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Äëÿ îñóùåñòâëåíèÿ êîíòðîëÿ è èçó÷åíèÿ çàãðÿçíåíèÿ âîçäóõà òðîïîñôåðíûì îçîíîì â ÷åðòå ãîðîäà 
ïðåäëàãàþòñÿ ìàòåìàòè÷åñêèå ìîäåëè ïåðåíîñà ïðèìåñè ñ âêëþ÷åííûìè â íèõ ñõåìàìè ðàñ÷åòà îáðàçîâàíèÿ 
âòîðè÷íûõ çàãðÿçíèòåëåé. Ïðèìåíÿåìàÿ äëÿ ýòîãî ýéëåðîâà ìîäåëü òóðáóëåíòíîé äèôôóçèè ñîäåðæèò 
òðàíñïîðòíîå óðàâíåíèå ñ îïèñàíèåì àäâåêöèè, òóðáóëåíòíîé äèôôóçèè è õèìè÷åñêèõ ðåàêöèé. Â ðàáîòå 
àïðîáèðóþòñÿ è ñðàâíèâàþòñÿ ìåæäó ñîáîé è ñ äàííûìè íàáëþäåíèé òðè óïðîùåííûõ êèíåòè÷åñêèõ ìåõà-
íèçìà îáðàçîâàíèÿ âòîðè÷íûõ çàãðÿçíèòåëåé. Ðàñ÷åò ìåòåîðîëîãè÷åñêèõ ýëåìåíòîâ, íåîáõîäèìûõ äëÿ îïðå-
äåëåíèÿ ïîëÿ êîíöåíòðàöèé çàãðÿçíèòåëåé, âûïîëíÿåòñÿ ñ èñïîëüçîâàíèåì îäíîìåðíîé íåñòàöèîíàðíîé ìî-
äåëè àòìîñôåðíîãî ïîãðàíè÷íîãî ñëîÿ. 

Â êà÷åñòâå èñòî÷íèêîâ ïîñòóïëåíèÿ ïåðâè÷íûõ çàãðÿçíèòåëåé âîçäóõà ðàññìàòðèâàþòñÿ òðóáû ïðî-
ìûøëåííûõ ïðåäïðèÿòèé è ïðåäïðèÿòèé òåïëîýíåðãåòèêè (òî÷å÷íûå èñòî÷íèêè), ïîòîêè àâòîòðàíñïîðòà ïî 
ñåòè ãîðîäñêèõ àâòîäîðîã (ëèíåéíûå èñòî÷íèêè) è ïðåäïðèÿòèÿ ñ ìíîæåñòâåííûìè âûáðîñàìè âðåäíûõ âå-
ùåñòâ (ïëîùàäíûå èñòî÷íèêè). 

Çàäà÷à ðåøàåòñÿ ÷èñëåííî ñ èñïîëüçîâàíèåì ìåòîäà êîíå÷íîãî îáúåìà äëÿ äèñêðåòèçàöèè äèôôåðåí-
öèàëüíûõ óðàâíåíèé. 

Âûáðàííûå ìîäåëè ïðèìåíÿþòñÿ äëÿ âûÿâëåíèÿ îñîáåííîñòåé çàãðÿçíåíèÿ àòìîñôåðû ãîðîäà îçîíîì  
è åãî ïðåäøåñòâåííèêàìè, óñòàíîâëåíèÿ ôàêòîðîâ, âëèÿþùèõ íà îáðàçîâàíèå è ðàçðóøåíèå çàãðÿçíèòåëåé, 
è äëÿ àíàëèçà äèíàìèêè ðàñïðåäåëåíèÿ îçîíà â òå÷åíèå ñóòîê â ã. Òîìñêå äëÿ ðàçëè÷íûõ ñåçîíîâ. Ðåçóëü-
òàòû ñðàâíåíèÿ ðàñ÷åòîâ è èçìåðåíèé ïîçâîëÿþò ãîâîðèòü î ïðèìåíèìîñòè èñïîëüçóåìûõ ìîäåëåé, îñíîâ-
íûì ïðåèìóùåñòâîì êîòîðûõ ÿâëÿåòñÿ âûñîêàÿ îïåðàòèâíîñòü ïðè ïîëó÷åíèè äåòàëüíîé êàðòèíû ðàñïðåäå-
ëåíèÿ âòîðè÷íûõ çàãðÿçíèòåëåé íàä ðàéîíàìè ãîðîäà. 

 

Ââåäåíèå 

Ïðîöåññû, ïðîèñõîäÿùèå â íèæíåé ÷àñòè àò-
ìîñôåðû – â ïîãðàíè÷íîì ñëîå, îêàçûâàþò ñóùåñò-
âåííîå âëèÿíèå íà æèçíü è äåÿòåëüíîñòü ÷åëîâåêà 
[1]. Ïðè ýòîì äàæå íåçíà÷èòåëüíûå îòêëîíåíèÿ âî 
âëàãîîáìåíå ìåæäó àòìîñôåðîé è çåìíîé ïîâåðõíî-
ñòüþ, ðàäèàöèîííîì áàëàíñå, õèìè÷åñêîì ñîñòàâå 
âîçäóõà è äðóãèõ õàðàêòåðèñòèêàõ îáîðà÷èâàþòñÿ 
ñåðüåçíûìè ïîñëåäñòâèÿìè äëÿ îêðóæàþùåé ñðåäû. 
Ïî ýòîé ïðè÷èíå â íàñòîÿùåå âðåìÿ îäíîé èç àêòó-
àëüíûõ ïðîáëåì îõðàíû îêðóæàþùåé ñðåäû ÿâëÿ-
åòñÿ çàäà÷à ìîäåëèðîâàíèÿ àòìîñôåðíûõ ïðîöåññîâ 
äëÿ îñóùåñòâëåíèÿ ìîíèòîðèíãà è ïðîãíîçà ýêîëî-
ãè÷åñêîãî è ìåòåîðîëîãè÷åñêîãî ñîñòîÿíèÿ ïîãðà-
íè÷íîãî ñëîÿ àòìîñôåðû, ÷òî îñîáåííî âàæíî  
â óñëîâèÿõ áóðíîãî ðàçâèòèÿ ïðîìûøëåííîñòè, 
ýíåðãåòèêè è àâòîòðàíñïîðòà, êîãäà ïîñòîÿííî âîç-
ðàñòàåò ÷èñëî ôàêòîðîâ íåãàòèâíîãî âîçäåéñòâèÿ íà 
êà÷åñòâî àòìîñôåðíîãî âîçäóõà, ñâÿçàííîå ñ èçìå-
íåíèåì åãî õèìè÷åñêîãî è àýðîçîëüíîãî ñîñòàâà. 

Â ïîñëåäíèå äåñÿòèëåòèÿ ìàòåìàòè÷åñêèå ìîäå-
ëè øèðîêî èñïîëüçóþòñÿ äëÿ ïðîâåäåíèÿ ñöåíàð-
íûõ ðàñ÷åòîâ, íàïðàâëåííûõ íà âûÿâëåíèå õàðàê-
òåðíûõ îñîáåííîñòåé ðàñïðîñòðàíåíèÿ çàãðÿçíåíèé 
íàä âûáðàííîé òåððèòîðèåé ïðè ðàçëè÷íûõ ïîãîä-
íûõ óñëîâèÿõ [2]. Ñöåíàðíûé àíàëèç âûïîëíÿåòñÿ 

ñ öåëüþ èçó÷åíèÿ âêëàäà îòäåëüíûõ èñòî÷íèêîâ  
â îáùèé áàëàíñ çàãðÿçíåíèÿ àòìîñôåðû [3], à òàê-
æå äëÿ îöåíêè ïîñëåäñòâèé âîçìîæíûõ àâàðèéíûõ 
ñèòóàöèé íà îáúåêòàõ ïîâûøåííîé îïàñíîñòè [4]. 
Êðîìå òîãî, ìàòåìàòè÷åñêèå ìîäåëè âêëþ÷àþòñÿ  
â îïåðàòèâíûå ñèñòåìû êîíòðîëÿ è àíàëèçà êà÷åñò-
âà âîçäóõà, êîòîðûå, ðàáîòàÿ â «ðåàëüíîì âðåìåíè» 
è èñïîëüçóÿ äàííûå íàáëþäåíèé, ïåðèîäè÷åñêè 
ïðîâîäèìûõ íà ñòàöèîíàðíûõ ïîñòàõ, îáåñïå÷èâàþò 
âûñîêóþ ñêîðîñòü ïîëó÷åíèÿ äåòàëüíûõ ðàñïðåäå-
ëåíèé êîíöåíòðàöèé çàãðÿçíåíèé íàä ãîðîäñêèìè 
êâàðòàëàìè âíå çîíû îõâàòà ïîñòàìè íàáëþäåíèé 
ïðè âûñîêîé äîñòîâåðíîñòè ðåçóëüòàòîâ, îáåñïå÷åí-
íîé èçìåðåíèÿìè [5, 6]. 

Àíàëèç ñîñòîÿíèÿ çàãðÿçíåííîñòè âîçäóõà íå 
áóäåò ïîëíûì áåç ó÷åòà âëèÿíèÿ ïðîäóêòîâ âòîðè÷-
íîé ýìèññèè – âåùåñòâ, îáðàçóþùèõñÿ â àòìîñôåðå 
â ðåçóëüòàòå õèìè÷åñêèõ è ôîòîõèìè÷åñêèõ ðåàê-
öèé ìåæäó ïðîäóêòàìè àíòðîïîãåííûõ âûáðîñîâ  
è êîìïîíåíòàìè âîçäóõà. Äàííûé êëàññ ñîåäèíå-
íèé, ìíîãèå èç êîòîðûõ õàðàêòåðèçóþòñÿ âûñîêîé 
òîêñè÷íîñòüþ, îáðàçóåò òàê íàçûâàåìûé ãîðîäñêîé 
ôîòîõèìè÷åñêèé ñìîã, õàðàêòåðèçóþùèéñÿ îñëàá-
ëåíèåì âèäèìîñòè è âðåäíûì âëèÿíèåì íà ÷åëîâå-
êà, æèâîòíûõ è ðàñòåíèÿ [7].  

Äëÿ ðàñ÷åòà êîíöåíòðàöèé âòîðè÷íûõ çàãðÿç-
íèòåëåé èñïîëüçóþòñÿ ìîäåëè ïåðåíîñà ïðèìåñè  
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ñ èíòåãðèðîâàííûìè â íèõ áëîêàìè (ñõåìàìè) õè-
ìè÷åñêèõ ðåàêöèé, êîòîðûå îñíîâàíû íà óðàâíåíè-
ÿõ õèìè÷åñêîé êèíåòèêè. Â íàñòîÿùåå âðåìÿ ðàç-
ðàáîòàíî áîëüøîå êîëè÷åñòâî ìîäåëåé, ñïîñîáíûõ 
îöåíèâàòü êîíöåíòðàöèè âòîðè÷íûõ çàãðÿçíèòåëåé, 
ïðè ýòîì òî÷íîñòü àíàëèçà âî ìíîãîì çàâèñèò îò 
êîëè÷åñòâà ó÷èòûâàåìûõ êîìïîíåíò è ñâÿçûâàþ-
ùèõ èõ óðàâíåíèé, êîòîðûå â ðàçëè÷íûõ ñõåìàõ 
âàðüèðóþòñÿ â ïðåäåëàõ îò äåñÿòè äî íåñêîëüêèõ 
ñîòåí [2, 8–12].  

Öåëü äàííîé ðàáîòû ñîñòîèò â ñðàâíåíèè òðåõ 
ñîêðàùåííûõ êèíåòè÷åñêèõ ñõåì ãåíåðàöèè îçîíà  
è èçó÷åíèè âîçìîæíîñòè èõ ïðèìåíåíèÿ ê èññëåäîâà-
íèþ îáðàçîâàíèÿ âòîðè÷íûõ çàãðÿçíèòåëåé â ã. Òîì-
ñêå è åãî îêðåñòíîñòÿõ. Ïðåäïîëàãàåòñÿ ïðè ïîìî-
ùè ðàçðàáîòàííûõ ìîäåëåé âûÿâèòü îñîáåííîñòè 
çàãðÿçíåíèÿ ãîðîäñêîãî âîçäóõà îçîíîì, óñòàíîâèòü 
ôàêòîðû, âëèÿþùèå íà îáðàçîâàíèå è ðàçðóøåíèå 
âòîðè÷íûõ çàãðÿçíèòåëåé, èçó÷èòü äèíàìèêó èõ 
èçìåíåíèÿ â òå÷åíèå ñóòîê äëÿ ðàçëè÷íûõ ñåçîíîâ. 
 

Ìîäåëü ïåðåíîñà ïðèìåñè ñ ó÷åòîì 
õèìè÷åñêèõ âçàèìîäåéñòâèé 

Â äàííîé ðàáîòå äëÿ ðàñ÷åòà êîíöåíòðàöèè 
êîìïîíåíòîâ ïðèìåñè ñ ó÷åòîì õèìè÷åñêèõ âçàèìî-
äåéñòâèé ìåæäó íèìè ïðèìåíÿåòñÿ ýéëåðîâà ìîäåëü 
òóðáóëåíòíîé äèôôóçèè, êîòîðàÿ âêëþ÷àåò òðàíñ-
ïîðòíûå óðàâíåíèÿ ñ îïèñàíèåì àäâåêöèè, òóðáó-
ëåíòíîé äèôôóçèè è õèìè÷åñêèõ ðåàêöèé [13]: 

, 1,..., ,
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ãäå Ci(t, x, y, z) – êîíöåíòðàöèÿ i-é êîìïîíåíòû 
ïðèìåñè; Si – èñòî÷íèêîâûé ÷ëåí, ïðåäñòàâëÿþùèé 
âûáðîñû êîìïîíåíòîâ ïðèìåñè â àòìîñôåðó è èõ 
îñàæäåíèå íà ïîäñòèëàþùóþ ïîâåðõíîñòü; Ri îïè-
ñûâàåò îáðàçîâàíèå âåùåñòâà çà ñ÷åò õèìè÷åñêèõ 
ðåàêöèé ñ ó÷àñòèåì êîìïîíåíòîâ ïðèìåñè; t  – 
âðåìÿ; x, y, z – ïðîñòðàíñòâåííûå êîîðäèíàòû. 
Ïðîïèñíûìè ñèìâîëàìè îáîçíà÷åíû îñðåäíåííûå 
ñîñòàâëÿþùèå, ñòðî÷íûìè – ïóëüñàöèîííûå, óãëî-
âûå ñêîáêè îçíà÷àþò îñðåäíåíèå ïî âðåìåíè. 

Ìåòîä ðàñ÷åòà êîìïîíåíò ñêîðîñòè âåòðà U, V, 
W è òóðáóëåíòíûõ êîððåëÿöèé êîíöåíòðàöèè ñ êîì-

ïîíåíòàìè ñêîðîñòè âåòðà , , ,i i ic u c v c w  âõîäÿ-

ùèìè â óðàâíåíèå (1), à òàêæå ïðèìåíÿåìûå äëÿ 
ýòîãî ìîäåëè àòìîñôåðíîãî ïîãðàíè÷íîãî ñëîÿ è òóð-
áóëåíòíîñòè ïîäðîáíî îïèñàíû â [14]. 

Ìîäåëèðîâàíèå ãàçîôàçíîé ôîòîõèìèè îñóùå-
ñòâëÿåòñÿ íà îñíîâå òðåõ óïðîùåííûõ ñõåì – ïîëó-
ýìïèðè÷åñêîé êèíåòè÷åñêîé ñõåìû Àççè, èñïîëü-
çóåìîé â ìîäåëè Õàðëè [9], ôîòîõèìè÷åñêîãî ìî-
äóëÿ AIRCHEM [10], ñîêðàùåííîãî êèíåòè÷åñêîãî 
ìåõàíèçìà RADM [11]. 

Ñõåìà Àççè îïèðàåòñÿ íà ïîëóýìïèðè÷åñêèé 
ìåõàíèçì GRS (Generic Reaction Set), ñîäåðæàùèé 
11 õèìè÷åñêèõ êîìïîíåíòîâ (ðåàãèðóþùàÿ ÷àñòü 

ñìîãà Rsmog, îðãàíè÷åñêèå ðàäèêàëû RP, ïåðåêèñü 
âîäîðîäà H2O2, îêñèä àçîòà NO, äèîêñèä àçîòà 
NO2, îçîí O3, äèîêñèä ñåðû SO2, óñòîé÷èâûå íåãà-
çîîáðàçíûå îðãàíè÷åñêèå ñîåäèíåíèÿ óãëåðîäà 
SNGOC, óñòîé÷èâûå ãàçîîáðàçíûå ñîåäèíåíèÿ àçî-
òà SGN, óñòîé÷èâûå íåãàçîîáðàçíûå ñîåäèíåíèÿ 
àçîòà SNGN, óñòîé÷èâûå íåãàçîîáðàçíûå ñîåäèíå-
íèÿ ñåðû SNGN), ó÷àñòâóþùèõ â 8 õèìè÷åñêèõ 
ðåàêöèÿõ (òàáë. 1).  

 

Ò à á ë è ö à  1  

Ðåàêöèè è ñêîðîñòè ðåàêöèé  
ôîòîõèìè÷åñêîé ñõåìû Àççè 

Ðåàêöèÿ 
Ñêîðîñòü  
ðåàêöèè 

Rsmog + hν → RP + Rsmog + ηSNGOC R1 = k1CRsmog 

RP + NO → NO2 R2 = k2CRPCNO 

NO2 + hν → NO + O3 R3 = k3CNO2
 

NO + O3 → NO2 R4 = k4CNOCO3
 

RP + RP → RP + αH2O2 R5 = k5CRPCRP 

RP + NO2 → SGN R6 = k6CRPCNO2

RP + NO2 → SNGN R7 = k7CRPCNO2

RP + SO2 → SNGN R8 = k8CRPCSO2
 

 

Äàííàÿ ñõåìà, äîïîëíåííàÿ âîäîôàçíûìè ðå-
àêöèÿìè äëÿ äèîêñèäà ñåðû è àýðîçîëåé, âêëþ÷åíà 
â òðåõìåðíóþ, íåãèäðîñòàòè÷åñêóþ ìîäåëü TAMP 
(The Air Pollution Model) [9] ñ âåðòèêàëüíîé êîîð-
äèíàòîé, ó÷èòûâàþùåé ðåëüåô ïîâåðõíîñòè. Ìî-
äåëü TAMP ïðåäñòàâëÿåò ñîáîé ïðîãðàììíûé êîì-
ïëåêñ, íàöåëåííûé íà èçó÷åíèå ìåçîìàñøòàáíîé 
ìåòåîðîëîãèè, à òàêæå ïåðåíîñà è òðàíñôîðìàöèè 
çàãðÿçíèòåëåé. Âáëèçè òî÷å÷íîãî èñòî÷íèêà äëÿ 
áîëåå àêêóðàòíîãî ïðåäñòàâëåíèÿ ðàññåÿíèÿ ïðèìå-
ñè èñïîëüçóåòñÿ ëàãðàíæåâà ìîäåëü (Lagrangian 
Particle Module), ó÷åò ýôôåêòà ïëàâó÷åñòè îñóùå-
ñòâëÿåòñÿ ïðè ïîìîùè ìîäåëè ïîäúåìà ôàêåëà 
(Plum Rise Model), à ýéëåðîâà ìîäåëü (Eulerian 
Grid Model) ðåøàåò ïðîãíîñòè÷åñêîå óðàâíåíèå 
ïåðåíîñà ñ ó÷åòîì ýôôåêòîâ âëàæíîãî è ñóõîãî 
îñàæäåíèÿ. 

Ìîäóëü AIRCHEM [10] ïðåäñòàâëÿåò ñîáîé 
áëîê õèìè÷åñêèõ ðåàêöèé ñäâîåííîé HIRES-
AIRCHEM ñèñòåìû, ïðèìåíÿåìîé äëÿ èññëåäîâà-
íèÿ ïðîáëåì êàê ëîêàëüíîãî, òàê è ðåãèîíàëüíîãî 
îáðàçîâàíèÿ âòîðè÷íûõ çàãðÿçíèòåëåé. Â èñïîëü-
çóåìîé âåðñèè ñîäåðæèòñÿ 10 êîìïîíåíòîâ (îçîí 
O3, îêñèä àçîòà NO, äèîêñèä àçîòà NO2, àëüäåãèäû 
ALD, ãèäðîêñèëüíûé ðàäèêàë OH, óãëåâîäîðîäíûå 
ðàäèêàëû RO2, óãëåâîäîðîäíûå ñîåäèíåíèÿ CH, 
ïåðåêèñíûé ðàäèêàë HO2, îêñèä óãëåðîäà CO, àòî-
ìàðíûé êèñëîðîä O), êîòîðûå ó÷àñòâóþò â 10 ðå-
àêöèÿõ (òàáë. 2).  

Â [10] ïðè ïîìîùè HIRES-AIRCHEM áûëè 
èçó÷åíû òðè ïðîáëåìû ðàçíîãî ìàñøòàáà. Ïåðâàÿ, 
ëîêàëüíàÿ, îðèåíòèðîâàíà íà èññëåäîâàíèå çàãðÿç-
íåíèÿ îçîíîì âîçäóøíîãî áàññåéíà ã. Ñèäíåé, âòî-
ðàÿ, êîìáèíèðîâàííàÿ, îáúåäèíÿþùàÿ ëîêàëüíóþ  
è ðåãèîíàëüíóþ çàäà÷è, íàïðàâëåíà íà èçó÷åíèå 
ïðîõîæäåíèÿ äûìîâîãî øëåéôà ëåñíîãî ïîæàðà, 
óäàëåííîãî íà ðàññòîÿíèå áîëåå 100 êì ÷åðåç àòìî-
ñôåðó Ñèäíåÿ. È òðåòüÿ – ïðîáëåìà äàëüíåãî ïå-
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ðåíîñà äûìà â þãî-âîñòî÷íîé Àçèè îò ïîæàðîâ  
â ëåñàõ Èíäîíåçèè. 

 
Ò à á ë è ö à  2  

Ðåàêöèè è ñêîðîñòè ðåàêöèé ôîòîõèìè÷åñêîãî ìîäóëÿ 
AIRCHEM 

Ðåàêöèÿ 
Ñêîðîñòü 
ðåàêöèè 

RH + OH → 4RO2 + 2ALD R1 = k1CHCCOH 

ALD + hν → 2HO2 + CO R2 = k2CALD 

RO2 + NO → NO2 + ALD + HO2 R3 = k3CRO2
CNO 

HO2 + NO → NO2 + OH R4 = k4CHO2
CNO 

NO2 + hν → NO + O3 R5 = k5CNO2
 

NO + O3 → NO2 + O2 R6 = k6CNOCO3
 

O3 + hν → O2 + O(1D) R7 = k7CO3
 

O(1D) + H2O → 2OH R8 = k8CO(1D)CH2O 

NO2 + OH → HNO3 R9 = k9CNO2
COH 

CO + OH → CO2 + HO2 R10 = k10CCOCOH 

 
Ñîêðàùåííûé êèíåòè÷åñêèé ìåõàíèçì RADM, 

ïðèâåäåííûé â ðàáîòå [11], âêëþ÷àåò 11 êîìïîíåí-
òîâ (îçîí O3, îêñèä àçîòà NO, äèîêñèä àçîòà NO2, 
àòîìàðíûé êèñëîðîä O, óãëåâîäîðîäíûå ñîåäèíå-
íèÿ RH, ãèäðîêñèëüíûé ðàäèêàë OH, óãëåâîäîðîä-
íûå ðàäèêàëû RO2, àëüäåãèäû RCHO, àíèîíû  
îðãàíè÷åñêèõ êèñëîò RC(O)O2, ïåðåêèñíûé ðàäè-
êàë HO2, ïåðàöåòèëíèòðàò (ÏÀÍ) RC(O)O2NO2), 
âçàèìîäåéñòâóþùèõ ìåæäó ñîáîé â 12 ðåàêöèÿõ 
(òàáë. 3).  

 
Ò à á ë è ö à  3  

Ðåàêöèè è ñêîðîñòè ðåàêöèé ôîòîõèìè÷åñêîé ñõåìû 
ñîêðàùåííîãî êèíåòè÷åñêîãî ìåõàíèçìà RADM 

Ðåàêöèÿ 
Ñêîðîñòü  
ðåàêöèè 

NO2 + hν → NO + O R1 = k1CNO2
 

O + O2 → O3 R2 = k2CO 

NO + O3 → NO2 R3 = k3CNOCO3 

RH + OH → RO2 R4 = k4CRHCOH 

RCHO + OH → RC(O)O2 R5 = k5CRCHOCOH 

RCHO + hν → RO2 + HO2 R6 = k6CRCHO 

NO + HO2 → NO2+ OH R7 = k7CNOCHO2 

RO2 + NO → NO2+ HO2+RCHO R8 = k8CRO2CNO 

RC(O)O2 + NO → NO2+ RO2 R9 = k9CRCOO2CNO 

NO2 + OH → NO + H2O R10 = k10CNO2COH 

RC(O)O2 + NO2 → RC(O)O2NO2 R11 = k11CRCOO2CNO2

RC(O)O2NO2 → RC(O)O2 + NO2  R12 = k12CRCOO2NO2

 

Ìàòåìàòè÷åñêàÿ ìîäåëü ïåðåíîñà ïðèìåñè [11], 
âêëþ÷àþùàÿ ïðîöåññû äèôôóçèè è àäâåêöèè, ñóõî-
ãî îñàæäåíèÿ è õèìè÷åñêèå ðåàêöèè ñîêðàùåííîãî 
êèíåòè÷åñêîãî ìåõàíèçìà RADM, ïðèìåíÿëàñü äëÿ 
èññëåäîâàíèÿ ïðîñòðàíñòâåííî-âðåìåííîãî ðàñïðå-
äåëåíèÿ ïðèçåìíûõ êîíöåíòðàöèé îçîíà â çàâèñè-
ìîñòè îò ðåæèìà ýìèññèè è ìåòåîóñëîâèé, à òàêæå 
äëÿ àíàëèçà çàãðÿçíåíèÿ âîçäóõà â ã. Ñàí Õóàí 
(Àðãåíòèíà). 

Êðîìå ïðåäñòàâëåííûõ êîìïîíåíòîâ â ìîäå-
ëÿõ, èñïîëüçóþùèõ êèíåòè÷åñêóþ ñõåìó Àççè è 
ñîêðàùåííûé êèíåòè÷åñêèé ìåõàíèçì RADM, áûëî 

äîáàâëåíî åùå îäíî ñîåäèíåíèå – îêñèä óãëåðîäà, 
êîòîðûé â ðàññìàòðèâàåìûõ êèíåòè÷åñêèõ ñõåìàõ 
ïðèíèìàåòñÿ õèìè÷åñêè èíåðòíûì (óñòîé÷èâûì). 
Òàêîå äîïîëíåíèå ñâÿçàíî ñ òåì, ÷òî àïðîáàöèÿ 
âûáðàííûõ ìàòåìàòè÷åñêèõ ìîäåëåé ïåðåíîñà  
è òðàíñôîðìàöèè ïðèìåñè ïðîèçâîäèëàñü íà îñíîâå 
äàííûõ ÒÎÐ-ñòàíöèè ÈÎÀ ÑÎ ÐÀÍ, íà êîòîðîé 
âûïîëíÿþòñÿ ðåãóëÿðíûå èçìåðåíèÿ ëèøü íåêîòî-
ðûõ ìàëûõ ñîñòàâëÿþùèõ ïðèçåìíîãî ñëîÿ àòìî-
ñôåðû, â òîì ÷èñëå è îêñèäà óãëåðîäà. Ïîýòîìó 
äàííûé êîìïîíåíò ïðèìåñè ìîæåò ðàññìàòðèâàòüñÿ 
êàê êðèòåðèé îöåíêè àäåêâàòíîñòè ïðåäñòàâëåíèÿ 
÷èñëåííîé ìîäåëè ïåðåíîñà ïðèìåñè çà ñ÷åò àäâåê-
öèè è òóðáóëåíòíîé äèôôóçèè. 

Íà÷àëüíûå è ãðàíè÷íûå óñëîâèÿ 
Â êà÷åñòâå ãðàíè÷íûõ óñëîâèé äëÿ êîíöåíòðà-

öèé íà âõîäíûõ áîêîâûõ ãðàíèöàõ èñïîëüçóþòñÿ 
ôîíîâûå çíà÷åíèÿ, îïðåäåëÿåìûå íà êàæäîì øàãå 
ïðåäâàðèòåëüíûì ðàñ÷åòîì ïðè ïîìîùè áîêñîâîé 
ìîäåëè (ðàñ÷åò â îäíîé ÿ÷åéêå) áåç ó÷åòà ïåðåíîñà 
è òóðáóëåíòíîé äèôôóçèè íà îñíîâàíèè òîëüêî 
ëèøü õèìè÷åñêèõ ðåàêöèé. Íà÷àëüíûå ôîíîâûå 
çíà÷åíèÿ äëÿ îçîíà, îêñèäà óãëåðîäà, îêñèäà è äè-
îêñèäà àçîòà âûáèðàëèñü ïî äàííûì èçìåðåíèé 
ÒÎÐ-ñòàíöèè Èíñòèòóòà îïòèêè àòìîñôåðû ÑÎ 
ÐÀÍ.  

Òàê êàê íàáëþäåíèÿ ïðîâîäÿòñÿ â îáëàñòè, 
ðàñïîëîæåííîé íà âîñòî÷íîé îêðàèíå ãîðîäà 
(ðèñ. 1), òî â êà÷åñòâå íà÷àëüíûõ ôîíîâûõ çíà÷å-
íèé ìîæíî ïðèíÿòü êîíöåíòðàöèè O3, NO è NO2, 
ôèêñèðóåìûå â íî÷íîå âðåìÿ ïðè íàïðàâëåíèè âåò-
ðà îò ñåâåðî-âîñòî÷íîãî äî þãî-âîñòî÷íîãî, ïî-
ñêîëüêó â ýòîì ñëó÷àå íàáåãàþùèé ïîòîê ïðèõîäèò 
ñ òåððèòîðèé, ïðàêòè÷åñêè íå ïîäâåðæåííûõ àí-
òðîïîãåííîé íàãðóçêå. Ôîíîâîå çíà÷åíèå äëÿ óãëå-
âîäîðîäîâ ïðèíèìàëîñü ðàâíûì 0,2 ppb [2]. Äëÿ 
îñòàëüíûõ êîìïîíåíòîâ çàäàâàëèñü íóëåâûå íà-
÷àëüíûå è ôîíîâûå çíà÷åíèÿ âñëåäñòâèå îòñóòñòâèÿ 
êàêèõ-ëèáî äàííûõ íàáëþäåíèé.  

Ïðè èíèöèàëèçàöèè ìîäåëè ñ÷èòàåì, ÷òî âî 
âñåé ðàñ÷åòíîé îáëàñòè êîíöåíòðàöèè ðàññìàòðè-
âàåìûõ êîìïîíåíòîâ ïðèìåñè ðàâíû íà÷àëüíûì 
ôîíîâûì. 

Íà âåðõíåé ãðàíèöå ñòàâÿòñÿ ïðîñòûå ãðàäè-
åíòíûå óñëîâèÿ. Íà íèæíåé ãðàíèöå èñïîëüçóþòñÿ 
ãðàíè÷íûå óñëîâèÿ, ìîäåëèðóþùèå ñóõîå îñàæäå-
íèå êîìïîíåíòîâ ïðèìåñè [15]: 
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Ðèñ. 1. Îáëàñòü èññëåäîâàíèÿ è ðàñïðåäåëåíèå ñòàöèîíàðíûõ èñòî÷íèêîâ çàãðÿçíåíèÿ àòìîñôåðû (îòìå÷åíû ÷åðíûì)  
â Òîìñêå è åãî îêðåñòíîñòÿõ 

 

ãäå vdi – ñêîðîñòü îñàæäåíèÿ i-ãî êîìïîíåíòà ïðè-
ìåñè; ra – àýðîäèíàìè÷åñêîå ñîïðîòèâëåíèå òóðáó-
ëåíòíîé àòìîñôåðû; rb – ïîâåðõíîñòíîå ñîïðîòèâ-
ëåíèå ýëåìåíòîâ øåðîõîâàòîñòè; rc – ñîïðîòèâ-
ëåíèå, îáóñëîâëåííîå ðàñòèòåëüíîñòüþ; z – âûñîòà; 
z0t – òåðìè÷åñêàÿ âûñîòà øåðîõîâàòîñòè; L – ìàñ-
øòàá Îáóõîâà; Sci – ÷èñëî Øìèäòà äëÿ i -ãî êîì-
ïîíåíòà ïðèìåñè; κ = 0,40 – ïîñòîÿííàÿ ôîí Êàð-
ìàíà; *u  – äèíàìè÷åñêàÿ ñêîðîñòü. 

Ìåòîä ðàñ÷åòà 
Ïðîñòðàíñòâåííûå íåñòàöèîíàðíûå óðàâíåíèÿ 

(1) ðåøàëèñü ÷èñëåííî äëÿ ïàðàëëåëåïèïåäà ñ ìíî-
ãî÷èñëåííûìè ïîâåðõíîñòíûìè è âûñîòíûìè èñ-
òî÷íèêàìè ïðèìåñè. Íåîáõîäèìûå äëÿ ðàñ÷åòà ïå-
ðåíîñà ïðèìåñè ïîëÿ òåìïåðàòóðû, âëàæíîñòè, ñêî-
ðîñòè è íàïðàâëåíèÿ âåòðà ðàññ÷èòûâàþòñÿ ïî ìî-
äåëè àòìîñôåðíîãî ïîãðàíè÷íîãî ñëîÿ, ïîäðîáíî 
îïèñàííîé â [14].  

Àïïðîêñèìàöèÿ äèôôåðåíöèàëüíûõ îïåðàòî-
ðîâ â (1) îñóùåñòâëåíà ñî âòîðûì ïîðÿäêîì òî÷íî-
ñòè ïî êîîðäèíàòàì è ïåðâûì – ïî âðåìåíè ñ èñ-
ïîëüçîâàíèåì ÿâíûõ ðàçíîñòíûõ ñõåì äëÿ âñåõ 
÷ëåíîâ óðàâíåíèÿ çà èñêëþ÷åíèåì âåðòèêàëüíîé 
äèôôóçèè.  

Òàêîé ñïîñîá äèñêðåòèçàöèè äèôôåðåíöèàëü-
íîé çàäà÷è ïîçâîëÿåò ðåøèòü ïðîáëåìû, âîçíè-
êàþùèå èç-çà íåëèíåéíîñòè óðàâíåíèÿ (1), è ñóùå-
ñòâåííî óñêîðèòü ïîëó÷åíèå ðåçóëüòàòà âñëåäñòâèå 
ïðèìåíåíèÿ ýêîíîìè÷íîãî ìåòîäà ïðîãîíêè ïðè 
ïðèåìëåìîì îãðàíè÷åíèè íà âåëè÷èíó øàãà ïî âðå-
ìåíè. Àäâåêòèâíûå ÷ëåíû óðàâíåíèé ïåðåíîñà (1) 
àïïðîêñèìèðóþòñÿ ñ èñïîëüçîâàíèåì ìîíîòîíèçè-
ðîâàííîé ïðîòèâîïîòîêîâîé ñõåìû Âàí Ëèðà, íå 
äîïóñêàþùåé ïîÿâëåíèÿ «íåôèçè÷íûõ» çíà÷åíèé 
êîíöåíòðàöèè. 

Ó÷åò ïðîòåêàíèÿ õèìè÷åñêèõ ðåàêöèé, ïðèâî-
äÿùèõ ê ïîÿâëåíèþ âòîðè÷íûõ çàãðÿçíèòåëåé âîç-
äóøíîãî áàññåéíà, çíà÷èòåëüíî óâåëè÷èâàåò âðåìÿ 
âû÷èñëåíèé, ïîýòîìó äëÿ ðàñ÷åòîâ èñïîëüçîâàëèñü 
âûñîêîïðîèçâîäèòåëüíûå âû÷èñëèòåëüíûå ðåñóð- 
ñû – ìíîãîïðîöåññîðíûå êëàñòåðíûå ñèñòåìû ÈÎÀ 
ÑÎ ÐÀÍ (http://cluster.iao.ru) è ÒÃÓ (http:// 
cluster.tsu.ru), íà êîòîðûõ óñòàíîâëåí èíòåðôåéñ 
ïåðåäà÷è ñîîáùåíèé MPI (Message Passing Inter-
face). 

Ðàñïàðàëëåëèâàíèå ÷èñëåííîãî ìåòîäà ðåøåíèÿ 
óðàâíåíèé (1) ïðîèçâîäèëîñü ñ èñïîëüçîâàíèåì 
ãåîìåòðè÷åñêîãî ïðèíöèïà – äåêîìïîçèöèè ïî äàí-
íûì. Âñÿ îáëàñòü èññëåäîâàíèÿ ðàçäåëÿëàñü íà 
îäèíàêîâûå ïîäîáëàñòè. Â äàííîé ðàáîòå ïàðàëëå-

#S#S#S#S#S

#S#S

#S#S#S
#S
#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S
#S#S#S#S
#S
#S#S

#S#S#S#S#S#S#S#S
#S

#S
#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S

#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S

#S#S#S#S
#S#S

#S#S#S
#S#S#S#S#S

#S

#S#S#S#S#S#S#S#S#S

#S

#S

#S

#S
#S#S#S
#S#S#S

#S#S#S#S#S#S#S#S#S

#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S #S

#S#S#S#S#S

#S
#S#S
#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S
#S#S #S

#S#S

#S

#S#S

#S
#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S #S#S#S#S#S

#S

#S

#S#S#S#S#S#S#S

#S

#S#S#S#S#S#S#S#S
#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S #S#S
#S

#S #S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S
#S#S#S#S#S #S#S#S#S#S #S#S#S#S#S

#S#S#S
#S

#S#S#S#S#S#S#S#S
#S#S#S#S#S#S
#S#S
#S#S #S#S#S#S#S#S#S#S#S#S#S

#S
#S#S #S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S

#S#S#S#S#S#S#S#S#S#S
#S#S#S #S#S#S#S#S

#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S

#S

#S#S#S#S#S

#S

#S

#S
#S

#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S
#S #S
#S

#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S
#S
#S

#S

#S#S

#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S

#S#S#S#S

#S#S
#S#S

#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S

#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S
#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S

#S

#S#S

#S

#S

#S

#S#S
#S

#S

#S#S
#S#S

#S #S

#S

#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S

#S#S#S#S#S#S#S#S#S#S
#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S
#S

#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S
#S#S#S

#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S
#S#S#S#S #S#S#S#S#S#S#S

#S#S#S#S#S#S
#S#S#S#S#S#S#S#S

#S
#S#S#S

#S#S
#S#S#S#S#S#S

#S#S #S
#S

#S

#S#S#S#S#S#S
#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S

#S#S#S#S #S#S#S#S#S#S#S#S#S#S
#S#S#S

#S#S#S
#S

#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S

#S#S #S#S#S#S#S

#S

#S#S#S#S#S#S
#S

#S #S#S#S#S #S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S
#S

#S#S
#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S

#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S
#S#S#S#S#S#S#S
#S#S#S
#S#S

#S#S

#S#S

#S#S#S#S #S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S
#S

#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S #S #S#S#S#S#S
#S

#S #S

#S

#S

#S#S#S#S#S

#S

#S#S#S

#S

#S#S#S#S#S#S#S#S#S

#S#S#S#S

#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S
#S#S#S#S#S#S

#S#S#S#S#S#S#S#S
#S#S#S

#S#S#S

#S#S#S#S#S

#S
#S#S#S#S #S#S #S#S#S#S#S
#S

#S

#S#S#S #S#S#S#S
#S#S#S#S

#S#S#S#S#S#S#S

#S#S#S#S#S#S
#S#S#S#S

#S#S#S#S#S#S#S#S

#S#S#S#S#S
#S

#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S #S#S#S#S#S#S#S#S #S#S#S#S
#S#S #S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S #S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S

#S#S#S#S#S#S#S#S #S#S#S#S#S#S #S#S#S#S#S

#S#S#S#S#S#S#S#S#S

#S

#S

#S#S#S

#S

#S

#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S #S#S

#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S

#S#S#S#S#S#S#S#S

#S#S #S#S

#S#S#S#S

#S

#S#S

#S#S#S#S

#S#S#S#S#S#S#S#S#S#S

#S

#S#S#S#S#S#S#S

#S

#S#S#S#S#S#S

#S#S#S#S #S#S#S#S

#S#S

#S#S

#S#S

#S#S#S

#S #S#S

#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S #S

#S
#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S #S

#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S

#S#S#S

#S #S

#S
#S

#S
#S#S#S#S#S#S#S#S#S#S
#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S

#S#S
#S

#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S #S

#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S
#S

#S#S #S#S#S#S#S

#S#S #S#S#S#S#S#S#S#S

#S#S#S#S#S
#S
#S#S#S#S#S#S

#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S

#S#S#S#S#S

#S#S

#S
#S#S

#S#S
#S

#S#S#S#S

#S#S#S#S#S#S#S#S#S

#S#S#S
#S

#S
#S#S

#S

#S

#S#S

#S

#S#S#S#S#S#S#S#S

#S#S

#S
#S #S#S

#S#S
#S#S#S#S#S#S#S

#S
#S#S#S#S#S#S#S#S #S#S#S#S#S

#S #S#S #S#S
#S#S#S#S#S #S#S #S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S #S#S#S#S

#S#S #S#S#S
#S

#S#S#S#S#S #S#S#S#S#S#S #S
#S#S#S#S#S #S#S
#S#S#S #S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S

#S
#S#S#S#S#S #S#S#S #S#S #S#S#S#S#S #S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S
#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S

#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S #S#S#S#S#S

#S#S#S#S
#S#S#S

#S#S
#S#S#S

#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S

#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S
#S#S#S#S

#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S

#S #S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S

#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S

#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S

#S#S#S

#S#S

#S#S

#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S

#S#S

#S

#S#S#S#S#S#S#S#S#S#S

#S#S
#S#S

#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S

#S

#S#S#S#S#S#S#S#S#S#S#S

#S #S#S#S#S#S

#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S #S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S#S

#S#S#S#S

#S

#S

#S

#S

#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S

#S

#S

#S

#S

#S

#S
#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S
#S#S#S#S#S

#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S

#S #S#S
#S

#S

#S#S#S#S

#S#S#S

#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S #S#S#S#S

#S#S#S#S#S#S#S#S #S#S

#S#S#S#S#S#S#S#S#S#S#S#S

#S#S

#S#S#S#S#S#S#S#S#S

#S#S#S

#S#S#S

#S

#S
#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S

#S#S#S#S#S#S

#S#S#S#S#S

#S#S#S#S#S

#S#S

#S#S#S#S#S#S#S

#S#S#S#S#S

#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S

#S#S#S#S
#S#S#S#S#S#S

#S

#S

#S

#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S

#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S #S#S#S
#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S

#S#S #S#S#S#S#S#S#S#S#S#S#S
#S#S #S

#S#S#S#S

#S#S#S#S#S#S#S#S
#S

#S#S#S#S#S#S#S#S#S#S

#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S
#S

#S#S #S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S

#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S

#S#S#S#S#S#S
#S#S
#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S

#S#S#S#S#S#S
#S#S

#S#S#S#S#S

#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S
#S#S#S

#S

#S#S#S#S#S

#S#S#S#S#S#S#S

#S#S#S#S
#S#S#S#S#S#S
#S#S#S

#S#S#S#S

#S#S#S#S#S#S#S

#S#S#S

#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S#S

#S
#S#S#S

#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S

#S#S
#S#S

#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S

#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S

#S#S#S#S
#S#S#S#S#S#S#S

#S#S#S#S#S#S

#S#S#S#S#S#S#S

#S#S#S#S#S

#S#S#S#S

#S#S#S#S#S
#S

#S#S
#S
#S#S#S#S

#S#S

#S#S#S#S#S#S#S
#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S

#S#S#S#S#S#S#S#S#S

#S#S#S#S#S#S#S

#S#S#S#S#S#S

#S
#S
#S#S#S#S

#S

#S#S#S#S#S#S#S#S#S#S

#S#S#S#S

#S#S#S

 r. Tom 

ÒÎÐ-ñòàíöèÿ 
ÈÎÀ ÑÎ ÐÀÍ 

ð. Òîìü 

x, ì

10000

5000

0

–5000

–10000

–15000



 Èññëåäîâàíèå îáðàçîâàíèÿ âòîðè÷íûõ çàãðÿçíèòåëåé (îçîíà) â àòìîñôåðå ã. Òîìñêà 439 
 

ëåïèïåä îáëàñòè èññëåäîâàíèÿ (–Lx/2 ≤ x ≤ Lx/2; 
–Ly/2 ≤ y ≤ Ly/2; 0 ≤ z ≤ Lz) ðàçðåçàëñÿ ñå÷åíèÿìè 
y = const ñ ðàñïðåäåëåíèåì äàííûõ êàæäîé ïîäîá-

ëàñòè ñîîòâåòñòâóþùåìó ïðîöåññîðíîìó ýëåìåíòó. 

Âñå ñåòî÷íûå çíà÷åíèÿ êîíöåíòðàöèè ( ) 1

, ,

n

i k l m
C

+
 ðàâ-

íîìåðíî ðàñïðåäåëÿëèñü ïî âû÷èñëèòåëüíûì óçëàì 
ìíîãîïðîöåññîðíîé ñèñòåìû ñ ðàñïðåäåëåííîé ïà-
ìÿòüþ.  

Âíóòðè êàæäîé ïîäîáëàñòè ñåòî÷íûå óðàâíå-
íèÿ, ïîëó÷åííûå â ðåçóëüòàòå ïðèíÿòîãî ïîäõîäà 
äèñêðåòèçàöèè óðàâíåíèé (1), ðåøàëèñü îäíîâðå-
ìåííî ìåòîäîì ïðîãîíêè. Îäíàêî èç-çà âûáðàííîãî 
ðàçíîñòíîãî øàáëîíà ïðè ðàñ÷åòå çíà÷åíèé êîíöåí-
òðàöèé âäîëü ïðèãðàíè÷íîé ñåòî÷íîé ëèíèè íåîá-
õîäèìû äâà ñåòî÷íûõ çíà÷åíèÿ êîíöåíòðàöèè èç 
ñîñåäíåé ïîäîáëàñòè. Ïîýòîìó äëÿ êîððåêòíîé ðà-
áîòû ïàðàëëåëüíîé ïðîãðàììû íåîáõîäèìî îðãàíè-
çîâàòü ìåæïðîöåññîðíûå îáìåíû ïðèãðàíè÷íûõ 
ñåòî÷íûõ çíà÷åíèé. Ýòî áûëî âûïîëíåíî ñ èñïîëü-
çîâàíèåì ôóíêöèé áèáëèîòåêè ïåðåäà÷è ñîîáùåíèé 
MPI_SendRecv. Êðîìå òîãî, ïðè ïîäãîòîâêå ïðîâå-
äåíèÿ ïàðàëëåëüíûõ ðàñ÷åòîâ ïðèìåíÿëèñü ñëå-
äóþùèå ôóíêöèè áèáëèîòåêè Message Passing In-
terface: MPI_Bcast è MPI_Scatter. 

Óñëîâèÿ ïðîâåäåíèÿ ðàñ÷åòîâ  
è îáñóæäåíèå ðåçóëüòàòîâ 

Ïðåäñòàâëåííûå ìîäåëè ïåðåíîñà è õèìè÷å-
ñêîé òðàíñôîðìàöèè ïðèìåñè ïðèìåíÿëèñü äëÿ 
àíàëèçà çàãðÿçíåíèÿ àòìîñôåðû ã. Òîìñêà ïðîäóê-
òàìè âòîðè÷íîé ýìèññèè â ðàçëè÷íûå ñåçîíû. Îñ-
íîâíîå âíèìàíèå óäåëÿåòñÿ èññëåäîâàíèþ îáðàçî-
âàíèÿ ïðèçåìíîãî îçîíà êàê îäíîãî èç íàèáîëåå 
ðàñïðîñòðàíåííûõ âòîðè÷íûõ çàãðÿçíèòåëåé è â òî 
æå âðåìÿ ÷ðåçâû÷àéíî îïàñíîãî âåùåñòâà. Äëÿ 
îöåíêè äîñòîâåðíîñòè ðåçóëüòàòîâ ðàñ÷åòà èñïîëü-
çîâàëèñü äàííûå íàáëþäåíèé çà èçìåíåíèåì ìåòåî-
ðîëîãè÷åñêèõ ïàðàìåòðîâ (òåìïåðàòóðà è âëàæíîñòü 
âîçäóõà, ñîëíå÷íàÿ ðàäèàöèÿ, íàïðàâëåíèå è ñêî-
ðîñòü âåòðà), à òàêæå èçìåðåííûå çíà÷åíèÿ êîíöåí-
òðàöèè îçîíà, îêñèäà è äèîêñèäà àçîòà, ïîëó÷åííûå 
íà ÒÎÐ-ñòàíöèè Èíñòèòóòà îïòèêè àòìîñôåðû 
ÑÎ ÐÀÍ, ðàñïîëîæåííîé â ïðèãîðîäå ê âîñòîêó îò 
ã. Òîìñêà (ñì. ðèñ. 1). 

Â ðàñ÷åòíîé îáëàñòè, êîòîðàÿ ïðåäñòàâëÿåò ñî-
áîé ïàðàëëåëåïèïåä âûñîòîé 2 êì ñ ãîðèçîíòàëü-
íûìè ðàçìåðàìè 30 × 30 êì, â öåíòðå êîòîðîãî ðàñ-
ïîëàãàåòñÿ ã. Òîìñê (ñì. ðèñ. 1), ñòðîèòñÿ ñåòêà 
100 × 100 × 100 óçëîâ, ðàâíîìåðíàÿ ïî ãîðèçîíòàëè 
è íåîäíîðîäíàÿ, ñãóùàþùàÿñÿ ê ïîâåðõíîñòè â 
âåðòèêàëüíîì íàïðàâëåíèè. Â ðàñ÷åòàõ ðàññìàòðè-
âàþòñÿ 119 ëèíåéíûõ, 12 ïëîùàäíûõ è 338 òî÷å÷-
íûõ èñòî÷íèêîâ. Ïðåäïîëàãàåòñÿ, ÷òî èíòåíñèâ-
íîñòü ïîñòóïëåíèÿ ïðèìåñè îò àâòîìîáèëåé èçìåíÿ-
åòñÿ  
â òå÷åíèå ñóòîê ñîãëàñíî ãðàôèêó, ïðåäñòàâëåííîìó 
íà ðèñ. 2 [16]. À â ñîâîêóïíîì îáúåìå îêñèäîâ àçî-
òà, ïîñòóïàþùèõ â àòìîñôåðó ñ àâòîìîáèëüíûìè 
âûõëîïàìè, ñîäåðæèòñÿ 75% ìîíîîêñèäà àçîòà  
è 25% äèîêñèäà [16]. 
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Ðèñ. 2. Âðåìåííàÿ çàâèñèìîñòü èíòåíñèâíîñòè äâèæåíèÿ  
 àâòîìîáèëüíîãî òðàíñïîðòà [16] 

 
Íà ðèñ. 3 ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòîâ  

è äàííûå íàáëþäåíèé äëÿ óñëîâèé 19–20 ôåâðàëÿ 
2004 ã., ïîëó÷åííûå â îáëàñòè ðàñïîëîæåíèÿ ÒÎÐ-
ñòàíöèè ÈÎÀ ÑÎ ÐÀÍ. Ðàñ÷åòíûå ïðîôèëè ïîêà-
çûâàþò, ÷òî ïðèçåìíàÿ êîíöåíòðàöèÿ îçîíà íà÷èíà-
åò ðàñòè ïîñëå âîñõîäà ñîëíöà è äîñòèãàåò ñâîåãî 
ìàêñèìóìà ïîñëå ïîëóäíÿ, êîãäà ïèê ñîëíå÷íîé 
àêòèâíîñòè óæå ìèíîâàë.  

Äàííûé ôàêò îáóñëîâëåí òåì, ÷òî â äíåâíîå 
âðåìÿ çíà÷èòåëüíîé ñòàíîâèòñÿ ôîòîõèìè÷åñêàÿ 
ðåàêöèÿ ôîòîëèçà ìîëåêóëû NO2, ñêîðîñòü êîòîðîé 
ïðåâîñõîäèò ñêîðîñòü îáðàòíîé ðåàêöèè O3 + NO → 
→ NO2 + O2. Òàêàÿ ñèòóàöèÿ ïðèâîäèò ê ñíèæåíèþ 
êîíöåíòðàöèè äèîêñèäà àçîòà, ïîñêîëüêó óðîâåíü 
åãî ýìèññèè â ïðèãîðîäå íåâûñîê.  

Ñëåäóåò îòìåòèòü, ÷òî â ðàññìîòðåííûõ êèíå-
òè÷åñêèõ ñõåìàõ ãåíåðàöèè îçîíà íàðÿäó ñ ðåàêöè-
åé ôîòîëèçà NO2, â ðåçóëüòàòå êîòîðîé îáðàçóþòñÿ 
äâå àêòèâíûå ÷àñòèöû (NO è O), ðàññìàòðèâàþòñÿ 
òàêæå ôîòîõèìè÷åñêèå ðåàêöèè ðàçëîæåíèÿ ëåòó-
÷èõ ñîåäèíåíèé àíòðîïîãåííûõ âûáðîñîâ ñ ïîÿâëå-
íèåì ðàäèêàëîâ, êîòîðûå, âçàèìîäåéñòâóÿ ñ NO, 
ïðèâîäÿò ê îáðàçîâàíèþ äèîêñèäà àçîòà. Îäíàêî  
â äàííîì ñëó÷àå (ðèñ. 3) íàïðàâëåíèå âåòðà áûëî 
òàêîâî, ÷òî îáëàñòü, äëÿ êîòîðîé áûëè ïðîâåäåíû 
èçìåðåíèÿ è ðàñ÷åòû, íàõîäèëàñü â íàâåòðåííîé 
÷àñòè ïðèãîðîäà, ãäå âëèÿíèå ãîðîäñêèõ èñòî÷íè-
êîâ çàãðÿçíåíèÿ àòìîñôåðíîãî âîçäóõà áûëî íåñó-
ùåñòâåííûì.  

Â íî÷íîå âðåìÿ ôîòîõèìè÷åñêèå ðåàêöèè îò-
ñóòñòâóþò, ïîýòîìó ïðîèñõîäèò îêèñëåíèå NO äî 
NO2, ñîïðîâîæäàåìîå óìåíüøåíèåì êîíöåíòðàöèè 
O3. Òàêèì îáðàçîì, âðåìåííûå çàâèñèìîñòè èçìå-
íåíèÿ ïðèçåìíîé êîíöåíòðàöèè îêñèäà àçîòà è îçî-
íà â òå÷åíèå ñóòîê ïîäîáíû. 

Ïðåäñòàâëåííûå íà ðèñ. 4 ðàññ÷èòàííûå çíà÷å-
íèÿ ïðèçåìíûõ êîíöåíòðàöèé êîìïîíåíòîâ ïðèìåñè 
è ìåòåîðîëîãè÷åñêèõ ïàðàìåòðîâ, à òàêæå äàííûå 
íàáëþäåíèé äëÿ óñëîâèé 15–16 îêòÿáðÿ 2003 ã. 
êà÷åñòâåííî àíàëîãè÷íû ðåçóëüòàòàì, ïîëó÷åííûì 
äëÿ 19–20 ôåâðàëÿ 2004 ã.  

10. Îïòèêà àòìîñôåðû è îêåàíà, ¹ 5–6. 
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Ðèñ. 3. Ñðàâíåíèÿ ðåçóëüòàòîâ ðàñ÷åòîâ ïî ðàçëè÷íûì ìîäåëÿì ñ äàííûìè íàáëþäåíèé ïî êîíöåíòðàöèÿì îçîíà, äèîêñè-
äà è îêñèäà àçîòà, ñóììàðíîé ñîëíå÷íîé ðàäèàöèè, íàïðàâëåíèþ è ñêîðîñòè âåòðà äëÿ óñëîâèé 19–20 ôåâðàëÿ 2004 ã. 
Îòðèöàòåëüíàÿ ÷àñòü âðåìåííîé îñè ñîîòâåòñòâóåò ïåðâûì ñóòêàì ìîäåëèðîâàíèÿ, ïîëîæèòåëüíàÿ – âòîðûì. Ñèìâîëû 
ïðåäñòàâëÿþò èçìåðåííûå çíà÷åíèÿ, êðèâûå – ðàñ÷åò (ñïëîøíàÿ ÷åðíàÿ ëèíèÿ – ñîêðàùåííûé ìåõàíèçì RADM, øòðèõ-
ïóíêòèðíàÿ – ìåõàíèçì AIRCHEM, øòðèõîâàÿ – ìîäåëü GRS). Â ðàñ÷åòàõ èñïîëüçîâàíû íà÷àëüíûå ôîíîâûå çíà÷åíèÿ: 
 O3 – 29 ìêã/ì3, NO2 – 28 ìêã/ì3, NO – 4,3 ìêã/ì3, CO – 0,1 ìã/ì3 
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Ðèñ. 4. Ñðàâíåíèÿ ðåçóëüòàòîâ ðàñ÷åòîâ ïî ðàçëè÷íûì ìîäåëÿì ñ äàííûìè íàáëþäåíèé ïî êîíöåíòðàöèÿì îçîíà,  äèîêñè-
äà è îêñèäà àçîòà, ñóììàðíîé ñîëíå÷íîé ðàäèàöèè, íàïðàâëåíèþ è ñêîðîñòè âåòðà äëÿ óñëîâèé 15–16 îêòÿáðÿ 2003 ã.  
Â ðàñ÷åòàõ èñïîëüçîâàíû íà÷àëüíûå ôîíîâûå çíà÷åíèÿ: O3 – 39 ìêã/ì3, NO2 – 56 ìêã/ì3, NO – 4,3 ìêã/ì3, CO –  
 0,1 ìã/ì3. Îáîçíà÷åíèÿ ñì. ðèñ. 3 

 
Áîëåå âûñîêèå çíà÷åíèÿ ïðèçåìíîé êîíöåíòðà-

öèè îçîíà è NO2 (ïî ñðàâíåíèþ ñ ïðèâåäåííîé íà 
ðèñ. 3) ïðè áëèçêîì óðîâíå ñîëíå÷íîé ðàäèàöèè 
îáóñëîâëåíû, ïðåæäå âñåãî, òåì, ÷òî â ðàññìàòðè-
âàåìûé ïåðèîä âðåìåíè íàáëþäàëñÿ çàïàäíûé  
è þãî-çàïàäíûé (220–280°) âåòåð, ïðè êîòîðîì âû-
áðîñû îò èñòî÷íèêîâ, ðàñïîëîæåííûõ â ÷åðòå ãîðî-
äà, ñíîñÿòñÿ íà ïóíêò íàáëþäåíèÿ (ÒÎÐ-ñòàíöèþ). 
Â ýòîì ñëó÷àå ñóùåñòâåííóþ ðîëü íà÷èíàåò èãðàòü 

ãåíåðàöèÿ «âòîðè÷íîãî» äèîêñèäà àçîòà çà ñ÷åò õè-
ìè÷åñêîé ðåàêöèè ðàäèêàëîâ ñ ìîíîîêñèäîì àçîòà 
(óìåíüøåíèå êîíöåíòðàöèè NO íà ðèñ. 4 ïî ñðàâ-
íåíèþ ñ ïðèâåäåííîé íà ðèñ. 3), ôîòîëèç êîòîðîãî 
ñïîñîáñòâóåò ïîâûøåíèþ ïðèçåìíîé êîíöåíòðàöèè 
îçîíà. Êðîìå òîãî, ðîñò êîíöåíòðàöèè îçîíà îáó-
ñëîâëèâàåòñÿ åùå è òåì, ÷òî ñêîðîñòü âåòðà âáëèçè 
ïîâåðõíîñòè 15–16 îêòÿáðÿ 2003 ã. áûëà íèæå, ÷åì 
19–20 ôåâðàëÿ 2004 ã. (ñì. ðèñ. 3, 4). 



 Èññëåäîâàíèå îáðàçîâàíèÿ âòîðè÷íûõ çàãðÿçíèòåëåé (îçîíà) â àòìîñôåðå ã. Òîìñêà 441 
 

Íà ðèñ. 5 ïðèâåäåíî ñðàâíåíèå ðàñ÷åòîâ, âû-
ïîëíåííûõ ñ èñïîëüçîâàíèåì âûáðàííûõ ñîêðàùåí-
íûõ êèíåòè÷åñêèõ ñõåì îáðàçîâàíèÿ îçîíà, ñ äàí-
íûìè íàáëþäåíèé äëÿ 26–27 ìàÿ 2004 ã.  

Âèäíî, ÷òî èìååò ìåñòî õîðîøåå ñîîòâåòñòâèå 
ïðåäñêàçàííûõ è èçìåðåííûõ çíà÷åíèé ïðèçåìíîé 
êîíöåíòðàöèè îçîíà, äèîêñèäà àçîòà, ìîíîîêñèäà 
óãëåðîäà, à òàêæå ìåòåîðîëîãè÷åñêèõ ïàðàìåòðîâ. 
Òàê êàê óðîâåíü ñîëíå÷íîé ðàäèàöèè äëÿ äàííîãî 
ñëó÷àÿ âûøå, ÷åì äëÿ ðàññìîòðåííûõ ðàíåå ïåðèî-
äîâ ìîäåëèðîâàíèÿ, òî è ðàñ÷åòû, è èçìåðåíèÿ 
ôèêñèðóþò áîëåå âûñîêèå çíà÷åíèÿ ïðèçåìíîé 
êîíöåíòðàöèè îçîíà â äíåâíîå âðåìÿ ñóòîê.  

ßâíàÿ çàâèñèìîñòü îò óðîâíÿ ñîëíå÷íîé ðà-
äèàöèè ïðîñëåæèâàåòñÿ è äëÿ äðóãèõ ìàëûõ ñî-
ñòàâëÿþùèõ: ãèäðîêñèëüíîé ãðóïïû (OH), ïåðîê-
ñèäíîé ãðóïïû (HO2) è óãëåâîäîðîäíûõ ðàäèêà-
ëîâ, ÷òî îáóñëîâëåíî ôîòîõèìè÷åñêîé ðåàêöèåé 
ðàçëîæåíèÿ ëåòó÷èõ êîìïîíåíòîâ âûáðîñîâ àâòî-
òðàíñïîðòà è ïðîìûøëåííûõ ïðåäïðèÿòèé ãîðîäà. 
 Õàðàêòåðíûå íî÷íûå ìàêñèìóìû è äíåâíûå 
ìèíèìóìû êîíöåíòðàöèè îêñèäà óãëåðîäà (ðèñ. 5), 
ïî âñåé âèäèìîñòè, îáóñëîâëåíû ôàêòîðîì çàïè-
ðàþùåé èíâåðñèè. Ðàäèàöèîííîå âûõîëàæèâàíèå 
ïîâåðõíîñòè â íî÷íûå ÷àñû ñíèæàåò òóðáóëåíòíîå 
ïåðåìåøèâàíèå â ïðèçåìíîì ñëîå è, ñîîòâåòñòâåí-
íî, âûíîñ ïðèìåñè â âåðõíèå ñëîè àòìîñôåðíîãî 
ïîãðàíè÷íîãî ñëîÿ, ÷òî ñïîñîáñòâóåò åå íàêîïëåíèþ 
âáëèçè ïîâåðõíîñòè. Óòðåííåå ðàçðóøåíèå èíâåð-
ñèè çà ñ÷åò ñîëíå÷íîé ðàäèàöèè è ïðîãðåâà çåìíîé 
ïîâåðõíîñòè, íàîáîðîò, èíòåíñèôèöèðóåò îáìåííûå 
ïðîöåññû ìåæäó íèæíèìè è âåðõíèìè ñëîÿìè, ñëå-
äîâàòåëüíî, ñïîñîáñòâóåò ðàññåÿíèþ ïðèìåñè. 

Òàêèì îáðàçîì, ñîîòâåòñòâèå ðàñ÷åòíûõ ïðî-
ôèëåé êîíöåíòðàöèé O3 èçìåðåííûì äàííûì ïî-
çâîëÿåò óòâåðæäàòü î äîïóñòèìîñòè ïðèìåíåíèÿ 
äàííûõ ìîäåëåé ê èçó÷åíèþ îáðàçîâàíèÿ è ðàññåÿ-
íèÿ ïðèçåìíîãî îçîíà â ãîðîäå è åãî îêðåñòíîñòÿõ.  

Óäîâëåòâîðèòåëüíîå ñîãëàñîâàíèå ðåçóëüòàòîâ ðàñ-
÷åòà è íàáëþäåíèé ïðèçåìíîé êîíöåíòðàöèè îêñèäà 
óãëåðîäà óêàçûâàåò íà àäåêâàòíîñòü ïðåäñòàâëåíèÿ 
àäâåêòèâíî-äèôôóçèîííûõ ïðîöåññîâ â èñïîëüçóå-
ìîé ÷èñëåííîé ìîäåëè ïåðåíîñà ïðèìåñè. 

Äëÿ èçó÷åíèÿ ñóòî÷íîé äèíàìèêè ðàñïðåäåëå-
íèÿ ïðèçåìíîé êîíöåíòðàöèè îçîíà â èññëåäóåìîé 
îáëàñòè áûëà âûáðàíà îäíà èç òðåõ ðàññìàòðèâàå-
ìûõ ìîäåëåé, à èìåííî ïîñòðîåííàÿ íà îñíîâå 
GRS-ñõåìû Àççè [9]. 

Êàê îòìå÷àëîñü âûøå, äîìèíèðóþùåå âëèÿíèå 
íà ñêîðîñòü îáðàçîâàíèÿ îçîíà èãðàåò óðîâåíü ñîë-
íå÷íîé ðàäèàöèè, ÷òî ïðîÿâëÿåòñÿ â ñóòî÷íîì èç-
ìåíåíèè åãî êîíöåíòðàöèè. Äðóãèìè âàæíûìè ôàê-
òîðàìè ÿâëÿþòñÿ ðàñïîëîæåíèå èñòî÷íèêîâ âûáðî-
ñîâ, à òàêæå íàïðàâëåíèå è ñêîðîñòü âåòðà. Íà ðèñ. 
6,7 ïðåäñòàâëåíû èçîëèíèè ïðèçåìíîé êîíöåíòðà-
öèè îçîíà íà âûñîòå 10 ì íà 12 è 20 ÷ 20 ôåâðàëÿ 
2004 ã. 

Â äíåâíûå ÷àñû (ñì. ðèñ. 6), êîãäà ñîëíå÷íàÿ 
ðàäèàöèÿ íàèáîëåå èíòåíñèâíà, ìèíèìàëüíûå çíà-
÷åíèÿ ïðèçåìíîé êîíöåíòðàöèè îçîíà íàáëþäàþòñÿ 
â ÷åðòå ãîðîäà âñëåäñòâèå âûñîêîãî óðîâíÿ ìîíîîê-
ñèäà àçîòà, âûáðàñûâàåìîãî àâòîòðàíñïîðòîì  
è ïðîìûøëåííûìè ïðåäïðèÿòèÿìè. Âåòåð â äàííûé 
ìîìåíò âðåìåíè èìååò þãî-âîñòî÷íîå íàïðàâëåíèå, 
ïîýòîìó îáëàñòü íàèáîëüøèõ êîíöåíòðàöèé Î3 ðàñ-
ïîëîæåíà ó ñåâåðî-çàïàäíîé îêðàèíû ãîðîäà, ÷òî 
îáóñëîâëåíî âûíîñîì ïðèìåñè èç ãîðîäà è ñîçäàíè-
åì òåì ñàìûì áëàãîïðèÿòíûõ óñëîâèé äëÿ ãåíåðà-
öèè îçîíà çà ñ÷åò ôîòîëèçà NO2. Êðîìå òîãî,  
â ýòîì ðàéîíå ðàñïîëîæåíû ïðîìûøëåííûå ïðåä-
ïðèÿòèÿ, âûáðàñûâàþùèå ëåòó÷èå óãëåâîäîðîäíûå 
ñîåäèíåíèÿ, ïðèñóòñòâèå êîòîðûõ, êàê îòìå÷åíî 
âûøå, ïîâûøàåò ñêîðîñòü îáðàçîâàíèÿ ïðèçåìíîãî 
îçîíà. Òàêèì îáðàçîì, çà ãîðîäîì îáðàçóåòñÿ ïðî-
òÿæåííûé øëåéô ñ ïîâûøåííîé êîíöåíòðàöèåé 
îçîíà. 
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Ðèñ. 5. Ñðàâíåíèÿ ðåçóëüòàòîâ ðàñ÷åòîâ ïî ðàçëè÷íûì ìîäåëÿì ñ äàííûìè íàáëþäåíèé ïî êîíöåíòðàöèÿì îçîíà, äèîêñèäà 
àçîòà è îêñèäà óãëåðîäà, ñóììàðíîé ñîëíå÷íîé ðàäèàöèè, íàïðàâëåíèþ è ñêîðîñòè âåòðà äëÿ óñëîâèé 26–27 ìàÿ 2004 ã.  
Â ðàñ÷åòàõ èñïîëüçîâàíû íà÷àëüíûå ôîíîâûå çíà÷åíèÿ: O3 – 49 ìêã/ì3, NO2 – 93,5 ìêã/ì3, NO – 4,3 ìêã/ì3, CO –  
 0,1 ìã/ì3. Îáîçíà÷åíèÿ ñì. ðèñ. 3 
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Ðèñ. 6. Ðàñïðåäåëåíèå êîíöåíòðàöèè îçîíà (ìêã/ì3) â ðàñ- 
 ÷åòíîé îáëàñòè íà 12:00 20 ôåâðàëÿ 2004 ã.  

 

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

-15000 -10000 -5000 0 5000 10000 15000
-15000

-10000

-5000

0

5000

10000

15000

 
 –10000  –5000  0  5000  10000  y, ì 

Ðèñ. 7. Ðàñïðåäåëåíèå êîíöåíòðàöèè îçîíà (ìêã/ì3) â ðàñ- 
 ÷åòíîé îáëàñòè íà 20:00 20 ôåâðàëÿ 2004 ã.  

 

Ïîñëå çàõîäà ñîëíöà (ñì. ðèñ. 7) ôîòîõèìè÷å-
ñêèå ðåàêöèè ïðåêðàùàþòñÿ. Âûáðîñû îêñèäà àçîòà 
ïðèâîäÿò ê ïî÷òè ïîëíîìó ðàçðóøåíèþ îçîíà  
â ÷åðòå ãîðîäà è çà ãîðîäîì ñ ïîäâåòðåííîé ñòîðî-
íû. Ïîýòîìó íàèáîëüøèå êîíöåíòðàöèè îçîíà  
ê ýòîìó âðåìåíè ñîõðàíÿþòñÿ ñ íàâåòðåííîé ñòîðî-
íû ãîðîäà, ãäå íåñóùåñòâåííî âëèÿíèå àíòðîïîãåí-
íûõ èñòî÷íèêîâ. 

Òàêèì îáðàçîì, ðåçóëüòàòû ðàñ÷åòîâ ïîêàçû-
âàþò, ÷òî â äíåâíîå âðåìÿ íàèáîëüøèå ïðèçåìíûå 
êîíöåíòðàöèè îçîíà íàáëþäàþòñÿ çà ãîðîäîì ñ ïîä-
âåòðåííîé ñòîðîíû, ÷òî ñîãëàñóåòñÿ ñ èññëåäîâà-
íèÿìè [16]. Ïîñëå çàõîäà ñîëíöà – ñ íàâåòðåííîé, 
ãäå íå îòìå÷àåòñÿ âëèÿíèå ãîðîäà, îáóñëîâëåííîå 
âûáðîñàìè ìîíîîêñèäà àçîòà.  

Îöåíêà óñêîðåíèÿ  

Äëÿ ðàññìîòðåííûõ âûøå óñëîâèé íà êëàñòåðå 
Èíñòèòóòà îïòèêè àòìîñôåðû ÑÎ ÐÀÍ áûëà ïðî-
èçâåäåíà îöåíêà óñêîðåíèÿ ïàðàëëåëüíîãî àëãîðèò-
ìà ïî îòíîøåíèþ ê ïîñëåäîâàòåëüíîìó. Íà ðèñ. 8 
ïðåäñòàâëåíà çàâèñèìîñòü óñêîðåíèÿ îò ÷èñëà èñ-
ïîëüçóåìûõ ïðîöåññîðîâ.  
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 Ðèñ. 8. Óñêîðåíèå ïàðàëëåëüíîé ïðîãðàììû 

 

Âèäíî, ÷òî äëÿ íåáîëüøîãî êîëè÷åñòâà ïðîöåñ-
ñîðîâ, ïðèìåíÿåìûõ ïðè ðàñ÷åòàõ, íàáëþäàåòñÿ 
ïðàêòè÷åñêè ëèíåéíûé ðîñò ïðîèçâîäèòåëüíîñòè, 
ïðè ýòîì íà 10 óçëàõ äîñòèãàåòñÿ 9-êðàòíîå óñêîðå-
íèå, òîãäà êàê íà 20 − ëèøü 15-êðàòíîå, ÷òî ñâÿçà-
íî ñ ðîñòîì çàòðàò íà ìåæïðîöåññîðíûå îáìåíû. 
Òàêèì îáðàçîì, èñïîëüçîâàíèå áîëåå 10 ïðîöåññî-
ðîâ ìåíåå ýôôåêòèâíî. Îäíàêî ïîëó÷åííîå ïàäåíèå 
ïðîèçâîäèòåëüíîñòè âû÷èñëèòåëüíîé ïðîãðàììû 
ÿâëÿåòñÿ íåçíà÷èòåëüíûì, ÷òî ãîâîðèò î õîðîøåé 
ñòåïåíè ïàðàëëåëèçìà àëãîðèòìà è óäà÷íîì ïëàíè-
ðîâàíèè îáìåíîâ ìåæäó ïðîöåññàìè. 

Çàêëþ÷åíèå 

Ïðåäñòàâëåíû ðåçóëüòàòû ñðàâíåíèÿ òðåõ ñî-
êðàùåííûõ êèíåòè÷åñêèõ ìåõàíèçìîâ îáðàçîâàíèÿ 
îçîíà. Ïîëó÷åíî õîðîøåå ñîãëàñîâàíèå ìåæäó ðàñ-
÷åòíûìè çíà÷åíèÿìè ïðèçåìíîé êîíöåíòðàöèè çà-
ãðÿçíÿþùèõ àòìîñôåðó âåùåñòâ, ñêîðîñòè è íà-
ïðàâëåíèÿ âåòðà è äàííûìè íàáëþäåíèé, êîòîðîå 
ñâèäåòåëüñòâóåò î âîçìîæíîñòè ïðèìåíåíèÿ ðàñ-
ñìîòðåííûõ ìîäåëåé äëÿ èçó÷åíèÿ îáðàçîâàíèÿ, 
òðàíñôîðìàöèè è ðàññåÿíèÿ îçîíà â ÷åðòå ãîðîäà  
è åãî îêðåñòíîñòÿõ.  

Íà îñíîâå âûáðàííûõ ìîäåëåé âûÿâëåíû îñî-
áåííîñòè çàãðÿçíåíèÿ àòìîñôåðû ãîðîäà îçîíîì  
è åãî ïðåäøåñòâåííèêàìè, óñòàíîâëåíû ôàêòîðû, 
âëèÿþùèå íà îáðàçîâàíèå è ðàçðóøåíèå âòîðè÷íûõ 
çàãðÿçíèòåëåé, èññëåäîâàíî ïðîñòðàíñòâåííîå ðàñ-
ïðåäåëåíèå ïðèçåìíîé êîíöåíòðàöèè îçîíà â òå÷å-
íèå 1 ñóò. Äàííûå ìîäåëè ìîãóò áûòü èñïîëüçîâàíû 
ïðè îïåðàòèâíîì ïðîãíîçå êà÷åñòâà ãîðîäñêîãî âîç-
äóõà, ïîñêîëüêó èõ ïðèìåíåíèå îáåñïå÷èâàåò âûñî-
êóþ ñêîðîñòü ïîëó÷åíèÿ ðåçóëüòàòîâ ñ õîðîøåé 
òî÷íîñòüþ ïðåäñêàçàíèÿ.  

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå 
ÐÔÔÈ, ãðàíò ¹ 04-07-90219, è Ôåäåðàëüíîãî 
àãåíòñòâà ïî îáðàçîâàíèþ, ãðàíò ¹ À04-2.10-770. 
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D.A. Belikov and A.V. Starchenko.Investigation of secondary pollutant formation (ozone) in the at-
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To monitor and study of the urban air pollution by troposphere ozone, prognostic models of spreading pol-
lution taking unto account schemes of secondary pollutant formation are proposed. Eulerian model of turbulent 
diffusion containing transport equation with description of advection, turbulent diffusion, and chemical reac-
tion is used. In this work, three reduced kinetic mechanims of secondary pollutant formation are approved and 
compared with observed date. A short-term forecast the urban weather is realized with the us of an one-
dimensional unsteady model of atmospheric boundary layer. 

The following sources of primary pollution are considered industrial and heat powder stacks (point 
sources), vehicle emissions (linear sources) and large industrial area (area sources). 

The mathematical problem is solved with usage of a finite volume method.  
One of proposed models was applied to reveal the features of the urban air pollution by ozone and its pre-

cursors, to determine factors of pollution generation and destruction, to analyse the dynamics of ozone 24 
hours' distribution for various seasons.  

Results of comparison of predictions and observations allow one to apply used modeles, whose main ad-
vantage is high performance in forecasting of secondary air pollution distribution above urban regions. 


