçåìíîì ñëîå àòìîñôåðû îïðåäåëÿåò-
ñÿ ìíîæåñòâîì ôàêòîðîâ, êîòîðûå ìîæíî ðàçäåëèòü 
íà ãëîáàëüíûå, çàâèñÿùèå îò ïàðàìåòðîâ ãëîáàëü-
íîé ýëåêòðè÷åñêîé öåïè, è ëîêàëüíûå, çàâèñÿùèå 
îò ãåîãðàôè÷åñêèõ (øèðîòà, âûñîòà íàä óðîâíåì 
ìîðÿ) è ìåòåîðîëîãè÷åñêèõ ïàðàìåòðîâ [1–4]. Â ðà-
áîòàõ [5–7] òåîðåòè÷åñêè èññëåäîâàíû ñóòî÷íûå âà- 
ðèàöèè íàïðÿæåííîñòè ýëåêòðè÷åñêîãî ïîëÿ â òóð-
áóëåíòíîì ïðèçåìíîì ñëîå âñëåäñòâèå èçìåíåíèé  
âî âðåìåíè çíà÷åíèé ãëîáàëüíîãî òîêà, êîòîðûå  
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ïîâòîðÿþò ïî õàðàêòåðó ïîëó÷åííóþ ýêñïåðèìåí-
òàëüíî êðèâóþ Êàðíåãè [8, 9]. Èç îáùèõ óðàâíå-
íèé ýëåêòðîäíîãî ýôôåêòà [5] ñëåäóåò óðàâíåíèå äëÿ 
ïîëíîãî ýëåêòðè÷åñêîãî òîêà, ñîäåðæàùåå êîýôôè-
öèåíò òóðáóëåíòíîé äèôôóçèè â êà÷åñòâå ìíîæèòå-
ëÿ ïðè ñòàðøåé ïðîèçâîäíîé íàïðÿæåííîñòè ýëåê-
òðè÷åñêîãî ïîëÿ. Â óêàçàííûõ ðàáîòàõ îñíîâíîå 
âíèìàíèå óäåëÿëîñü èçó÷åíèþ âëèÿíèÿ ãëîáàëüíîé 
óíèòàðíîé âàðèàöèè íà ñóòî÷íûé õîä íàïðÿæåí- 
íîñòè ýëåêòðè÷åñêîãî ïîëÿ ïðèçåìíîãî ñëîÿ. Èí-
òåíñèâíîñòü òóðáóëåíòíîãî ïåðåíîñà ðàññìàòðèâà- 
ëàñü ôèêñèðîâàííîé â ïðåäåëàõ ýëåêòðîäíîãî ñëîÿ 
(ïðèçåìíîãî ñëîÿ àòìîñôåðû âûñîòîé äî 30 ì, ãäå 
íàáëþäàåòñÿ ýëåêòðîäíûé ýôôåêò). Ñ öåëüþ ïðåä-
ñòàâëåíèÿ ðàçëè÷íûõ ñëó÷àåâ òóðáóëåíòíîãî ïåðå-
íîñà â ïðåäåëàõ ýëåêòðîäíîãî ñëîÿ áðàëèñü ðàçëè÷-
íûå çíà÷åíèÿ êîýôôèöèåíòà òóðáóëåíòíîé äèôôó-
çèè, ïðèâîäèâøèå ê âðåìåííûì ñäâèãàì óòðåííåãî 
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è âå÷åðíåãî ýêñòðåìóìîâ íà ãðàôèêå íàïðÿæåííî-
ñòè ïîëÿ è èçìåíåíèþ âðåìåííûõ è àìïëèòóäíûõ 
çíà÷åíèé óêàçàííûõ ýêñòðåìóìîâ ñ ðîñòîì òóðáó-
ëåíòíîñòè. Èõ âðåìåííîå ñìåùåíèå íàáëþäàëîñü 
îòíîñèòåëüíî õàðàêòåðèñòèê ñóòî÷íîãî õîäà ïëîò-
íîñòè ïîëíîãî òîêà. Äèàïàçîí ñìåùåíèé ñîñòàâëÿë 
îò 1 äî 3 ÷ [5–7]. Íàëè÷èå òóðáóëåíòíûõ ÿâëåíèé 
â ïðèçåìíîì ñëîå àòìîñôåðû âëèÿåò íà îïòè÷åñêèå 
ñâîéñòâà íèæíèõ ñëîåâ àòìîñôåðû, ñîçäàâàÿ íåîä-
íîðîäíîñòü ïëîòíîñòè âîçäóøíûõ ñëîåâ [10]. Â ÷à-
ñòíîñòè, òåðìè÷åñêè íàâåäåííàÿ òóðáóëåíòíîñòü  
â àòìîñôåðå âåäåò ê èçìåíåíèþ õàðàêòåðèñòèê ðàñ-
ïðîñòðàíåíèÿ ëàçåðíîãî èçëó÷åíèÿ [11]. Îòäåëüíî 
íåîáõîäèìî îòìåòèòü âëèÿíèå íà îïòè÷åñêèå  
è ýëåêòðè÷åñêèå ñâîéñòâà ïðèçåìíîé àòìîñôåðû 
ïðîöåññîâ òóðáóëåíòíîé äèôôóçèè â ñî÷åòàíèè  
ñ íàëè÷èåì àýðîçîëüíûõ ÷àñòèö [12]. 

Âîçíèêàåò íåîáõîäèìîñòü áîëåå äåòàëüíîãî èçó-
÷åíèÿ îïèñàííûõ îñîáåííîñòåé ïîâåäåíèÿ íàïðÿ-
æåííîñòè ïîëÿ, óñòàíîâëåíèÿ èõ òî÷íûõ ïðè÷èí. 
Ýòî, â ñâîþ î÷åðåäü, òðåáóåò óòî÷íåíèÿ èññëåäóåìîé 
ìàòåìàòè÷åñêîé ìîäåëè ïóòåì îáîñíîâàíèÿ è âêëþ-
÷åíèÿ â ìîäåëü çàêîíîìåðíîñòè, îòðàæàþùåé ðåàëü-
íîå ïîâåäåíèå êîýôôèöèåíòà òóðáóëåíòíîé äèôôó-
çèè â òå÷åíèå ñóòîê â ðåçóëüòàòå àíàëèçà ýêñïåðè-
ìåíòàëüíûõ äàííûõ. 

Öåëü íàñòîÿùåé ðàáîòû – èññëåäîâàíèå âëèÿ-
íèÿ íåñòàöèîíàðíûõ òóðáóëåíòíûõ ïðîöåññîâ â ïðè-
çåìíîì ñëîå àòìîñôåðû íà ñóòî÷íóþ äèíàìèêó íà-
ïðÿæåííîñòè ýëåêòðè÷åñêîãî ïîëÿ âáëèçè ïîâåðõ-
íîñòè çåìëè. 

 

Ýêñïåðèìåíòàëüíûå äàííûå 
 

Â êà÷åñòâå îñíîâû äëÿ âûÿâëåíèÿ ýêñïåðèìåí-
òàëüíîé çàêîíîìåðíîñòè ñóòî÷íîãî èçìåíåíèÿ êî-
ýôôèöèåíòà òóðáóëåíòíîé äèôôóçèè èñïîëüçîâàíû 
äàííûå ãðàäèåíòíûõ èçìåðåíèé (160) òåìïåðàòóðû 

è ñêîðîñòè âåòðà äëÿ ïóíêòîâ, ðàñïîëîæåííûõ  
â âûñîêîãîðíîé çîíå Ïðèýëüáðóñüÿ. 

Íà îñíîâå àíàëèçà âðåìåííûõ ðÿäîâ çíà÷åíèé 
êîýôôèöèåíòà òóðáóëåíòíîé äèôôóçèè D ñ ïåðèî- 
 

äîì â îäíè ñóòêè äëÿ ïåðâîé ãàðìîíèêè áûëè ðàññ÷è-
òàíû àìïëèòóäíûå è ôàçîâûå çíà÷åíèÿ è ïðîâåäåíà 
îöåíêà åå âêëàäà â ñðåäíåñóòî÷íóþ äèñïåðñèþ D. 
Âðåìåííûå ðÿäû äëÿ D ñîñòàâëÿëèñü â ðàìêàõ  
ìîäåëè ïëàíåòàðíîãî ïîãðàíè÷íîãî ñëîÿ Ë.Ð. Îð- 
ëåíêî [13]. Òîëùèíà ïðèçåìíîãî ñëîÿ ïðåäïîëàãà-
ëàñü â äèàïàçîíå îò 0,5 äî 2 ì. Ñîîòíîøåíèå,  
îïèñûâàþùåå âàðèàöèè èíòåíñèâíîñòè òóðáóëåíò-
íûõ ïðîöåññîâ â ïðèçåìíîì ñëîå â òå÷åíèå ñóòîê, 
èìååò âèä 

 0 sin cos ,
12 12

D D A t B t
π π⎛ ⎞ ⎛ ⎞

= + ⋅ + ⋅⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (1) 

ãäå D0 = 0,053 ì/ñ2 – ñðåäíåå çíà÷åíèå êîýôôèöè-
åíòà òóðáóëåíòíîé äèôôóçèè (ýêñïåðèìåíòàëüíî 
îïðåäåëåííîå äëÿ âñåãî ïåðèîäà èçìåðåíèé); t – 
âðåìÿ, ÷; A = −0,028 ì/ñ2 è B = −0,043 ì/ñ2 – êî-
ýôôèöèåíòû (ôàçà 2,2). 

Ñëåäóåò îòìåòèòü, ÷òî ïåðâàÿ ãàðìîíèêà (ñîîò-
âåòñòâóþùàÿ ñóòî÷íîé êîìïîíåíòå) ðÿäà çíà÷åíèé 
ñêîðîñòè âåòðà ó÷èòûâàåò 80–90% îò îáùåé äèñïåð-
ñèè (ò.å. ñóììàðíîãî èçìåíåíèÿ äàííîé âåëè÷èíû), 
÷òî ÿâíî ñâèäåòåëüñòâóåò î íàëè÷èè ïåðèîäè÷åñêîé 
(ñóòî÷íîé) êîìïîíåíòû â ðÿäàõ D. 

Íà ðèñ. 1 ïîêàçàí ñóòî÷íûé õîä, óñðåäíåííûé 
çà ïåðèîä íàáëþäåíèé (ýêñïåðèìåíòàëüíûå òî÷êè), 
è êðèâàÿ, ñìîäåëèðîâàííàÿ ñ ïîìîùüþ ãàðìîíè÷å-
ñêîãî àíàëèçà ñ ó÷åòîì ïåðâîé ãàðìîíèêè (ñïëîøíàÿ 

ëèíèÿ). Äàííûå ïðèâåäåíû äëÿ ðàéîíà íàáëþäåíèÿ 

íà ãîðíîé ìåòåîñòàíöèè Ïèê ×åãåò (3040 ì í.ó.ì., 
Ïðèýëüáðóñüå). Âèäíî, ÷òî òóðáóëåíòíûå ïðîöåññû 
â ïðèçåìíîì ñëîå äîñòèãàþò ìàêñèìàëüíîé èíòåí-
ñèâíîñòè â ðàéîíå ïîëóäíÿ. Ýòî îáúÿñíÿåòñÿ ìàê-
ñèìóìîì ïîòîêà ñîëíå÷íîé ýíåðãèè íà çåìíóþ ïî-
âåðõíîñòü, êîòîðûé ÿâëÿåòñÿ îäíèì èç ôàêòîðîâ 
ôîðìèðîâàíèÿ âîçäóøíûõ ïîòîêîâ â àòìîñôåðå â ýòî 
âðåìÿ ñóòîê. Ïðè ýòîì äàííûé ìàêñèìóì îòëè÷àåòñÿ 
ïî âðåìåíè îò ñóòî÷íîãî ìàêñèìóìà íàïðÿæåííîñòè 
ýëåêòðè÷åñêîãî ïîëÿ ïîä äåéñòâèåì ãëîáàëüíîé  

âàðèàöèè ïîòåíöèàëà èîíîñôåðû, êîòîðûé èìååò 

ìåñòî â ïåðèîä ñ 20:00 äî 21:00 ìåñòíîãî âðåìå- 
íè [3]. Òàêîå íåñîâïàäåíèå èíòåíñèâíîñòè äåéñòâèÿ  
 

 

 
Ðèñ. 1. Ñóòî÷íûé õîä êîýôôèöèåíòà òóðáóëåíòíîé äèôôóçèè â ñëîå 0,5–2 ì 



 

972 Òèìîøåíêî Ä.Â., Êóïîâûõ Ã.Â., Êóäðèíñêàÿ Ò.Â. 
 

 
ãëîáàëüíîãî (ãðîçîâîãî) è ëîêàëüíîãî (òóðáóëåíò-
íîãî) òîêîâîãî ãåíåðàòîðîâ â ðåçóëüòàòå ìîæåò 
ïðèâîäèòü ê èçìåíåíèþ âðåìåíè íàñòóïëåíèÿ ñó-
òî÷íûõ ýêñòðåìóìîâ íàïðÿæåííîñòè ýëåêòðè÷åñêîãî 
ïîëÿ. 

 

Ïîñòðîåíèå è àíàëèç ìîäåëè 
 

Ïîñòàâèì çàäà÷ó îïðåäåëåíèÿ ïðîñòðàíñòâåííî-
âðåìåííîé çàâèñèìîñòè íàïðÿæåííîñòè ýëåêòðè÷å-
ñêîãî ïîëÿ E(z, t) â ïðèçåìíîì ñëîå â ñëó÷àå íå-
ñòàöèîíàðíîãî õàðàêòåðà D, ïðåäïîëàãàÿ ïîñòîÿíñò-
âî ïëîòíîñòè òîêà íà âåðõíåé ãðàíèöå ýëåêòðîäíîãî 
ñëîÿ. Â ýòîì ñëó÷àå óðàâíåíèå ïîëíîãî òîêà â ïðè-
çåìíîì ñëîå ìîæíî çàïèñàòü â âèäå [5]: 

 
2

2
( ) 4 4 ,

E E
D t E j

t z

∂ ∂
− + πλ = π

∂ ∂
 (2) 

ãäå ïðàâàÿ ÷àñòü, ïðåäñòàâëÿþùàÿ ñîáîé ïîëíûé 
òîê j íà âåðõíåé ãðàíèöå ýëåêòðîäíîãî ñëîÿ, ÿâëÿ-
åòñÿ ïîñòîÿííîé âåëè÷èíîé; λ – ýëåêòðè÷åñêàÿ ïðî-
âîäèìîñòü âîçäóõà, êîòîðóþ òàêæå ïðèìåì ïîñòî-
ÿííîé; z – âûñîòà. 

Íà÷àëüíûå è ãðàíè÷íûå óñëîâèÿ äëÿ óðàâíå-
íèÿ (1) áóäåì ðàññìàòðèâàòü â âèäå 
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ãäå E0 – íàïðÿæåííîñòü ýëåêòðè÷åñêîãî ïîëÿ ó ïî-
âåðõíîñòè çåìëè. 

Òåîðåòè÷åñêóþ îöåíêó õàðàêòåðíîé âûñîòû òóð-
áóëåíòíîãî ñëîÿ ìîæíî ñäåëàòü íà îñíîâàíèè ïðåä-
ñòàâëåíèÿ êîýôôèöèåíòà òóðáóëåíòíîé äèôôóçèè 
êàê D(z) = D1z (äëÿ íåéòðàëüíîé ñòðàòèôèêàöèè 
ïðèçåìíîãî ñëîÿ) è âðåìåíè ýëåêòðè÷åñêîé ðåëàê-
ñàöèè êàê τ = (qα)−1/2. Òîãäà ïîëó÷àåì âûñîòó 
L = D1τ = 10–30 ì (τ – âðåìÿ ðåëàêñàöèè ýëåêòðè-
÷åñêîãî ïîëÿ – 250 ñ) ïðè èíòåíñèâíîñòè èîíîîáðà-
çîâàíèÿ q = 7 

⋅
 106 ì−3 

⋅
 c−1, êîýôôèöèåíò ðåêîìáè-

íàöèè àýðîèîíîâ α = 1,6 
⋅
 10−12 ì−3 

⋅
 c äëÿ èíòåíñèâ-

íîñòè òóðáóëåíòíîãî ïåðåíîñà D1 = 0,01–0,1 ì/ñ. 
  Â êà÷åñòâå çàêîíîìåðíîñòè, îïèñûâàþùåé ñó-
òî÷íûå âàðèàöèè D, ïðèìåì ñîîòíîøåíèå, àíàëî-
ãè÷íîå ôîðìóëå (1): 

 0( ) sin ( 3) cos ( 3) ,
12 12

D t D A t B t
π π⎛ ⎞ ⎛ ⎞

= + − + −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (4) 

ãäå àðãóìåíò âõîäÿùèõ â (4) ôóíêöèé áåðåòñÿ â âè-
äå (t − 3) ñ öåëüþ îáåñïå÷èòü ñîâïàäåíèå ëîêàëüíîé 
âðåìåííîé øêàëû ïóíêòîâ íàáëþäåíèÿ ñ ÷àñîâûì 
ïîÿñîì ïî Ãðèíâè÷ó (UT). Ïðåäñòàâëåíèå êîýôôè-
öèåíòà ïðè ñòàðøåé ïðîèçâîäíîé óðàâíåíèÿ ïîëíî-
ãî òîêà (2) ôóíêöèåé âèäà (4) ïðåâðàùàåò óêàçàí-
íóþ ôîðìóëó â óðàâíåíèå ñ ïåðåìåííûìè êîýôôè-
öèåíòàìè. Äëÿ ïðåîáðàçîâàíèÿ (1) âîñïîëüçóåìñÿ 
èçâåñòíûì ñîîòíîøåíèåì 

 sin ( 3) cos ( 3)
12 12

A t B t
π π⎛ ⎞ ⎛ ⎞

− + − =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 

 2 2 sin ( 3) ,
12

À Â t
π⎛ ⎞= + − + ϕ⎜ ⎟

⎝ ⎠
 (5) 

ãäå 
2 2

arccos

B

A B

ϕ = −

+

. 

Ñ ó÷åòîì ïðåäñòàâëåíèÿ (4) èñõîäíîå óðàâíå-
íèå (2) ïðèìåò âèä 
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Äèôôåðåíöèàëüíûé îïåðàòîð óðàâíåíèÿ (6) 
îòíîñèòåëüíî êîîðäèíàòû óäîâëåòâîðÿåò óñëîâèÿì 
Øòóðìà–Ëèóâèëëÿ, ïîýòîìó íà÷àëüíî-êðàåâàÿ çàäà- 
÷à (3)–(6) äîïóñêàåò ðåøåíèå ìåòîäîì ðàçäåëåíèÿ 
ïåðåìåííûõ [14]. Äëÿ ïðèâåäåíèÿ ãðàíè÷íûõ óñëî-
âèé (3) ê îäíîðîäíûì âûïîëíèì çàìåíó E − E0 = 
= E1(z, t). Óðàâíåíèå (6) ïðè óêàçàííîé çàìåíå 
èìååò âèä 
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Â ðåçóëüòàòå ïîëó÷àåì íåîäíîðîäíóþ íà÷àëü-
íî-êðàåâóþ çàäà÷ó äëÿ óðàâíåíèÿ ïàðàáîëè÷åñêîãî 
òèïà (7) îòíîñèòåëüíî íåèçâåñòíîé ôóíêöèè E1(z, t) 
ñ íåîäíîðîäíûì íà÷àëüíûì óñëîâèåì (8) è îäíî-
ðîäíûìè ãðàíè÷íûìè óñëîâèÿìè (9). Íåèçâåñòíóþ 
ôóíêöèþ ïðåäñòàâèì â âèäå ðÿäà 
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Φ  ÿâëÿþòñÿ ðåøåíèåì çàäà÷è 

Øòóðìà–Ëèóâèëëÿ 
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ñ ãðàíè÷íûìè óñëîâèÿìè 

 (0) ( ) 0.LΦ = Φ =  (12) 

Ñîáñòâåííûå ÷èñëà è ñîáñòâåííûå ôóíêöèè çà-
äà÷è (7) èìåþò âèä 
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Äëÿ îïðåäåëåíèÿ ôóíêöèé 1{ ( )}
n n

T t
∞

=
 íåîáõîäèìû 

ïîäñòàíîâêà ðÿäà (10) â óðàâíåíèÿ (7) è íà÷àëüíûå 
óñëîâèÿ (8) (óñëîâèÿ (9) âûïîëíÿþòñÿ àâòîìàòè÷å-
ñêè). Ñîîòâåòñòâèå êîýôôèöèåíòîâ ïðè áàçèñíîì íà- 
áîðå 1{ ( )}

n n
z

∞

=
Φ  ïðèâîäèò ê ñîñòàâëåíèþ ñëåäóþùåé 

çàäà÷è Êîøè äëÿ îïðåäåëåíèÿ ôóíêöèé Tn(t): 

 ( ) ( ) ( )
n n n n

T t D t T t′ + μ = α  (14) 

ñ íà÷àëüíûì óñëîâèåì 

 (0) ,
n ï

T = β  (15) 

ãäå ôóíêöèè αn è βn ïðåäñòàâëÿþò ñîáîé êîýôôè-
öèåíòû ðàçëîæåíèÿ ñîîòâåòñòâåííî íà÷àëüíîãî óñ-
ëîâèÿ (8) è ïðàâîé ÷àñòè óðàâíåíèÿ (7) ïî ñèñòåìå 
ñîáñòâåííûõ ôóíêöèé 1{ ( )} .

n n
z

∞

=
Φ  

Ðåøåíèå íåîäíîðîäíîé êðàåâîé çàäà÷è (7)–(9), 
îïèñûâàþùåå ñóòî÷íûå âàðèàöèè ýëåêòðè÷åñêîãî 
ïîëÿ E(z, t), çàäàåòñÿ ðÿäîì Ôóðüå 
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Ðåçóëüòàòû ìîäåëèðîâàíèÿ 
 
Â ñîîòâåòñòâèè ñ íàøåé ìåòîäèêîé âíà÷àëå ðàñ-

ñìîòðèì ïîâåäåíèå ñóòî÷íîé âàðèàöèè íàïðÿæåí-
íîñòè ýëåêòðè÷åñêîãî ïîëÿ, êîãäà çàêîí ñóòî÷íûõ 
âàðèàöèé D(t) ñîâïàäàåò ñ óíèòàðíîé âàðèàöèåé 

(êðèâîé Êàðíåãè) [8, 9]: 

 ( )0 02 cos( ) ,D D t= − ω + ϕ  (17) 

ãäå íà÷àëüíóþ ôàçó ϕ0 ïðèíèìàåì ðàâíîé íóëþ. 
Ïðè âûáîðå äëÿ D ïðåäñòàâëåíèÿ (17) îïåðàòîð 
çàäà÷è (2)–(3) òàêæå ÿâëÿåòñÿ îïåðàòîðîì Øòóð-
ìà–Ëèóâèëëÿ, à çàäà÷à äîïóñêàåò ðåøåíèå ìåòîäîì 
Ôóðüå. Ïîäðîáíî ðåøåíèå ïðåäñòàâëåíî â [3]. Ñó-
òî÷íûé õîä íàïðÿæåííîñòè ïîëÿ ïðèçåìíîãî ñëîÿ, 
ïîëó÷åííûé â ðåçóëüòàòå ðåøåíèÿ, ïðåäñòàâëåí íà 
ðèñ. 2. Èç ñðàâíåíèÿ ñ êðèâîé Êàðíåãè (ðèñ. 2) 
âèäíî ñîâïàäåíèå êà÷åñòâåííîãî õàðàêòåðà ñóòî÷-
íîé âàðèàöèè íàïðÿæåííîñòè ïîëÿ è ãëîáàëüíîé 
óíèòàðíîé âàðèàöèè. 

Ðèñ. 2 ïîêàçûâàåò, ÷òî ó÷åò íåñòàöèîíàðíîãî 

õàðàêòåðà êîýôôèöèåíòà òóðáóëåíòíîé äèôôóçèè 

ïðèâîäèò ê ïîÿâëåíèþ ðàâíûõ ïî àìïëèòóäå, íî 
ñìåùåííûõ ïî âðåìåíè (ñ 09:00 ê 07:00 UT) óòðåí-
íåãî ìèíèìóìà è âå÷åðíåãî ìàêñèìóìà (ñ 21:00  

ê 19:00 UT) â ñóòî÷íîé âàðèàöèè íàïðÿæåííîñòè 
ýëåêòðè÷åñêîãî ïîëÿ îòíîñèòåëüíî óíèòàðíîé âà-
ðèàöèè. 

 
Ðèñ. 2. Ñóòî÷íàÿ âàðèàöèÿ ýëåêòðè÷åñêîãî ïîëÿ íà âûñî- 
òå 2 ì: 1 – êðèâàÿ Êàðíåãè; 2 – ðàñ÷åòíàÿ âàðèàöèÿ 
  íàïðÿæåííîñòè ýëåêòðè÷åñêîãî ïîëÿ 

 
Ïåðåéäåì ê àíàëèçó ðåçóëüòàòîâ ìîäåëèðî- 

âàíèÿ íàïðÿæåííîñòè ýëåêòðè÷åñêîãî ïîëÿ â ñîîò-
âåòñòâèè ñ ñîîòíîøåíèåì (4). Ýòîò ñëó÷àé ÿâëÿåò- 
ñÿ îáîáùåíèåì ñîîòíîøåíèÿ (17), ïîñêîëüêó ïàðà-
ìåòðû, âõîäÿùèå â âûðàæåíèå (4), êàê ïîêàçàíî  
â [15, 16], ïðèíèìàþò ðàçëè÷íûå çíà÷åíèÿ â ðàç-
íûõ ïóíêòàõ íàáëþäåíèÿ, ïîýòîìó ïðîôèëü E(z, t) 
òàêæå áóäåò ìåíÿòüñÿ â çàâèñèìîñòè îò ìåñòà íà-
áëþäåíèé. Ñóòî÷íûé õîä E(z, t) â äàííîì ñëó÷àå 
îïèñûâàåòñÿ ðåøåíèåì (16), êîòîðîå ïðèíèìàåò  
âèä [3, 17, 18]: 
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Â ðàáîòå [3] ïðîâåäåíà îöåíêà ñêîðîñòè ñõî-
äèìîñòè ðåøåíèÿ (18), ïîêàçûâàþùàÿ, ÷òî äëÿ îï-
ðåäåëåíèÿ çíà÷åíèé íàïðÿæåííîñòè ïîëÿ ñ òî÷íî-
ñòüþ íå íèæå î(z2) äîñòàòî÷íî âçÿòü òðè ïåðâûõ 
÷ëåíà ðÿäà (18). 

Äàëåå ðàññìîòðèì ïðèìåð ñóòî÷íûõ âàðèàöèé 
ýëåêòðè÷åñêîãî ïîëÿ ïî ôîðìóëå (4) ñî çíà÷åíèÿìè 
ïàðàìåòðîâ D0 = 0,053; A = −0,028; B = −0,043. Äî- 
ïîëíèòåëüíî çàìåòèì, ÷òî âûñîêîãîðíûì óñëîâèÿì 
ñîîòâåòñòâóþò áîëüøèå çíà÷åíèÿ íàïðÿæåííîñòè 
ýëåêòðè÷åñêîãî ïîëÿ âáëèçè ïîâåðõíîñòè íàáëþäå-
íèÿ, ïîýòîìó ðàññìîòðèì çíà÷åíèÿ E0 â äèàïàçîíå 
îò 200 äî 500 Â/ì [19, 20]. Íà ðèñ. 3 ïðèâåäåíû 
ëîêàëüíûå ñóòî÷íûå âàðèàöèè E(z, t) è êðèâàÿ 
Êàðíåãè. 

Àíàëèç ïîñòðîåííûõ ëîêàëüíûõ ñóòî÷íûõ âà-
ðèàöèé ýëåêòðè÷åñêîãî ïîëÿ ïîêàçûâàåò óñèëåíèå  
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Ðèñ. 3. Ñóòî÷íûå âàðèàöèè ýëåêòðè÷åñêîãî ïîëÿ íà âûñî-
òå 2 ì â ñîîòâåòñòâèè ñ (4): E0 = −200 (1); −300 (2); 
  −500 Â/ì (3); 4 – êðèâàÿ Êàðíåãè 

 
îòìå÷åííûõ ðàíåå ýôôåêòîâ: ñìåùåíèå ïî âðåìåíè 
óòðåííåãî ìèíèìóìà è âå÷åðíåãî ìàêñèìóìà, à òàê- 
æå óâåëè÷åíèå ïî àìïëèòóäå âîçíèêøèõ äîïîëíè-
òåëüíûõ ýêñòðåìóìîâ: ìèíèìóìû à, â, ä íà êðè- 
âûõ 1, 2 è 3 è ìàêñèìóìû á, ã, å, íà êðèâûõ 1, 2  
è 3 ñîîòâåòñòâåííî. Ñ óâåëè÷åíèåì íàïðÿæåííîñòè 

ýëåêòðè÷åñêîãî ïîëÿ îïèñàííûå ýôôåêòû òàêæå 
âîçðàñòàþò. 

 

Çàêëþ÷åíèå 
 

Äëÿ èññëåäîâàíèÿ ñóòî÷íîé äèíàìèêè íàïðÿ-
æåííîñòè ýëåêòðè÷åñêîãî ïîëÿ â óñëîâèÿõ òóðáó-
ëåíòíûõ ïðîöåññîâ âûñîêîé èíòåíñèâíîñòè èñïîëü-
çîâàíà ýêñïåðèìåíòàëüíî íàéäåííàÿ çàâèñèìîñòü 
êîýôôèöèåíòà òóðáóëåíòíîé äèôôóçèè îò âðåìåíè. 
Äàííûé ïîäõîä ïðèìåíåí àâòîðàìè ñ öåëüþ ïîä-
òâåðæäåíèÿ ðàíåå âûÿâëåííûõ îñîáåííîñòåé ïîâå-
äåíèÿ íàïðÿæåííîñòè ïîëÿ ïðèçåìíîãî ñëîÿ â ñëó-
÷àå ñòàöèîíàðíîãî õàðàêòåðà òóðáóëåíòíîé äèôôó-
çèè ïîä äåéñòâèåì ãëîáàëüíîé óíèòàðíîé âàðèàöèè. 
Ïîêàçàíî ñîâïàäåíèå êà÷åñòâåííîãî õàðàêòåðà âûÿâ-
ëåííûõ îñîáåííîñòåé: âðåìåííûõ ñäâèãîâ óòðåííåãî  
è âå÷åðíåãî ýêñòðåìóìîâ, à òàêæå èçìåíåíèÿ àì-
ïëèòóäíûõ çíà÷åíèé íà ñóòî÷íîì ãðàôèêå íàïðÿ-
æåííîñòè ïîëÿ. Îáíàðóæåíî ïîÿâëåíèå äîïîëíè-
òåëüíûõ ýêñòðåìóìîâ íà ãðàôèêå íàïðÿæåííîñòè 
ïîëÿ, íå íàáëþäàâøèõñÿ ïîä äåéñòâèåì ãëîáàëüíîé 
óíèòàðíîé âàðèàöèè â ñëó÷àå ñòàöèîíàðíîé òóðáó-
ëåíòíîé äèôôóçèè. Ñìåùåíèå ýêñòðåìóìîâ ñóòî÷-
íîé âàðèàöèè íàïðÿæåííîñòè ýëåêòðè÷åñêîãî ïîëÿ 
ïî âðåìåíè îáúÿñíÿåòñÿ ðàçíûìè ïåðèîäàìè èíòåí-
ñèâíîñòè ëîêàëüíûõ è ãëîáàëüíûõ âîçìóùåíèé 
ýëåêòðè÷åñêîãî ïîëÿ. 

 

Ôèíàíñèðîâàíèå. Ðàáîòà âûïîëíåíà â ðàìêàõ 
ãîñçàäàíèÿ Þæíîãî ôåäåðàëüíîãî óíèâåðñèòåòà. 
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D.V. Òimoshenko, G.V. Kupovykh, Ò.V. Kudrinskaya. Daily dynamics of the electric field in the tur-
bulent surface air layer under the action of local factors. 

This work studies the effect of the daily dynamics of turbulent processes on the daily dynamics of the elec-
tric field in the surface air layer. When modeling, the coefficient of turbulent diffusion within the electrode 
layer is specified as a stationary function of altitude in view of hydrodynamic concepts. A mathematical model 
of the dynamics of the electric field intensity in the surface air layer in the case of a turbulent electrode effect 
is suggested. The main equation of the model is the equation of the total current in the surface layer, which has 
been derived in the approximation of strong turbulent mixing and describes the electrodynamics of the surface 
layer under the combined action of local and global current generators. The work examines the non-stationary 
nature of turbulent exchange in order to confirm the previously identified effects in the daily dynamics of the 
electric field strength in the surface layer under stationary turbulence. To describe the daily dynamics of turbu-
lent processes, gradient measurements in high-altitude conditions of the Elbrus region were used. Processing  
of the measurement data enables deriving the time dependence of the turbulent diffusion coefficient from the 
solution of the total current equation. Taking into account this dependence, the expression for the daily dynam-
ics of the field strength was refined. Time shifts of the daily extremes, a change in their amplitude, and the ap-
pearance of additional extremes depending on the electric field strength have been established. All these effects 
are comparable to the global unitary variation and increase with the electric field strength. The results can be 
useful for solving a number of applied geophysical problems, in particular, monitoring the electric field of the 
atmosphere and analyzing atmospheric-electrical measurement data. 

 
 


