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Abstract. The main ionization source of the middle and low
Earth’s atmosphere is related to energetic particles coming
from outer space. Usually it is ionization from cosmic rays
that is always present in the atmosphere. But in a case of
a very strong solar eruption, some solar energetic particles
(SEPs) can reach middle/low atmosphere increasing the ion-
ization rate up to some orders of magnitude at polar lati-
tudes. We continue investigating such a special class of solar
events and their possible applications for natural variations
of the aerosol content. After the case study of the extreme
SEP event of January 2005 and its possible effect upon polar
stratospheric aerosols, here we analyze atmospheric applica-
tions of the sequence of several events that took place over
autumn 1989. Using aerosol data obtained over polar regions
from two satellites with space-borne optical instruments
SAGE II and SAM II that were operating during September–
October 1989, we found that an extreme major SEP event
might have led to formation of new particles and/or growth
of preexisting ultrafine particles in the polar stratospheric re-
gion. However, the effect of the additional ambient air ioniza-
tion on the aerosol formation is minor, in comparison with
temperature effect, and can take place only in the cold po-
lar atmospheric conditions. The extra aerosol mass formed
under the temperature effect allows attributing most of the
changes to the “ion–aerosol clear sky mechanism”.

1 Introduction

Natural variability of the outer space factors, in particular
cosmic ray fluctuations, is important for the terrestrial envi-
ronment. Cosmic rays produce a direct effect on the Earth’s
atmosphere via ionization of the ambient air and form the
main source of the atmospheric ionization for the lower and
middle atmosphere (Bazilevskaya et al., 2008). There are
some indications that it may affect properties of the atmo-
spheric aerosols (Kazil et al., 2008; Mironova et al., 2008,
2012) and possibly even cloud formation (Carslaw et al.,
2002; Tinsley, 2008), which may be crucially important as an
indirect factor affecting the climate. However, it is still a sub-
ject of intensive debates (Kulmala et al., 2010; Usoskin et al.,
2010b; Calogovic et al., 2010). Statistical correlation studies
are inconclusive and lead to contradictory results largely be-
cause the contemporary fast expansion of the anthropogenic
factor makes it difficult to study the natural variability of the
terrestrial system, including the solar factor, by means of sta-
tistical/phenomenological methods. Direct laboratory and in
situ experiments (Kulmala et al., 2010; Kirkby et al., 2011;
Enghoff et al., 2011) suggest that enhanced ionization may
lead to aerosol particle formation in the realistic conditions,
but this effect is small. There are also some global aerosol mi-
crophysics model studies testing the sensitivity of cloud con-
densation nuclei (CCN) concentration to the changes in nu-
cleation that might occur due to changes in cosmic rays. Such
modeling approaches have been done byPierce and Adams
(2009); Kazil et al.(2012); Snow-Kropla et al.(2011); Dunne
et al.(2012); Yu et al.(2012).
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In spite of the wide interest of the science community to
the topic of aerosol formation under the influence of cos-
mic ray induced ionization in the atmosphere, most of mod-
els and experimental works were done for the troposphere
and/or boundary layers conditions. On the other hand, the
stratospheric effect is not properly studied, although the max-
imum cosmic ray induced ionization rate in the atmosphere
corresponds exactly in the region of the polar stratosphere
(Bazilevskaya et al., 2008).

Here we continue studying, from atmospherical point of
view, major solar energetic particle (SEP) events occurring
in relation to solar eruptive phenomena, when the flux of en-
ergetic particles can penetrate down to the lower level of
atmosphere and can be detectable by ground-based neutron
monitors. The energies of such solar particles are below the
energies of galactic cosmic rays (GCRs). And these sporadic
events produce additional ionization of the atmosphere that
exceeds the background ionization level due to GCRs by sev-
eral orders of magnitude in the polar stratosphere (Usoskin
et al., 2011).

While the effect caused by SEP events in the upper atmo-
sphere is more or less known (Randall et al., 2007; Sepp̈alä
et al., 2008; Egorova et al., 2011; Rozanov et al., 2012), its
possible influence on the lower atmosphere is still unclear.
Previous phenomenological studies (Mironova et al., 2008,
2012) yielded that there is a small, marginally detectable
effect of an extreme SEP (e.g., such as the one of 20 Jan-
uary 2005) on the aerosol particles in the lower–middle polar
stratosphere during stable winter/summer conditions. How-
ever, an appropriate model able to explain the observed fea-
tures is still missing. Here we study the series of SEP events
in autumn 1989, which was among the largest events, aiming
at providing an assessment of the possible atmospheric effect
of energetic particles on stratospheric–tropospheric aerosols.

We focus on short-time sporadic solar eruptive events,
which can help in separating the cosmic ray effect because of
its sharp temporal (duration of hours–days) and spatial (po-
lar region) localization. It is a step forward toward a realistic
consideration of the effect for developing an empirical quan-
titative model, able to parameterize the atmospheric changes
(ionization rate, aerosols properties, etc.) for specific condi-
tions, such as the flux of cosmic rays of galactic/solar origin,
season and location.

2 Data for the time interval of September–October 1989

For our analysis we have chosen the time interval of
September–October 1989, where a series of major SEP
events, recorded also as ground level enhancements (GLEs)
of ground-based neutron monitors, took place. These SEP
events were among the strongest ones in the 22nd solar cycle
(Duldig et al., 1993; Lovell et al., 1998). On the other hand,
the atmospheric conditions were monitored by several space-
borne instruments during that period, making a detailed case

study possible. While the chemistry of the upper atmosphere
is known to be greatly affected by the SEP events in autumn
of 1989 (Vitt et al., 2000; Verronen et al., 2002), a direct de-
tailed analysis of the low and middle atmosphere data has not
been done previously.

2.1 Solar energetic particles and cosmic ray induced
ionization

As an index of cosmic ray variability, we show in Fig.1 (up-
per panel) the count rate of the polar Oulu neutron moni-
tor. One can see that four GLE/SEP events took place during
September–October 1989: the strongest event of the series
occurred on September 29th (day of year, DOY 272); fol-
lowed by a series of moderate events of 19, 22 and 24 Octo-
ber (DOY 292, 295 and 297, respectively). These events are
indicated by vertical lines at this and forthcoming figures.
The lower panel of Fig.1 depicts the corresponding cosmic
ray induced ionization (CRII) of the atmosphere, calculated
using the CRAC : CRII model (Usoskin and Kovaltsov, 2006;
Usoskin et al., 2010a). One can see that the ionization effect
of the SEP events penetrated down to about 10 km for the
greatest of the analyzed events of DOY 272, to about 15 km
for moderate events of DOY 292, and 297 and was hardly
noticeable below 18 km for the weak event of DOY 295. At-
mospheric ionization during these events has been discussed
in Usoskin et al.(2011). We note that GLEs of autumn 1989
were weaker than those of January 2005. However cosmic
ray induced ionization of the stratosphere over polar regions
on 29 September 1989 was of the same order of magnitude
as it was on 20 January 2005 (Usoskin et al., 2011). This
leads us to concentrate our analysis on the September event
but also taking into account the other GLEs taking place in
autumn 1989.

2.2 Remote sensing of the atmosphere during
September–October 1989

During autumn 1989 two satellites provided vertical profiles
of aerosol extinctions over polar regions. One of them was a
satellite with SAGE II apparatus giving retrieval information
on aerosol extinction at the 1020, 525, 453, and 385 nanome-
ter wavelengths, the aerosol surface area density and the ef-
fective radius. Another satellite had SAM II experiment, also
giving information about the aerosol extinction at only one
wavelength of 1000 nm. Let us consider both satellites sepa-
rately with their experiments and their capabilities of taking
data for our investigation.

2.3 Latitudinal coverage of SAGE II

The Stratospheric Aerosol and Gas Experiment (SAGE) II
data and all supported information were taken from the site
(http://www-sage2.larc.nasa.gov/).
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Fig. 1. Cosmic rays and atmospheric ionization variability dur-
ing the period of September–October 1989. Upper panel: daily av-
eraged count rate of the Oulu polar neutron monitor, with four
GLE/SEP events indicated by the vertical lines. Lower panel: calcu-
lated corresponding cosmic ray induced ionization rate in the polar
atmosphere. Logarithmic color scale is shown on the right panel.

The SAGE II was launched aboard the Earth Radiation
Budget Satellite in October 1984. The SAGE II instrument
used the solar occultation technique to measure attenuated
solar radiation through the Earth’s limb in the channels cen-
tered at wavelengths ranging from 385 to 1020 nm. The exo-
atmospheric solar irradiance is also measured in each chan-
nel during each event for the use as a reference in deter-
mining limb transmittances. The instrument provides high
quality measurements of ozone, nitrogen dioxide, water va-
por, and multi-wavelength aerosol extinction from the mid-
troposphere to as high as the lower mesosphere. The aerosol
data contain profiles of aerosol extinction at 1020, 525, 453,
and 385 nm, the aerosol surface area density and the effective
radius at the vertical resolution of 0.5 km.

Latitudinal coverage of the satellite with the SAGE II in-
strument, during the end of September till the end of Oc-
tober 1989, is presented in Fig.2b and d. One can see that
during that period SAGE II could cover all latitudes from
the Equator to polar areas in both hemispheres. Since addi-

Fig. 2. Latitude distance of SAM II ((a) and (c)) and SAGE II
((b) and (d)) during September–October 1989. The days of GLEs
marked by lines.(a) and (b): latitudinal coverage of the satellites
and operation of the instruments during each sunrise and sunset
measurement over Southern Hemisphere.(c) and (d): the same as
for upper panel, but over Northern Hemisphere.

tional ionization effects from a GLE event will be noticed
only in the polar atmosphere, we need to use for our investi-
gation only data obtained from polar regions. In Fig.2 these
regions are shown by dashed boxes. Unfortunately in spite of
the extensive data coverage of the Northern Hemisphere (see
Fig. 2d), we cannot use it for our analysis since the SAGE
II did not cover polar regions during the period of time un-
der investigation. As one can see in Fig.2b only during the
first GLE on DOY 272, SAGE II could cover Southern Hemi-
sphere polar regions, which helps us in our study.

2.4 Latitudinal coverage of SAM II

The Stratospheric Aerosol Measurement (SAM) II
data and all the supported information were taken
from the site of Atmospheric Science Data Center
(http://eosweb.larc.nasa.gov/).

The SAM II instrument, aboard the Earth-orbiting
Nimbus-7 spacecraft, was designed to measure solar irradi-
ance attenuated by aerosol particles in the Arctic and Antarc-
tic stratosphere. The scientific objective of the SAM II exper-
iment was to develop a stratospheric aerosol database for the
polar regions by measuring and mapping vertical profiles of
the atmospheric extinction due to aerosols. The measurement
technique is solar occultation. The latitude of the measure-
ments was slowly changed with the season by one to two de-
grees per week. Therefore, for our short period study of about
one month the latitudinal changes could not play a big role in
our case in contrast to the SAGE II measurements. The oper-
ations of SAM II took place in the latitude regions of about
70◦ for both polar hemispheres. Figure2a and c show cov-
erage by SAM II. Here one can see slow latitudinal changes
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Fig. 3. SAGE II aerosol optical properties such as aerosol extinc-
tions at four wavelengths 1020 nm, 525 nm, 453 nm and 386 nm for
the polar Southern Hemisphere.

over both hemispheres. The SAM II data obtained from polar
regions are shown by dashed boxes in Fig.2a and c. Unfor-
tunately SAM II provides aerosol extinction data only at one
wavelength of 1000 nm.

As a sub-conclusion on the satellites data over autumn
1998, we notice that we can use SAGE II data (see Fig.2b)
only for the polar Southern Hemisphere and only for an anal-
ysis of the largest GLE of 29 September 1989. And SAM
II aerosol information can be taken only at 1000 nm wave-
length, but for both polar hemispheres for all the GLEs
over the end of September till the end of October 1989
(see Fig.2a and c).

3 Aerosol properties associated with the GLE event

Ions play an important role in the atmospherical processes.
However up to now the role of ions in the aerosol forma-
tion is still not clear. One of the proposed link mechanisms
(Carslaw et al., 2002) is the so-called “the ion–aerosol clear-
air mechanism” based on the presence of ions that enhance
formation and early growth of aerosol particles in the atmo-
sphere so that such fractions may eventually grow to cloud
condensation nuclei (CCN). An additional ionization source
in the polar atmosphere can help to test this possible mecha-
nism of aerosol formation in the real cold atmosphere. Such
additional ionization sources can be short-time sporadic so-
lar eruptive events, which can help in separating the effect
of cosmic rays because of their sharp temporal (duration of
hours–days) and spatial (polar region) localization. An anal-
ysis of vertical aerosol profiles during such sporadic events
shall show the exact altitudinal regions where some changes
connected with investigated increasing of ionization rate and
numbers of ions in the atmosphere take place.

Fig. 4. Aerosol microphysical properties and temperature obtained
by SAGE II data sets. Logarithmic color scale is shown on the right
of each panel. Upper panel: variations of surface area density and
effective aerosol radius. Lower panel: variations of temperature.

3.1 Aerosol properties observed by SAGE II

Altitudinal and temporal 2-D variations of the optical proper-
ties of aerosols are shown in Fig.3. Altitudinal and temporal
2-D variations of aerosol microphysical properties such as
effective aerosol radius and aerosol surface area density are
shown in the upper panels of Fig.4. Variations of the tem-
perature for the southern polar atmosphere for the period of
time under investigation can be also seen in the lower panel
of Fig. 4. All the SAGE II data used in the present study are
zonal averages over the appropriate longitudes in the polar
region.

As mentioned in Sect.2.2 the data from SAGE II can be
used for finding atmospheric effects only from the first GLE
event that took place on DOY 272. And unfortunately this
data cannot be compared with the SAGE II data obtained in
the Northern Hemisphere. Figures3 and4, where altitudinal
and temporal variations of aerosol optical as well as aerosol
microphysical properties are shown, clearly indicate an in-
crease of aerosol parameters after the GLE event. In Fig.3
one can see that over the altitudinal range of about 13 km,
after DOY 272, the aerosol extinction in the visible wave-
lengths increased by an order of magnitude in comparison
with previous days. However, this effect is less notable for
the aerosol extinction at the longest wavelengths. The vari-
ations of aerosol optical parameters are confirmed by mi-
crophysical changes of aerosol properties. In Fig.4 (upper
panel) one can also see a notable increase of the aerosol sur-
face area density (SAD) on the second day after the GLE and
subtle changes in the aerosol effective radius. The surface
area density increases from about∼ 3 to ∼ 12–20µm2 cm−3

at altitudes 12–13 km around DOY 274. The effective ra-
dius doubles from about 0.25 µm to 0.5 µm. For fixed aerosol
number, the surface area scales with the square of the radius,

Atmos. Chem. Phys., 13, 8543–8550, 2013 www.atmos-chem-phys.net/13/8543/2013/
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so a jump in surface area density from 3 to 12 µm2 cm−3 (a
4× increase) can be explained by the doubling of the radius
of the particles without any increase in aerosol number (for
a fixed distribution shape). There would, however, have to
be an increase in aerosol mass to make these particles larger.
On the other hand, a jump in surface area density from 3 to
20 µm2 cm−3 could not be explained by holding the number
fixed (for a fixed distribution shape, some additional aerosol
number would be necessary), but regardless there would need
to be an increase in total aerosol mass.

If the “ion–aerosol clear sky” mechanism were acting
alone, the aerosol mass would be fixed. An increase in nucle-
ation due to the increase in ions would lead to a decrease in
the effective radius because the aerosol mass would be dis-
tributed across more particles, so they would all be smaller
(on average). Thus, the addition of aerosol mass here could
possibly be due to the decrease in temperature if this caused
additional material to condense (J. R. Pierce, personal com-
munication, 2013).

The lower panel of Fig.4 shows altitudinal and temporal
temperature changes. Here a decrease of temperature down to
195 K is visible after DOY 272 over the altitude range from
12 to 20 km. The changes of the temperature might affect the
aerosol particles, and cooling will lead to formation of polar
stratospheric clouds. Aerosol particles shall grow when the
temperature is low enough (in our case 195 K) and that will
be seen in the increasing of SAD and ratable in the increasing
of effective aerosol radius.

These results, discussed above, let us propose a scenario of
the changes of aerosol properties that take place at the same
time in our case. One is the homogenous theory of the new
aerosol particle formation after a decrease of the temperature
and another scenario is related to additional ionization that
also can lead to the notable effect from the exact day of GLE.

In addition, the variability of microphysical aerosol pa-
rameters such as the effective aerosol radius and aerosol sur-
face area density was investigated for typical atmospheric
conditions such as those during September 1989 in the po-
lar Southern Hemisphere. In this study we check periods
during the years 1986–1990, for the background variability
of the investigated parameters that were not affected by El
Chich́on (1982) and Mount Pinatubo (1991) volcanic erup-
tions. As a summary we can say that the aerosol surface area
density, in the sense of the variability, is a more sensitive pa-
rameter to variations of the temperature below 200 K than
the aerosol effective radius is. We note that the uncertainties
of the stratospheric aerosol properties measured by SAGE
II during non-volcanic periods were investigated byThoma-
son et al.(2008) in great detail. Here it is mentioned that the
maximum range of reasonable SAD values around the cur-
rent operational values is of the order of a factor of 2 for
non-volcanic conditions. In the case of our investigation, we
observe increases of SAD of the order of a factor of 4 on the
day after GLE in September 1989, which is beyond the ex-
pected uncertainties.Thomason et al.(2008) have also noted

Fig. 5.Variations of the aerosol extinction at wavelength of 1000 nm
and the temperature over polar hemispheres during the end of
September till the end of October 1989. Upper panel: variations
of atmospheric parameters over the Southern Hemisphere. Lower
panel: the same but for the Northern Hemisphere. Logarithmic color
scale of temperature changes is shown on the right of each panel.

that SAD may not provide reasonable limits in regions of
the stratosphere where strong particle nucleation occurs such
as the polar winter middle stratosphere since number densi-
ties may be considerably larger than those considered here
though the SAGE II-measured extinctions remain valid.

3.2 Aerosol properties observed by SAM II

Exploitation of the data from the SAM II instrument gives
us a good opportunity to compare some results obtained by
SAGE II over the Southern Hemisphere and also to have ad-
ditional information about behavior of aerosols and temper-
ature over the northern polar regions during the period of
time needed for investigation. However here we also need
to reiterate that the data from SAM II can be taken only at
1000 nm, and it is hard to do an approximation of micro-
physical changes of aerosol particles as well as of the optical
properties in the visible range of wavelengths. Nevertheless
after analysis of the SAM II data sets, we will be able to
see what happened in both the polar Southern Hemisphere
and Northern Hemisphere for all the GLEs over September–
October 1989. Here we also used SAM II data that have been
zonally averaged over all appropriate longitudes in both polar
regions.

Altitudinal and temporal 2-D variations of the aerosol ex-
tinction at wavelength of 1000 nm, and the temperature for
the Southern Hemisphere and the Northern Hemisphere are
presented in Fig.5. In the upper panels of Fig.5, variations
of aerosol parameters and the temperature changes are shown
over the investigated period of time for the Southern Hemi-
sphere. The lower panels of Fig.5 show behavior of aerosols

www.atmos-chem-phys.net/13/8543/2013/ Atmos. Chem. Phys., 13, 8543–8550, 2013
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and temperature changes over the investigated period of time
for the Northern Hemisphere.

Let us begin our analysis with the SAM II aerosol data
over the Southern Hemisphere. Here, in Fig.5a, one can see
a small increase of the aerosol extinction after DOY 272,
which is in good agreement with altitudinal and temporal
variations of the aerosol extinction obtained by SAGE II
(Fig. 3d). However changes of temperature (Fig.5b) began
much earlier, as shown in Fig.4 (lower panel). The decrease
of the temperature down to 190 K over altitudes at about
11–20 km began in the SAM II data from DOY 270. How-
ever SAGE II data show a decrease of the temperature down
to 195 K over the same altitudes from DOY 272. No par-
allel changes are observed in the aerosol optical properties
recorded by the SAGE II and the SAM II tools at the compa-
rable wavelength of about 1000 nm (SAGE II – 1020 nm and
SAM II – 1000 nm). In Fig.5a, in the altitude range of about
10–15 km, one can see a small increase of aerosol extinction
on DOY 275. Nevertheless Fig.3d, where the aerosol extinc-
tion at 1020 nm detected by SAGE II is presented, shows also
a weak increase of aerosol extinction on DOY 273. However
at other wavelengths of SAGE II (Fig.3a–c), one can see
some aerosol optical changes, which can be logically con-
firmed by the data of SAM II (see Figure5a).

In spite of these differences in the temperatures and the
aerosol extinctions at wavelength of about 1000 nm, recorded
by the SAGE II and the SAM II tools, we can confirm
that both instruments show formation and/or growth of the
aerosol particles after DOY 272.

The situation is completely different for the Northern
Hemisphere in comparison with Southern Hemisphere (see
lower panel of Fig.5). No notable changes occur during the
investigated period of time. However the temperature is also
much higher that it can be observed in the Southern Hemi-
sphere.

4 Conclusions

A detailed analysis of the behavior of aerosol particles and
their dependence on temperature variations and increase of
ionization over the end of September till the end of October
1989 for both polar hemispheres is presented. Here we found
a minor possible effect from the additional ionization coming
from one of the biggest GLE events in September 1989. The
effect was observed by SAGE II and SAM II in the polar
Southern Hemisphere.

We conclude that the present results show variations of
the aerosol optical and microphysical parameters (in the
cold polar stratosphere) that are similar to the aerosol vari-
ations detected after the GLE in January 2005 (Mironova
et al., 2012). The recognized effect, during these two GLEs
(20 January 2005 and 29 September 1989), is found at the
same altitude range of 10–20 km. However, during Septem-
ber 1989 the effect penetrated deeper into the lower strato-
sphere. No effects were found at other altitudes. No observ-

able effect in formation and/or growth of preexisting ultra-
fine particles in the polar stratospheric region was found for
the weaker GLEs during October 1998. The maximum effect
was observed some days after the GLE in September 1989.
Based on the present investigation we conclude that ioniza-
tion plays a role in addition to the temperature in formation
of polar stratospheric clouds. Nevertheless it is difficult to
isolate quantitatively the ion–aerosol clear sky mechanism
(which generates additional aerosol numbers) from the addi-
tional aerosol mass that occurs.

In the wintertime polar Southern Hemisphere (Antarctic),
air is strongly controlled by the polar vortex, resulting in a
cold environment and in the isolation of stratospheric gases
and aerosol. The period of time from June to October is as-
sociated in Antarctic region with formation of polar strato-
spheric clouds (PSCs). It is well known that the tempera-
ture change can affect the aerosol properties, and cooling in
the stratosphere can lead to Antarctic PSC formation. In turn
PSCs are involved in formation of the ozone hole. PSCs pro-
vide surfaces upon which heterogeneous chemical reactions
take place, and these reactions lead to the production of free
radicals of chlorine in the polar stratosphere, which directly
destroy the ozone level. The ozone hole is bigger for larger
surface area density of the PSCs.

Here it is necessary to notice that in both cases of GLEs
(20 January 2005 and 29 September 1989) it was found
that the extra aerosol mass occurs and attributes most of the
changes to the ion–aerosol clear sky mechanism.

Taking into account that the obtained effect was found in
the region with sufficiently low temperature where forma-
tion of polar stratospheric clouds is possible, which is in turn
critical for the development of polar ozone loss, we cannot
exclude a possibility that an increase of the cosmic ray in-
duced ionization rate can lead to formation of an aerosol
layer, which can influence the microphysical properties of
PSCs. However this effect should be investigated by a de-
tailed model study, which is beyond the scope of this work.
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