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Abstract. The aim of this study is to investigate the long-term (multiannual) varia-
tions of the total ozone content (TOC) on the base of TOMS instrument measurements
on the board of Nimbus-7 satellite for the period 1979 — 1993 AD. The total effects of
the solar activity influence over stratosphere ozone has been investigated by using multi-
ple regression analysis. The monthly radio-index F'10.7, the cosmic rays neutron flux, the
geomagnetic index Ap and the number of GOES x-ray X-class flares have been used as
solar or solar-modulated parameters as predictors in the model. The global mean-monthly
TOC-parameter has been used as a predictant. It has been found that the coefficient of
correlation of the model between TTOC' and above-mentioned solar and geomagnetic factors
is about 0.544. Thus the corresponding factor variance is about 37 %. The results calcu-
lated by the model have been removed from the original TOC data. It has been found out
that during the first 12 years since 1979 the downward trend is predominantly caused by
the solar and solar-modulated processes. However during the remaining 3 years after 1990
the slope of the negative trend has been essentially increased. This phenomenon could only
be explained by some catastrophic event. Most probably such one is the Pinatubo volcano
eruption in June, 1991. An evidence for the possibility that the last one is caused by trigger
effect from the extremely high solar flare activity in May — June 1991, is given.
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CrparocdepHuAT 030H, CJIbHYEBATA AKTUBHOCT U BYJIKAHU3M'bT

Bopuc Komuros, Koucranrun Croiides

Ienra Ha HACTOAOTO M3C/IEABAHE € AHAAMIBT HA AbJITOCPOIHUTE (MHOIOIOAMIIHN) BaPU-
anuy Ha 00010 chabpxanue Ha o3oua (OCO), nomyvenu na 6a3ara Ha HabIIOAEHUATA C
upubopa TOMS or 60paa na ciubrauka Nimbus-7 3a nepuoga 1979-1993 ropuna. C nomou-
Ta Ha MHOrO(AKTOPEH DerpecHOHeH aHAJIN3 € M3CIeIBAH CyMapHUAT e(deKT Ha BIINAs-HUe
Ha CIbHYEBATa aKTUBHOCT BBPXY CTparocdepHms 030H. Karo CIbHYEBH WIN CIbHYEBO-
obycioBeHn (paKTOpU B PErpeCHOHHUS MOJEJ Ca W3IIOI3BAHU CPEJHOMECETIHHTEe CTOMHOC-
TH Ha CabHYeBUs pajguoungekc F'10.7, Hey TPOHHUAT LIOTOK OT I'aJIAKTUYHUTE KOCMUYECKU
JIbYU, PEOMArHUTHUAT ADP-MHJIEKC, KAKTO U MECeYHUAT OpOil HAa PEHTIeHOBUTE CJIbHYEBU
u3pur-sanus or kiaac X (1o knacuduranusara, Bb3upuera 3a Hab/I0eHnaTa OT CI'bTHULIA-
te GOES). KaTo nmpeuKTanT ca W3M0/I3BaHU CPEIHOMECETHUTE TUIAHETAPHU CTOWHOCTH HA
OCO. Hamepernust koedurmenTt Ha MHOXkKecTBeHa Kopesarus Mexay OCO u ropecnomena-
THTE CibHUYeBH U reomarauTHu (axropu e 0.544. Toit cvorBercTBa Ha 00mEA (aKTOpPHA
aucnepeus, papaa Ha 37% or obmara aucnepcus. V39uciaeHuTe 0 PErpecuOHHUS MOJIE
JaHHU Cca u3BajeHu or opuruHainure rakusa 3a OCO u e ycranoseno, 41e upes wbpsure 12
rofuHm, ca4uTaHo or 1979 roguna, HU3X03AUUAT TPEH/L € OUJI IIPeU3BUKAH [VIABHO OT CJIbH-
9eBU U CIBHYIEBO-00yc0oBeHn mporecu. IIpe3 ocrananmure Tpu rogunu Hab/IOAeHs, 0bate,
caen 1990 r, HAKJIOHBT HA OTPUIATEJHUS TPEHJ CbHIIECTBEHO CE yBeJndaBa. 10Ba sBjIe-
Hre 6 MOIVIO @ Cce ODSICHE CaMO Ipe3 HAKAKBO Karacrpoduuno cnburme. Haii-BeposTHo
TaKOBa € OmI0 m3purBaHeTo Ha BysKaHAa [lmaary6o npe3 ouu 1991 roguma. laxenu ca mo-
Ka3aTe/ICTBa, Y€ € Bb3MOXKHO TOBA U3PUIBAHE /3 € LPEeAU3BUKAHO OT Tpurepen edekr or
U3KJIIOYUTEIHO BUCOKATA C/I'bHYEBA €PYIITUBHA AaKTUBHOCT 1Ipe3 Maii-onu 1991 roauna.
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1 Introduction

One of the most discussed phenomenon concerning the variability of the
total ozone content in the Earth atmosphere is the nature of the long-term
downward trend. It has been detected after the first decade of precise satellite
observations from Nimbus-7 satellite by using of TOMS (Total Ozone Mapping
Spectrometer) instrument. The most widespread explanation of this pheno-
menon is that last one is caused by antropogenic pollution in the stratosphere
because of different emissions of Cl-containing components, like the chloro-
fluoro-carbons (CFCs). These emissions were considered to be the primary
sources of the ozone depletion over the south polar region (the so called
"ozone hole"). As another agent for the destroying of ozone is thought to
be the volcanic activity.

However, the main factors for ozone balance are photochemical processes
and the horizontal and vertical transport in the stratosphere. The main source
of ozone molecules is the photodissociation of Og by the solar flux in the range
of 110-180nm. On the other hand the O3 molecules are dissociated mainly by
the solar "middle" UV-range between 190-310nm (Hartley’s continuum) and
in significant degree by the Hartley’s bands (310-360nm).

The solar energetic particles (SEP) with energies £ > 1 MeV, as well as
the galactic cosmic rays, are able to penetrate the Earth middle atmosphere
and stratosphere. Thus they could participate in the Os balance both by
impact dissociation of Oy and Os. Evidence, that high energetic solar protons,
whose primary source is a strong solar flare in August 04, 1972, had affected
the mesosphere and stratosphere ozone abundance, are given still by Heath
et al. (1977) and Maeda & Heath (1980). The effects of SEP events over the
stratospheric and mesospheric ozone during the solar cycle No 23 (1996 — 2008
AD) has been studied by many authors (Kryvolutsky et al., 2008; Jackman et
al., 2008; Damiani et al., 2009 etc.). In some of these analysis the role of SEP
over the other important for the Os-balance gases, like NO,, HOCI, O, is
also taken into account. The general conclusion from the predominant part of
these studies is that SEP events lead to ozone depleting both in stratosphere
and mesosphere.

The depletion of ozone layer by galactic cosmic rays (GCR) has been
considered by Tassev & Tomova (2001) and Lu (2001). Especially in the
second study the GCR destruction effect over chlorofluorocarbons (CIFC's)
with escaping of Cl-atoms is consedered as an additional Oz depletion mecha-
nism. By the Forbush-effect the maximum of GCR-flux in Earth atmosphere
occurs near to the minimums of sunspot Schwabe-Wolf’s cycle, while the
SEP-events are placed predominantly near to the sunspot maximums and
very often also on the downward solar cycle phase.

On the other hand, the solar UV-flux reaches its maximum near to sunspot
Schwabe-Wolf’s cycle and consequently, the photochemical processes of pr-
duction of O3 by O and photo-dissociation of Os, reaches their maximum
during this time.

All this considerations point out that the overall solar activity influence on
the ozonosphere is strongly nonlinear. That’s why it is not correct to describe
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it only by one overall factor, but as an ensemble of factors, which describe
the influence of the different solar processes over the ozone.

By these reasons the main subject of the study is the building of multiple
regression model where few solar or solar-modulated observed parameters are
used as predictors of the global TOC. The attributes of this model as well as
the residuals between observed and modeling data have been analyzed. The
last procedure is hold for the more precise separation between the solar and
terrestrial factors on which the ozone content is dependent.

2 Data and methods

For the aims of this study we use the mean-monthly maps of TOC global
distribution, which has been obtained by TOMS instrument on the board of
Nimbus-7 satellite in the period January, 1979 — April, 1993. Their version
7 is published on CD. The following solar indexes are used as predictors of
TOC:

- The radio index Fig7 as a better proxy of the solar UV-flux in the
range 110-180nm (for the Os photodissociation) and 190-310nm (the Hartley’s
continuum of O3 absorption and photodissociation);

- The GCR neutron flux data by Moscow station which are used as a
proxy of the GCR-flux background;

- The daily and monthly numbers of the strongest x-ray X-class solar flares
(by GOES classification) as a proxy for the extreme solar flare activity and
SEP (Solar Energetic Particles) events;

- The planetary Ap-index as a proxy for geomagnetic activity and the
efficiency of the solar activity events over Earth magnetosphere and atmosphere;

All solar and geomagnetic data are published in the National Geophysical
Data Center (USA) and could be used through its STP-server
(ftp: //ftp.ngde.noaa.gov/STP)

The multiple regression model has been built by using 6D-STAT software
package. The addition or removal of factors and terms is made on the base of
Snedekor-Fischer’s F-test.

3 Results and analysis

On Fig. 1 the monthly values of mean planetary ozone content in the period
1979 — 1993 are shown. The effect of seasonal variations related to polar
night/day changes in the both polar regions is not removed. We test the
possible significance of this circumstance by time series analysis and found
that there are 6 and 30 month oscillations, but not detectable cycle by annual
(~ 12 months) duration. Consequently, there are no significant effect, caused
by periodic visibility /non-visibility of regions with local significant deviation
like the Antarctic "ozone hole". The downward trend during the whole series
is well visible. Between 1979 and 1990 it is essentially weaker in respect to
after 1990. The mean coefficient of linear correlation of the trend between
TOC and the time is 7=-0.655 and r/0,=15.07 where o, = (1 — r2)/V/N
is the correlation coefficient error and N=172 is the length of time series in
months
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Obviously the faster TOC decrease after 1990 is most probably caused by
some catastrophic event. It is accepted that the powerful eruption of Pinatubo
volcano on the Philippines is the reason of this strong downward trend after
1990.
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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 explanation
that may be a significant contribution could also have a powerful solar flare
activity period at the end of May and the first half of June 1991.

However, for this aim it was necessary to build a regression model describing
the integral influence of solar activity over TOC. After a large number of
numerical experiments we found out that the best fitting between TOC and
the solar and solar-modulated factors is described by the regression model

TOC = 298—0.0041R;—0.88F19.7+1.96 Nx —0.0011R ¢ N x+0.00056 R ¢ F'10.7

The following signatures are used there: Fjg 7 — solar radioflux at f=2800
MHz (10.7 cm) in units 1072 W.m™2; Ry - the GCR-flux index by Moscow
neutron monitor station; Ny — the monthly number of X-class solar flares.

The corresponding coefficient of multiple correlation is R = 0.544 and F

— 1.37 where F = s7/s2 (s? is the total variance, while s3 is the residual one).

It follows from the obtained value of F' that the factor variance s? is

s? —s3-0.37, i.e. 37 % from the TOC total variance is caused by solar factors,

which are described by the regression model. As it is shown, there is no
detectable independent participation of the geomagnetic Ap- index in the
TOC-changes.

The linear terms, containing Fig7 and Ry describe the processes of O3
dissociation due to solar UV and galactic cosmic rays respectively. There is
also positive linear term of Ny, which could indicate that SEP-events could
not only destruct ozone molecules by impact dissociation, but also in some
degree they also could, on the other side, to stimulate the total O3 production
by generation of O atoms from O impact dissociation. The interactive terms
Ry Fio7 and Ry Nx most probably describes two-or three stage processes with
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05,03, NO,, CIFCs, with participation of GCR and SEP particles and solar
UV-radiation, which lead to generation or destruction of O3 as a final result.

The modeled TOC values have been calculated by using of regression
model. After that they has been removed from the original data. The residuals
are shown on Fig.2. The downward trend is significantly smaller in the residual
series compared to the original one and the linear correlation coefficient there
is r=-0.44. The corresponding ratio r/o, is 7.15. This result shows that a
significant part of the general downward trend in the whole TOC data series
is caused by active processes on the Sun over the ozone layer.
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Fig. 2. The TOC residual series (January, 1979 — April, 1993 AD)

In the next step of our test we exclude the last three years from the
residual TOC-series. The corresponding downward trend correlation for the
period 1979-1990 AD is r=-0.17 with r/o,.=2.15. Consequently, the downward
trend before 1991 AD is caused predominantly by a complex solar impact
mechanism over the ozonosphere. The coefficient r=-0.17 of the "residual"
trend before 1991 AD is statistically significant with a level slightly over
95 % probability. It indicates that a small, but detectable participation of
additional factors, which are not included in the regression model, should by
taken into account for the full explanation of TOC decreasing tendency during
the period 1979-1991 AD. These factors may be f.e. volcanic activity and
"antropogenic" CIF'Cs emissions. Other solar factors or effects of interaction
between different factors is not clear now, because of the lack of corresponding
data.

4 Discussion

The main subject of our interest is to provide a more detailed analysis for the
reason of the sharper decreasing of TOC in the second half of 1991 (the 150th
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month on X-axis in Fig.1 and 2) and after that. Out of doubt it is caused by
Pinatubo volcanic eruption activity (Luzon Island, Philippines) during the
first half of June 1991. As it is well known, the Pinatubo eruption on June
15 is the second one by magnitude during the 20th century. It is estimated
in magnitude 6, according to the VEI-index. This main eruption has been
preceded by series of other tectonic events — a big earthquake (magnitude M
=7.7) on Luzon in July 15, 1990 , a series of earthquakes in March, 1991, in
the near-volcanic region. The first significant strong eruption occurs in April
2, 1991. A monotonic increasing of volcanic activity has begun in period of
May 15-28. It was followd by a magmatic eruption on June 3. On June 7 the
first explosion has occurred. The main phase of activity begin on June 12 and
continued up to June 15, 1991 when a series of five very strong explosions
took place. They generate eruptive ash columns in the atmosphere, and their
height is in the range of 19-34 km over the Earth surface.

R aux T T T T
110001 .
10500 —
10000 —

June 1991
9500 -
00— -
£500 — ¥ -
§000 —
TS00 - m
1 1 1 1
150 Joo 450 600
Months since January 1958

Fig. 3. The deep GCR-flux minimum in June 1991 AD in Moscow neutron monitor data
series

The large quantities of active gases and aerosols during the Pinatubo
eruption in 1991, which have been injected in the stratosphere during this
catastrophic event, seems enough to explain the faster depleting of ozone
layer in the recent part of Nimbus-7 data. However there are some interesting
details, which made the circumstances near to this event much more interesting.

As it is shown on Fig.3, the period May — July 1991 AD is very interesting
in aspect of GCR-flux dynamics. It is characterized by a strong minimum
in June 1991, which is the deepest one during the whole more than 40-year
period of regular observations in the Moscow neutron monitoring station. It is
caused by a series of 3 "Forbush-decreases" on June 4, 11 and 30, respectively.
One other such event occured on May 28. There is also another very large
"Forbush decrease" on March 24. The GCR-flux has been fallen by 23.5 % on
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this date. As it is well known, the "Forbush-decreases" are caused by large
coronal mass ejections (CMEs). These events are connected with the active
regions in the solar atmosphere and the generated there processes. Many of
them are strong solar flares. There are two x-ray X-class flares on March
23, one on March 25, 28 and 30, and one on April 20 and May 18. A very
spectacular series of 7 X-class flares begin on May 29 and continued up to
June 16. The corresponding dates are May 29, June 2, 5, 7, 10, 12 and 16.
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Fig.4. Top: The daily solar flare x-flux energy, calculated on the base of X-class flares
during 1991 AD. The main Pinatubo activity events are signed too; Bottom: The mean
daily planetary Ap -index during the same period

The calculated total energy of the X-class flares during 1991 AD is shown
on the top panel of Fig.4. The main periods of high flare activity are during
March and June. Both they are very well corresponding to the main events
of Pinatubo eruption activity, which are marked on Fig.4 too. They are as
follows: "1" — the seismic activity in March 1991; "2" — the first magmatic
eruption on April 2, 1991; "3" — the period of increasing activity during the
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second half of May; "4" — the first explosion on June 7; "5" — the series of
large explosions on June 12-15. The both periods of solar flare activity are
also geoeffective (the bottom panel of Fig.4). Two ground level enhancement
(GLE) events has been registered on June 11 and 15.

The most spectacular coincidences concern the periods direct before the
first strong eruption on April 2, as well as the solar and volcanic events
between June 7 and 15. They indicate for a possible "solar — geomagnetic"
trigger process of the Pinatubo eruption in June, 1991, AD.

There are many evidences up to this moment for relationship between
the solar and tectonic activity processes. This is more certainly established
for the earthquake activity (Chijevskij, 1934, 1973; Schove, 1955; Serafimova,
2005; Rogozhin & Shestopalov, 2007 etc). The solar activity due to the solar
wind, SEP or GCR-particles and via the magnetosphere and geomagnetism
is considered as a trigger mechanism for many earthquakes, but not for all. In
this light it seems very reasonable, that solar-geomagnetic activity processes
could play a trigger role for some of volcanic eruptions, but also not for all.
Indeed, one of such cases is the Pinatubo eruption in 1991 AD. Unlike the
last one no significant coincidences between the other large volcanic eruption
(El Chichon, 1982) during the studied period and the solar flare activity has
been detected.

The flare trigger-effect over some tectonic events (including volcanic erup-
tions) is one of the possible physical channels for indirect solar activity influence
on the ozonesphere and climate.

Finally it could be not excluded, that the faster ozone depletion since
June 1991 is caused by more complex reasons then just the "pure" volcanic
explosion effect, including also interaction effects by two or more factors. For
example the SEP events in the Earth atmosphere could cause an increased
dissociation of C'l F'C's, sulfuric, nitric or other gaseous compounds which have
already existed in the atmosphere before that moment or are injected there
during the volcanic explosion.
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