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Â ðåçóëüòàòå êðóïíûõ èçâåðæåíèé òðîïè÷åñêèõ âóëêàíîâ â ñòðàòîñôåðó âûáðàñûâàåòñÿ áîëüøîå êîëè-
÷åñòâî âóëêàíîãåííîãî àýðîçîëÿ, ñïîñîáñòâóþùåãî ôîðìèðîâàíèþ ïîëîæèòåëüíûõ òåìïåðàòóðíûõ è îòðè- 
öàòåëüíûõ îçîíîâûõ àíîìàëèé â íèæíåé òðîïè÷åñêîé ñòðàòîñôåðå. Êðóïíûå èçâåðæåíèÿ ñ èíäåêñîì âóëêà-
íè÷åñêîé âçðûâ÷àòîñòè VEI  5 ñïîñîáíû âûçûâàòü ãëîáàëüíóþ äåïðåññèþ îçîíîñôåðû. Âóëêàíîãåííîå  

ïîâûøåíèå òåìïåðàòóðû íèæíåé òðîïè÷åñêîé ñòðàòîñôåðû ïðèâîäèò ê óâåëè÷åíèþ ñòðàòîñôåðíîãî ìåðèäèî-
íàëüíîãî òåìïåðàòóðíîãî ãðàäèåíòà è ïîñëåäóþùåìó óñèëåíèþ ïîëÿðíîãî âèõðÿ. Â óñëîâèÿõ çèìíå-âåñåííåãî 
óñèëåíèÿ âèõðÿ ôîðìèðóþòñÿ ïîëÿðíûå îçîíîâûå àíîìàëèè. Ñòðàòîñôåðíûå àíîìàëèè îçîíà âñëåäñòâèå 
óñèëåíèÿ ÓÔ–Á-ðàäèàöèè ìîãóò ïðîÿâëÿòüñÿ â äåãðàäàöèè õâîéíûõ ëåñîâ, êîòîðûå ñëóæàò áèîñôåðíûì 
èíäèêàòîðîì êëèìàòè÷åñêèõ èçìåíåíèé. Ìàññîâîå î÷àãîâîå óñûõàíèå òåìíîõâîéíûõ ëåñîâ íàáëþäàåòñÿ  
â ãîðíûõ ðàéîíàõ Þæíîé Ñèáèðè ñ ñåðåäèíû 1990-õ ãã. â óñëîâèÿõ óâåëè÷åíèÿ ïðèçåìíîé ÓÔ–Á-ðàäèàöèè 
â ðåçóëüòàòå èñòîùåíèÿ îçîíîâîãî ñëîÿ ïîñëå èçâåðæåíèÿ âóëêàíà Ïèíàòóáî. 

 

Êëþ÷åâûå ñëîâà: êðóïíûå âóëêàíè÷åñêèå èçâåðæåíèÿ, âóëêàíîãåííûé àýðîçîëü, òðîïè÷åñêàÿ ñòðàòî-
ñôåðà, äåïðåññèÿ îçîíîâîãî ñëîÿ, óñûõàíèå õâîéíûõ ëåñîâ; large volcanic eruptions, volcanic aerosol, tropi-
cal stratosphere, stratospheric ozone depletion, degradation of coniferous forests. 

 
Ââåäåíèå 

 
Ñòðàòîñôåðíûé àýðîçîëüíûé ñëîé â îñíîâíîì 

ñîñòàâëÿþò ÷àñòèöû ñåðíîêèñëîòíîãî àýðîçîëÿ, ïðåä-
ñòàâëÿþùèå ñîáîé ìèêðîêàïëè 75%-ãî âîäíîãî ðàñ-
òâîðà ñåðíîé êèñëîòû H2SO4 [1]. Îäíèì èç èñòî÷-
íèêîâ ñòðàòîñôåðíîãî àýðîçîëÿ ÿâëÿþòñÿ êðóïíûå 
âóëêàíè÷åñêèå èçâåðæåíèÿ, âûáðàñûâàþùèå â ñòðà-
òîñôåðó áîëüøîå êîëè÷åñòâî äèîêñèäà ñåðû SO2, 
ãäå èç íåãî â òå÷åíèå íåñêîëüêèõ íåäåëü ïðè îêèñ-
ëåíèè è îáâîäíåíèè îáðàçóåòñÿ ñåðíîêèñëîòíûé  
àýðîçîëü [2]. Â ðåçóëüòàòå êðóïíûõ èçâåðæåíèé 
êîíöåíòðàöèÿ åãî ìîæåò óâåëè÷èâàòüñÿ íà 1–2 ïî-
ðÿäêà [3]. Çíà÷èìîå âîçäåéñòâèå íà ñòðàòîñôåðó 

ñïîñîáíû îêàçûâàòü èçâåðæåíèÿ ñ èíäåêñîì âóëêà-
íè÷åñêîé âçðûâ÷àòîñòè VEI  4, â îñîáåííîñòè òðî-
ïè÷åñêèõ âóëêàíîâ. Èçâåðæåíèÿ ñ VEI  5 ìîãóò 
îêàçûâàòü âëèÿíèå íà êëèìàò Çåìëè â òå÷åíèå íå-
ñêîëüêèõ ëåò [4]. 
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Â íàñòîÿùåé ðàáîòå, ïðåäñòàâëåííîé â íîìåðå 
æóðíàëà, ïîñâÿùåííîì 50-ëåòèþ Èíñòèòóòà ìîíè-
òîðèíãà êëèìàòè÷åñêèõ è ýêîëîãè÷åñêèõ ñèñòåì ÑÎ 
ÐÀÍ, ïðèâåäåíû îñíîâíûå ðåçóëüòàòû èññëåäîâàíèé 
ëàáîðàòîðèè ãåîñôåðíî-áèîñôåðíûõ âçàèìîäåéñòâèé 
(ËÃÁÂ) â îáëàñòè âëèÿíèÿ êðóïíûõ âóëêàíè÷åñêèõ 
èçâåðæåíèé íà îçîíîâûé ñëîé è áèîñôåðó Çåìëè  
çà ïîñëåäíèå 10 ëåò. Ðàññìîòðåíû ïðè÷èíû ôîðìè-
ðîâàíèÿ òåìïåðàòóðíûõ è îçîíîâûõ àíîìàëèé â òðî-
ïè÷åñêîé ñòðàòîñôåðå ïîñëå êðóïíûõ âóëêàíè÷åñêèõ 
èçâåðæåíèé ñ òî÷êè çðåíèÿ ñîñòàâà âóëêàíîãåííîãî 

àýðîçîëÿ. Îõàðàêòåðèçîâàíà ðîëü âóëêàíîãåííîãî 
ïîâûøåíèÿ òåìïåðàòóðû íèæíåé òðîïè÷åñêîé ñòðà-
òîñôåðû â ôîðìèðîâàíèè ïîëÿðíûõ îçîíîâûõ àíî-
ìàëèé. Ðàññìîòðåíû ïîñëåäñòâèÿ âóëêàíîãåííîé äå-
ïðåññèè îçîíîâîãî ñëîÿ äëÿ áèîñôåðû, ïðîÿâëÿþ-
ùèåñÿ, â ÷àñòíîñòè, â äåãðàäàöèè õâîéíûõ ëåñîâ. 
Òàêèì îáðàçîì, ìîæíî ïðîñëåäèòü äåòåðìèíèñòñêóþ 
ñâÿçü ãåîñôåðíî-áèîñôåðíûõ ïðîöåññîâ: êðóïíîå 

èçâåðæåíèå òðîïè÷åñêîãî âóëêàíà  âóëêàíîãåííàÿ 

äåïðåññèÿ îçîíîñôåðû (ñâÿçàííàÿ êàê ñ ïðÿìûì 
ðàçðóøåíèåì îçîíà íà âóëêàíîãåííîì àýðîçîëå, òàê 
è ñ ôîðìèðîâàíèåì ïîëÿðíûõ îçîíîâûõ àíîìàëèé) 
 óñûõàíèå õâîéíûõ ëåñîâ â óñëîâèÿõ óâåëè÷åíèÿ 
ïðèçåìíîé ÓÔ–Á-ðàäèàöèè. 
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Ðîëü êðóïíûõ âóëêàíè÷åñêèõ 
èçâåðæåíèé â ôîðìèðîâàíèè 

îçîíîâûõ àíîìàëèé â òðîïè÷åñêîé 
ñòðàòîñôåðå 

 

Êàê ïðàâèëî, ïîñëå êðóïíûõ èçâåðæåíèé òðî-
ïè÷åñêèõ âóëêàíîâ, íàïðèìåð Ýëü-×è÷îí (VEI = 5, 
àïðåëü 1982 ã.) è Ïèíàòóáî (VEI = 6, èþíü 1991 ã.), 
â òå÷åíèå íåñêîëüêèõ ëåò â òðîïè÷åñêîé ñòðàòîñôå-
ðå íàáëþäàþòñÿ òåìïåðàòóðíûå è îçîíîâûå àíîìà-
ëèè [3, 4]. Ðåçóëüòàòû èññëåäîâàíèé ïðè÷èí ïðî-
äîëæèòåëüíûõ âóëêàíîãåííûõ òåìïåðàòóðíûõ è îçî-
íîâûõ àíîìàëèé â òðîïè÷åñêîé ñòðàòîñôåðå ñ òî÷êè 
çðåíèÿ ñîñòàâà âóëêàíîãåííîãî àýðîçîëÿ ïðåäñòàâ-
ëåíû â öèêëå ðàáîò [5–11]. Âóëêàíîãåííûìè àýðî-
çîëÿìè â ñòðàòîñôåðå ñ÷èòàþòñÿ áûñòðî îñåäàþùèé 
ïåïåë è äîëãîæèâóùèé ñåðíîêèñëîòíûé àýðîçîëü.  
Â òå÷åíèå ïåðâîãî ïîëóãîäèÿ ïîñëå èçâåðæåíèÿ îçî-
íîâûå è òåìïåðàòóðíûå àíîìàëèè îáóñëîâëåíû ïðè-
ñóòñòâèåì âóëêàíè÷åñêîãî ïåïëà. Ñåðíîêèñëîòíûé 
àýðîçîëü ýôôåêòèâåí â êàòàëèòè÷åñêèõ öèêëàõ ðàç-
ðóøåíèÿ îçîíà òîëüêî â ïîëÿðíûõ è ñóáïîëÿðíûõ 
øèðîòàõ, ãäå îí ìîæåò ñïîñîáñòâîâàòü ïðîòåêàíèþ 
ãåòåðîãåííûõ ðåàêöèé àêòèâàöèè õëîðà èç ïàññèâ-
íîé ìîëåêóëû-ðåçåðâóàðà ClONO2 [12]. Â òðîïè÷å-
ñêîé ñòðàòîñôåðå ýòè ðåàêöèè íåýôôåêòèâíû èç-çà 

àêòèâíîãî ôîòîëèçà HNO3, ñïîñîáñòâóþùåãî óâåëè-
÷åíèþ NO2, êîòîðûé âçàèìîäåéñòâóåò ñ ClO ñ îáðà-
çîâàíèåì ClONO2, áëîêèðóÿ õëîðíûé öèêë ðàçðóøå- 
íèÿ îçîíà. Äëèòåëüíóþ äåïðåññèþ ñòðàòîñôåðíîãî 
îçîíà ìîæíî îáúÿñíèòü ïðèñóòñòâèåì â âóëêàíè÷å-
ñêèõ âûáðîñàõ íàíîðàçìåðíîãî ÷åðíîãî óãëåðîäà, õà- 
àêòåðèçóþùåãîñÿ äëèííûì âðåìåíåì æèçíè â ñòðà-
òîñôåðå (1,5–4 ãîäà) è âûñîêîé âåðîÿòíîñòüþ ðàç-
ðóøåíèÿ îçîíà íà åãî ïîâåðõíîñòè (  2  103) [10].  
 

 
Íà ïðèñóòñòâèå â âûáðîñàõ ÷åðíîãî óãëåðîäà ìîæåò 
óêàçûâàòü íàëè÷èå â ñîñòàâå âóëêàíè÷åñêèõ ãàçîâ 
ìîíîîêñèäà óãëåðîäà CO, îáðàçóþùåãîñÿ â ðåàêöè-
ÿõ îêèñëåíèÿ óãëåðîäà [13, 14]. 

Âóëêàíû ÿâëÿþòñÿ ïðèðîäíûìè õèìè÷åñêèìè 
ðåàêòîðàìè. Â óñëîâèÿõ âûñîêèõ òåìïåðàòóð, ïîâû-
øåííîãî äàâëåíèÿ è áîëüøîãî ðàçíîîáðàçèÿ õèìè-
÷åñêèõ ñîåäèíåíèé ñòàíîâèòñÿ âîçìîæíûì ïðîòåêà-
íèå ìíîæåñòâà óíèêàëüíûõ õèìè÷åñêèõ ðåàêöèé, 
îñîáåííî â óñëîâèÿõ ïëèíèàíñêîãî èçâåðæåíèÿ. Ñî-
ãëàñíî îáùåé ñõåìå ïëèíèàíñêîãî èçâåðæåíèÿ [13] 
ïðè ïåðåìåùåíèè ìàãìû èç ìàãìàòè÷åñêîé êàìåðû 
â âóëêàíè÷åñêèé êàíàë âûñâîáîæäàþòñÿ ðàñòâîðåí-
íûå â íåé ãàçû, êîòîðûå ôîðìèðóþò ïóçûðè (ðèñó-
íîê). Âûñâîáîæäåíèå ãàçîâ ïî ìåðå ïîäúåìà ìàãìû 
ïðèâîäèò ê òîìó, ÷òî ðàñïëàâëåííàÿ ÷àñòü ìàãìû íà- 
÷èíàåò êðèñòàëëèçîâàòüñÿ, îáðàçóÿ ïèðîêëàñòè÷å-
ñêèé ìàòåðèàë. Â ýòîé îáëàñòè âóëêàíè÷åñêèå ãàçû 
íàõîäÿòñÿ â îêðóæåíèè ðàñêàëåííîãî ïèðîêëàñòè÷å-
ñêîãî ìàòåðèàëà (çàêðèñòàëëèçîâàâøåéñÿ ìàãìû) ïðè 

òåìïåðàòóðå  1000 C â áåñêèñëîðîäíîé (èëè ñëà-
áîêèñëîðîäíîé) ñðåäå. Çäåñü ÷åðíûé óãëåðîä ìîæåò 
ôîðìèðîâàòüñÿ ïðè òåðìè÷åñêîì ðàçëîæåíèè ìåòàíà 

CH4 íà ðàñêàëåííûõ ïîâåðõíîñòÿõ ïèðîêëàñòîâ: 

  
Pyroclasts

4 2CH  C 2 H .nn n  (1) 

Â âåðõíåé ÷àñòè êàíàëà è íåïîñðåäñòâåííî â ýðóï-
òèâíîé êîëîííå ïðè ñêîðîñòÿõ, áëèçêèõ ê ñâåðõçâó-
êîâûì, ñîçäàþòñÿ óñëîâèÿ äëÿ îòùåïëåíèÿ ÷åðíîãî 
óãëåðîäà îò ïèðîêëàñòè÷åñêîãî ìàòåðèàëà è åãî èç-
ìåëü÷åíèÿ (ðèñóíîê). 
  Òàêèì îáðàçîì, ïðè÷èíîé ïðîäîëæèòåëüíûõ 

òåìïåðàòóðíûõ è îçîíîâûõ àíîìàëèé â íèæíåé òðî-
ïè÷åñêîé ñòðàòîñôåðå ïîñëå êðóïíûõ âóëêàíè÷åñêèõ 

èçâåðæåíèé ñ âûñîêîé ñòåïåíüþ âåðîÿòíîñòè ìîæåò  
 

 

 
Ìåõàíèçì ôîðìèðîâàíèÿ ÷åðíîãî óãëåðîäà â âóëêàíè÷åñêîì êàíàëå ïðè ïëèíèàíñêîì èçâåðæåíèè 

 



 

152 Çóåâ Â.Â., Çóåâà Í.Å., Ñàâåëüåâà Å.Ñ. è äð. 
 

 
áûòü ñîäåðæàùèéñÿ â âóëêàíè÷åñêèõ âûáðîñàõ  

íàíîðàçìåðíûé ÷åðíûé óãëåðîä, ôîðìèðóþùèéñÿ  
â âóëêàíè÷åñêîì êàíàëå ïðè òåðìè÷åñêîì ðàçëîæå-
íèè ìåòàíà íà ðàñêàëåííûõ ïîâåðõíîñòÿõ ïèðîêëà-
ñòîâ â ïðîöåññå ïëèíèàíñêîãî èçâåðæåíèÿ. 

 
Âëèÿíèå âóëêàíè÷åñêèõ èçâåðæåíèé 

íà ôîðìèðîâàíèå ïîëÿðíûõ  
îçîíîâûõ àíîìàëèé 

 
Ïîâûøåíèå òåìïåðàòóðû íèæíåé òðîïè÷åñêîé 

ñòðàòîñôåðû ïîñëå êðóïíûõ âóëêàíè÷åñêèõ èçâåð-
æåíèé ñïîñîáñòâóåò óâåëè÷åíèþ ñòðàòîñôåðíîãî ìå-
ðèäèîíàëüíîãî òåìïåðàòóðíîãî ãðàäèåíòà è ïîñëå-
äóþùåìó óñèëåíèþ ïîëÿðíîãî âèõðÿ, ñîïðîâîæäàþ- 
ùåìóñÿ ôîðìèðîâàíèåì îçîíîâîé àíîìàëèè [15]. 
Äèíàìèêà ïîëÿðíûõ âèõðåé ïîä âëèÿíèåì èçìåíå-
íèé ñòðàòîñôåðíîãî ìåðèäèîíàëüíîãî òåìïåðàòóð-
íîãî ãðàäèåíòà ðàññìîòðåíà â ñåðèè ðàáîò [15–18]. 
Ïîëÿðíûå âèõðè ïðåäñòàâëÿþò ñîáîé êðóïíîìàñ-
øòàáíûå öèêëîíû, ðàñïðîñòðàíÿþùèåñÿ îò òðîïî-
ïàóçû â ìåçîñôåðó è ñóùåñòâóþùèå ñ îñåíè ïî âåñ-
íó. Ìàñøòàáû è èíòåíñèâíîñòü ðàçðóøåíèÿ ñòðàòî-
ñôåðíîãî îçîíà íàä ïîëÿðíîé îáëàñòüþ çàâèñÿò  

îò ñèëû è óñòîé÷èâîñòè ïîëÿðíîãî âèõðÿ â çèìíå-
âåñåííèé ïåðèîä [19–23]. Îñåííå-çèìíèå èçâåðæå-
íèÿ òðîïè÷åñêèõ âóëêàíîâ ñ VEI = 3–4 è âûñîòîé 

âûáðîñà íå ìåíåå 18 êì (íàðÿäó ñ èçâåðæåíèÿìè 

òðîïè÷åñêèõ âóëêàíîâ ñ VEI  5) ñïîñîáñòâóþò çèì-
íå-âåñåííåìó óñèëåíèþ ñåâåðíîãî âèõðÿ, ïðîòåêàþ-
ùåìó ñ ôîðìèðîâàíèåì àðêòè÷åñêèõ îçîíîâûõ àíî-
ìàëèé. Îêîëî 70% àðêòè÷åñêèõ îçîíîâûõ àíîìàëèé 
ñôîðìèðîâàëîñü â ðåçóëüòàòå óñèëåíèÿ ñåâåðíîãî 
ïîëÿðíîãî âèõðÿ ïîñëå êðóïíûõ âóëêàíè÷åñêèõ èç-
âåðæåíèé [15]. Â Þæíîì ïîëóøàðèè óñèëåíèå âèõ-
ðÿ ïðè âóëêàíîãåííîì ïîòåïëåíèè íèæíåé òðîïè÷å-
ñêîé ñòðàòîñôåðû åñëè è ïðîÿâëÿåòñÿ, òî ïðàêòè- 
÷åñêè íåçàìåòíî íà ôîíå òðàäèöèîííî âûñîêîé àê-
òèâíîñòè àíòàðêòè÷åñêîãî âèõðÿ, îáóñëîâëåííîé 
ñåçîííûì õîäîì òåìïåðàòóðû íèæíåé ñóáòðîïè÷å-
ñêîé ñòðàòîñôåðû [16–18]. 

 
Ðîëü äåïðåññèè îçîíîñôåðû  
â óñûõàíèè õâîéíûõ ëåñîâ 

 
Ïîñëåäñòâèÿ âóëêàíîãåííîé äåïðåññèè îçîíî-

ñôåðû äëÿ áèîñôåðû, ïðîÿâëÿþùèåñÿ, â ÷àñòíîñòè, 
â äåãðàäàöèè õâîéíûõ ëåñîâ, ðàññìîòðåíû â öèêëå 
ðàáîò [24–27]. Ìàññîâîå î÷àãîâîå óñûõàíèå òåìíî-
õâîéíûõ ëåñîâ íàáëþäàåòñÿ â ãîðíûõ ðàéîíàõ Þæ-
íîé Ñèáèðè (Êóçíåöêèé Àëàòàó, Çàïàäíûé è Âîñ-
òî÷íûé Ñàÿíû, Õàìàð-Äàáàí) ñ ñåðåäèíû 1990-õ ãã. 
Íåïîñðåäñòâåííîé ïðè÷èíîé îáðàçîâàíèÿ î÷àãîâ 

óñûõàíèÿ ëåñà ñ÷èòàåòñÿ ðàçâèòèå êîðíåâûõ ïàòîãå-
íîâ è ðàçìíîæåíèå íàñåêîìûõ-âðåäèòåëåé, ïîðàæàþ- 
ùèõ îñëàáëåííûå äðåâîñòîè. Îñëàáëåíèå äåðåâüåâ 
ïðîèñõîäèò ïîä âîçäåéñòâèåì ìíîæåñòâà ýêîñèñòåì-
íûõ ôàêòîðîâ, à åñëè èõ ñîâîêóïíîñòü ïðåâûøàåò  

 
àäàïòàöèîííûå âîçìîæíîñòè äåðåâà, òî äåðåâî ãèá-
íåò. Ñèíõðîííîñòü ìàññîâîãî îáðàçîâàíèÿ î÷àãîâ 

óñûõàíèÿ òåìíîõâîéíûõ ëåñîâ íà òåððèòîðèÿõ Êóç-
íåöêîãî Àëàòàó, Ñàÿí è Õàìàð-Äàáàíà â 1990-õ ãã. 
óêàçûâàåò íà óñèëåíèå â ýòîò ïåðèîä îáùåãî äëÿ 
ýòèõ òåððèòîðèé ôàêòîðà íåãàòèâíûõ ýêîñèñòåìíûõ 
âîçäåéñòâèé. Â êà÷åñòâå òàêîãî ôàêòîðà âûñòóïèëî 
óâåëè÷åíèå óðîâíÿ ïðèçåìíîé ÓÔ–Á-ðàäèàöèè  

â ðåçóëüòàòå èñòîùåíèÿ îçîíîâîãî ñëîÿ â 1990-õ ãã. 
ïîñëå èçâåðæåíèÿ âóëêàíà Ïèíàòóáî. Ïîâûøåííûå 

äîçû ÓÔ–Á-ðàäèàöèè âûçûâàþò ó ðàñòåíèé ìíîãî-
÷èñëåííûå ïðÿìûå è êîñâåííûå ðåàêöèè, âêëþ÷àÿ 
óõóäøåíèå ìåòàáîëèçìà, ôîòîñèíòåçà è òðàíñïè- 
ðàöèè, ðîñòà, ìîðôîãåíåçà è äðóãèõ ïðîöåññîâ. 
Ôîðìèðîâàíèå î÷àãîâ óñûõàíèÿ õâîéíûõ ëåñîâ  
íà òåððèòîðèè ãîð Þæíîé Ñèáèðè ñ ñåðåäèíû 
1990-õ ãã. ïðîèñõîäèëî â ïðåäåëàõ çîíû ìàêñèìàëü-
íîãî ñíèæåíèÿ îáùåãî ñîäåðæàíèÿ îçîíà (âïëîòü  
äî 12%) ïðè ñîîòâåòñòâóþùåì óâåëè÷åíèè ïðèçåìíî-
ãî óðîâíÿ ÓÔ–Á-ðàäèàöèè â äèàïàçîíå 300–310 íì 
íà 36–72%. 

 
Çàêëþ÷åíèå 

 

Â íàñòîÿùåé ðàáîòå ïðèâåäåíû ðåçóëüòàòû èñ-
ñëåäîâàíèé â îáëàñòè âëèÿíèÿ êðóïíûõ âóëêàíè÷å-
ñêèõ èçâåðæåíèé íà îçîíîâûé ñëîé è áèîñôåðó Çåì-
ëè, ïðîÿâëÿþùèåñÿ, â ÷àñòíîñòè, â óñûõàíèè õâîé-
íûõ ëåñîâ. Íà îñíîâå ìíîãîëåòíèõ èññëåäîâàíèé 
ðàçðàáîòàí íîâûé ïîäõîä ê îáîñíîâàíèþ ïðîäîë-
æèòåëüíûõ îçîíîâûõ è òåìïåðàòóðíûõ àíîìàëèé  
â íèæíåé òðîïè÷åñêîé ñòðàòîñôåðå ïîñëå êðóïíûõ 
âóëêàíè÷åñêèõ èçâåðæåíèé, ïðåäïîëàãàþùèé ó÷åò 
ðîëè âóëêàíîãåííîãî ÷åðíîãî óãëåðîäà. Ïðåäëîæåí 
ìåõàíèçì îáðàçîâàíèÿ ÷åðíîãî óãëåðîäà â âóëêàíè-
÷åñêîì êàíàëå ïðè òåðìè÷åñêîì ðàçëîæåíèè ìåòàíà 
íà ðàñêàëåííûõ ïîâåðõíîñòÿõ ïèðîêëàñòîâ â ïðîöåñ-
ñå ïëèíèàíñêîãî èçâåðæåíèÿ. Ïðîäîëæèòåëüíûå îçî- 
íîâûå àíîìàëèè â òðîïè÷åñêîé ñòðàòîñôåðå ïîñëå 
êðóïíûõ âóëêàíè÷åñêèõ èçâåðæåíèé ìîãóò ïðèâî-
äèòü ê ãëîáàëüíîé äåïðåññèè îçîíîñôåðû (íàïðèìåð, 
êàê ýòî íàáëþäàëîñü ïîñëå èçâåðæåíèÿ âóëêàíà 
Ïèíàòóáî â 1991 ã. [28]). 

Âóëêàíîãåííîå ïîâûøåíèå òåìïåðàòóðû íèæíåé 
òðîïè÷åñêîé ñòðàòîñôåðû ñïîñîáñòâóåò óâåëè÷åíèþ 
ñòðàòîñôåðíîãî ìåðèäèîíàëüíîãî òåìïåðàòóðíîãî ãðà- 
äèåíòà è ïîñëåäóþùåìó óñèëåíèþ ïîëÿðíîãî âèõðÿ, 
ïðîòåêàþùåìó ñ ôîðìèðîâàíèåì ïîëÿðíîé îçîíîâîé 

àíîìàëèè. Îêîëî 70% àðêòè÷åñêèõ îçîíîâûõ àíîìà- 
ëèé ñôîðìèðîâàëîñü â ðåçóëüòàòå óñèëåíèÿ ñåâåð-
íîãî ïîëÿðíîãî âèõðÿ ïîñëå êðóïíûõ âóëêàíè÷åñêèõ 
èçâåðæåíèé. Äåïðåññèÿ îçîíîâîãî ñëîÿ (âñëåäñòâèå 

óñèëåíèÿ ÓÔ–Á-ðàäèàöèè) ìîæåò ïðîÿâëÿòüñÿ â äå- 
ãðàäàöèè õâîéíûõ ëåñîâ, êîòîðûå ñëóæàò áèîñôåð-
íûì èíäèêàòîðîì êëèìàòè÷åñêèõ èçìåíåíèé. Ìàñ-
ñîâîå î÷àãîâîå óñûõàíèå òåìíîõâîéíûõ ëåñîâ ïîñëå 
èçâåðæåíèÿ âóëêàíà Ïèíàòóáî íàáëþäàåòñÿ â ãîð-
íûõ ðàéîíàõ Þæíîé Ñèáèðè ñ ñåðåäèíû 1990-õ ãã. 

Ïðè êðóïíåéøèõ âóëêàíè÷åñêèõ èçâåðæåíèÿõ 
ìîãóò íàáëþäàòüñÿ çíà÷èòåëüíûå êëèìàòè÷åñêèå  

èçìåíåíèÿ ñîãëàñíî ìîäåëè «ÿäåðíîé çèìû», ãäå  



 

 Ðîëü êðóïíûõ âóëêàíè÷åñêèõ èçâåðæåíèé â ðàçðóøåíèè ñòðàòîñôåðíîãî îçîíà è äåãðàäàöèè õâîéíûõ ëåñîâ 153 
 

 
÷åðíûé óãëåðîä â ñòðàòîñôåðå èãðàåò îïðåäåëÿþùóþ 

ðîëü. Ïðè èçâåðæåíèÿõ ñóïåðâóëêàíîâ ñ VEI  8  
â ñòðàòîñôåðó ìîæåò áûòü âûáðîøåíî > 1 Ìò ÷åðíî-
ãî óãëåðîäà. ×èñëåííîå ìîäåëèðîâàíèå ïîñëåäñòâèé 
âûáðîñà â òðîïè÷åñêóþ ñòðàòîñôåðó òàêîãî êîëè÷å-
ñòâà ÷åðíîãî óãëåðîäà ïîêàçûâàåò ïðàêòè÷åñêè ïîë-
íîå ðàçðóøåíèå îçîíîñôåðû [29]. 
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çàäàíèÿ ÈÌÊÝÑ ÑÎ ÐÀÍ (¹ 121031300156-5). 

 
1. Çóåâ Â.Â. Ëèäàðíûé êîíòðîëü ñòðàòîñôåðû. Íîâîñè-

áèðñê: Íàóêà, 2004. 307 ñ. 
2. Çóåâ Â.Â., Áóðëàêîâ Â.Ä. Ñèáèðñêàÿ ëèäàðíàÿ ñòàí-

öèÿ: 20 ëåò îïòè÷åñêîãî ìîíèòîðèíãà ñòðàòîñôåðû. 
Òîìñê: Èçä-âî ÈÎÀ ÑÎ ÐÀÍ, 2008. 226 ñ. 

3. Çóåâ Â.Â. Âóëêàíû è îçîíîâûé ñëîé // Íàóêà èç ïåð-
âûõ ðóê. 2010. Ò. 34, ¹ 4. Ñ. 68–75. 

4. Çóåâ Â.Â. Òðîïè÷åñêèå âóëêàíû è êëèìàò Àðêòèêè // 
Íàóêà â Ðîññèè. 2013. ¹ 5. Ñ. 33–40. 

5. Çóåâ Â.Â., Çóåâà Í.Å. Âóëêàíîãåííûå âîçìóùåíèÿ ñòðà- 
òîñôåðû – ãëàâíûé ðåãóëÿòîð äîëãîâðåìåííîãî ïîâåäå-
íèÿ îçîíîñôåðû â ïåðèîä ñ 1979 ïî 2008 ã. // Îïòèêà 
àòìîñô. è îêåàíà. 2011. Ò. 24, ¹ 1. Ñ. 30–34. 

6. Çóåâ Â.Â., Çóåâà Í.Å., Êóöåíîãèé Ï.Ê., Ñàâåëüåâà Å.Ñ. 
Âóëêàíîãåííûé íàíîäèñïåðñíûé óãëåðîäíûé àýðîçîëü 
â ñòðàòîñôåðå // Õèìèÿ óñò. ðàçâ. 2014. Ò. 22, ¹ 1. 
Ñ. 83–88. 

7. Çóåâ Â.Â., Çóåâà Í.Å., Ñàâåëüåâà Å.Ñ., Øåëåõîâ À.Ï., 
Øåëåõîâà Å.À. Î ðîëè âóëêàíîãåííîãî ðàçîãðåâà òðî-
ïè÷åñêîé ñòðàòîñôåðû â ôîðìèðîâàíèè î÷àãîâ òåïëà  
â àðêòè÷åñêèõ ðåãèîíàõ // Îïòèêà àòìîñô. è îêåàíà. 
2014. Ò. 27, ¹ 1. Ñ. 69–74; Zuev V.V., Zueva N.E., 
Savel’eva E.S., Shelekhov A.P., Shelekhova E.A. The 
role of volcanic heating of the tropical stratosphere  
in formation of heat centers in the Arctic regions // 
Atmos. Ocean. Opt. 2014. V. 27, N 3. P. 262–267. 

8. Çóåâ Â.Â., Çóåâà Í.Å., Ñàâåëüåâà Å.Ñ., Áàæåíîâ Î.Å., 
Íåâçîðîâ À.Â. Î ðîëè èçâåðæåíèÿ âóëêàíà Ìåðàïè  
â àíîìàëüíîì ïîíèæåíèè ÎÑÎ íàä Òîìñêîì â àïðåëå 
2011 ã. // Îïòèêà àòìîñô. è îêåàíà. 2015. Ò. 28, ¹ 12. 
Ñ. 1090–1094; Zuev V.V., Zueva N.E., Savelieva E.S., 
Bazhenov O.E., Nevzorov A.V. On the role of the erup-
tion of the Merapi volcano in an anomalous total ozone 
decrease over Tomsk in April 2011 // Atmos. Ocean. 
Opt. 2016. V. 29, N 3. P. 298–303. 

9. Çóåâ Â.Â., Êðóï÷àòíèêîâ Â.Í., Áîðîâêî È.Â. Âëèÿíèå 

ñèëüíûõ èçâåðæåíèé òðîïè÷åñêèõ âóëêàíîâ íà êëèìàò 
âíåòðîïè÷åñêèõ øèðîò // Îïòèêà àòìîñô. è îêåàíà. 
2017. Ò. 30, ¹ 5. Ñ. 404–408. 

10. Çóåâ Â.Â., Çóåâà Í.Å., Ñàâåëüåâà Å.Ñ. Òåìïåðàòóð-
íûå è îçîíîâûå àíîìàëèè êàê èíäèêàòîðû âóëêàíî-
ãåííîé ñàæè â ñòðàòîñôåðå // Îïòèêà àòìîñô. è îêåà-
íà. 2014. Ò. 27, ¹ 8. Ñ. 698–704; Zuev V.V., Zue- 
va N.E., Savelieva E.S. Temperature and ozone anoma-
lies as indicators of volcanic soot in the stratosphere // 
Atmos. Ocean. Opt. 2015. V. 28, N 1. P. 100–106. 

11. Çóåâ Â.Â., Çóåâà Í.Å., Ñàâåëüåâà Å.Ñ. Âóëêàíîãåí-
íûé ôàêòîð óñèëåíèÿ ñòðàòîñôåðíî-òðîïîñôåðíîãî îá-
ìåíà // Îïòèêà àòìîñô. è îêåàíà. 2013. Ò. 26, ¹ 12. 
Ñ. 1068–1072. 

12. Çóåâ Â.Â., Çóåâà Í.Å., Ñàâåëüåâà Å.Ñ. Ñïåöèôèêà ôîð- 
ìèðîâàíèÿ àíòàðêòè÷åñêîé è àðêòè÷åñêîé îçîíîâûõ 
àíîìàëèé // Îïòèêà àòìîñô. è îêåàíà. 2014. Ò. 27, 
¹ 5. Ñ. 407–412. 

13. Sigurdsson H., Houghton B., McNutt S.R., Rymer H., 
Stix J. The Encyclopedia of Volcanoes. London: Aca-
demic Press, 2015. 1421 p. 

 
14. Martínez-Alonso S., Deeter M.N., Worden H.M., Cler- 

baux C., Mao D., Gille J.C. First satellite identifica-
tion of volcanic carbon monoxide // Geophys. Res. 
Lett. 2012. V. 39, N 21. P. L21809. 

15. Zuev V.V., Zueva N.E., Savelieva E.S. The role of 
the Mt. Merapi eruption in the 2011 Arctic ozone deple-
tion // Atmos. Environ. 2017. V. 166. P. 327–333. 

16. Zuev V.V., Savelieva E. The cause of the spring 

strengthening of the Antarctic polar vortex // Dynam. 
Atmos. Oceans. 2019. V. 87. P. 101097. 

17. Zuev V.V., Savelieva E. The cause of the strengthen-
ing of the Antarctic polar vortex during October–
November periods // J. Atmos. Sol.-Terr. Phys. 2019. 
V. 190. P. 1–5. 

18. Çóåâ Â.Â., Áîðîâêî È.Â., Êðóï÷àòíèêîâ Â.Í., Ñàâåëü-
åâà Å.Ñ. Âëèÿíèå òåìïåðàòóðû íèæíåé ñóáòðîïè÷åñêîé 
ñòðàòîñôåðû íà äèíàìèêó àíòàðêòè÷åñêîãî ïîëÿðíîãî 
âèõðÿ // Îïòèêà àòìîñô. è îêåàíà. 2020. Ò. 33, ¹ 5. 
Ñ. 415–418; Zuev V.V., Borovko I.V., Krupchatni- 
kov V.N., Savelieva E.S. Influence of the temperature 
of the lower subtropical stratosphere on Antarctic polar 
vortex dynamics // Atmos. Ocean. Opt. 2020. V. 33, 
N 6. P. 708–711. 

19. Çóåâ Â.Â., Ñàâåëüåâà Å.Ñ. Äèíàìèêà ñòðàòîñôåðíûõ 
ïîëÿðíûõ âèõðåé. Íîâîñèáèðñê: Àêàäåìè÷åñêîå èçä-
âî «Ãåî», 2020. 115 ñ. 

20. Zuev V.V., Savelieva E. The role of the polar vortex 
strength during winter in Arctic ozone depletion from 
late winter to spring // Polar Sci. 2019. V. 22. 
P. 100469. 

21. Zuev V.V., Savelieva E. Arctic polar vortex dynamics 
during winter 2006/2007 // Polar Sci. 2020. V. 25. 
P. 100532. 

22. Zuev V.V., Zueva N.E., Savelieva E.S., Gerasimov V.V. 
The Antarctic ozone depletion caused by Erebus volcano 
gas emissions // Atmos. Environ. 2015. V. 122. 
P. 393–399. 

23. Çóåâ Â.Â., Ñàâåëüåâà Å.Ñ., Ïàâëèíñêèé À.Â. Áåñïðå-
öåäåíòíàÿ îçîíîâàÿ àíîìàëèÿ â àðêòè÷åñêîé ñòðàòî-
ñôåðå â çèìíå-âåñåííèé ïåðèîä 2020 ã. // Äîêë. ÐÀÍ. 
Íàóêè î Çåìëå. 2020. Ò. 495, ¹ 2. Ñ. 36–40. 

24. Çóåâ Â.Â., Çóåâà Í.Å., Êîðîòêîâà Å.Ì. Ñðàâíèòåëü-
íûé àíàëèç ðÿäîâ íàáëþäåíèé îáùåãî ñîäåðæàíèÿ îçî-
íà è ÓÔ–B-ðàäèàöèè â çîíàõ ïðîèçðàñòàíèÿ áîðåàëü-
íûõ ëåñîâ // Îïòèêà àòìîñô. è îêåàíà. 2015. Ò. 28, 
¹ 10. Ñ. 914–920; Zuev V.V., Zueva N.E., Korot- 
kova E.M. The comparative analysis of observational 
series of total ozone content and UV-B radiation in bo-
real forest zones // Atmos. Ocean. Opt. 2016. V. 29, 
N 1. P. 67–72. 

25. Çóåâ Â.Â., Çóåâà Í.Å., Êîðîòêîâà Å.Ì., Ïàâëèí-
ñêèé À.Â. Âëèÿíèå èñòîùåíèÿ îçîíîâîãî ñëîÿ íà ïðî-
öåññû äåãðàäàöèè õâîéíûõ ëåñîâ þæíûõ ðåãèîíîâ Ñè-
áèðè // Îïòèêà àòìîñô. è îêåàíà. 2017. Ò. 30, ¹ 1. 
Ñ. 27–34; Zuev V.V., Zueva N.E., Korotkova E.M., 
Pavlinsky A.V. Impact of ozone depletion on degrada-
tion processes of coniferous forests in southern regions  
of Siberia // Atmos. Ocean. Opt. 2017. V. 30, N 4. 
P. 342–348. 

26. Çóåâ Â.Â., Çóåâà Í.Å., Êîðîòêîâà Å.Ì., Áåíäåð Î.Ã. 
Èññëåäîâàíèå îòêëèêà ôîòîñèíòåòè÷åñêîãî àïïàðàòà åëè 
ñèáèðñêîé (Picea obovata Ledeb.) íà äâóõëåòíåå âîç-
äåéñòâèå ïîâûøåííûõ äîç ÓÔ–Â-ðàäèàöèè // Îïòè-
êà àòìîñô. è îêåàíà. 2017. Ò. 30, ¹ 9. Ñ. 799–805. 

27. Çóåâ Â.Â., Êîðîòêîâà Å.Ì., Ïàâëèíñêèé À.Â. Êëè-
ìàòè÷åñêè îáóñëîâëåííûå èçìåíåíèÿ ðàñòèòåëüíîãî ïî-
êðîâà òàéãè è òóíäðû Çàïàäíîé Ñèáèðè â 1982–2015 ãã. 
ïî äàííûì ñïóòíèêîâûõ íàáëþäåíèé // Èññëåä. Çåì-
ëè èç êîñìîñà. 2019. ¹ 6. Ñ. 66–76. 



 

154 Çóåâ Â.Â., Çóåâà Í.Å., Ñàâåëüåâà Å.Ñ. è äð. 
 

28. Zuev V.V., Burlakov V.D., Nevzorov A.V., Pravdin V.L., 
Savelieva E.S., Gerasimov V.V. 30-year lidar observa-
tions of the stratospheric aerosol layer state over Tomsk 
(Western Siberia, Russia) // Atmos. Chem. Phys. 2017. 
V. 17, N 4. P. 3067–3081. 

29. Kravitz B., Robock A., Shindell D.T., Miller M.A. Sensi-
tivity of stratospheric geoengineering with black carbon 
to aerosol size and altitude of injection // J. Geophys. 
Res. 2012. V. 117, N 9. P. 1–22. 

 
V.V. Zuev, N.Å. Zueva, E.S. Savelieva, E.M. Korotkova, A.V. Pavlinsky. The role of large volcanic 

eruptions in stratospheric ozone depletion and degradation of coniferous forests. 
As a result of large eruptions of tropical volcanoes, a large amount of volcanic aerosol is emitted into the 

stratosphere and contributes to the formation of positive temperature and negative ozone anomalies in the lower 
tropical stratosphere. Large eruptions with VEI  5 can cause global ozone loss. A volcanic increase in the tem-
perature of the lower tropical stratosphere leads to an increase in the stratospheric meridional temperature gra-
dient and the subsequent strengthening of the polar vortex. Polar ozone depletion occurs under the conditions 
of the winter-spring strengthening of the vortex. Stratospheric ozone anomalies due to increased UV-B radiation 
can manifest themselves in the degradation of coniferous forests, which serve a biosphere indicator of climate 
change. Massive focal drying of dark coniferous forests has been observed in the mountainous regions of South-
ern Siberia since the mid-1990s under conditions of an increase in surface UV-B radiation as a result of ozone 
depletion after the eruption of Mount Pinatubo. 

 
 


