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Abstract. Energetic cosmic rays are the main source of ion-under the influence of cosmic ray induced ionization. The
ization of the low-middle atmosphere, leading to associatecbbserved effect is marginally detectable for the analyzed se-
changes in atmospheric properties. Via the hypothetical invere SEP event and can be undetectable for the majority of
fluence of ionization on aerosol growth and facilitated forma- weak-moderate events. The present interpretation serves as
tion of clouds, this may be an important indirect link relat- a conservative upper limit of solar energetic particle effect
ing solar variability to climate. This effect is highly debated, upon polar stratospheric aerosols.

however, since the proposed theoretical mechanisms still re-
main illusive and qualitative, and observational evidence is

inconclusive and controversial. Therefore, important ques~  |niroduction

tions regarding the existence and magnitude of the effect, and

particularly the fraction of aerosol particles that can form andCosmic rays are energetic particles (mostly protons and
grow, are still open. Here we present empirical evidence ofy-particles) of extra-terrestrial origin impinging upon the
the possible effect caused by cosmic rays upon polar stratoEarth’s atmosphere. They are categorized according to their
spheric aerosols, based on a case study of an extreme solgfigin as either galactic cosmic rays (GCRs) or solar cos-
energetic particle (SEP) event of 20 January 2005. Usingnic rays, the latter more conventionally referred to as so-
aerosol data obtained over polar regions from different satear energetic particles (SEPs). The primary effect of cos-
lites with optical instruments that were operating during Jan-mic rays in the atmosphere is ionization of the ambient air
uary 2005, such as the Stratospheric Aerosol and Gas Expe(see, e.g. a review bBazilevskaya et al2008, and this is
iment Ill (SAGE IlI), and Optical Spectrograph and Infrared the main source of ionization in the low and middle atmo-
Imaging System (OSIRIS), we found a significant simulta- sphere. GCRs are always present in the Earth’s vicinity, and
neous change in aerosol properties in both the Southern angheir atmospheric effect is roughly constant, with the range
Northern Polar regions in temporal association with the SEPof variations being within 10-20%. SEPs occur sporadi-
event. We speculate that ionization of the atmosphere, whicleally, usually in conjunction with giant eruptive events (solar
was abnormally high in the lower stratosphere during the ex<lares or coronal mass ejections) at the Sun. SEPs are less
treme SEP event, might have led to formation of new par-energetic (typically protons with energy below 1 GeV) than
ticles and/or growth of preexisting ultrafine particles in the GCRs but may produce fluxes exceeding those of GCRs by
polar stratospheric region. However, a detailed interpretaorders of magnitude during hours—days. Because of their
tion of the effect is left for subsequent studies. This is thelower energy, SEPs can penetrate into the Earth’s atmo-
first time high vertical resolution measurements have beersphere only in the polar regions where there is no shield-
used to discuss possible production of stratospheric aerosolag of the geomagnetic field, and they generally affect only
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Jackman1996. However, there is a special class of SEP
events, called Ground Level Enhancements (GLEs), which 397
are characterized by the presence of very energetic particles

(up to several GeV) that can cause a noticeable effect at theE 1 . I
ground level, as observed by neutron monitors (Slgea ] e
and Smart1990. Because the energetic particle flux varies -
greatly during short time intervals, GLEs provide a good op-
portunity for case studies of atmospheric effects.

Many studies have been done on the SEP influence on such 10+
atmospheric constituents as klONOx and & in the polar ]
mesosphere and stratosphere (&gvolutsky et al, 2003
Semeniuk et al.2005 Jackman et a/2005 Randall et al. 0] ‘ L :
2007 Seppala et al, 2008. Such chemical changes are usu- 10° 10° 107 10°
ally reasonably represented in global chemistry climate mod-
els (e.gSemeniuk et al2005 Krivolutsky et al, 2006 Jack-
man et al, 2008. However, the issue of a possible influence
of energetic particles, mostly GCR, on cloud and aerosolFig. 1. Daily integrated cosmic ray induced ionization (CRII) of
properties in the lower atmosphere (lower stratosphere anéhe polar atmosphere in January 2005. Solid and dashed curves
troposphere) is still debated (elgulmala et al, 2010. Al- depict the net ionization due to two SEP events, of 20 January and

though there are some hints that atmospheric ionization dué? January (a typical event), respectively. The dotted curve depicts

to cosmic rays may affect aerosol particles and/or clouds ir,tbhoeoga)\verage ionization rate due to galactic cosmic rays in January

the troposphere and stratosphere (€arslaw et al.2002
Arnold, 2006 Curtius et al. 2006 Kazil et al, 2008 Har-

rison and Tammet2008, it is difficult to get clear exper-  associated with the direct additional ionization of the strato-
imental evidence. Comparisons of inter-annual variability sphere by SEP. The analysis bjronova et al.(2008 was,

in solar activity or cosmic rays and cloud data (@l however, limited to only the southern polar region and pro-
et al, 2004 Usoskin et al. 2006 Voiculescu et al.2006  vided no altitudinal information; therefore, precise attribu-
Kulmala et al, 2010 lead to ambiguous interpretations be- tion of the aerosol changes to enhanced GLE-induced ion-
cause of the natural climate variability modes operating onjzation in the lower stratosphere was not possible.

the same time scales (e.goiculescu et al. 2007). It is Here we look for a possible influence of a sudden dra-
common to study the relation between aerosols or differ-matic increase in atmospheric ionization due to the extreme
ent types of clouds and short-term suppressions of GCRSEP/GLE event of 20 January 2005 on the behavior of
flux during Forbush decreases caused by strong interplangserosol particles in the polar lower stratosphere. We base
tary transients. Such studies are numerous (emveton  oyr analysis on satellite aerosol data that allow investigation

2004 Kristjansson et al.2008 Pierce and Adams2009  of the behavior of aerosol components in both polar hemi-
Svensmark et 12009 Laken et al.2009 Calogovic etal.  gpheres with high vertical resolution.

2010 but also highly controversial and inconclusive. More-

over, they are looking for a possible disappearance of exist-

ing aerosols or cloud condensation nuclei (CCN) associate@ Time interval of January 2005

with a reduction in the GCR flux, which may be quite dif-

ferent from production of new particles by enhanced flux. InThe SEP event of 20 January 2005 was recorded as a very
this sense, it is more promising to perform a case study of thénigh count rate at the ground-level network of neutron mon-
potential atmospheric response to a strong GLE event. For &ors and was one of the strongest GLE events ever observed
detailed analysis we have chosen the time period of JanuargMewaldt et al, 2007). This event was highly anisotropic and
2005, which is characterized by a strong burst of solar acasymmetric in the short impulsive phase; in particular, the
tivity, including an extreme GLE/SEP event of January 20, peak enhancement was stronger in the Southern Polar region
2005. That event was analyzed earlier Myronova et al.  (almost 3500 % at the South Pole station) than in the North-
(2008 who found, using the Total Ozone Mapping Spec- ern one (about 300 % at the Oulu station) during the impul-
trometer (TOMS) data obtained by the Earth Probe Satellitesive phase of the event (eBlainaki et al. 2007, Butikofer

an increase in the overall aerosol optical depth in the southeret al, 2008. During the main phase the GLE event was fairly
polar region associated with the event. The observed changesotropic, leading to similar enhancements in both regions.
could not be explained by modeled downward propagation ofThe GLE occurred on 20 January 2005: began at about 06:50
the chemical changes induced by the same GLE in the mesddT, with the peak intensity reached at 07:00-07:10 UT, DOY
sphere epp@la et al, 2008, and thus were thought to be (day of year) 20.3. This was followed by a second lower peak

the mesosphere and stratosphere above about 20ikrard I ‘ | ‘ ‘ ‘
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at about 09:00 UT and a gradual decay until about mid-dayof January 2005 (C. Randall and K. Hoppel, personal com-
of 20 January. The very high level of neutron monitor count munication, 2010). We have checked also other data sets
rate increase implies that the ionization of the polar atmo-potentially providing data for that period and found that only
sphere was dramatically increased during the eveain{o the data sets discussed here can be used for our study.
et al, 2009. Atmospheric ionization during this event has
been discussed in great detailbgoskin et al(20113. This 3.1 SAGE aerosol data
is illustrated in Fig.1, showing that the calculated ioniza-
tion due to the SEP event of 20 January started dominatThe NASA SAGE Il instrument (hereinafter referred to
ing over the GCR ionization already at 10-km altitude andas SAGE) was launched onboard the Russian Meteor-3M
reached its maximum at about 30 km altitude. These comsatellite into a sun synchronous orbit with an inclination of
putations have been performed using the CRAC:CRII (C0s99.53) (see, e.g.Yue et al, 2009; it was terminated in
mic Ray induced Atmospheric Cascade: application for Cos-March 2006. Accordingly, the satellite scans the entire lon-
mic Ray Induced lonization) moddlUéoskin and Kovaltsqv  gitudinal range during 24 h. The SAGE Il data have been
2006 Usoskin et al.2010, energy spectra of SEP provided obtained from NASA Langley Atmospheric Sciences Data
by Tylka and Dietrich(2009 and Usoskin et al.(20113, Centerhttp://www-sage3.larc.nasa.go8AGE is a solar oc-
and GCR according ttJsoskin et al.(2005 20110). The  cultation instrument, so aerosol properties are inferred from
altitude range analyzed in this study is not hatched. In parimeasurements of the spectral extinction of solar radiation as
ticular, the CRAC:CRII model calculations suggest that theit is transmitted through the atmosphere. It makes measure-
SEP event produced additional ionization in the polar atmo-ments at equally spaced longitudes around a circle of approx-
sphere in the altitude range 12-23 km, with the number ofimately constant latitude in each hemisphere on each day.
ions being greater by a factor of 3-30 than the averagedMeasurement latitudes change slowly throughout the year,
GCR-induced daily ionization in January 2005. So high aranging from about 45-80° N in the Northern Hemisphere
level of atmospheric ionization is reached very rarely andand from about 35-60° S in the Southern Hemisphere. Dur-
thus makes it possible to study the proposed relation in deing the month of January 2005, the measurement latitudes
tail. However, this enhanced ionization existed only in theranged from 66.0to 72.8 N in the north and from 36°8to
polar region abovex 60° magnetic latitude. At lower lat- 37.8 S in the south. Thus, no observations were made at the
itudes and altitudes, the ionization was reduced due to thdniigh southern latitudes of interest for this work. The verti-
relatively strong Forbush decrease (about 15 %) that startedal profile of SAGE aerosol extinction profiles is given in the
on 17 January in association with a medium-size SEP eventange from 10 to 45km height with the vertical resolution
(Bazilevskaya et al2008. We note that the previous SEP 0.5km (Yue et al, 2005. The aerosol extinction coefficient
event of 17 January had a much softer spectrum. AlthougHAEC, in km~1) was obtained in nine wavelength channels:
its columnar ionization rate was larger than that computed385, 449, 521, 602, 676, 756, 869, 1020 and 1550 nm.
for the 20 January evenBéppala et al, 2006 Jackman et al.
2011), it was mostly in the upper atmosphere (above 40km),3.2 OSIRIS aerosol data
while the 20 January event was dominant in the height range
studied here (see Fid). Before 17 January and after 24 Jan- OSIRIS was launched onboard the Odin satellite into a sun-
uary, the cosmic ray flux remained fairly stable. lonization synchronous orbit with an inclination of 98n February
due to the SEP event of 20 January dominates over the GCR0O01. It scans the Earth’s limb between 6 and 60 (or
ionization at altitudes above 10 km. 110) km and measures the atmospheric limb-scattered sun-
light (Llewellyn et al, 2004). Details of the OSIRIS aerosol
retrieval algorithm are described Bourassa et a2007).
3 Remote sensing of the atmosphere during January OSIRIS samples latitudes from 83 to 82 N on a daily ba-
2005 sis, but because of the satellite local time and requirement for
sunlight, the latitudes of the aerosol retrievals are restricted.
To complement our previous worki{ronova et al, 2008, Thus, aerosol properties at polar latitudes in January 2005
which was based on TOMS data providing the integratedwere only obtained in the Southern Hemisphere. We analyze
aerosol optical depth, here we analyze vertical profiles ofhere the OSIRIS aerosol extinction coefficient data for Jan-
stratospheric aerosol properties in January 2005. The analary 2005 from 60S to 89 S. The AEC data are considered
yses are based on data from the third Stratospheric Aerosadh the altitude range 11-28 km with a vertical resolution of
and Gas Experiment (SAGE lll) and the Optical Spectro-1km (Bourassa et g12007). OSIRIS data on AEC are only
graph and Infrared Imaging System (OSIRIS). We also inves-available at the 750 nm wavelength.
tigated data from the Polar Ozone and Aerosol Measurement We note that the OSIRIS CCD detector can potentially be
(POAM 111} instrument. However, the latter results are disre- affected by SEP, as some energetic particles may cause tem-
garded since POAM aerosol data were affected by a sporadiporary spikes in one, or more, of its pixels. We carefully
mechanical problem in the instrument during the second haliexamined the vertical profiles for Level 1 radiances that were
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Wl ] In order to illustrate that, we show in Fi§.AEC at the
1082 same wavelength (756 nm) but now fixing altitudes and con-
244 1 sidering longitudinal variability (the latitude is always in a
221 i narrow band of 66—73\). One can see that the strong in-
crease of AEC was detected starting day 21 but only in a lim-
‘ ited longitudinal range from about 3W to 9C° E, while in
184 other regions there is no notable effect. The maximum effect
16 | 1 is observed 2—-4 days after the GLE event. This longitudinal
| | feature is quite stable, ranging from 10 to about 20—22 km in

144 |
M | altitude and being present for a week. For further analysis,
| |

20
‘ ] 1.0E-3

Altitude (km)

121 | ‘ Les  We consider this longitudinal range, viz. 3090 E and

[ ] . .
10 AL | e 66—73 N, corresponding to NW Eurasia from Greenland to
12 14 16 18 20 22 24 26 28 30

mid-Siberia.

DOY 2005 The log-log slope of the AEC as function of wavelength is
called theAngstrom exponent and reflects the size distribu-
tion of the scattering particles. Here we computed the value
of a using all the wavelength channels. Since uncertainties in
AEC depend on wavelength, we used the standard weighted
least squares method to calculate the best fit power-law re-
gression and its uncertainty, using the nine SAGE wavelength

used for aerosol extinction retrievals and found that the ef-Channels noted above (see an example in4jigie applied

fect of SEP on Level 1 data below 30 km was insignificant. _th|s method even when data in some channels were miss-

Namely, the additional signal caused by occasional spiked"d- T, however, the number of available wavelengths was
was at least 150 times smaller than signal below 30 km. reduced to three or less, such a data point was discarded from

Thus, the work described below uses SAGE Ill data forfurther analysis.

the Northern Hemisphere and OSIRIS data for the Southern The value ofx _depends on the partlclg size distribution, so
Hemisphere. that the larger is, the smaller the particles are. For exam-

ple, for particles with the diameter larger than the maximum
wavelength, the AEC does not depend on the wavelength, i.e.
a~0. In the framework of standard idealistic Mie theory,

. . . some estimates on the particle size can be made. However,
Meteorological parameters such as altitude profiles of Prespare we consider only possible qualitative changes in the fea-

s#re, tengpf)f(_arature, :(i)nd pf)/}enual vort|cf:f|_ty were obtained fromtures of the scattering particles, since any quantitative values
the Met ice (.Me.t http: Www._meto ice.gov.uf/meteo- depend on the underlying assumptions on unknown parame-
rological assimilation data and interpolated to the measure;:

; ters.
ment locations. Figure5 shows the temporal and latitudinal changes of the

Angstrom exponen& for the selected geographical region
(panel A) and for the entire Northern Polar region (panel
4 Aerosol properties associated with 20 January 2005  B). One can see a small, but significant, increase ofathe

Fig. 2. Vertical profiles of aerosol extinction coefficient (in krh)

at the 756 nm wavelength measured by SAGE Il in the Northern
Polar region (zonal mean, 66-°78) during 13—30 January 2005.
Logarithmic grey scale is shown on the right panel.

3.3 Meteorological parameters

GLE event since 21-22 January in the altitude range 15-20 km. The in-
crease ofr from ~ 1.5 to 2.5 suggests that the effective size
4.1 Northern Hemisphere of scattering particles somewhat decreased, which can be in-

terpreted as possible production (or growth from below de-
For the Northern Hemisphere we possess data from SAGHEection threshold) of ultrafine particles, probably along with
Il instrument. As an example, we show in FRichanges of  the simultaneous increase of the total aerosol mass. This fea-
the AEC in the wavelength 756 nm in the Northern Polar re-ture was persistent for a week and then disappeared, viz. the
gion (longitudinal information is not considered in this plot). size of particles restored to its normal value. In the selected
This wavelength is close to that of the OSIRIS discussed ingeographical region in NW Eurasia (Fig), the pattern was
Sect.4.2 One can see a strong (up to a factor of 100) appardifferent. A slightincrease ia already started on 20 January,
entincrease of AEC since 20-21 January until ca. 27 Januarthe day of the GLE event, at 15-17 km height and remained
in the altitude range 10-22 km. On the other hand, one carfor 3—4 days. It changed on 24-25 January, when the value of
see that the AEC increase is not uniform but seemingly inter« dramatically decreased to nearly O with the lowering of the
mittent. This pattern is related to the spatial inhomogeneityaffected region by a few km. Such a low valuexohdicates
of the aerosol features and the fact that the satellite continua sudden increase of the effective aerosol size up to several
ously scans different longitudes. hundred nm or more (comparable to the wavelength range of

Atmos. Chem. Phys., 12, 76978 2012 www.atmos-chem-phys.net/12/769/2012/
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lead to formation of PSCs (Polar Stratospheric Clouds). We
note that the NH winter of 2004—2005 was exceptionally cold
with enhanced PSC occurrence (eSpnkaew et al.2011%
Polyakov et al.2008 European Ozone Research Coordinat-
ing Unit, 2005. Another cooling by about 10K was ob-
served in the NW Eurasian region in the entire altitude range
from 10 to 25km a few days after the GLE event, on 23—
24 January, when the temperature dropped again to 200K
and below, leading to formation of PSCs (and tlhws 0)

in that region after DOY 25 (Figh). However, since PSCs
were formed on DOY 25, they cannot explain the observed
Angstrom exponent change during DOY 22-24.

In order to exclude that the observed phenomenon is a typ-
ical mid-winter/summer effect due to, e.g. a change in in-
solation of the polar atmosphere, we have checked the pe-
riod of mid-summer/winter (January and July) for other years
(1998-2003) using also POAM data (C. Randall, personal
communication 2010). No change of the aerosol index simi-

Fig. 4. An example of wavelength dependence of SAGE aerosol|yy tg that discussed here have been found for all other years,

extinction coefficients (1 January 2005 at height 15.25km). Solid
line corresponds to the best fit power lafn@strom exponenty =
1.58+0.05.

the SAGE experiment), i.e. to the size of ice particles forming

clouds at this height. We note that such a dramatic change is

observed only in the region of NW Eurasia.

We have also checked the meteorological conditions in the
Northern Polar region during January 2005, which was the

middle of the Boreal winter. Spatial and temporal variability
of the temperature is plotted in Fi§. First half of the month
in the NW Eurasian region, between DOY 1 and 15 in the

altitudes range from 14 to 25km (see panels B, C and D),

was characterized by temperatures bete200 K, that could

www.atmos-chem-phys.net/12/769/2012/

suggesting that this is not a typical mid-winter feature.
We can briefly summarize the observations in the Northern
Polar region as follows.

— Aweak increase in thngstrom exponent over all lon-
gitudes started on DOY 22, i.e. 2 days after the GLE
event, in the entire Northern Polar region at altitudes
15-20km. It was accompanied by an increase of AEC,
mostly in shorter wavelength, indicating a larger num-
ber of particles. Such behavior is interpreted as a pos-
sible decrease in the effective size of aerosols due to
production of new ultrafine particles within 1-2 days
after the GLE event in the entire Northern Hemisphere
region.

Atmos. Chem. Phys., 12, 7688:2012



774 I. A. Mironova et al.: Effect of SEP on stratospheric aerosols

B) all longitudes

Altitude (km)

20 25 30
DOY 2005 DOY 2005

Fig. 5. Angstrom exponent calculated from SAGE IlI aerosol extinction as a function of altitude and time. Data were averaged over the
longitudinal region 30W-9(° E (A) and all longitudeg¢B) in the Northern Polar region (latitude 66-°33
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Fig. 6. Temperature distribution in the Northern Polar stratosphere as a function of geographical longitude and time, for four fixed altitudes
as indicated on top of each panel. Color scale is shown to the right of each panel.

— A peculiar region, NW Eurasia (S®V—9(° E), can be 4.2 Southern Hemisphere
identified, where this effect was followed by an essen-

tial growth and sedimentation of aerosols, related to thepy, the Southern Hemisphere, we possess data from the

formation of polar stratospheric clouds (PSC) on DOY og)R|s instrument, which is only available at one wave-

25. The PSCs were caused by cooling of that region. |ength. In Fig.7, we plotted the AEC profile at 750 nm mea-
sured by OSIRIS in the Antarctic polar region (longitudinal
information is not considered in this plot) for DOY 16-31.
The AEC depicted an essential (nearly two orders of mag-
nitude between 11 and 28 km) altitudinal gradient (see panel
A). Consequently, on panel B we show normalized (to the
mean profile shown in panel A) daily AEC profiles. One

Atmos. Chem. Phys., 12, 76978 2012 www.atmos-chem-phys.net/12/769/2012/
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ml ) Normaized AEC | the SEP event. Several days later, the effect was also ob-
) @ 750 om - ) Normalize g served for larger particles, but it was most likely related to
\\ 7 9 0 N 08 an independent cooling event. This was accompanied by the
’ \ ® g I g9 7 I09 growth by an order of magnitude of the AEC at all wave-
= Z 7 j; ‘ lengths. A possible explanation for the observed “downsiz-
<2 N wf g 7 10 ing” of aerosol particles, based on the increaskmgystrom
g \ m; 7 Z " exponent, is one, or a combination, of the following:
g % v, 7 . .
15 15 J g 7 12 1. break-up of large particles into smaller ones;
R 'L
Y w9 U e 2. formation of new (small) particles;
1E-5 1E-4 1E-3 20 25 30
AEC DOY 2005 3. growth of pre-existing particles, whose size was below
the satellite-based instruments detection threshold, be-
Fig. 7. Averaged OSIRIS aerosol extinction (in ki) profiles at fore SEP;

750 nm measured over the Antarctic region in the second half of
January 2005(A) The average profile for the 16-31 January 2005 4. transport of particles from elsewhere.

period. (B) Normalized (to that shown iA) daily averaged AEC. ) .
Hatched area depicts days with no data available. Explanations (2) and/or (3) are more appealing for the fol-
lowing reasons. First, it is known that atmospheric ions can

grow efficiently into stable aerosol particlesrfiold, 2008,
can see a systematic increase in the AEC on the very daﬁnd the SEP provided the required ionization. Second, the
of January 20 with the maximum around 25km, extendedobserved effects on the SAGE Il and OSIRIS data were sim-
down to 12km. However, this increase in AEC was rela- ilar and took place concurrently in both polar regions, despite
tively small (maximum 30 %) compared to an order of mag- dquite different meteorological conditions. Because of the po-
nitude increase in the Arctic region (Seétl) and vanished lar vortex, we do not expect essential latitudinal transport,
within one day. This suggests that an increase in AEC (otwhile the effect is observed in the entire polar region.
in the particles’ size/volume) could be caused by the direct Timing of the aerosol response deserves a separate discus-
effect of GLE in the lower stratosphere, but the ambient con-sion. In our earlier studyMironova et al, 2008, we found
ditions were not favorable to develop the effect further atthat a decrease in aerosol index (increase in the number of
least for larger particles, as observed at 750 nm wavelengtgmall particles, like sulfates) over places with the maximum
by OSIRIS. No specific longitudinal pattern has been foundionization rate reached its maximum on the second day after
in the OSIRIS data for the period under question. We haveGLE. However, in that work we studied the entire aerosol op-
also checked that there was no volcanic eruption or extentical depth, corresponding mainly to the troposphere, while
sive bushfires able to mimic the observed changes. On th&ere we focus on the aerosol response to increasing cosmic
other hand, it was found out earligvlifonova et al, 2008, ray induced ionization (CRII) in the lower and middle strato-
using TOMS data, that the aerosol optical depth at the wavesphere. In the present study, we observed the aerosol re-
length of about 360 nm increased in the Antarctic region onsponse within one day of the GLE. There is also a tendency
the second day after the GLE, i.e. on 20 January 2005, anéPr the maximum effect to be observed with a few days delay
that the increase was statistically significant. This suggest@t lower altitudes below 23 km for the Northern Polar Hemi-
that smaller particles affecting the optical depth at 360 nmsphere, especially in thengstrom exponent (see Fig). The
wavelength but undetectable at 750 nm, were able to develoggXact time of the maximum response of aerosols to GLE is,
reaching the maximum effect on the second day after thdowever, difficult to derive. According to some numerical
GLE event. Unfortunately, the earlier study did not provide simulations (e.gArnold, 2008 for the upper troposphere,

vertical profiles of the effect because of the method used byhe CRII rate of about 30-40 crds~! would lead to a pos-
the TOMS instrument. sible reaction of aerosol particles delayed by 1-6 days, de-

pending on the size of fractions. This is consistent with a
2-3 days delay observed here.
5 Discussion and conclusions In conclusion, we have presented the result of an analy-
sis of empirical data for a possible direct influence of the
We have analyzed available data of the aerosol properties iextreme SEP/GLE event of 20 January 2005 on aerosol pa-
the two polar regions for the period of January 2005 when arrameters in the polar stratosphere (altitudes between 11 and
extreme GLE event of solar energetic particles took place. 25km). This may be speculated as a possible nearly simul-
We found a change in the aerosol optical properties andaneous growth, in both polar regions, of ultrafine particles.
Angstrom exponent and try to speculate on its possible im-This aerosol response was under stable atmospherical condi-
plications. First, smaller particles formed, leading to a seem+ions and associated with the extreme event, when the ion-
ingly decrease in the value of aerosol effective size afterization due to SEP was several orders of magnitude greater

www.atmos-chem-phys.net/12/769/2012/ Atmos. Chem. Phys., 12, 7688-2012



776 I. A. Mironova et al.: Effect of SEP on stratospheric aerosols

than typical values due to galactic cosmic rays (see Big. Bourassa, A. E., Degenstein, D. A., Gattinger, R. L., and Llewellyn,
Although a detailed mechanism of such effects is not well E. J.: Stratospheric aerosol retrieval with optical spectrograph
understood yet, there is some theoretical (&azil et al, and infrared imaging system limb scatter measurements, J. Geo-
2008 and also empiricalQuplissy et al, 201Q Nieminen phys. Res., 112, D1021dpi:10.1029/2006JD008072007.
etal, 2011 evidence that an enhanced ionization may facili- Butikofer, R., Flickiger, E., Desorgher, L., and Moser, M.: The
tate growth of ultrafine aerosols if the meteorological condi-  SXIréme solar cosmic ray particle event on January 2005 and its
tions remain constant. We note that. while the observational |nf|u.ence on the radiation dose rate at aircraft altitude, Sci. Total
. . . Environ., 391, 177-183, 2008.

result. is novel and .rob'ust, the pos§|ble gxplanatlon propose@alogovic, J., Albert, C., Amold, F., Beer, J., Desorgher, L.,
here is only a qualitative speculation. Since we assume that 5. Flueckiger, E. O.. Sudden cosmic ray decreases: No
the observed changes are caused solely by the energetic par-change of global cloud cover, Geophys. Res. Lett., 37, L03802,
ticles, this serves as a conservative upper limit of solar ener- doi:10.1029/2009GL041322010.
getic particle effect upon polar stratospheric aerosols. MoreCarslaw, K. S., Harrison, R. G., and Kirkby, J.: Cos-
detailed modeling is required in order to fully understand the mic Rays, Clouds, and Climate, Science, 298, 1732-1737,
found effect. doi:10.1126/science.1076962002.

We would also like to emphasize that the observed atmoCurtius, J.. Lovejoy, E. R., and Froyd, K. D.: Atmospheric lon-
spheric effect for this extreme GLE event was barely signif- g\(()jsjged Aerosol Nucleation, Space Sci. Rev., 125, 159-167,
icant. No clear lower stratospheric effect was found beyond |

o . Duplissy, J., Enghoff, M. B., Aplin, K. L., Arnold, F., Aufmhoff,
statistical fluctuations for the SEP event of 17 January 2005, Avngaard, M., Baltensperger, U., Bondo, T., Bingham, R.

which had a much smaller flux of the highest energy pro- Carslaw, K., Curtius, J., David, A., Fastrup, B., Gag8., Hahn,
tons. This implies that only extremely hard-spectrum (high  F. Harrison, R. G., Kellett, B., Kirkby, J., Kulmala, M., Laakso,
energy) GLE/SEP events can produce a noticeable direct ef- L., Laaksonen, A., Lillestol, E., Lockwood, M., &kek, J.,

fect on aerosols in the polar low-middle stratosphere. Makhmutov, V., Marsh, N. D., Nieminen, T., Onnela, A., Ped-
ersen, E., Pedersen, J. O. P., Polny, J., Reichl, U., Seinfeld, J. H.,
Sipila, M., Stozhkov, Y., Stratmann, F., Svensmark, H., Svens-
mark, J., Veenhof, R., Verheggen, B., Viisanen, Y., Wagner, P.
E., Wehrle, G., Weingartner, E., Wex, H., Wilhelmsson, M., and
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