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Ââåäåíèå. Ýëåêòðè÷åñêèå ïðîöåññû, ïðîòåêàþ-
ùèå â îáëàêàõ, ðàçëè÷íû â çàâèñèìîñòè îò èõ ôè-
çè÷åñêîãî ñîñòîÿíèÿ – ôîðìû è ñòàäèè ðàçâèòèÿ,
ðàñïðåäåëåíèÿ òåìïåðàòóðû, âîäíîñòè è äð. Ýêñ-
ïåðèìåíòàëüíûì è òåîðåòè÷åñêèì èññëåäîâàíèÿì
ýëåêòðè÷åñêèõ ïðîöåññîâ è ýëåêòðèçàöèè ÷àñòèö
îáëàêîâ ïîñâÿùåíî çíà÷èòåëüíîå êîëè÷åñòâî ðàáîò
[3, 4, 9, 11–12, 16]. Ðîñò îáëà÷íûõ ÷àñòèö è èõ
ýëåêòðèçàöèÿ îïðåäåëÿþòñÿ ìåõàíèçìàìè âçàèìî-
äåéñòâèÿ ÷àñòèö ìåæäó ñîáîé è îêðóæàþùåé ñðå-
äîé. Ýëåêòðèçàöèÿ ÷àñòèö, â ÷àñòíîñòè, çàâèñèò îò
ñâîéñòâ êîíâåêòèâíûõ ïîòîêîâ, ïèòàþùèõ îáëàêî,
èõ ìîùíîñòè è ýëåêòðè÷åñêîé ñòðóêòóðû.

Ðàçâèòèå îáëàêîâ ïî âûñîòå, ïîÿâëåíèå îñàäêîâ
èç íèõ, óñèëåíèå ýòèõ îñàäêîâ ñîïðîâîæäàþòñÿ èç-
ìåíåíèÿìè íàïðÿæåííîñòè ýëåêòðè÷åñêîãî ïîëÿ êàê
âíóòðè ñàìèõ îáëàêîâ, òàê è âîâíå [14, 18, 19]. Ýòî
îçíà÷àåò, ÷òî îáðàçîâàíèå îñàäêîâ è ãðîçîâîãî ýëåê-
òðè÷åñòâà íàïðÿìóþ ñâÿçàíî ñ ýëåêòðè÷åñêèìè ïðî-
öåññàìè â îáëàêàõ è èãðàåò ñóùåñòâåííóþ ðîëü â
ýâîëþöèè ìèêðîñòðóêòóðû îáëàêîâ.

Íåñìîòðÿ íà çíà÷èòåëüíîå ÷èñëî ðàáîò, ïî-
ñâÿùåííûõ ýëåêòðè÷åñêèì ïðîöåññàì â îáëàêàõ,
äî íàñòîÿùåãî âðåìåíè îñòàþòñÿ ìàëîèçó÷åííû-
ìè ìíîãèå ìèêðîôèçè÷åñêèå è îñîáåííî ýëåêòðè-
÷åñêèå ïðîöåññû â êîíâåêòèâíûõ îáëàêàõ. Òàêîå
ïîëîæåíèå äåë îáúÿñíÿåòñÿ èõ ñëîæíîñòüþ è ñó-
ùåñòâåííîé íåäîñòóïíîñòüþ äëÿ ýêñïåðèìåíòàëü-
íîãî èññëåäîâàíèÿ. Â ñâÿçè ñ ýòèì ðàçðàáîòêà
÷èñëåííûõ ìîäåëåé îáëàêîâ è èçó÷åíèå íà èõ îñ-
íîâå ðàçëè÷íûõ ïðîáëåì îáëàêî- è îñàäêîîáðàçî-
âàíèÿ, à òàêæå ýëåêòðè÷åñêèõ ïðîöåññîâ ÿâëÿþò-
ñÿ âàæíûìè íàó÷íî-ïðèêëàäíûìè çàäà÷àìè.

Íàñòîÿùàÿ ñòàòüÿ ïîñâÿùåíà èññëåäîâàíèþ
âçàèìîäåéñòâèÿ ýëåêòðè÷åñêèõ è ìèêðîôèçè÷å-
ñêèõ ïðîöåññîâ â êîíâåêòèâíûõ îáëàêàõ. Ðåçóëü-
òàòû ðàñ÷åòîâ ïðîâåäåíû íà îñíîâå ÷èñëåííîé
ìîäåëè îáëàêîâ [7] ñ äåòàëüíûì ó÷åòîì òåðìîäè-
íàìè÷åñêèõ è ìèêðîôèçè÷åñêèõ ïðîöåññîâ.

Ìàòåìàòè÷åñêàÿ ïîñòàíîâêà ìîäåëè. Ìèêðî-
ôèçè÷åñêèå è òåðìîäèíàìè÷åñêèå ïðîöåññû âî
ôðîíòàëüíûõ îáëàêàõ ÿâëÿþòñÿ ïðåäìåòîì äëè-
òåëüíûõ èññëåäîâàíèé íà ïðîòÿæåíèè ìíîãèõ ëåò
ðàçíûìè íàó÷íûìè ãðóïïàìè [2, 5, 7, 13, 19].
Â ïîñëåäíåå äåñÿòèëåòèå òàêèå èññëåäîâàíèÿ ñòà-
íîâÿòñÿ îñîáî àêòóàëüíûìè, ïîñêîëüêó âîçðàñòàþò
êîëè÷åñòâî íåáëàãîïðèÿòíûõ ìåòåîðîëîãè÷åñêèõ
ÿâëåíèé, èõ èíòåíñèâíîñòü è îáúåìû óáûòêîâ.

Äëÿ ïîëó÷åíèÿ ýëåêòðè÷åñêèõ õàðàêòåðèñòèê
êîíâåêòèâíîé îáëà÷íîñòè â êà÷åñòâå èñõîäíîé âû-
ñòóïàåò ÷èñëåííàÿ ìîäåëü îáëàêà ñ äåòàëüíûì ó÷å-
òîì òåðìîäèíàìè÷åñêèõ è ìèêðîôèçè÷åñêèõ ïðî-
öåññîâ. Îñíîâû ìîäåëè ïðèâåäåíû â ðàáîòàõ
[6, 10] è ñâåäåíû â ìîíîãðàôèè [7].

Ìîäåëèðîâàíèå îáðàçîâàíèÿ è ðàçâèòèÿ â ïðî-
ñòðàíñòâå è âðåìåíè ôðîíòàëüíûõ îáëàêîâ ïðî-
âîäèëîñü ñ ïîìîùüþ èíòåãðèðîâàíèÿ ñèñòåìû
óðàâíåíèé äèíàìèêè è òåðìîäèíàìèêè, à òàêæå
êèíåòè÷åñêèõ óðàâíåíèé äëÿ ôóíêöèè ðàñïðåäå-
ëåíèÿ îáëà÷íûõ ÷àñòèö ïî ðàçìåðó ñ ó÷åòîì îðî-
ãðàôèè. Áàçîâûå óðàâíåíèÿ âêëþ÷àþò â ñåáÿ [7]
ñëåäóþùèå óðàâíåíèÿ:
- óðàâíåíèÿ äâèæåíèÿ

xdu dt lv P u= − ρ + ∆ ,

( )f ydv dt l u u P v= − + − ρ + ∆ ,

zdw dt g P w= − − ρ + ∆ ,

ãäå Ðx, Py, Pz – ãðàäèåíòû äàâëåíèÿ ïî êîîðäèíà-
òàì x, y, z; l – óñêîðåíèå Êîðèîëèñà; g – ñèëà
òÿæåñòè; ρ – ïëîòíîñòü âîçäóõà; u, v, w – ïðîåê-
öèè ñêîðîñòè âåòðà íà îñè x, y, z;
- óðàâíåíèå ïðèòîêà òåïëà
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k k p

k
dT dt dp dt T

=

= α ε + α + ∆∑ ,

k k pL cα = ,

( )p p v pc c c Rα = − ρ ,
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Ñòàòüÿ ïîñâÿùåíà èññëåäîâàíèþ âçàèìîäåéñòâèÿ ýëåêòðè÷åñêèõ è ìèêðîôèçè÷åñêèõ ïðîöåññîâ ôðîíòàëüíîé
îáëà÷íîñòè. Èññëåäîâàí  ìåõàíèçì  îáðàòíîé  ñâÿçè  ìåæäó óêðóïíåíèåì  ÷àñòèö  â îáëàêå  è ðîñòîì  îáúåì-
íîãî çàðÿäà. Ïîëó÷åíû ÷èñëåííûå îöåíêè ðàñïðåäåëåíèÿ ïëîòíîñòè çàðÿäîâ ôðîíòàëüíûõ îáëàêîâ äëÿ ðàçíûõ
âðåìåííûõ èíòåðâàëîâ. Ïîêàçàíî, ÷òî ó÷åò ïðîöåññîâ êîàãóëÿöèè çàìåòíî ïåðåðàñïðåäåëÿåò îáúåìíûé çàðÿä â
îáëàêàõ. ×èñëåííûé ýêñïåðèìåíò ïðîâåäåí ñ èñïîëüçîâàíèåì òðåõìåðíîé ïðîãíîñòè÷åñêîé ìîäåëè ôðîíòàëü-
íîé îáëà÷íîñòè.

Êëþ÷åâûå ñëîâà: ÷èñëåííàÿ òðåõìåðíàÿ ìîäåëü, îáëàêî, îáúåìíûå çàðÿäû.
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ãäå Lk – òåïëîòà êîíäåíñàöèè (k = 1, 2) è ñóáëè-
ìàöèè (k = 3, 4); ñp – òåïëîåìêîñòü âîçäóõà ïðè
ïîñòîÿííîì äàâëåíèè; cv – òåïëîåìêîñòü âîçäóõà
ïðè ïîñòîÿííîì îáúåìå; R – ãàçîâàÿ ïîñòîÿííàÿ
ñóõîãî âîçäóõà; εk – ñêîðîñòü êîíäåíñàöèè âîäÿ-
íîãî ïàðà íà îáëà÷íûõ (k = 1) è  äîæäåâûõ êàï-
ëÿõ (k = 2), êðèñòàëëàõ (k = 3), ñíåæíûõ àãðåãà-
òàõ (k = 4);
- óðàâíåíèå ïðèòîêà âëàãè

4
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- óðàâíåíèå íåðàçðûâíîñòè

0u x v y w z∂ρ ∂ + ∂ρ ∂ + ∂ρ ∂ = ,

P RTρ = ;

- êèíåòè÷åñêèå óðàâíåíèÿ äëÿ ôóíêöèè ðàñïðåäå-
ëåíèÿ îáëà÷íûõ êàïåëü ïî ðàçìåðó (ìèêðîôèçè-
÷åñêèå ïðîöåññû):
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Çäåñü fi – ôóíêöèè ðàñïðåäåëåíèÿ îáëà÷íûõ êà-
ïåëü ïî ðàçìåðàì (f1 – ìåëêèå êàïëè, f2 – äîæäå-
âûå êàïëè, f3 – êðèñòàëëû); r – ðàäèóñû ÷àñòèö;

ikcr&  – ñêîðîñòè ðîñòà îòäåëüíûõ ÷àñòèö ïóòåì êîí-
äåíñàöèè; 

ikcr&  – ñêîðîñòè ðîñòà îòäåëüíûõ ÷àñòèö
ïóòåì ïðèñîåäèíåíèÿ (êîàãóëÿöèè) îáëà÷íûõ ÷àñ-
òèö ÷àñòèöàìè îñàäêîâ (i = 2, 3; k = 1); cnl – êîëè-
÷åñòâî îáëà÷íûõ ÷àñòèö, çàõâà÷åííûõ ÷àñòèöàìè
îñàäêîâ (n = 2, 3); vi – ñêîðîñòü ïàäåíèÿ ÷àñòèö;
Ia, Is, Ifi – ñêîðîñòè îáðàçîâàíèÿ êàïåëü íà ÿäðàõ
êîíäåíñàöèè, êðèñòàëëîâ íà ÿäðàõ ëüäîîáðàçîâà-
íèÿ è çàìåðçàíèÿ êàïåëü ñîîòâåòñòâåííî[17]. G0 –
îðîãðàôè÷åñêèé ìíîæèòåëü ïåðåõîäà îò ïðÿìî-
óãîëüíîé âåðòèêàëüíîé êîîðäèíàòû ê îðîãðàôè-
÷åñêîé [7].

Ýëåêòðè÷åñêèé áëîê. Îáúåìíàÿ ïëîòíîñòü
ýëåêòðè÷åñêîãî çàðÿäà ρ â êîíâåêòèâíîì îáëàêå
ñêëàäûâàåòñÿ èç òðåõ ÷àñòåé: à) àíîìàëüíî áîëü-
øèå çàðÿäû êðóïíûõ êàïåëü; á) ðàâíîâåñíûå çà-
ðÿäû ìåëêèõ îáëà÷íûõ êàïåëü; â) ïðîñòðàíñòâåí-
íûé çàðÿä èîíîâ âîçäóõà.

Ðàâíîâåñíûå çàðÿäû ìåëêèõ îáëà÷íûõ êàïåëü
è ïðîñòðàíñòâåííûé çàðÿä èîíîâ äàþò ñðàâíè-
òåëüíî íåáîëüøóþ ïëîòíîñòü îáúåìíûõ çàðÿäîâ.
Ðîñò îáúåìíîãî çàðÿäà â ðåçóëüòàòå äèôôóçèîí-
íûõ ïðîöåññîâ è ïðîñòðàíñòâåííîãî ðàçäåëåíèÿ
çàðÿäîâ ïðè ïàäåíèè ìåëêèõ êàïåëü ïðîèñõîäèò
ñðàâíèòåëüíî ìåäëåííî. Èíîé õàðàêòåð ïðîöåññà
ïðè êîàãóëÿöèîííîì ðîñòå êðóïíûõ êàïåëü. Çà
êîðîòêîå âðåìÿ â ñðàâíèòåëüíî òîíêîì ñëîå ïðî-

èñõîäèò ñêîïëåíèå îãðîìíûõ çàðÿäîâ, êîòîðûå äî
ïîÿâëåíèÿ êðóïíûõ êàïåëü áûëè ðàññðåäîòî÷åíû
ïî áîëüøîìó îáúåìó.

Ïîýòîìó äëÿ îöåíêè ìîæíî ïðåäïîëîæèòü,
÷òî â îáëàñòè àíîìàëüíî çàðÿæåííûõ êàïåëü (ãäå
ïðîèñõîäèò àêòèâíàÿ êîàãóëÿöèÿ êàïåëü) âêëàä â
âåëè÷èíó ρ îò ðàâíîâåñíî çàðÿæåííûõ îáëà÷íûõ
êàïåëü è èîíîâ âîçäóõà îòíîñèòåëüíî íåâåëèê.
Òîãäà îáúåìíàÿ ïëîòíîñòü ýëåêòðè÷åñêîãî çàðÿäà
áóäåò äëÿ ýòîé îáëàñòè ïðåäñòàâëåíà â âèäå

n k
k

n qρ = ∑ ,

ãäå qk – çàðÿä êàïëè ðàäèóñà r ; nn – ÷èñëî àíî-
ìàëüíî çàðÿæåííûõ êàïåëü ðàäèóñà r â åäèíèöå
îáúåìà. Ñóììèðîâàíèå ïðîèçâîäèòñÿ ïî âñåì ðàç-
ìåðàì àíîìàëüíî çàðÿæåííûõ êàïåëü, íàõîäÿùèõ-
ñÿ â äàííîì îáúåìå îáëàêà.

Ïîäñòàâèâ ýòî âûðàæåíèå â óðàâíåíèå Ïóàñ-
ñîíà, ïîëó÷àåì âûðàæåíèå äëÿ íàïðÿæåííîñòè
ýëåêòðè÷åñêîãî ïîëÿ, ñîçäàþùåãîñÿ çàðÿäàìè
êðóïíûõ êàïåëü:

4 n k
k

dE n q
dz

= π∑ .

Îáùóþ íàïðÿæåííîñòü ýëåêòðè÷åñêîãî ïîëÿ,
îáðàçîâàííîãî çàðÿäàìè êðóïíûõ êàïåëü âñåõ ðàç-
ìåðîâ, ìîæíî ðàññìàòðèâàòü êàê ñóììó “ïàðöè-
àëüíûõ” íàïðÿæåííîñòåé Ek, êàæäàÿ èç êîòîðûõ
ñâÿçàíà ñ êàïëÿìè îïðåäåëåííîãî ðàçìåðà. Äëÿ
êàæäîé èç ñîñòàâëÿþùèõ ìîæíî, òàêèì îáðàçîì,
íàïèñàòü (îòáðàñûâàÿ èíäåêñ)

4dE nq
dz

= π .

Â ïåðåîõëàæäåííûõ îáëàêàõ ýëåêòðè÷åñêèå
ïðîöåññû ñâÿçàíû ñ ðàçëè÷íûìè ìåõàíèçìàìè
ëüäîîáðàçîâàíèÿ (çàìåðçàíèåì, àêêðåöèåé, êîàãó-
ëÿöèåé, íóêëåàöèåé è äð.). Çàðÿäû â îáëàêàõ ðàñ-
ïðåäåëåíû (ðàçäåëåíû) ñîãëàñíî ðàçìåðàì êàïåëü
è êðèñòàëëè÷åñêèõ ÷àñòèö. Ìåõàíèçì  ýëåêòðèçà-
öèè,  ôîðìèðîâàíèå  è  íàêîïëåíèå ýëåêòðè÷å-
ñêîãî  çàðÿäà â ïåðåîõëàæäåííûõ îáëàêàõ  ïðîèñ-
õîäÿò â ðåçóëüòàòå çàìåðçàíèÿ êàïåëü è
âçàèìîäåéñòâèÿ êàïåëü  è êðèñòàëëîâ.  Âñëåäñòâèå
ðàçíîñòè  ñêîðîñòåé  ïàäåíèÿ  â âîçäóõå  ìèêðî-
îñêîëêîâ,  çàðÿæàþùèõñÿ  ïðè  âçðûâå  ïðåèìó-
ùåñòâåííî  ïîëîæèòåëüíî,  è  áîëåå  êðóïíûõ
÷àñòèö, êðóïû èëè ãðàäà, çàðÿæàþùèõñÿ  ïðå-
èìóùåñòâåííî  îòðèöàòåëüíî,  ïðîèñõîäèò  ïðî-
ñòðàíñòâåííîå  ðàçäåëåíèå  çàðÿäîâ.  Â  ïðåäâåð-
øèííîé  ÷àñòè  îáëàêà  ïðåîáëàäàåò
ïîëîæèòåëüíûé  îáúåìíûé  çàðÿä, íèæå  –  îò-
ðèöàòåëüíûé.

Êàê ïîêàçàëè ýêñïåðèìåíòàëüíûå íàáëþäåíèÿ
[1], äëÿ çàìåðçøèõ êàïåëü, äèàìåòð êîòîðûõ áîëü-
øå 200 ìêì, ïðîöåññ ýëåêòðèçàöèè êàïëè ìîæíî
ïðåäñòàâèòü â âèäå âûðàæåíèÿ
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q(m) = αm.

Çäåñü m – ìàññà çàìåðçøåé êàïëè; a – êîýôôè-
öèåíò ïðîïîðöèîíàëüíîñòè, çíà÷åíèå êîòîðîãî
èçìåíÿåòñÿ â çàâèñèìîñòè îò ñîäåðæàíèÿ ïðèìå-
ñåé â êàïëå è òåìïåðàòóðû åå çàìåðçàíèÿ
(α ≈ 3,5·10–10 Êë/ã ïðè Ò îò –8 äî –16 °Ñ). Äëÿ
êó÷åâûõ îáëàêîâ êîýôôèöèåíò a èçìåíÿåòñÿ â
ïðåäåëàõ 10–10÷10–8 Êë/ã.

Òàê êàê çàðÿä q âû÷èñëÿåòñÿ êàê ôóíêöèÿ ðà-
äèóñà, äëÿ íåãî óäîáíî ïåðåéòè ê äèôôåðåíöèðî-
âàíèþ ïî r :

1 1
0 0

( ) ( )i iq b mf m dm b mf r dr
∞ ∞

+ = =∫ ∫ ,

2 1
0 0

( ) ( )i iq b mf m dm b mf r dr
∞ ∞

− = =∫ ∫ ,

ãäå b1, b2 – êîýôôèöèåíòû ïðîïîðöèîíàëüíîñòè;
fi – ôóíêöèè ðàñïðåäåëåíèÿ îáëà÷íûõ êàïåëü ïî
ðàçìåðàì (ñì. âûøå).

Ñêîðîñòü èçìåíåíèÿ ìàññ îáëà÷íûõ ÷àñòèö
îïðåäåëÿåòñÿ ñêîðîñòüþ èçìåíåíèÿ èõ ðàäèóñîâ:
dm/dt = 4πρr 2 dr/dt. Òàêèì îáðàçîì, íàïðÿæåííîñòü
ýëåêòðè÷åñêîãî ïîëÿ, îáðàçîâàííîãî çàðÿäàìè çà-
ðÿæåííûõ êàïåëü, ïðîïîðöèîíàëüíà óäåëüíîìó
çàðÿäó êàïåëü è êâàäðàòó èõ ðàäèóñà.

Îáñóæäåíèå ðåçóëüòàòîâ. Äëÿ ÷èñëåííîé îöåí-
êè ýëåêòðè÷åñêèõ õàðàêòåðèñòèê îáëà÷íîñòè ðàñ-
ñìîòðåí ñëó÷àé ñèëüíîãî ñíåãîïàäà, êîòîðûé íà-
áëþäàëñÿ 15 äåêàáðÿ 2009 ã. âáëèçè Îäåññû
(ϕ = 48°41 ,́ λ = 36°32 )́. Òåðìîäèíàìè÷åñêèå è ìèê-
ðîôèçè÷åñêèå ïðîöåññû îáðàçîâàíèÿ ñèëüíîãî
ñíåãîïàäà ïîäðîáíî îïèñàíû â ðàáîòå [8]. Â íà-
ñòîÿùåé ñòàòüå ðàññìîòðåíû òîëüêî îöåíêè ðàñ-

ïðåäåëåíèÿ ïëîòíîñòè îáúåìíîãî çàðÿäà â îáëà÷-
íîñòè.

Ïðè ÷èñëåííîì ìîäåëèðîâàíèè ðàäèóñ ðàñ-
ïðåäåëåíèÿ ÷àñòèö âûáèðàëñÿ â ïðåäåëàõ 65–
135 ìêì. Äëÿ çèìíèõ îáëàêîâ îí âûáðàí ðàâíûì

~135 ìêì. Ïðè òàêîì ðàñïðåäåëåíèè çàðÿäû ðàñ-
ïðåäåëÿþòñÿ ïðèáëèçèòåëüíî ïîðîâíó. Ðàñïðå-
äåëåíèå çàðÿäîâ ðàññ÷èòûâàëîñü òîëüêî äëÿ êðè-
ñòàëëîâ, ïðè÷åì êðèñòàëëû ïðåäïîëàãàëèñü
ñôåðè÷åñêèìè. Òàêîé âûáîð áûë ñäåëàí â ñâÿçè
ñ òåì, ÷òî â ìîìåíò ïðîõîæäåíèÿ ñíåãîïàäà òåì-
ïåðàòóðà â èññëåäóåìîì ðåãèîíå áûëà îòðèöà-
òåëüíàÿ [8]. Ðàñ÷åò ðàñïðåäåëåíèÿ çàðÿäîâ ïðî-
âîäèëñÿ äëÿ êðèñòàëëè÷åñêîé ôàçû, òàê êàê îíà
äîìèíèðîâàëà (ðèñ. 1).

Ìîùíûå êðèñòàëëè÷åñêèå îáëàêà, êîòîðûå äî-
ñòèãàëè ïî âûñîòå ïîðÿäêà 10 êì, èìåëè âûñîêóþ
êîíöåíòðàöèþ ìåëêèõ êðèñòàëëèêîâ ó âåðøèí îá-
ëàêîâ. Ýòî ïðèâîäèëî ê îáðàçîâàíèþ áîëüøèõ ïî
ïëîùàäè î÷àãîâ ïîëîæèòåëüíûõ çàðÿäîâ, êîòîðûå
äîìèíèðîâàëè íàä îòðèöàòåëüíûìè. Ïî ñâîåé âå-
ëè÷èíå ìàññû ïîëîæèòåëüíûõ è îòðèöàòåëüíûõ
çàðÿäîâ áëèçêè ìåæäó ñîáîé, îäíàêî ñî âðåìåíåì
íàáëþäàåòñÿ òåíäåíöèÿ ê óâåëè÷åíèþ ìàññû îò-
ðèöàòåëüíûõ çàðÿäîâ.

Íà ðèñ. 2 ïðåäñòàâëåíî ïðîñòðàíñòâåííîå ðàñ-
ïðåäåëåíèå êðèñòàëëè÷åñêîé îáëà÷íîñòè è ýëåêò-
ðè÷åñêèõ çàðÿäîâ ÷åðåç 6 ÷ ÷èñëåííîãî ìîäåëèðî-
âàíèÿ.

Êàê ïîêàçàíî íà ðèñ. 2, íàèáîëåå ìîùíûå îá-
ëàêà íàáëþäàëèñü â ñëó÷àå á. Ïî âåëè÷èíå â äàí-
íîé îáëàñòè äîìèíèðîâàëè îòðèöàòåëüíûå çàðÿäû,
îäíàêî ïî çàíèìàåìîé ïëîùàäè ïðåâûøàëè ïîëî-
æèòåëüíûå çàðÿäû. Â ñëó÷àå a îáëàêà íàõîäèëèñü
âûøå, ÷åì â ñëó÷àÿõ á è â, à ïîëîæèòåëüíûå çàðÿ-

Ðèñ. 1. Âðåìåííîé âåðòèêàëüíûé ðàçðåç îáëà÷íûõ õàðàêòåðèñòèê áåç ó÷åòà ïðîöåññîâ êîàãóëÿöèè: q – âîäíîñòü, ã/êã;
N – êîíöåíòðàöèÿ êðèñòàëëîâ 103/ã; ρ+ – ïîëîæèòåëüíûé îáúåìíûé çàðÿä, íÊë/ì3; ρ– – îòðèöàòåëüíûé îáúåìíûé
çàðÿä, íÊë/ì3; a – âðåìÿ ýâîëþöèè îáëà÷íîñòè t = 2 ÷; á – âðåìÿ ýâîëþöèè îáëà÷íîñòè t = 3 ÷

Fig. 1. Time vertical cross-section of cloud characteristics without considering coagulation processes: q – water content, g/kg; N –
concentration of crystals, 103/g; ρ+ – positive volume charge, nC/m3; ρ– – negative volume charge, nC/m3; a – time of cloudiness
evolution, t = 2 h; á – time of cloudiness evolution, t = 3 h
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äû ïî ñâîåé âåëè÷èíå è ïëîùàäè ïðåâûøàëè îò-
ðèöàòåëüíûå. Ïî ôîðìå î÷àãè ñ îòðèöàòåëüíûìè
çàðÿäàìè ÷àùå âñåãî íàïîìèíàþò îòäåëüíûå îáëàñ-
òè, ðàçìåùåííûå ìåæäó ïîëîæèòåëüíûìè çàðÿäà-
ìè èëè íèæå èõ. Ïîëîæèòåëüíûå îáúåìíûå çàðÿ-
äû â îáëàêàõ çàíèìàþò íàèáîëåå øèðîêèå ïëîùàäè
è ÷àùå èìåþò îâàëüíóþ ôîðìó.

Ó÷åò ïðîöåññîâ êîàãóëÿöèè ñóùåñòâåííî íå
èçìåíèë âåëè÷èíó çàðÿäîâ, íî çàìåòíî èçìåíèë
èõ ïåðåðàñïðåäåëåíèå (ðèñ. 3). Çàðÿäû ðàçäåëåíû
÷åò÷å. Ïîëîæèòåëüíûå çàðÿäû çàíèìàþò ìåíüøóþ
ïëîùàäü.

Âûâîäû. Â ñòàòüå ïðîâåäåíà àäàïòàöèÿ òðåõ-
ìåðíîé íåñòàöèîíàðíîé  ìîäåëè  ôðîíòàëüíûõ

îáëàêîâ ñ  äåòàëüíûì  îïèñàíèåì òåðìîãèäðîäè-
íàìè÷åñêèõ  è ìèêðîôèçè÷åñêèõ  ïðîöåññîâ äëÿ
îöåíêè ýëåêòðè÷åñêèõ õàðàêòåðèñòèê îáëà÷íîñòè.

Ïðîâåäåíû ÷èñëåííûå ýêñïåðèìåíòû ïî èñ-
ñëåäîâàíèþ âçàèìîñâÿçè ìèêðîôèçè÷åñêèõ õàðàê-
òåðèñòèê è ýëåêòðè÷åñêèõ ïðîöåññîâ â îáëàêàõ.
Èññëåäîâàí ìåõàíèçì îáðàòíîé ñâÿçè ìåæäó óê-
ðóïíåíèåì ÷àñòèö â îáëàêå è ðîñòîì îáúåìíîãî
çàðÿäà.

×èñëåííûå ýêñïåðèìåíòû ïîêàçàëè íàëè÷èå
øèðîêèõ ïëîùàäåé ïîëîæèòåëüíûõ îáúåìíûõ çà-
ðÿäîâ â âåðõíåé ÷àñòè îáëà÷íîñòè è ïîëîñ îòðè-
öàòåëüíûõ çàðÿäîâ â íèæíèé ñëîÿõ. Ñëîèñòîñòü
ðàñïðåäåëåíèÿ îáúåìíûõ çàðÿäîâ â îáëàêàõ õîðî-

Ðèñ. 2. Ïðîñòðàíñòâåííûé âåðòèêàëüíûé ðàçðåç êðèñòàëëè÷åñêèõ îáëàêîâ è ýëåêòðè÷åñêèõ çàðÿäîâ â íèõ. Ðàññòîÿíèå
ìåæäó ñëó÷àÿìè à–â ñîñòàâëÿåò 5 êì. Óñëîâíûå îáîçíà÷åíèÿ ñì. íà ðèñ. 1

Fig. 2. Spatial vertical cross-section of crystalline clouds and electric charges within them: N – concentration of crystals, 103/g; ρ+ –
positive volume charge, nC/m3; ρ– – negative volume charge, nC/m3. The distance between cases of a–â is 5 km

Ðèñ. 3. Ïðîñòðàíñòâåííûé âåðòèêàëüíûé ðàçðåç ýëåêòðè÷åñêèõ çàðÿäîâ â îáëàêàõ ïðè ó÷åòå êîàãóëÿöèè êàïåëü ñ êàïëÿ-
ìè è êàïåëü ñ êðèñòàëëàìè. Óñëîâíûå îáîçíà÷åíèÿ ñì. íà ðèñ. 1, 2

Fig. 3. Spatial vertical cross-section of electric charges in clouds with taking into account coagulation of droplets with droplets and
droplets with crystals: ρ+ – positive volume charge, nC/m3; ρ– – negative volume charge, nC/m3. See fig. 2 for line a–â
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øî ñîãëàñóåòñÿ ñ ïîëó÷åííûìè ðåçóëüòàòàìè â ðà-
áîòå [15, c. 127]. Ïîëîæèòåëüíûå çàðÿäû ÷àùå
âñåãî ïðåâûøàþò îòðèöàòåëüíûå çàðÿäû ïî ïëî-
ùàäè. Îòðèöàòåëüíûå çàðÿäû ïðåâûøàþò ïîëî-
æèòåëüíûå ïî âåëè÷èíå. Ïðîñòðàíñòâåííî âðåìåí-
íîå ðàñïðåäåëåíèå îáúåìíûõ çàðÿäîâ îïðåäåëÿåòñÿ
êàê ìèêðîôèçè÷åñêèìè îñîáåííîñòÿìè îáëà÷íîñ-
òè, òàê è ýâîëþöèåé îáëà÷íîñòè ïî âðåìåíè.
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Ñòàòòþ ïðèñâÿ÷åíî äîñë³äæåííþ âçàºìîä³¿ åëåêòðè÷íèõ ³ ì³êðîô³çè÷íèõ ïðîöåñ³â ôðîíòàëüíî¿ õìàðíîñò³. Äî-
ñë³äæåíî ìåõàí³çì çâîðîòíîãî çâ’ÿçêó ì³æ óêðóïíåííÿì ÷àñòèíîê ó õìàð³ òà çðîñòàííÿì îá’ºìíîãî çàðÿäó.
Îòðèìàíî ÷èñåëüí³ îö³íêè ðîçïîä³ëó ãóñòèíè çàðÿä³â ôðîíòàëüíèõ õìàð äëÿ ð³çíèõ ÷àñîâèõ ³íòåðâàë³â. Ïîêà-
çàíî, ùî îáë³ê ïðîöåñ³â êîàãóëÿö³¿ ïîì³òíî ïåðåðîçïîä³ëÿº îá’ºìíèé çàðÿä ó õìàðàõ. ×èñåëüíèé åêñïåðèìåíò
ïðîâåäåíî ç âèêîðèñòàííÿì òðèâèì³ðíî¿ ïðîãíîñòè÷íî¿ ìîäåë³ ôðîíòàëüíî¿ õìàðíîñò³.

Êëþ÷îâ³ ñëîâà: ÷èñåëüíà òðèâèì³ðíà ìîäåëü, õìàðà, îá’ºìíèé çàðÿä.
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NUMERICAL MODELLING THE DISTRIBUTION OF THE CHÀRGE DENSITY IN FRONTAL CLOUDS

T.A. Belyi

Institute of Geophysics, NAS of Ukraine, 32 Palladin Ave., Kiev 03142, Ukraine, e-mail: belyit@gmail.com

Purpose. The increased interest in active influence on clouds and fogs has drawn considerable attention to the possibility of
using electric forces for this purpose. In this context, the development of cloud numerical models and the study, based on
these models, of various problems of cloud and precipitation formation, as well as  electrical processes have become
important both in research and application.
Design/methodology/approach. A numerical experiment was conducted using atmosphere radio sounding field data on the
basis of the three-dimensional prediction model of the frontal cloud cover. The model includes integr-differential equations
with through consideration of thermodynamic and microphysical processes. Developed on the model physical principles,
the methods for studying the microphysical and thermodynamic processes in the clouds are aimed at searching for
feedback mechanisms between enlargement of the particles in the cloud and space charge growth.
Findings. Within the framework of the frontal cloud cover 3D model, we investigated a feedback mechanism between
enlargement of the particles in the cloud and space charge growth. We obtained numerical estimates of the distribution of
the front cloud charges density in different time intervals. The numerical experiments showed the presence of broad areas
of positive space charges in the upper part of the cloud cover, as well as the presence of the negative charges in the bottom
part. The stratified nature of space charges cloud distribution is well consistent with studies by other authors. The positive
charge area often exceeds the negative charge area. The negative charges exceed the positive ones by magnitude. The
spatiotemporal distribution of the space charges is determined both by microphysical characteristics of the cloud cover and
the evolution of the latter over time. Allowance for the coagulation processes noticeably redistributes the space charge in
the clouds.
Practical value/implications. The article deals with adaptation of the 3D non-stationary model of the frontal clouds with
a detailed description of thermohydrodynamic and microphysical processes in order to estimate the electrical characteristics
of the cloud cover. We carried out a series of numerical experiments to study the relationship of the microphysical
characteristics and electrical processes in the clouds. We investigated a feedback mechanism between enlargement of the
particles in clouds and growth of the space charge. Experimental studies of small-scale inhomogeneities of the space charge
and measurements of the spectrum of individual drop size and charge in such inhomogeneities are of practical value for
making a more accurate quantitative estimation of the electrical forces effect on non-electrical processes in clouds.
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