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Ïî äàííûì èçìåðåíèé TOR-ñòàíöèè Èíñòèòóòà îïòèêè àòìîñôåðû ÑÎ ÐÀÍ ñ 1994 ïî 2017 ã. âûïîë-

íåíî èññëåäîâàíèå çàâèñèìîñòè èçìåíåíèÿ êîíöåíòðàöèè îçîíà â ïðèçåìíîì ñëîå âîçäóõà îò âåëè÷èíû àáñî-
ëþòíîé âëàæíîñòè. Âûÿâëåíà íåéòðàëüíàÿ çàâèñèìîñòü ïðè ïîëîæèòåëüíûõ òåìïåðàòóðàõ è íåîæèäàííî 
áîëüøàÿ è çíàêîïåðåìåííàÿ èçìåí÷èâîñòü ïðè îòðèöàòåëüíûõ. Àáñîëþòíàÿ âëàæíîñòü îêàçûâàåò îòðèöà-
òåëüíîå âëèÿíèå íà îáðàçîâàíèå îçîíà â ïðèçåìíîì ñëîå âîçäóõà, ïðèâîäÿ ê óìåíüøåíèþ åãî êîíöåíòðàöèè, 
ïðè òåìïåðàòóðàõ 0…−30 °Ñ. Ïðè î÷åíü íèçêèõ òåìïåðàòóðàõ (íèæå −30 °C) ýôôåêò èçìåíÿåòñÿ íà ïîëîæè-
òåëüíûé ñ óâåëè÷åíèåì àáñîëþòíîé âëàæíîñòè êîíöåíòðàöèÿ îçîíà ðàñòåò. 

 

Êëþ÷åâûå ñëîâà: àòìîñôåðà, ãàç, âëàæíîñòü, âîçäóõ, îçîí; atmosphere, gas, humidity, air, ozone. 
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Îñîáûå ôèçèêî-õèìè÷åñêèå ñâîéñòâà îçîíà  
(âûñîêàÿ òîêñè÷íîñòü äëÿ áèîëîãè÷åñêèõ îáúåêòîâ  

è ðàñòèòåëüíîñòè, ñïîñîáíîñòü ê îêèñëåíèþ ïî÷òè 
âñåõ ìàòåðèàëîâ, âêëàä â ðàäèàöèîííûé áàëàíñ ïëà-
íåòû [1, 2]) ïðèâîäÿò ê íåîáõîäèìîñòè èññëåäîâà-
íèÿ çàêîíîìåðíîñòåé åãî îáðàçîâàíèÿ â òðîïîñôåðå 
è îñîáåííî â ïðèçåìíîì ñëîå âîçäóõà. Ñîãëàñíî [3] 
áîëüøîå âëèÿíèå íà ãåíåðàöèþ îçîíà âáëèçè ïî-
âåðõíîñòè çåìëè îêàçûâàþò ìåòåîðîëîãè÷åñêèå ïà-
ðàìåòðû. Â íàñòîÿùåå âðåìÿ óñòàíîâëåíà ñâÿçü 
îáðàçîâàíèÿ îçîíà ñ òåìïåðàòóðîé âîçäóõà [4–6], 
ÓÔ–Á-ðàäèàöèåé è ðàäîíîì [7], äàâëåíèåì âîçäó-
õà, ñêîðîñòüþ âåòðà è ñîëíå÷íîé ðàäèàöèåé [8]. 
Îòíîñèòåëüíî âçàèìîñâÿçè ñ âëàæíîñòüþ âîçäóõà 
èìåþòñÿ ïðîòèâîðå÷èâûå ñâåäåíèÿ. 

Òàê, àâòîðû [9] ïðèøëè ê âûâîäó, ÷òî ðîñò 
êîíöåíòðàöèè îçîíà ôèêñèðîâàëñÿ ïðè íèçêîé îòíî-
ñèòåëüíîé âëàæíîñòè, âûñîêèõ òåìïåðàòóðàõ è çíà-
÷åíèÿõ ñîëíå÷íîé ðàäèàöèè, îòñóòñòâèè îñàäêîâ. 
Àíàëèç ñèòóàöèè ñ èíòåíñèâíûìè ïîæàðàìè â Ïîä-
ìîñêîâüå [10] âûÿâèë îòðèöàòåëüíûé êîýôôèöèåíò 
êîððåëÿöèè ñ îòíîñèòåëüíîé âëàæíîñòüþ (−0,66). 
Ïåðåõîä ê àáñîëþòíîé âëàæíîñòè ñ èñêëþ÷åíèåì åå 
çàâèñèìîñòè îò òåìïåðàòóðû ïîêàçàë îòñóòñòâèå 
êîððåëÿöèè â 2010 ã. è çíà÷èìóþ îòðèöàòåëüíóþ 
êîððåëÿöèþ (−0,48) â 2011 ã. Îòðèöàòåëüíàÿ ñâÿçü 
ñ êîíöåíòðàöèåé óñòàíîâëåíà òàêæå â [11]. 

Åñëè ìû îáðàòèìñÿ ê ìåõàíèçìó îáðàçîâàíèÿ 

îçîíà â òðîïîñôåðå, òî ðîëü âîäÿíîãî ïàðà ñòàíåò 
áîëåå î÷åâèäíîé. Â ôîíîâûõ ðàéîíàõ ãåíåðàöèÿ 
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íà÷èíàåòñÿ ñ ôîòîëèçà ñàìîãî îçîíà, èìåþùåãîñÿ  
â òðîïîñôåðå [12]: Î3 + hν → Î(1D) + O2 (< 310 íì). 
Çàòåì âîçáóæäåííûé àòîì Î(1D) âçàèìîäåéñòâóåò  

ñ âîäÿíûì ïàðîì Í2Î, ÷òî ïðèâîäèò ê îáðàçîâàíèþ 
ãèäðîêñèëà Î(1D) + Í2Î → 2ÎÍ, êîòîðûé, ïî äàí-
íûì [13], àòàêóåò ïî÷òè âñå ãàçû, íàõîäÿùèåñÿ  

â àòìîñôåðå. Íàïðèìåð, îêèñëåíèå îêñèäà óãëåðî- 
äà ñ îáðàçîâàíèåì îçîíà ìîæåò ïðîèñõîäèòü ïî ñõå-
ìå [12]: 
 

 ÑÎ + ÎÍ → Í + ÑÎ2, 

 Í + Î2 + Ì → ÍÎ2 + Ì, Ì = (N2, O2), 

 ÍÎ2 + NO → OH + NO2, 

 NO2 + hν → NO + O (< 400 íì), 

 O + O2 + M → O3 + M. 

 Èòîãî: ÑÎ + 2Î3 → ÑÎ2 + Î3. 

Ñëåäîâàòåëüíî, ìîæíî îæèäàòü, ÷òî âîäÿíîé ïàð 

áóäåò ó÷àñòâîâàòü â îáðàçîâàíèè ãèäðîêñèëà è òåì 
ñàìûì îïðåäåëÿòü òåìï îêèñëåíèÿ îçîíîîáðàçóþ-
ùèõ âåùåñòâ â àòìîñôåðå è êîëè÷åñòâî îáðàçîâàâ-
øåãîñÿ îçîíà. Â ýòîì ñëó÷àå îïðåäåëÿþùåé õàðàê-
òåðèñòèêîé äëÿ ïðîöåññà äîëæíà áûòü àáñîëþòíàÿ, 
à íå îòíîñèòåëüíàÿ âëàæíîñòü. Àâòîðû ðàáîòû [11] 
ïûòàëèñü óñòàíîâèòü ñâÿçü èçìåíåíèÿ îçîíà ñ óäåëü-
íîé âëàæíîñòüþ è ïîëó÷èëè îòðèöàòåëüíóþ çàâè-
ñèìîñòü. Îäíàêî îíè ïðîâåðèëè èññëåäîâàíèå äëÿ 
ðàçíûõ ðàéîíîâ ÑØÀ è îáúÿñíèëè òàêîé ðåçóëüòàò 
ãåîãðàôè÷åñêèìè ðàçëè÷èÿìè. 

Òàêèì îáðàçîì, èìååòñÿ ïðåäïîñûëêà äëÿ ïîèñ-
êà âèäà çàâèñèìîñòè èçìåíåíèÿ êîíöåíòðàöèè îçîíà 
îò àáñîëþòíîé âëàæíîñòè. Ýòîìó è ïîñâÿùåíà íà-
ñòîÿùàÿ ðàáîòà. 
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Èñõîäíûå äàííûå è ïðèìåíÿåìûå 
ìåòîäû 

 

Äëÿ èññëåäîâàíèÿ èñïîëüçîâàëèñü äàííûå ìî-
íèòîðèíãà ñîñòàâà âîçäóõà â ðàéîíå Àêàäåìãîðîäêà 
ã. Òîìñêà ñ 1994 ïî 2017 ã. Íàáëþäåíèÿ âûïîëíÿ-
ëèñü ñ ïîìîùüþ TOR-ñòàíöèè ÈÎÀ ÑÎ ÐÀÍ, ðàñ-
ïîëîæåíèå è ñîâðåìåííîå ñîñòîÿíèå èçìåðèòåëüíî-
ãî êîìïëåêñà êîòîðîé îïèñàíî â [14]. 

Âûäåëåíèå âêëàäà àáñîëþòíîé âëàæíîñòè â ãå-
íåðàöèþ îçîíà ïðîâîäèëîñü ïî ñëåäóþùåé ìåòîäèêå. 
Ïîñëå ñèíîïòè÷åñêîé ñåëåêöèè, â õîäå êîòîðîé áûëè 
èñêëþ÷åíû ïåðèîäû ïðîõîæäåíèÿ ôðîíòàëüíûõ ðàç- 
äåëîâ è íàëè÷èå øëåéôîâ îò ëåñíûõ ïîæàðîâ, âåñü 
ìàññèâ äàííûõ áûë ðàçáèò íà ïîäìàññèâû ñ îäèíà-
êîâûìè çíà÷åíèÿìè òåìïåðàòóðû âîçäóõà. Ýòî íå-
îáõîäèìî äëÿ èñêëþ÷åíèÿ çàâèñèìîñòè ñêîðîñòè 
ãåíåðàöèè îçîíà îò òåìïåðàòóðû, óñòàíîâëåííîé 
ðàíåå [15]. Òàêèõ ïîäìàññèâîâ îêàçàëîñü âîñåìü: 
−40 ± 1; −30 ± 1; −20 ± 1; −10 ± 1; 0 ± 1; 10 ± 1; 20 ± 1; 
30 ± 1 °Ñ. Âíóòðè êàæäîãî ïîäìàññèâà áûëî ïðîâåäåíî 
 

ñîïîñòàâëåíèå êîíöåíòðàöèè îçîíà è çíà÷åíèé àáñî-
ëþòíîé âëàæíîñòè äëÿ îäíîãî è òîãî æå ìîìåíòà 
âðåìåíè. 

 

Ðåçóëüòàòû àíàëèçà è èõ îáñóæäåíèå 
 
Íà ðèñ. 1 âèäíî, ÷òî â äèàïàçîíå òåìïåðàòóð 

âîçäóõà îò +30 äî −10 °Ñ íàáëþäàåòñÿ óñòîé÷èâàÿ 
òåíäåíöèÿ óìåíüøåíèÿ êîíöåíòðàöèè îçîíà ñ ðîñòîì 
ñîäåðæàíèÿ âîäÿíîãî ïàðà. Ïðè òåìïåðàòóðå −30 °Ñ 

ëèíèÿ òðåíäà ñòàíîâèòñÿ íåéòðàëüíîé. È, ÷òî íå-
îæèäàííî, ïðè òåìïåðàòóðå −40 °Ñ ñ ðîñòîì êîí-
öåíòðàöèè âîäÿíîãî ïàðà ãåíåðàöèÿ îçîíà óâåëè÷è-
âàåòñÿ. 

Âàæíî, ÷òî äëÿ êàæäîãî ïîäìàññèâà äàííûõ 
(òåìïåðàòóðû âîçäóõà) âåñüìà ñèëüíî ðàçëè÷àþòñÿ 
äèàïàçîíû èçìåíåíèÿ àáñîëþòíîé âëàæíîñòè. Òàê, 
ïðè òåìïåðàòóðå +30 °Ñ (ðèñ. 1, à) çíà÷åíèå àáñî-
ëþòíîé âëàæíîñòè èçìåíÿåòñÿ îò 5,1 äî 25,4 ã/ì3, 
à ïðè −40 °Ñ – îò 0,12 äî 0,18 ã/ì3. 

 

 
Ðèñ. 1. Èçìåíåíèå êîíöåíòðàöèè îçîíà â çàâèñèìîñòè îò àáñîëþòíîé âëàæíîñòè âîçäóõà ïðè ðàçíûõ òåìïåðàòóðàõ  
  âîçäóõà â ðàéîíå ã. Òîìñêà 
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×òîáû ñîïîñòàâèòü èçìåíåíèå êîíöåíòðàöèè 

îçîíà ñ âåëè÷èíîé àáñîëþòíîé âëàæíîñòè ïðè ðàç-
íûõ òåìïåðàòóðàõ âîçäóõà, ïðîíîðìèðóåì ΔÎ3 
(ðàçíèöà ìåæäó íà÷àëüíûì è êîíå÷íûì çíà÷åíèåì 
êîíöåíòðàöèè îçîíà ïî ëèíèÿì òðåíäà íà ðèñ. 1) íà 
ΔÀ – äèàïàçîí èçìåíåíèÿ êîíöåíòðàöèè âîäÿíîãî 
ïàðà ïðè äàííîé òåìïåðàòóðå. Çàâèñèìîñòü ýòîãî îò- 
íîøåíèÿ îò òåìïåðàòóðû âîçäóõà ïðèâåäåíà íà ðèñ. 2. 
 

 
Ðèñ. 2. Îòíîñèòåëüíûå èçìåíåíèÿ êîíöåíòðàöèè îçîíà  
â çàâèñèìîñòè îò àáñîëþòíîé âëàæíîñòè âîçäóõà ïðè ðàç-
íûõ òåìïåðàòóðàõ âîçäóõà â ðàéîíå ã. Òîìñêà ñ 1994 
  ïî 2017 ã. 

 
Âèäíî, ÷òî ïðè ïîëîæèòåëüíûõ òåìïåðàòó- 

ðàõ âîçäóõà (0…+30 °Ñ) èçìåíåíèå îçîíà â çàâè- 
ñèìîñòè îò àáñîëþòíîé âëàæíîñòè íåçíà÷èòåëüíî  

è áëèçêî ê íóëþ. Íàèáîëüøåå ïàäåíèå êîíöåíòðàöèè 
îçîíà ïðè óâåëè÷åíèè âëàæíîñòè, äîñòèãàþùåå 

−17,3 ìêã ⋅ ì−3/(ã ⋅ ì−3), íàáëþäàåòñÿ â äèàïàçîíå 
òåìïåðàòóð −20…−10 °Ñ. Ïðè −40 °Ñ ïðîèñõîäèò êîí-
âåðãåíöèÿ è ðîñò àáñîëþòíîé âëàæíîñòè ïðèâîäèò  
ê óâåëè÷åíèþ êîíöåíòðàöèè îçîíà ñ îòíîñèòåëüíîé 
ñêîðîñòüþ 77,3 ìêã ⋅ ì−3/(ã ⋅ ì−3). 

 

Çàêëþ÷åíèå 
 

Òàêèì îáðàçîì, ïðîâåäåííûé àíàëèç çàâèñèìî-
ñòè èçìåíåíèÿ êîíöåíòðàöèè îçîíà îò àáñîëþòíîé 
âëàæíîñòè âîçäóõà âûÿâèë åå íåéòðàëüíûé õîä ïðè 

ïîëîæèòåëüíûõ òåìïåðàòóðàõ âîçäóõà è íåîæèäàííî 

áîëüøóþ è çíàêîïåðåìåííóþ èçìåí÷èâîñòü ïðè îò-
ðèöàòåëüíûõ. 

Àáñîëþòíàÿ âëàæíîñòü îêàçûâàåò îòðèöàòåëü-
íûå âëèÿíèå íà îáðàçîâàíèå îçîíà â ïðèçåìíîì 
ñëîå âîçäóõà, âûçûâàÿ óìåíüøåíèå åãî êîíöåíòðà-
öèè, ïðè 0…−30 °Ñ. 

Ïðè î÷åíü íèçêèõ òåìïåðàòóðàõ (íèæå −30 °C) 
ýôôåêò èçìåíÿåòñÿ íà ïîëîæèòåëüíûé ñî çíà÷èòåëü-
íûì óâåëè÷åíèåì âêëàäà àáñîëþòíîé âëàæíîñòè. 

Ïîëó÷åííûå ðåçóëüòàòû îêàçàëèñü äîñòàòî÷íî 
íåîæèäàííûìè è ïîêà âî ìíîãîì íå ïîíÿòíûìè. 
Ïîýòîìó â äàëüíåéøåì òðåáóåòñÿ áîëåå äåòàëüíûé 
àíàëèç ñ ïðîâåðêîé ïî äàííûì äðóãîãî ðåãèîíà. 

Ìîíèòîðèíã ñîñòàâà âîçäóõà îñóùåñòâëÿëñÿ  
â ðàìêàõ Ãîñóäàðñòâåííîãî çàäàíèÿ ÈÎÀ ÑÎ ÐÀÍ, 
èññëåäîâàíèå âûïîëíåíî ïðè ôèíàíñîâîé ïîääåðæ-
êå ÐÔÔÈ (ãðàíò ¹ 17-05-00374). 

1. Ëóíèí Â.Â., Ïîïîâè÷ Ì.Ï., Òêà÷åíêî Ñ.Í. Ôèçè÷å-
ñêàÿ õèìèÿ îçîíà. Ì.: ÌÃÓ, 1998. 480 ñ. 

2. Áåëàí Á.Ä. Îçîí â òðîïîñôåðå. Òîìñê: Èçä-âî ÈÎÀ 
ÑÎ ÐÀÍ, 2010. 488 ñ. 

3. Monks P.S., Archibald A.T., Colette A., Cooper O., 
Coyle M., Derwent R., Fowler D., Granier C., Law K.S., 
Mills G.E., Stevenson D.S., Tarasova O., Thouret V., 
von Schneidemesser E., Sommariva R., Wild O., Wil-
liams M.L. Tropospheric ozone and its precursors from 
the urban to the global scale from air quality to short-
lived climate forcer // Atmos. Chem. Phys. 2015. V. 15, 
N 15. P. 8889–8973. 

4. Yadav R., Sahu L.K., Beig G., Jaaffrey S.N.A. Role 
of long-range transport and local meteorology in seasonal 
variation of surface ozone and its precursors at an urban 
site in India // Atmos. Res. 2016. V. 176–177. P. 96–107. 

5. Gunthe S.S., Beig G., Sahu L.K. Study of relationship 
between daily maxima in ozone and temperature in an 
urban site in India // Curr. Sci. 2016. V. 110, N 10. 
P. 1994–1999. 

6. Munir S., Habeebullah T.M., Ropkins K., Seroji A.R. 
Modelling ozone-temperature slope under atypically 
high temperature in arid climatic conditions of Makkah, 
Saudi Arabia // Aerosol Air Quality Res. 2015. V. 15, 
N 4. P. 1281–1290. 

7. Jasaitis D., Vasiliauskien V., Chadyšien R., Peciulie- 
ne M. Surface ozone concentration and its relationship 
with UV radiation, meteorological parameters and Radon 
on the Eastern Coast of the Baltic Sea // Atmos. 2016. 
V. 7, N 27. DOI: 10.3390/atmos7020027. 

8. Pavón-Domínguez P., Jiménez-Hornero F.J., Gutiérrez 
de Ravé E. Proposal for estimating ground-level ozone 
concentrations at urban areas based on multivariate sta-
tistical methods // Atmos. Environ. 2014. V. 90. 
P. 59–70. 

9. Toh Y.Y., Lim S.F., von Glasow R. The influence of 
meteorological factors and biomass burning on surface 
ozone concentrations at Tanah Rata, Malaysia // At-
mos. Environ. 2013. V. 70. P. 435–446. 

10. Òåðåá Í.Â., Ìèëåõèí Ë.È., Ìèëåõèí Â.Ë., Ãíèëîìå- 
äîâ Â.Ä., Íå÷àåâ Ä.Ð., Êóëèæíèêîâà Ë.Ê., Øèðî-
òîâ Â.Â. Ñîäåðæàíèå ïðèçåìíîãî îçîíà â óñëîâèÿõ 

àíîìàëüíîãî ëåòà 2010 ã. ïî èçìåðåíèÿì â ã. Îáíèíñêå // 
Ìåòåîðîë. è ãèäðîë. 2013. ¹ 5. Ñ. 14–25. 

11. Tawfik A.B., Steiner A.L. A proposed physical mechanism 
for ozone-meteorology correlations using land-atmosphere 
coupling regimes // Atmos. Environ. 2013. V. 72. P. 50–59. 

12. Crutzen P.J., Zimmermann P.H. The changing photo-
chemistry of the troposphere // Tellus B. 1991. V. 43, 
N 4. P. 136–151. 

13. Levy H.II. Normal atmosphere: Large radical and for-
maldehyde concentrations predicted // Science. 1971. 
V. 173, N 3992. P. 141–143. 

14. Äàâûäîâ Ä.Ê., Áåëàí Á.Ä., Àíòîõèí Ï.Í., Àíòîõè-
íà Î.Þ., Àíòîíîâè÷ Â.Â., Àðøèíîâà Â.Ã., Àðøè-
íîâ Ì.Þ., Àõëåñòèí À.Þ., Áåëàí Ñ.Á., Äóäîðîâà Í.Â., 
Èâëåâ Ã.À., Êîçëîâ À.Â., Ïåñòóíîâ Ä.À., Ðàññêàç÷è-
êîâà Ò.Ì., Ñàâêèí Ä.Å., Ñèìîíåíêîâ Ä.Â., Ñêëÿäíå-
âà Ò.Ê., Òîëìà÷åâ Ã.Í., Ôàçëèåâ À.Ç., Ôîôîíîâ À.Â. 
Ìîíèòîðèíã àòìîñôåðíûõ ïàðàìåòðîâ: 25 ëåò TOR-
ñòàíöèè ÈÎÀ ÑÎ ÐÀÍ // Îïòèêà àòìîñô. è îêåàíà. 
2018. Ò. 31, ¹ 10. Ñ. 845–853; Davydov D.K., Be- 
lan B.D., Àntokhin P.N., Antokhina O.Yu., Antono-
vich V.V., Arshinova V.G., Arshinov M.Yu., Akhlyos- 
tin A.Yu., Belan S.B., Dudorova N.V., Ivlev G.A., 
Kozlov A.V., Pestunov D.A., Rasskazchikova T.M., Sav- 
kin D.E., Simonenkov D.V., Sklyadneva T.K., Tolma- 
chev G.N., Fazliev A.Z., Fofonov A.V. Monitoring of 
atmospheric parameters: 25 years of the Tropospheric 



 

398 Áåëàí Á.Ä., Ñàâêèí Ä.Å. 
 

Ozone Research Station of the Institute of Atmospheric 
Optics, Siberian Branch, Russian Academy of Sciences // 
Atmos. Ocean. Opt. 2019. V. 32, N 2. P. 180–192. 

15. Áåëàí Á.Ä., Ñàâêèí Ä.Å., Òîëìà÷åâ Ã.Í. Çàâèñè-
ìîñòü îáðàçîâàíèÿ îçîíà â ïðèçåìíîì ñëîå îò òåìïå- 
 

ðàòóðû âîçäóõà // Îïòèêà àòìîñô. è îêåàíà. 2017. 
Ò. 30, ¹ 11. Ñ. 971–979; Belan B.D., Savkin D.E., 
Tolmachev G.N. Generation of ozone in the surface air 
layer versus air temperature // Atmos. Ocean. Opt. 2018. 
V. 31, N 2. P. 187–196. 

 
B.D. Belan, D.E. Savkin. The role of air humidity in variations in the surface ozone concentration. 
The dependence of variations in the surface ozone concentration on the absolute air humidity is studied 

based on measurements at the TOR station in 1994–2017. The analysis performed revealed a neutral depen- 
dence at positive temperatures and unexpectedly strong and alternating sign variability at negative tempera-
tures. The absolute air humidity negatively affects the ozone formation in the surface air layer, decreasing the 
ozone concentration at temperatures of 0…−30 °C. At very low temperatures (lower −30 °C) the effect becomes 
positive, i.e., the ozone concentration on increases with the absolute air humidity. 
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