
Воздействие вариаций коротковолновой солнечной

радиации на состав и динамику атмосферы по данным

наблюдений и модельным расчетам

Груздев А.Н.1, Безверхний В.А.1, Шмидт Х.2, Брассёр Г.П.3

1Èíñòèòóò ôèçèêè àòìîñôåðû èì. À.Ì. Îáóõîâà ÐÀÍ, Ðîññèÿ

2Èíñòèòóò ìåòåîðîëîãèè èì. Ìàêñà Ïëàíêà, Ãåðìàíèÿ

3Êëèìàòè÷åñêèé ñåðâèñíûé öåíòð, Ãåðìàíèÿ

a.n.gruzdev@mail.ru, vabezv@mail.ru, hauke.schmidt@zmaw.de, guy.brasseur@hzg.de

Ïðîáëåìà âëèÿíèÿ âàðèàöèé óðîâíÿ ñîëíå÷íîé àêòèâíîñòè íà êëèìàò Çåìëè ïðèâëå-
êàåò âíèìàíèå èññëåäîâàòåëåé íà ïðîòÿæåíèè î÷åíü ìíîãèõ ëåò. Êëþ÷åâîå çíà÷åíèå â ýòîé
ïðîáëåìå èìååò ïîíèìàíèå è îöåíêà ðîëè äèíàìè÷åñêèõ ïðîöåññîâ â àòìîñôåðå, ïîñêîëü-
êó äî ñèõ ïîð íåò äîñòàòî÷íî óäîâëåòâîðèòåëüíîãî ñîãëàñèÿ ìåæäó ðåçóëüòàòàìè àíàëèçà
äàííûõ íàáëþäåíèé è ðåçóëüòàòàìè ìîäåëèðîâàíèÿ âëèÿíèÿ ñîëíå÷íîé àêòèâíîñòè íà
çåìíóþ àòìîñôåðó [1].

Ïîòîê êîðîòêîâîëíîâîé ñîëíå÷íîé ðàäèàöèè íà âåðõíåé ãðàíèöå çåìíîé àòìîñôåðû
èñïûòûâàåò âàðèàöèè â øèðîêîì äèàïàçîíå âðåìåííûõ ìàñøòàáîâ. Ñðåäè íèõ � êîëåáà-
íèÿ ñ ïåðèîäàìè îêîëî 11 ëåò (11-ëåòíèé öèêë), 2-2.5 ëåò (êâàçèäâóõëåòíèé öèêë) è 27
ñóòîê (27-ñóòî÷íûé, èëè âðàùàòåëüíûé öèêë). Àìïëèòóäà 27-ñóòî÷íîãî öèêëà ìîæåò äî-
ñòèãàòü 60% îò àìïëèòóäû 11-ëåòíåãî öèêëà, â òî âðåìÿ êàê êâàçèäâóõëåòíèå âàðèàöèè
ïîòîêà ñîëíå÷íîé ðàäèàöèè â íåñêîëüêî ðàç ñëàáåå. Â äîêëàäå ïðåäñòàâëåíû ðåçóëüòà-
òû, êàñàþùèåñÿ íåêîòîðûõ ýôôåêòîâ ýòèõ òðåõ ñîëíå÷íûõ öèêëîâ â ñðåäíåé àòìîñôåðå
Çåìëè.

Âëèÿíèå 27-ñóòî÷íîãî ñîëíå÷íîãî öèêëà íà àòìîñôåðó èçó÷àëîñü íàìè ñ ïîìîùüþ
õèìèêî-êëèìàòè÷åñêîé ìîäåëè HAMMONIA [2, 3]. Â òî âðåìÿ êàê òåðìè÷åñêèé è õè-
ìè÷åñêèé îòêëèêè â âåðõíåé àòìîñôåðå î÷åíü îò÷åòëèâû è ïîñòîÿííû ïðè íåèçìåííîì
ôîðñèíãå, îòêëèêè â ñòðàòîñôåðå è ìåçîñôåðå èìåþò ïåðåìåæàþùèéñÿ õàðàêòåð è î÷åíü
èçìåí÷èâû âî âðåìåíè (ðèñ. 1). Îòêëèêè âî âíåòðîïè÷åñêèõ øèðîòàõ â öåëîì çàâèñÿò îò
ñåçîíà, è èõ ÷óâñòâèòåëüíîñòü çèìîé ÷àñòî áîëüøå, ÷åì ëåòîì. Ìîäåëüíûå ðåçóëüòàòû
ïîêàçûâàþò, ÷òî âàæíóþ ðîëü â îòêëèêå ñòðàòîñôåðû íà 27-ñóòî÷íûé ñîëíå÷íûé öèêë
ìîãóò èãðàòü äèíàìè÷åñêèå ïðîöåññû.

Âàæíåéøèé êîìïîíåíò àòìîñôåðíîé öèðêóëÿöèè � êâàçèäâóõëåòíèå êîëåáàíèÿ çî-
íàëüíîé ñêîðîñòè ýêâàòîðèàëüíîãî ñòðàòîñôåðíîãî âåòðà, îêàçûâàþùèå çíà÷èòåëüíîå âëè-
ÿíèå è íà äèíàìèêó àòìîñôåðû ñðåäíèõ è ïîëÿðíûõ øèðîò [1]. Ïî äàííûì èçìåðåíèé íàìè
îáíàðóæåíà âûñîêàÿ êîãåðåíòíîñòü êâàçèäâóõëåòíèõ êîëåáàíèé çîíàëüíîé ñêîðîñòè ýêâà-
òîðèàëüíîãî ñòðàòîñôåðíîãî âåòðà ñ àíàëîãè÷íûìè âàðèàöèÿìè óëüòðàôèîëåòîâîé ñîë-
íå÷íîé ðàäèàöèè [4, 5]. Êîëåáàíèÿ ñêîðîñòè âåòðà â îêðåñòíîñòè ñëîÿ ñòðàòîïàóçû (∼50
êì) ïðîèñõîäÿò â ôàçå ñ ñîëíå÷íûìè êâàçèäâóõëåòíèìè âàðèàöèÿìè (êðèâàÿ 1 íà ðèñ. 2).
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Ôóíêöèÿ îçîííîãî íàãðåâàíèÿ àòìîñôåðû èìååò ìàêñèìóì â îêðåñòíîñòè ñòðàòîïàóçû, à
ìåðèäèîíàëüíûé ãðàäèåíò êîíöåíòðàöèè îçîíà â ýòîì ñëîå â îêðåñòíîñòè ýêâàòîðà èñïû-
òûâàåò êâàçèäâóõëåòíèå âàðèàöèè, ïðîòèâîïîëîæíûå ïî ôàçå êâàçèäâóõëåòíèì âàðèàöè-
ÿì óëüòðàôèîëåòîâîé ñîëíå÷íîé ðàäèàöèè. Âûçâàííûå ýòèì âàðèàöèè îçîííûõ ïðèòîêîâ
òåïëà ìîãëè áû, â ñîîòâåòñòâèè ñ óðàâíåíèåì òåðìè÷åñêîãî âåòðà, ñëóæèòü ïðè÷èíîé ñèí-
õðîíèçàöèè êâàçèäâóõëåòíèõ êîëåáàíèé ñêîðîñòè âåòðà ñ ñîëíå÷íûìè âàðèàöèÿìè [5].

Ðèñ. 1. Ëîãàðèôì ñïåêòðàëüíîé ïëîòíîñòè îòíîøåíèÿ ñìåñè îçîíà â çàâèñèìîñòè îò âðå-
ìåíè íà âûñîòàõ 35 êì è 100 êì íà ýêâàòîðå (à, á) è íà øèðîòå 50◦ ñ.ø. (â, ã). Åäèíèöû
ñïåêòðàëüíîé ïëîòíîñòè: ìëí−2ñóò.

Ðèñ. 2. Çàïàçäûâàíèå êâàçèäâóõëåòíèõ êîëåáàíèé çîíàëüíîé ñêîðîñòè ýêâàòîðèàëüíîãî
âåòðà (1) è ìåðèäèîíàëüíîãî ãðàäèåíòà îòíîøåíèÿ ñìåñè îçîíà íà ýêâàòîðå (2) îòíîñè-
òåëüíî êâàçèäâóõëåòíèõ âàðèàöèé ïîòîêà ñîëíå÷íîé ðàäèàöèè. Øòðèõîâûå ó÷àñòêè êðè-
âûõ ñîîòâåòñòâóþò êîëåáàíèÿì, ñäâèíóòûì ïî ôàçå íà ïîëïåðèîäà îòíîñèòåëüíî èñòèííûõ
êîëåáàíèé, ñïëîøíûå ó÷àñòêè � âàðèàöèÿì áåç ôàçîâîãî ñäâèãà, ïóíêòèð � èíòåðïîëÿöèÿ
ìåæäó ýòèìè ó÷àñòêàìè.

Ïî äàííûì íàçåìíûõ èçìåðåíèé íàìè îáíàðóæåíî âëèÿíèå 11-ëåòíåãî öèêëà ñîëíå÷-
íîé àêòèâíîñòè íà îáùåå ñîäåðæàíèå äâóîêèñè àçîòà (ñîñðåäîòî÷åíà â îñíîâíîì â ñòðàòî-
ñôåðå) â ñðåäíèõ è ïîëÿðíûõ øèðîòàõ [6, 7]. Ñîäåðæàíèå NO2 â ñðåäíèõ øèðîòàõ ñåâåð-
íîãî è þæíîãî ïîëóøàðèé óìåíüøàåòñÿ ïðè èçìåíåíèè óðîâíÿ ñîëíå÷íîé àêòèâíîñòè îò
ìèíèìóìà ê ìàêñèìóìó (ðèñ. 3). Âëèÿíèå 11-ëåòíåãî ñîëíå÷íîãî öèêëà íà ñòðàòîñôåðíîå
ñîäåðæàíèå NO2 ïðîòèâîïîëîæíî ïî çíàêó âëèÿíèþ íà ñòðàòîñôåðíîå ñîäåðæàíèå îçîíà
(òðåóãîëüíèêè íà ðèñ. 3). Àìïëèòóäà íàáëþäàåìûõ èçìåíåíèé ñîäåðæàíèÿ NO2 ìíîãî-
êðàòíî ïðåâûøàåò îòêëèê NO2 íà 11-ëåòíèé ñîëíå÷íûé öèêë, îöåíåííûé â ÷èñëåííûõ
ðàñ÷åòàõ ñ äâóìåðíîé ìîäåëüþ ôîòîõèìè÷åñêèõ, ðàäèàöèîííûõ è äèíàìè÷åñêèõ ïðîöåñ-
ñîâ SOCRATES [6] (êðèâàÿ íà ðèñ. 3).

Àíàëèç äàííûõ íàáëþäåíèé è ìîäåëüíûå ðàñ÷åòû ïîêàçàëè, ÷òî 11-ëåòíèé ñîëíå÷íûé
öèêë îêàçûâàåò ñóùåñòâåííîå âëèÿíèå íà ìåðèäèîíàëüíûé ïåðåíîñ ñòðàòîñôåðíîãî îçîíà
â çèìíèé ïåðèîä, îñîáåííî çíà÷èòåëüíîå â ñåâåðíîì ïîëóøàðèè [8]. Ïðèòîê îçîíà â ñðåäíèå

73



Ðèñ. 3. Èçìåíåíèå ñîäåðæàíèÿ NO2 â âåðòèêàëüíîì ñòîëáå ñòðàòîñôåðû îò ôàçû ìèíèìó-
ìà ê ôàçå ìàêñèìóìà ñîëíå÷íîé àêòèâíîñòè â çàâèñèìîñòè îò øèðîòû ïî äàííûì óòðåííèõ
èçìåðåíèé (êðóæêè) è ïî ðàñ÷åòàì ñ ïîìîùüþ ìîäåëè SOCRATES (êðèâàÿ). Âåðòèêàëü-
íûå îòðåçêè ñîîòâåòñòâóþò 95%-ì äîâåðèòåëüíûì èíòåðâàëàì. Òðåóãîëüíèêàìè ïîêàçàíû
àíàëîãè÷íûå èçìåíåíèÿ îáùåãî ñîäåðæàíèÿ îçîíà.

øèðîòû âîçðàñòàåò ïðè âûñîêîì óðîâíå ñîëíå÷íîé àêòèâíîñòè ïî ñðàâíåíèþ ñ ïðèòîêîì â
ïåðèîä ìèíèìóìà ñîëíå÷íîé àêòèâíîñòè. Ïî äàííûì ìîäåëèðîâàíèÿ ýòîò ìåõàíèçì îáåñ-
ïå÷èâàåò äî 30% çèìíåãî óâåëè÷åíèÿ ñîäåðæàíèÿ îçîíà â ñëîå îçîííîãî ìàêñèìóìà (îêîëî
22 êì) â ñðåäíèõ øèðîòàõ þæíîãî ïîëóøàðèÿ â óñëîâèÿõ ìàêñèìóìà ñîëíå÷íîé àêòèâ-
íîñòè (ðèñ. 4). Â ñðåäíèõ øèðîòàõ ñåâåðíîãî ïîëóøàðèÿ ýòîò ìåõàíèçì âíîñèò îñíîâíîé
âêëàä â èçìåíåíèÿ ñîäåðæàíèÿ îçîíà â ýòîì ñëîå âî âòîðîé ïîëîâèíå çèìû ïðè âàðèàöèÿõ
óðîâíÿ ñîëíå÷íîé àêòèâíîñòè.

Ðèñ. 4. Ëîêàëüíàÿ êîãåðåíòíîñòü ìåæäó èíäåêñîì ñîëíå÷íîé àêòèâíîñòè F10.7 è ñêîðîñòüþ
ýêâàòîðèàëüíîãî ñòðàòîñôåðíîãî âåòðà íà èçîáàðè÷åñêîé ïîâåðõíîñòè 15 ãÏà. Îáëàñòè
ïîëîæèòåëüíûõ çíà÷åíèé îêîíòóðåíû. Çíà÷åíèÿ, ïî ìîäóëþ ìåíüøèå 0.6, íå ïîêàçàíû.

Âûäåëåíà òàêæå êâàçèäåñÿòèëåòíÿÿ êîìïîíåíòà èçìåí÷èâîñòè ñêîðîñòè ýêâàòîðèàëü-
íîãî ñòðàòîñôåðíîãî âåòðà [4]. Ëîêàëüíàÿ (ïî âðåìåíè) êîãåðåíòíîñòü ìåæäó ñêîðîñòüþ
âåòðà è óðîâíåì ñîëíå÷íîé àêòèâíîñòè â îêðåñòíîñòè ïåðèîäà ñîëíå÷íîãî öèêëà ïðèíè-
ìàåò âûñîêèå çíà÷åíèÿ äëÿ áîëüøèíñòâà ñîëíå÷íûõ öèêëîâ, çà èñêëþ÷åíèåì êîðîòêîãî
èíòåðâàëà äëèòåëüíîñòüþ â íåñêîëüêî ëåò, ïîñëåäîâàâøåãî çà èçâåðæåíèåì âóëêàíà Ïèíà-
òóáî â 1991 ã. (ðèñ. 5). 11-ëåòíèå êîëåáàíèÿ ñêîðîñòè âåòðà íà èçîáàðè÷åñêîé ïîâåðõíîñòè
15 ãÏà (∼30 êì) äî 1992 ã. ïðîèñõîäèëè ïðèìåðíî â ôàçå (ñ çàïàçäûâàíèåì îêîëî 1 ãîäà),
à â ïåðèîä c 1997 ã. ïî 2007 ã. � ïðèìåðíî â ïðîòèâîôàçå ñ ñîëíå÷íûì öèêëîì.

Íà ðèñ. 6 ïðèâåäåíî âåðòèêàëüíîå ðàñïðåäåëåíèå ôàçû 11-ëåòíèõ âàðèàöèé ñêîðîñòè
ýêâàòîðèàëüíîãî âåòðà îòíîñèòåëüíî ôàçû 11-ëåòíåãî öèêëà ñîëíå÷íîé àêòèâíîñòè äëÿ
âðåìåííîãî èíòåðâàëà 1953-1989 ãã. Îòìåòèì äâå îñîáåííîñòè ýòîãî ðàñïðåäåëåíèÿ. Âî-
ïåðâûõ, êîëåáàíèÿ ñêîðîñòè âåòðà âûøå è íèæå 30 êì ïî÷òè ïðîòèâîôàçíû (ñð. ñïëîøíóþ
è øòðèõîâóþ ÷àñòè êðèâîé). Âî-âòîðûõ, âûñîòíûé õîä ôàçû 11-ëåòíèõ âàðèàöèé ñêîðîñòè
âåòðà ïðèìåðíî ñëåäóåò (ñ ó÷åòîì ïðîòèâîôàçíîñòè âûøå è íèæå 30 êì) âûñîòíîìó õîäó
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Ðèñ. 5. Ôàçîâàÿ çàäåðæêà âàðèàöèé çîíàëüíîé ñêîðîñòè ýêâàòîðèàëüíîãî âåòðà îòíîñè-
òåëüíî âàðèàöèé èíäåêñà ñîëíå÷íîé àêòèâíîñòè F10.7 íà ìàñøòàáàõ 11-ëåòíåãî öèêëà (1)
è êâàçèäâóõëåòíåé öèêëè÷íîñòè (2). Øòðèõîâîé ó÷àñòîê ñîîòâåòñòâóåò äîïîëíèòåëüíîìó
ñäâèãó ôàçû íà ïîëîâèíó ïåðèîäà ñîëíå÷íîãî öèêëà.

ôàçû êâàçèäâóõëåòíèõ êîëåáàíèé ñêîðîñòè âåòðà, ïî êðàéíåé ìåðå, íà âûñîòàõ 25-33 êì.
Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå ÐÔÔÈ (ïðîåêòû � 12-05-00938 è 13-05-

00187), ïðîãðàìì ÐÀÍ è Íåìåöêîãî íàó÷íîãî îáùåñòâà (Deutsche Forschungsgemeinschaft).
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Short wave solar radiation flux at the top of the Earth’s atmosphere undergoes variations
within a broad range of time scales. Among them are the oscillations with periods of about
11 years (11-year cycle), 2-2.5 years (quasi-biennial cycle), and 27 days (27-day or rotational
cycle). The amplitude of the 27-day cycle may approach 60% of the amplitude of the 11-year
cycle, while the quasi-biennial variations of the solar radiation flux are several times weaker.
In this report, we present the results, concerning some effects of the three solar cycles on the
Earth’s middle atmosphere.

The effect of the 27-day solar cycle on the atmosphere was studied by the HAMMONIA
chemistry climate model. While the thermal and chemical responses are very distinct and per-
manent in the upper atmosphere under a constant forcing, the responses in the stratosphere and
mesosphere have intermittent character and vary considerably in time. In the extratropics the
responses are, in general, seasonally dependent with frequently stronger sensitivities in winter
than in summer. The model results show, that dynamical processes may play an important role
in the stratospheric response to the 27-day solar cycle.

The most important component of the atmospheric circulation is the quasi-biennial oscilla-
tions in zonal velocity of equatorial stratospheric wind, which affect considerably the dynamics
of the atmosphere in the middle and polar latitudes. We found a high coherence of quasi-
biennial oscillations in stratospheric wind velocity with similar variations in short wave solar
radiation. The oscillations in wind velocity near the stratopause layer are in phase with the
quasi-biennial solar variations. We show, that the meridional gradient of ozone concentration in
this layer undergoes quasi-biennial variations which, according to the thermal wind equation,
could bring about the synchronization of quasi-biennial oscillations in the wind velocity with
solar variations.

Using the measurement data, we found the effect of the 11-year cycle in solar activity on
stratospheric nitrogen dioxide in the middle and polar latitudes. It is opposite in sign to the
effect of the 11-year cycle on stratospheric ozone. Analysis of observational data and model
calculations show, that the 11-year solar cycle affect significantly the meridional transport of
stratospheric ozone in winter time, especially in the northern hemisphere. We also found an 11-
year cycle in the velocity of the equatorial stratospheric wind. The vertical profile of the phase
of the 11-year oscillations in wind velocity is similar to the profile of the phase of quasi-biennial
oscillations. Additionally, we revealed an 11-year modulation of the period and amplitude of
quasi-biennial oscillations in wind velocity themselves.
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