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Ýêñïåðèìåíòû ïî ìîäèôèêàöèè èîíîñôåðû Çåìëè áûëè íà÷àòû â Ðîññèè â ñåðåäèíå
60-õ ãîäîâ ïðîøëîãî ñòîëåòèÿ è àêòèâíî ïðîäîëæàþòñÿ ïî íàñòîÿùåå âðåìÿ. Âûïîëíåí-
íûå çà ïðîøåäøèå ãîäû îòå÷åñòâåííûå, à òàêæå çàðóáåæíûå èññëåäîâàíèÿ ïðèâåëè ê
ïîíèìàíèþ òîãî (ñì., íàïðèìåð, ñòàòüè â ñïåöèàëüíûõ âûïóñêàõ æóðíàëîâ [1-9], îáçîðû
[10-14] è öèòèðóåìóþ â íèõ ìíîãî÷èñëåííóþ ëèòåðàòóðó), ÷òî ìîùíûå ÊÂ ðàäèîâîëíû
O-ïîëÿðèçàöèè, èçëó÷àåìûå â âåðòèêàëüíîì èëè â áëèçêîì ê âåðòèêàëüíîìó íàïðàâëå-
íèè, ïðèâîäÿò ê íàãðåâó èîíîñôåðíîé ïëàçìû è âîçáóæäàþò â F2-îáëàñòè èîíîñôåðû
âáëèçè âûñîòû èõ îòðàæåíèÿ èíòåíñèâíóþ èñêóññòâåííóþ èîíîñôåðíóþ òóðáóëåíòíîñòü
(ÈÈÒ), êîòîðàÿ âêëþ÷àåò â ñåáÿ âîçìóùåíèÿ ïëîòíîñòè è òåìïåðàòóðû ïëàçìû, ãåíåðà-
öèþ âûñîêî÷àñòîòíûõ è íèçêî÷àñòîòíûõ ïëàçìåííûõ êîëåáàíèé, óñêîðåíèå ýëåêòðîíîâ
äî ñâåðõòåïëîâûõ ýíåðãèé è âûçâàííûå èìè îïòè÷åñêèå ñâå÷åíèÿ íåéòðàëüíîé àòìîñôå-
ðû è äîïîëíèòåëüíóþ å¼ èîíèçàöèþ, ãåíåðàöèþ èñêóññòâåííîãî ðàäèîèçëó÷åíèÿ, âîçáóæ-
äåíèå ïåðåìåùàþùèõñÿ èîíîñôåðíûõ âîçìóùåíèé, ãåíåðàöèþ èñêóññòâåííûõ ïåðèîäè÷å-
ñêèõ íåîäíîðîäíîñòåé, ãåíåðàöèþ íèçêî÷àñòîòíûõ èçëó÷åíèé â ÎÍ×-ÑÍ×-ÊÍ× äèàïàçî-
íàõ è äð.

Â íàñòîÿùåì äîêëàäå ìû ðàññìîòðèì ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé
ïðîñòðàíñòâåííîé ñòðóêòóðû âîçìóù¼ííîé îáëàñòè èîíîñôåðû (ÂÎ), êîòîðàÿ ôîðìèðó-
åòñÿ â ðåçóëüòàòå ðàçâèòèÿ, â ñèëó òåõ èëè èíûõ ïðè÷èí, èñêóññòâåííûõ èîíîñôåðíûõ
íåîäíîðîäíîñòåé (ÈÈÍ) ðàçëè÷íûõ ìàñøòàáîâ. Ïðè ýòîì ñâîéñòâà ÈÈÍ â ñèëüíîé ñòåïå-
íè çàâèñÿò îò èîíîñôåðíûõ óñëîâèé (âðåìåíè ñóòîê è åñòåñòâåííîãî óðîâíÿ âîçìóù¼ííî-
ñòè èîíîñôåðû), à òàêæå îò õàðàêòåðèñòèê ìîùíîé ðàäèîâîëíû (å¼ ÷àñòîòû, ìîùíîñòè,
ïîëÿðèçàöèè è âðåìåííîãî ðåæèìà èçëó÷åíèÿ).

Â äîêëàäå ïðåäñòàâëåíû òîëüêî ðåçóëüòàòû èññëåäîâàíèé, âûïîëíåííûõ íà ñðåäíå-
øèðîòíîì íàãðåâíîì ñòåíäå ÑÓÐÀ (ÔÃÁÍÓ ÍÈÐÔÈ, Í. Íîâãîðîä). Åãî îïèñàíèå ìîæíî
íàéòè â [14]. Äëÿ èçó÷åíèÿ õàðàêòåðèñòèê ÈÈÍ èñïîëüçóþòñÿ ðàçëè÷íûå ìåòîäû èõ äèà-
ãíîñòèêè. Ñðåäè íèõ: èîíîçîíäîâûå èçìåðåíèÿ, ìåòîä ïðîáíûõ âîëí, ðàêóðñíîå ðàññåÿíèå
ðàäèîâîëí ÊÂ è ÓÊÂ äèàïàçîíîâ íà âûòÿíóòûõ âäîëü ãåîìàãíèòíîãî ïîëÿ ìåëêîìàñ-
øòàáíûõ (l⊥ ≈ 1 � 200 ì) íåîäíîðîäíîñòÿõ, ïðîñâå÷èâàíèå ÂÎ èîíîñôåðû ñèãíàëàìè
íèçêîîðáèòàëüíûõ è âûñîêîîðáèòàëüíûõ íàâèãàöèîííûõ ÈÑÇ, ìåòîä ðàäèîòîìîãðàôèè,
îïòè÷åñêèå èçìåðåíèÿ, ïðÿìûå èçìåðåíèÿ ñ áîðòà ÈÑÇ è äð.

Â äíåâíûõ óñëîâèÿõ âîëíà íàêà÷êè (ÂÍ) îòðàæàåòñÿ, êàê ïðàâèëî, íà âûñîòàõ ∼ 180
� 220 êì. Ïðè íàëè÷èè ìîùíûõ D è E ñëî¼â çíà÷èòåëüíàÿ äîëÿ å¼ ýíåðãèè ïîãëîùàåòñÿ â
íèæíèõ ñëîÿõ èîíîñôåðû. Ýòî ïðèâîäèò ê ñèëüíîìó ðàçîãðåâó ïëàçìû è ïîÿâëåíèþ êðîññ-
ìîäóëÿöèîííûõ ýôôåêòîâ ïðè ðàñïðîñòðàíåíèè ðàäèîâîëí [15,16]. Ïðè íàãðåâå ïëàçìû
ïðîèñõîäèò íàðóøåíèå èîíèçàöèîííî-ðåêîìáèíàöèîííîãî áàëàíñà, ÷òî âûçûâàåò óâåëè÷å-
íèå ïëîòíîñòè ïëàçìû íà âûñîòàõ 130 � 170 êì; ýòî ìîæåò ðàññìàòðèâàòüñÿ êàê îáðàçîâà-
íèå äåôîêóñèðóþùåé ëèíçû íà ýòèõ âûñîòàõ [17]. Ïîñëåäíåå âûçûâàåò çíà÷èòåëüíîå (äî
20 äÁ) îñëàáëåíèå ïëîòíîñòè ïîòîêà ýíåðãèè ÂÍ â âåðõíåé èîíîñôåðå. Ñîâìåñòíîå âëèÿ-
íèå áîëüøîãî ïîãëîùåíèÿ ìîùíîé ðàäèîâîëíû â íèæíåé èîíîñôåðå è äåôîêóñèðóþùåé
ëèíçû ïðèâîäèò ê òîìó, ÷òî â äíåâíûå ÷àñû ÈÈÒ â âåðõíåé èîíîñôåðå èìååò íåâûñîêóþ
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èíòåíñèâíîñòü, ïîñêîëüêó íå âñå ôîðìèðóþùèå å¼ ïðîöåññû ìîãóò ðàçâèâàòüñÿ äîñòàòî÷íî
ýôôåêòèâíî. Â ÷àñòíîñòè, íå íàáëþäàåòñÿ, êàê ïðàâèëî, ðàçâèòèÿ Fspread íà èîíîãðàììàõ,
ëèáî îí èìååò ñóùåñòâåííî áîëåå íèçêóþ èíòåíñèâíîñòü, ÷åì â âå÷åðíèõ èëè íî÷íûõ óñëî-
âèÿõ ìîäèôèêàöèè èîíîñôåðû ìîùíûì ÊÂ ðàäèîèçëó÷åíèåì. Òàêæå â äíåâíûõ óñëîâèÿõ
èíòåíñèâíîñòü ìåëêîìàñøòàáíûõ ÈÈÍ îêàçûâàåòñÿ çíà÷èòåëüíî áîëåå ñëàáîé, ÷åì â âå-
÷åðíåé èîíîñôåðå [18].

Â êà÷åñòâå îäíîãî èç ïðîÿâëåíèé íàãðåâà ïëàçìû íèæíåé èîíîñôåðû óêàæåì òàêæå
îáíàðóæåííîå íåäàâíî ÿâëåíèå óìåíüøåíèÿ èíòåíñèâíîñòè ìèêðîâîëíîâîãî èçëó÷åíèÿ â
ëèíèè îçîíà íà âûñîòàõ ∼ 50 � 60 êì [19,20], êîòîðîå ñâÿçûâàåòñÿ ñ âëèÿíèåì íà àò-
ìîñôåðó âíóòðåííèõ ãðàâèòàöèîííûõ âîëí, ãåíåðèðóþùèõñÿ ïðè ïåðèîäè÷åñêîì íàãðåâå
èîíîñôåðíîé ïëàçìû [21-23].

Â óñëîâèÿõ âå÷åðíåé è îñîáåííî íî÷íîé èîíîñôåðû, êîãäà åå D è E ñëîè óæå íå îêà-
çûâàþò ñèëüíîãî âëèÿíèÿ íà ðàñïðîñòðàíåíèå ìîùíîé ðàäèîâîëíû è íå ïðîèñõîäèò îá-
ðàçîâàíèÿ äåôîêóñèðóþùåé ëèíçû, âáëèçè âûñîòû îòðàæåíèÿ ÂÍ íàáëþäàåòñÿ ðàçâèòèå
ÈÈÒ âûñîêîé èíòåíñèâíîñòè. Ïðè ýòîì ñïåêòð ãåíåðèðóåìûõ íåîäíîðîäíîñòåé çàõâàòûâà-
åò äèàïàçîí ìàñøòàáîâ îò äîëåé ìåòðà äî äåñÿòêîâ êèëîìåòðîâ. Áûëî òàêæå óñòàíîâëåíî,
÷òî ÈÈÍ ãåíåðèðóþòñÿ íå òîëüêî â îãðàíè÷åííîé ïî âûñîòå (∼ 10 � 30 êì) îáëàñòè âáëèçè
âûñîòû îòðàæåíèÿ ÂÍ, íî è äàëåêî çà å¼ ïðåäåëàìè. Òàê ÷åðåç íåñêîëüêî ñåêóíä ïîñëå
íà÷àëà èçëó÷åíèÿ ÂÍ íåîäíîðîäíîñòè ñ ìàñøòàáàìè 0.1 � 1 êì îáíàðóæèâàþòñÿ âî âñåé
îáëàñòè âûñîò îò âûñîò ∼ 100 êì äî âûñîòû îòðàæåíèÿ ÂÍ [24-26]. Ïîìèìî ÈÈÍ âáëèçè
âûñîòû ÂÍ, ãäå èìååò ìåñòî íàèáîëåå èíòåíñèâíûé ðàçîãðåâ ïëàçìû, îáðàçóåòñÿ ïîëîñòü ñ
óìåíüøåííîé äî 30% ïëîòíîñòüþ ïëàçìû [13,27-29], êîòîðàÿ äåéñòâóåò êàê ôîêóñèðóþùàÿ
ëèíçà. Â ÷àñòíîñòè, ñîâìåñòíîå äåéñòâèå ýòîé ëèíçû è ÈÈÍ êèëîìåòðîâûõ ìàñøòàáîâ â
îïðåäåë¼ííûõ óñëîâèÿõ ìîæåò îáåñïå÷èòü ïðîíèêíîâåíèå ìîùíîé ðàäèîâîëíû â çàêðèòè-
÷åñêóþ ïëàçìó è âëèÿòü íà ñîñòîÿíèå âíåøíåé èîíîñôåðû [30].

Â ïîñëåäíèå ãîäû áûë ðàññìîòðåí òåîðåòè÷åñêè è èññëåäîâàí ýêñïåðèìåíòàëüíî ýô-
ôåêò ìàãíèòíîãî çåíèòà [12-14,28,31,32], êîãäà íàèáîëåå èíòåíñèâíîå ðàçâèòèå ÈÈÍ ïðî-
èñõîäèò ïðè ðàñïðîñòðàíåíèè ìîùíîé ðàäèîâîëíû O-ïîëÿðèçàöèè âäîëü ñèëîâûõ ëèíèé
ãåîìàãíèòíîãî ïîëÿ â îáëàñòè å¼ âçàèìîäåéñòâèÿ ñ ïëàçìîé. Áûëè òàêæå âûïîëíåíû èñ-
ñëåäîâàíèÿ ãèðîãàðìîíè÷åñêèõ ñâîéñòâ ãåíåðàöèè ÈÈÍ [33,34]. Îáúÿñíåíèå îñîáåííîñòåé
ñïåêòðà ðàññåÿííûõ ñèãíàëîâ, êîãäà ÷àñòîòà ÂÍ íåìíîãî âûøå ÷àñòîòû ãèðîãàðìîíèêè,
ïðèâåëè â [35] ê âûâîäó, ÷òî â ýòèõ óñëîâèÿõ ïðîèñõîäèò ãåíåðàöèÿ èíòåíñèâíûõ íåîä-
íîðîäíîñòåé ñ ðàçìåðàìè l⊥ ≈ 10 � 20 ñì, îáíàðóæåíèå êîòîðûõ ýêñïåðèìåíòàëüíî
ÿâëÿåòñÿ íàèáîëåå çíà÷èìîé çàäà÷åé ñåãîäíÿøíåãî äíÿ. Â [34] ïðèâåäåíû ðåçóëüòàòû çîí-
äèðîâàíèÿ ÂÎ èîíîñôåðû ñèãíàëàìè GPS, êîòîðûå äåìîíñòðèðóþò ïåðâûå íàøè ïîïûòêè
îáíàðóæèòü òàêèå íåîäíîðîäíîñòè.

Â 2005 � 2010 ãã. ñ ïîìîùüþ óíèêàëüíîé áîðòîâîé àïïàðàòóðû ôðàíöóçñêîãî ìèêðî-
ñïóòíèêà DEMETER áûëè âûïîëíåíû èññëåäîâàíèÿ ñâîéñòâ èñêóññòâåííîé ïëàçìåííîé
òóðáóëåíòíîñòè íà âûñîòàõ ∼ 700 êì. Â ÷àñòíîñòè, áûëà îáíàðóæåíà ãåíåðàöèÿ äàêòîâ
ñ óâåëè÷åííîé íà 15 � 80% ïëîòíîñòüþ ïëàçìû è ðàçìåðàìè 70 � 110 êì ïîïåð¼ê ãåî-
ìàãíèòíîãî ïîëÿ ïðè ìîäèôèêàöèè F2-îáëàñòè èîíîñôåðû ìîùíûìè ðàäèîâîëíàìè O-
ïîëÿðèçàöèè [36-38]. Ýòè äàêòû ñïîñîáíû âëèÿòü íà ðàñïðîñòðàíåíèå ÎÍ×-âîëí [39], à
ïðè îïðåäåë¼ííûõ óñëîâèÿõ � ñòèìóëèðîâàòü âûñûïàíèå ýíåðãè÷íûõ ýëåêòðîíîâ èç ðà-
äèàöèîííûõ ïîÿñîâ Çåìëè çà ñ÷¼ò âîçáóæäåíèÿ ìàãíèòîñôåðíîãî ìàçåðà [40].

Â çàêëþ÷åíèå çàìåòèì, ÷òî ïåðèîäè÷åñêîå âîçäåéñòâèå ìîùíûìè ÊÂ ðàäèîâîëíàìè
íà èîíîñôåðó Çåìëè âûçûâàåò ãåíåðàöèþ ïåðåìåùàþùèõñÿ èîíîñôåðíûõ âîçìóùåíèé
(ÏÈÂ), ïðîñòðàíñòâåííûå ìàñøòàáû êîòîðûõ ñîñòàâëÿþò ñîòíè êèëîìåòðîâ. Â ýêñïåðè-
ìåíòàõ íà ñòåíäå ÑÓÐÀ èõ äèàãíîñòèêà îñóùåñòâëÿåòñÿ ñ ïîìîùüþ äîïëåðîâñêîãî ðàäàðà
âåðòèêàëüíîãî çîíäèðîâàíèÿ èîíîñôåðû, ðàñïîëîæåííîãî îêîëî ã. Õàðüêîâà (Óêðàèíà).
Äåòàëüíîå îïèñàíèå ðàäàðà, ìåòîäîâ îáðàáîòêè ïðèíèìàåìûõ ñèãíàëîâ è ïîëó÷åííûõ
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ðåçóëüòàòîâ ïðåäñòàâëåíî â [21-33]. Âûïîëíåííûå èçìåðåíèÿ ïîêàçàëè, ÷òî, ñïóñòÿ 40 �
50 ìèí ïîñëå íà÷àëà ìîäèôèêàöèè èîíîñôåðû, íàä ã. Õàðüêîâîì íà÷èíàþò íàáëþäàòü-
ñÿ ïåðèîäè÷åñêèå èçìåíåíèÿ âûñîòû îòðàæ¼ííîãî îò èîíîñôåðû çîíäèðóþùåãî ñèãíàëà.
Õàðàêòåðèñòèêè ýòèõ âàðèàöèé îòâå÷àþò ðàñïðîñòðàíåíèþ âíóòðåííèõ ãðàâèòàöèîííûõ
âîëí íà èîíîñôåðíûõ âûñîòàõ. Óñòàíîâëåíî, ÷òî íàèáîëåå ýôôåêòèâíî âîçáóæäàþòñÿ âîë-
íû ñ ïåðèîäàìè 15 � 30 ìèí.

Ïîäâîäÿ èòîãè âûïîëíåííûì èññëåäîâàíèÿì, ìîæíî çàêëþ÷èòü, ÷òî ïðè ìîäèôèêà-
öèè F2-îáëàñòè èîíîñôåðû ìîùíûìè ÊÂ ðàäèîâîëíàìè O-ïîëÿðèçàöèè ãåíåðàöèÿ ÈÈÍ
ðàçëè÷íûõ ìàñøòàáîâ íàáëþäàåòñÿ îò âûñîò å¼ E-îáëàñòè äî âûñîò âíåøíåé èîíîñôåðû.
Â ãîðèçîíòàëüíîì íàïðàâëåíèè èñêóññòâåííûå íåîäíîðîäíîñòè ïëîòíîñòè ïëàçìû ðåãè-
ñòðèðóþòñÿ íà ðàññòîÿíèÿõ äî 250 êì îò ñòåíäà, ÷òî íàìíîãî ïðåâûøàåò ðàçìåð îáëàñòè
(∼ 100 êì), çàñâå÷åííîé ïó÷êîì ìîùíûõ ðàäèîâîëí. Êðóïíîìàñøòàáíûå èîíîñôåðíûå
âîçìóùåíèÿ, ñâÿçàííûå ñ ãåíåðàöèåé âíóòðåííèõ ãðàâèòàöèîííûõ âîëí, ðåãèñòðèðóþòñÿ
íà ðàññòîÿíèÿõ äî 1000 êì îò ñòåíäà ÑÓÐÀ (íà ñàìîì äåëå, îíè äîëæíû ðåãèñòðèðî-
âàòüñÿ è íà áîëüøèõ äàëüíîñòÿõ). Îäíèì èç âàæíûõ ñëåäñòâèé âûïîëíåííûõ â ïîñëåäíèå
ãîäû èññëåäîâàíèé ÿâèëîñü ïîëó÷åíèå ýêñïåðèìåíòàëüíûõ ôàêòîâ, äîêàçûâàþùèõ, ÷òî
ìîäèôèêàöèÿ èîíèçèðîâàííîé êîìïîíåíòû àòìîñôåðû ïðèâîäèò ê âîçìóùåíèþ è å¼ íåé-
òðàëüíîé êîìïîíåíòû.
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The results of experimental studies of the spatial structure of the
disturbed region of the ionosphere

Frolov V.L.

Radio Physical Research Institute, Russia

The paper considers some features of ionospheric arti�cial turgulence (IAT) generation at
mid-latitudes in the conditions of day and night ionosphere. It was shown that IAT low intensity
during daytime is determined by powerful radio wave absorption in the lower ionosphere,
ionosphere F2 layer low height and defocusing lens formation at the heights of 130-150 km. In
nighttime conditions of the ionosphere, near the level of pump wave (PW) re�ection, generation
of intensive ionospheric arti�cial inhomogeneities of di�erent scales (from parts of a meter to
tens of kilometers in the cross direction of geomagnetic �eld), e�ecting HF-UHF-DF radio
wave propagation, is observed. Appearance of arti�cial inhomogeneities with the scales of tens-
hundreds of meters is registered from E-layer heights to the height of the outer ionosphere.
At the heights of 250-400 km, focusing lens generation is observed; and at the heights of the
outer ionosphere, ducts with increased plasma density are registered. Gyroharmonic properties
of di�erent scale inhomogeneity generation and the possibility of super small-scale (decameter)
inhomogeneity generation in the conditions, when PW frequency is slightly above electron
gyroharmonic frequency, are discussed. Experimental results, concerning moving ionospheric
disturbance generation during periodical e�ect of a powerful radio wave on ionospheric plasma,
are presented. On the basis of the obtained experimental data the conclusion is given, that the
ionospheric region, where arti�cial ionospheric inhomogeneities of di�erent nature are registered,
considerably exceeds the size of the ionosphere, illuminated by powerful radio wave beam.
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