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Abstract. We have modeled the atmospheric impact of a ma-
jor solar energetic particle event similar in intensity to what is
thought of the Carrington Event of 1–2 September 1859. Ion-
ization rates for the August 1972 solar proton event, which
had an energy spectrum comparable to the Carrington Event,
were scaled up in proportion to the fluence estimated for both
events. We have assumed such an event to take place in the
year 2020 in order to investigate the impact on the modern,
near future atmosphere. Effects on atmospheric chemistry,
temperature and dynamics were investigated using the 3-D
Chemistry Climate Model SOCOL v2.0. We find significant
responses of NOx, HOx, ozone, temperature and zonal wind.
Ozone and NOx have in common an unusually strong and
long-lived response to this solar proton event. The model
suggests a 3-fold increase of NOx generated in the upper
stratosphere lasting until the end of November, and an up
to 10-fold increase in upper mesospheric HOx. Due to the
NOx and HOx enhancements, ozone reduces by up to 60–
80 % in the mesosphere during the days after the event, and
by up to 20–40 % in the middle stratosphere lasting for sev-
eral months after the event. Total ozone is reduced by up to
20 DU in the Northern Hemisphere and up to 10 DU in the
Southern Hemisphere. Free tropospheric and surface air tem-
peratures show a significant cooling of more than 3 K and
zonal winds change significantly by 3–5 m s−1 in the UTLS
region. In conclusion, a solar proton event, if it took place in
the near future with an intensity similar to that ascribed to
of the Carrington Event of 1859, must be expected to have
a major impact on atmospheric composition throughout the
middle atmosphere, resulting in significant and persistent de-
crease in total ozone.

1 Introduction

Solar energetic particle events, frequently referred to solar
proton events (SPEs), occur when protons and other parti-
cles emitted by the active Sun are accelerated to very high
energies (for protons up to 500 MeV) either close to the
Sun’s surface during a solar flare or in interplanetary space
by magnetic shock waves associated with coronal mass ejec-
tions (Reames, 1999). They typically last for a few days.
The high energy protons are deflected, when they enter the
Earth’s magnetic field, and upon penetrating the atmosphere
can cause massive ionization including significant produc-
tion of HOx and NOx (Sepp̈alä et al., 2004; Jackman et al.,
2009).

Solar protons normally have energies that are insufficient
to make them enter deep into the Earth’s magnetic field.
However, during unusually strong solar flares, protons may
assume kinetic energies sufficiently high to penetrate deeper
into the Earth’s magnetosphere and ionosphere especially at
the poles, where the magnetic field lines cut across pres-
sure levels and dive deep into the atmosphere towards the
surface. Energetic protons that are guided by the magnetic
field into the polar regions collide with atmospheric con-
stituents and gradually transfer their kinetic energy into po-
tential energy through the process of ionization of the air con-
stituents. For example, the protons can ionize air molecules,
X2 +p → X+

2 +p + e∗, producing fast secondary electrons
(X = N, O, and the star symbolizes high kinetic energy).
These electrons can dissociate the nitrogen molecule, pro-
ducing both, the electronic ground state and the electronic
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first excited state of the nitrogen atom. The latter reacts read-
ily with O2, producing nitric oxide, N(2D) + O2 → NO+ O.

Below the mesopause, where water cluster ions form, the
ionization through the solar protons contributes also to the
formation of HOx radicals. For example, molecular oxygen
ions (O+

2 ) produced by an SPE form O+4 ions via attach-
ment of molecular oxygen, which then react with water. This
hydrated ion quickly hydrates further to produce OH via
O+

2 ·H2O + H2O → H3O+
·OH + O2 → H3O+

+ OH + O2.
Analyses of ice core samples have indicated that the Car-

rington flare of 1859 might have been the largest event ob-
served in the past 500 yr (McCracken et al., 2001). However,
a recent study casts serious doubts on the existence of clear
evidence for this event in most of the available ice core ni-
trate records (Wolff et al., 2012). Subsequently we assume
an event with a> 30 MeV proton fluence of 1.9 × 1010 cm−2,
similar what had been assumed about the 1859 Carrington
Event (McCracken et al., 2001; Smart et al., 2006). The in-
fluence of such solar proton events – in this study termed
Carrington-like events – on atmospheric chemistry have been
assessed by several authors, see recently Thomas et al. (2007)
and Rodger et al. (2008). Thomas et al. (2007) were us-
ing the Goddard Space Flight Center two-dimensional atmo-
spheric model. For the calculations, they scaled the solar pro-
ton event from 1989 to match to the flux of the 1859 SPE. The
duration of the ionization applied by Thomas et al. (2007) is
2 days. They demonstrated that ozone is sensitive to the ad-
ditional NOx source in the atmosphere, such that two months
after the event the ozone reduction at about 40 km still ex-
ceeds 30 % in both hemispheres.

Rodger et al. (2008) used a 1-D combined ion and neu-
tral chemistry model, studying the effects on ionosphere and
atmosphere. They showed that a Carrington-like event could
result in an unusually strong and long lived Ox decrease (lev-
els drop by∼ 40 %) in the upper stratosphere. Additionally,
they demonstrated that such an event would cause disruption
of HF communications, but this effect was found not to be
significantly larger than those caused by other major SPEs.

With this study we want to focus on solar proton events
that are as significant as the Carrington event has been, but
we ask what atmospheric effects such an event would have if
it happened in the near future. We assume conditions for the
atmosphere expected in the year 2020 (with chlorine concen-
trations already at somewhat lower levels than nowadays).
This approach is further motivated by Barnard et al. (2011),
who argue that the number of large SPEs will likely be en-
hanced throughout the next years. Our goal is to analyze
changes in the atmospheric chemistry, temperature and dy-
namics. In contrast to the 1-D and 2-D models mentioned in
the previous paragraphs, we employ for the first time a 3-D
Chemistry Climate Model (CCM). The CCM describes the
entire chain of physical and chemical processes in the mid-
dle atmosphere, i.e. stratosphere and mesosphere, including
changes in atmospheric dynamics that are not resolved in 1-
D or 2-D models. The specific model applied here (SOCOL)

and the numerical setup are described in Sect. 2, and Sects. 3
and 4 provide the results and a discussion, respectively.

2 Model description and experimental setup

The CCM SOCOL is a combination of the Global Circulation
Model (GCM) MA-ECHAM4 and the chemistry-transport
model MEZON. MA-ECHAM4 (Manzini et al., 1997), the
middle atmosphere version of ECHAM4, is a spectral model
with T30 horizontal truncation resulting in a grid spacing of
about 3.75◦. It has 39 levels in the vertical direction in a hy-
brid sigma-pressure coordinate system spanning the model
atmosphere from the surface to 0.01 hPa (∼ 80 km altitude).

The chemistry-transport model MEZON (Rozanov et al.,
1999; Egorova et al., 2003) has the same vertical and hori-
zontal resolution and treats 41 chemical species within the
oxygen, hydrogen, nitrogen, carbon, chlorine and bromine
groups, which are determined by 140 gas-phase reactions,
46 photolysis reactions and 16 heterogeneous reactions in/on
aqueous sulfuric acid aerosols and polar stratospheric clouds
at high latitudes, namely water ice, nitric acid trihydrate and
ternary supercooled solutions (HNO3-H2SO4-H2O).

The original version of the CCM SOCOL was described
and evaluated by Egorova et al. (2005) and compared with
other models by Eyring et al. (2006, 2007). Several model
deficiencies in the chemical-transport part have been revised
by the development of the CCM SOCOLv2.0, which is used
in the current work. The new features and the evaluation of
SOCOLv2.0 are presented by Schraner et al. (2008).

In this paper we approximate the properties of the Carring-
ton Event by an up-scaling of the August 1972 SPE, which
we use as a reference event. Comparing the Carrington event
ionization rates to other SPEs, e.g. the October 2003 SPE,
which is one of the largest SPEs recorded and for which we
have the ionization rates readily available (Verronen et al.,
2005), we find that at 35–60 km the total ionization rates of
the Carrington event are 4–4.5 times higher than those of Oc-
tober 2003. This number is similar to the scaling factor used
by Thomas et al. (2007), although they used a different SPE.
Above 80 km and below 30 km, ionization rates for the Car-
rington event are smaller than those of October 2003, which
is due to the different particle energy spectra during these two
events.

Cosmogenic isotope concentrations (such as10Be in ice
cores) suggest that the Carrington Event had a soft energy
spectrum, similar to the SPE from August 1972 (Smart et al.,
2006), and can be described using the Weibull distribution
(Rodger et al., 2008). In order to model the Carrington event,
we adopted the altitude dependent ionization rates (IR) from
Rodger et al. (2008), which were calculated using a method
utilizing energy-range relationships for protons (Verronen et
al., 2005). The ionization due to electrons andα particles has
been neglected, as their contribution, compared to that of the
protons, is small (Rodger et al., 2008; Funke et al., 2011).
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The CCM SOCOL has no explicit treatment of ion chem-
istry. Therefore, it is necessary to convert the ionization rates
in an approximate manner into NOx and HOx production
rates.

The energetic protons in an SPE can ionize air molecules,
X2 +p → X+

2 + p + e∗, producing fast secondary electrons
(X = N, O, and the star symbolizes high kinetic energy).
These electrons can dissociate the nitrogen molecule, N2 +

e∗ → 2 N(4S; 2D) +e, where N(4S) is the electronic ground
state of the nitrogen atom and N(2D) is its electronic first ex-
cited state. Almost all of the N(2D) atoms react with O2, pro-
ducing nitric oxide, N(2D) + O2 → NO + O (whereas col-
lisional quenching of N(2D) plays only a minor role). Con-
versely, the ground state can undergo a “cannibalistic” reac-
tion with NO, N(4S) + NO → N2+ O, leading to the de-
struction of NOx. Therefore, within SOCOL N(2D) is imme-
diately converted into NO, while N(4S) is a regular species
in the CCM, which is subject to a full kinetic treatment. Fol-
lowing Brasseur and Solomon (2005), when dissociation of
molecular nitrogen yields one N(4S) and one N(2D) atom,
the net odd nitrogen production is extremely small: almost
every N(2D) atom produces one NO molecule, but almost ev-
ery N(4S) atom immediately destroys one at these altitudes.
Net production is provided only by the very small fraction of
N(4S) atoms which react with oxygen, N(4S)+ O2 → NO +

O, rather than with NO.
Therefore, a reliable quantification of the N(2D) : N(4S)

branching ratio is required. Following Porter et al. (1976),
1.25 N molecules are produced per ion pair, of which 55 %
are N(2D) and 45 % are N(4S) (see Table V in Porter et
al., 1976). In SOCOL, the first excited state, N(2D), is as-
sumed to convert instantaneously to NO. It is important to
note that in the model used in this paper, the ground state
atom, N(4S), may undergo the cannibalistic reaction with
the produced NO, i.e. N(4S) + NO → N2+ O, or may re-
act, though much more slowly, with molecular oxygen to
generate NO. The production of HOx by proton precipita-
tion has been taken into account using the calculations by
Solomon et al. (1981). They showed that below 60 km al-
titude about 2 HOx molecules are produced, drops towards
1.2 HOx at 80 km, and a much smaller amount above about
85 km. Egorova et al. (2011) showed that the NOx and HOx
parameterizations used in our study compare reasonably well
with their model using complete ion chemistry.

Here, we have implemented the influence of the August
1972 SPE, scaled to the Carrington event in September 1859,
into the 3-D CCM SOCOL v2.0. We then carried out two
9-month long runs – a control run and a perturbed Car-
rington run – with 10 ensemble members each and starting
with atmospheric conditions in August 2020 and ending in
April 2021. The ensemble members were generated by small
(−0.1...+0.1 %) perturbations of the CO2 mixing ratio dur-
ing the first month of the model run. This corresponds to sim-
ulating the impact on an atmosphere with a total halogen bur-
den slightly lower than today and a global average total ozone

distribution, which has continued to recover compared to the
most recent values in an atmosphere with maximum halogen
loading. Both model experiments are driven with prescribed
sea surface temperature (SST) and Sea Ice.

3 Results

The ionization rates taken from Rodger et al. (2008), who
combined a spectral form of the August 1972 SPE (their
Fig. 1) with the time behavior of the> 30 MeV fluxes (their
Fig. 2, top) applied in the present study are shown in Fig. 1.

It suggests that the major fraction of the energy is de-
posited in the mesosphere (around 50–80 km in altitude), and
only very little penetrates to altitudes lower than 20 km. The
application of the characteristics of the August 1972 SPE re-
sults in two distinct ionization peaks, with the second peak
in the beginning of September being more intense than the
first one at the end of August. This procedure suggests that
there is hardly any penetration of the signal into the tropo-
sphere, which means that the event is unlikely to produce a
nitrate spike in the ice core records. If correct, this deprives
us of using ice core nitrate as a potent indicator of such events
(Wolff et al., 2012). However, Vitt et al. (2000) suggest, that
an increase of odd nitrogen in the stratosphere could be trans-
ported to the ground via either stratosphere/troposphere ex-
change or denitrification through polar stratospheric clouds.
Therefore, it cannot be ruled out, that this solar proton event
was able producing a nitrate spike in the ice core records even
if this nitrate spike is made through stratosphere/troposphere
exchange or denitrification and not by direct ionization in the
troposphere.

Rusch et al. (1981) show ionization rates for the 1972
SPE which have a peak ionization rate> 40 000 cm−3 s−1

compared to our peak rate of> 25 000 cm−3 s−1. However,
our Fig. 1 displays daily average values that are naturally
smaller than those given in a finer time resolution by Rusch
et al. (1981) in their Fig. 4. Our IR, which are originally cal-
culated with a 5-min resolution show peak ionization rates
reaching 100 000 cm−3 s−1 around 50 km, which means that
they are about 2.5 times higher than the peak values given by
Rusch et al. (1981) for the August 1972 SPE.

Figures 2–5 show time series of zonal mean ensemble re-
sponses in NOx, HOx, ozone and temperature calculated as
a relative deviation of the experimental run from the refer-
ence run in the polar regions (70–90◦). Figures 6–7 show en-
semble mean changes in zonal wind and total ozone for the
Northern and Southern Hemisphere (NH and SH) from Au-
gust to November and September to November, respectively.
Whereas Fig. 8 is showing ensemble mean changes for sea
level pressure for the NH starting day 211 until day 311.

The results show that the NOx enhancement after this
event lasts for weeks due to the longevity of these species
at these altitudes. The simulated NOx increase exceeds
300 ppbv in the SH and 200 ppbv in the NH (Fig. 2). The
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Fig. 1: Height versus time evolution of ionization rates for the investigated Carrington-like solar pro-429 
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Fig. 1.Height versus time evolution of ionization rates for the inves-
tigated Carrington-like solar proton event. The particular shape with
two major episodes within 5 days is taken from the event of August
1972. Contour levels: 0, 5, 20, 80, 200, 500, 800, 1000, 4000, 8000,
12 000, 18 000, 25 000, 30 000 ion pairs cm−3 s−1.

Southern Hemisphere displays a stronger NOx perturbation
because the event is assumed to take place on 1–2 September,
when the Northern Hemisphere is still exposed to more sun-
light. This difference in sunlight supports the cannibalistic
reaction for odd nitrogen, i.e. NO+ hν → N(4S)+ O; N(4S)
+ NO → N2+ O (Crutzen and Br̈uhl, 1996). This reaction
in combination with the still prevailing southerly phase of
the Brewer-Dobson circulation is responsible for the less in-
tense increase in NOx in the Northern Hemisphere in Fig. 2.
It should be noted that zonal asymmetry of the odd nitrogen
response to the Carrington event is negligible compared to
the changes in meridional direction. The zonal asymmetry
goes up to a maximum of 5 % in the Northern and Southern
Hemispheres (figure not shown).

The computed increase in NOx does not agree with the 1-
D model results of Rodger et al. (2008), presumably because
of highly simplified dynamics and transport in their model,
whereas the 2-D model used by Thomas et al. (2007) is in
good qualitative agreement.

The upper panel in Fig. 3 shows an increase for HOx in
the Northern Hemisphere of approximately 10 ppbv or up to
200 % from 70 km to the model top. A higher increase of up
to 15 ppbv or 1000 % from 70 km to the model top is com-
puted for the Southern Hemisphere. The reason that the in-
crease appears to be more significant in the Southern Hemi-
sphere is again related to the phase of the Brewer-Dobson cir-
culation and to the higher illumination of the Northern Hemi-
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433 
Fig. 2: Upper panel: Evolution of changes in NOx zonal mean mixing ratio profile in the polar re-434 

gions (70°-90°N). Lower panel: same for 70°-90°S. Colors indicate areas with at least 95 % statisti-435 

cal significance. Upper panel contour levels: 10, 30, 100, 200 ppbv. Contour levels lower panel: 10, 436 
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Fig. 2. Upper panel: evolution of changes in NOx zonal mean mix-
ing ratio profile in the polar regions (70–90◦ N). Lower panel: same
for 70–90◦ S. Colors indicate areas with at least 95 % statistical sig-
nificance. Upper panel contour levels: 10, 30, 100, 200 ppbv. Con-
tour levels lower panel: 10, 20, 200, 300 ppbv.
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438 
Fig. 3:  Upper panel: Evolution of changes in HOx zonal mean mixing ratio profile in the polar region 439 

(70°-90°N) in percent.  Lower panel: same for 70°-90°S. Colors indicate areas with at least 95 % sta-440 

tistical significance. Contour levels for upper panel: -20, 0, 10, 40, 120, 300 %. Contour levels for 441 

lower panel: -20, 0, 20, 150, 600, 1000 %. 442 

 443 

Fig. 3. Upper panel: evolution of changes in HOx zonal mean mix-
ing ratio profile in the polar region (70–90◦ N) in percent. Lower
panel: same for 70–90◦ S. Colors indicate areas with at least 95 %
statistical significance. Contour levels for upper panel:−20, 0, 50,
150, 300 %. Contour levels for lower panel:−20, 0, 50, 250, 700,
1000 %.

sphere, i.e. the background level of HOx is larger (Rodger et
al., 2008).

Due to cannibalistic reactions such as OH+ HO2 → H2O
+ O2 the odd hydrogen species are less long-lived than NOx,
so that the significance of the impact on HOx is of shorter du-
ration, basically lasting only during the time when the solar
protons are penetrating the atmosphere.

Atmos. Chem. Phys., 12, 8679–8686, 2012 www.atmos-chem-phys.net/12/8679/2012/
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Fig. 4:  Upper panel:  Evolution of changes in ozone zonal mean mixing ratio profile in the polar 445 

region (70°-90°N) in percent.  Lower panel: same for 70°-90°S. Colors indicate areas with at least 446 

95 % statistical significance. Contour levels: -100, -80, -60, -40, -20, -10, 0, 2, 5, 10, 50 %. 447 

 448 

. 449 

 450 

Fig. 4.Upper panel: evolution of changes in ozone zonal mean mix-
ing ratio profile in the polar region (70–90◦ N) in percent. Lower
panel: same for 70–90◦ S. Colors indicate areas with at least 95 %
statistical significance. Contour levels:−100,−80,−60,−40,−20,
−10, 0, 2, 5, 10, 50 %.

Highly significant decreases of ozone are predicted for the
upper and middle stratosphere with losses of about 80 % and
60 % in the Southern and Northern Hemisphere, respectively
(Fig. 4). These losses are strongly correlated to the major
increases in NOx and HOx shown in Figs. 2 and 3 caus-
ing the destruction of the ozone extending from 80 km all
the way down to 30 km. Below the depleted layer there is
some indication of self-healing of ozone in the lower strato-
sphere. There is a direct response in temperature following
these ozone perturbations. The depletion in ozone leads to a
decrease in solar heating in the sunlit atmosphere, which is
visible in the upper panel in Fig. 5 for the NH shortly after
the event has started. The model shows a significant cool-
ing of up to 3 K at about 60 km. Conversely the SH, though
showing a stronger response in NOx, HOx and O3, develops a
less intense cooling because of the initially lower insolation,
whereas a stronger and significant response appears only
long after the impact, namely in mid-November when the
solar UV irradiating in the SH has increased significantly.
However, overall the impact is similar in both hemispheres
with an average decrease on the order of 1 K in the up-
per stratosphere/lower mesosphere. This SPE-induced polar
cooling increases the equator-pole temperature gradient with
repercussions for zonal winds. Figure 6 shows the changes
in zonal winds averaged from August to November for the
Northern and the Southern Hemispheres at 25 hPa (middle
stratosphere; upper panel) and at 63 hPa (lower stratosphere;
lower panel). Both altitude levels show in the NH an increase
of up to 3 m s−1 in the region of the polar vortex. The accel-
eration of the zonal wind is explained by the cooling of the
polar upper stratosphere due to the polar ozone depletion in-
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451 
Fig. 5:  Upper panel:  Evolution of changes in zonal mean temperature profile for the polar region 452 

(70°-90°N) in Kelvin.  Lower panel:  Same for 70°-90°S. Colors indicate areas with at least 95 % 453 

statistical significance. Contour levels: -10, -6, -3, -1, 0, 1, 2, 3, 5, 10 K. 454 
Fig. 5. Upper panel: evolution of changes in zonal mean tempera-
ture profile for the polar region (70–90◦ N) in Kelvin. Lower panel:
same for 70–90◦ S. Colors indicate areas with at least 95 % statis-
tical significance. Contour levels:−10, −6, −3, −1, 0, 1, 2, 3, 5,
10 K.
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Fig. 6: Upper row: Polar stereographic projection of zonal wind changes at 25 hPa from August 458 

to November given in m/s.  Lower row: Zonal wind changes at 63 hPa from August to Novem-459 

ber given in m/s.  Left column: NH.  Right column: SH. Hatched areas show 95 % statistical 460 

significance 461 
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Fig. 6. Upper row: polar stereographic projection of zonal wind
changes at 25 hPa from August to November given in m s−1. Lower
row: zonal wind changes at 63 hPa from August to November given
in m s−1. Left column: NH. Right column: SH. Hatched areas show
95 % statistical significance.
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Fig. 7: Left column: Polar stereographic projection of changes in total ozone (in DU) for the 470 

NH from September to November resulting from the Carrington-like event. Right column:  471 

Same for the SH. Hatched areas show 95 % statistical significance. 472 
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Fig. 7. Left column: polar stereographic projection of changes in
total ozone (in DU) for the NH from September to November re-
sulting from the Carrington-like event. Right column: same for the
SH. Hatched areas show 95 % statistical significance.

duced by the SPE, leading to an acceleration of the zonal
wind in agreement with the thermal wind balance (Limpa-
suvan et al., 2005). The SH shows a similar pattern to the
NH but the increase in speed reaches up to 5 m s−1. The
reason for this hemispheric asymmetry in zonal winds is in
accordance with the asymmetries in temperatures (compare
Fig. 5).

The effects of the Carrington-like event on total ozone in
both hemispheres are displayed in Fig. 7. Total ozone is re-
duced by a maximum of about 20 DU in October in the NH
and about 10 DU in the autumn SH. These maximum total
ozone changes are not predicted to occur during the time
when the SPE is happening; rather, the transport of the en-
hanced NOx to lower altitudes and therefore higher ozone
amounts allows a more substantial total ozone impact. The
collar like pattern from September to November in the NH
and from September to October in the SH is due to the ac-
celeration of both polar jet streams. In November, when the
polar vortex in the SH breaks up, air from the lower lat-
itudes which was less affected by NOx/HOx perturbations
and ozone depletion enters the polar region (lowermost right
panel).

The changes in sea level pressure for the Northern Hemi-
sphere, given in Pa, are depicted in Fig. 8. It is shown that a
solar proton event similar to the Carrington event can cause
an increase in the sea level pressure of more than 200 Pa. This
increase in pressure, although not significant over the whole
region, can be used as a proxy for the changes in the Arctic
Oscillation which in turn can alter the surface air temperature
shown in the last figure.

Finally, we investigate the influence of this major solar
proton event on the surface air temperature (SAT) and its con-
nection to the Arctic Oscillation. The left and right panels in
Fig. 9 show the November monthly mean SAT for the NH
and SH, respectively. The northern hemispheric plot shows
a significant decrease of up to 5 K over the eastern part of
Europe and Russia. A smaller decrease of about 3 K is de-
picted for the Southern Hemisphere over Argentina. These
changes in SAT are caused by an intensification of the polar
vortex, which in the NH is known as positive phase of Arc-
tic Oscillation (Thompson and Wallace, 1998). The decrease
over Argentina is caused by a change to a negative South-
ern Annular Mode giving warmer temperatures over Antarc-
tica and colder temperatures over Argentina (Arblaster and
Meehl, 2005).

4 Discussion and conclusion

This work presents simulations of the impact of a major Solar
Proton Event (SPE) on a near-future atmosphere. The sim-
ulation assumes an event similar to the August 1972 SPE,
but scaled up in strength to the Carrington Event from 1859.
Effects on atmospheric chemistry, temperature and dynam-
ics are investigated. The total fluence of energies> 30 MeV
was scaled to match the value given by Smart et al. (2006),
as identified through impulsive nitrate events in the ice core.
The IR was calculated as described by Verronen et al. (2005)
up to 0.01 hPa.

From the results presented in Sect. 3 we draw the follow-
ing conclusions. The influence of the Carrington-like event
on the chemistry and dynamics consists of NOx and HOx en-
hancement, depletion of ozone mixing ratios and total ozone
column, cooling in the polar mesosphere and upper strato-
sphere, an acceleration of the zonal winds in both polar jets,
and finally statistically significant imprints on surface air
temperatures. Except for temperature in the SH middle atmo-
sphere, changes due to the SPE are most pronounced shortly
after the event happened.

The modeled impact on NOx, HOx and ozone is in reason-
able agreement with the results of Thomas et al. (2007). Our
results show a similar impact pattern compared to Rodger et
al. (2008), i.e. the SH showing a larger response to the SPE
than the NH. A difference concerning the longevity of the
impact becomes apparent, which is due to the fact that we
use a 3-D model with comprehensive transport and dynam-
ics implementation. Regarding the longevity of the impact,

Atmos. Chem. Phys., 12, 8679–8686, 2012 www.atmos-chem-phys.net/12/8679/2012/
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Fig. 8:  Polar stereographic projection of changes in sea level pressure for the NH for day 211 475 

to 311 resulting from the Carrington-like Event. Hatched areas show 95 % statistical signifi-476 

cance. 477 
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 479 

 480 

 481 

Fig. 8. Polar stereographic projection of changes in sea level pres-
sure for the NH for day 211 to 311 resulting from the Carrington-
like Event. Hatched areas show 95 % statistical significance.

Thomas et al. (2007) show for ozone and the nitrogen species
that after 2 months the depletion is still significant, which is
also true for our results.

Comparing the outcome for temperature and dynamics
modeled with SOCOL with results of Jackman et al. (2007),
who investigated the SPE of October/November 2003 using
their 3-D TIME-GCM, we see that these results are in good
qualitative agreement. They show that shortly after the event
happened, the southern hemispheric polar region has a de-
crease in temperature throughout the entire mesosphere, sim-
ilar to our results for the northern hemispheric polar region.
The difference between their results and ours is in the inten-
sity of the changes. For the temperature a decrease of more
than 3 K is shown in this work while Jackman et al. (2007)
depict a decrease of up to 2 K. The fact that our results show
a larger effect can be due to the intensity of the solar pro-
ton event. The Carrington-like event presented in this paper
represents an event that is more intense than the SPE of Oc-
tober/November 2003.

The qualitative agreement of our results, modeled with the
3-D CCM SOCOL, for the changes in NOx, ozone, tem-
perature and dynamics, with those obtained by Thomas et
al. (2007) and Jackman et al. (2007), corroborates the find-
ing that solar proton events of this strength have intense at-
mospheric interactions in a broad altitude range starting from
80 km down to 30 km, with repercussions for surface air tem-
perature. The latter range from a cooling of up to 5 K in east-
ern Europe and Russia to a somewhat smaller decrease of
about 3 K for the Southern Hemisphere in Argentina. There-
fore it is important to analyze the impact of energetic parti-
cles with a 3-D CCM to ensure that the dynamical and trans-
port aspects are properly taken into account. In this paper,
the solar proton event was placed during equinox. We think
that the impact could even be larger if it would happen during
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Fig. 9:  Left panel:  Polar stereographic projection of changes in surface air temperature for the 485 

NH for November resulting from the Carrington-like Event.  Right panel:  Same for the SH.  486 

Hatched areas show 95 % statistical significance. 487 
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Fig. 9. Left panel: polar stereographic projection of changes in sur-
face air temperature for the NH for November resulting from the
Carrington-like Event. Right panel: same for the SH. Hatched areas
show 95 % statistical significance.

earlier winter because the polar vortex prevents the exchange
of fresh air from the mid-latitudes with the polar region.
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