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Â ïîñëåäíèå äåñÿòèëåòèÿ ðåçêî óâåëè÷èëîñü ñîäåðæàíèå â àòìîñôåðå ïàðíèêîâûõ ãàçîâ â îñíîâíîì àí-

òðîïîãåííîãî ïðîèñõîæäåíèÿ. Ýòî ñâÿçàíî íå òîëüêî ñ ðîñòîì èíäóñòðèàëüíîé àêòèâíîñòè, íî è ñ ðàñøèðå-
íèåì ìàñøòàáîâ ñåëüñêîõîçÿéñòâåííûõ óãîäèé, ñ ìàññèðîâàííîé âûðóáêîé ëåñîâ è çàáîëà÷èâàíèåì ëåñî-
òóíäðû. Âûïîëíåí îáçîð ñîâðåìåííûõ äàííûõ ìîíèòîðèíãà ïðîñòðàíñòâåííî-âðåìåííîé äèíàìèêè ñîäåð-
æàíèÿ ïàðíèêîâûõ ãàçîâ, ïîëó÷åííûõ íà ìèðîâîé ñåòè íàáëþäåíèé ñðåäñòâàìè êîñìè÷åñêîãî, àýðîñòàòíîãî, 
ñàìîëåòíîãî è êîíòàêòíîãî çîíäèðîâàíèÿ. Àêöåíòèðóåòñÿ âíèìàíèå íà îöåíêàõ âðåìåííîãî òðåíäà ñîäåðæà-
íèÿ ìåòàíà. 

 

Êëþ÷åâûå ñëîâà: àòìîñôåðà, âîçäóõ, ãàçû, òðåíä, ìåòàí; atmosphere, air, gases, trend, methane. 
 

Ââåäåíèå 

Èçâåñòíî, ÷òî ñîëíå÷íîå èçëó÷åíèå, ïîãëîùåí-
íîå çåìíîé ïîâåðõíîñòüþ, âòîðè÷íî èçëó÷àåòñÿ  
â àòìîñôåðó â ÈÊ-äèàïàçîíå âîëí, ò.å. â îáëàñòè 
òåïëîâîé ðàäèàöèè. Ýòà òåïëîâàÿ ðàäèàöèÿ ïîãëî-
ùàåòñÿ ðÿäîì àòìîñôåðíûõ ãàçîâ, êîòîðûå ïðèíÿòî 
íàçûâàòü ïàðíèêîâûìè ãàçàìè (ÏÃ). Â ñâîþ î÷å-
ðåäü, ÏÃ ïåðåèçëó÷àþò ÷àñòü ïîãëîùåííîé òåïëîâîé 
ýíåðãèè â íèæíþþ ÷àñòü àòìîñôåðû, ïðåïÿòñòâóÿ 
òàêèì îáðàçîì åå óõîäó â îòêðûòûé êîñìîñ. Êàê 
ðåçóëüòàò [1], òåìïåðàòóðà ïîãðàíè÷íîãî ñëîÿ àòìî-
ñôåðû íà 32 °Ñ âûøå, ÷åì îíà áûëà áû â îòñóòñò-
âèå ïàðíèêîâûõ ãàçîâ. Ýòîò ïðîöåññ áûë îòêðûò  
â 1896 ã. Àððåíèóñîì [2] è ïîëó÷èë âïîñëåäñòâèè 
òåðìèí «ïàðíèêîâûé ýôôåêò» (õîòÿ ñ òåïëîôèçèêîé 
ïàðíèêîâ íà ñàìîì äåëå íå èìååò íè÷åãî îáùåãî). 
 Ïàðíèêîâûé ýôôåêò çàâèñèò îò êîíöåíòðàöèè 
âîäÿíîãî ïàðà, óãëåêèñëîãî ãàçà è äðóãèõ ìàëûõ 
ãàçîâûõ ñîñòàâëÿþùèõ â àòìîñôåðå, êîòîðûå ïîãëî-
ùàþò èçëó÷åíèå, èñõîäÿùåå îò ïîâåðõíîñòè Çåìëè. 
Â öåëîì, â ñîñòàâ ïàðíèêîâûõ ãàçîâ, ñëåäóÿ Êèîò-
ñêîìó è Ìîíðåàëüñêîìó ïðîòîêîëàì [3], âêëþ÷àþò 
óãëåêèñëûé ãàç (CO2), ìåòàí (CH4), çàêèñü àçîòà 
(N2O), ïåðôòîðóãëåðîäû (PFC), ãèäðîôòîðóãëåðî-
äû (HFC), ãåêñàôòîðèä ñåðû (SF6), õëîðôòîðóãëåðî-
äû (CFC), ãèäðîõëîðôòîðóãëåðîäû (HCFC) è íå-
ñêîëüêî êëàññîâ ãàëîãåíîâ, â òîì ÷èñëå ôòîð, õëîð 
èëè áðîìèä, êîòîðûå â îñíîâíîì ÿâëÿþòñÿ ðåçóëü-
òàòîì èñêëþ÷èòåëüíî ïðîìûøëåííîé äåÿòåëüíîñòè. 
 Ñóùåñòâóåò òàêæå íåñêîëüêî ãàçîâ, êîòîðûå, 
íåñìîòðÿ íà îòñóòñòâèå ïðÿìîãî âêëàäà â ýôôåêò 
ðàäèàöèîííîãî ôîðñèíãà, âëèÿþò íà ãëîáàëüíûé 
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ðàäèàöèîííûé áþäæåò. Ýòè òðîïîñôåðíûå ãàçû, 
îòíåñåííûå ê çàãðÿçíèòåëÿì îêðóæàþùåé ñðåäû, 
âêëþ÷àþò äèîêñèä àçîòà (NO2), äèîêñèä ñåðû (SO2) 
è òðîïîñôåðíûé îçîí (O3). Îçîí ôîðìèðóåòñÿ äâó-
ìÿ ïðåäøåñòâåííèêàìè-çàãðÿçíèòåëÿìè – ëåòó÷èìè 
îðãàíè÷åñêèìè ñîåäèíåíèÿìè è îêñèäàìè àçîòà 
(NOx) ïðè âîçäåéñòâèè óëüòðàôèîëåòîâîãî èçëó÷å-
íèÿ [2]. Äîëãîæèâóùèå àòìîñôåðíûå ìîëåêóëû, 
òàêèå êàê CO2, CH4 è N2O, áûëè ïðèçíàíû Ìåæ-
ïðàâèòåëüñòâåííîé àññîöèàöèåé ïî êëèìàòè÷åñêèì 
èçìåíåíèÿì [3] êàê íàèáîëåå âàæíûå ïàðíèêîâûå 
ãàçû. Äàííûå ãàçû óäàëÿþòñÿ è âîçíèêàþò â àòìî-
ñôåðå ïîä âîçäåéñòâèåì åñòåñòâåííûõ ïðîöåññîâ íà 
Çåìëå, ñîõðàíÿÿ ñëîæèâøèéñÿ ìíîãîâåêîâîé áà-
ëàíñ. Ïðèðîäíàÿ äåÿòåëüíîñòü, òàêàÿ êàê äûõàíèå 
ðàñòåíèé èëè æèâîòíûõ, ñåçîííûå öèêëû ðîñòà, 
ãíèåíèÿ è ãèáåëè ðàñòåíèé, – òîëüêî îäèí èç ïðè-
ìåðîâ öèêëîâ îêñèäà óãëåðîäà è àçîòà ìåæäó àòìî-
ñôåðîé è îðãàíè÷åñêîé áèîìàññîé [4]. Òàêèå ïðî-
öåññû, èñêëþ÷àÿ ïðÿìîå èëè êîñâåííîå íàðóøåíèå 
ðàâíîâåñèÿ àíòðîïîãåííîé àêòèâíîñòüþ, â îáùåì íå 
âëèÿþò ñóùåñòâåííî íà ñðåäíèå êîíöåíòðàöèè àò-
ìîñôåðíûõ ãàçîâ â òå÷åíèå îäíîãî äåñÿòèëåòèÿ. 
Â òî æå âðåìÿ íàðàñòàþùèå ìàñøòàáû íåêîíòðîëè-
ðóåìîé èíäóñòðèàëüíîé äåÿòåëüíîñòè ìîãóò è óæå 
ïðèâîäÿò ê àíîìàëüíîìó óâåëè÷åíèþ êîíöåíòðàöèè 
ÏÃ â ãëîáàëüíîì ìàñøòàáå è ê ñîîòâåòñòâóþùèì 
êëèìàòè÷åñêèì ïîñëåäñòâèÿì. Ñðåäè íèõ íàèáîëü-
øåå âíèìàíèå ïðèâëåêàåò ïðîáëåìà ãëîáàëüíîãî 
ïîòåïëåíèÿ.  

Âîçìîæíûå ïîñëåäñòâèÿ, ñâÿçàííûå ñ àíîìàëü-
íûì ïîâûøåíèåì ñðåäíåé òåìïåðàòóðû ïîâåðõíîñòè 
Çåìëè, ÿâëÿþòñÿ ïðåäìåòîì ñåðüåçíûõ íàó÷íûõ 
ïðîãíîçîâ, íàïðèìåð [5–12]. Ýòè ïðîãíîçû ñ äîñòà-
òî÷íîé óáåäèòåëüíîñòüþ ïðåäñêàçûâàþò êàòàñòðî-
ôè÷åñêîå äëÿ ìíîãèõ ãîñóäàðñòâ ïîâûøåíèå óðîâíÿ 
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ìîðÿ [6], óâåëè÷åíèå êîëè÷åñòâà è ìàãíèòóäû ýêñ-
òðåìàëüíûõ ïîãîäíûõ ÿâëåíèé [7–9], âûíóæäåí-
íûå íåãàòèâíûå èçìåíåíèÿ ñòðóêòóðû è ïðîäóêòèâ-
íîñòè ñåëüñêîõîçÿéñòâåííûõ óãîäèé [10]. Áîëåå 
òîãî, íåêîòîðûå êëèìàòè÷åñêèå àíîìàëèè íàáëþäà-
þòñÿ óæå â íàñòîÿùåå âðåìÿ: ïî äàííûì ñèñòåìàòè-
÷åñêèõ ñïóòíèêîâûõ íàáëþäåíèé óâåëè÷èëèñü êî-
ëè÷åñòâî è ðàçðóøèòåëüíàÿ ñèëà óðàãàíîâ [8, 11], 
ïîâûñèëèñü òåìïåðàòóðà Ìèðîâîãî îêåàíà, öèêëî-
íàëüíàÿ àêòèâíîñòü àòìîñôåðû, îñîáåííî â ñóáòðî-
ïè÷åñêèõ ðàéîíàõ ïëàíåòû [12]. Î÷åâèäíà àêòóàëü-
íîñòü ïðîáëåì ñèñòåìàòè÷åñêîãî ãëîáàëüíîãî êîíòðî-
ëÿ âûáðîñîâ ÏÃ, âûÿâëåíèÿ ìåõàíèçìîâ è ìîùíîñòè 
èñòî÷íèêîâ óêàçàííûõ ãàçîâ ñ öåëüþ ïðèíÿòèÿ ìåæ-
ãîñóäàðñòâåííûõ ðåøåíèé. Îïåðàòèâíûé ãëîáàëü-
íûé ìîíèòîðèíã ïàðíèêîâûõ ãàçîâ, î÷åâèäíî, âîç-
ìîæåí òîëüêî ñðåäñòâàìè äèñòàíöèîííîãî çîíäèðî-
âàíèÿ, ôóíêöèîíèðóþùèìè íà îðáèòàëüíûõ ïëàò-
ôîðìàõ. 

Â íàñòîÿùåé ñòàòüå äàíû êðàòêàÿ õàðàêòåðè-
ñòèêà áîëüøèíñòâà ïàðíèêîâûõ è òåõíîãåííûõ ãà-
çîâ, îáçîð èõ èñòî÷íèêîâ è ñòîêîâ â äèíàìèêå ïî-
ñëåäíåãî äåñÿòèëåòèÿ, à òàêæå ïîêàçàíà ðîëü ÏÃ  
â àòìîñôåðíûõ ðàäèàöèîííûõ ïðîöåññàõ. Â ïåðâîé 
÷àñòè ñòàòüè àêöåíòèðóåòñÿ âíèìàíèå íà îöåíêàõ 
âðåìåííîãî òðåíäà ñîäåðæàíèÿ ìåòàíà. 

1. Õàðàêòåðèñòè÷åñêèå ïàðàìåòðû 

ðàäèàöèîííîãî âîçäåéñòâèÿ 

ïàðíèêîâûõ ãàçîâ íà êëèìàò 

Èçìåíåíèÿ êîíöåíòðàöèè àòìîñôåðíûõ ïàðíè-
êîâûõ ãàçîâ ìîãóò âëèÿòü íà áàëàíñ ýíåðãèè, öèð-
êóëèðóþùåé â ñèñòåìå «àòìîñôåðà – çåìíàÿ ïîâåðõ-
íîñòü». Âîçäåéñòâèå íà ðàäèàöèîííûé ðåæèì àòìî-
ñôåðû – îñíîâíîé ìåõàíèçì àíòðîïîãåííîãî âëèÿíèÿ 
íà ãëîáàëüíóþ êëèìàòè÷åñêóþ ñèñòåìó. Âêëàä ÏÃ 
àòìîñôåðû ñîñòàâëÿåò îñíîâíóþ ÷àñòü ýòîãî âîç-
äåéñòâèÿ. Îíî ñîñòîèò â óâåëè÷åíèè ïîãëîùåíèÿ 
äëèííîâîëíîâîé èíôðàêðàñíîé (ÈÊ) ðàäèàöèè, 
èçëó÷àåìîé â îñíîâíîì ïîäñòèëàþùåé ïîâåðõíî-
ñòüþ, ìîëåêóëàìè ïàðíèêîâûõ ãàçîâ ïðè ïîâûøå-
íèè èõ ñîäåðæàíèÿ â àòìîñôåðå. Ïîãëîùåííàÿ ÈÊ-
ðàäèàöèÿ ïåðåèçëó÷àåòñÿ ââåðõ â êîñìîñ è âíèç  
ê çåìíîé ïîâåðõíîñòè, âûçûâàÿ ïîâûøåíèå òåìïå-
ðàòóðû òðîïîñôåðû.  

Êîëè÷åñòâåííûé ïîêàçàòåëü ìàñøòàáà äàííûõ 
èçìåíåíèé íàçûâàåòñÿ «ðàäèàöèîííûì âîçäåéñòâè-
åì» («ôîðñèíãîì» â àíãëîÿçû÷íîé òðàíñêðèïöèè), 
êîòîðîå îïðåäåëÿåò ñòåïåíü âëèÿíèÿ íà ôàêòîð èç-
ìåíåíèÿ áàëàíñà ìåæäó âîñõîäÿùåé è âõîäÿùåé 
ýíåðãèåé â àòìîñôåðíî-çåìíîé ñèñòåìå. Â ïåðâîì 
ïðèáëèæåíèè ðàäèàöèîííîå âîçäåéñòâèå (ÐÂ) îï-
ðåäåëÿåòñÿ êàê èçìåíåíèå ïîòîêà ëó÷èñòîé ýíåðãèè 
ΔF (Âò ⋅ ì–2) íà âûñîòå òðîïîïàóçû çà ñ÷åò èçìåíå-
íèÿ êîíöåíòðàöèè êàêîãî-ëèáî ïàðíèêîâîãî ãàçà 
èëè äðóãèõ ðàäèàöèîííî-àêòèâíûõ ïðèìåñåé àòìî-
ñôåðû â ïðåäåëàõ íåêîòîðîãî ôèêñèðîâàííîãî ïðî-
ìåæóòêà âðåìåíè t1 < t < t2:  

 ,F F FΔ = ↓ − ↑  

ãäå F↓ è F↑ – ñîîòâåòñòâåííî ñðåäíèå ãëîáàëüíûå 
ïîòîêè íèñõîäÿùåé ñîëíå÷íîé è âîñõîäÿùåé ÈÊ 
(òåïëîâîé) ðàäèàöèè â âåðòèêàëüíîì íàïðàâëåíèè 
(ê çåìíîé ïîâåðõíîñòè). 

Ðàçíîñòü ýôôåêòèâíûõ ïîòîêîâ íà óðîâíå òðî-
ïîïàóçû â êîíöå è â íà÷àëå ïåðèîäà (t1; t2) è îïðå-
äåëÿåò âåëè÷èíó è çíàê ÐÂ. Ïðè ýòîì èìååòñÿ â âè-
äó, ÷òî òåðìîäèíàìè÷åñêîå ðàâíîâåñèå â ñòðàòîñôå-
ðå ïîñëå âûáðîñà ðàäèàöèîííî-àêòèâíûõ ïðèìåñåé 
âîññòàíàâëèâàåòñÿ â ìàñøòàáàõ âðåìåíè, ñóùåñò-
âåííî ìåíüøèõ ÷åì ïîëãîäà. 

Ïðè ïðîâåäåíèè ìîäåëüíûõ ðàñ÷åòîâ èçìåíå-
íèÿ ñðåäíåé ãëîáàëüíîé ïðèïîâåðõíîñòíîé òåìïå-
ðàòóðû ΔÒ íà îñíîâå óïðîùåííûõ ðàäèàöèîííî-
êîíâåêòèâíûõ ìîäåëåé áûëî îáíàðóæåíî (â ÷àñòíî-
ñòè, [13, 14]), ÷òî ïðè èçâåñòíîì ðàäèàöèîííîì 
âîçäåéñòâèè ΔF  

 ,T FΔ = κΔ  

ïðè÷åì êîýôôèöèåíò ïðîïîðöèîíàëüíîñòè κ = 0,5 Ê 
(Âò · ì–2)–1 ïðàêòè÷åñêè íå çàâèñèò îò ïðè÷èíû èç-
ìåíåíèÿ ΔF [14]. Ýòîò êîýôôèöèåíò ïðîïîðöèîíàëü-
íîñòè íàçûâàåòñÿ «÷óâñòâèòåëüíîñòüþ êëèìàòà» — 
«climate sensitivity» [13, 14]. Èìåííî â ñâÿçè ñ ýòèì 
ïîíÿòèå ÐÂ ïîëó÷èëî øèðîêîå ðàñïðîñòðàíåíèå  
â ïðèêëàäíûõ èññëåäîâàíèÿõ, ñâÿçàííûõ ñ âêëàäîì 
ðàçëè÷íûõ àòìîñôåðíûõ ãàçîâ è äðóãèõ âåùåñòâ  
â âîçìîæíîå àíòðîïîãåííîå óñèëåíèå ïàðíèêîâîãî 
ýôôåêòà. 

Äëÿ êîëè÷åñòâåííîé õàðàêòåðèñòèêè ñïîñîáíî-
ñòè êàêîãî-ëèáî âåùåñòâà óâåëè÷èâàòü ðàäèàöèîí-
íîå âîçäåéñòâèå íà ñèñòåìó «òðîïîñôåðà + çåìíàÿ 
ïîâåðõíîñòü» èñïîëüçóþòñÿ ïîíÿòèÿ ïîòåíöèàëîâ 
ãëîáàëüíîãî ïîòåïëåíèÿ. Àáñîëþòíûé ïîòåíöèàë 
ãëîáàëüíîãî ïîòåïëåíèÿ (AGWP — Absolute Global 
Warming Potential) îïðåäåëÿåòñÿ êàê ñóììàðíîå 
ðàäèàöèîííîå âîçäåéñòâèå, êîòîðîå çà îïðåäåëåí-
íûé ïðîìåæóòîê âðåìåíè ÒÍ (time horizon — âðå-
ìåííîé ãîðèçîíò) âûçîâåò îäíîêðàòíàÿ ýìèññèÿ  
â àòìîñôåðó 1 êã äàííîãî ðàäèàöèîííî-àêòèâíîãî 
âåùåñòâà: 
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ãäå t – âðåìÿ, ïðîøåäøåå ñ ìîìåíòà ýìèññèè; Q(t) – 
êîëè÷åñòâî äàííîãî âåùåñòâà, åùå îñòàþùååñÿ  
ê ìîìåíòó t â àòìîñôåðå; à – êîýôôèöèåíò ïðî-
ïîðöèîíàëüíîñòè («ðàäèàöèîííàÿ ýôôåêòèâíîñòü» – 
radiative efficiency, Âò · ì–2

 · êã–1). 
Íà ïðàêòèêå AGWP ðàññ÷èòûâàåòñÿ ñëåäóþ-

ùèì îáðàçîì [15]: 
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ãäå ax – ðàäèàöèîííîå âîçäåéñòâèå â ñâÿçè ñ óâåëè-
÷åíèåì åäèíèöû ìàññû ãàçà õ, ðàñïðåäåëåííîãî 
â ñîîòâåòñòâèè ñ îæèäàåìûì ñòàöèîíàðíûì ðàñïðå-
äåëåíèåì äëÿ íåïðåðûâíîãî èçëó÷åíèÿ; ΔBx(t) – 
èçìåíåíèå íàãðóçêè â ñâÿçè ñ èìïóëüñîì èçëó÷å-
íèÿ; τx – âðåìÿ æèçíè âîçìóùåííûõ âèäîâ x. 
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Ïîä âðåìåíåì æèçíè τ â àòìîñôåðå ïîíèìàåò-
ñÿ, êàê èçâåñòíî [13], îòíîøåíèå ñîäåðæàíèÿ äàí-
íîãî âåùåñòâà â àòìîñôåðå m ê ïîòîêó I, îïèñû-
âàþùåìó åãî «áåçâîçâðàòíîå» âûâåäåíèå èç àòìî-
ñôåðû (ïðè îòñóòñòâèè ïîñòóïëåíèÿ) â ðåçóëüòàòå 
ðàñõîäîâàíèÿ â õîäå õèìè÷åñêèõ ðåàêöèé, ðàçðó-
øåíèÿ âñëåäñòâèå ôîòîõèìè÷åñêèõ âîçäåéñòâèé, 
âûâåäåíèÿ íà ïîäñòèëàþùóþ ïîâåðõíîñòü ïðè îñà-
æäåíèè è ò.ä.: τ = m/I. Èñïîëüçîâàíèå ýòîé õàðàê-
òåðèñòèêè ïðåäïîëàãàåò ëèíåéíîñòü è áåçâîçâðàò-
íîñòü ïðîöåññà âûâåäåíèÿ çàäàííîé ìàññû âåùåñòâà 
èç àòìîñôåðû, ò.å. ñïðàâåäëèâîñòü óðàâíåíèÿ 
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τ – ïðîìåæóòîê âðåìåíè, çà êîòîðûé ñîäåðæàíèå 
äàííîãî âåùåñòâà â àòìîñôåðå ïðè îòñóòñòâèè ïî-
ñòóïëåíèÿ óìåíüøèòñÿ ïðèìåðíî â 2,71 ðàçà. 

Ïðÿìîé GWPx ãàçà õ ðàññ÷èòûâàåòñÿ êàê îò-
íîøåíèå èíòåãðèðóåìîãî ïî âðåìåíè ÐÂ èìïóëüñà 
èçëó÷åíèÿ 1 êã ýòîãî ãàçà ê ÐÂ 1 êã ýòàëîííîãî 
(reference) ãàçà ñðàâíåíèÿ: 
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ãäå TH – âðåìÿ èíòåãðèðîâàíèÿ (ïåðèîä âðåìåíè), 
ïî êîòîðîìó ïðîèçâîäèòñÿ ðàñ÷åò. Ãàç, âûáðàííûé 
â êà÷åñòâå ññûëêè, êàê ïðàâèëî, ÑÎ2, õîòÿ åãî àò-
ìîñôåðíàÿ ôóíêöèÿ ðàñïàäà îòëè÷àåòñÿ äîñòàòî÷-
íîé íåîïðåäåëåííîñòüþ [3]. 

Ïðè íåèçìåííîñòè âñåõ îñòàëüíûõ óñëîâèé 
óâåëè÷åíèå êîíöåíòðàöèè ïàðíèêîâûõ ãàçîâ â àò-
ìîñôåðå ïîðîæäàåò ïîëîæèòåëüíûé ðàäèàöèîííûé 
ôîðñèíã, ò.å. óâåëè÷èâàåò çàõâàò ýíåðãèè, ïîãëî-
ùåííîé Çåìëåé [1]. Ïîëîæèòåëüíàÿ îáðàòíàÿ ñâÿçü 
ìåæäó òåìïåðàòóðîé è âëàæíîñòüþ âîçäóõà ñóùåñò-
âåííî óñèëèâàåò ïîãëîùåíèå ÈÊ-ðàäèàöèè, óâåëè-
÷èâàÿ òåìïåðàòóðó òðîïîñôåðû. Âîäÿíîé ïàð ïî-
ãëîùàåò èçëó÷åíèå Ñîëíöà â áëèæíåé ÈÊ-îáëàñòè 
ñïåêòðà è òåïëîâîå èçëó÷åíèå çåìíîé ïîâåðõíîñòè 
ïî÷òè íà âñåõ ÷àñòîòàõ (äëèíàõ âîëí λ) èíôðà-
êðàñíîãî èçëó÷åíèÿ, êðîìå òàê íàçûâàåìîãî «îêíà 
ïðîçðà÷íîñòè» λ = 8'12 ìêì, ãäå ýòî ïîãëîùåíèå 
ñóùåñòâåííî ìåíüøå. Ïîýòîìó ýôôåêòèâíîñòü âîç-
äåéñòâèÿ ÏÃ îïðåäåëÿåòñÿ òåì, êàê ïîëîñû èõ ïî-
ãëîùåíèÿ ðàñïîëîæåíû îòíîñèòåëüíî îêíà. Òàê, 
ÑÎ2 èìååò ìàêñèìóì ïîãëîùåíèÿ ïðè λ = 15 ìêì. 
Ìåòàí, çàêèñü àçîòà, õëîðôòîðóãëåðîäû (ÕÔÓ)  
è äðóãèå ÏÃ òàêæå èìåþò ìàêñèìóìû ïîëîñ ïîãëî-
ùåíèÿ â îêíå èëè ó åãî ãðàíèö. Ó áîëüøîãî ÷èñëà 
ìàëûõ ãàçîâ àòìîñôåðû (ÕÔÓ, ñîåäèíåíèÿ àçîòà) 
èíòåíñèâíîñòü ïîãëîùåíèÿ ÈÊ-èçëó÷åíèÿ ëèíåéíî 
óâåëè÷èâàåòñÿ ñ óâåëè÷åíèåì èõ ñîäåðæàíèÿ â ñòîë-
áå àòìîñôåðû, îäíàêî äëÿ «ãëàâíûõ» ÏÃ: ÑÍ4  
è N2O, ýòà èíòåíñèâíîñòü ïðèìåðíî ïðîïîðöèî-
íàëüíà êâàäðàòíîìó êîðíþ èç ýòîãî ñîäåðæàíèÿ,  
à äëÿ ÑÎ2 — åãî ëîãàðèôìó [13, 16, 17].  

 Íà ðèñ. 1 ïðèâîäÿòñÿ îöåíêè ðàäèàöèîííîãî 
âîçäåéñòâèÿ íà êëèìàò îñíîâíûõ ïàðíèêîâûõ ãàçîâ 
è àýðîçîëåé.  

Ñîãëàñíî [17, 18] âñå äîëãîæèâóùèå ïàðíèêî-
âûå ãàçû è îçîí äàþò ïîëîæèòåëüíîå ðàäèàöèîííîå 
âîçäåéñòâèå [(2,9 ± 0,3) Âò/ì2]. Ïðè÷åì òå èç íèõ, 
êîòîðûå âûçâàíû õîçÿéñòâåííîé äåÿòåëüíîñòüþ, 
äîñòàòî÷íî õîðîøî èçó÷åíû. Ïðè ýòîì âêëàä ÑÎ2 
ñîñòàâèë 57, CH4 —16, N2O — 6, ÕÔÓ — 12%. Óâå-
ëè÷åíèå ñîäåðæàíèÿ òðîïîñôåðíîãî îçîíà òàêæå 
âûçûâàåò ïîòåïëåíèå (12%), à ñòðàòîñôåðíîãî, íà-
îáîðîò, ïîõîëîäàíèå (–2%). Àýðîçîëüíûå ÷àñòèöû 
îêàçûâàþò âëèÿíèå íà ðàäèàöèîííîå âîçäåéñòâèå 
ïîñðåäñòâîì îòðàæåíèÿ è ïîãëîùåíèÿ ñîëíå÷íîé  
è äëèííîâîëíîâîé ðàäèàöèè â àòìîñôåðå. Íåêîòî-
ðûå òèïû àýðîçîëÿ ñîçäàþò ïîëîæèòåëüíîå âîçäåé-
ñòâèå, äðóãèå — îòðèöàòåëüíîå. Ïðÿìîå ðàäèàöè-
îííîå âîçäåéñòâèå, ïðîñóììèðîâàííîå ïî âñåì òèïàì 
àýðîçîëÿ, ÿâëÿåòñÿ îòðèöàòåëüíûì è ñîñòàâëÿåò  
–0,5–0,4 Âò/ì2. Àýðîçîëè òàêæå ñîçäàþò îòðèöà-
òåëüíîå ðàäèàöèîííîå âîçäåéñòâèå îïîñðåäîâàííî 
ïóòåì èçìåíåíèÿ ñâîéñòâ îáëàêîâ (–0,7 (îò –0,9 äî 
–0,1) Âò/ì2). Îäíàêî äîñòîâåðíîñòü ýòèõ îöåíîê 
íàìíîãî íèæå òåõ, ÷òî ïîëó÷åíû äëÿ ïàðíèêîâûõ 
ãàçîâ, à ìåõàíèçìû èõ ðàäèàöèîííûõ âîçäåéñòâèé 
åùå íåäîñòàòî÷íî èçó÷åíû [18, 19]. Ñóììàðíîå àý-
ðîçîëüíîå âîçäåéñòâèå, âêëþ÷àþùåå ïðÿìîé ýôôåêò 
è îïîñðåäîâàííûé, âûçâàííûé èçìåíåíèåì îáëà÷íîãî 
àëüáåäî, ÿâëÿåòñÿ îòðèöàòåëüíûì (–0,3–1,8 Âò/ì2). 
Â ðåçóëüòàòå ñóììàðíîå ðàäèàöèîííîå âîçäåéñòâèå 
àíòðîïîãåííûõ ôàêòîðîâ, ñâÿçàííûõ ñ èçìåíåíèåì 
âñåõ ïàðíèêîâûõ ãàçîâ è àýðîçîëåé, ñîñòàâëÿåò 1,6 
(îò 0,6 äî 2,4) Âò/ì2. 

 

2. Èñòî÷íèêè è ñòîêè îñíîâíûõ 

ïàðíèêîâûõ ãàçîâ, âêëþ÷àÿ ãàçû 

òåõíîãåííîãî ïðîèñõîæäåíèÿ 

2.1. Âîäÿíîé ïàð (Í2Î) 

Â ãëîáàëüíîé àòìîñôåðå ñîäåðæèòñÿ îêîëî 1% 
âîäÿíîãî ïàðà ïî îáúåìó. Åãî ðàñïðåäåëåíèå ïî 
çåìíîìó øàðó î÷åíü íåðàâíîìåðíî è çíà÷èòåëüíî 
çàâèñèò îò òåìïåðàòóðû âîçäóõà, êîòîðàÿ îïðåäåëÿåò 
âëàãîåìêîñòü àòìîñôåðû. Ïî ýòîé æå ïðè÷èíå âðåìÿ 
æèçíè âîäÿíîãî ïàðà â àòìîñôåðå äîñòàòî÷íî ìàëî  
è ñîñòàâëÿåò ïðèìåðíî 10 ñóò. Îáëàäàÿ ñèëüíîé è øè-
ðîêîé êîëåáàòåëüíî-âðàùàòåëüíîé ïîëîñîé â äèàïàçî-
íå ñïåêòðà 6,3 ìêì è ðÿäîì âðàùàòåëüíûõ ïîëîñ  
â ðàéîíå λ > 10 ìêì, âîäÿíîé ïàð ïîãëîùàåò áîëü-
øóþ ÷àñòü òåïëîâîãî óõîäÿùåãî èçëó÷åíèÿ ïîâåðõ-
íîñòè Çåìëè. Ïîëîñû ïîãëîùåíèÿ 3,2 è 2,7, à òàêæå 
äðóãèå ïîëîñû, ëåæàùèå â áîëåå êîðîòêîé ÷àñòè 
ñïåêòðà, îêàçûâàþò ñëàáîå òåïëîâîå âîçäåéñòâèå, îä-
íàêî îíè çàìåòíî âëèÿþò íà âåëè÷èíó àëüáåäî ïëàíå-
òû è, ñëåäîâàòåëüíî, íà òåìïåðàòóðó T ïîäñòèëàþùåé 
ïîâåðõíîñòè. Âîäÿíîé ïàð, íàðÿäó ñî ñïîñîáíîñòüþ 
ïîãëîùàòü ðàäèàöèþ ïðàêòè÷åñêè âî âñåì èíôðà-
êðàñíîì äèàïàçîíå, òàêæå ÿâëÿåòñÿ èñòî÷íèêîì ÎÍ-
ðàäèêàëîâ – ÷ðåçâû÷àéíî àêòèâíûõ îêèñëèòåëåé, 
êîòîðûå â çíà÷èòåëüíîé ñòåïåíè (íåñìîòðÿ íà âåñüìà 
ìàëûå êîíöåíòðàöèè, ïðèáëèçèòåëüíî 105–107 ñì–3) 
îïðåäåëÿþò õèìè÷åñêèé ñîñòàâ òðîïîñôåðû. 



364 Áåëàí Á.Ä., Êðåêîâ Ã.Ì. 
 

Âëèÿíèå âîäÿíîãî ïàðà ìîæåò òàêæå ïðîÿâ-
ëÿòüñÿ ÷åðåç óâåëè÷åíèå îáëà÷íîñòè è èçìåíåíèå 
êîëè÷åñòâà îñàäêîâ. Îñíîâíîé èñòî÷íèê âîäÿíîãî 
ïàðà â òðîïîñôåðå – ýòî èñïàðåíèå âëàãè ñ ïîâåðõ-
íîñòè ñóøè è îêåàíà, òîãäà êàê îñíîâíûì ñòîêîì 
ÿâëÿþòñÿ îñàäêè, îáðàçóþùèåñÿ â ðåçóëüòàòå ôàçî-
âûõ ñîñòîÿíèé Í2Î. Õîçÿéñòâåííàÿ äåÿòåëüíîñòü 
÷åëîâåêà òàêæå ìîæåò âíîñèòü íåêîòîðûé âêëàä  
â ýìèññèþ âîäÿíîãî ïàðà â àòìîñôåðó ïðåèìóùåñò-
âåííî ïðè èððèãàöèè â ñåëüñêîì õîçÿéñòâå. Îäíàêî 
ýòîò âêëàä ïî îòíîøåíèþ ê åñòåñòâåííîìó ïåðåíîñó 
âîäÿíîãî ïàðà â àòìîñôåðó îò ïîâåðõíîñòè Çåìëè 
ñîñòàâëÿåò ìåíåå 1% [17, 21]. Ïðÿìàÿ ýìèññèÿ âî-
äÿíîãî ïàðà â àòìîñôåðó ïîñðåäñòâîì ñæèãàíèÿ 
ïðèðîäíîãî òîïëèâà íàìíîãî ìåíüøå òîãî âëèÿíèÿ, 
êîòîðîå ìîæåò îêàçûâàòü ñåëüñêîõîçÿéñòâåííàÿ 
äåÿòåëüíîñòü. Ñêîðåå, âëèÿíèå âîäÿíîãî ïàðà ïðî-
ÿâëÿåòñÿ îïîñðåäîâàííî ÷åðåç ïîòåïëåíèå êëèìàòà, 
îáóñëîâëåííîå äðóãèìè âíåøíèìè ïðè÷èíàìè. 

Êîððåêòíûé ðàñ÷åò âêëàäà ïàðîâ Í2Î â ãëî-
áàëüíûé ïàðíèêîâûé ýôôåêò ÷ðåçâû÷àéíî çàòðóä-
íèòåëåí ââèäó âûñîêîé ïðîñòðàíñòâåííî-âðåìåííîé 
äèíàìèêè èõ êîíöåíòðàöèè â íèæíåé òðîïîñôåðå 
[22]. Óäåëüíàÿ âëàæíîñòü ñóùåñòâåííî çàâèñèò îò 
âðåìåíè ñóòîê, ñåçîíà, ñèíîïòè÷åñêèõ ïðîöåññîâ  
è ãåîãðàôè÷åñêîãî ïîëîæåíèÿ èíòåðåñóþùåãî íàñ 
ðåãèîíà. Êðîìå òîãî, íåîáõîäèìî ó÷èòûâàòü âëèÿ-
íèå òåìïåðàòóðû íà ôóíêöèþ ñïåêòðàëüíîãî ïðî-
ïóñêàíèÿ âîäÿíîãî ïàðà. Ïðè ýòîì âàæíî èìåòü  
â âèäó, ÷òî òåìïåðàòóðíîå âëèÿíèå íà êîíòèíóàëü-
íîå ïîãëîùåíèå â äèàïàçîíå ñïåêòðà 8–25 ìêì  
è ñåëåêòèâíîå ïîãëîùåíèå âðàùàòåëüíûìè ëèíèÿìè 
ïàðîâ Í2Î â ó÷àñòêå ñïåêòðà 10–25 ìêì èìååò ïðî-
òèâîïîëîæíûé õàðàêòåð [21].  

Ìíîãèå ïðîöåññû, ïðîòåêàþùèå â àòìîñôåðå, 
îêàçûâàþòñÿ âçàèìîçàâèñÿùèìè â ñèëó ñîîòâåòñò-
âóþùèõ îáðàòíûõ ñâÿçåé. Î÷åâèäíî, ïîâûøåíèå 
òåìïåðàòóðû ïîäñòèëàþùåé ïîâåðõíîñòè è, ñîîò-
âåòñòâåííî, ïîâûøåíèå òåìïåðàòóðû ïîãðàíè÷íîãî 
ñëîÿ àòìîñôåðû ñîïðîâîæäàþòñÿ ðîñòîì åå âëàãîñî-
äåðæàíèÿ, ÷òî óâåëè÷èâàåò îáëà÷íûé ïîêðîâ è àëü-
áåäî àòìîñôåðû. Ýòî åñòåñòâåííî ïðèâîäèò ê óâå-
ëè÷åíèþ îòðàæåííîãî ñîëíå÷íîãî ïîòîêà è ñíèæåíèþ 
ñðåäíåé òåìïåðàòóðû, ò.å. ïðîÿâëÿþòñÿ êà÷åñòâà 
êëèìàòè÷åñêîé ñèñòåìû Çåìëè êàê ñáàëàíñèðîâàí-
íîé ñèñòåìû ñ îòðèöàòåëüíîé îáðàòíîé ñâÿçüþ. Êàê 
èçâåñòíî (ñì., íàïðèìåð, [23]), ëþáàÿ ñèñòåìà  
ñ îòðèöàòåëüíîé îáðàòíîé ñâÿçüþ áóäåò íàõîäèòüñÿ 
â óñòîé÷èâîì ñîñòîÿíèè, ïîêà ñîõðàíÿåòñÿ ëèíåé-
íàÿ çàâèñèìîñòü ðåàêöèè íà âûõîäå ñèñòåìû îò 
âîçäåéñòâèÿ íà åå âõîäå. Ýòî óíèâåðñàëüíûé çàêîí, 
è îí ñïðàâåäëèâ äëÿ ëþáûõ ñèñòåì ñ îòðèöàòåëüíîé 
îáðàòíîé ñâÿçüþ íåçàâèñèìî îò èõ ïðèðîäû.  

Íàðóøåíèå ëèíåéíîé çàâèñèìîñòè, â íàøåì 
ñëó÷àå çà ñ÷åò âîçíèêíîâåíèÿ äèñáàëàíñà ïðèõîäÿ-
ùèõ è óõîäÿùèõ ïîòîêîâ òåïëîâîé ðàäèàöèè â ñèñ-
òåìó «àòìîñôåðà–çåìëÿ», ìîæåò ïðèâåñòè ê êðèòè-
÷åñêèì ïîñëåäñòâèÿì. Òàêîé äèñáàëàíñ ìîæåò âîç-
íèêíóòü è óæå âîçíèêàåò [3] çà ñ÷åò ñòîðîííåãî 
âìåøàòåëüñòâà â ïðîöåññ ôóíêöèîíèðîâàíèÿ ñàìî-
ðåãóëèðóþùåéñÿ ñèñòåìû èëè, áîëåå êîíêðåòíî, çà 
ñ÷åò íàðàñòàþùåãî îáúåìà íåêîìïåíñèðîâàííûõ 

âûáðîñîâ â àòìîñôåðó âòîðè÷íûõ ïðîäóêòîâ èíäó-
ñòðèàëüíîé è ñåëüñêîõîçÿéñòâåííîé äåÿòåëüíîñòè.  
 Íàèáîëüøóþ îïàñíîñòü ïðåäñòàâëÿþò àíòðîïî-
ãåííûå ïðîäóêòû, îáëàäàþùèå äëèòåëüíûì âðåìå-
íåì æèçíè â àòìîñôåðå. Ýòî, â ïåðâóþ î÷åðåäü, 
óãëåêèñëûé ãàç, ìåòàí, çàêèñü àçîòà, ãåêñàôòîðèä 
ñåðû è ôòîðèðîâàííûå ãàëîèäîçàìåùåííûå óãëåâî-
äîðîäû. Ïîñëåäíèå, ÿâëÿÿñü èñêëþ÷èòåëüíî àíòðî-
ïîãåííûì ïðîäóêòîì, îáëàäàþò ïðàêòè÷åñêè íåîã-
ðàíè÷åííûì âðåìåíåì æèçíè. Êàê îòìå÷åíî âûøå, 
îñíîâíûå ïîãëîùàþùèå êîìïîíåíòû àòìîñôåðû,  
è â ïåðâóþ î÷åðåäü âîäÿíîé ïàð, îáëàäàþò ñèëüíîé 
òåìïåðàòóðíîé çàâèñèìîñòüþ ôóíêöèé ïðîïóñêàíèÿ 
â êðûëüÿõ ïîëîñ. Ïðè ýòîì ñ ðîñòîì òåìïåðàòóðû 
èõ ïîãëîùàòåëüíàÿ ñïîñîáíîñòü âîçðàñòàåò, ÷òî íå-
èçáåæíî ïðèâîäèò ê óñèëåíèþ äåéñòâèÿ ìåõàíèçìà 
ïàðíèêîâîãî ýôôåêòà. 

2.2. Òðîïîñôåðíûé îçîí (Î3) 

Ñðåäè ïàðíèêîâûõ ãàçîâ íàèáîëåå ñëîæíûì 
âåùåñòâîì â ïëàíå åãî ïðîèñõîæäåíèÿ è òðàíñôîð-
ìàöèé ÿâëÿåòñÿ îçîí. Åñòåñòâåííûì ïóòåì îçîí 
îáðàçóåòñÿ â òðîïîñôåðå â ðåçóëüòàòå ôîòîäèññî-
öèàöèè êèñëîðîäà O2 → 2O ïîä âîçäåéñòâèåì óëüò-
ðàôèîëåòîâîãî èçëó÷åíèÿ è ïîñëåäóþùåé ðåàêöèè 
O + O2 → O3. Â îñíîâíîì òàêèì ïóòåì óñòàíàâëè-
âàëàñü äîèíäóñòðèàëüíàÿ êîíöåíòðàöèÿ îçîíà â ïðè-
ïîâåðõíîñòíîì ñëîå âîçäóõà – ïðèìåðíî 25 ìëðä–1, 
èëè 50 ìêã/ì3. Òðîïîñôåðíûé îçîí, êîòîðûé ñî-
ñòàâëÿåò ëèøü 10% îò îáùåãî ñîäåðæàíèÿ îçîíà 
(ÎÑÎ) â ñòîëáå àòìîñôåðû, âíîñèò ñóùåñòâåííûé 
âêëàä â ïàðíèêîâûé ýôôåêò, ñðàâíèìûé ïî ïîðÿä-
êó ñ âêëàäîì ìåòàíà. Îñòàëüíîå êîëè÷åñòâî îçîíà, 
ñîäåðæàùååñÿ â îñíîâíîì â íèæíåé ñòðàòîñôåðå, 
ïîãëîùàåò îñíîâíóþ ÷àñòü êîðîòêîâîëíîâîãî óëüò-
ðàôèîëåòîâîãî èçëó÷åíèÿ Ñîëíöà è âíîñèò íåáîëü-
øîé îòðèöàòåëüíûé âêëàä â ïàðíèêîâûé ýôôåêò. 
ÎÑÎ îïðåäåëÿåò óðîâåíü áèîëîãè÷åñêè îïàñíîãî 
óëüòðàôèîëåòîâîãî èçëó÷åíèÿ ó çåìíîé ïîâåðõíîñòè. 
ßâëÿÿñü ïàðíèêîâûì ãàçîì, òðîïîñôåðíûé îçîí 
îêàçûâàåò êàê ïðÿìîå âëèÿíèå íà êëèìàò ÷åðåç ïî-
ãëîùåíèå äëèííîâîëíîâîé ðàäèàöèè Çåìëè è êîðîò-
êîâîëíîâîé ðàäèàöèè Ñîëíöà, òàê è êîñâåííîå ÷åðåç 
õèìè÷åñêèå ðåàêöèè, êîòîðûå èçìåíÿþò êîíöåíòðà-
öèè äðóãèõ ïàðíèêîâûõ ãàçîâ, íàïðèìåð ìåòàíà 
(òðîïîñôåðíûé îçîí íåîáõîäèì äëÿ îáðàçîâàíèÿ 
âàæíîãî îêèñëèòåëÿ ïàðíèêîâûõ ãàçîâ — ðàäèêàëà 
ÎÍ). Ïàðíèêîâûé ýôôåêò, ñîçäàâàåìûé îçîíîì, 
îïðåäåëÿåòñÿ ïîëîñàìè ïîãëîùåíèÿ 9,6 è 14,2 ìêì. 
Ïàðíèêîâîå âîçäåéñòâèå ïîëîñû 4,7 ìêì íåâåëèêî 
[13]. Ñèëüíûå ïîëîñû ïîãëîùåíèÿ Î3 ïðèñóòñòâóþò 
â ÓÔ-÷àñòè ñïåêòðà, ïðîÿâëÿÿ ñåáÿ â èíâåðñèè òåì-
ïåðàòóðû â ïðåäåëàõ ñòðàòîñôåðíîãî îçîíîâîãî ñëîÿ. 
 Óâåëè÷åíèå êîíöåíòðàöèè òðîïîñôåðíîãî îçî-
íà ñ ñåðåäèíû XVIII â. ÿâëÿåòñÿ òðåòüèì ïî âåëè-
÷èíå ïîëîæèòåëüíûì ðàäèàöèîííûì âîçäåéñòâèåì 
íà àòìîñôåðó Çåìëè ïîñëå äèîêñèäà óãëåðîäà  
è ìåòàíà. Â òðîïîñôåðó îçîí â ðåçóëüòàòå õîçÿéñò-
âåííîé äåÿòåëüíîñòè ïðàêòè÷åñêè íå ïîñòóïàåò. 
Îñíîâíîé ïðè÷èíîé óâåëè÷åíèÿ êîíöåíòðàöèè òðî-
ïîñôåðíîãî îçîíà ÿâëÿåòñÿ ðîñò àíòðîïîãåííîé 
ýìèññèè òàê íàçûâàåìûõ ïðåäøåñòâåííèêîâ îçîíà — 
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õèìè÷åñêèõ ñîåäèíåíèé, íåîáõîäèìûõ äëÿ ôîðìè-
ðîâàíèÿ îçîíà, — ãëàâíûì îáðàçîì óãëåâîäîðîäîâ 
è îêèñëîâ àçîòà. Â öåëîì ñîäåðæàíèå îçîíà â òðî-
ïîñôåðå îïðåäåëÿåòñÿ ïðîöåññàìè åãî îáðàçîâàíèÿ 
è ðàçðóøåíèÿ â õîäå ôîòîõèìè÷åñêèõ ðåàêöèé  
ñ ó÷àñòèåì ïðåäøåñòâåííèêîâ îçîíà, èìåþùèõ åñòå-
ñòâåííîå è àíòðîïîãåííîå ïðîèñõîæäåíèå, à òàêæå 
ïðîöåññàìè ïåðåíîñà îçîíà èç ñòðàòîñôåðû (ãäå åãî 
ñîäåðæàíèå çíà÷èòåëüíî áîëüøå) è ïîãëîùåíèåì 
îçîíà ïîâåðõíîñòüþ Çåìëè. Âðåìÿ æèçíè òðîïî-
ñôåðíîãî îçîíà ñîñòàâëÿåò íåñêîëüêî ìåñÿöåâ, ÷òî 
çíà÷èòåëüíî ìåíüøå, ÷åì ó äðóãèõ ïàðíèêîâûõ ãà-
çîâ (ÑÎ2, N2O, CH4). Êîíöåíòðàöèÿ òðîïîñôåðíî-
ãî îçîíà çíà÷èòåëüíî èçìåíÿåòñÿ âî âðåìåíè, ïðî-
ñòðàíñòâå è ïî âûñîòå, è åå ìîíèòîðèíã ÿâëÿåòñÿ 
çíà÷èòåëüíî áîëåå ñëîæíîé çàäà÷åé, ÷åì ìîíèòî-
ðèíã äîëãîæèâóùèõ õîðîøî ïåðåìåøàííûõ â àòìî-
ñôåðå ïàðíèêîâûõ ãàçîâ. Äåòàëüíåéøèé àíàëèç 
èñòî÷íèêîâ, ñòîêîâ è îñîáåííîñòåé òðàíñôîðìàöèè 
îçîíà â àòìîñôåðå âûïîëíåí â òåìàòè÷åñêîé ñåðèè 
ðàáîò Á.Ä. Áåëàíà [24–28, 31], ïîýòîìó ìû íå àê-
öåíòèðóåì âíèìàíèå íà ýòîì âîïðîñå. 

2.3. Îêèñü óãëåðîäà (CO) 

Îêèñü óãëåðîäà èãðàåò âàæíóþ ðîëü â õèìèè 
àòìîñôåðû è âûñòóïàåò êàê îïîñðåäîâàííûé ïàð-
íèêîâûé ãàç, ñòèìóëèðóÿ ôîòîõèìè÷åñêèå ïðîöåñ-
ñû âèäà OH−CH4−O3 [3, 29, 30]. Ýòî î÷åíü ñèëüíî 
ñâÿçàíî ñ CH4, òàê êàê îêèñëåíèå CH4 ÿâëÿåòñÿ 
âàæíûì èñòî÷íèêîì CO, à ðåàêöèÿ ñ OH-ðàäèêà- 
ëàìè îáåñïå÷èâàåò îáùèé ñòîê äëÿ CH4 è CO. Èñ-
òî÷íèêè ïîñòóïëåíèÿ CO, êàê è äðóãèõ ïàðíèêîâûõ 
ãàçîâ, ðàçäåëÿþòñÿ íà åñòåñòâåííûå è àíòðîïîãåí-
íûå. Ê åñòåñòâåííûì îòíîñèòñÿ ýìèññèÿ ïîäñòè-
ëàþùåé ïîâåðõíîñòè, ò.å. ïî÷âåííûé è ðàñòèòåëü-
íûé ïîêðîâ è îêåàíè÷åñêàÿ ñðåäà. 

Èñòî÷íèêè CO âêëþ÷àþò ñãîðàíèå èñêîïàåìûõ 
òîïëèâ, îêèñëåíèå ìåòàíà è íåìåòàíîâûõ óãëåâîäî-
ðîäîâ è ñæèãàíèå áèîìàññû [2, 3].  

2.4. Ìåòàí (CH4) 

Ìåòàí ÿâëÿåòñÿ âòîðûì ïî çíà÷èìîñòè ïîñëå 
ÑÎ2 àíòðîïîãåííûì ïàðíèêîâûì ãàçîì. Ïàðíèêî-
âûé ýôôåêò, ñîçäàâàåìûé CH4, â îñíîâíîì îáó-
ñëîâëåí ïðèñóòñòâèåì ñèëüíîé ïîëîñû ïîãëîùåíèÿ 
7,6 ìêì â îáëàñòè èçâåñòíîãî îêíà ñïåêòðàëüíîé 
ïðîçðà÷íîñòè àòìîñôåðû.  

Ìåòàí â àòìîñôåðå áûë îáíàðóæåí îòíîñè-
òåëüíî íåäàâíî, â 40-õ ãã. XX â. [26, 32]. Âíà÷àëå 
À. Ýéçåëü è Ì. Ìèäæåîòè ïðåäïîëîæèëè, ÷òî íå-
êîòîðûå ñèëüíûå ïîëîñû ïîãëîùåíèÿ â èíôðàêðàñ-
íîé îáëàñòè ñîëíå÷íîãî ñïåêòðà ìîãóò áûòü âûçâà-
íû àòìîñôåðíûì ìåòàíîì. Ïåðâûå íåïîñðåäñòâåí-
íûå èçìåðåíèÿ êîíöåíòðàöèè ÑÍ4 â òðîïîñôåðå 
áûëè âûïîëíåíû â êîíöå 1960-õ ãã., êîãäà ïîÿâè-
ëèñü äîñòàòî÷íî ÷óâñòâèòåëüíûå ìåòîäû àíàëèçà. 
 Ïî ñâîåìó ïðîèñõîæäåíèþ ìåòàí ìîæíî ðàç-
äåëèòü íà íåñêîëüêî òèïîâ [26, 33]. Áèîãåííûé – 
âîçíèêàåò â ðåçóëüòàòå õèìè÷åñêîé òðàíñôîðìàöèè 
îðãàíè÷åñêîãî âåùåñòâà; áàêòåðèàëüíûé (èëè ìèê-
ðîáíûé) – îáðàçóåòñÿ â ðåçóëüòàòå äåÿòåëüíîñòè 

áàêòåðèé; òåðìîãåííûé – â ðåçóëüòàòå òåðìîõèìè-
÷åñêèõ ïðîöåññîâ. Âêëàä áèîãåííûõ èñòî÷íèêîâ 
ñîñòàâëÿþò áîëåå 70% îò îáùåìèðîâîãî îáúåìà. 
Ìåòàí, âîçíèêøèé â ðåçóëüòàòå õèìè÷åñêèõ ðåàê-
öèé íåîðãàíè÷åñêèõ ñîåäèíåíèé, íàçûâàåòñÿ àáèî-
ãåííûì. 

Ê åñòåñòâåííûì èñòî÷íèêàì ìåòàíà îòíîñÿòñÿ: 
åãî ýìèññèÿ èç áîëîò, òóíäðû, âîäîåìîâ, âûäåëåíèå 
æèâîòíûìè, íàñåêîìûìè, ìåòàíãèäðàòû, ãåîõèìè-
÷åñêèå ïðîöåññû. Ê àíòðîïîãåííûì – ðèñîâûå ïî-
ëÿ, øàõòû, äîìàøíèå æèâîòíûå, óòå÷êè ïðè äîáû-
÷å ïîëåçíûõ èñêîïàåìûõ, ãîðåíèå áèîìàññû è ðàç-
íîãî ðîäà òîïëèâ, ñâàëêè. 

Ñîãëàñíî [34] ïðèðîäíûì èñòî÷íèêîì ìåòàíà  
â àòìîñôåðå ñëóæàò àíàýðîáíûå ïðîöåññû äåñòðóê-
öèè îðãàíè÷åñêîãî âåùåñòâà, ïðîèñõîäÿùèå ïðè 
àêòèâíîì ó÷àñòèè ìèêðîîðãàíèçìîâ. Â õîäå èññëå-
äîâàíèÿ ïîòîêîâ ìåòàíà èç ïîäñòèëàþùåé ïîâåðõ-
íîñòè âûÿñíèëîñü, ÷òî ïîñòóïëåíèå ÑÍ4 â àòìîñôå-
ðó çàâèñèò îò òèïà ïî÷âû, òåìïåðàòóðû åå âåðõíåãî 
ñëîÿ, óâëàæíåíèÿ, õèìè÷åñêîãî ñîñòàâà, êèñëîòíî-
ñòè, âíåñåíèÿ óäîáðåíèé è åùå öåëîãî ðÿäà ïàðà-
ìåòðîâ [35–43]. Âûáðîñû ÑÍ4 áîëüøèíñòâà èñòî÷-
íèêîâ ñâÿçàíû ñ ïðîöåññàìè â ýêîñèñòåìàõ, êîòîðûå 
ñëåäóþò èç ñëîæíûõ ïîñëåäîâàòåëüíûõ ÿâëåíèé, 
íà÷èíàÿ ñ ïåðâè÷íîé ôåðìåíòàöèè îðãàíè÷åñêèõ 
ìàêðîìîëåêóë äî óêñóñíîé êèñëîòû (CH3COOH), 
äðóãèõ êàðáîíîâûõ êèñëîò, ñïèðòîâ, ÑÎ2 è âîäî-
ðîäà (H2), à çàòåì âòîðè÷íîé ôåðìåíòàöèè ñïèðòîâ 
è êàðáîíîâûõ êèñëîò äî àöåòàòà, H2 è ÑÎ2, êîòî-
ðûå, íàêîíåö, ïðåîáðàçóþòñÿ â CH4 ñëåäóþùèì 
îáðàçîì [44]: 

 3 4 2CH COOH CH CO→ +   

è  

 2 2 4 2CO 4H CH 2H O.+ → +   

Ìåòàí ïðåèìóùåñòâåííî îáðàçóåòñÿ ïóòåì àíà-
ýðîáíîãî ðàçëîæåíèÿ îðãàíè÷åñêîãî âåùåñòâà â áèî-
ëîãè÷åñêèõ ñèñòåìàõ. Àãðîïðîìûøëåííûå ïðîöåññû, 
òàêèå êàê âûðàùèâàíèå ðèñà íà çàáîëî÷åííûõ òåð-
ðèòîðèÿõ, æåëóäî÷íàÿ ôåðìåíòàöèÿ ó æèâîòíûõ  
è ðàçëîæåíèå æèâîòíûõ îòõîäîâ, ïðîèçâîäÿò CH4, 
òàê æå êàê è ðàçëîæåíèå ãîðîäñêèõ òâåðäûõ îòõî-
äîâ [33, 34]. Ìåòàí òàêæå îáðàçóåòñÿ ïðè ïðîèçâîä-
ñòâå è ðàñïðåäåëåíèè åñòåñòâåííîãî ãàçà è íåôòè, 
ïðè äîáû÷å óãëÿ è íåïîëíîãî ñæèãàíèÿ èñêîïàåìîãî 
òîïëèâà [45, 46]. Âàæíûì èñòî÷íèêîì ìåòàíà ÿâëÿ-
åòñÿ âîäíàÿ ïîâåðõíîñòü ïëàíåòû. Õîòÿ, ïî äàííûì 
[47], ñêîðîñòü åãî îáðàçîâàíèÿ â äîííûõ îñàäêàõ îò-
íîñèòåëüíî íåâåëèêà: 6–300 ìêã/(ì2 

⋅
 ñóò), íî, c ó÷å-

òîì ïëîùàäè îêåàíîâ, åãî âêëàä îêàçûâàåòñÿ âåñüìà 
ñóùåñòâåííûì. Âûáðîñû ìåòàíà â àòìîñôåðó óâå-
ëè÷èâàþòñÿ â ïåðèîäû âóëêàíè÷åñêîé àêòèâíîñòè 
çà ñ÷åò âûäåëåíèÿ ãàçîãèäðàòîâ è ïðè ñèëüíîì çà-
ãðÿçíåíèè ïðèáðåæíûõ âîä [33, 48].  

Îñíîâíûìè ñòîêàìè ìåòàíà ÿâëÿþòñÿ îêèñëå-
íèå åãî â àòìîñôåðå äî ÑÎ2 è ìèêðîáèîëîãè÷åñêèå 
ïðîöåññû, ïðîèñõîäÿùèå â àýðèðîâàííûõ ïî÷âàõ. 
Äåòàëüíûé àíàëèç ýòèõ ïðîöåññîâ âûïîëíåí â [33], 
îòìåòèì òîëüêî, ÷òî â ðåçóëüòàòå ìèêðîáèîëîãè÷å-
ñêèõ ìåõàíèçìîâ ñòîêà âûâîäèòñÿ ïîðÿäêà (1 – 3) × 
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× 1013 ã ìåòàíà â ãîä, ÷òî ñîñòàâëÿåò 10% îò ìàêñè-
ìàëüíûõ îöåíîê ôîòîõèìè÷åñêîãî ñòîêà.  

Â öåëîì ñìåùåíèå ïðèðîäíîãî áàëàíñà ïðèâåëî 
ê òîìó, ÷òî ãëîáàëüíîå ñîäåðæàíèå CH4 óâåëè÷è-
ëîñü ñ 715 ìëðä–1 â äîèíäóñòðèàëüíûé ïåðèîä äî 
1774 ìëðä–1 â 2005 ã., ò.å. â 2,5 ðàçà [3, 49]. Ïðè 
ýòîì ñëåäóåò îáðàòèòü âíèìàíèå íà òî, ÷òî â àòìî-
ñôåðå êîíöåíòðàöèÿ ìåòàíà çà ïîñëåäíèå 10 òûñ. 
ëåò ìåäëåííî óâåëè÷èâàëàñü ñ 580 äî 730 ìëðä–1  
è çà ïîñëåäíèå 250 ëåò óâåëè÷èëàñü íà 1000 ìëðä–1. 
Â êîíöå 1970-õ è íà÷àëå 1980-õ ãã. ñêîðîñòü óâåëè-
÷åíèÿ êîíöåíòðàöèè ìåòàíà â àòìîñôåðå áûëà ìàê-
ñèìàëüíîé è ñîñòàâëÿëà îêîëî 1% â ãîä. Îäíàêî  
ñ íà÷àëà 1990-õ ãã. ýòà òåíäåíöèÿ çíà÷èòåëüíî 
óìåíüøèëàñü, è çà ïåðèîä 1999–2005 ãã., â ïåðèîä 
äåéñòâèÿ Êèîòñêîãî ïðîòîêîëà, óâåëè÷åíèå êîíöåí-
òðàöèè CH4 â àòìîñôåðå ôàêòè÷åñêè ïðåêðàòèëîñü. 
Íåñìîòðÿ íà çàìåäëåíèå óâåëè÷åíèÿ êîíöåíòðàöèè 
ìåòàíà çà ïîñëåäíèå 15 ëåò, íàáëþäàåòñÿ åãî çíà÷è-
òåëüíàÿ ìåæãîäîâàÿ èçìåí÷èâîñòü, ïðè÷èíû êîòî-
ðîé íåäîñòàòî÷íî ÿñíû [17]. 

Íà ðèñ. 2 ïðåäñòàâëåíû òðåíäû è êîíöåíòðà-
öèè CH4 çà ïåðèîä ñ 1984 ïî 2008 ã. Âðåìåííîé 
ðÿä îáùåé ìîëÿðíîé äîëè CH4 (ìëðä–1), ïîëó÷åí-
íîé îò ìåñò, êîòîðûå êîíòðîëèðóþòñÿ ãëîáàëüíîé 
ñåòüþ íàáëþäåíèé NOAA/GMD [3]. Àòìîñôåðíûé 
ìåòàí òàêæå êîíòðîëèðóåòñÿ â 5 ìåñòîíàõîæäåíèÿõ 
â Ñåâåðíîì è Þæíîì ïîëóøàðèÿõ ñåòüþ AGAGE 
[3, 50]. Ýòè ãðóïïû èñïîëüçóþò àâòîìàòèçèðîâàí-
íûå ñèñòåìû, ïîçâîëÿþùèå äåëàòü 36 èçìåðåíèé 
CH4 â äåíü íà êàæäîì ìåñòîíàõîæäåíèè, è ñðåäíåå 
çíà÷åíèå îòíîøåíèÿ ñìåñè CH4 íà 2005 ã. ñîñòàâëÿ-
ëî (1774,03 ± 1,68) ìëðä–1.  

Îáùèå ãëîáàëüíûå âûáðîñû CH4 â äîèíäóñòðè-
àëüíûé ïåðèîä äàþò îöåíêè îò 200 äî 250 Òã(CH4) × 

× ãîä–1 [52–56]. Èç ýòîãî êîëè÷åñòâà ïðèðîäíûå èñ-
òî÷íèêè äàþò âêëàä CH4 ìåæäó 190 è 220 Òã(CH4) × 

× ãîä–1, îñòàëüíîå ñîñòàâëÿþò àíòðîïîãåííûå èñ-
òî÷íèêè (ðèñîâîå ñåëüñêîå õîçÿéñòâî, æèâîòíîâîä-
ñòâî, ñæèãàíèå áèîìàññû è îòõîäîâ) [54, 57]. 
Êðóïíåéøèì èñòî÷íèêîì CH4 ÿâëÿþòñÿ ïðèðîäíûå 
âîäíî-áîëîòíûå óãîäüÿ. Ïî òåîðåòè÷åñêèì îöåíêàì, 
îñíîâàííûì íà ìîäåëèðîâàíèè òðåõìåðíîãî àòìî-
ñôåðíîãî ïåðåíîñà è õèìè÷åñêîé ìîäåëè (ATCM) 
[58, 59], âêëàä þæíûõ è òðîïè÷åñêèõ ðåãèîíîâ ñî-
ñòàâëÿåò îêîëî 70% îò îáùåãî êîëè÷åñòâà ãëîáàëü-
íûõ âûáðîñîâ CH4 â àòìîñôåðó. Äðóãèå èññëåäîâà-
íèÿ, îñíîâàííûå íà ïðÿìûõ èçìåðåíèÿõ îòíîøåíèÿ 
13C/12C [60–63], ïðèâîäÿò ê åùå áîëåå âûñîêèì 
çíà÷åíèÿì.  

Â öåëîì ðÿäå ðàáîò [63–68] âûñêàçûâàåòñÿ 
ïðåäïîëîæåíèå, ÷òî òðîïè÷åñêèå äåðåâüÿ èçëó÷àþò 
ïîâûøåííîå êîëè÷åñòâî CH4 ÷åðåç íåîïîçíàííûå 
õèìè÷åñêèå ïðîöåññû. Ïåðâàÿ îöåíêà ýòîãî èñòî÷-
íèêà ñîñòàâëÿëà îò 10 äî 30% (62–186 Òã(CH4) × 

× ãîä–1) îò îáùåìèðîâîãî ïîêàçàòåëÿ. Àâòîðû [69] 
ñíèæàþò ýòó îöåíêó äî 10–60 Tã(CH4) ⋅ ãîä

–1. Çíà-
÷èòåëüíîå êîëè÷åñòâî CH4, ïðîèçâåäåííîãî â ïðå-
äåëàõ ëèòîñôåðû (â îñíîâíîì áàêòåðèàëüíûå è òåð-
ìîãåííûå ïðîöåññû), âûáðàñûâàåòñÿ â àòìîñôåðó 
÷åðåç ðàçëîìû è òðåùèíû ïîðîäû â çåìíîé êîðå. 
Ãðÿçåâûå âóëêàíû íà ñóøå è ìîðñêîì äíå è ãåîòåð-

ìàëüíûå èñòî÷íèêè òàêæå äàþò çàìåòíûé âêëàä, 
äîñòèãàþùèé 40–60 Òã(CH4) ⋅ ãîä

–1 [70–72].  
Ïî ìíåíèþ ìíîãèõ àâòîðîâ, ðèñîâûå ïîëÿ âû-

äåëÿþò â àòìîñôåðó êîëè÷åñòâî ìåòàíà, ñîèçìåðè-
ìîå ñ òåì, êîòîðîå ïîñòóïàåò îò çàáîëî÷åííîé ìåñò-
íîñòè. Ïî äàííûì [26, 73], ïîòîê ÑÍ4 íà ðèñîâûõ 
÷åêàõ âàðüèðóåò â ïðåäåëàõ 2–25 ìã/(ì2

 · ÷) è ñî-
ñòàâëÿåò â ñðåäíåì â Êèòàå, Èíäèè è Èíäîíåçèè 
8–20 ìã/(ì2 · ÷). Ñðåäíåå çíà÷åíèå 30 ìã/(ì2 

· ÷) 
çà 7-ëåòíèé ïåðèîä ïîëó÷åíî äëÿ ïðîâèíöèè Ñû÷ó-
àíü (Êèòàé) [49]. Òàêèå ïîòîêè ìåòàíà îáóñëîâëè-
âàþò çíà÷èòåëüíûé âêëàä ýìèññèé ñ ðèñîâûõ ïîëåé 
â ãëîáàëüíûé áàëàíñ ÑÍ4. Ïî îöåíêàì [74], ìîù-
íîñòü ýòîãî èñòî÷íèêà òîëüêî â Èíäèè êîëåáëåòñÿ 
îò 21,16 äî 60,96 Òã/ãîä. 

Ìåòàí îáðàçóåòñÿ òàêæå â îêåàíàõ è îçåðàõ 
[75–80]. Ïî äàííûì [26, 49], ñêîðîñòü åãî îáðàçî-
âàíèÿ â äîííûõ îñàäêàõ îòíîñèòåëüíî íåâåëèêà:  
6–300 ìêã/(ì2 · ñóò). Íî, ó÷èòûâàÿ ïëîùàäü îêåà-
íîâ, ìîæíî ïðåäïîëîæèòü, ÷òî âêëàä ýòîãî èñòî÷-
íèêà âåñüìà çíà÷èòåëüíûé. Îí ìîæåò óâåëè÷èâàòü-
ñÿ çà ñ÷åò ïîÿâëåíèÿ âóëêàíîâ íà äíå îêåàíà [81], 
âûäåëåíèÿ ãàçîãèäðàòîâ [50], çàãðÿçíåíèÿ ïðè-
áðåæíûõ âîä. 

Îäíèì èç íàèáîëåå êðóïíûõ èñòî÷íèêîâ àòìî-
ñôåðíîãî ìåòàíà, ïî ìîùíîñòè âûäåëåíèÿ ãàçà 
ñðàâíèìûì ñ çàáîëî÷åííûìè òåððèòîðèÿìè, ðèñî-
âûìè ïîëÿìè è îêåàíîì, ÿâëÿþòñÿ æâà÷íûå æèâîò-
íûå. Ìåòàí îáðàçóåòñÿ â èõ êèøå÷íèêå â ðåçóëüòà-
òå ôåðìåíòíûõ ïðîöåññîâ. Îäíî æèâîòíîå çà ñóòêè 
âûäåëÿåò 100–500 ë ÑÍ4, à â öåëîì òðàâîÿäíûå 
æèâîòíûå ïîñòàâëÿþò â àòìîñôåðó 70–200 Òã ìåòà-
íà â ãîä [51, 82]. Çàôèêñèðîâàíî äàæå çàìåòíîå 
ïîñòóïëåíèå ìåòàíà èç êîëîíèé ïèíãâèíîâ â Àí-
òàðêòèäå [83]. Ìåíüøå, íî â çàìåòíûõ êîëè÷åñòâàõ 
ìåòàí ïîñòóïàåò èç òåðìèòíèêîâ [51, 84, 85]. 

 Èìååòñÿ ðÿä àíòðîïîãåííûõ èñòî÷íèêîâ ìåòà-
íà [26]. Ê íèì îòíîñÿòñÿ äîáû÷à óãëÿ [86], íåôòè  
è ãàçà [87], óòå÷êè ïðè òðàíñïîðòèðîâêå [88], íåêà-
÷åñòâåííàÿ ðàáîòà îáîðóäîâàíèÿ ïðè ñæèãàíèè 
[48], à òàêæå äðóãèå èíäóñòðèàëüíûå âûáðîñû 
[34, 89, 90]. Çàìåòíûé âêëàä â áàëàíñ ìåòàíà â àò-
ìîñôåðå âíîñèò ïîñòóïëåíèå åãî â ïðîöåññå âûæè-
ãàíèÿ ðàñòèòåëüíîñòè [91]. Ïðè ñãîðàíèè 1 ò äðåâå-
ñèíû ìîæåò âûäåëÿòüñÿ îò 2,9 äî 7,8 êã ìåòàíà 
[92, 93]. Ïðè ýòîì âûõîä ÑÍ4 çàâèñèò îò ñòàäèè 
ïîæàðà [94]. Áîëåå 20% ïîñòóïëåíèÿ ìåòàíà èç 
âñåõ àíòðîïîãåííûõ èñòî÷íèêîâ ñîñòàâëÿåò âûäåëå-
íèå ÑÍ4 îò îáúåêòîâ çàõîðîíåíèÿ òâåðäûõ áûòîâûõ 
îòõîäîâ [95, 96]. Ñþäà æå íàäî îòíåñòè è ïîñòóï-
ëåíèå ìåòàíà èç âñÿêîãî ðîäà îòñòîéíèêîâ [97–99]. 
 Ïðîéäÿ ñåðèþ ïîñëåäîâàòåëüíûõ ïðåâðàùåíèé, 
ìåòàí â àòìîñôåðå â êîíå÷íîì ñ÷åòå îêèñëÿåòñÿ äî 
óãëåêèñëîãî ãàçà [26, 100]. Ðåàêöèÿ ìåòàíà ñ ãèä-
ðîêñèë-ðàäèêàëàìè ÿâëÿåòñÿ îñíîâíûì ñòîêîì  
â òðîïîñôåðå, è, ïî îöåíêàì ðàçíûõ àâòîðîâ, òàêèì 
îáðàçîì åæåãîäíî îêèñëÿåòñÿ îò 2,9 · 1014 äî 5,5 · 1014 ã 
ìåòàíà [33, 34]. Îñíîâíûìè ïîãëîòèòåëÿìè ÑÍ4 ÿâ-
ëÿåòñÿ îêèñëåíèå ÎÍ â òðîïîñôåðå, áèîëîãè÷åñêîå 
îêèñëåíèå ÑÍ4 â áîëåå ñóõèõ ïî÷âàõ, à òàêæå ïîòå-
ðè â ñòðàòîñôåðå. Îêèñëåíèå àòîìàìè õëîðà â ìîð-
ñêîì ïîãðàíè÷íîì ñëîå àòìîñôåðû òàêæå ïðåäëàãà-
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åòñÿ â êà÷åñòâå äîïîëíèòåëüíîãî ñòîêà CH4. Âîç-
ìîæíû äîïîëíèòåëüíûå ïîòåðè äî 19 Òã(CH4) ⋅ ãîä

–1 
[101–104]. Îäíàêî îïðåäåëåííàÿ ñòàáèëèçàöèÿ òåì-
ïîâ ðîñòà àòìîñôåðíûõ êîíöåíòðàöèé ÑÍ4 çà ïî-
ñëåäíèå 10–15 ëåò íå ïîêàçûâàåò ÿâíîé êîððåëÿöèè 
ñ èçìåíåíèÿìè â èíòåíñèâíîñòè ñòîêîâ çà òîò æå 
ïåðèîä [104–106]. Îäíà èç ïðè÷èí ìîæåò ñîñòîÿòü 
â òîì, ÷òî ïîñòóïëåíèå ìåòàíà â àòìîñôåðó èç ïî÷-
âû ìîæåò èçìåíÿòüñÿ â î÷åíü øèðîêèõ ïðåäåëàõ – 
îò 0,01 äî 32,8 ìã/(ì2 · ÷), ò.å. ïî÷òè íà 4 ïîðÿäêà. 
Ó÷èòûâàÿ ðàçíîîáðàçèå ðàñïðåäåëåíèÿ ïî÷â ïî òåð-
ðèòîðèè çåìíîãî øàðà, íåòðóäíî ïðèéòè ê âûâîäó  
î ñëîæíîñòè ïîäñ÷åòà ìîùíîñòè ýòîãî èñòî÷íèêà  
â ñðåäíåãëîáàëüíîì ðàçðåçå. 

Ñðåäíÿÿ êîíöåíòðàöèÿ ìåòàíà â òðîïîñôåðå 
ñîñòàâëÿåò 1,6–1,7 ìëí–1, è îíà íåïðåðûâíî âîç-
ðàñòàåò. Ïî äàííûì [107], ê íàñòîÿùåìó âðåìåíè 
ñðåäíåãëîáàëüíàÿ êîíöåíòðàöèÿ ÑÍ4 ïðèáëèæàåòñÿ 
ê 1,8 ìëí–1. Ðåçóëüòàòû èçìåðåíèé (êàê íàçåìíûå 
[108, 109], òàê è ñïóòíèêîâûå [110]) ïîêàçûâàþò, 
÷òî åãî êîíöåíòðàöèÿ â êîíòèíåíòàëüíîé òðîïîñôå-
ðå âûøå, ÷åì â îêåàíè÷åñêîé. Ñðàâíåíèå èçîòîïíî-
ãî ñîñòàâà âîçäóøíîãî ìåòàíà ñ èçîòîïíûì ñîñòà-
âîì ìåòàíà ðàçëè÷íûõ èñòî÷íèêîâ ìîæåò äàòü öåí-
íóþ èíôîðìàöèþ. Îá îòíîñèòåëüíîì âêëàäå èõ  
â ãëîáàëüíûé áþäæåò ÑÍ4 ìîæíî ñóäèòü ïî äàí-
íûì ðàáîò [111–114]. Ïðè ýòîì ñëåäóåò ó÷åñòü äâà 
îáñòîÿòåëüñòâà. Âî-ïåðâûõ, èç-çà èçîòîïíîãî ôðàê-
öèîíèðîâàíèÿ â ðåàêöèè îêèñëåíèÿ ÑÍ4 ãèäðî-
êñèëüíûìè ðàäèêàëàìè, ÿâëÿþùåéñÿ îñíîâíûì 
ñòîêîì ìåòàíà, èçîòîïíûé ñîñòàâ ÑÍ4 îòëè÷àåòñÿ îò 
ñðåäíåâçâåøåííîé âåëè÷èíû äëÿ åãî èñòî÷íèêîâ. 
Âî-âòîðûõ, íàáëþäàåìîå óâåëè÷åíèå êîíöåíòðàöèè 
ìåòàíà â àòìîñôåðå óêàçûâàåò íà íåñòàöèîíàðíûé 
õàðàêòåð ñîâðåìåííîãî áàëàíñà ÑÍ4. 

Äàííûå [26, 115] óêàçûâàþò, ÷òî ïðè íåèçìåí-
íîñòè âðåìåíè ïðåáûâàíèÿ ÑÍ4 â àòìîñôåðå â òå-
÷åíèå ïîñëåäíèõ 300 ëåò ïðèðîäíûå è àíòðîïîãåí-

íûå èñòî÷íèêè ñîîòíîñÿòñÿ êàê 42 è 58%. Ìåòàí, 
îáðàçóþùèéñÿ èç ôîññèëèçèðîâàííîãî îðãàíè÷å-
ñêîãî âåùåñòâà âîçðàñòîì áîëüøå 40—50 òûñ. ëåò, 
ïðàêòè÷åñêè íå ñîäåðæèò 14Ñ. Íà ýòîì îñíîâàíèè  
â [100] ñäåëàí âûâîä, ÷òî äîëÿ ôîññèëèçèðîâàííûõ 
èñòî÷íèêîâ ìåòàíà ñîñòàâëÿåò íå áîëåå 20%. Çíà÷è-
òåëüíàÿ ÷àñòü ìåòàíà ïåðåíîñèòñÿ â ñòðàòîñôåðó  
â ðåçóëüòàòå òóðáóëåíòíîãî ïåðåíîñà èëè âîñõîäÿ-
ùèõ óïîðÿäî÷åííûõ äâèæåíèé. Ïî îöåíêàì òåõ æå 
àâòîðîâ [33], òàêèì ïóòåì óäàëÿåòñÿ èç òðîïîñôåðû 
îò 2,5–1013 äî 2,1–1014 ã ìåòàíà â ãîä. 

Äðóãèì âàæíûì ñòîêîì ìåòàíà ÿâëÿþòñÿ ìèê-
ðîáèîëîãè÷åñêèå ïðîöåññû, ïðîèñõîäÿùèå â àýðè-
ðîâàííûõ ïî÷âàõ [26]. Ðåçóëüòàòû ðàáîò [38, 116] 
ïîêàçûâàþò, ÷òî âëàæíûå ïî÷âû áûñòðî ïîãëîùàþò 
ìåòàí, òîãäà êàê â àýðèðîâàííûõ, íî íå ïåðåóâëàæ-
íåííûõ ïî÷âàõ óñòàíàâëèâàåòñÿ ðàâíîâåñíàÿ ñ àò-
ìîñôåðîé êîíöåíòðàöèÿ ìåòàíà. Ïî äàííûì [33], 
ýòèì ïóòåì âûâîäèòñÿ (1–3) · 1013 ã ìåòàíà â ãîä, 
÷òî ñîñòàâëÿåò 10% îò ìàêñèìàëüíûõ îöåíîê ôîòî-
õèìè÷åñêîãî ñòîêà. 

Â ðåçóëüòàòå äåéñòâèÿ ïðîöåññîâ ãåíåðàöèè ìå-
òàíà, òðàíñôîðìàöèè â òðîïîñôåðå è ñòîêîâ â àò-
ìîñôåðå óñòàíàâëèâàåòñÿ åãî áàëàíñ. Îöåíêè áà-
ëàíñà ìåòàíà, âûïîëíåííûå ðàçíûìè àâòîðàìè, 
ñîáðàíû â òàáëèöå. 

Èç äàííûõ, ïðèâåäåííûõ â òàáëèöå, âèäíî, ÷òî 
ðàçíûå àâòîðû ïî-ðàçíîìó îöåíèâàþò íå òîëüêî 
ìîùíîñòü òîãî èëè èíîãî èñòî÷íèêà, íî è çíà÷è-
ìîñòü êàæäîãî èç íèõ. Î÷åâèäåí òàêæå ñóùåñòâåí-
íûé âêëàä àíòðîïîãåííîé äåÿòåëüíîñòè â îáùèé 
áàëàíñ òðîïîñôåðíîãî ìåòàíà. Ñóùåñòâåííûå ðàñ-
õîæäåíèÿ â îöåíêàõ îòðàæàþò îáúåêòèâíî ñóùåñò-
âóþùèå ñëîæíîñòè â îïðåäåëåíèè ñêîðîñòåé îáðà-
çîâàíèÿ ìåòàíà, îáóñëîâëåííûå ãëàâíûì îáðàçîì 
îãðàíè÷åííîñòüþ ñòàòèñòè÷åñêè îáóñëîâëåííûõ ñâå-
äåíèé îòäåëüíûõ ýêîñèñòåì, è, â ïåðâóþ î÷åðåäü, 
òðóäíîäîñòóïíûõ  ðåãèîíîâ  Ñåâåðíîãî  ïîëóøàðèÿ. 

 

Ãëîáàëüíàÿ ýìèññèÿ ìåòàíà â àòìîñôåðó, 1012 ã/ãîä 

Èñòî÷íèê [117] [54] [118] [119] [120] [121] [60] [59] [122] 
Áàçèñíûé ãîä 1983–1989  2000  1990 1994 1999 1996–2001 2001–2006

Ïðèðîäíûå èñòî÷íèêè 231 222 145  200 260 168 208 
Áîëîòà 231 163 100  176 231 145 170,3 
Òåðìèòû  20 20  20 29 23  
Îêåàí  15 4     9,1 
Ãèäðàòû  5  4    
Ãåîëîãè÷åñêèå èñòî÷íèêè  4 14      
Äèêèå æèâîòíûå  15      8 
Ïîæàðû  5 2      

Àíòðîïîãåííûå èñòî÷íèêè 361  320 358 264 307 350 428  
Ýíåðãåòèêà     74 77    
Äîáû÷à óãëÿ 32  34 46   30 48  
Ãàç, íåôòü, ïðîìûøëåííîñòü 68  64 60   52 36  
Ñâàëêè è îòõîäû 43  66 61 69 49 35   
Æâà÷íûå æèâîòíûå 92  80 81 76 83 91 189  
Ðèñîâîå ñ/õ 83  39 60 31 57 54 112  
Ñæèãàíèå áèîìàññû 43   50 14 41 88 43  

Âñåãî èñòî÷íèêîâ 592   503  507 610 596 566 

Ñòîêè          
Ïî÷âû 26   30  34 30  –30 
Òðîïîñôåðíûé ÎÍ 488   445  428 507   
Ñòðàòîñôåðíûå ïîòåðè 45   40  30 40   

Âñåãî ñòîêîâ 559   515  492 577   

10. Îïòèêà àòìîñôåðû è îêåàíà, ¹ 4. 
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Ãåîãðàôè÷åñêè èñòî÷íèêè è ñòîêè ìåòàíà ðàñ-
ïðåäåëåíû íåîäíîðîäíî, òàê æå êàê è àíòðîïîãåí-
íûå èñòî÷íèêè [123–126]. Â ðåçóëüòàòå â íåêî-
òîðûõ ðàéîíàõ íàáëþäàåòñÿ ïîâûøåííàÿ ïðîñòðàí-
ñòâåííî-âðåìåííàÿ èçìåí÷èâîñòü êîíöåíòðàöèè ìå-
òàíà. Ðàññìîòðåíèþ ýòîãî âîïðîñà ïîñâÿùåíî äîñ-
òàòî÷íî ìíîãî ðàáîò. Äàëåêî íå ïîëíûé ïåðå÷åíü 
ñîäåðæèòñÿ â [64, 127–147]. Ðåçóëüòàòû òàêèõ ðàáîò 
ìîæíî êðàòêî ðåçþìèðîâàòü ñëåäóþùèì îáðàçîì. 
 Ó ìåòàíà âûÿâëåíà ñåçîííàÿ èçìåí÷èâîñòü  
[34, 89, 90]. Ìèíèìàëüíûå êîíöåíòðàöèè ìåòàíà 
íàáëþäàþòñÿ â òåïëîå âðåìÿ ãîäà, ìàêñèìàëüíûå –  
â õîëîäíîå. Ïî ìíåíèþ àâòîðà [34], ýòî óêàçûâàåò 
íà ïðåèìóùåñòâåííî áèîãåííóþ ïðèðîäó åãî èñòî÷-
íèêîâ. Ïî äàííûì [26, 51, 148], êîíöåíòðàöèÿ ìå-
òàíà â ïðèçåìíîì âîçäóõå èìååò âûðàæåííûé ñó-
òî÷íûé õîä, ÷òî îáóñëîâëåíî áîëüøîé äèíàìèêîé 
ñîäåðæàíèÿ ÑÍ4 â ïî÷âåííîì âîçäóõå. Â çàâèñèìî-
ñòè îò âðåìåíè ñóòîê ïî÷âà ìîæåò âûñòóïàòü êàê 
ñòîêîì, òàê è èñòî÷íèêîì ìåòàíà. 

Â äåòàëüíûõ îáçîðàõ [26, 149] íà îñíîâàíèè 
àíàëèçà òðåíäîâ êîíöåíòðàöèè ìåòàíà è âîçìîæíî-
ãî èçìåíåíèÿ èíòåíñèâíîñòè èñòî÷íèêîâ àâòîðû 
ïðèõîäÿò ê âûâîäó, ÷òî â áëèæàéøåì áóäóùåì ðîñò 
ñîäåðæàíèÿ ìåòàíà äîëæåí ïðîäîëæàòüñÿ. Ñîãëàñ-
íî ðàñ÷åòàì [150] âîçðàñòàíèå ñîäåðæàíèÿ ìåòàíà  
â àòìîñôåðå íà 70% îáóñëîâëåíî óâåëè÷åíèåì âû-
áðîñîâ, ñâÿçàííûõ ñ àíòðîïîãåííûìè èñòî÷íèêàìè, 
è íà 30% – â ðåçóëüòàòå ñíèæåíèÿ êîíöåíòðàöèè 
ÎÍ, ÿâëÿþùåãîñÿ îñíîâíûì ñòîêîì ìåòàíà, ñâÿçû-
âàåìîãî ñ àíòðîïîãåííûì óâåëè÷åíèåì êîíöåíòðà-
öèè ÑÎ, êîòîðûé, òàê æå êàê è ÑÍ4, àêòèâíî âçàè-
ìîäåéñòâóåò ñ ÎÍ. Ó÷èòûâàÿ, ÷òî êîíöåíòðàöèè 
ÑÍ4, ÑÎ è ÎÍ âçàèìîñâÿçàíû â àòìîñôåðå, àâòîðû 
[151] íà îñíîâå ìîäåëüíûõ ðàñ÷åòîâ ïðèøëè ê âû-
âîäó, ÷òî âîçðàñòàíèå â òðîïîñôåðå êîíöåíòðàöèé 
ìåòàíà è îêñèäà óãëåðîäà ïðèâåäåò ê óìåíüøåíèþ 
ÎÍ è óâåëè÷åíèþ êîíöåíòðàöèè îçîíà. Ïîñëåäóþ-
ùèå îöåíêè â îñíîâíîì ïîäòâåðäèëè ýòè âûâîäû 
[151–156]. Áîëåå òîãî, åñëè áóäåò ïîòåïëåíèå êëè-
ìàòà, òî ñëåäóåò îæèäàòü äîïîëíèòåëüíîãî ïîñòóï-
ëåíèÿ ìåòàíà [157]. 

Îñíîâíîé ñòîê ìåòàíà — õèìè÷åñêàÿ ðåàêöèÿ  
ñ ãèäðîêñèë-ðàäèêàëîì, ïðîèñõîäÿùàÿ â òðîïîñôåðå: 

 4 3 2OH CH CH H O.+ → +  

Ýòèì ïóòåì èç àòìîñôåðû âûâîäèòñÿ 
510 Ìò(ÑÍ4) · ãîä

–1. Åùå 30 è 40 Ìò(ÑÍ4) · ãîä
–1 — 

ñîîòâåòñòâåííî ñòîê â ïî÷âó (ìèêðîáèîëîãè÷åñêîå 
ðàçðóøåíèå) è ðàçðóøåíèå ìåòàíà â ñòðàòîñôåðå 
âñëåäñòâèå ðåàêöèé ñ ãèäðîêñèë-ðàäèêàëîì (ñì. 
âûøå), õëîðîì èëè æå ýëåêòðîííî-âîçáóæäåííûì 
àòîìîì êèñëîðîäà O(1D) â ðåçóëüòàòå ñëåäóþùèõ 
ðåàêöèé [13, 29, 158, 159]: 

 4 3Cl CH HCl CH ;+ → +  

 1

4 3O( ) CH OH CH ;D + → +  

 1

4 2 2O( ) CH H CH O.D + → +  

Ýòè îöåíêè îòíîñÿòñÿ ê 1992 ã. Îáùèé ãëî-
áàëüíûé ñòîê ìåòàíà ñîñòàâëÿåò 580 Ìò(ÑÍ4) · ãîä–1. 
Òàêèì îáðàçîì, îáùàÿ ãëîáàëüíàÿ ýìèññèÿ ìåòàíà – 

610 Ìò(ÑÍ4) · ãîä
–1, ñòîê 580, à åæåãîäíîå íàêîï-

ëåíèå ìåòàíà àòìîñôåðîé ðàâíî ïðèìåðíî 20 Ìò(ÑÍ4) 
(÷òî ñîîòâåòñòâóåò 7 ìëðä–1

 · ãîä–1). Ýòî — åæåãîäíîå 
óâåëè÷åíèå åãî ãëîáàëüíîé êîíöåíòðàöèè â 1990-õ ãã. 
[14], ïåðåñ÷èòàííîå â óâåëè÷åíèå ñîäåðæàíèÿ ìåòà-
íà â àòìîñôåðå â Ìò(ÑÍ4) · ãîä–1 ñ ïîìîùüþ ïåðå-
õîäíîãî êîýôôèöèåíòà 2,8 Ìò(ÑÍ4)/ððb(ÑÍ4) [134]. 
Çàìåòèì, ÷òî íåâÿçêà — íåñáàëàíñèðîâàííîñòü áþä-
æåòà ìåòàíà â àòìîñôåðå — ðàâíà âñåãî 10 Ìò(ÑÍ4) × 

× ãîä–1 â ïîëüçó ýìèññèè, ýòî ìåíåå 2% îáùåé ãîäî-
âîé ãëîáàëüíîé ýìèññèè â àòìîñôåðó (ðàçóìååòñÿ,  
â ïðåäåëàõ îøèáêè îöåíêè). Âðåìÿ æèçíè ìåòàíà  
â àòìîñôåðå — 12 ëåò [13, 14]. 

 
1. Õèìèÿ íèæíåé àòìîñôåðû / Ïîä ðåä. Ñ. Ðàñóëà. Ì.: 

Ìèð, 1976. 408 ñ. 
2. Arrhenius S. On the Influence of Carbonic Acid in the 

Air upon the Temperature of the Ground // Philoso-
phical Mag. 1896. V. 41. P. 237–275. 

3. Climate change. Impacts, Adaptation and Vulnerabi- 
lity: Contribution of working group II to the fourth as-
sessment report of the Intergovernmental Panel on Cli-
mate Change. New York: Cambridge University Press, 
2007. 730 p. 

4. Óãëåêèñëûé ãàç â àòìîñôåðå / Ïîä ðåä. Ã.Ñ. Ãîëèöè-
íà. Ì.: Ìèð, 1987. 534 ñ. 

5. Dickinson R.E., Cicerone R.J. Future global warming 
from atmospheric trace gases // Nature (Gr. Brit.). 
1986. V. 319, N 6049. P. 109–115. 

6. Meehl G.A., Washington W.M., Collins W.D., Ar-
blaster J.M., Hu A.X., Buja L.E., Strand W.G., 
Teng H.Y. How much more global warming and sea 
level rise // Science. 2005. V. 307, N 5716. P. 1769–
1772. 

7. Emanuel K. Increasing destructiveness of tropical cy-
clones over the past 30 years // Nature (Gr. Brit.). 
2005. V. 436, N 7051. P. 686–688. 

8. Emanuel K. A. The dependence of hurricane intensity 
on climate // Nature (Gr. Brit.). 1987. V. 326, 
N 6104. P. 483–485. 

9. Knutson T.R., Tuleya R.E. Impact of CO2-induced 
warming on simulated hurricane intensity and precipi-
tation: Sensitivity to the choice of climate model and 
convective parameterization // J. Clim. 2004. V. 17, 
N 62. P. 3477–3495. 

10. Rosenberg N.J. The increasing CO2 concentration in 
the atmosphere and its implication on agricultural pro-
ductivity. 1. Effects on photosynthesis, transpiration 
and water-use efficiency // Clim. Change. 1981. V. 3, 
N 23. P. 265–279. 

11. Goldenberg S.B., Landsea C.W., Mestas-Nunez A.M., 
Gray W.M. The recent increase in atlantic hurricane 
activity: Causes and implications // Science. 2001. 
V. 293, N 5529. P. 474–479. 

12. Webster P.J., Holland G.J., Curry J.A. Changes in 
tropical cyclone number, duration, and intensity in a 
warming environment // Science. 2005. V. 309, 
N 5742. P. 1844–1846. 

13. Ñåìåíîâ Ñ.Ì. Ïàðíèêîâûå ãàçû è ñîâðåìåííûé êëè-
ìàò Çåìëè. Ì.: Èçä. öåíòð «Ìåòåîðîëîãèÿ è ãèäðîëî-
ãèÿ», 2004. 175 ñ. 

14. Climate Change 2001. The Scientific Basis. Contribu-
tion of Working Group I to the Third Assessment Re-
port of the Intergovernmental Panel of Climate Change 
/ J.T. Houghton, Y. Ding, D.J. Griggs, et. al., eds. 
Cambridge: Cambridge University Press, 2001. 

15. IPCC/TEAP special report on safeguarding the ozone 
layer and the global climate system: issues related to 



 Âëèÿíèå àíòðîïîãåííîãî ôàêòîðà íà ñîäåðæàíèå ïàðíèêîâûõ ãàçîâ â òðîïîñôåðå. 1. Ìåòàí 369 
 

hydrofluorocarbons and perfluorocarbons. Cambridge: 
Published for the Intergovernmental Panel on Climate 
Change by Cambridge University Press. 2005. 478 p. 
ISBN 0-521-86336-8. 

16. Shine K.P., Derwent R.G., et al. Radiative forcing of 
climate. Ch. 2 // IPCC, 1990: The IPCC Scientific 
Assessment / J.T. Houghton et al. (eds.). Cambridge, 
UK and New York, USA: Cambridge University Press, 
1990. 

17. Îöåíî÷íûé äîêëàä îá èçìåíåíèÿõ êëèìàòà è èõ ïî-
ñëåäñòâèÿõ íà òåððèòîðèè Ðîññèéñêîé Ôåäåðàöèè. 
Ò. 1.  Èçìåíåíèÿ êëèìàòà. Ì.: Ðîñãèäðîìåò, 2008. 246 ñ. 

18. Forster P., Ramaswamy V., et al. Changes in atmos-
pheric constituents and radiative forcing. Ch. 2 // Cli-
mate Change 2007: The Physical Science Basis. Contri-
bution of Working Group I to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate 
Change / S. Solomon, D. Qin, M. Manning, Z. Chen, 
M. Marquis, K.B. Averyt, M. Tignor, and H.L. Miller 
(eds.). Cambridge, UK and New York, USA: Cam-
bridge University Press, 2007. 

19. Hansen J., Sato M., Ruedy R., et al. Efficancy of cli-
mate forcing // J. Geophys. Res. 2005. V. 110. 
D18104. doi:1029/2005JD005776. 

20. Solomon S., Qin D., Manning M., Alley R.B., Bernt-
sen T., Bindoff N.L., Chen Z., Chidthaisong A., Gre- 
gory J.M., Hegerl G.C., Heimann M., Hewitson B., 
Hoskins B.J., Joos F., Jouzel J., Kattsov V., Loh-
mann U., Matsuno T., Molina M., Nicholls N., Over-
peck J., Raga G., Ramaswamy V., Ren J., Rusti-
cucci M., Somerville R., Stocker T.F., Whetton P., 
Wood R.A., Wratt D. Technical Summary // Climate 
Change 2007: The Physical Science Basis. Contribution 
of Working Group I to the Fourth Assessment Report 
of the Intergovernmental Panel on Climate Change / 
S. Solomon, D. Qin, M. Manning, Z. Chen, M. Mar-
quis, K.B. Averyt, M. Tignor, and H.L. Miller (eds.). 
Cambridge, UK and New York, USA: Cambridge Uni-
versity Press, 2007. 

21. Êîíäðàòüåâ Ê.ß., Ìîñêàëåíêî Í.È. Ïàðíèêîâûé 
ýôôåêò àòìîñôåðû è êëèìàò. Ì.: ÂÈÍÈÒÈ, 1984. 
263 ñ. 

22. Marty C.A. Surface Radiation, Cloud Forcing and 
Greenhouse Effect in the Alps. Ph. D. 2000. ETH N. 
13609. Zurich. 187 p. 

23. Ôåëüäáàóì À.À. Ââåäåíèå â òåîðèþ íåëèíåéíûõ öå-
ïåé. Ì.: Ãîñýíåðãîèçäàò, 1948. 347 ñ. 

24. Áåëàí Á.Ä. Òðîïîñôåðíûé îçîí. 3. Ñîäåðæàíèå îçî-
íà â òðîïîñôåðå. Ìåõàíèçìû è ôàêòîðû, åãî îïðåäå-
ëÿþùèå // Îïòèêà àòìîñô. è îêåàíà. 2008. Ò. 21, 
¹ 7. Ñ. 600–618. 

25. Áåëàí Á.Ä., Ñêëÿäíåâà Ò.Ê. Òðîïîñôåðíûé îçîí. 4. 
Ôîòîõèìè÷åñêîå îáðàçîâàíèå òðîïîñôåðíîãî îçîíà: 
ðîëü ñîëíå÷íîé ðàäèàöèè // Îïòèêà àòìîñô. è îêåà-
íà. 2008. Ò. 21, ¹ 10. Ñ. 858–868. 

26. Áåëàí Á.Ä. Òðîïîñôåðíûé îçîí. 5. Ãàçû — ïðåäøå-
ñòâåííèêè îçîíà // Îïòèêà àòìîñô. è îêåàíà. 2009. 
Ò. 22, ¹ 3. Ñ. 230–268. 

27. Áåëàí Á.Ä. Òðîïîñôåðíûé îçîí. 6. Êîìïîíåíòû îçî-
íîâûõ öèêëîâ // Îïòèêà àòìîñô. è îêåàíà. 2009. 
Ò. 22, ¹ 4. Ñ. 358–380. 

28. Áåëàí Á.Ä. Òðîïîñôåðíûé îçîí. 1. Ñâîéñòâà è ðîëü 
â ïðèðîäíûõ è òåõíîãåííûõ ïðîöåññàõ // Îïòèêà 
àòìîñô. è îêåàíà. 2008. Ò. 21, ¹ 4. Ñ. 299–322. 

29. Êðåêîâ Ã.Ì., Çâåíèãîðîäñêèé Ñ.Ã. Îïòè÷åñêàÿ ìî-
äåëü ñðåäíåé àòìîñôåðû. Íîâîñèáèðñê: Íàóêà, 1990. 
278 ñ. 

30. Wayne R.P. Chemistry of Atmospheres, second edi-
tion.  N.Y.:  Oxford  University  Press  Inc.,  1991.  451 p. 

31. Áåëàí Á.Ä. Òðîïîñôåðíûé îçîí. 2. Ìåòîäû è ñðåäñò-
âà èçìåðåíèÿ // Îïòèêà àòìîñô. è îêåàíà. 2008. 
Ò. 21, ¹ 5. Ñ. 397–424. 

32. Áîéå Õ.Äæ., Çåéëåð Ó., Áîëèí Á. Ïðî÷èå ãàçû, âëèÿ- 
þùèå íà ïàðíèêîâûé ýôôåêò, è àýðîçîëè // Ïàðíè-
êîâûé ýôôåêò, èçìåíåíèå êëèìàòà è ýêîñèñòåìû. Ë.: 
Ãèäðîìåòåîèçäàò, 1989. Ñ. 196–241. 

33. Bingemer H.G., Crutzen P.J. The production of me- 
thane from solid waster // J. Geophys. Res. D. 1987. 
V. 92, N 2. P. 2181–2187. 

34. Seiler W. Conceivable perturbation of the CH4 and H2 
production by «microbial energy conversion» on the cy-
cle of atmospheric trace gases // Microbial energy con-
version. Gottingen. E. Goltze. 1976. P. 483–497. 

35. WMO Greenhouse Gas Bulletin. 2006. N 1. 4 p. 
36. Global methane distribution by Envisat // EGU 

Newslett. 2005. N 12. P. 10–11. 
37. Panikov N.S., Dedysh S.N., Kolesnikov O.M., Mar- 

dini A.I., Sizova M.V. Metabolic and environmental 
control on methane emission from soils: mechanistic 
studies of mesotrophic fen in West Siberia // Water, 
Air, and Soil Pollut.: Focus. 2001. V. 1, N 5–6. 
P. 415–428. 

38. Àíäðîíîâà Í.Ã. Çàâèñèìîñòü èíòåíñèâíîñòè íàçåì-
íûõ èñòî÷íèêîâ ÑÍ4 îò êëèìàòè÷åñêèõ, ýêîëîãè÷å-
ñêèõ è àíòðîïîãåííûõ ôàêòîðîâ // Òð. ÃÃÎ. 1990. 
Âûï. 531. Ñ. 75–80. 

39. Reay D.S., Nedwell D.B., McNamara N. Physical 
determinants of methane oxidation capacity in a tem-
perature soil // Water, Air, and Soil Pollut.: Focus. 
2001. V. 1, N 5–6. P. 401–414. 

40. Goulding K.W.T., Hutsch B.W., Webster C.P., Wil-
lison T.W., Powlson D.S. The effect of agriculture on 
methane oxidation in soil // Phil. Trans. Roy. Soc. 
London. A. 1995. V. 351, N 1696. P. 313–325. 

41. Clymo R.S., Pearce D.M.E. Methane and carbon di-
oxide production in transport through, and efflux from 
a peat land // Phil. Trans. Roy. Soc. London. A. 
1995. V. 351, N 1696. P. 249–259. 

42. Hindrichsen I.K., Wettstein H.-R., Machmuller A., 
Jorg B., Kreuzer M. Effect of the carbohydrate com-
position of feed concentrates on methane emission from 
dairy cows and their slurry // Environ. Monit. and 
Assess. 2005. V. 107, N 3. P. 329–350. 

43. Hendriks D.M.D., van Huissteden J., Dolman A.J., 
van Molen M.K. The full greenhouse gas balance of an 
abandoned peat meadow // Biogeoscience. 2007. V. 4, 
N 5. P. 411–424. 

44. Conrad R. Soil microorganisms as controllers of atmos-
pheric trace gases (H2, CO, CH4, OCS, N2O, and NO) 
// Microbiol. Rev. 1996. V. 60. P. 609–640. 

45. Lechtenbühmer S., Dienst C., Fischedick M., Hanke T., 
Fernandez R., Robinson D., Kantamaneni R., Gilles B. 
Tapping the leakages: Methane losses, mitigation op-
tions and policy issues for Russian long distance gas 
transmission pipelines // Int. J. Greenhouse Gas Cont. 
2007. V. 1, N 4. P. 387–395. 

46. Tsupari E., Monni S., Tormonen K., Pellikka T., Syre S. 
Estimation of annual CH4 and N2O emissions from flu-
idized bed combustion: An advanced measurement-based 
method and its application to Finland // Int. J. 
Greenhouse  Gas  Cont.  2007.  V. 1,  N 3.  P. 289–297. 

47. Khalil M.A.K., Rasmussen R.A., Shearer M.J. Measu- 
rements of methane emissions from rice fields in China 
// J. Geophys. Res. D. 1998. V. 103, N 19. P. 25181–
25210. 

48. Pacyna J.M., Hov O. Sea to air transport of trace 
gases in the coastal zone: a literature review // Reg. 
Environ. Change. 2002. V. 2, N 4. P. 185–200. 

10*. 



370 Áåëàí Á.Ä., Êðåêîâ Ã.Ì. 
 

49. Khalil M.A.K., Rasmussen R.A. Sources, sink and sea-
sonal cycles of atmospheric methane // J. Geophys. 
Res. 1983. V. 88, N 9. P. 5131–5144. 

50. Levin I., Ciais P., Langenfelds R., Schmidt M. Tree 
years of trace gas observation over EuroSiberian domain 
derived from aircraft sampling – a concerted action // 
Tellus. B. 2002. V. 54, N 4. P. 696–712. 

51. Àðøèíîâ Ì.Þ., Áåëàí Á.Ä., Äàâûäîâ Ä.Ê., Èíîóéå Ã., 
Ìàêñþòîâ Ø., Ìà÷èäà Ò., Ôîôîíîâ À.Â. Âåðòèêàëü-
íîå ðàñïðåäåëåíèå ïàðíèêîâûõ ãàçîâ íàä Çàïàäíîé 
Ñèáèðüþ ïî äàííûì ìíîãîëåòíèõ èçìåðåíèé // Îï-
òèêà àòìîñô.  è  îêåàíà.  2005. Ò. 19,  ¹ 4. C. 322–327. 

52. Chappellaz J.A., Fung I.Y., Thompson A.M. The at-
mospheric CH4 increase since the last Glacial Maximum 
(1) Source estimates // Tellus. B. 1993. V. 45, N 3. 
P. 228–241. 

53. Etheridge D.M., Steel L.P., Francey R.J., Langen-
felds R.L. Atmospheric methane between 1000 A.D. 
and present: Evidence of anthropogenic emissions and 
climatic variability // J. Geophys. Res. D. 1998. 
V. 103, N 13. P.15979–15993. 

54. Houweling S., Dentener F., Lelieveld J. Simulation 
of preindustrial atmospheric methane to constrain the 
global source strength of natural wetlands // J. Geo-
phys. Res. D. 2000. V. 105, N 13. P.17243–17255. 

55. Ferretti D.F., et al. Unexpected changes to the global 
methane budget over the past 2000 years // Science. 
2005. V. 309, N 5741. P. 1714–1717. 

56. Velders G.J.M., et al. Chemical and radiative effects 
of halocarbons and their replacement compounds // 
IPCC/TEAP Special Report on Safeguarding the 
Ozone Layer and the Global Climate System: Issues re-
lated to Hydrofl uorocarbons and Perfl uorocarbons. 
Prepared by Working Group I and III of the Intergo-
vernmental Panel on Climate Change and the Techno- 
logy and Economic Assessment Panel / B. Metz, et al. 
(eds.). Cambridge, UK and New York, USA: Cam-
bridge University Press, 2005. P. 133–180. 

57. Ruddiman W.F., Thomson J.S. The case for human 
causes of increased atmospheric CH4 over the last 5000 
years // Quatern. Sci. Rev. 2001. V. 20. P. 1769–
1777. 

58. Chen Y-H., Prinn R.G. Atmospheric modeling of high- 
and lowfrequency methane observations: Importance of 
interannually varying transport // J. Geophys. Res. 
2005. V. 110. D10303. doi:10.1029/2004JD005542. 

59. Chen Y-H., Prinn R.G. Estimation of atmospheric 
methane emission between 1996–2001 using a 3-D 
global chemical transport model // J. Geophys. Res. 
2006. V. 111. D10307. doi:10.1029/2005JD006058. 

60. Mikaloff Fletcher S.E. et al. CH4 sources estimated 
from atmospheric observations of CH4 and its 13C/12C 
isotopic ratios: 1. Inverse modeling of source processes 
// Glob. Biogeochem. Cycles. 2004a. V. 18. GB4004. 
doi:10.1029/2004GB002223. 

61. Mikaloff Fletcher S.E., Tans P.P., Miller J.B., Hei- 
mann M. CH4 sources estimated from atmospheric ob-
servations of CH4 and its 13C/12C isotopic ratios: 2. 
Inverse modeling of CH4 fluxes from geographical re-
gions // Global Biogeochem. Cycles. 2004b. V. 18. 
doi:10.1029/2004GB002224. 

62. Xiao Y., Jacob D.J., Wang J.S., Logen J.A., Palmer P.I., 
Sunthralingam B., Yantosca R.M., Sachse G.W., Bla-
ke D.R., Streets D.C. Constraints on Asian and Euro-
pean sources of methane from CH4–C2H6 – CO correla-
tion in Asian outflow // J. Geophys. Res. 2004. 
V. 109. doi:10.1029/2003JD004475. 

63. Frankenberg C., Meirink J.F., Bergamaschi P., Goe- 
de A.P.H., Heimann M., Korner S., Platt U., van 

Weele M., Wagner T. Satellite chartography of at-
mospheric methane from SCIAMACHY on board 
EMVISAT: Analysis of the years 2003 and 2004 // J. 
Geophys.  Res. 2006. V. 111. doi:10.1029/2005JD006235. 

64. Li C., Qiu J., Frolking S., Xiao X., Salas W., Moo- 
re B.III, Boles S., Huang X., Sass R. Reduced methane 
emissions from large-scale changes in water manage-
ment of China’s rice paddies during 1980–2000 // 
Geophys. Res. Lett. 2002. V. 29. doi: 10.1029/ 
2002GL015370. 

65. Yan X., Ohara T., Akimoto H. Development of re-
gion-specific emission factors and estimation of methane 
emission from rice fields in the East, Southeast, and 
South Asian countries // Global Change Biol. 2003. 
V. 9, N 2. P. 237–254. 

66. Khalil M.A.K., Shearer M.J. Decreasing emissions of 
methane from rice agriculture // Int. Congress Ser. 
2006. V. 1293. P. 33–41. 

67. Frankenberg C. et al. Assessing methane emission from 
global space-borne observation // Science. 2005. 
V. 308, N 5737. P. 1010–1014. 

68. Keppler F., Hamilton J.T.G., Brass M., Roeckmann T. 
Methane emissions from terrestrial plants under aerobic 
conditions // Nature (Gr. Brit.). 2006. V. 439, 
N 7073. P. 187–191. 

69. Kirschbaum M.U.F., Bruhn D., Etheridge D.M.,  
Evans J.R., Farquhar G.D., Grifford R.M., Paul K.I. 
A comment on the quantitative signifi cance of aerobic 
methane release by plants // Funct. Plant Biol. 2006. 
V. 33, N 6. P. 521–530. 

70. Etiope G., Klusman R.W. Geologic emissions of me- 
thane to the atmosphere // Chemosphere. 2002. V. 49, 
N 8. P. 777–789. 

71. Etiope G. GEM-Geologic Emission of Methane, the 
missing source in the atmospheric methane budget // 
Atmos. Environ. 2004. V. 38, N 19. P. 3099–3100. 

72. Kvenvolden K.A., Rogers B.W. Gaia’s breath – global 
methane exhalations // Mar. Petrol. Geol. 2005. 
V. 22, N 20. P. 579–590. 

73. Cao M., Gregson K., Marshall S. Global methane 
emission from wetlands and its sensitivity to climate 
change // Atmos. Environ. 1998. V. 32, N 19. 
P. 3299–3309. 

74. Pathak H., Li C., Wassmann R. Greenhouse gas emis-
sions from Indian rice fields: calibration and up scaling 
using the DNDC model // Biogeoscience. 2005. V. 2, 
N 2. P. 113–123. 

75. Ãàëü÷åíêî Â.Ô. Áàêòåðèàëüíûé öèêë ìåòàíà â ìîð-
ñêèõ  ýêîñèñòåìàõ  //  Ïðèðîäà.  1995.  N 6.  Ñ. 35–49. 

76. Niemann H., Elvert M., Hovland M., Orcutt B., Judd A., 
Suck I., Gutt J., Joye S., Damm E., Kinster K., Boe- 
tius A. Methane emission and consumption at a North 
Sea gas seep (Tommeliten area) // Biogeoscience. 
2005. V. 2, N 4. P. 335–351. 

77. Kourtidis K., Kiotsioukis I., McGinnis D.F., Rapso-
manikis S. Effects of methane outgassing on the Black 
Sea atmosphere // Atmos. Chem. Phys. 2006. V. 6, 
N 12. P. 5173–5182. 

78. Larmola T., Alm J., Juutinen S., Huttunen J.T., Mar-
tikainen P.J., Silvova J. Contribution of vegetated  
littoral zone to winter fluxes of carbon dioxide and 
methane from boreal lakes // J. Geophys. Res. 2004.  
V. 109.  D19102.  doi: 10.1029/2004  JD004875. 

79. Wang H., Lu J., Wang W., Yang L., Yin C. Methane 
fluxes from the littoral zone of hypereutrophic Taihu 
Lake, China // J. Geophys. Res. 2006. V. 111. 
D17109. doi: 10.1029/2005 JD006864. 

80. Mau S., Rehder G., Arroyo I.G., Gossler J., Saess E. 
Indications of a links between seismotectonics and CH4 



 Âëèÿíèå àíòðîïîãåííîãî ôàêòîðà íà ñîäåðæàíèå ïàðíèêîâûõ ãàçîâ â òðîïîñôåðå. 1. Ìåòàí 371 
 

release from seeps off Costa Rica // Geochem. Geo-
phys. Geosys. 2007. V. 8. Q04003. doi: 10.1029/2006 
GC001326. 

81. Òðîôèìóê À.À., ×åðñêèé Í.Â., Öàðåâ Â.Ï. Ðåñóðñû 
áèîãåííîãî ìåòàíà Ìèðîâîãî îêåàíà // Äîêë. ÀÍ 
ÑÑÑÐ. 1975. T. 225, ¹ 4. Ñ. 936–939. 

82. Ðîìàíîâñêàÿ À.À. Âûáðîñû ìåòàíà è çàêèñè àçîòà  
â àãðàðíîì ñåêòîðå Ðîññèè // Ìåòåîðîë. è ãèäðîë. 
2008. ¹ 2. Ñ. 87–97. 

83. Zhu R., Liu Y, Xu H., Ma J., Gong Z., Zhao S. Me- 
thane emissions from three sea animal colonies in the 
maritime Antarctic // Atmos. Environ. 2008. V. 42, 
N 6. P. 1197–1205. 

84. Rasmussen R.A., Khalil M.A.K. Global production of 
methane, by termites // Nature (Gr. Brit.). 1983. 
V. 301, N 5902. P. 700–702. 

85. Zimmerman P.R., Greenberg J.P., Wandiga S.O., Crut-
zen P.J. Termites: a potentially large source of atmos-
pheric methane, carbon dioxide and molecular hydrogen 
// Science. 1982. V. 218, N 4572. P. 563–565. 

86. Çàéäåíâàðã Â.Å., Àéðóíè À.Ò. Ðîëü äîáû÷è óãëÿ  
â ãëîáàëüíîì çàãðÿçíåíèè áèîñôåðû ìåòàíîì // 
Óãîëü. 1993. N 1. Ñ. 6–10. 

87. Çèí÷åíêî À.Â., Ïàðàìîíîâà Í.Í., Ïðèâàëîâ Â.È., 
Ðåøåòíèêîâ À.È., Òèòîâ Â.Ñ. Îöåíêà èñòî÷íèêîâ 
ìåòàíà íà îñíîâå èçìåðåíèé åãî êîíöåíòðàöèè â ðàé-
îíå äîáû÷è ãàçà íà ñåâåðå Çàïàäíîé Ñèáèðè // Ìå-
òåîðîë. è ãèäðîë. 2008. ¹ 1. Ñ. 51–64. 

88. Lechtenbohmer S., Dienst C., Fischedick M., Hanke T., 
Fernandez R., Robinson D., Kantamaneni R., Gilles B. 
Tapping the leakages: Methane losses, mitigation op-
tions and policy issues for Russian long distance gas 
transmission pipelines // Int. J. Greenhouse Gas Cont. 
2007. V. 1, N 4. P. 387–395. 

89. Áàæèí Í.Ì. Ìåòàí â àòìîñôåðå // Ñîðîñ. îáðàç. æ. 
2000. T. 6, ¹ 3. Ñ. 52–57. 

90. Ñàâåíêî Â.Ñ. Ìåòàí â àòìîñôåðå Çåìëè: îöåíêè è 
ïðîãíîçû. Ì.: ÂÈÍÈÒÈ. Cåð. «Íàó÷íûå è òåõíè÷å-
ñêèå àñïåêòû îõðàíû îêðóæàþùåé ñðåäû». 1995. 
Âûï. 2. Ñ. 1–32. 

91. Kim Y., Tanaka N. Effect of forest fire on the fluxes 
of CO2, CH4 and N2O in boreal forest soil, interior 
Alaska // J. Geophys. Res. 2003. V. 108. D1. 8154. 
doi: 10.1029/2001 JD000663. 

92. Hegg D.A., Radke L.F., Hobbs P.V., Rasmussen R.A., 
Riggan P.J. Emission of some trace gases from biomass 
fires // J. Geophys. Res. D. 1990. V. 95, N 5. 
P. 5669–5675. 

93. Benner W.H., Iron P., McMahon C.K. Photochemical 
potential of forest fire smoke // Air Pollut. Contr. 
Assoc. 1977. V. 1. P. 531–535. 

94. Cofer W.R., Levine J.S., Winstead E.L., Stocks B.J. 
Gaseous emissions from Canadian boreal forest fires // 
Atmos. Environ. 1990. V. 24A, N 7. P. 1653–1659. 

95. Íîæåâíèêîâà À.Í. Ìóñîðíûå çàëåæè – «ìåòàíîâûå 
áîìáû»   ïëàíåòû  //  Ïðèðîäà.  1995.  N 6.  Ñ. 25–34. 

96. Çèí÷åíêî À.Â., Ðåøåòíèêîâ À.È., Ïàðàìîíîâà Í.Í., 
Ïðèâàëîâ Â.È., Òèòîâ Â.Ñ., Êàçàêîâà Ê.Â., Êàö-
íåëüñîí Á.Ï. Èññëåäîâàíèå ýìèññèè ìåòàíà è äèîê-
ñèäà óãëåðîäà íà ïîëèãîíàõ çàõîðîíåíèÿ òâåðäûõ áû-
òîâûõ îòõîäîâ â îêðåñòíîñòÿõ Ñàíêò-Ïåòåðáóðãà // 
Òð. ÍÈÖ ÄÇÀ. 2002. Âûï. 4(552). Ñ. 126–138. 

97. Ding W., Cai Z., Tsuruta H. Methane concentration 
and emission as affected by methane transport capacity 
of plants in freshwater // Water, Air, and Soil Pollut. 
2004. V. 158, N 1. P. 99–111. 

98. Ding W., Cai Z., Tsuruta H. Plant species effects on 
methane emissions from freshwater marshes // Atmos. 
Environ. 2005. V. 39, N 18. P. 3199–3207. 

99. El-Fadel M., Massoud M. Methane emissions from 
wastewater management // Environ. Pollut. 2001. 
V. 114, N 2. P. 177–185. 

100. Enhalt D.H. The atmospheric cycle of methane // Tel-
lus. 1974. V. 26, N 1–2. P. 58–70. 

101. Gupta M., Mc Grath M.P., Cicerone R.J., Row-
land F.S., Wolsberg M. 12C/13C kinetic isotope effects 
in the reactions of CH4 with OH and Cl // Geophys. 
Res. Lett. 1997. V. 24, N 22. P. 2761–2764. 

102. Tyler S.C., Ajie H.O., Rice A.L., Cicerone R.J., Tua-
zon E.C. Experimentally determined kinetic isotope ef-
fects in the reaction of CH4 with Cl: Implications for 
atmospheric CH4 // Geophys. Res. Lett. 2000. V. 27. 
P. 1715–1718. 

103. Platt U., Allan W., Lowe D. Hemispheric average Cl 
atom concentration from 12C/13C ratios in atmos-
pheric methane // Atmos. Chem. Phys. 2004. V. 4, 
N 10. P. 2393–2399. 

104. Allan W., Lowe D.C., Gomes A.J., Struthers H., Brail- 
sford G.W. Interannual variations of 13C in tropo-
spheric methane: Implications for a possible atomic 
chlorine sink in the marine boundary layer // J. Geo-
phys. Res. 2005. V. 110. doi:10.1029/2004JD005650. 

105. Prinn R.G., Huang J., Weiss R.F., Cunnold D.M., 
Fraser P.J., Simmonds P.G., Mc Culloch A., Harth C., 
Salameh P., O’Doherty S., Wang R.H.J., Porter L., 
Miller B.R. Evidence for substantial variations of at-
mospheric hydroxyl radicals in the past two decades // 
Science. 2001. V. 292, N 5523. P. 1882–1888. 

106. Prinn R.G., Huang J., Weis R.F., Cunnold D.M., 
Fraser P.J., Simmonds P.G., Mc Culloch A., Harth C., 
Reimann S., Salameh P., O’Doherty S., Wang R.H.J., 
Porter L.W., Miller B.R., Krummel P.B. Evidence for 
variability of atmospheric hydroxyl radicals over the 
past quarter century // Geophys. Res. Lett. 2005. 
V. 32. L07809. doi:10.1029/2004GL022228. 

107. Çàâàðçèí Ã.À. Ìèêðîáíûé öèêë ìåòàíà â õîëîäíûõ 
óñëîâèÿõ // Ïðèðîäà. 1995. ¹ 6. Ñ. 3–14. 

108. Muller J.-F. Geographical distribution and seasonal 
variation of surface emissions and deposition velocities 
of atmospheric trace gases // J. Geophys. Res. D. 
1992. V. 97, N 4. P. 3787–3804. 

109. Êèåâñêèé äîêëàä ïî îöåíêå: ðåçþìå íåäàâíî ñäåëàí-
íûõ âûâîäîâ ïî ñòðàíàì – ó÷àñòíèöàì Åâðîïåéñêîãî 
àãåíòñòâà ïî îêðóæàþùåé ñðåäå (ÅÀÎÑ) // ÎÎÍ. 
Ñïåöèàëüíàÿ ðàáî÷àÿ ãðóïïà ïî ìîíèòîðèíãó îêðó-
æàþùåé ñðåäû. 2002. 20 ñ. 

110. Warneck P. Chemistry of the Natural Atmosphere. 
N.Y.: Acad. Press, 1988. 757 p. 

111. Moriizumi J., Takahashi Y., Maksyutov S., Sorokin M., 
Yoneda M., Shibata Y., Morita M., Inoue G. Identi-
fication of Methane Sources with Carbon Isotropic 
Analysis of West Siberian Airborne Samples // Proc. 
7 Sympos. on the Joint Siberian Permafrost Studies be-
tween Japan and Russia in 1998. Tsukuba, 1999. 
P. 149–157. 

112. Lassey K.R., Etheridge D.M., Lowe D.C., Smith A.M., 
Ferretti D.F. Centennial evolution of the atmospheric 
methane budget: what do the carbon isotopes tellus // 
Atmos.  Chem.  Phys.  2007.  V. 7,  N 8.  P. 2119–2139. 

113. Ferretti D.F., Miller J.B., White J.W.C., Las-
sey K.R., Lowe D.C., Etheridge D.M. Stable isotopes 
provide revised global limits of aerobic methane emis-
sions from plants // Atmos. Chem. Phys. 2007. V. 7, 
N 1. P. 237–241. 

114. Bergmaschi P., Lubina C., Konigstedt R., Fischer H., 
Veltkamp A.C., Zweagstra O. Stable isotopic signa-
tures (13C) of methane from European landfill sites // 
J.  Geophys.  Res. D.  1998.  V. 103,  N 7.  P. 8251–8265. 



372 Áåëàí Á.Ä., Êðåêîâ Ã.Ì. 
 

115. Stevens Ch.M., Engelkemeir A. Stable carbon isotopic 
composition of methane from some natural and anthro-
pogenic sources // J. Geophys. Res. D. 1998. V. 93, 
N 1. P. 725–733. 

116. Wholen S.C., Reeburgh W.S. Consumption of atmos-
pheric methane by tundra soil // Nature (Gr. Brit.). 
1990. V. 346, N 6280. P. 160–162. 

117. Hein R., Crutzen P.J., Heimann M. An inverse mode-
ling approach to investigate the global atmospheric 
methane cycle // Glob. Biogeochem. Cycles. 1997. 
V. 11, N 1. P. 43–76. 

118. Olivier J.G.J., Van Aardenne J.A., Dentener F., Pag-
liari V., Ganzeveld L.M., Peterrs J.A.H.W. Recent 
trends in global greenhouse emissions: regional trends 
1970–2000 and spatial distribution of key sources in 
2000 // Environ. Sci. Tech. 2005. V. 2, N 2–3. 
P. 81–99. 

119. Wuebbles D.J., Hayhoe K. Atmospheric methane and 
global change // Earth Sci. Rev. 2002. V. 57, N 3–4. 
P. 177–210. 

120. Scheehle E.A., Irving W.N., Kruger D. Global an-
thropogenic methane emission // Non-CO2 Greenhouse 
Gases / J. Van Ham, A.P. Baede, R. Guicherit, and 
J. Williams-Jacobse, eds. Rotterdam: Millpress, 2002. 
P. 257–262. 

121. Wang J.S., Logan J.A., Mc Elray M.B., Duncan B.N., 
Mergretskaia I.A., Yantosca R.M. A 3-D model 
analysis of the slowdown and interannual variability in 
the methane growth rate from 1988 to 1997 // Glob. 
Biogeochem. Cycles. 2004. V. 18. GB3011. 
doi:10.1029/ 3003GB002180. 

122. http: // www.epa.gov / methane / pdfs / Methane-and-
Nitrous-Oxide-Emissions-From-Natural-Sources.pdf 

123. Ãðèöåâè÷ È.Ã., Êîëåñîâ À.Þ. Íàöèîíàëüíàÿ èíâåí-
òàðèçàöèÿ âûáðîñîâ ïàðíèêîâûõ ãàçîâ îò ýíåðãåòè÷å-
ñêèõ ïðîöåññîâ â Ðîññèè // Áþë. «Íà ïóòè ê óñòîé-
÷èâîìó ðàçâèòèþ Ðîññèè». 2004. ¹ 27. C. 34–37. 

124. Bridges E.M., Batjes N.H. Soil Gaseous Emissions 
and Global Climatic Change // Geography. 1996. 
V. 81, N 2. P. 155–169. 

125. Emissions of Greenhouse Gases in the United States 
2001. Executive Summary. U.S. Department of Energy. 
Washington, 2003. N DOE/EIA-0573. 10 p. 

126. Èçðàýëü Þ., Íàçàðîâ È., Íàõóòèí À., ßêîâëåâ À., 
Ãèòàðñêèé Ì. Ýìèññèÿ ïàðíèêîâûõ ãàçîâ â Ðîññèè 
//  Áþë.   ïî   àòîìíîé   ýíåðãèè.  2002.  ¹ 3.  C. 33–37. 

127. Mosier A.R., Duxbury J.M., Freney J.R., Heineme- 
yer O., Johnson D.E. Mitigating agricultural emissions 
of methane // Clim. Change. 1998. V. 40, N 1. 
P. 38–80. 

128. Dlugokencky E.J., Masarie K.A., Lang P.M., Tans P.P. 
Continuing decline in the growth rate of the atmos-
pheric methane burden // Nature (Gr. Brit.). 1998. 
V. 393, N 6684. P. 447–450. 

129. Àíòîíîâà Í.Á., Òóìàíîâà Í.À. Îöåíêè èñòî÷íèêîâ 
è ñòîêîâ ïàðíèêîâûõ ãàçîâ â Øâåöèè // Ïðîáëåìû 
îêðóæàþùåé ñðåäû è ïðèðîäíûõ ðåñóðñîâ. Ì.:  
ÂÈÍÈÒÈ, 1994. Âûï. 2. Ñ. 1–15. 

130. Ïàðàìîíîâà Í.Í., Ïðèâàëîâ Â.È., Ðåøåòíèêîâ À.È. 
Ìîíèòîðèíã óãëåêèñëîãî ãàçà è ìåòàíà â Ðîññèè // 
Èçâ. ÐÀÍ. Ôèç. àòìîñô. è îêåàíà. 2001. T. 37, ¹ 1. 
Ñ. 38–43. 

131. Çèí÷åíêî À.Â., Ïàðàìîíîâà Í.Í., Ïðèâàëîâ Â.È., 
Ðåøåòíèêîâ À.È. Àíàëèç èçìåðåíèé êîíöåíòðàöèè 
àòìîñôåðíîãî ìåòàíà â îêðåñòíîñòè Ñàíêò-Ïåòåðáóðãà 
// Èçâ. ÐÀÍ. Ôèç. àòìîñô. è îêåàíà. 2004. T. 40, 
¹ 1. Ñ. 90–95. 

132. Êàøèí Ô.Â., Àðåôüåâ Â.Í., Áàðàíîâ Þ.È., Áàðà-
íîâà Å.Ë., Áóãðèì Ò.È., Êàìåíîãðàäñêèé Í.Å. Èç-
ìåí÷èâîñòü ñîäåðæàíèÿ ìåòàíà â ïðèçåìíîì ñëîå è â 

òîëùå àòìîñôåðû // Èçâ. ÐÀÍ. Ôèç. àòìîñô. è 
îêåàíà. 2004. T. 40, ¹ 3. Ñ. 403–409. 

133. Ìàêàðîâà Ì.Â., Ïîáåðîâñêèé À.Â., ßãîâêèíà Ñ.Â., 
Êàðîëü È.Ë., Ëàãóí Â.Å., Ïàðàìîíîâà Í.Í., Ðåøåò-
íèêîâ À.È., Ïðèâàëîâ Â.È. Èññëåäîâàíèå ïðîöåññîâ 
ôîðìèðîâàíèÿ ïîëÿ ìåòàíà â àòìîñôåðå ñåâåðî-
çàïàäíîãî ðåãèîíà Ðîññèéñêîé Ôåäåðàöèè // Èçâ. 
ÐÀÍ. Ôèç. àòìîñô. è îêåàíà. 2006. T. 42, ¹ 2. 
Ñ. 237–249. 

134. Âèíîãðàäîâà À.À., Ôåäîðîâà Å.È., Áåëèêîâ È.Á., Ãèí-
ñáóðã À.Ñ., Åëàíñêèé Í.Ô., Ñêîðîõîä À.È. Âðåìåí-
íûå èçìåíåíèÿ êîíöåíòðàöèè óãëåêèñëîãî ãàçà è ìå-
òàíà â ãîðîäñêèõ óñëîâèÿõ // Èçâ. ÐÀÍ. Ôèç. àò-
ìîñô. è îêåàíà. 2007. T. 43, ¹ 5. Ñ. 651–663. 

135. Sikar E., La Scala N., Jr. Methane and Carbon Dioxide 
Seasonal Cycles at Urban Brazilian Inland Sites // J. 
Atmos. Chem. 2004. V. 47, N 2. P. 101–106. 

136. Juutinen S., Alm J., Larmola T., Saarnio S., Marti-
kainen P.J., Silvova J. Stand-specific diurnal dyna- 
mics of CH4 fluxes in boreal lakes: Patterns and con-
trols // J. Geophys. Res. 2004. V. 109. D19313. doi: 
10.1029/2004 JD004782. 

137. Lowe D.C., Koshy K., Bromley T., Allan W., Stru- 
thers H., Mani F., Maata M. Seasonal cycles of mixing 
ratio and 13C in atmospheric methane at Suva, Fiji // 
J. Geophys. Res. 2004. V. 137. D23308. doi: 10.1029/ 
2004 JD005166. 

138. Delmotte M., Chappellaz J., Brook E., Yiou P., Bar- 
nola J.M., Goujon C., Raynaud D., Lipenkov V.I. At-
mospheric methane during the last four glacial-
integlacial cycles: Rapid changes and their link with 
Antarctic temperature // J. Geophys. Res. 2004. 
V. 109. D12104. doi: 10.1029/2003 JD004417. 

139. Tyler S.C., Rice A.L., Ajie H.O. Stable isotope ratios 
in atmospheric CH4: Implications for seasonal source 
and sinks // J. Geophys. Res. 2007. V. 112. D03303. 
doi: 10.1029/2006 JD007231. 

140. Muhle J., Lueker T.J., Su Y., Miller B.R., Prather K.A., 
Weiss R.F. Trace gas and particulate emissions from 
the 2003 southern California wildfires // J. Geophys. 
Res.  2007.  V. 112.  D03307.  doi: 10.1029/2006 JD007350. 

141. Artuso F., Chamard P., Placentino S., di Sarra A., 
Meloni D., Monteleone F., Sferiazzo D.M., Thiery F. 
Atmospheric methane in the Mediterranean: Analysis of 
measurements at the island of Lampedusa during 1995–
2005 // Atmos. Environ. 2007. V. 41, N 18. P. 3877–
3888. 

142. Duenas C., Fernandez M.C., Carretero J., Liger E. 
Methane and carbon dioxide fluxes in soils evaluated 
by 222Rn flux and soil air concentrations profiles // 
Atmos. Environ. 1999. V. 33, N 27. P. 4495–4502. 

143. Mills A.R., Wilson S.R., Jolley D.F. Monitoring 
Emissions of Carbon Monoxide and Methane from an 
Estuarine Sediment // IGACtiv. Newslett. 2007. N 36. 
P. 2–5. 

144. Lary D.J., Muller M.D., Mussa H.Y. Using neural net-
works to describe tracer correlations // Atmos. Chem. 
Phys. 2004. V. 4, N 1. P. 143–146. 

145. Àêîïîâà Ã.Ñ., Ñîëîâüåâà Í.À. Î ôîíîâîì ñîäåðæà-
íèè ìåòàíà â àòìîñôåðíîì âîçäóõå Áîâàíåíêîâñêîãî 
è Õàðàñàâåéñêîãî ìåñòîðîæäåíèé // Òð. ÂÍÈÈÃÀÇ. 
1994. Âûï. 41. Ñ. 11–15. 

146. Jaffe D.A., Honrath R.E., Furness D., Conway T.J., 
Dlugokencky E., Steele L.P. A determination of the 
CH4, NOx and CO2 Emission from the Prudhoe Bay, 
Alaska Oil Development // J. Atmos. Chem. 1995. 
V. 20, N 3. P. 213–227. 

147. Bartlett K.B., Sachse G.W., Slate T., Harward C., 
Blake D.R. Large-scale distribution of CH4 in the 
western North Pacific: Sources and transport from the 



 Âëèÿíèå àíòðîïîãåííîãî ôàêòîðà íà ñîäåðæàíèå ïàðíèêîâûõ ãàçîâ â òðîïîñôåðå. 1. Ìåòàí 373 
 

Asian continent // J. Geophys. Res. 2003. V. 108. 
D20. 8807. doi: 10.1029/2002 JD003076. 

148. Ãóëèåâ È.Ñ., Äàäàøåâ Ô.Ã., Ïîïîâ À.È. Ê èçó÷åíèþ 
ñóòî÷íûõ âàðèàöèé ìåòàíà â ïðèçåìíîì ñëîå àòìîñôå-
ðû // Äîêë. ÀÍ ÀçÑÑÐ. 1986. T. 42, ¹ 5. Ñ. 53–55. 

149. Khalil M.A.K., Rasmussen R.A. Trends of atmospheric 
methane // Pure and Appl. Chem. 1994. V. 346, N 1. 
P. 143–147. 

150. Khalil V.A.K., Rasmussen R.A. Causes of increasing 
atmospheric methane: depletion of hydroxyl radicals 
and the rise of emissions // Atmos. Environ. 1985. 
V. 19, N 3. P. 397–407. 

151. Thompson A.M., Cicerone R.J. Atmospheric CH4, CO 
and OH from 1860 to 1985 // Nature (Gr. Brit.). 
1985. V. 321, N 6066. P. 148–150. 

152. Ohara T., Akimoto H., Kurokawa J., Horii N., Ya-
moji K., Yan X., Hayasaka T. An Asian emission in-
ventory of anthropogenic emission sources for the pe-
riod 1980–2020 // Atmos. Chem. Phys. 2007. V. 7, 
N 16. P. 4419–4444. 

153. Koch J., Dayan U., Amir S. Stabilization of atmos-
pheric concentrations of greenhouse gases // Clim. 
Change. 2003. V. 57, N 1. P. 227–241. 

 
 

154. Unger N., Shindell D.T., Koch D.M., Amann M., Co-
fala J., Streets D.G. Influences of man-made emissions 
and climate changes on tropospheric ozone, methane 
and sulfate at 2030 from a broad range of possible fu-
tures // J. Geophys. Res. 2006. V. 111. D12313. doi: 
10.1029/2005 JD006518. 

155. Golub A., Strukova E. Russia and GHG Market // 
Clim. Chang. 2004. V. 63, N 1. P. 223–243. 

156. Êèñåëåâ À.À., Êàðîëü È.Ë. Îòêëèê ãàçîâîãî ñîñòàâà 
òðîïîñôåðû ñåâåðíûõ óìåðåííûõ øèðîò íà âîçìîæ-
íûé ïðîðûâ ìåòàíà èç íåäð Çåìëè â àòìîñôåðó // 
Èçâ. ÐÀÍ. Ôèç. àòìîñô. è îêåàíà. 2003. T. 39, ¹ 5. 
Ñ. 579–588. 

157. Âåëè÷êî À.À., Áîðèñîâà À.Ê., Çåëèêñîí Ý.Ì., Êðå-
ìåíåöêèé Ê.Â., Íå÷àåâ Â.Ï. Ê îöåíêå ýìèññèè ìåòà-
íà ïðè ãëîáàëüíîì ïîòåïëåíèè // Äîêë. ÐÀÍ. 1997. 
T. 356, ¹ 3. Ñ. 387–389. 

158. Àëåêñàíäðîâ Ý.Ë., Èçðàýëü Þ.À., Êàðîëü È.Ë., 
Õðãèàí À.Õ. Îçîííûé ùèò Çåìëè è åãî èçìåíåíèÿ. 
ÑÏá.: Ãèäðîìåòåîèçäàò, 1992. 288 ñ.  

159. Lelieveld J., Crutzen P., Dentener F.J. Changing con-
centration, lifetime and climate forcing of atmospheric 
methane // Tellus. B. 1998. V. 50, N 2. P. 128–150. 

B.D. Belan, G.M. Krekov. The effect of anthropogenic factor on the content of greenhouse gases in 
the troposphere. 1. Methane. 

It has been known that in the last ten years the content of greenhouse gases mainly of anthropogenic ori-
gin increased sharply in the atmosphere. This is associated not only with the growth of industrial activity but 
also with an enlargement of scales of agricultural areas, mass cutting down of wood and bogging of wood tun-
dra. The paper provides an overview of present-day data of monitoring of space-time dynamics of greenhouse 
gases content obtained from the world observation network using space-borne, balloon-borne, airborne and con-
tact sounding. In the first part of the paper attention is drawn to the assessment of temporal trend of methane 
content.
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Ðèñ. 1. Îöåíêè ñðåäíåãëîáàëüíîãî ÐÂ ðàäèàöèîííî-àêòèâíûõ êîìïîíåíò àòìîñôåðû ôàêòîðîâ [3, 17, 20]. Óêàçàííûå ïðè 
äîâåðèòåëüíîì óðîâíå 90%-é äèñïåðñèè ÐÂ õàðàêòåðèçóþò äèàïàçîí çíà÷åíèé, â êîòîðîì ìîæåò èçìåíÿòüñÿ ÐÂ â ñîîòâåò-
ñòâèè ñ ñîâðåìåííûì óðîâíåì íàó÷íîãî ïîçíàíèÿ (ÓÍÏ). Ïðèâåäåííûå îöåíêè òàêæå óêàçûâàþò íà ïðîñòðàíñòâåííûå 
ìàñøòàáû âîçäåéñòâèÿ è íå âêëþ÷àþò ýôôåêò ïåðåõîäà ëèíåéíûõ êîíäåíñàöèîííûõ ñëåäîâ òðàíñïîðòíîé àâèàöèè  
 â îáëà÷íîñòü 
 

 
Ãîä 

Ðèñ. 2. Âðåìåííîé òðåíä êîíöåíòðàöèè CH4 çà ïåðèîä ñ 1984 ïî 2009 ã. ïî îñðåäíåííûì äàííûì ãëîáàëüíîé ñåòè íàáëþ-
äåíèé NOAA/GMD [3] (ñèíèå ëèíèè) è AGAGE [3,50] (êðàñíûå ëèíèè) â ñîïîñòàâëåíèè ñ äàííûìè ñàìîëåòíûõ èçìåðå- 
 íèé íàä ñåâåðíûìè çàáîëî÷åííûìè ðàéîíàìè Ðîññèè: Òîìñê [26], Ñûêòûâêàð [51] 


