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Äàí ñðàâíèòåëüíûé àíàëèç âàðèàöèîííîãî ìåòîäà è ìåòîäà ýôôåêòèâíûõ îïåðàòîðîâ, èñïîëüçóåìûõ 
äëÿ ãëîáàëüíîãî îïèñàíèÿ ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ìîëåêóë. Êðàòêî ïðåäñòàâëåíû îñíîâíûå ðåçóëü-
òàòû ïî ãëîáàëüíîìó ìîäåëèðîâàíèþ ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ìîëåêóë CO2, N2O, C2H2, H2O, O3  
è H2S, ïîëó÷åííûå ñîòðóäíèêàìè ëàáîðàòîðèè òåîðåòè÷åñêîé ñïåêòðîñêîïèè ÈÎÀ ÑÎ ÐÀÍ ïðè ó÷àñòèè 
êîëëåã èç CNRS (Ôðàíöèÿ) è NASA (ÑØÀ). 

 

Ââåäåíèå 

Ìíîãî÷èñëåííûå ïðèëîæåíèÿ ìîëåêóëÿðíîé 
ñïåêòðîñêîïèè âûñîêîãî ðàçðåøåíèÿ â àòìîñôåðíîé 
ôèçèêå, àñòðîôèçèêå è â ðàçëè÷íûõ òåõíîëîãè÷å-
ñêèõ èññëåäîâàíèÿõ òðåáóþò ðàñøèðåíèÿ ñïåê-
òðàëüíûõ èíòåðâàëîâ, áîëåå òî÷íîãî ìîäåëèðîâàíèÿ 
ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ìîëåêóë è áîëåå 
íàäåæíîãî ïðåäñêàçàíèÿ ýòèõ ñïåêòðîâ äëÿ ðàçëè÷-
íûõ èçîòîïè÷åñêèõ ìîäèôèêàöèé è âíåøíèõ óñëî-
âèé. Â ñâÿçè ñ ýòèì â ïîñëåäíèå ãîäû çíà÷èòåëüíî 
âîçðîñ èíòåðåñ ê ïðîáëåìå ãëîáàëüíîãî îïèñàíèÿ 
êîëåáàòåëüíî-âðàùàòåëüíûõ ñïåêòðîâ ìîëåêóë â äèà-
ïàçîíå äëèí âîëí îò ìèêðîâîëíîâîãî äî âèäèìîãî. 
Âñåâîçðàñòàþùèé èíòåðåñ ê ýòîé ïðîáëåìå îáó-
ñëîâëåí è òåì îáñòîÿòåëüñòâîì, ÷òî ìîäåëè, ãëî-
áàëüíî îïèñûâàþùèå ñïåêòðû â îñíîâíîì ýëåê-
òðîííîì ñîñòîÿíèè, ìîãóò áûòü èñïîëüçîâàíû äëÿ 
ïîëó÷åíèÿ íîâîé èíôîðìàöèè î âûñîêîâîçáóæäåí-
íûõ êîëåáàòåëüíî-âðàùàòåëüíûõ ñîñòîÿíèÿõ. Òàêàÿ 
âîçìîæíîñòü íàõîäèò øèðîêîå ïðèìåíåíèå â ïðî-
áëåìå âûñîêîòåìïåðàòóðíûõ ñïåêòðîâ ìîëåêóë. 

Â íàñòîÿùåå âðåìÿ èñïîëüçóþòñÿ äâà ïîäõîäà 
ê ïðîáëåìå ãëîáàëüíîãî îïèñàíèÿ êîëåáàòåëüíî-
âðàùàòåëüíûõ ñïåêòðîâ ìîëåêóë. Ïåðâûé ïîäõîä 
èñõîäèò èç ôóíêöèè ïîòåíöèàëüíîé ýíåðãèè, ôóíê-
öèè äèïîëüíîãî ìîìåíòà è îïåðàòîðà ïîëíîé êèíå-
òè÷åñêîé ýíåðãèè ÿäåð è áàçèðóåòñÿ íà ðåøåíèè 
óðàâíåíèÿ Øðåäèíãåðà âàðèàöèîííûìè èëè äðóãè-
ìè ÷èñëåííûìè ìåòîäàìè. Â îñíîâå âòîðîãî ïîäõî-
äà ëåæèò ìåòîä ýôôåêòèâíûõ îïåðàòîðîâ, èñïîëü-
çóþùèé àëãåáðàè÷åñêóþ òåõíèêó. Ñóòü ìåòîäà çà-
êëþ÷àåòñÿ â ïîñòðîåíèè ñ ïîìîùüþ òåîðèè âîçìó-
ùåíèé ýôôåêòèâíîãî ãàìèëüòîíèàíà è ñîîòâåòñò-
âóþùåãî åìó îïåðàòîðà ýôôåêòèâíîãî äèïîëüíîãî 
ìîìåíòà è â âîññòàíîâëåíèè ïàðàìåòðîâ ýòèõ ýô-
ôåêòèâíûõ îïåðàòîðîâ èç ýêñïåðèìåíòàëüíûõ ñïåê-
òðîâ. Îáà ïîäõîäà â íàñòîÿùåå âðåìÿ àêòèâíî èñ-
ïîëüçóþòñÿ â ëàáîðàòîðèè òåîðåòè÷åñêîé ñïåêòðî-
ñêîïèè ÈÎÀ ÑÎ ÐÀÍ. Â íàñòîÿùåé ñòàòüå ïðåä-

ñòàâëåíû íåêîòîðûå ðåçóëüòàòû ïî ãëîáàëüíîìó 
îïèñàíèþ ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ìîëåêóë, 
ïîëó÷åííûå â ëàáîðàòîðèè â ðàìêàõ îáîèõ ïîäõî-
äîâ â ñîòðóäíè÷åñòâå ñ êîëëåãàìè èç CNRS Ôðàí-
öèè è NASA ÑØÀ. 

1. Ìåòîä ýôôåêòèâíûõ îïåðàòîðîâ 

Ìåòîä ýôôåêòèâíûõ îïåðàòîðîâ øèðîêî èñ-
ïîëüçóåòñÿ àâòîðñêèì êîëëåêòèâîì äëÿ ãëîáàëüíîãî 
îïèñàíèÿ ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ëèíåéíûõ 
ïîëóæåñòêèõ ìîëåêóë, òàêèõ êàê CO2, N2O è C2H2. 
Â ðàìêàõ ýòîãî ìåòîäà èñõîäíûé êîëåáàòåëüíî-
âðàùàòåëüíûé ãàìèëüòîíèàí HVR ñ ïîìîùüþ ìà-
ëûõ óíèòàðíûõ ïðåîáðàçîâàíèé exp(–iS) ïðèâî-
äèòñÿ ê ýôôåêòèâíîìó ãàìèëüòîíèàíó 

 = −exp( ) exp( ),eff
VRH iS H iS  (1) 

ìàòðèöà êîòîðîãî â áàçèñå ñîáñòâåííûõ ôóíêöèé 
îïåðàòîðîâ ýíåðãèè ãàðìîíè÷åñêèõ êîëåáàíèé è æå-
ñòêîãî ñèììåòðè÷íîãî âîë÷êà çíà÷èòåëüíî ïðîùå, 
÷åì ìàòðèöà èñõîäíîãî êîëåáàòåëüíî-âðàùàòåëüíî- 
ãî ãàìèëüòîíèàíà. Òàêèå ïðåîáðàçîâàíèÿ, íàïðè-
ìåð, ìîãóò áûòü âûïîëíåíû ñ ïîìîùüþ ìåòîäà êîí-
òàêòíûõ ïðåîáðàçîâàíèé [1, 2], êîòîðûé ÿâëÿåòñÿ 
îäíîé èç ðàçíîâèäíîñòåé âûðîæäåííîé òåîðèè âîç-
ìóùåíèé.  

Ïðè èñïîëüçîâàíèè íîðìàëüíûõ êîîðäèíàò 
ìàòðè÷íûå ýëåìåíòû ýôôåêòèâíîãî ãàìèëüòîíèàíà 
âûðàæàþòñÿ ñ ïîìîùüþ ïðîñòûõ àíàëèòè÷åñêèõ 
ñîîòíîøåíèé ÷åðåç ïàðàìåòðû è êâàíòîâûå ÷èñëà. 
Îáû÷íî ñòðåìÿòñÿ âûäåëèòü â ìîëåêóëå ãðóïïû 
ðåçîíàíñíî-âçàèìîäåéñòâóþùèõ êîëåáàòåëüíûõ ñî-
ñòîÿíèé è ïðåîáðàçîâàòü êîëåáàòåëüíî-âðàùàòåëü- 
íûé ãàìèëüòîíèàí â ýôôåêòèâíûé ãàìèëüòîíèàí, 
ìàòðèöà êîòîðîãî èìååò áëî÷íî-äèàãîíàëüíûé âèä  
â áàçèñå êîëåáàòåëüíûõ ôóíêöèé íóëåâîãî ïðèáëè-
æåíèÿ. Îäíàêî ïðè ãëîáàëüíîì îïèñàíèè ñïåêòðîâ 
âûñîêîãî ðàçðåøåíèÿ ìîëåêóë ýòî íå âñåãäà âîç-
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ìîæíî èç-çà ðåçîíàíñíûõ âîçìóùåíèé, ñâÿçàííûõ  
ñ ïåðåêðûâàþùèìèñÿ ïîëèàäàìè, ÷òî áóäåò ïðîäå-
ìîíñòðèðîâàíî íèæå íà ïðèìåðå ìîëåêóëû N2O.  
 Óïðîùåíèå ðàñ÷åòîâ â ðàìêàõ ìåòîäà ýôôåê-
òèâíûõ îïåðàòîðîâ ñâÿçàíî ñ âîçìîæíîñòüþ äèàãî-
íàëèçàöèè êàæäîãî áëîêà ìàòðèöû ýôôåêòèâíîãî 
ãàìèëüòîíèàíà îòäåëüíî äëÿ íàõîæäåíèÿ åãî ñîáñò-
âåííûõ çíà÷åíèé è ñîáñòâåííûõ ôóíêöèé. È äàæå 
â òåõ ñëó÷àÿõ, êîãäà íåâîçìîæíî ðàçáèòü âñå êîëå-
áàòåëüíûå ñîñòîÿíèÿ íà êîíå÷íûå ïî ðàçìåðàì 
ãðóïïû ðåçîíàíñíî-âçàèìîäåéñòâóþùèõ êîëåáà-
òåëüíûõ ñîñòîÿíèé, «èçîëèðîâàííûå» äðóã îò äðó-
ãà, ìàòðèöà ýôôåêòèâíîãî ãàìèëüòîíèàíà âñå ðàâíî 
áóäåò áîëåå ïðîñòîé, ÷åì ìàòðèöà èñõîäíîãî êîëå-
áàòåëüíî-âðàùàòåëüíîãî ãàìèëüòîíèàíà. 

Ðàñ÷åò èíòåíñèâíîñòåé ñïåêòðàëüíûõ ëèíèé 
ïîãëîùåíèÿ â ðàìêàõ ìåòîäà ýôôåêòèâíûõ îïåðà-
òîðîâ ìîæåò áûòü âûïîëíåí ñ èñïîëüçîâàíèåì ñîá-
ñòâåííûõ ôóíêöèé ýôôåêòèâíîãî ãàìèëüòîíèàíà, 
íî ïðè ýòîì íåîáõîäèìî èñïîëüçîâàòü îïåðàòîð 
ýôôåêòèâíîãî äèïîëüíîãî ìîìåíòà, êîòîðûé ïîëó-
÷àåòñÿ èç îïåðàòîðà äèïîëüíîãî ìîìåíòà μ òåìè æå 
ñàìûìè óíèòàðíûìè ïðåîáðàçîâàíèÿìè: 

 µ = µ −exp( ) exp( ),eff
iS iS  (2) 

÷òî è ýôôåêòèâíûé ãàìèëüòîíèàí èç êîëåáàòåëüíî-
âðàùàòåëüíîãî ãàìèëüòîíèàíà. 

Â ïðàêòè÷åñêèõ ïðèëîæåíèÿõ ýòîãî ìåòîäà  
ê ìîäåëèðîâàíèþ ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ 
ìîëåêóë â áîëüøèíñòâå ðàáîò íå ïðîâîäÿò âûêëà-
äîê, ñâÿçàííûõ ñ òåîðèåé âîçìóùåíèé, à, áàçèðóÿñü 
íà òîì, ÷òî â ðåçóëüòàòå ýòèõ âûêëàäîê ýôôåêòèâ-
íûé ãàìèëüòîíèàí è îïåðàòîð ýôôåêòèâíîãî äè-
ïîëüíîãî ìîìåíòà ïðåäñòàâëÿþò ñîáîé îïðåäåëåí-
íûå ðÿäû ïî êîëåáàòåëüíûì è âðàùàòåëüíûì îïå-
ðàòîðàì, âûïèñûâàþò îïåðàòîðíûå ÷ëåíû ýòèõ ðÿ-
äîâ, èñõîäÿ èç òðåáîâàíèé ñèììåòðèè. Ïàðàìåòðû 
ýòèõ îïåðàòîðîâ îáúÿâëÿþò ýìïèðè÷åñêèìè ïàðà-
ìåòðàìè è íàõîäÿò èõ ïîäãîíêîé ê ýêñïåðèìåí-
òàëüíûì çíà÷åíèÿì ÷àñòîò ïåðåõîäîâ (â ñëó÷àå ýô-
ôåêòèâíîãî ãàìèëüòîíèàíà) èëè ê ýêñïåðèìåíòàëü-
íûì çíà÷åíèÿì èíòåíñèâíîñòåé ëèíèé (â ñëó÷àå 
îïåðàòîðà ýôôåêòèâíîãî äèïîëüíîãî ìîìåíòà). 

Â íåäàâíèõ ðàáîòàõ [3, 4] ðåàëèçîâàíû àëãî-
ðèòìû ðàñ÷åòà ïàðàìåòðîâ âûñîêîãî ïîðÿäêà, ïî-
çâîëÿþùèå ñòðîèòü íåýìïèðè÷åñêèå ýôôåêòèâíûå 
ìîäåëè èç ïîòåíöèàëüíûõ ôóíêöèé è ôóíêöèé äè-
ïîëüíîãî ìîìåíòà. 

1.1. Ìîëåêóëà ÑÎ2 

Ñåðèÿ ðàáîò [5–21] ïîñâÿùåíà ãëîáàëüíîìó 
ìîäåëèðîâàíèþ ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ìî-
ëåêóëû óãëåêèñëîãî ãàçà è åå èçîòîïè÷åñêèõ ìîäè-
ôèêàöèé. Âî âñåõ ðàáîòàõ èñïîëüçîâàëàñü ïîëèàäíàÿ 
ìîäåëü ýôôåêòèâíîãî ãàìèëüòîíèàíà [5, 8, 10, 22], 
ñîäåðæàùàÿ âêëàäû âïëîòü äî øåñòîãî ïîðÿäêà ïî 
òåîðèè âîçìóùåíèé. Ýòà ìîäåëü ó÷èòûâàåò âñå ðå-
çîíàíñíûå âçàèìîäåéñòâèÿ, âîçíèêàþùèå âñëåäñò-
âèå ïðèáëèæåííîãî ñîîòíîøåíèÿ ìåæäó ãàðìîíè÷å-
ñêèìè ÷àñòîòàìè: ω ≈ ω1 22  è ω ≈ ω3 23 . Ïàðàìåòðû 

ýòîãî ýôôåêòèâíîãî ãàìèëüòîíèàíà áûëè ýìïèðè÷å-

ñêè îïðåäåëåíû ñ ïîìîùüþ ìåòîäà íàèìåíüøèõ 
êâàäðàòîâ èç ýêñïåðèìåíòàëüíûõ çíà÷åíèé öåíòðîâ 
ñïåêòðàëüíûõ ëèíèé, âçÿòûõ èç ðàçëè÷íûõ ïóáëè-
êàöèé. Êàæäàÿ èçîòîïè÷åñêàÿ ìîäèôèêàöèÿ ìîëå-
êóëû ðàññìàòðèâàëàñü îòäåëüíî. Â òåõ ñëó÷àÿõ, 
êîãäà ýòî áûëî íåîáõîäèìî, ñ ïîìîùüþ ïðèíöèïà 
Ðèòöà ïðîâîäèëàñü ïåðåêàëèáðîâêà âõîäíûõ ýêñïå-
ðèìåíòàëüíûõ ÷àñòîò ïåðåõîäîâ îòíîñèòåëüíî âû-
ñîêîòî÷íûõ ìèêðîâîëíîâûõ è ëàçåðíî-ãåòåðîäèí- 
íûõ äàííûõ. Äëÿ âñåõ ðàññìîòðåííûõ èçîòîïîâ 
áûëà äîñòèãíóòà òî÷íîñòü ìîäåëèðîâàíèÿ ÷àñòîò 
ïåðåõîäîâ, êîòîðàÿ áëèçêà ê ïîãðåøíîñòè ýêñïåðè-
ìåíòàëüíûõ äàííûõ. Â òàáë. 1 ïðîñóììèðîâàíû 
ðåçóëüòàòû ìîäåëèðîâàíèÿ öåíòðîâ ëèíèé ðàçëè÷-
íûõ èçîòîïè÷åñêèõ ìîäèôèêàöèé ìîëåêóëû óãëå-
êèñëîãî ãàçà. 

 

Ò à á ë è ö à  1  

Ðåçóëüòàòû ìîäåëèðîâàíèÿ öåíòðîâ ñïåêòðàëüíûõ ëèíèé 
ðàçëè÷íûõ èçîòîïè÷åñêèõ ìîäèôèêàöèé ìîëåêóëû ÑÎ2 

Èçîòîï 12C16O2
13C16O2 

16O12C18O 16O12C17O 16O13C18O

×èñëî  
ëèíèé 29000 14650 6600 1800 6411 
×èñëî  
ïîëîñ 364 181 72 30 58 
ÑÊÎ, cì–1 0,002 0,002 0,001 0,001 0,002 
χ 1,69 2,00 2,15 1,63 1,77 
×èñëî  
ïàðàìåòðîâ 130 96 73 45 61 

 

Ï ð è ì å ÷ à í è å .  ÑÊÎ – ñðåäíåêâàäðàòè÷åñêîå îò-
êëîíåíèå; χ – âçâåøåííîå ñòàíäàðòíîå îòêëîíåíèå. 

 
Ïðè ìîäåëèðîâàíèè èíòåíñèâíîñòåé ëèíèé èñ-

ïîëüçîâàëèñü ñîáñòâåííûå ôóíêöèè ýôôåêòèâíûõ 
ãàìèëüòîíèàíîâ, êîòîðûå áûëè ïîëó÷åíû ðàíåå  
â ðåçóëüòàòå ìîäåëèðîâàíèÿ öåíòðîâ ëèíèé. Ïàðà-
ìåòðû îïåðàòîðîâ ýôôåêòèâíîãî äèïîëüíîãî ìîìåíòà 
îïðåäåëÿëèñü èç ýêñïåðèìåíòàëüíûõ çíà÷åíèé èíòåí-
ñèâíîñòåé ñïåêòðàëüíûõ ëèíèé, ñîáðàííûõ èç ëèòå-
ðàòóðû, à òàêæå ïîëó÷åííûõ â ðåçóëüòàòå ïðîâåäå-
íèÿ ðÿäà ýêñïåðèìåíòîâ íàøèìè êîëëåãàìè [11, 13, 
14, 18–20]. Ïðè ýòîì èñïîëüçîâàëñÿ ñåðèàëüíûé 
ïîäõîä, ïîñêîëüêó èíòåíñèâíîñòè ëèíèé êàæäîé 
ñåðèè ïåðåõîäîâ ΔP, ãäå P = 2V1 + V2 + 3V3 – 
íîìåð ïîëèàäû, îïðåäåëÿþòñÿ ñâîèì ñîáñòâåííûì 
íàáîðîì ïàðàìåòðîâ ýôôåêòèâíîãî äèïîëüíîãî ìî-
ìåíòà. Íà ðèñ. 1 ïðåäñòàâëåíû èçîòîïû è ñåðèè 
ïåðåõîäîâ (ñïåêòðàëüíûå îáëàñòè), äëÿ êîòîðûõ 
ïðîâåäåíî ìîäåëèðîâàíèå èíòåíñèâíîñòåé ñïåê-
òðàëüíûõ ëèíèé.  

Îòìåòèì, ÷òî âî âñåõ ñëó÷àÿõ ïîëó÷åííûå íà-
áîðû ïàðàìåòðîâ ýôôåêòèâíîãî äèïîëüíîãî ìîìåí-
òà âîñïðîèçâîäÿò ýêñïåðèìåíòàëüíûå èíòåíñèâíî-
ñòè ñ òî÷íîñòüþ, ëåæàùåé âíóòðè ýêñïåðèìåíòàëü-
íîé íåîïðåäåëåííîñòè. 

Ïðîâåäåííîå ìîäåëèðîâàíèå ñïåêòðîâ âûñîêîãî 
ðàçðåøåíèÿ ìîëåêóëû óãëåêèñëîãî ãàçà ïîçâîëèëî 
ñîçäàòü äâå âåðñèè áàíêà ïàðàìåòðîâ ñïåêòðàëüíûõ 
ëèíèé: âåðñèþ äëÿ àòìîñôåðíûõ ïðèëîæåíèé 
CDSD-296 [23] è âåðñèþ äëÿ âûñîêîòåìïåðàòóðíûõ 
ïðèëîæåíèé CDSD-1000 [24]. Îáå ýòèõ âåðñèè ðàç-
ìåùåíû íà ñàéòå Èíñòèòóòà îïòèêè àòìîñôåðû 

2. Îïòèêà àòìîñôåðû è îêåàíà, ¹ 5. 
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Ðèñ. 1. Ñïåêòðàëüíûå îáëàñòè èçîòîïîâ óãëåêèñëîãî ãàçà, äëÿ êîòîðûõ ïðîâåäåíî ìîäåëèðîâàíèå ñïåêòðîâ  

âûñîêîãî ðàçðåøåíèÿ 
 

è íàõîäÿòñÿ â ñâîáîäíîì äîñòóïå ïî ñëåäóþùèì 
àäðåñàì: http://cdsd.iao.ru (http://cdsd.lpma. 
jussieu.fr), ftp://ftp.iao.ru/pub/CDSD-296 è ftp:// 
ftp.iao.ru/pub/CDSD-1000. 

1.2. Ìîëåêóëà N2O 

Íà ïåðâîì ýòàïå ïðè ãëîáàëüíîì ìîäåëèðîâà-
íèè ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ìîëåêóëû çàêèñè 
àçîòà áûëà èñïîëüçîâàíà ïîëèàäíàÿ ìîäåëü ýôôåê-
òèâíîãî ãàìèëüòîíèàíà [25]. Âîçíèêíîâåíèå ïîëèàä 
êîëåáàòåëüíûõ ñîñòîÿíèé â ýòîé ìîëåêóëå îáóñëîâ-
ëåíî ñëåäóþùèì ïðèáëèæåííûì ñîîòíîøåíèåì ìåæ-
äó ãàðìîíè÷åñêèìè ÷àñòîòàìè: ω3 ≈ 2ω1 ≈ 4ω2. Ïîëè-
àäíàÿ ìîäåëü ýôôåêòèâíîãî ãàìèëüòîíèàíà ó÷èòû-
âàåò â ÿâíîì âèäå àíãàðìîíè÷åñêèå è àíãàðìîíè÷å-

ñêèå + �-òèï ðåçîíàíñíûå âçàèìîäåéñòâèÿ. Ðåçóëü-

òàò ìîäåëèðîâàíèÿ öåíòðîâ ëèíèé ñ èñïîëüçîâàíè-
åì ýòîé ìîäåëè ïðåäñòàâëåí â òàáë. 2.  

 

Ò à á ë è ö à  2  

Ðåçóëüòàòû ìîäåëèðîâàíèÿ öåíòðîâ ñïåêòðàëüíûõ ëèíèé 
ìîëåêóëû N2Î 

Ìîäåëü 
×èñëî 

ïàðàìåðîâ 
×èñëî 
ïîëîñ 

×èñëî 
ëèíèé 

Jmax 

χ 
ÑÊÎ,

10–3
 ñì–1

Ïîëèàäíàÿ 155 250 25000 104 3,16 2,2 

Íåïîëèàäíàÿ 145 339 28500 104 6,53 12,0 
 

Ñì. ïðèìå÷àíèå ê òàáë. 1. 

Ïîëó÷åííûé íàáîð ïàðàìåòðîâ ýôôåêòèâíîãî 
ãàìèëüòîíèàíà î÷åíü õîðîøî âîñïðîèçâîäèò öåíòðû 
ñïåêòðàëüíûõ ëèíèé áîëüøèíñòâà ïîëîñ, îäíàêî 
íåâÿçêè ìåæäó ðàññ÷èòàííûìè è ýêñïåðèìåíòàëü-
íûìè çíà÷åíèÿìè öåíòðîâ ëèíèé äëÿ íåêîòîðûõ 
ïîëîñ, ëåæàùèõ â âûñîêî÷àñòîòíîé îáëàñòè ñïåê-
òðà, îêàçàëèñü î÷åíü áîëüøèìè (äî 1,2 ñì–1). Àíà-
ëèç ýòîé ñèòóàöèè ïîêàçàë, ÷òî ñîîòâåòñòâóþùèå 
ïîëîñû âîçìóùåíû ìåæïîëèàäíûìè êîðèîëèñîâû-
ìè è àíãàðìîíè÷åñêèìè ðåçîíàíñíûìè âçàèìîäåé-
ñòâèÿìè [26–28]. 

Íà âòîðîì ýòàïå áûëà ïðåäëîæåíà íîâàÿ íåïî-
ëèàäíàÿ ìîäåëü ýôôåêòèâíîãî ãàìèëüòîíèàíà [29], 
êîòîðàÿ ó÷èòûâàåò ìåæïîëèàäíûå êîðèîëèñîâû  
è àíãàðìîíè÷åñêèå ðåçîíàíñíûå âçàèìîäåéñòâèÿ. 
Ìàòðèöà ýòîãî ãàìèëüòîíèàíà íå èìååò ïîëèàäíîé 
ñòðóêòóðû. Ïðè äèàãîíàëèçàöèè íåîáõîäèìî îáðû-
âàòü ýòó ìàòðèöó. Äëÿ ïîëó÷åíèÿ ðåçóëüòàòîâ, 
áëèçêèõ ïî òî÷íîñòè ñîâðåìåííîìó ýêñïåðèìåíòó,  
â öèêëå îáðàòíîé çàäà÷è ïðèõîäèòñÿ äèàãîíàëèçî-
âàòü ìàòðèöû áîëüøîé ðàçìåðíîñòè, ÷òî òðåáóåò 
äîñòàòî÷íî ìíîãî êîìïüþòåðíûõ ðåñóðñîâ. Ïðåäâà-
ðèòåëüíûå ðåçóëüòàòû ìîäåëèðîâàíèÿ öåíòðîâ 
ñïåêòðàëüíûõ ëèíèé â ðàìêàõ íåïîëèàäíîé ìîäåëè 
ýôôåêòèâíîãî ãàìèëüòîíèàíà òàêæå ïðåäñòàâëåíû  
â òàáë. 2. Îáå ìîäåëè ýôôåêòèâíîãî ãàìèëüòîíèàíà 
óñïåøíî èñïîëüçîâàíû äëÿ àíàëèçà ýêñïåðèìåí-
òàëüíûõ ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ìîëåêóëû 
N2O [26–31]. 

Ïðè ðàñ÷åòå èíòåíñèâíîñòåé ëèíèé ýòîé ìîëå-
êóëû èñïîëüçîâàëèñü ñîáñòâåííûå ôóíêöèè îáåèõ 



 Ãëîáàëüíîå ìîäåëèðîâàíèå ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ìîëåêóë àòìîñôåðíûõ ãàçîâ 401 
 

ìîäåëåé ýôôåêòèâíîãî ãàìèëüòîíèàíà. Èíòåíñèâ-
íîñòè áûëè ïðîìîäåëèðîâàíû â øèðîêîì äèàïàçîíå 
äëèí âîëí îò 20 äî 0,98 ìêì [32–35]. Ðåçóëüòàòû 
ìîäåëèðîâàíèÿ ïðåäñòàâëåíû â òàáë. 3, â êîòîðîé 
âåñü âûøåóêàçàííûé äèàïàçîí ðàçáèò íà ïîääèàïà-
çîíû, ñîîòâåòñòâóþùèå ñåðèÿì ïåðåõîäîâ ΔP, ãäå 
P = 2V1 + V2 + 4V3 – íîìåð ïîëèàäû. Äëÿ ΔP = 
= 1, 3, 5, 6 ïðîâåäåíî ìîäåëèðîâàíèå òîëüêî èíòå-
ãðàëüíûõ èíòåíñèâíîñòåé ïîëîñ [36]. 

 

Ò à á ë è ö à  3  

Ðåçóëüòàòû ìîäåëèðîâàíèÿ èíòåíñèâíîñòåé  
ñïåêòðàëüíûõ ëèíèé ìîëåêóëû N2Î 

ΔP 
×èñëî  

ïàðàìåòðîâ 
×èñëî 
ëèíèé 

×èñëî 
ïîëîñ 

χ ÑÊÎ, %

2 11 1136 11 1,3 4,2 
4 12 652 10 0,4  

7–9 47 3788 69 1,0 2,9 
10 22 4501 26 0,9 12,2 
11 2 56 1 1,1 9,5 
12 14 832 13 0,6 5,8 
13 2 18 1 0,5 11,8 
14 8 434 10 0,6 14,5 
16 10 568 10 0,6 9,1 
18 4 130 3 0,5 9,2 

 

Ñì. ïðèìå÷àíèå ê òàáë. 1. 

1.3. Ìîëåêóëà Ñ2Í2 

Ãëîáàëüíîå ìîäåëèðîâàíèå ñïåêòðîâ âûñîêîãî 
ðàçðåøåíèÿ ìîëåêóëû àöåòèëåíà ïðîâîäèëîñü â ðàì-
êàõ ïîëèàäíîé ìîäåëè ýôôåêòèâíîãî ãàìèëüòîíèà-
íà [37]. Ïîëèàäíàÿ ñòðóêòóðà êîëåáàòåëüíûõ óðîâ-
íåé ýíåðãèè â ýòîé ìîëåêóëå âîçíèêàåò âñëåäñòâèå 
ñëåäóþùèõ ïðèáëèæåííûõ ñîîòíîøåíèé ìåæäó 
ãàðìîíè÷åñêèìè ÷àñòîòàìè:  

 ω ≈ ω ≈ ω ≈ ω ω ≈ ω ≈ ω1 3 4 5 2 4 55 5 , 3 3 .   

Ñ èñïîëüçîâàíèåì ýôôåêòèâíîãî ãàìèëüòîíèà-
íà, ïðåäëîæåííîãî â [37], áûëà ïðîèçâåäåíà ïîä-
ãîíêà 9046 öåíòðîâ ëèíèé 142 ïîëîñ, ëåæàùèõ â äèà-
ïàçîíå 50–10120 ñì–1. Â ðåçóëüòàòå áûë ýìïèðè÷å-
ñêè îïðåäåëåí íàáîð èç 150 ïàðàìåòðîâ ýôôåêòèâ-
íîãî ãàìèëüòîíèàíà, êîòîðûé âîñïðîèçâîäèò âõîä-
íûå äàííûå ñî ñðåäíåêâàäðàòè÷åñêèì îòêëîíåíèåì, 
ðàâíûì 0,005 ñì–1 [38]. Íà ðèñ. 2 ïðåäñòàâëåíû 
ñðåäíèå (äëÿ êàæäîé ïîëîñû) è ñðåäíåêâàäðàòè÷å-
ñêèå (òàêæå äëÿ êàæäîé ïîëîñû) îòêëîíåíèÿ ðàñ-
ñ÷èòàííûõ çíà÷åíèé öåíòðîâ ëèíèé îò èõ ýêñïåðè-
ìåíòàëüíûõ çíà÷åíèé.  

Íåñìîòðÿ íà òî ÷òî òî÷íîñòü âîñïðîèçâåäåíèÿ 
âõîäíûõ ýêñïåðèìåíòàëüíûõ äàííûõ ñ ïîìîùüþ 
âîññòàíîâëåííîãî íàáîðà ïàðàìåòðîâ âåñüìà âûñî-
êà, ýêñòðàïîëÿöèîííûå è èíòåðïîëÿöèîííûå ðàñ÷å-
òû ñ ýòèì ãàìèëüòîíèàíîì ïîêà óñòóïàþò ïî òî÷íî-
ñòè àíàëîãè÷íûì ðàñ÷åòàì è äëÿ ìîëåêóëû óãëåêè-
ñëîãî ãàçà, è äëÿ ìîëåêóëû çàêèñè àçîòà. Ïðè÷èíà 
çàêëþ÷àåòñÿ â òîì, ÷òî íåñêîëüêî âàæíûõ ïàðàìåò-
ðîâ ýòîãî ãàìèëüòîíèàíà â íàøåì íàáîðå îòñóòñòâó-
åò, ïîñêîëüêó â ëèòåðàòóðå íåò ñîîòâåòñòâóþùåé 
ýêñïåðèìåíòàëüíîé ñïåêòðîñêîïè÷åñêîé èíôîðìà-
öèè äëÿ èõ îïðåäåëåíèÿ. Â íàñòîÿùåå âðåìÿ ïëà-

íèðóåòñÿ ýêñïåðèìåíò äëÿ âîñïîëíåíèÿ ýòîé íåäîñ-
òàþùåé èíôîðìàöèè. 
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Ðèñ. 2. Ñðàâíåíèå ðàññ÷èòàííûõ çíà÷åíèé öåíòðîâ ëèíèé 
ìîëåêóëû C2H2 ñ èõ ýêñïåðèìåíòàëüíûìè çíà÷åíèÿìè. 
Ïðåäñòàâëåíû ñðåäíèå (êâàäðàòû) è ñðåäíåêâàäðàòè÷å-
ñêèå (òðåóãîëüíèêè) îòêëîíåíèÿ äëÿ êàæäîé ïîëîñû,  
 ó÷àñòâîâàâøåé â ïîäãîíêå 

 

Èíòåíñèâíîñòè ëèíèé î÷åíü õîðîøî ìîäåëè-
ðóþòñÿ ñ ïîìîùüþ ñîáñòâåííûõ ôóíêöèé ïîëó÷åí-
íîãî ýôôåêòèâíîãî ãàìèëüòîíèàíà. Ïîñêîëüêó àöå-
òèëåí ÿâëÿåòñÿ ÷åòûðåõàòîìíîé ëèíåéíîé ìîëåêó-
ëîé, òî ôîðìóëû, èñïîëüçóåìûå äëÿ ðàñ÷åòà èíòåí-
ñèâíîñòåé ëèíèé, äîëæíû áûòü çíà÷èòåëüíî ìîäè-
ôèöèðîâàíû ïî ñðàâíåíèþ ñ ñîîòâåòñòâóþùèìè 
ôîðìóëàìè äëÿ òðåõàòîìíûõ ìîëåêóë, ÷òî è áûëî 
ñäåëàíî â ðàáîòàõ [39, 40]. Èíòåíñèâíîñòè ïðîìî-
äåëèðîâàíû â øèðîêîì äèàïàçîíå äëèí âîëí, à èìåí-
íî äëÿ ñåðèé ïåðåõîäîâ ΔP = 1÷8 è 10 [40–45]. 
Çäåñü íîìåð ïîëèàäû P îïðåäåëåí ñëåäóþùèì ñî-
îòíîøåíèåì ÷åðåç êîëåáàòåëüíûå êâàíòîâûå ÷èñëà 
Vi (i = 1, 2, 3, 4, 5):  

 = + + + +1 2 3 4 55 3 5 .P V V V V V   

Â òàáë. 4 ïðåäñòàâëåíû ðåçóëüòàòû ýòîãî ìîäå-
ëèðîâàíèÿ. 

 

Ò à á ë è ö à  4  

Ðåçóëüòàòû ìîäåëèðîâàíèÿ èíòåíñèâíîñòåé  
ñïåêòðàëüíûõ ëèíèé ìîëåêóëû Ñ2Í2 

Ñåðèÿ ΔP  1  2  3  4  5  6  7  8  10
Ðàéîí, ìêì 13,6 7,8 5,0 3,8 3,0 2,5 2,2 1,9 1,5
×èñëî ïîëîñ 6 3 15 5 20 9 8 7 4 
×èñëî ëèíèé 431 115 535 245 591 665 444 300 269
×èñëî  
ïàðàìåòðîâ 4 3 18 8 6 10 11 17 4 
ÑÊÎ, % 3,6 4,4 4,7 1,4 4,2 3,5 3,6 3,5 1,3
χ 0,8 1,0 1,0 0,5 0,6 0,6 0,9 0,5 0,7

 

Ñì. ïðèìå÷àíèå ê òàáë. 1. 

2. Ãëîáàëüíûå ðàñ÷åòû 
âàðèàöèîííîãî òèïà 

Ðàñ÷åòû êîëåáàòåëüíî-âðàùàòåëüíûõ ñïåêòðîâ 
èç ôóíêöèé ïîòåíöèàëüíîé ýíåðãèè è ôóíêöèé äè-
ïîëüíîãî ìîìåíòà îñóùåñòâëÿþòñÿ, êàê ïðàâèëî, ñ èñ-
ïîëüçîâàíèåì âàðèàöèîííîãî ïîäõîäà èëè áëèçêèõ  

2*. 
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ê íåìó ïî ïîñòàíîâêå çàäà÷è ìåòîäîâ. Áîëüøèíñòâî 
èç íèõ èìåþò îáùóþ ÷åðòó, à èìåííî: êâàíòîâî-
ìåõàíè÷åñêàÿ çàäà÷à íàõîæäåíèÿ ñîáñòâåííûõ çíà-
÷åíèé îïåðàòîðà ýíåðãèè, çàâèñÿùåãî îò 3N – 3 
ñïåöèàëüíûì îáðàçîì âûáðàííûõ êîëåáàòåëüíî-
âðàùàòåëüíûõ êîîðäèíàò, ðåøàåòñÿ ÷èñëåííî. Äëÿ 
óìåíüøåíèÿ ðàçìåðà ìàòðèöû êîëåáàòåëüíî-
âðàùàòåëüíîãî ãàìèëüòîíèàíà èñïîëüçóþòñÿ ðàç-
ëè÷íûå ñòðàòåãèè åå ñæàòèÿ è îáðûâà [46–50]. Îò-
ìåòèì, ÷òî â ëèòåðàòóðå øèðîêî èñïîëüçóþòñÿ ìå-
òîä äèñêðåòíîãî ïðåäñòàâëåíèÿ ïåðåìåííûõ (DVR) 
[51], à òàêæå ìåòîä ôèëüòðîâîé äèàãîíàëèçàöèè, 
õîðîøî ïðèñïîñîáëåííûé äëÿ óëó÷øåíèÿ ñõîäèìî-
ñòè ñîáñòâåííûõ çíà÷åíèé âûñîêîâîçáóæäåííûõ 
ñîñòîÿíèé [52]. 

Â îòëè÷èå îò àëãåáðàè÷åñêîãî ìåòîäà ýôôåê-
òèâíûõ îïåðàòîðîâ, ïðåäñòàâëåííîãî â ïðåäûäóùèõ 
ðàçäåëàõ, âàðèàöèîííûé è ðîäñòâåííûå åìó ìåòîäû 
èñïîëüçóþò èíòåãðîäèôôåðåíöèàëüíóþ òåõíèêó 
ïðè ðàñ÷åòå ìàòðè÷íûõ ýëåìåíòîâ. Ýòè äâà òåîðå-
òè÷åñêèõ ïîäõîäà èñïîëüçóþò, êàê ïðàâèëî, ñóùå-
ñòâåííî ðàçëè÷íûå êîîðäèíàòû è ìîëåêóëÿðíî-
ôèêñèðîâàííûå îñè è îáëàäàþò ðàçëè÷íûìè ýêñò-
ðàïîëÿöèîííûìè âîçìîæíîñòÿìè. Äåòàëüíîå ñðàâ-
íåíèå ýòèõ äâóõ ïîäõîäîâ äàíî â îáçîðå [53].  

Îäíèì èç ïðåèìóùåñòâ âàðèàöèîííîãî ïîäõîäà 
ÿâëÿåòñÿ êîíöåïòóàëüíàÿ ïðîñòîòà â ïðåäñêàçàíèè 
ñïåêòðîâ èçîòîïè÷åñêèõ ìîäèôèêàöèé ìîëåêóëû.  
Â ðàìêàõ ïðèáëèæåíèÿ Áîðíà–Îïïåíãåéìåðà ïî-
âåðõíîñòü ïîòåíöèàëüíîé ýíåðãèè è ïîâåðõíîñòü 
äèïîëüíîãî ìîìåíòà ÿâëÿþòñÿ èçîòîïè÷åñêè èíâà-
ðèàíòíûìè, à îïåðàòîð êèíåòè÷åñêîé ýíåðãèè äëÿ 
òðåõàòîìíûõ ìîëåêóë ÿâëÿåòñÿ òî÷íî îïðåäåëåí-
íûì [46, 47, 50]. Ýòè óòâåðæäåíèÿ îñòàþòñÿ ñïðà-
âåäëèâûìè è ïðè ó÷åòå ðåëÿòèâèñòñêèõ ïîïðàâîê 
[54, 62].  

Òàêèì îáðàçîì, â ðàìêàõ ïðèáëèæåíèÿ Áîðíà–
Îïïåíãåéìåðà â âàðèàöèîííîì ïîäõîäå äëÿ ðàñ÷åòà 
ñïåêòðîâ èçîòîïè÷åñêîé ìîäèôèêàöèè ìîëåêóëû 
äîñòàòî÷íî òîëüêî çàìåíèòü ìàññû â îïåðàòîðå êè-
íåòè÷åñêîé ýíåðãèè, ñîõðàíÿÿ ïðîöåäóðó ïîñëåäóþ-
ùèõ âû÷èñëåíèé ïðàêòè÷åñêè íåèçìåííîé, â òî âðå-
ìÿ êàê â ðàìêàõ ìåòîäà ýôôåêòèâíûõ îïåðàòîðîâ, 
êîòîðûé èñïîëüçóåò ìàññîâî-çàâèñèìûå íîðìàëüíûå 
êîîðäèíàòû, íåîáõîäèìî ïåðåîïðåäåëèòü ïàðàìåòðû 
êàê ýôôåêòèâíîãî ãàìèëüòîíèàíà, òàê è îïåðàòîðà 
ýôôåêòèâíîãî äèïîëüíîãî ìîìåíòà, à â ðÿäå ñëó÷à-
åâ (÷àùå âñåãî ïðè ïîíèæåíèè ñèììåòðèè ìîëåêó-
ëû) íåîáõîäèìî èçìåíèòü ñõåìó è õàðàêòåð âîçìó-
ùåíèé.  

Îòìåòèì, ÷òî äëÿ ïðèìåíåíèÿ âàðèàöèîííûõ 
ðàñ÷åòîâ â ñïåêòðîñêîïèè âûñîêîãî ðàçðåøåíèÿ 
íåîáõîäèìû î÷åíü òî÷íûå ïîâåðõíîñòè êàê ïîòåí-
öèàëüíîé ýíåðãèè, òàê è äèïîëüíîãî ìîìåíòà. Òà-
êèå ïîâåðõíîñòè íåäàâíî áûëè îïðåäåëåíû ñ ïîìî-
ùüþ ab initio ðàñ÷åòîâ è ýìïèðè÷åñêîé îïòèìèçà-
öèè äëÿ íåñêîëüêèõ òðåõàòîìíûõ ìîëåêóë, òàêèõ 
êàê ìîëåêóëà âîäÿíîãî ïàðà [54–57], îçîíà [58–61], 
ñåðîâîäîðîäà [62–66], à òàêæå äëÿ ðÿäà äðóãèõ 
ìîëåêóë. Ïðè ó÷åòå áîëåå âûñîêèõ ïðèáëèæåíèé 
ðàçäåëåíèå ýëåêòðîííûõ ñîñòîÿíèé ïðèâîäèò ê ìàñ-
ñîâî-çàâèñèìûì ïîïðàâêàì â ïîâåðõíîñòü ïîòåíöè-

àëüíîé ýíåðãèè, îñíîâíûìè èç êîòîðûõ ÿâëÿþòñÿ 
òàê íàçûâàåìûå «äèàãîíàëüíûå ïîïðàâêè Áîðíà–
Îïïåíãåéìåðà» [54, 62], à òàêæå ê íåàäèàáàòè÷å-
ñêèì ïîïðàâêàì ê îïåðàòîðó êèíåòè÷åñêîé ýíåðãèè 
ìîëåêóëû [67, 68].  

Â ïîñëåäíèå ãîäû ãëîáàëüíûå âàðèàöèîííûå, 
DVR è ðîäñòâåííûå èì ðàñ÷åòû äîñòèãëè òàêîé 
òî÷íîñòè, ÷òî îíè ðåàëüíî ñòàëè ïîëåçíûìè äëÿ 
àíàëèçà ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ìîëåêóë  
è ïðåäñêàçàíèÿ âûñîêîâîçáóæäåííûõ ñîñòîÿíèé. Òåì 
íå ìåíåå äëÿ ìàëûõ è ñðåäíèõ çíà÷åíèé êâàíòîâûõ 
÷èñåë îíè åùå çíà÷èòåëüíî óñòóïàþò ïî òî÷íîñòè 
ðàñ÷åòàì â ðàìêàõ ìåòîäà ýôôåêòèâíûõ îïåðàòî-
ðîâ, êîòîðûé îñòàåòñÿ îñíîâíûì ïîñòàâùèêîì äàí-
íûõ äëÿ áàíêîâ ñïåêòðîñêîïè÷åñêîé èíôîðìàöèè. 
Íî ýòîò ïîäõîä èìååò íåîñïîðèìûå ïðåèìóùåñòâà  
â òåõ ñëó÷àÿõ, êîãäà ðÿäû òåîðèè âîçìóùåíèé ÿâëÿ-
þòñÿ ïëîõî ñõîäÿùèìèñÿ, íàïðèìåð äëÿ íåæåñòêèõ 
ìîëåêóë, äëÿ êîòîðûõ ìåòîä ýôôåêòèâíûõ îïåðà-
òîðîâ òðåáóåò ñóùåñòâåííîé ïåðåðàáîòêè, ñâÿçàí-
íîé ñ ñóììèðîâàíèåì ðÿäîâ è íåïîëèíîìèàëüíûìè 
ïðåäñòàâëåíèÿìè [4]. Òàêèì îáðàçîì, ìåòîä ýôôåê-
òèâíûõ îïåðàòîðîâ è âàðèàöèîííûé ïîäõîä ñëåäóåò 
ðàññìàòðèâàòü êàê âçàèìíî äîïîëíèòåëüíûå. 

2.1. Ìîëåêóëà Í2Î 

Ïåðâûå âïå÷àòëÿþùèå äîñòèæåíèÿ ïî ãëîáàëü-
íîìó ðàñ÷åòó ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ìîëå-
êóë â ðàìêàõ âàðèàöèîííîãî ïîäõîäà áûëè äîñòèã-
íóòû Ïàðòðèäæåì è Øâåíêå äëÿ ìîëåêóëû âîäû 
[54, 56]. Ýòè ðàñ÷åòû áàçèðîâàëèñü íà ab initio 
ïîâåðõíîñòÿõ ïîòåíöèàëüíîé ýíåðãèè è äèïîëüíîãî 
ìîìåíòà. Ïåðâàÿ çàòåì îïòèìèçèðîâàëàñü ñ èñïîëü-
çîâàíèåì ýêñïåðèìåíòàëüíûõ çíà÷åíèé öåíòðîâ 
ëèíèé ñ J ≤ 5 è ñîäåðæàëà ìàññîâî-çàâèñèìûå ïî-
ïðàâêè äëÿ èçîòîïîâ ñ çàìåùåíèåì àòîìà âîäîðîäà 
íà àòîì äåéòåðèÿ. Áàíê äàííûõ, ñôîðìèðîâàííûé  
â ðåçóëüòàòå ýòèõ ðàñ÷åòîâ [54, 56] è ñîäåðæàùèé 
îêîëî 3 ⋅ 108 ñïåêòðàëüíûõ ëèíèé, øèðîêî èñïîëü-
çóåòñÿ äëÿ èäåíòèôèêàöèè ñïåêòðîâ, ïîëó÷åííûõ  
ñ ïîìîùüþ êþâåò, äàþùèõ áîëüøîé îïòè÷åñêèé 
ïóòü [69–71], äëÿ èíòåðïðåòàöèè âûñîêîòåìïåðà-
òóðíûõ ñïåêòðîâ, ïîëó÷åííûõ â ëàáîðàòîðíûõ óñ-
ëîâèÿõ, à òàêæå îò ñîëíå÷íûõ ïÿòåí [72], è ñïåê-
òðîâ èçîòîïè÷åñêèõ ìîäèôèêàöèé [73–75]. Íåäàâíî 
â ðàáîòàõ ÈÏÔ ÐÀÍ èç Íèæíåãî Íîâãîðîäà  
è ãðóïïû Òåííèñîíà [55, 57, 76] óäàëîñü óòî÷íèòü 
ab initio ïîâåðõíîñòü ïîòåíöèàëüíîé ýíåðãèè ìîëå-
êóëû âîäû â îáëàñòè âûñîêèõ ýíåðãèé áëàãîäàðÿ 
èñïîëüçîâàíèþ áîëåå îáøèðíîãî ýëåêòðîííîãî áà-
çèñà è ó÷åòó ðåëÿòèâèñòñêèõ è ðàäèàöèîííûõ ïî-
ïðàâîê, à òàêæå ó÷åòó àäèàáàòè÷åñêèõ è íåàäèàáà-
òè÷åñêèõ ïîïðàâîê, ðàññ÷èòàííûõ Øâåíêå [68]. 
Îáçîð ýòèõ èññëåäîâàíèé ïðåäñòàâëåí â [76]. 

Âàðèàöèîííûé ðàñ÷åò èíòåíñèâíîñòåé èç 
ab initio ïîâåðõíîñòè äèïîëüíîãî ìîìåíòà [54, 56] 
äàåò ãëîáàëüíî ïðèåìëåìîå ñîãëàñèå ñ ýêñïåðèìåí-
òîì, îäíàêî ðàñõîæäåíèå ∼ 20% äëÿ íåêîòîðûõ 
ñèëüíûõ ïîëîñ (â òîì ÷èñëå ν1) äåëàåò òî÷íîñòü 
ýòîãî ðàñ÷åòà åùå íåäîñòàòî÷íîé äëÿ àòìîñôåðíûõ 
è ìåòðîëîãè÷åñêèõ ïðèëîæåíèé â ðÿäå ÷àñòîòíûõ 
äèàïàçîíîâ. Â íà÷àòîé íåäàâíî ðàáîòå [77] ïðåä-



 Ãëîáàëüíîå ìîäåëèðîâàíèå ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ìîëåêóë àòìîñôåðíûõ ãàçîâ 403 
 

ïðèíÿòà îïòèìèçàöèÿ ôóíêöèè äèïîëüíîãî ìîìåíòà 
ñ îäíîâðåìåííûì èñïîëüçîâàíèåì ðåçóëüòàòîâ 
ab initio ðàñ÷åòîâ è øèðîêîãî ìàññèâà ýêñïåðèìåí-
òàëüíûõ äàííûõ ïî ñèëàì ëèíèé. Ýòî äàëî âîç-
ìîæíîñòü óëó÷øèòü îïèñàíèå èíòåíñèâíîñòåé ëè-
íèé ôóíäàìåíòàëüíûõ è ðÿäà äðóãèõ ïîëîñ â íèç-
êî- è ñðåäíå÷àñòîòíîì äèàïàçîíàõ. Ïðèìåð ïîëîñû 
3ν2 îñíîâíîãî èçîòîïîìåðà ïðåäñòàâëåí íà ðèñ. 3, 
ãäå ìîæíî ñðàâíèòü ýêñïåðèìåíòàëüíûå çíà÷åíèÿ 
èíòåíñèâíîñòåé, ïîëó÷åííûå â áîëåå ïîçäíåé ðàáîòå 
Æåíóâðèåðà ñ ñîàâò. [78], ñî çíà÷åíèÿìè, ðàññ÷è-
òàííûìè ñ èñïîëüçîâàíèåì ab initio ôóíêöèè äè-
ïîëüíîãî ìîìåíòà Ïàðòðèäæà è Øâåíêå [56] è íî-
âîé îïòèìèçèðîâàííîé ôóíêöèè äèïîëüíîãî ìîìåí-
òà [77].  
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Âîïðîñ îá ýìïèðè÷åñêîé îïòèìèçàöèè ïîâåðõ-

íîñòè äèïîëüíîãî ìîìåíòà äëÿ ìîäåëèðîâàíèÿ èí-
òåíñèâíîñòåé â âûñîêî÷àñòîòíîì äèàïàçîíå ñïåêòðà 
îñòàåòñÿ ïîêà îòêðûòûì âñëåäñòâèå íåäîñòàòî÷íî-
ñòè ýêñïåðèìåíòàëüíîé èíôîðìàöèè è ïðîòèâîðå-
÷èâîñòè ýêñïåðèìåíòàëüíûõ äàííûõ ðàçíûõ àâòî-
ðîâ. Äîïîëíèòåëüíûå áîëåå ïîëíûå è òî÷íûå èçìå-
ðåíèÿ íà äëèííûõ îïòè÷åñêèõ òðàññàõ íåîáõîäèìû 
äëÿ äîñòèæåíèÿ ïðîãðåññà â ýòîì íàïðàâëåíèè. 

2.2. Ìîëåêóëà Î3 

Ðàçâèòèå ïðîãðàìì ðåàëèçàöèè âàðèàöèîííîãî 
ïîäõîäà ïîçâîëèëî äîñòè÷ü äîñòàòî÷íî õîðîøåé 
ñõîäèìîñòè ýíåðãèé è âîëíîâûõ ôóíêöèé ïî êîëå-
áàòåëüíî-âðàùàòåëüíîìó áàçèñó. Â ëó÷øèõ ñëó÷àÿõ 
ïîãðåøíîñòè ñõîäèìîñòè ïî öåíòðàì ñïåêòðàëüíûõ 
ëèíèé ñîñòàâëÿþò ∼ 0,01–0,001 ñì–1. Îäíàêî òèïè÷-
íûå ïîãðåøíîñòè â ab initio ïîâåðõíîñòè ïîòåíöè-
àëüíîé ýíåðãèè äàþò ãîðàçäî áîëüøóþ îøèáêó  
â ðàñ÷åòå öåíòðîâ ñïåêòðàëüíûõ ëèíèé. Äëÿ ïîâû-
øåíèÿ òî÷íîñòè ðàñ÷åòîâ ïàðàìåòðû ïîòåíöèàëüíîé  
ýíåðãèè è ïîâåðõíîñòè äèïîëüíîãî ìîìåíòà îïòè-
ìèçèðóþòñÿ ñ ó÷åòîì ýêñïåðèìåíòàëüíûõ öåíòðîâ è 

èíòåíñèâíîñòåé ñïåêòðàëüíûõ ëèíèé. Òàêàÿ ïîñòà-
íîâêà îáðàòíîé çàäà÷è îêàçûâàåòñÿ áîëåå ñëîæíîé 
ïî ñðàâíåíèþ ñ ýìïèðè÷åñêèì îïðåäåëåíèåì ïàðà-
ìåòðîâ ýôôåêòèâíûõ ãàìèëüòîíèàíîâ è îïåðàòîðîâ 
ýôôåêòèâíûõ äèïîëüíûõ ìîìåíòîâ. Ýòè ïîâåðõíî-
ñòè äîëæíû îáåñïå÷èâàòü è äðóãèå ïðàâèëüíûå ôè-
çè÷åñêèå ñâîéñòâà ìîëåêóëû, ïðîÿâëÿþùèåñÿ â ðàç-
ëè÷íûõ òèïàõ ýêñïåðèìåíòîâ, íàïðèìåð â õèìèè  
è êèíåòèêå (ïðåäåë äèññîöèàöèè, àñèìïòîòèêè, ïî-
òåíöèàëüíûå áàðüåðû è ò.ä.).  

Óëó÷øåíèå, äîñòèãíóòîå â ãëîáàëüíîì ìîäåëè-
ðîâàíèè ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ìîëåêóëû 
îçîíà [58–61], ñâÿçàíî ñ èñïîëüçîâàíèåì ñïåöèôè-
÷åñêîãî ìåòîäà ýìïèðè÷åñêîé îïòèìèçàöèè ïîâåðõ-
íîñòè ïîòåíöèàëüíîé ýíåðãèè. À èìåííî: èñïîëüçî-
âàëñÿ ìåòîä íàèìåíüøèõ êâàäðàòîâ ñ ãèáêèìè äî-
ïîëíèòåëüíûìè óñëîâèÿìè, êîòîðûå èãðàþò ðîëü 
øòðàôíûõ ôóíêöèé ïðè íåôèçè÷åñêîì ïîâåäåíèè 
ïîâåðõíîñòè ïîòåíöèàëüíîé ýíåðãèè â ïðîöåññå 
îïòèìèçàöèè. Ýòè óñëîâèÿ ïîçâîëèëè îòñå÷ü òå 
ãðàäèåíòû â ïðîñòðàíñòâå ïàðàìåòðîâ, êîòîðûå âå-
äóò ê íåôèçè÷åñêîìó ïîâåäåíèþ ïîâåðõíîñòè ïî-
òåíöèàëüíîé ýíåðãèè, ò.å. èçáåæàòü ëîæíûõ ìèíè-
ìóìîâ, íåðåàëèñòè÷íûõ àñèìïòîòèê, ïðåîäîëåòü 
ñêàòûâàíèå ïðîöåäóðû ìåòîäà íàèìåíüøèõ êâàäðà-
òîâ ê íåïðèåìëåìûì ëîêàëüíûì ìèíèìóìàì âçâå-
øåííîãî ñòàíäàðòíîãî îòêëîíåíèÿ. Êîìáèíèðîâàíèå 
ðàçëè÷íûõ ñòðàòåãèé âûáîðà øòðàôíûõ ôóíêöèé 
ïîçâîëèëî ïðîâîäèòü îïòèìèçàöèþ ñ ñîáëþäåíèåì 
ôèçè÷åñêè îïðàâäàííûõ óñëîâèé [59]. 

Ïðåäñêàçàíèÿ ýíåðãèé âûñîêîâîçáóæäåííûõ 
ñîñòîÿíèé, ïîëó÷åííûå ñ ýìïèðè÷åñêè âîññòàíîâ-
ëåííîé ïîâåðõíîñòüþ ïîòåíöèàëüíîé ýíåðãèè ìîëå-
êóëû îçîíà [58–60], îêàçàëèñü î÷åíü ïîëåçíûìè 
ïðè èäåíòèôèêàöèè ïîëîñ ïîãëîùåíèÿ â ñëó÷àå 
îñíîâíîé èçîòîïè÷åñêîé ìîäèôèêàöèè, à òàêæå ïðè 
èäåíòèôèêàöèè ñïåêòðà îçîíà, îáîãàùåííîãî èçî-
òîïîì êèñëîðîäà 18O [79]. Â ïîñëåäíåì ñëó÷àå 
ñïåêòð ñîñòîèò èç ïåðåêðûâàþùèõñÿ ïîëîñ øåñòè 
èçîòîïè÷åñêèõ ìîäèôèêàöèé è ïëîòíîñòü ëèíèé  
â ýòîì ñïåêòðå ñîñòàâëÿåò 200–300 ëèíèé íà 1 ñì–1. 
Ãëîáàëüíûå ðàñ÷åòû ñïîñîáñòâóþò èäåíòèôèêàöèè 
è ëîêàëèçàöèè ðåçîíàíñíûõ âîçìóùåíèé «òåìíû-
ìè» (ýêñïåðèìåíòàëüíî íå íàáëþäàåìûìè) ñîñòîÿ-
íèÿìè, ÷òî ïîçâîëèëî â êîíå÷íîì ñ÷åòå ïðîàíàëè-
çèðîâàòü è ïðîìîäåëèðîâàòü ñ ýêñïåðèìåíòàëüíîé 
òî÷íîñòüþ îêîëî 35 íîâûõ ïîëîñ â ñïåêòðàõ îçîíà 
[79, 80]. Äëÿ ñðàâíåíèÿ â òàáë. 5 ïðèâåäåíû ýêñïå-
ðèìåíòàëüíûå è ðàññ÷èòàííûå çíà÷åíèÿ öåíòðîâ 
ïîëîñ äëÿ àñèììåòðè÷íîé èçîòîïè÷åñêîé ìîäèôè-
êàöèè 16O16O18O ìîëåêóëû îçîíà. 

Öåíòðû ëèíèé ìîëåêóëû îçîíà, ïðåäñêàçàííûå 
ñ ïîìîùüþ âàðèàöèîííûõ ðàñ÷åòîâ ïðè èñïîëüçî-
âàíèè ïîâåðõíîñòè ïîòåíöèàëüíîé ýíåðãèè [58, 59], 
îêàçàëèñü î÷åíü ïîëåçíûìè äëÿ èäåíòèôèêàöèè  
è àíàëèçà CRDS-ñïåêòðà ýòîé ìîëåêóëû â ðàéîíå 
1,5 ìêì [80]. Î÷åíü ÷óâñòâèòåëüíûé CRDS-ìåòîä 
îáåñïå÷èâàåò íàáëþäåíèå ïîëîñ, îáóñëîâëåííûõ 
ïåðåõîäàìè ìåæäó âûñîêîâîçáóæäåííûìè êîëåáà-
òåëüíî-âðàùàòåëüíûìè ñîñòîÿíèÿìè, ýíåðãèè êîòî-
ðûõ äëÿ ìîëåêóëû îçîíà ëèøü íà 20% íèæå ýíåð-
ãèè äèññîöèàöèè. Ýòè èçìåðåíèÿ ïîäòâåðäèëè  
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õîðîøåå ñîãëàñèå ðàññ÷èòàííûõ è íàáëþäàåìûõ 
çíà÷åíèé öåíòðîâ ëèíèé. 

 
Ò à á ë è ö à  5  

Ýêñïåðèìåíòàëüíûå [79] è ðàññ÷èòàííûå [60] çíà÷åíèÿ 
öåíòðîâ ïîëîñ äëÿ àñèììåòðè÷íîé èçîòîïè÷åñêîé ìîäè-

ôèêàöèè 16O16O18O ìîëåêóëû îçîíà 

Ïîëîñà 
Ýêñïåðè-

ìåíò,  
ñì–1 

Ýêñïåðè-
ìåíò – 
ðàñ÷åò, 
ñì–1 

Ïîëîñà 
Ýêñïåðè-

ìåíò,  
ñì–1 

Ýêñïå-
ðèìåíò –
ðàñ÷åò,
ñì–1 

2ν  684,6134 0,00 33ν  2998,8751  0,04 

3ν  1028,1118 0,00 1 32ν + ν  3060,5647  0,12 

1ν  1090,3538 0,00 1 32ν + ν  3148,1456  0,09 

22ν  1366,7375 0,00 1 2 32ν + ν +ν  3403,6700  0,05 

2 3ν + ν  1696,8848 0,00 2 33ν + ν  3636,9341  0,02 

1 2ν + ν  1767,2256 0,00 34ν  3932,992 –0,10 

32ν  2028,7169 0,01 1 33ν + ν  4002,4123  0,42 

1 3ν + ν  2090,3394 0,00 1 32 2ν + ν  4092,4675 –0,06 

12ν  2172,5182 –0,21 35ν  4824,3836  0,14 

 

2.3. Ìîëåêóëà Í2S 

Íàèáîëåå òî÷íàÿ â íàñòîÿùåå âðåìÿ ïîâåðõ-
íîñòü ïîòåíöèàëüíîé ýíåðãèè äëÿ ìîëåêóëû H2S 
[63] áûëà ïîëó÷åíà â ðàìêàõ òîãî æå ïîäõîäà, ÷òî 
è äëÿ ìîëåêóëû Î3. Â ïîäãîíêå áûëî èñïîëüçîâàíî 
4175 êîëåáàòåëüíî-âðàùàòåëüíûõ óðîâíåé ýíåðãèè  
ñ Jmax = 15 è Ka max = 15 ñåìè èçîòîïè÷åñêèõ ìîäè-
ôèêàöèé (H2

32S, H2
33S, H2

34S, D2
32S, D2

34S, HD32S 
è HD34S). Â ðåçóëüòàòå áûëî äîñòèãíóòî ñðåäíå-
êâàäðàòè÷åñêîå îòêëîíåíèå ðàññ÷èòàííûõ çíà÷åíèé 
öåíòðîâ ëèíèé îò èõ ýêñïåðèìåíòàëüíûõ çíà÷åíèé, 
ðàâíîå 0,05 ñì–1. Ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå 
äëÿ öåíòðîâ âñåõ 73 ïîëîñ ðàññìàòðèâàåìûõ èçîòî-
ïè÷åñêèõ ìîäèôèêàöèé ñîñòàâèëî 0,03 ñì–1. 

Ìîëåêóëà ñåðîâîäîðîäà èçâåñòíà ñâîèì àíî-
ìàëüíûì ïîâåäåíèåì èíòåíñèâíîñòåé ëèíèé ïðè 
ïåðåõîäå îò îñíîâíûõ ïîëîñ ê îáåðòîííûì è êîì-
áèíàöèîííûì ïîëîñàì (ñì. [81, 64] è ññûëêè â íèõ). 
Äî íåäàâíåãî âðåìåíè âñå ïîïûòêè îáúÿñíèòü ýòè 
àíîìàëèè íà îñíîâå íåýìïèðè÷åñêèõ ðàñ÷åòîâ íå 
èìåëè óñïåõà. Ïðåäûäóùèå ab initio ðàñ÷åòû äàëè 
èíòåíñèâíîñòü ïîëîñû ν3, íà ïîðÿäîê ïðåâûøàþ-
ùóþ åå ýêñïåðèìåíòàëüíîå çíà÷åíèå. Áîëåå òîãî, 
ðàñïðåäåëåíèå èíòåíñèâíîñòè ïî êîëåáàòåëüíî-
âðàùàòåëüíûì ëèíèÿì ðàçèòåëüíî îòëè÷àëîñü îò 
íàáëþäàåìîãî ðàñïðåäåëåíèÿ, â ÷àñòíîñòè ðàñ÷åò 
äàâàë íåïðàâèëüíóþ ôîðìó Q-âåòâè. Âåëè÷èíû 
ïåðâûõ ïðîèçâîäíûõ îò äèïîëüíîãî ìîìåíòà ïî 
íîðìàëüíûì êîîðäèíàòàì, ïîëó÷åííûå èç ab initio 
ðàñ÷åòîâ, ñóùåñòâåííî îòëè÷àëèñü îò âåëè÷èí, îï-
ðåäåëåííûõ èç ýêñïåðèìåíòà. Íîâûå ab initio èñ-
ñëåäîâàíèÿ [64, 65] ïîêàçàëè, ÷òî äëÿ îïèñàíèÿ 
àíîìàëüíîãî ïîâåäåíèÿ èíòåíñèâíîñòè ëèíèé â ìî-
ëåêóëå H2S íåîáõîäèìà î÷åíü òî÷íàÿ ïîâåðõíîñòü 
äèïîëüíîãî ìîìåíòà, ïîñêîëüêó ïîñëåäíÿÿ â îêðå-
ñòíîñòè ðàâíîâåñíîé êîíôèãóðàöèè ïî÷òè ïëîñêàÿ, 
è ïîýòîìó ðåçóëüòàòû ðàñ÷åòà èíòåíñèâíîñòåé ëè-
íèé îñíîâíûõ ïîëîñ ïîãëîùåíèÿ ν3 è ν1 î÷åíü ÷óâ-

ñòâèòåëüíû ê òî÷íîñòè îïðåäåëåíèÿ è ôîðìå ýòîé 
ïîâåðõíîñòè. 

Íåäàâíèå âàðèàöèîííûå ðàñ÷åòû [66] ñ èñ-
ïîëüçîâàíèåì óëó÷øåííîé ïîâåðõíîñòè äèïîëüíîãî 
ìîìåíòà äëÿ ìîëåêóëû ñåðîâîäîðîäà ïîçâîëèëè 
îáúÿñíèòü àíîìàëèè â ïîâåäåíèè èíòåíñèâíîñòåé 
ïîëîñ íå òîëüêî äëÿ íàèáîëåå ðàñïðîñòðàíåííûõ 
èçîòîïè÷åñêèõ ìîäèôèêàöèé, íî è äëÿ äåéòåðèðî-
âàííûõ èçîòîïè÷åñêèõ ìîäèôèêàöèé HDS è D2S. 
Äëÿ ïðîâåðêè êà÷åñòâà èçîòîïè÷åñêîé ýêñòðàïîëÿ-
öèè êàê ïîòåíöèàëüíîé ïîâåðõíîñòè [63], òàê  
è ïîâåðõíîñòè äèïîëüíîãî ìîìåíòà [66] ìîëåêóëû 
ñåðîâîäîðîäà â Ðåéìñêîì óíèâåðñèòåòå áûë èíè-
öèèðîâàí ýêñïåðèìåíòàëüíûé ïðîåêò [82]. Ïîëó-
÷åííûå â ðàìêàõ ýòîãî ïðîåêòà ýêñïåðèìåíòàëüíûå 
ðåçóëüòàòû îêàçàëèñü â õîðîøåì ñîãëàñèè ñ ïðåä-
ñêàçàíèÿìè, ÷òî ïîçâîëèëî ïîíÿòü ïðè÷èíó àíîìà-
ëèé èíòåíñèâíîñòåé.  

Íà ðèñ. 4 â êà÷åñòâå ïðèìåðà ïðåäñòàâëåíî 
ñðàâíåíèå ôðàãìåíòà ãëîáàëüíûõ ïðåäñêàçàíèé 
ñïåêòðà [66] (ðèñ. 4,à) ñ áîëåå ïîçäíåé ýêñïåðèìåí-
òàëüíîé ðåãèñòðàöèåé (ðèñ. 4,á). Ïðè ïîñòðîåíèè 
ïðåäñêàçàííîãî ñïåêòðà (ðèñ. 4,a) èñïîëüçîâàëèñü 
ïîïðàâêè ê öåíòðàì ëèíèé (ðèñ. 4,â). 

Çàêëþ÷åíèå 

Â íàñòîÿùåé îáçîðíîé ñòàòüå äàí êðàòêèé 
ñðàâíèòåëüíûé àíàëèç âàðèàöèîííîãî ìåòîäà è ìå-
òîäà ýôôåêòèâíûõ îïåðàòîðîâ, èñïîëüçóåìûõ ëà-
áîðàòîðèåé òåîðåòè÷åñêîé ñïåêòðîñêîïèè ÈÎÀ ÑÎ 
ÐÀÍ â ñîòðóäíè÷åñòâå ñ êîëëåãàìè èç CNRS 
Ôðàíöèè è NASA ÑØÀ, äëÿ ãëîáàëüíîãî ìîäåëè-
ðîâàíèÿ ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ìîëåêóë.  
Â ýòîé ñòàòüå ïðåäñòàâëåíû òàêæå îñíîâíûå ðå-
çóëüòàòû ïî ãëîáàëüíîìó ìîäåëèðîâàíèþ ñïåêòðîâ 
âûñîêîãî ðàçðåøåíèÿ ìîëåêóë CO2, N2O, C2H2, 
H2O, O3 è H2S, ïîëó÷åííûå àâòîðñêèì êîëëåêòè-
âîì â òå÷åíèå ïîñëåäíèõ äåñÿòè ëåò. Îäíà èç ïðàê-
òè÷åñêèõ öåëåé ýòèõ èññëåäîâàíèé – ñîçäàíèå áàí-
êîâ ïàðàìåòðîâ ñïåêòðàëüíûõ ëèíèé ñ òî÷íîñòíûìè 
îðèåíòèðàìè ïî èíòåíñèâíîñòÿì ñïåêòðàëüíûõ ëè-
íèé ïîðÿäêà 1–10%, ïî öåíòðàì ñïåêòðàëüíûõ ëè-
íèé ïîðÿäêà 0,01÷0,001 ñì–1 (ïðè èñïîëüçîâàíèè 
ýôôåêòèâíûõ ìîäåëåé) è 0,1÷0,01 ñì–1 (ïðè èñ-
ïîëüçîâàíèè ïîòåíöèàëüíûõ ôóíêöèé). Ê íàñòîÿ-
ùåìó âðåìåíè íà îñíîâå ãëîáàëüíîãî ìîäåëèðîâà-
íèÿ óæå ñîçäàíû äâå âåðñèè áàíêà ïàðàìåòðîâ 
ñïåêòðàëüíûõ ëèíèé äëÿ ìîëåêóëû óãëåêèñëîãî 
ãàçà: âåðñèÿ äëÿ àòìîñôåðíûõ ïðèëîæåíèé CDSD-
296 [23] è âåðñèÿ äëÿ âûñîêîòåìïåðàòóðíûõ ïðè-
ëîæåíèé CDSD-1000 [24]. Êàê ñëåäóåò èç òåêñòà 
ñòàòüè, íàøè èññëåäîâàíèÿ áëèçêè ê ñîçäàíèþ áàí-
êîâ ïàðàìåòðîâ ñïåêòðàëüíûõ ëèíèé ñ âûøåçàäàí-
íûìè òî÷íîñòíûìè õàðàêòåðèñòèêàìè äëÿ ìîëåêóë 
çàêèñè àçîòà è àöåòèëåíà. 

Ñ òî÷êè çðåíèÿ ôóíäàìåíòàëüíûõ èññëåäîâà-
íèé ãëîáàëüíûå ðàñ÷åòû ñïîñîáñòâóþò ïîíèìàíèþ 
ñòðóêòóðû âûñîêîâîçáóæäåííûõ ñîñòîÿíèé, èññëå-
äîâàíèþ èõ êà÷åñòâåííûõ èçìåíåíèé è äèíàìè÷å-
ñêèõ ïðîöåññîâ, ñâÿçàííûõ ñ âíóòðèìîëåêóëÿðíûì 
ïåðåíîñîì ýíåðãèè è äèññîöèàöèåé. 



 Ãëîáàëüíîå ìîäåëèðîâàíèå ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ìîëåêóë àòìîñôåðíûõ ãàçîâ 405 
 

Àâòîðû âûðàæàþò áëàãîäàðíîñòü Æ.-Ë. Òåôôî 
çà ñîòðóäíè÷åñòâî â îáëàñòè ìîäåëèðîâàíèÿ ñïåê-
òðîâ âûñîêîãî ðàçðåøåíèÿ ëèíåéíûõ ìîëåêóë, à òàê-
æå Ä. Øâåíêå è Ì. Ðýþ çà ñîòðóäíè÷åñòâî â îáëàñ-
òè ãëîáàëüíûõ âàðèàöèîííûõ ðàñ÷åòîâ. Àâòîðû ïðè-
çíàòåëüíû À. Áàðáó, À. Êàìïàðãó, Ñ. Ìèõàéëåíêî, 
Ì.Ð. Äå Áàêåð-Áàðèéè, Æ. Âàíäåð Îâåðå, Ë. Ðåãà- 
ëèÿ-Øàðëî, Ë. Äîìîíó, Ä. Áýéè, À. Æåíóâðèåðó, 
Æ.-È. Ìàíäýíó, Â. Äàíà, Ä. Æàêåìàðó, Ê. Êëàâî, 
À. Âàëåíòýíó, Ø. Õó, Þ. Äèíãó, Ë. Âîíãó, À. Ëèó 
è Þ. Áîðêîâó, â ñîàâòîðñòâå ñ êîòîðûìè áûëî ïî-
ëó÷åíî áîëüøèíñòâî ðåçóëüòàòîâ, ïðåäñòàâëåííûõ  
â äàííîé ñòàòüå. 

 

1. Aliev M.R., Watson J.K.G. Higher-order effects in the 
vibration-rotation spectra of semirigid molecules // Mol. 
Spectrosc.: Modern Res. Orlando: Academic Press, 
1985. V. 3. P. 1–67. 

2. Tyuterev Vl.G., Perevalov V.I. Generalized contact 
transformations for quasi-degenerate levels // Chem. 
Phys. Lett. 1980. V. 74. N 3. P. 494–502. 

3. Tyuterev Vl.G., Tashkun S.A., Seghir H. High-order 
contact transformations: general algorithm, computer 
implementation and triatomic tests // Proc. SPIE. 
2004. V. 5311. P. 164–175. 

4. Ñòàðèêîâ Â.È., Òþòåðåâ Âë.Ã. Âíóòðèìîëåêóëÿðíûå 
âçàèìîäåéñòâèÿ è òåîðåòè÷åñêèå ìåòîäû â ñïåêòðîñêî-
ïèè íåæåñòêèõ ìîëåêóë. Òîìñê: Èçä-âî ÑÎ ÐÀÍ, 
1997. 232 ñ. 

5. Teffo J.-L., Sulakshina O.N., Perevalov V.I. Effective 
Hamiltonian for rovibrational energies and line intensi-
ties of carbon dioxide // J. Mol. Spectrosc. 1992. 
V. 156. N 1. P. 48–64. 

6. Perevalov V.I., Lobodenko E.I., Lyulin O.M., 
Teffo J.-L. Effective dipole moment and band intensi-
ties problem for carbon dioxide // J. Mol. Spectrosc. 
1995. V. 171. N 2. P. 435–452. 

7. Teffo J.-L., Lyulin O.M., Perevalov V.I., Lo-
bodenko E.I. Application of the effective operator ap-
proach to the calculation of 12C16O2 line intensities // 
J. Mol. Spectrosc. 1998. V. 187. N 1. P. 28–41. 

8. Tashkun S.A., Perevalov V.I., Teffo J.-L., Rothman L.S., 
Tyuterev Vl.G. Global fit of 12C16O2 vibrational-
rotational line positions using the effective operator ap-
proach // J. Quant. Spectrosc. and Radiat. Transfer. 
1998. V. 60. N 5. P. 785–801. 

9. Tashkun S.A., Perevalov V.I., Teffo J.-L., Tyute- 
rev Vl.G. Global fit of 12C16O2 vibrational-rotational 
line intensities using the effective operator approach // 
J. Quant. Spectrosc. ànd Radiat. Transfer. 1999. V. 62. 
N 5. P. 571–598. 

10. Tashkun S.A., Perevalov V.I., Teffo J.-L., Lecoutre M., 
Huet T.R., Campargue A., Bailly D., Esplin M.P. 
13C16O2 : Global treatment of vibration-rotation spectra 
and first observation of the 2ν1 + 5ν3 and ν1 + 2ν2 + 5ν3 
absorption bands // J. Mol. Spectrosc. 2000. V. 200. 
N 2. P. 162–176. 

11. Teffo J.-L., Claveau C., Kou Q., Guelachvili G., 
Ubelmann A., Perevalov V.I., Tashkun S. Line intensi-
ties of 12C16O2 in the 1,2–1,4 μm spectral region // J. 
Mol. Spectrosc. 2000. V. 201. N 2. P. 249–255. 

12. Tashkun S.A., Perevalov V.I., Teffo J.-L. Global fit-
ting of the vibration-rotation line positions of the 
16O12C17O and 16O12C18O isotopic species of carbon dioxide 
// J. Mol. Spectrosc. 2001. V. 210. N 1. P.137–145. 

13. Teffo J.-L., Daumont L., Claveau C., Valentin A., 
Tashkun S.A., Perevalov V.I. Infrared spectra of 

16O12C17O and 16O12C18O species of carbon dioxide: The 
region 500–1500 cm–1 // J. Mol. Spectrosc. 2002. 
V. 213. N 1. P. 145–152. 

14. Teffo J.-L., Daumont L., Claveau C., Valentin A., 
Tashkun S.A., Perevalov V.I. Infrared spectra of 
16O12C17O and 16O12C18O species of carbon dioxide: II. 
The 1500–3000 cm–1 region // J. Mol. Spectrosc. 2003. 
V. 219. N 2. P. 271–281. 

15. Ding Y., Perevalov V.I., Tashkun S.A., Teffo J.-L., 
Liu A.-W., Hu S.-M. 16O13C18O: high-resolution ab-
sorption spectrum between 4000 and 9500 cm–1 and 
global fitting of vibration-rotational line positions // J. 
Mol. Spectrosc. 2003. V. 222. N 2. P. 276–283. 

16. Ding Y., Macko P., Romanini D., Perevalov V.I., 
Tashkun S.A., Teffo J.-L, Hu S.-M., Campargue A. 
High sensitivity CW-cavity ring down and Fourier 
transform absorption spectroscopies of 13CO2 // J. Mol. 
Spectrosc. 2004. V. 226. N 2. P. 146–160. 

17. Majcherova Z., Macko P., Romanini D., Pere-
valov V.I., Tashkun S.A., Teffo J.-L., Campargue A. 
High-sensitivity CW-cavity ring down spectroscopy of 
12CO2 near 1,5 μm // J. Mol. Spectrosc. 2005. V. 230. 
N 1. P. 1–21. 

18. Wang L., Perevalov V.I., Tashkun S.A., Liu A.-W., 
Hu S.-M. Absorption spectra of 12C16O2 and 13C16O2 
near 1,05 μm // J. Mol. Spectrosc. 2005. V. 233. N 2. 
P. 297–300. 

19. Wang L., Perevalov V.I., Tashkun S.A., Ding Y., 
Hu S.-M. Absolute line intensities of 13C16O2 in the 
4200–8500 cm–1 region // J. Mol. Spectrosc. 2005. 
V. 234. N 1. P. 84–92. 

20. Vander Auwera J., Claveau C., Teffo J.-L., Tash-
kun S.A., Perevalov V.I. Absolute line intensities of 
13C16O2 in the 3090–3920 cm–1 region // J. Mol. Spec-
trosc. 2006. V. 235. N 1. P. 77–83. 

21. Perevalov B.V., Kassi S., Romanini D., Pere-
valov V.I., Tashkun S.A., Campargue A. Global effec-
tive Hamiltonians of 16O13C17O and 16O13C18O improved 
from CW-CRDS observations in the 5900–7000 cm–1 
region // J. Mol. Spectrosc. 2007. V. 241. N 1. P. 90–100. 

22. Chedin A. The carbon dioxide molecule. Potential, spec-
troscopic, and molecular constants from its infrared 
spectrum // J. Mol. Spectrosc. 1979. V. 76. N 1–3. 
P. 430–491. 

23. Tashkun S.A., Perevalov V.I., Teffo J.-L. CDSD-296, 
the high-precision carbon dioxide spectroscopic data-
bank: version for atmospheric application: Proc. the 
NATO advanced research workshop on Remote sensing 
of the atmosphere for environmental security. Rabat, 
Morocco, November, 2005. Eds.: A. Perrin, N. Ben  
Sari-Zizi, J. Demaison. Springer-Verlag, 2006. P. 161–
170. 

24. Tashkun S.A., Perevalov V.I., Teffo J.-L., Bykov A.D., 
Lavrentieva N.N. CDSD-1000, the high-temperature 
carbon dioxide spectroscopic databank // J. Quant. 
Spectrosc. and Radiat. Transfer. 2003. V. 82. N 1–4. 
P. 165–196. 

25. Teffo J.-L., Perevalov V.I., Lyulin O.M. Reduced ef-
fective Hamiltonian for a global treatment of rovibra-
tional energy levels of nitrous oxide // J. Mol. Spec-
trosc. 1994. V. 168. N 2. P. 390–403. 

26. Campargue A., Weirauch G., Tashkun S.A., Pere-
valov V.I., Teffo J.-L. Overtone spectroscopy of N2O 
between 10000 and 12500 cm–1: a test of the polyad ap-
proach // J. Mol. Spectrosc. 2001. V. 209. N 2. 
P. 198–206. 

27. Ding Y., Perevalov V.I., Tashkun S.A., Teffo J.-L., 
Hu S., Bertseva E., Campargue A. Weak overtone 
transitions of N2O around 1,05 μm by ICLAS-VECSEL 
// J. Mol. Spectrosc. 2003. V. 220. N 1. P. 80–86. 



406 Ïåðåâàëîâ Â.È., Òàøêóí Ñ.À., Òþòåðåâ Âë.Ã., Ëþëèí Î.Ì. 
 

28. Bertseva E., Campargue A., Perevalov V.I., Tash-
kun S.A. New observations of weak overtone transitions 
of N2O by ICLAS-VECSEL near 1,07 μm // J. Mol. 
Spectrosc. 2004. V. 226. N 2. P. 196–200. 

29. Tashkun S.A., Perevalov V.I., Teffo J.-L. Global fit-
ting of vibration-rotation line positions of N2O using an 
interpolyad model of effective Hamiltonian: Abstracts 
// Int. workshop «Atmospheric Spectroscopy Applica-
tion». Moscow, August, 2002. Tomsk: Institute of at-
mospheric optics, 2002. P. 41. 

30. Wang L., Perevalov V.I., Tashkun S.A., Gao B., 
Hao L.-Y., Hu S.-M. Fourier transform spectroscopy of 
N2O weak overtone transitions in the 1–2 μm region // 
J. Mol. Spectrosc. 2006. V. 237. N 2. P. 129–136. 

31. Liu A.W., Kassi S., Malara P., Romanini D., Pere-
valov V.I., Tashkun S.A., Hu S.-M., Campargue A. 
High sensitivity CW-cavity ring down spectroscopy of 
N2O near 1,5 μm // J. Mol. Spectrosc. (â ïå÷àòè). 

32. Lyulin O.M., Perevalov V.I., Teffo J.-L. Fitting of 
line intensities using the effective operator approach: the 
4 μm region of 14N2

16O // J. Mol. Spectrosc. 1996. 
V. 180. N 1. V. 72–74. 

33. Daumont L., Vander Auwera J., Teffo J.-L., Pere-
valov V.I., Tashkun S.A. Line intensity measurements 
in 14N2

16O and their treatment using the effective dipole 
moment approach // J. Mol. Spectrosc. 2001. V. 208. 
N 2. P. 281–291. 

34. Daumont L., Claveau C., De Backer-Barilly M.-R., 
Hamdouni A., Regalia-Jarlot L., Teffo J.-L., Tash-
kun S.A., Perevalov V.I. Line intensities of 14N2

16O: 
the 10 micrometers region revisited // J. Quant. Spec-
trosc. and Radiat. Transfer. 2002. V. 72. N 1. P. 37–55. 

35. Daumont L., Vander Auwera J., Teffo J.-L., Pere-
valov V.I., Tashkun S.A. Line intensity measurements 
in 14N2

16O and their treatment using the effective dipole 
moment approach. II. The 5400–11000 cm–1 region // 
J. Quant. Spectrosc. and Radiat. Transfer. 2007. 
V. 104. N 3. P. 342–356. 

36. Lyulin O.M., Perevalov V.I., Teffo J.-L. Effective di-
pole moment and band intensities of nitrous oxide // J. 
Mol. Spectrosc. 1995. V. 174. N 2. P. 566–580. 

37. Perevalov V.I., Lobodenko E.I., Teffo J.-L. Reduced 
effective Hamiltonianin for global fitting of C2H2 rovi-
brational lines // Proc. SPIE. 1997. V. 3090. P. 143–
149. 

38. Lyulin O.M., Perevalov V.I., Teffo J.-L. Global fit-
ting of vibration-rotation line positions of acetylene 
molecule in the far and middle infrared regions // Proc. 
SPIE. 2004. V. 5311. P. 134–143. 

39. Ïåðåâàëîâ Â.È., Ëþëèí Î.Ì., Òåôôî Æ.-Ë. Ãëî-
áàëüíîå îïèñàíèå èíòåíñèâíîñòåé ëèíèé êîëåáàòåëüíî-
âðàùàòåëüíûõ ïåðåõîäîâ ìîëåêóëû àöåòèëåíà. Ïîäõîä 
è ðàñ÷åòíûå ôîðìóëû // Îïòèêà àòìîñô. è îêåàíà. 
2001. Ò. 14. ¹ 9. Ñ. 800–808. 

40. Perevalov V.I., Lyulin O.M., Jacquemart D., Cla- 
veau C., Teffo J.-L., Dana V., Mandin J.-Y., Valen-
tin A. Global fitting of line intensities of acetylene 
molecule in the infrared using the effective operator ap-
proach // J. Mol. Spectrosc. 2003. V. 218. N 2. 
P. 180–189. 

41. Ëþëèí Î.Ì., Ïåðåâàëîâ Â.È. Èíòåíñèâíîñòè ëèíèé 
êîëåáàòåëüíî-âðàùàòåëüíûõ ïåðåõîäîâ ìîëåêóëû àöå-
òèëåíà â ðàéîíå 1,5 ìêì // Îïòèêà àòìîñô. è îêåàíà. 
2004. Ò. 17. ¹ 7. Ñ. 543–546. 

42. Lyulin O.M., Perevalov V.I., Mandin J.-Y., Dana V., 
Jacquemart D., Régalia-Jarlot L., Barbe A. Line in-
tensities of acetylene in the 3-μm region: New measure-
ments of weak hot bands and global fitting // J. 

Quant. Spectrosc. and Radiat. Transfer. 2006. V. 97. 
N 1. P. 81–98. 

43. Jacquemart D., Lacome N., Mandin J.-Y., Dana V., 
Lyulin O.M., Perevalov V.I. Multispectrum fitting of 
line parameters for 12C2H2 in the 3,8-μm spectral region 
// J. Quant. Spectrosc. and Radiat. Transfer. 2007. 
V. 103. N 3. P. 478–495. 

44. Lyulin O.M., Perevalov V.I., Mandin J.-Y., Dana V., 
Gueye F., Thomas X., Von der Heyden P., Déca-
toire D., Régalia-Jarlot L., Jacquemart D., La-
come N. Line intensities of acetylene: Measurements in 
the 2,5-μm spectral region and global modeling in the 
ΔP = 4 and 6 series // J. Quant. Spectrosc. and Ra-
diat. Transfer. 2007. V. 103. N 3. P. 496–523. 

45. Lyulin O.M., Perevalov V.I., Gueye F., Mandin J.-
Y., Dana V., Thomas X., Von der Heyden P., Réga-
lia-Jarlot L., Barbe A. Line positions and intensities of 
acetylene in the 2,2-μm region // J. Quant. Spectrosc. 
and  Radiat.  Transfer.  2007.  V. 104.  N 1.  P. 133–154. 

46. Carter S., Handy N.C. A theoretical determination of 
the rovibrational energy levels of the water molecule // 
J. Chem. Phys. 1987. V. 87. N 7. P. 4294–4301. 

47. Tennyson J., Miller S., Henderson J.R. Methods in 
Computational Chemistry. New York: Plenum, 1992. V. 4. 

48. Jensen P. The potential energy surface for the electronic 
ground state of the water molecule determined from ex-
perimental data using a variational approach // J. Mol. 
Spectrosc. 1988. V. 128. N 2. P. 478–501. 

49. Schwenke D.W. Variational calculations of ro-
vibrational energy levels and transition intensities for 
tetraatomic molecules. // J. Phys. Chem. 1996. V. 100. 
N 8. P. 2867–2884. 

50. Computational Molecular Spectroscopy / Eds. P. Jensen, 
P.R. Bunker. Chichester: Wiley & Sons, 2000. 670 p. 

51. Choi S.E., Light J.C. Highly excited vibrational eigen-
states of nonlinear triatomic molecules. Application to 
H2O //  J.  Chem.  Phys.   1992.  V. 97.  N 10.  P. 7031–7054. 

52. Mandelstam V.A., Taylor H.S. A low-storage filter di-
agonalization method for quantum eigenenergy calcula-
tion or for spectral analysis of time signals // J. Chem. 
Phys. 1997. V. 106. N 12. P. 5085–5090. 

53. Òþòåðåâ Âë.Ã. Ãëîáàëüíûå âàðèàöèîííûå è ýôôåê-
òèâíûå ìåòîäû ðàñ÷åòîâ ïîëîæåíèé è èíòåíñèâíîñòåé 
ñïåêòðàëüíûõ ëèíèé òðåõàòîìíûõ ìîëåêóë: íåêîòîðûå 
òåíäåíöèè è îñîáåííîñòè íîâîãî ïîêîëåíèÿ ñïåêòðî-
ñêîïè÷åñêèõ èíôîðìàöèîííûõ ñèñòåì // Îïòèêà àò-
ìîñô. è îêåàíà. 2003. Ò. 16. ¹ 3. Ñ. 245–255. 

54. Partridge H., Schwenke D.W. The determination of an 
accurate isotope dependent potential energy surface for 
water from extensive ab initio calculations and experi-
mental data // J. Chem. Phys. 1997. V. 106. N 11. 
P. 4618–4639. 

55. Polyansky O.L., Csaszar O.L., Shirin S.V., Zobov N.F., 
Barletta P., Tennyson J., Schwenke D.W., Know- 
les P.J. High-Accuracy ab initio Rotation-Vibration 
Transitions for Water // Science. 2003. V. 299. 
P. 539–542. 

56. Schwenke D.W., Partridge H. Convergence testing of 
the analytic representation of an ab initio dipole mo-
ment function for water: Improved fitting yields im-
proved intensities // J. Chem. Phys. 2000. V. 113. 
N 16. P. 6592–6597. 

57. Shirin S.V., Polynsky O.L., Zobov N.F., Barletta P., 
Tennison J. Spectroscopically determined potential  
energy surface of H2

16O up to 25000 cm–1 // J. Chem. 
Phys. 2003. V. 118. N 5. P. 2124–2129. 

58. Tyuterev Vl.G., Tashkun S.A., Jensen P., Barbe A., 
Cours T. Determination of the effective ground state 
potential energy function of ozone from high-resolution 



 Ãëîáàëüíîå ìîäåëèðîâàíèå ñïåêòðîâ âûñîêîãî ðàçðåøåíèÿ ìîëåêóë àòìîñôåðíûõ ãàçîâ 407 
 

infrared spectra // J. Mol. Spectrosc. 1999. V. 198. 
N 1. P. 57–76. 

59. Tyuterev Vl.G., Tashkun S.A., Schwenke D.W., Jen-
sen P., Cours T., Barbe A., Jacon M. Variational EKE-
calculations of rovibrational energies of the ozone mole-
cule from an empirical potential function // Chem. 
Phys. Lett. 2000. V. 316. N 3–4. P. 271–279. 

60. Tyuterev Vl.G., Tashkun S.A., Schwenke D.W., 
Barbe A. Variational calculations of high J rovibrational 
states of the ozone molecule from empirically determined 
isotopically invariant potential energy surface // Proc. 
SPIE. 2004. V. 5311. P. 176–184. 

61. Siebert R., Fleurat-Lessard P., Schinke R., Bittere-
rova M., Farantos S.C. The vibrational energies of 
ozone up to the dissociation threshold: Dynamics calcu-
lations on an accurate potential energy surface // J. 
Chem. Phys. 2002. V. 116. N 22. P. 9749–9776. 

62. Tarczay G., Csaszar A.G., Polyanskii O.L., Tenny-
son J. Ab initio rovibrational spectroscopy of hydrogen 
sulfide // J. Chem. Phys. 2001. V. 115. N 11. 
P. 1229–1242. 

63. Tyuterev Vl.G., Tashkun S.A., Schwenke D.W. An 
accurate isotopically invariant potential function of the 
hydrogen sulphide molecule // Chem. Phys. Lett. 2001. 
V. 348. N 3–4. P. 223–234. 

64. Cours T., Rosmus P., Tyuterev Vl.G. Ab initio dipole 
moment function of H2S // Chem. Phys. Lett. 2000. 
V. 331. N 2–4. P. 317–322. 

65. Cours T., Rosmus P., Tyuterev Vl.G. Ab initio dipole 
moment functions of H2S and intensity anomalies in 
rovibrational spectra // J. Chem. Phys. 2002. V. 117. 
N 11. P. 5192–5208. 

66. Tyuterev Vl.G., Regalia-Jarlot L., Schwenke D.W., 
Tashkun S.A., Borkov Yu.G. Global variational calcu-
lations of high-resolution rovibrational spectra: isotopic 
effects, intensity anomalies and experimental confirma-
tions for H2S, HDS, D2S molecules // Comptes Ren-
dus. Phys. 2004. V. 5. P. 189–199. 

67. Bunker P.R., Moss R.E. The effect of the breakdown 
of the Born–Oppenheimer approximation on the rota-
tion-vibration Hamiltonian of a triatomic molecule // 
J. Mol. Spectrosc. 1980. V. 80. N 1. P. 217–228. 

68. Schwenke D.W. Beyond the potential energy surface: 
Ab initio corrections to the Born–Oppenheimer ap-
proximation for H2O

+ // J. Phys. Chem. A. 2001. 
V. 105. N 11. P. 2352–2360. 

69. Giver L.P., Chackerian C., Jr., Varanasi P. Visible 
and near-infrared H2

16O line intensity corrections for 
HITRAN-96 // J. Quant. Spectrosc. and Radiat. Trans-
fer. 2000. V. 66. N 1. P. 101–105. 

70. Schwenke D.W. New H2O rovibrational line assign-
ments // J. Mol. Spectrosc. 1998. V. 190. N 2. 
P. 397–402. 

71. Carleer M., Jenouvrier M., Vandaele A.C., Ber-
nath P., Mérienne M.-F., Colin R., Zobov N.F., Po- 
 

lyansky O.L., Tennyson J., Savin V.A. The near infra-
red, visible, and near ultraviolet overtone spectrum of 
water // J. Chem. Phys. 1999. V. 111. N 6. P. 2444–2450. 

72. Zobov N.F., Polyansky O.L., Tennyson J., Shirin S.V., 
Nassar R., Hirao T., Bernath P.F., Wallace L. Using 
laboratory spectroscopy to identify lines in the K- and 
L-band spectrum of water in a sunspot // Astrophys. J. 
2000. V. 530. N 2. P. 994–998. 

73. Naumenko O., Campargue A., Bertseva E., Schwenke D. 
Experimental and ab initio studies of the HDO absorp-
tion spectrum in the 13165–13500 cm–1 spectral region 
// J. Mol. Spectrosc. 2000. V. 201. N 2. P. 297–309. 

74. Mikhailenko S.N., Tyuterev Vl.G., Mellau G. (0 0 0) 
and (0 1 0) states of H2

18O: analysis of rotational transi-
tions in hot emission spectrum in the 400–850 cm–1 re-
gion // J. Mol. Spectrosc. 2003. V. 217. N 2. P. 195–211. 

75. Mellau G., Mikhailenko S.N., Starikova E.N., Tash-
kun S.A., Over H., Tyuterev Vl.G. Rotational levels of 
the (0 0 0) and (0 1 0) states of D2

16O from hot emis-
sion spectra in the 320–860 cm–1 region // J. Mol. 
Spectrosc. 2004. V. 224. N 1. P. 32–60. 

76. Tennyson J. Calculating the vibration-rotation spectrum 
of  water  //  Phys. scr.  2006.  V. 73.  N 1.  P. C53–C56. 

77. Tashkun S.A., Schwenke D.W., Tyuterev Vl.G. Empiri-
cally optimized isotopically invariant dipole moment 
surface of the water molecule: Abstracts // The nine-
teenth colloquium on high resolution molecular spec-
troscopy. Salamanca: Universidad de Salamanca, 2005. 
P. 412. 

78. Jenouvrier A., Daumont L., Regalia-Jarlot L., Tyute- 
rev V.G., Carleer M., Vandaele A.C., Mikhailenko S., 
Fally S. Fourier transform measurements of water va-
pour line parameters in the 4200–6600 cm–1 region // 
J.  Quant.  Spectrosc.  and  Radiat.  Transfer.  (In press). 

79. Barbe A., De Backer-Barilly M.R., Tyuterev Vl.G., 
Tashkun S.A. New observations of infrared bands of 
asymmetrical ozone isotopomers 16O16O18O and 16O18O18O 
// Appl. Opt. 2003. V. 42. N 25. P. 5136–5139. 

80. Campargue A., Kassi S., Romanini D., Barbe A., De 
Backer-Barilly M.-R., Tyuterev Vl.G. CW-cavity ring 
down spectroscopy of the ozone molecule in the 6625–
6830 cm–1 region // J. Mol. Spectrosc. 2006. V. 240. 
N 1. P. 1–13. 

81. Brown L.R., Crisp J.A., Crisp D., Naumenko O.V., 
Smirnov M.A., Sinitsa L.N., Perrin A. The absorption 
spectrum of H2S between 2150 and 4260 cm–1: Analysis 
of the positions and intensities in the first (2ν2, ν1, and 
ν3) and second (3ν2, ν1 + ν2, and ν2 + ν3) triad regions 
// J.  Mol.  Spectrosc.  1998.  V. 188.  N 2.  P. 148–162. 

82. Régalia-Jarlot L., Tyuterev Vl.G., Borkov Yu., Mali-
cet J., Thomas X., Von der Heyden P. FTS spectra of 
isotopomers of the hydrogen sulfide in the infrared re-
gion: Abstracts // The eighteenth colloquium on high 
resolution molecular spectroscopy. Dijon: Université de 
Bourgogne, 2003. P. 133. 

 
V.I. Perevalov, S.A. Tashkun, Vl.G. Tyuterev, O.M. Lyulin. Global modeling of high-resolution spec-

tra of the atmospheric molecules. 
A comparison of global calculations of rovibrational molecular spectra using variational approach and ef-

fective operators method is performed. Some recent results on the global modeling of high-resolution spectra of 
CO2, N2O, C2H2, H2O, O3 and H2S molecules, obtained at the Laboratory of Theoretical Spectroscopy IAO SB 
RAS in collaboration with colleagues from CNRS (France) and NASA (USA) are briefly presented.
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Ðèñ. 4. Ñðàâíåíèå ïðåäñêàçàííîãî ñïåêòðà ïðîïóñêàíèÿ ñìåñè H2S, HDS è D2S (a) ñ ýêñïåðèìåíòàëüíûì ñïåêòðîì [82] (á); 
à: ÷åðíàÿ ëèíèÿ – H2S, êðàñíàÿ ëèíèÿ – D2S, ñèíÿÿ – HDS; á: êðàñíàÿ ëèíèÿ – ðàñ÷åò, ñèíÿÿ – ýêñïåðèìåíò;  
 â: âåðòèêàëüíàÿ øêàëà – ïîïðàâêè ê öåíòðàì ëèíèé, ñì–1 

 


