
Stratospheri ozone,solar ativity and volanismBoris Komitov, Konstantin StoyhevInstitute of Astronomy and NAO, Bulgarian Aademy of Sienes, BG-1784 So�abkomitov�sz.inetg.bg(Aepted on 01.09.2011)Abstrat. The aim of this study is to investigate the long-term (multiannual) varia-tions of the total ozone ontent (TOC) on the base of TOMS instrument measurementson the board of Nimbus-7 satellite for the period 1979 � 1993 AD. The total e�ets ofthe solar ativity in�uene over stratosphere ozone has been investigated by using multi-ple regression analysis. The monthly radio-index F10.7, the osmi rays neutron �ux, thegeomagneti index Ap and the number of GOES x-ray X-lass �ares have been used assolar or solar-modulated parameters as preditors in the model. The global mean-monthly
TOC-parameter has been used as a preditant. It has been found that the oe�ient oforrelation of the model between TOC and above-mentioned solar and geomagneti fatorsis about 0.544. Thus the orresponding fator variane is about 37 %. The results alu-lated by the model have been removed from the original TOC data. It has been found outthat during the �rst 12 years sine 1979 the downward trend is predominantly aused bythe solar and solar-modulated proesses. However during the remaining 3 years after 1990the slope of the negative trend has been essentially inreased. This phenomenon ould onlybe explained by some atastrophi event. Most probably suh one is the Pinatubo volanoeruption in June, 1991. An evidene for the possibility that the last one is aused by triggere�et from the extremely high solar �are ativity in May � June 1991, is given.Key words: stratospheri ozone, solar ativity, volanismÑòðàòîñ�åðíèÿò îçîí, ñëúí÷åâàòà àêòèâíîñò è âóëêàíèçìúòÁîðèñ Êîìèòîâ, Êîíñòàíòèí Ñòîé÷åâÖåëòà íà íàñòîÿùîòî èçñëåäâàíå å àíàëèçúò íà äúëãîñðî÷íèòå (ìíîãîãîäèøíè) âàðè-àöèè íà îáùîòî ñúäúðæàíèå íà îçîíà (OCO), ïîëó÷åíè íà áàçàòà íà íàáëþäåíèÿòà ñïðèáîðà ÒÎÌS îò áîðäà íà ñïúòíèêà Nimbus-7 çà ïåðèîäà 1979-1993 ãîäèíà. Ñ ïîìîù-òà íà ìíîãî�àêòîðåí ðåãðåñèîíåí àíàëèç å èçñëåäâàí ñóìàðíèÿò å�åêò íà âëèÿ-íèåíà ñëúí÷åâàòà àêòèâíîñò âúðõó ñòðàòîñ�åðíèÿ îçîí. Êàòî ñëúí÷åâè èëè ñëúí÷åâî-îáóñëîâåíè �àêòîðè â ðåãðåñèîííèÿ ìîäåë ñà èçïîëçâàíè ñðåäíîìåñå÷íèòå ñòîéíîñ-òè íà ñëúí÷åâèÿ ðàäèîèíäåêñ F10.7, íåóòðîííèÿò ïîòîê îò ãàëàêòè÷íèòå êîñìè÷åñêèëú÷è, ãåîìàãíèòíèÿò Àð-èíäåêñ, êàêòî è ìåñå÷íèÿò áðîé íà ðåíòãåíîâèòå ñëúí÷åâèèçðèã-âàíèÿ îò êëàñ Õ (ïî êëàñè�èêàöèÿòà, âúçïðèåòà çà íàáëþäåíèÿòà îò ñïúòíèöè-òå GOES). Êàòî ïðåäèêòàíò ñà èçïîëçâàíè ñðåäíîìåñå÷íèòå ïëàíåòàðíè ñòîéíîñòè íàÎÑÎ. Íàìåðåíèÿò êîå�èöèåíò íà ìíîæåñòâåíà êîðåëàöèÿ ìåæäó ÎÑÎ è ãîðåñïîìåíà-òèòå ñëúí÷åâè è ãåîìàãíèòíè �àêòîðè å 0.544. Òîé ñúîòâåòñòâà íà îáùà �àêòîðíàäèñïåðñèÿ, ðàâíà íà 37% îò îáùàòà äèñïåðñèÿ. Èç÷èñëåíèòå ïî ðåãðåñèîííèÿ ìîäåëäàííè ñà èçâàäåíè îò îðèãèíàëíèòå òàêèâà çà ÎÑÎ è å óñòàíîâåíî, ÷å ïðåç ïúðâèòå 12ãîäèíè, ñ÷èòàíî îò 1979 ãîäèíà, íèçõîçÿùèÿò òðåíä å áèë ïðåäèçâèêàí ãëàâíî îò ñëúí-÷åâè è ñëúí÷åâî-îáóñëîâåíè ïðîöåñè. Ïðåç îñòàíàëèòå òðè ãîäèíè íàáëþäåíèÿ, îáà÷å,ñëåä 1990 ã, íàêëîíúò íà îòðèöàòåëíèÿ òðåíä ñúùåñòâåíî ñå óâåëè÷àâà. Òîâà ÿâëå-íèå áè ìîãëî äà ñå îáÿñíè ñàìî ÷ðåç íÿêàêâî êàòàñòðî�è÷íî ñúáèòèå. Íàé-âåðîÿòíîòàêîâà å áèëî èçðèãâàíåòî íà âóëêàíà Ïèíàòóáî ïðåç þíè 1991 ãîäèíà. Äàäåíè ñà äî-êàçàòåëñòâà, ÷å å âúçìîæíî òîâà èçðèãâàíå äà å ïðåäèçâèêàíî îò òðèãåðåí å�åêò îòèçêëþ÷èòåëíî âèñîêàòà ñëúí÷åâà åðóïòèâíà àêòèâíîñò ïðåç ìàé-þíè 1991 ãîäèíà.Bulgarian Astronomial Journal 17, 2011



Stratospheri ozone 1191 IntrodutionOne of the most disussed phenomenon onerning the variability of thetotal ozone ontent in the Earth atmosphere is the nature of the long-termdownward trend. It has been deteted after the �rst deade of preise satelliteobservations from Nimbus-7 satellite by using of TOMS (Total Ozone MappingSpetrometer) instrument. The most widespread explanation of this pheno-menon is that last one is aused by antropogeni pollution in the stratospherebeause of di�erent emissions of Cl-ontaining omponents, like the hloro-�uoro-arbons (CFCs). These emissions were onsidered to be the primarysoures of the ozone depletion over the south polar region (the so alled"ozone hole"). As another agent for the destroying of ozone is thought tobe the volani ativity.However, the main fators for ozone balane are photohemial proessesand the horizontal and vertial transport in the stratosphere. The main soureof ozone moleules is the photodissoiation of O2 by the solar �ux in the rangeof 110-180nm. On the other hand the O3 moleules are dissoiated mainly bythe solar "middle" UV-range between 190-310nm (Hartley's ontinuum) andin signi�ant degree by the Hartley's bands (310-360nm).The solar energeti partiles (SEP) with energies E ≥ 1 MeV, as well asthe galati osmi rays, are able to penetrate the Earth middle atmosphereand stratosphere. Thus they ould partiipate in the O3 balane both byimpat dissoiation of O2 and O3. Evidene, that high energeti solar protons,whose primary soure is a strong solar �are in August 04, 1972, had a�etedthe mesosphere and stratosphere ozone abundane, are given still by Heathet al. (1977) and Maeda & Heath (1980). The e�ets of SEP events over thestratospheri and mesospheri ozone during the solar yle No 23 (1996 � 2008AD) has been studied by many authors (Kryvolutsky et al., 2008; Jakman etal., 2008; Damiani et al., 2009 et.). In some of these analysis the role of SEPover the other important for the O3-balane gases, like NOx, HOCl, O, isalso taken into aount. The general onlusion from the predominant part ofthese studies is that SEP events lead to ozone depleting both in stratosphereand mesosphere.The depletion of ozone layer by galati osmi rays (GCR) has beenonsidered by Tassev & Tomova (2001) and Lu (2001). Espeially in theseond study the GCR destrution e�et over hloro�uoroarbons (ClFCs)with esaping of Cl-atoms is onsedered as an additional O3 depletion meha-nism. By the Forbush-e�et the maximum of GCR-�ux in Earth atmosphereours near to the minimums of sunspot Shwabe-Wolf's yle, while theSEP-events are plaed predominantly near to the sunspot maximums andvery often also on the downward solar yle phase.On the other hand, the solar UV-�ux reahes its maximum near to sunspotShwabe-Wolf's yle and onsequently, the photohemial proesses of pr-dution of O3 by O and photo-dissoiation of O3, reahes their maximumduring this time.All this onsiderations point out that the overall solar ativity in�uene onthe ozonosphere is strongly nonlinear. That's why it is not orret to desribe



120 B.Komitov, K.Stoyhevit only by one overall fator, but as an ensemble of fators, whih desribethe in�uene of the di�erent solar proesses over the ozone.By these reasons the main subjet of the study is the building of multipleregression model where few solar or solar-modulated observed parameters areused as preditors of the global TOC. The attributes of this model as well asthe residuals between observed and modeling data have been analyzed. Thelast proedure is hold for the more preise separation between the solar andterrestrial fators on whih the ozone ontent is dependent.2 Data and methodsFor the aims of this study we use the mean-monthly maps of TOC globaldistribution, whih has been obtained by TOMS instrument on the board ofNimbus-7 satellite in the period January, 1979 � April, 1993. Their version7 is published on CD. The following solar indexes are used as preditors ofTOC:- The radio index F10.7 as a better proxy of the solar UV-�ux in therange 110-180nm (for the O2 photodissoiation) and 190-310nm (the Hartley'sontinuum of O3 absorption and photodissoiation);- The GCR neutron �ux data by Mosow station whih are used as aproxy of the GCR-�ux bakground;- The daily and monthly numbers of the strongest x-ray X-lass solar �ares(by GOES lassi�ation) as a proxy for the extreme solar �are ativity andSEP (Solar Energeti Partiles) events;- The planetary Ap-index as a proxy for geomagneti ativity and thee�ieny of the solar ativity events over Earth magnetosphere and atmosphere;All solar and geomagneti data are published in the National GeophysialData Center (USA) and ould be used through its STP-server(ftp : //ftp.ngdc.noaa.gov/STP )The multiple regression model has been built by using 6D-STAT softwarepakage. The addition or removal of fators and terms is made on the base ofSnedekor-Fisher's F -test.3 Results and analysisOn Fig. 1 the monthly values of mean planetary ozone ontent in the period1979 � 1993 are shown. The e�et of seasonal variations related to polarnight/day hanges in the both polar regions is not removed. We test thepossible signi�ane of this irumstane by time series analysis and foundthat there are 6 and 30 month osillations, but not detetable yle by annual(∼ 12 months) duration. Consequently, there are no signi�ant e�et, ausedby periodi visibility/non-visibility of regions with loal signi�ant deviationlike the Antarti "ozone hole". The downward trend during the whole seriesis well visible. Between 1979 and 1990 it is essentially weaker in respet toafter 1990. The mean oe�ient of linear orrelation of the trend betweenTOC and the time is r=-0.655 and r/σr=15.07 where σr = (1 − r2)/
√
Nis the orrelation oe�ient error and N=172 is the length of time series inmonths



Stratospheri ozone 121Obviously the faster TOC derease after 1990 is most probably aused bysome atastrophi event. It is aepted that the powerful eruption of Pinatubovolano on the Philippines is the reason of this strong downward trend after1990.

Fig. 1. The mean monthly planetary Total Ozone Content (TOC) (January, 1979 � April,1993, AD)We have tested this statement by assuming of an alternative explanationthat may be a signi�ant ontribution ould also have a powerful solar �areativity period at the end of May and the �rst half of June 1991.However, for this aim it was neessary to build a regression model desribingthe integral in�uene of solar ativity over TOC. After a large number ofnumerial experiments we found out that the best �tting between TOC andthe solar and solar-modulated fators is desribed by the regression model
TOC = 298−0.0041Rf−0.88F10.7+1.96NX−0.0011RfNX+0.00056RfF10.7The following signatures are used there: F10.7 � solar radio�ux at f=2800MHz (10.7 m) in units 10−21W.m−2; Rf � the GCR-�ux index by Mosowneutron monitor station; NX � the monthly number of X-lass solar �ares.The orresponding oe�ient of multiple orrelation is R = 0.544 and F= 1.37 where F = s2t/s

2
0 (s2t is the total variane, while s20 is the residual one).It follows from the obtained value of F that the fator variane s2t is

s2t −s20=0.37, i.e. 37 % from the TOC total variane is aused by solar fators,whih are desribed by the regression model. As it is shown, there is nodetetable independent partiipation of the geomagneti Ap- index in theTOC-hanges.The linear terms, ontaining F10.7 and Rf desribe the proesses of O3dissoiation due to solar UV and galati osmi rays respetively. There isalso positive linear term of NX , whih ould indiate that SEP-events ouldnot only destrut ozone moleules by impat dissoiation, but also in somedegree they also ould, on the other side, to stimulate the total O3 produtionby generation of O atoms from O2 impat dissoiation. The interative terms
RfF10.7 and RfNX most probably desribes two-or three stage proesses with



122 B.Komitov, K.Stoyhev
O2,O3, NOx, ClFCs, with partiipation of GCR and SEP partiles and solarUV-radiation, whih lead to generation or destrution of O3 as a �nal result.The modeled TOC values have been alulated by using of regressionmodel. After that they has been removed from the original data. The residualsare shown on Fig.2. The downward trend is signi�antly smaller in the residualseries ompared to the original one and the linear orrelation oe�ient thereis r=-0.44. The orresponding ratio r/σr is 7.15. This result shows that asigni�ant part of the general downward trend in the whole TOC data seriesis aused by ative proesses on the Sun over the ozone layer.

Fig. 2. The TOC residual series (January, 1979 � April, 1993 AD)In the next step of our test we exlude the last three years from theresidual TOC-series. The orresponding downward trend orrelation for theperiod 1979-1990 AD is r=-0.17 with r/σr=2.15. Consequently, the downwardtrend before 1991 AD is aused predominantly by a omplex solar impatmehanism over the ozonosphere. The oe�ient r=-0.17 of the "residual"trend before 1991 AD is statistially signi�ant with a level slightly over95 % probability. It indiates that a small, but detetable partiipation ofadditional fators, whih are not inluded in the regression model, should bytaken into aount for the full explanation of TOC dereasing tendeny duringthe period 1979-1991 AD. These fators may be f.e. volani ativity and"antropogeni" ClFCs emissions. Other solar fators or e�ets of interationbetween di�erent fators is not lear now, beause of the lak of orrespondingdata.4 DisussionThe main subjet of our interest is to provide a more detailed analysis for thereason of the sharper dereasing of TOC in the seond half of 1991 (the 150th



Stratospheri ozone 123month on X-axis in Fig.1 and 2) and after that. Out of doubt it is aused byPinatubo volani eruption ativity (Luzon Island, Philippines) during the�rst half of June 1991. As it is well known, the Pinatubo eruption on June15 is the seond one by magnitude during the 20th entury. It is estimatedin magnitude 6, aording to the VEI-index. This main eruption has beenpreeded by series of other tetoni events � a big earthquake (magnitude M=7.7) on Luzon in July 15, 1990 , a series of earthquakes in Marh, 1991, inthe near-volani region. The �rst signi�ant strong eruption ours in April2, 1991. A monotoni inreasing of volani ativity has begun in period ofMay 15-28. It was followd by a magmati eruption on June 3. On June 7 the�rst explosion has ourred. The main phase of ativity begin on June 12 andontinued up to June 15, 1991 when a series of �ve very strong explosionstook plae. They generate eruptive ash olumns in the atmosphere, and theirheight is in the range of 19-34 km over the Earth surfae.

Fig. 3. The deep GCR-�ux minimum in June 1991 AD in Mosow neutron monitor dataseriesThe large quantities of ative gases and aerosols during the Pinatuboeruption in 1991, whih have been injeted in the stratosphere during thisatastrophi event, seems enough to explain the faster depleting of ozonelayer in the reent part of Nimbus-7 data. However there are some interestingdetails, whih made the irumstanes near to this event muh more interesting.As it is shown on Fig.3, the period May � July 1991 AD is very interestingin aspet of GCR-�ux dynamis. It is haraterized by a strong minimumin June 1991, whih is the deepest one during the whole more than 40-yearperiod of regular observations in the Mosow neutron monitoring station. It isaused by a series of 3 "Forbush-dereases" on June 4, 11 and 30, respetively.One other suh event oured on May 28. There is also another very large"Forbush derease" on Marh 24. The GCR-�ux has been fallen by 23.5 % on



124 B.Komitov, K.Stoyhevthis date. As it is well known, the "Forbush-dereases" are aused by largeoronal mass ejetions (CMEs). These events are onneted with the ativeregions in the solar atmosphere and the generated there proesses. Many ofthem are strong solar �ares. There are two x-ray X-lass �ares on Marh23, one on Marh 25, 28 and 30, and one on April 20 and May 18. A veryspetaular series of 7 X-lass �ares begin on May 29 and ontinued up toJune 16. The orresponding dates are May 29, June 2, 5, 7, 10, 12 and 16.

Fig. 4. Top: The daily solar �are x-�ux energy, alulated on the base of X-lass �aresduring 1991 AD. The main Pinatubo ativity events are signed too; Bottom: The meandaily planetary Ap -index during the same periodThe alulated total energy of the X-lass �ares during 1991 AD is shownon the top panel of Fig.4. The main periods of high �are ativity are duringMarh and June. Both they are very well orresponding to the main eventsof Pinatubo eruption ativity, whih are marked on Fig.4 too. They are asfollows: "1" � the seismi ativity in Marh 1991; "2" � the �rst magmatieruption on April 2, 1991; "3" � the period of inreasing ativity during the



Stratospheri ozone 125seond half of May; "4" � the �rst explosion on June 7; "5" � the series oflarge explosions on June 12-15. The both periods of solar �are ativity arealso geoe�etive (the bottom panel of Fig.4). Two ground level enhanement(GLE) events has been registered on June 11 and 15.The most spetaular oinidenes onern the periods diret before the�rst strong eruption on April 2, as well as the solar and volani eventsbetween June 7 and 15. They indiate for a possible "solar � geomagneti"trigger proess of the Pinatubo eruption in June, 1991, AD.There are many evidenes up to this moment for relationship betweenthe solar and tetoni ativity proesses. This is more ertainly establishedfor the earthquake ativity (Chijevskij, 1934, 1973; Shove, 1955; Sera�mova,2005; Rogozhin & Shestopalov, 2007 et). The solar ativity due to the solarwind, SEP or GCR-partiles and via the magnetosphere and geomagnetismis onsidered as a trigger mehanism for many earthquakes, but not for all. Inthis light it seems very reasonable, that solar-geomagneti ativity proessesould play a trigger role for some of volani eruptions, but also not for all.Indeed, one of suh ases is the Pinatubo eruption in 1991 AD. Unlike thelast one no signi�ant oinidenes between the other large volani eruption(El Chihon, 1982) during the studied period and the solar �are ativity hasbeen deteted.The �are trigger-e�et over some tetoni events (inluding volani erup-tions) is one of the possible physial hannels for indiret solar ativity in�ueneon the ozonesphere and limate.Finally it ould be not exluded, that the faster ozone depletion sineJune 1991 is aused by more omplex reasons then just the "pure" volaniexplosion e�et, inluding also interation e�ets by two or more fators. Forexample the SEP events in the Earth atmosphere ould ause an inreaseddissoiation of ClFCs, sulfuri, nitri or other gaseous ompounds whih havealready existed in the atmosphere before that moment or are injeted thereduring the volani explosion.ReferenesChijevskij, A., 1934, 1973, Zemnoe eho solnehnyh bur,Nauka, Mosow ,(1973) (in Russian)Damiani, A., Diego, P., Laurenza, M., Storini, M., Rafanelli, C., 2009,Adv.Spae Res., 43,1, 28Heath, D. F.; Krueger, A. J.; Crutzen, P. J., 1977, Siene, 197,886Jakman, C. H.; Marsh, D. R.; Vitt, F. M.; Garia, R. R.; Fleming, E. L.; Labow, G.J.; Randall, C. E.; Lopez-Puertas, M.; Funke, B.; von Clarmann, T.; Stiller, G. P.,2008,Atmos. Chem. Phys., 8, 765Krivolutsky, A. A.; Kuminov, A. A.; Kukoleva, A. A.; Repnev, A. I.; Pereyaslova, N. K.;Nazarova, M. N., 2008, Geomagn. Aeron., 48,4,432Lu Q-B., 2009, Phys. Rew. Let, 102, 118501Maeda, K., Heath, D. F., 1980/81, Stratospheri ozone response to a solar proton event:Hemispheri asymmetries (Preprint)Rogozhin, Yu. A., Shestopalov I.P., 2007,Atomnaya Strategiya, No.29 (in Russian)Shove, D. J., 1955, J. Geophys. Res., 60, 127Seramifova, Yu., 2005, Vestnik KRAUNC, Nauki o Zemle No6 (in Russian)Tassev J., Tomova L., 2001, A possible mehanism of geomagneti ativity foring overthe stratospheri ozone , 8th National onferrene "Contemporary problems of solar-terrestrial in�uenes", De. 6-7, So�a, Bulgaria (in Bulgarian)


