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Óñòîé÷èâîñòü ñòðàòîñôåðíîãî ïîëÿðíîãî âèõðÿ â çèìíå-âåñåííèé ïåðèîä ÿâëÿåòñÿ îäíèì èç êëþ÷åâûõ 
ôàêòîðîâ, îïðåäåëÿþùèõ ïðîäîëæèòåëüíîñòü è ìàñøòàáû ðàçðóøåíèÿ ñòðàòîñôåðíîãî îçîíà â ïîëÿðíîé 
îáëàñòè. Ìàêñèìóì ñêîðîñòè àðêòè÷åñêîãî ïîëÿðíîãî âèõðÿ íàáëþäàåòñÿ çèìîé, à àíòàðêòè÷åñêèé âèõðü, 
êàê ïðàâèëî, óñèëèâàåòñÿ â íà÷àëå âåñíû. Â ðåçóëüòàòå íàä Àíòàðêòèêîé åæåãîäíî ñ àâãóñòà ïî íîÿáðü íà-
áëþäàåòñÿ ìàñøòàáíîå ðàçðóøåíèå îçîíà, à íàä Àðêòèêîé ñ ÿíâàðÿ ïî ìàðò – ëèøü íåáîëüøèå ýïèçîäè÷å-
ñêèå àíîìàëèè. Â ðàáîòå ðàññìîòðåíà ïðè÷èíà âûñîêîé ñèëû è óñòîé÷èâîñòè àíòàðêòè÷åñêîãî ïîëÿðíîãî 
âèõðÿ â çèìíå-âåñåííèé ïåðèîä. Íà îñíîâå äàííûõ ðåàíàëèçà ERA-Interim ïîêàçàíà âûñîêàÿ ñîãëàñîâàí-
íîñòü ìåæäó âíóòðèãîäîâûìè èçìåíåíèÿìè òåìïåðàòóðû íèæíåé ñóáòðîïè÷åñêîé ñòðàòîñôåðû è ñêîðîñòè 
çîíàëüíîãî âåòðà â ñóáïîëÿðíîé è ïîëÿðíîé íèæíåé ñòðàòîñôåðå â Þæíîì ïîëóøàðèè. Ðåçóëüòàòû ÷èñ-
ëåííîãî ìîäåëèðîâàíèÿ ñ èñïîëüçîâàíèåì ìîäåëè PlaSim-ICMMG-1.0 äåìîíñòðèðóþò óñèëåíèå çîíàëüíîãî 
âåòðà â ñóáïîëÿðíîé îáëàñòè ïðè ïîâûøåíèè òåìïåðàòóðû ñóáòðîïè÷åñêîé ñòðàòîñôåðû. Ïîêàçàíî, ÷òî çèì-
íå-âåñåííåå óñèëåíèå àíòàðêòè÷åñêîãî ïîëÿðíîãî âèõðÿ ïðîèñõîäèò áëàãîäàðÿ óâåëè÷åíèþ ñòðàòîñôåðíîãî 
ìåðèäèîíàëüíîãî òåìïåðàòóðíîãî ãðàäèåíòà â ðåçóëüòàòå ñåçîííîãî ïîâûøåíèÿ òåìïåðàòóðû íèæíåé ñóá-
òðîïè÷åñêîé ñòðàòîñôåðû â ýòîò ïåðèîä. 

 

Êëþ÷åâûå ñëîâà: àíòàðêòè÷åñêèé ïîëÿðíûé âèõðü, ñóáòðîïè÷åñêàÿ ñòðàòîñôåðà, ïîëÿðíûå îçîíîâûå 
àíîìàëèè; Antarctic polar vortex, subtropical stratosphere, polar ozone depletion. 

 
Ñòðàòîñôåðíûå ïîëÿðíûå âèõðè, ôîðìèðóþ-

ùèåñÿ íàä ïîëÿðíûìè îáëàñòÿìè â îñåííå-çèìíèé 
ïåðèîä, ÿâëÿþòñÿ îäíîé èç ïðèìå÷àòåëüíûõ îñî-
áåííîñòåé ñòðàòîñôåðíîé öèðêóëÿöèè. Ñòðóêòóðà  
è äèíàìèêà ïîëÿðíûõ âèõðåé âëèÿåò íà ðàñïðåäå-
ëåíèå ñòðàòîñôåðíîãî îçîíà, äâèæåíèå âîçäóøíûõ 
ìàññ ó ãðàíèö âèõðÿ è òåìïåðàòóðíûé ðåæèì íàä 
ïîëÿðíîé îáëàñòüþ [1–3]. Öèðêóëÿöèÿ çèìíåé ïî-
ëÿðíîé ñòðàòîñôåðû îïðåäåëÿåòñÿ àêòèâíîñòüþ ïî-
ëÿðíîãî âèõðÿ, è åå èçìåíåíèÿ â îñíîâíîì ñâÿçàíû 
ñ âàðèàöèÿìè ôîðìû è ðàñïîëîæåíèÿ âèõðÿ. Ìàñ-
øòàáû è ãëóáèíà ðàçðóøåíèÿ ñòðàòîñôåðíîãî îçîíà 
íàä ïîëÿðíîé îáëàñòüþ çàâèñÿò îò ñèëû è óñòîé÷è-
âîñòè ïîëÿðíîãî âèõðÿ â âåñåííèé ïåðèîä [4–6]. 
Ãðàíèöû ïîëÿðíîãî âèõðÿ ñîçäàþò âåòðîâîé áàðü-
åð, ïðåïÿòñòâóÿ ìåðèäèîíàëüíîìó ïåðåíîñó ñòðàòî-
ñôåðíîãî îçîíà èç òðîïè÷åñêèõ è ñðåäíèõ øèðîò 
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â ïîëÿðíóþ îáëàñòü [7, 8]. Ïðè ýòîì âíóòðè âèõðÿ 
â ñòðàòîñôåðå ïðè ýêñòðåìàëüíî íèçêèõ òåìïåðàòó-
ðàõ (íèæå −78 °Ñ) ôîðìèðóþòñÿ ïîëÿðíûå ñòðàòî-
ñôåðíûå îáëàêà (ÏÑÎ), íà ïîâåðõíîñòè è âíóòðè 
êîòîðûõ ïðîòåêàþò ãåòåðîãåííûå ðåàêöèè ñ âûñâî-
áîæäåíèåì ìîëåêóëÿðíîãî õëîðà, àêòèâíî âñòóïà-
þùåãî â êàòàëèòè÷åñêèé öèêë ðàçðóøåíèÿ îçîíà  
ñ ïîÿâëåíèåì ñîëíå÷íîãî èçëó÷åíèÿ íàä ïîëÿðíûì 
ðåãèîíîì [9]. 

Êàê èçâåñòíî, ïîëÿðíûé âèõðü ôîðìèðóåòñÿ 
áëàãîäàðÿ óâåëè÷åíèþ ñòðàòîñôåðíîãî ìåðèäèîíàëü-
íîãî òåìïåðàòóðíîãî ãðàäèåíòà â îñåííèé ïåðèîä 
[2, 10]. Óâåëè÷åíèå ãðàäèåíòà ïðèâîäèò ê óñèëå-
íèþ òåðìè÷åñêîãî âåòðà è ïîñëåäóþùåìó óñêîðå-
íèþ çàïàäíîãî ñòðàòîñôåðíîãî çîíàëüíîãî òå÷åíèÿ 
â ðàéîíå 60-õ øèðîò (ôîðìèðóåòñÿ ïîëÿðíûé âèõðü) 
[2, 11]. Â [12] áûëà ðàññìîòðåíà ðîëü ñåçîííîãî 
õîäà òåìïåðàòóðû íèæíåé ñóáòðîïè÷åñêîé ñòðàòî-
ñôåðû â äèíàìèêå àíòàðêòè÷åñêîãî ïîëÿðíîãî âèõ-
ðÿ. Íà ðèñ. 1, à ïðèâåäåíû 38-ëåòíèå ñðåäíèå 
âíóòðèãîäîâûå èçìåíåíèÿ ñðåäíåøèðîòíûõ çíà÷å-
íèé òåìïåðàòóðû â îáëàñòè 0–60° þ.ø. è çîíàëüíîãî 
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Ðèñ. 1. Âíóòðèãîäîâûå èçìåíåíèÿ: à – òåìïåðàòóðû â îáëàñòè 0–60° þ.ø. è çîíàëüíîãî âåòðà â îáëàñòè 30–90° þ.ø.  
íà âûñîòå 50 ãÏà â ñðåäíåì çà 1979–2016 ãã.; á – òåìïåðàòóðû â îáëàñòè 20–40° þ.ø. è çîíàëüíîãî âåòðà âáëèçè 60° þ.ø.  
  íà âûñîòå 50 ãÏà â ñðåäíåì çà 1979–2016 ãã. ñ èíòåðâàëàìè ÑÊÎ 

 

âåòðà â îáëàñòè 30–90° þ.ø. íà âûñîòå 50 ãÏà, 
ïîëó÷åííûå ïî äàííûì ðåàíàëèçà ERA-Inte-
rim [13]. 

Êàê âèäíî èç ðèñ. 1, à, â òðîïè÷åñêîé íèæíåé 
ñòðàòîñôåðå (0–20° þ.ø.) 38-ëåòíèé ñðåäíèé âíóò-
ðèãîäîâîé ìàêñèìóì òåìïåðàòóðû ïðîÿâëÿåòñÿ  
â ïåðèîä ñ 25 ïî 30 èþëÿ. Çàòåì â ñóáòðîïè÷åñêèõ 
è ñðåäíèõ øèðîòàõ Þæíîãî ïîëóøàðèÿ (ÞÏ) íà-
áëþäàåòñÿ ñìåùåíèå ìàêñèìóìà òåìïåðàòóðû ñ 1 àâ-
ãóñòà ïî 30 ñåíòÿáðÿ â îáëàñòü 20–40° þ.ø., à ñ 1 îê-
òÿáðÿ ïî 30 äåêàáðÿ – â îáëàñòü 40–50° þ.ø. Ïðè 
ýòîì ñåçîííûé ìàêñèìóì ñêîðîñòè çîíàëüíîãî âåòðà 
â èíòåðâàëå 30–90° þ.ø. ïåðåìåùàåòñÿ ïî íàïðàâ-
ëåíèþ ê ïîëþñó ñ èþëÿ ïî îêòÿáðü, ïðîõîäÿ ìàê-
ñèìàëüíûå çíà÷åíèÿ çîíàëüíîãî âåòðà íà 60° þ.ø.  
â íà÷àëå ñåíòÿáðÿ. Ñåçîííûå ìàêñèìóìû òåìïåðàòó-
ðû è çîíàëüíîãî âåòðà â øèðîòíûõ ïîÿñàõ 20–
40° þ.ø. è 50–70° þ.ø. ñîîòâåòñòâåííî ñìåùàþòñÿ  
ïî íàïðàâëåíèþ ê âûñîêèì øèðîòàì ñ íà÷àëà àâãó-
ñòà ïî êîíåö ñåíòÿáðÿ (íà÷àëî îêòÿáðÿ). Òàêèì 
îáðàçîì, â ÞÏ íàáëþäàåòñÿ ñîãëàñîâàííîñòü ñå-
çîííûõ ìàêñèìóìîâ òåìïåðàòóðû íèæíåé ñóáòðî-
ïè÷åñêîé ñòðàòîñôåðû è çîíàëüíîãî âåòðà â íèæíåé 
ñóáïîëÿðíîé ñòðàòîñôåðå. 

Íà ðèñ. 1, á ïðèâåäåíû âíóòðèãîäîâûå èçìåíå-
íèÿ òåìïåðàòóðû â îáëàñòè 20–40° þ.ø. è çîíàëüíî-
ãî âåòðà âáëèçè 60° þ.ø. íà âûñîòå 50 ãÏà â ñðåäíåì 
çà 38 ëåò ñî ñðåäíåêâàäðàòè÷íûìè îòêëîíåíèÿìè 
(ÑÊÎ), ïîëó÷åííûå ïî äàííûì ðåàíàëèçà ERA-In- 
 

terim [13]. Ïîñòåïåííûé ðîñò òåìïåðàòóðû íèæíåé 
ñóáòðîïè÷åñêîé ñòðàòîñôåðû, ïðîèñõîäÿùèé ñ ìàð-
òà ïî ñåíòÿáðü, ñïîñîáñòâóåò óâåëè÷åíèþ ñòðàòî- 
ñôåðíîãî ìåðèäèîíàëüíîãî òåìïåðàòóðíîãî ãðàäè-
åíòà è òàêèì îáðàçîì ôîðìèðóåò áëàãîïðèÿòíûå 
óñëîâèÿ äëÿ óñèëåíèÿ çîíàëüíîãî âåòðà âáëèçè 
60° þ.ø. ñ àïðåëÿ (ôîðìèðóåòñÿ àíòàðêòè÷åñêèé 
ïîëÿðíûé âèõðü) ïî ñåíòÿáðü (ïèê èíòåíñèâíîñòè 
ïîëÿðíîãî âèõðÿ âåñíîé îáóñëîâëèâàåò ìàñøòàá-
íîå ðàçðóøåíèå îçîíà â ñòðàòîñôåðå íàä Àíòàðê-
òèêîé). Ñëó÷àè àíîìàëüíîãî ðàçðóøåíèÿ ñòðàòî-
ñôåðíîãî îçîíà íàä Àíòàðêòèêîé â îêòÿáðå-íîÿáðå 
1987, 1998, 1999, 2001, 2006, 2011 è 2015 ãã. â ðå-
çóëüòàòå óñèëåíèÿ ïîëÿðíîãî âèõðÿ ïðè ïîâûøåíèè 
òåìïåðàòóðû íèæíåé ñóáòðîïè÷åñêîé ñòðàòîñôåðû 
â ýòè ìåñÿöû ðàññìîòðåíû â [14].  

Äëÿ èññëåäîâàíèÿ âëèÿíèÿ ïîâûøåíèÿ òåì-
ïåðàòóðû íèæíåé ñóáòðîïè÷åñêîé ñòðàòîñôåðû  
íà óñèëåíèå àíòàðêòè÷åñêîãî ïîëÿðíîãî âèõðÿ áûë 
ïðîâåäåí ÷èñëåííûé ýêñïåðèìåíò ñ ïîìîùüþ íîâîé 
ìîäåëè ñèñòåìû Çåìëè PlaSim-ICMMG-1.0, êîòî-
ðàÿ äîñòàòî÷íî õîðîøî âîñïðîèçâîäèò îñíîâíûå 
õàðàêòåðèñòèêè êëèìàòè÷åñêîé ñèñòåìû [15]. Ìî-
äåëü PlaSim-ICMMG-1.0 îòíîñèòñÿ ê êëàññó ìî-
äåëåé ïðîìåæóòî÷íîé ñëîæíîñòè, ïðåäíàçíà÷åí- 
íûõ äëÿ èçó÷åíèÿ îòäåëüíûõ ïðîöåññîâ è îáðàòíûõ 
ñâÿçåé è âîñïðîèçâåäåíèÿ áàçîâîé ôèçèêè àòìîñ-
ôåðû. Ìîäåëü èìååò ãîðèçîíòàëüíîå ðàçðåøåíèå 2,5° 
ïî øèðîòå è äîëãîòå è 12 óðîâíåé ïî âåðòèêàëè. 
Ìîäåëèðîâàíèå ïîòåïëåíèÿ â ñóáòðîïè÷åñêîé ñòðà- 
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òîñôåðå îñóùåñòâëÿëîñü ïóòåì ïðèáàâëåíèÿ â óðàâ-
íåíèå äëÿ òåìïåðàòóðû ïîñòîÿííîãî ñëàãàåìîãî  
â ïîÿñå øèðîò 25–40° þ.ø. íà âûñîòå 70 ãÏà ñ íà-
÷àëà èþíÿ äî êîíöà äåêàáðÿ. Òàêàÿ ïîñòàíîâêà ïî-
çâîëÿåò óâèäåòü ðåàêöèþ êëèìàòè÷åñêîé ñèñòåìû 
íà ïîâûøåíèå òåìïåðàòóðû íèæíåé ñóáòðîïè÷å-
ñêîé ñòðàòîñôåðû áåç ó÷åòà ïðèðîäû ýòîãî ÿâëåíèÿ. 
Êîíòðîëüíûé ïåðèîä ñîñòàâëÿë 30 ëåò ìîäåëüíî- 
ãî âðåìåíè. Ðåçóëüòàòû ìîäåëèðîâàíèÿ ïðèâåäåíû  
íà ðèñ. 2. Âèäíî, ÷òî ñðåäíåøèðîòíûå àíîìàëèè 
òåìïåðàòóðû â íèæíåé ñóáòðîïè÷åñêîé ñòðàòîñôå-
ðå äîñòèãàëè 12 °C. Â ÞÏ â òå÷åíèå âñåãî ïåðèîäà 
ìîäåëèðîâàíèÿ (ñ èþíÿ ïî äåêàáðü) ïðîÿâëÿåòñÿ 
ÿâíàÿ ïîëîæèòåëüíàÿ àíîìàëèÿ ñêîðîñòè ñòðàòî-
ñôåðíîãî ñòðóéíîãî òå÷åíèÿ (óñèëåíèå àíòàðêòè÷å-
ñêîãî ïîëÿðíîãî âèõðÿ). 

 

 

Ðèñ. 2. Ñðåäíåìåñÿ÷íûå àíîìàëèè òåìïåðàòóðû è çîíàëüíî-
ãî âåòðà íà âûñîòå 70 ãÏà çà èþëü (øòðèõîâàÿ êðèâàÿ), 
ñåíòÿáðü (ñïëîøíàÿ êðèâàÿ) è íîÿáðü (ïóíêòèðíàÿ êðèâàÿ) 

 

Òàêèì îáðàçîì, íà îñíîâå äàííûõ ðåàíàëèçà 
ERA-Interim è ðåçóëüòàòîâ ÷èñëåííîãî ìîäåëèðîâà-
íèÿ ñ èñïîëüçîâàíèåì ìîäåëè ïðîìåæóòî÷íîé ñëîæ-
íîñòè PlaSim-ICMMG-1.0 ïîêàçàíî, ÷òî âûñîêàÿ 
óñòîé÷èâîñòü è ñèëà àíòàðêòè÷åñêîãî ïîëÿðíîãî 
âèõðÿ çèìîé è åãî åæåãîäíîå âåñåííåå óñèëåíèå 
îáóñëîâëåíû âëèÿíèåì ñåçîííîãî õîäà òåìïåðàòóðû 

íèæíåé ñóáòðîïè÷åñêîé ñòðàòîñôåðû ÞÏ. Â ýòîì 
ïîÿñå øèðîò íàáëþäàþòñÿ ïîñòåïåííûé ðîñò òåì-
ïåðàòóðû íà÷èíàÿ ñ ìàðòà è åå ìàêñèìóì â ñåíòÿ-
áðå, êîòîðûå ñïîñîáñòâóþò óâåëè÷åíèþ ñòðàòî-
ñôåðíîãî ìåðèäèîíàëüíîãî òåìïåðàòóðíîãî ãðàäè-
åíòà è ïîñëåäóþùåìó óñèëåíèþ ïîëÿðíîãî âèõðÿ. 
Óâåëè÷åíèå òåìïåðàòóðû íèæíåé ñóáòðîïè÷åñêîé 
ñòðàòîñôåðû îòíîñèòåëüíî êëèìàòè÷åñêîé íîðìû  
ñ èþíÿ ïî äåêàáðü ïðèâîäèò ê äîïîëíèòåëüíîìó 
óñèëåíèþ àíòàðêòè÷åñêîãî ïîëÿðíîãî âèõðÿ, ñîïðî-
âîæäàþùåìóñÿ ìàñøòàáíûì ðàçðóøåíèåì îçîíà  
ñ àâãóñòà ïî íîÿáðü.  

Èññëåäîâàíèå âûïîëíåíî â ðàìêàõ ãîñáþäæåò-
íîé òåìû ¹ ÀÀÀÀ-À17-117013050038-7 è ïðîãðàì-
ìû ÔÍÈ ¹ 0315-2019-0003. 
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V.V. Zuev, I.V. Borovko, V.N. Krupchatnikov, E.S. Savelieva. Influence of the temperature of the 

lower subtropical stratosphere on the Antarctic polar vortex dynamics. 
The stratospheric polar vortex persistence in the winter-spring period is one of key factors of the duration 

and extent of stratospheric ozone depletion in a polar region. The Arctic polar vortex reaches its peak intensity 
in winter, whereas the Antarctic vortex usually strengthens in early spring. As a result, the strong ozone deple-
tion is observed every year from August to November over the Antarctic, while short-term ozone loss occasion-
ally occurs over the Arctic from January to March. In this work, we examine the reason for the high strength 
and persistence of the Antarctic polar vortex in the winter-spring period. Based on the ERA-Interim reanalysis 
data, we show a high agreement between the seasonal variations in the temperature in the lower subtropical 
stratosphere and zonal wind in the subpolar and polar lower stratosphere in the Southern Hemisphere. The re-
sults of numerical simulations using PlaSim–ICMMG–1.0 show acceleration of zonal wind in the subpolar re-
gion with an increase in the temperature of the subtropical stratosphere. Thus, the winter-spring strengthening 
of the Antarctic polar vortex occurs due to an increase in the stratospheric equator-to-pole temperature gradient 
as a result of the seasonal temperature growth in the lower subtropical stratosphere in this period. 

 


