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Abstract

The atmospheric chemistry general circulation model ECHAM5/MESSy (EMAC) has
been extended by processes that parameterize particle precipitation. Several types
of particle precipitation that directly affect NOy and HOx concentrations in the middle
atmosphere are accounted for and discussed in a series of papers. In part 1, the EMAC5

parameterization for NOx produced in the upper atmosphere by low-energy electrons is
presented. Here, we discuss production of NOy and HOx associated with Solar Proton
Events (SPEs). A submodel that parameterizes the effects of precipitating protons,
based on flux measurements by instruments on the IMP or GOES satellites, was added
to the EMAC model. Production and transport of NOy and HOx, as well as effects on10

other chemical species and dynamics during the 2003 Halloween SPEs are presented.
Comparisons with MIPAS/ENVISAT measurements of a number of species affected by
the SPE are shown and discussed. There is good agreement for NO2, but a severe
disagreement is found for N2O similar to other studies. We discuss the effects of an
altitude dependence of the N/NO production rate on the N2O and NOy changes during15

the SPE. This yields a modified parameterization that shows good agreement between
MIPAS and model results for NO2, N2O, O3, and HOCl. With the ability of EMAC to relax
the model meteorology to observations, accurate assessment of total column ozone
loss is also possible, yielding a loss of approximately 10 DU at the end of November.
Discrepancies remain for HNO3, N2O5, and ClONO2, which are likely a consequence20

from the missing cluster ion chemistry in the EMAC model as well as known issues
with the model’s NOy partitioning.

1 Introduction

Solar flares and coronal mass ejections are eruptions on the sun’s surface that lead
to vastly increased fluxes of high-energy particles. Depending on the position of the25

Earth relative to the ejection, the particles can reach the earth’s atmosphere. The
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phenomenon is then called a solar proton event (SPE). An SPE causes ionizations,
dissociations, dissociative ionizations, and excitations in the atmosphere. This results
in the production of HOx and NOy in the middle and upper atmosphere (Brasseur and
Solomon, 1986; Jackman and McPeters, 2004). The altitude profile of the produc-
tion is mainly determined by the type and number of precipitating particles and their5

energy distributions, which then also determines the SPE’s significance in terms of as-
sociated ozone depletion through catalytic destruction by the HOx and NOx products.
Such events are interesting natural experiments that allow us to test and improve our
understanding of atmospheric chemistry, our observational capabilities, and numerical
models.10

The effects of SPEs on the middle atmosphere have been measured and modelled
extensively for almost four decades, initiated by Weeks et al. (1972). Effects on NOx
chemistry were first presented by Heath et al. (1977). Recently, a review on obser-
vational and modeling efforts was presented by Jackman and McPeters (2004). The
fourth largest period of SPEs in the past 40 years occurred in October/November 200315

and has been termed Halloween events and received considerable attention. Jack-
man et al. (2005) investigated both short-term and long-term effects of the Halloween
SPEs. 2-D model simulations were compared to NOAA16 SBUV/2 ozone and UARS
HALOE NOx measurements. In the lower and upper mesosphere, short-term ozone
depletion up to 50% and greater than 70%, respectively, were found in the model re-20

sults. Measurements showed a loss of approximately 40% in the lower mesosphere.
Northern Hemisphere polar ozone depletion greater than 0.5% was predicted to last for
8 months. SCIAMACHY/ENVISAT measurements of the ozone depletion were shown
by Rohen et al. (2005) and Rohen et al. (2006). In addition, Rohen et al. (2005) com-
pared the ozone depletion with results from a 2-D chemistry transport model based on25

SLIMCAT. In the five weeks following the SPEs the ozone depletion was captured fairly
well by the model and agrees approximately with the model results of Jackman et al.
(2005).

The MIPAS instrument on board ENVISAT has been used extensively to study ef-

4503

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/4501/2010/acpd-10-4501-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/4501/2010/acpd-10-4501-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 4501–4542, 2010

EPP in EMAC, Solar
Proton Events

A. J. G. Baumgaert-
ner et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

fects of the Halloween SPE on the chemical composition of the middle atmosphere.
For example, effects on NOx and ozone are shown in López-Puertas et al. (2005a),
von Clarmann et al. (2005) shows HOCl and ClO perturbations, HNO3, N2O5, and
ClONO2 changes are discussed in López-Puertas et al. (2005b), and N2O enhance-
ments are discussed by Funke et al. (2008). Jackman et al. (2008) noted that MIPAS5

measurements of the HNO3 enhancements were unexpectedly large; Verronen et al.
(2008) attributed them to ion-ion recombination between NO−

3 and H+.
Jackman et al. (2007) discussed dynamical effects in the mesosphere using results

from the TIME-GCM model. SPE-induced temperature anomalies up to 2.6 K were
found and background wind velocities changed up to 25%.10

The present study discusses the immediate effects of the Halloween SPEs using
results from simulations with the ECHAM5/MESSy model system with an additional
submodel that parameterizes the effects of SPEs in the middle atmosphere. The model
results are evaluated using data from the MIPAS instrument. Disagreements between
model and satellite data are attempted to reconcile using several different options.15

The model and the satellite instrument are described in Sects. 2 and 3, respectively.
The simulated time evolution of several trace gases affected by the SPE as well as
comparisons with the satellite observations are described in Sect. 4. Options for im-
provements to the parameterization are presented, and the remaining discussion is
based on the parameterization that yields the best results when compared to the MI-20

PAS measurements. Finally, a summary and conclusions are presented in Sect. 5.

2 Model description

2.1 ECHAM5/MESSy

The ECHAM/MESSy Atmospheric Chemistry (EMAC) model is a numerical chemistry
and climate simulation system that includes sub-models describing tropospheric and25

middle atmosphere processes and their interaction with oceans, land and human in-
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fluences (Jöckel et al., 2006). It uses the Modular Earth Submodel System (MESSy,
see Jöckel et al., 2005; Jöckel et al., 2010) to link multi-institutional computer codes.
The core atmospheric model is the 5th generation European Centre Hamburg gen-
eral circulation model (ECHAM5, Roeckner et al., 2006). The model has been shown
to consistently simulate key atmospheric tracers such as ozone (Jöckel et al., 2006),5

water vapour (Lelieveld et al., 2007), and lower and middle stratospheric NOy (Brühl
et al., 2007). For the present study we applied EMAC (ECHAM5 version 5.3.02, MESSy
version 1.8+) in the T42L90MA-resolution, i.e. with a spherical truncation of T42 (cor-
responding to a quadratic Gaussian grid of approximately 2.8 by 2.8 degrees in latitude
and longitude) with 90 vertical hybrid pressure levels up to 0.01 hPa. This part of the10

setup matches the model evaluation study by Jöckel et al. (2006). Enabled submodels
are also the same as in Jöckel et al. (2006) apart from the new submodels SPE and
SPACENOX, and the sub-submodel FUBRad (Nissen et al., 2007), a high-resolution
short-wave heating rate parameterization. The submodel SPACENOX, dealing with
NOx production from low-energy electrons in the upper atmosphere, is described in15

the companion paper (Baumgaertner et al., 2009), SPE is described here. The cho-
sen chemistry scheme for the configuration of the submodel MECCA (Sander et al.,
2005) is simpler compared to the configuration in Jöckel et al. (2006). For example, the
NMHC chemistry is not treated at the same level of detail. The complete mechanism
is documented in the supplement.20

The basic state of the model atmosphere is determined by a set of boundary condi-
tions in order to make comparisons with observations more meaningful. Sea surface
temperatures are taken from the Met Office Hadley Centre (HadISST), the equatorial
zonal wind is weakly relaxed towards observed winds to yield the correct phase of the
QBO. Long lived trace gases are relaxed towards observed concentrations at the sur-25

face, short lived species are emitted into the lowermost model layers (Baumgaertner
and Brühl, 2008). The model can be nudged towards analyzed meteorology (ECMWF
ERA-40), allowing direct comparisons with measurements. Results from setups that
were nudged in the troposphere between 200 and 700 hPa as well as from free-running
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setups will be shown here.

2.2 The submodel SPE

The new submodel with the name SPE parameterizes the effects of energetic protons
by calculating ionization rates and, subsequently, production rates of NOx and HOx.
The results are added to the model tendencies of NOx and HOx.5

For the calculation of ionization rates a method based on Vitt and Jackman (1996)
was employed. The proton flux measurements by GOES (Geostationary Operational
Environmental Satellite) or IMP (Interplanetary Monitoring Platform) are interpolated to
a logarithmic energy spectrum. The energy deposited in any model layer is calculated
directly using the thicknesses of the considered layer and an energy-range relationship.10

Here, we used the relationship by Bethe and Ashkin (1953),

R =
(
E/a

)b
(1)

where R is the range in meters and E is the particle energy measured in MeV. Bethe
and Ashkin (1953) determined a=9.3 and b=1.8. In order to evaluate the ionization
rate calculation, the SPE submodel was employed in a column mode and the simula-15

tion results were compared to published ionization rates. For this, daily ionization rates
provided by Jackman (2006) for the SOLARIS working group of SPARC (Stratospheric
Processes and their role in climate, a project of the WCRP – World Climate Research
Programme) were used as a reference. Resulting ozone depletion and other SPE ef-
fects can then be compared without large uncertainties in the underlying ionization20

rates. Figure 1 depicts the column model ionization rates (black lines) averaged over
28 October 2003 (dashed line) and 29 October (solid line) using hourly model output,
and the data by Jackman (2006) (blue lines) for the same days. Although there is gen-
eral agreement, the ionization rate altitude dependence is not satisfactory; at 45 km on
29 October for example an overestimation of approximately 50% is found. However, a25

correct altitude dependence is crucial due to the steep profiles of ozone and other con-
stituents that the SPE affects. Therefore, a series of sensitivity studies was performed
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using different sets of a and b in Eq. 1. Values for a between 9 and 14, for b between
1 and 3 were tested. Using a= 12.3 and b= 1.8 yield the best agreement between
the calculated and published ionization rates. The results are shown as the red lines
in Fig. 1. Because of the better agreement with the results by Jackman (2006) who
used a more complex approach, this set of parameters was employed for the rest of5

this study. Note that the agreement above 50 km is affected by the different resolution
of the data sets: the vertical resolution of EMAC in the L90 setup degrades to 8 km at
the highest altitude.

Instead of using internally calculated ionization rates, externally calculated rates, 1-D
or 3-D, generally with a lower time resolution compared to the online calculation, can10

also be applied. This option was however not used in the present study.
Since the magnetic field lines guide the charged particles toward the geomagnetic

poles, full ionization was only applied poleward of 60◦ geomagnetic latitude. The pro-
duction of N and NO was parameterized using commonly cited values of 0.55 N atoms
and 0.7 NO molecules per ion pair (e.g., Jackman et al., 2005) because the model does15

not incorporate excited state chemistry of atomic nitrogen. However, in an attempt to
improve the agreement between satellite and model results, we tested a height de-
pendent N/NO production efficiency which is described in Sect. 4.1. The more compli-
cated production of H and OH by ionization was parameterized using an approximation
to data published in Solomon et al. (1981). HOx production per ion pair depends on20

altitude and the baseline ionization rate. The altitude dependence was approximated
as

f (h)=2−exp(h−83)/6, (2)

where h is the altitude in km. Using thresholds t(q) as in Solomon et al. (1981) for the
baseline ionization rate dependence, the production rates Hprod and OHprod are then25

(Hprod,OHprod)=0.5 ·q · f (h) ·t(q) (3)

where q is the ionization rate.
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2.3 The CAABA boxmodel

We also performed simulations with the atmospheric chemistry box model CAABA
(Chemistry of the Atmosphere As a Box model Application, version 2.4d), described
in Sander et al. (2010). CAABA contains the chemistry module MECCA (Sander et al.,
2005) and the photolysis module JVAL (based on Landgraf and Crutzen, 1998), which5

are also part of EMAC, therefore the chemical and photochemical schemes are almost
identical to the 3-D simulations.

3 Satellite observations

The Halloween SPE effects on atmospheric chemistry have been observed by instru-
ments on board the Environmental Satellite (ENVISAT). Here, we present measure-10

ments from the limb viewing spectrometer MIPAS (Michelson Interferometer for Pas-
sive Atmospheric Sounding) to assess if the SPE-induced production of trace gases
and subsequent ozone depletion as seen in the model output are realistic. MIPAS
observations of the Halloween SPE have previously been presented for example by
López-Puertas et al. (2005a), López-Puertas et al. (2005b), von Clarmann et al. (2005)15

and Funke et al. (2008). Only MIPAS spectra version V3O were employed. The em-
ployed baseline versions are listed in Table 1.

When several versions were available for a specific day, the newest version was
employed. To facilitate comparison with the model results, the MIPAS data were binned
to create a daily time series. The data were also gridded onto the EMAC model grid20

used here (T42). In the vertical, the original geometric height grid was adopted as is.
For comparison with the MIPAS data, the model output was transferred onto the same
vertical grid using the simulated geopotential height.

The vertical resolution of the MIPAS data is generally lower than the model vertical
resolution. Therefore, the model results were convolved with the corresponding MIPAS25

averaging kernel (AK) if not noted otherwise.
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4 Results and discussion

The SPE submodel has been tested with EMAC for the time of the Halloween SPEs
between 28 October and 4 November 2003. For the most intense period, 28–31 Oc-
tober 2003, the zonally averaged (70◦–90◦ N) ionization rate profiles are depicted as
a function of time in Fig. 2. The major episode of the SPE starts at approximately5

12:00 UTC on 28 October 2003. Above 40 km altitude the ionization rate exceeds
10 000 ion pairs cm−3 s−1 for several hours on 29 October 2003. Less intense periods
follow on the 30 October and 2–4 November. There is excellent agreement with the
ionization rates calculated by Jackman et al. (2005), see their Fig. 3.

In addition to the simulation with the SPE submodel switched on (denoted S-SPE in10

this paper), one simulation was performed without the submodel (denoted S-NOSPE).
This allows to accurately assess the impact of the SPE by comparing the two simu-
lations with each other. Both simulations were nudged towards the observed meteo-
rology in the troposphere, so differences in the dynamics of the two simulations are
small.15

Before we present an analysis of trace gases that are affected by the Halloween
SPEs, we discuss the simulated and observed temperatures before and during the
events. Because many reactions involving NOy species are temperature dependent,
it is important to know how accurately the temperature is simulated by the model. In
Fig. 3 the EMAC temperatures between 26 October and 30 November 2003 are di-20

rectly compared to MIPAS measurements at altitudes between 38 and 66 km at 4 km
intervals. All altitude bins can be distinguished by a different colour and symbol and are
labelled accordingly. In the upper stratosphere between 46 and 54 km a high bias of
approximately 10 K can be noted (the model stratopause is situated at approximately
53 km, not shown). Higher up, the model shows a low bias increasing with altitude to25

10 K at 66 km. These biases indicate that the model stratopause is lower than in the
observations and are likely to affect the comparisons of simulated and measured trace
gas concentrations, therefore sensitivity studies using a boxmodel with fixed tempera-
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tures are presented in Sect. 4.1.
Atomic nitrogen (N) and nitric oxide (NO) are among the direct products of the SPE,

and the effects on NOx are discussed and evaluated next. Figure 4 depicts changes
in NO2 with respect to 26 October for 70–90◦ N from MIPAS measurements (Fig. 4a)
and the corresponding model results with the MIPAS NO2 averaging kernel applied5

(Fig. 4b). There is a good agreement between the SPE related production of NO2 in
the model and the MIPAS observations. The maximum production lies in the lower
mesosphere, and the downward transport of the enhancements can be seen in both
the model results and the measurements. Note that the enhancements in MIPAS data
in the upper mesosphere during the second half of November are not related to in-10

situ production of NOx but originate in the lower thermosphere and are transported
downward. This effect is not subject of the work presented here, but is discussed in the
companion paper by Baumgaertner et al. (2009).

The produced NOx can partially react to form N2O as has been shown e.g. by Funke
et al. (2008). Figure 5 depicts changes in MIPAS and model data similar to the NO215

changes shown above. It is evident that the model production of N2O by far exceeds
that of the enhancements observed by MIPAS. This is a major deficiency of the model
performance during this event and has been found in other model simulations as well
(Funke et al., 2008). Before the effects on other species are discussed, possible op-
tions for improvements to the model or the SPE parameterization are explored in the20

next section.

4.1 Model improvements

The large discrepancy between simulated and observed N2O could be due to various
reasons:

1. reactions not accounted for or unknown, or inaccurate reaction rates,25

2. incorrect external parameters that influence the reactions, such as temperature,
or
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3. inaccurate assumptions about SPE production of N/NO.

A similar discrepancy between MIPAS N2O and the Canadian Middle Atmospheric
Model (CMAM) during the Halloween storm period was reported by Funke et al.
(2008). They attempted to resolve this problem by adding to the N2O-forming re-
action (reaction G3107 in the MECCA mechanism, see supplement at http://www.5

atmos-chem-phys-discuss.net/10/4501/2010/acpd-10-4501-2010-supplement.zip)

N(4S)+NO2 →N2O+O (R1)

the branches

N(4S)+NO2 →NO+NO (R2)

N(4S)+NO2 →N2+O2 (R3)10

with 50% of the reaction rate going into the primary branch R1, and 25% each
for the Reactions (R2) and (R3). The same modification was implemented
in EMAC (see supplement http://www.atmos-chem-phys-discuss.net/10/4501/2010/
acpd-10-4501-2010-supplement.zip) and the equivalent simulation to S-SPE was per-
formed, termed S-SPE-FUNKE hereafter. The results for N2O are shown in Fig. 6.15

There is generally less N2O compared to the S-SPE simulation discussed above
(Fig. 5), however, a large overestimation persists.

The second possibility listed above refers to external parameters that influence the
production of N2O. The Reaction (R1) that forms N2O after the SPE is temperature
dependent with a rate coefficient of20

k =5.8 ·10−12 ·e220/T (4)

(see supplement at http://www.atmos-chem-phys-discuss.net/10/4501/2010/
acpd-10-4501-2010-supplement.zip), therefore the temperature discrepancy found
above (see Fig. 3) could explain some of the overestimations of N2O. This hypothesis
is tested by performing sensitivity simulations of the chemistry only. For this, the25
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boxmodel CAABA, described in Sect. 2.3, is used. CAABA was initialized with the
temperature and tracer mixing ratios of the corresponding spatial and temporal loca-
tion in the 3-D simulation. Note that the temperature is kept constant throughout the
CAABA simulation. The solar proton event was simulated by applying the ionization
rates that were calculated in the 3-D study. Temperature sensitivity of the reactions5

was explored by offsetting the temperature Tcaaba with respect to the 3-D simulation
T3−D. As an example, the resulting N2O mixing ratios for a CAABA simulation for
60 km altitude, 0◦ E, and 75◦ N are shown in Fig. 7 for the temperature T3−D (black),
as well as for T3−D +10 K (red) and T3−D +20K (green). The crosses denote MIPAS
measurements in the area 75◦N±5◦ latitude.10

As expected from the 3-D simulation with the same chemical mechanism, there is a
sharp increase of N2O during the SPE, but no change in the following weeks since there
is no N2O photolysis and no O(1D) present to deplete N2O. A significant temperature
dependence of the amount of N2O produced is evident. However, mixing ratios are still
strongly overestimated when compared to the MIPAS observations.15

Finally, we discuss the third possibility, referring to inaccurate assumptions about the
production efficiency of N and NO per ion pair. The chemistry submodel MECCA does
not contain excited state chemistry required to form N(4S) and NO from the initial ex-
cited states of N2, N, O2 and O (Rusch et al., 1981). Therefore, the common production
efficiency of 0.55 N and 0.7 NO per ion pair was applied as mentioned above, although20

published estimates of the number of NOy constituents range from 0.33 (Warneck,
1972) to 2.5 (Fabian et al., 1979). The observed discrepancy of N2O could possibly be
resolved by changing these values since the amount of produced N2O is mostly depen-
dent on the amount of available N atoms. Reducing the number of N atoms produced
by an ion pair would therefore yield better results for N2O. Since the 3-D model is com-25

putationally too expensive to perform a large number of tests of other N/NO production
efficiencies, the following approach was chosen. The boxmodel CAABA, described in
Sect. 2.3, was used to simulate the SPE at MIPAS measurement locations for N and
NO production per ion pair ranging from 0 to 1.2 using steps sizes of 0.05. There are
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approximately 200 MIPAS profiles of N2O and NO2 between 31 October and 2 Novem-
ber north of 70◦N available, all of which were included in this simulation set. Such a
short period was chosen in order to avoid strong contributions by vertical transport,
which cannot be captured by CAABA. The simulations were performed at 4 km height
intervals starting at 42 km.5

For each simulation CAABA was initialized at 27 October, one day before the SPE,
with the temperature and tracer mixing ratios of the corresponding spatial and temporal
location in the 3-D simulation. As in the CAABA simulations above, the SPE was
simulated by applying the ionization rates that were calculated in the 3-D study. The
simulation was stopped at the time step closest to the MIPAS measurement. Then the10

percentage deviations from the MIPAS values of both species were calculated. From
all deviations the median was calculated separately for NO2 and N2O. Finally, the two
medians were averaged using equal weighting. The entire simulation and processing
chain is depicted in Fig. 8. It also shows the average deviations for 58 km altitude.
From this, the N and NO productions per ion pair minimizing the total deviation was15

determined. Figure 9, left, shows the resulting production per ion pair for N (filled
circles) and NO (filled squares), also indicating the remaining total deviation in percent.
On the right, Fig. 9 shows the ratio of N/NO production.

At 42 km, the remaining total deviation is still large (83%), but is below 10% at 46,
50, and 58 km. At 62 km, where the model vertical resolution and the agreement of20

the ionization rates (see Fig. 1) degrade, deviations rise again up to 40%. Generally,
there appears to be a strong height dependence, with an almost negligible production
of N atoms below 45 and above 65 km, which is in disagreement with the generally
assumed production parameterization of 0.55 N atoms. Above 55 km the production of
NO is also in disagreement with the previously used value of 0.7. This is mainly due25

to the fact that MIPAS yields only small increases of NO2 and N2O at these altitudes,
despite the large ionization rates present there. This discrepancy can only partially
be explained by the MIPAS averaging kernels for NO2 and N2O and warrants further
investigation. Note that the production of N and NO per ion pair, as well as the N/NO
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production ratio appear to maximize at approximately the height of the stratopause
(see Fig. 3), possibly indicating a temperature dependent production mechanism.

A linear interpolation was performed to obtain N and NO production per ion pair with
a resolution of 1 km, also shown in Figure 9 (empty circles and squares). We use these
values subsequently in a 3-D EMAC simulation, hereafter called S-SPE-NNOEFF. Ex-5

cept for these height dependent N/NO production coefficients, the simulation was iden-
tical to S-SPE.

4.2 Evaluation of the improved parameterization

The SPE effects on the polar chemistry in the S-SPE-NNOEFF simulation are now eval-
uated. Firstly, simulated NO2 (Fig. 10) and N2O (Fig. 11) are compared to the MIPAS10

observations similar to the evaluation of the simulation S-SPE above. In the strato-
sphere and lower mesosphere the location of the peak values of NO2 with respect to
time and altitude is similar for EMAC and MIPAS (compare Figs. 10 and 4a). The mag-
nitude of the first maximum at the end of October reaches approximately 50–60 ppbv.
The agreement with MIPAS is better compared to the simulation S-SPE, because the15

maximum between 55 and 60 km is similarly pronounced in the model and the observa-
tions, whereas NO2 from simulation S-SPE showed a very broad maximum stretching
from 50 to 70 km (Fig. 4b).

The enhancements in N2O shown in Fig. 11 are drastically reduced compared to
the simulation S-SPE (Fig. 4b), and are now in satisfactory agreement with the MIPAS20

observations (Fig. 5a). The maximum during the SPE is located at around 60 km. In the
observations, N2O enhancements reach 4.5 ppbv, which is only slightly overestimated
by the model at approximately 6 ppbv. Therefore, the sensitivity simulations for the
N/NO production efficiency appear to have provided a significant improvement for the
3-D EMAC simulation.25
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4.3 Further SPE-induced composition changes

The enhancements of both NOx and OH results in severe ozone depletion in the polar
caps. Fig. 12 shows MIPAS (a) and EMAC S-SPE (b) ozone changes in percent relative
to 26 October 2003. Both MIPAS and EMAC S-SPE-NNOEFF results show an ozone
depletion of up to 50% in the upper stratosphere. In the mesosphere, short-term ozone5

depletion exceeds 50%. In the sunlit Southern Hemisphere mesosphere ozone loss is
less severe (not shown), which can be explained by differences in the ambient HOx pro-
duction (Rohen et al., 2005) and the shorter lifetime of NOx. An additional estimate of
ozone depletion is obtained by comparing the EMAC S-SPE-NNOEFF and S-NOSPE
simulations, shown in Fig. 12d. It is evident that the SPE related ozone depletion is sig-10

nificant and not an artefact of the illustration technique. However, stratospheric ozone
depletion due to the SPE appears to be overestimated by up to 20 percentage points,
and contributions to ozone loss from intrinsic processes appear to play a non-negligible
role.

Ozone depletion is restricted to altitudes above 35 km, thus the expected impact on15

total ozone content (TOC) is small. The effect of the SPE on TOC can be estimated
by comparing EMAC S-SPE-NNOEFF TOC and S-NOSPE TOC for the area north of
70◦N, shown as the solid and dashed line, respectively, in Fig. 13. Before the SPE,
both simulations show almost identical behaviour of TOC. From 28 October onwards, a
reduction of approximately 5 DU is evident, growing to 10 DU at the end of November.20

Note that the dominating variations on a timescale of a few days are synchronous be-
cause both simulations are nudged to the observed meteorology. The increase in TOC
loss during the course of November is likely due to the downward transport of NOx and
associated ozone depletion (see above), becoming more and more important for TOC.
This TOC loss is greater than simulated by Vogel et al. (2008), who reported an upper25

limit of 5.5 DU at the end of November. However, because a different geographical
area was used and because of the large influence of natural variations, these results
are unlikely to contradict each other.
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The OH radical is one of the direct products of SPEs as seen above. The production
parameterization leads to short-term enhancements of OH in the upper stratosphere
and mesosphere of about 5 ppbv as shown in Fig. 14. MIPAS does not measure OH,
but several reactions (e.g. outlined in Jackman et al., 2008) involving HOx source gases
also lead to the buildup of chlorine containing trace gases. For example, von Clarmann5

et al. (2005) and López-Puertas et al. (2005b) have presented evidence for buildup
of HOCl and ClONO2 in the stratosphere using MIPAS observations. Figure 15 de-
picts measured (left) and simulated (right) HOCl enhancements. As reported by von
Clarmann et al. (2005), the enhancement commences at the start of the SPE and
decreases exponentially afterwards, such that there is no evidence for HOCl enhance-10

ments after 5 November. The maximum of about 0.25 ppbv is located at 40 km. The
model reproduces this behaviour well, but overestimates the enhancement by about
0.05 ppbv. For ClONO2, the start of the enhancement is delayed by 1–2 days with
respect to the SPE and lasts for several weeks as shown in Fig. 16a. López-Puertas
et al. (2005b) attributed this behaviour to the relatively slow reaction of the enhanced15

NO2 to ClONO2, providing a reservoir for the chlorine containing gases. The model
(Fig. 16b) qualitatively reproduces the ClONO2 maximum between 32 and 42 km in the
weeks after the SPE, but underestimates the buildup by about 50%.

Figure 17 depicts changes of N2O5 mixing ratios in the same manner. Qualitatively
the model reproduces the slow buildup of N2O5 centred around an altitude of 40 km.20

Clearly, the measured enhancements of up to 2 ppbv are overestimated by up to a fac-
tor of 5. This discrepancy was present in all simulations (S-SPE, S-SPE-FUNKE and
S-SPE-NNOEFF). While the reactions that convert NOx to N2O5 are sensitive to tem-
perature, the agreement between MIPAS and EMAC temperature at 40 km (see Fig. 3)
implies that the disagreement is not related to temperature effects. The lack of clus-25

ter ion chemistry in EMAC could however be a possible reason for the disagreement,
although the reaction of N2O5 with cluster ions forming HNO3 cannot be responsible
for the reported overestimation because it occurs below 35 km only (Verronen et al.,
2008).
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Indeed HNO3 mixing ratios are underestimated, similar to other models (see
e.g. Jackman et al., 2008) the EMAC simulations predict only an increase of
0.6 ppbv (see supplement at http://www.atmos-chem-phys-discuss.net/10/4501/2010/
acpd-10-4501-2010-supplement.zip), compared to enhancements of 1–2 ppbv re-
ported by López-Puertas et al. (2005b) using MIPAS observations. As discussed by5

Verronen et al. (2008), the observed increase is probably related to the ion-ion recom-
bination reactions missing in EMAC.

If MIPAS and model NOy (here: NO2 +2xN2O5 +HNO3 +ClONO2) are com-
pared (see supplement Fig. 11, http://www.atmos-chem-phys-discuss.net/10/4501/
2010/acpd-10-4501-2010-supplement.zip), a good agreement is found. The model10

overestimations of N2O5 and ClONO2 especially toward the end of November com-
pensate the more rapid loss of NO2 in the model. This indicates problems concerning
the partitioning within the NOy family and has already been reported by Brühl et al.
(2007).

4.4 Dynamical effects15

In sunlit areas, the SPE induced perturbance of ozone can potentially lead to temper-
ature changes because of its radiative importance. In order to examine SPE effects on
temperature and winds, two further simulations were carried out where the nudging of
tropospheric meteorology was turned off. The two simulations are otherwise equivalent
to the simulations S-NOSPE and S-SPE-NNOEFF, respectively. The simulations were20

started on 1 October 2003 from the same initial conditions as all other simulations
presented here. For the Halloween events, effects on dynamics are only expected
to play a role in the sunlit southern polar area. There, the model predicts an ozone
loss of 0.5–1 ppmv, equivalent to 30%–70%, in the lower mesosphere (not shown),
but prevalent only during the SPE period. The associated temperature changes in the25

area 70◦ S–90◦ S are depicted in Fig. 18a. An average cooling of up to 2.5 K in the
lower mesosphere is evident during the first week after the SPE, similar to the results
by Jackman et al. (2007). Around the stratopause the cooling lasts longest and is still
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discernible at the end of November. The observed cooling is likely due to the changes
in UV absorption. As a consequence, the model predicts a change of 3 m/s in the zonal
mean wind (Fig. 18b), maximizing at 70 km. Changes in the meridional wind were not
significant (not shown). These dynamical effects will be subject to further analyses in
the future.5

5 Summary and conclusions

A new submodel for the parameterization of solar proton events has been implemented
in the atmospheric chemistry general circulation model EMAC and tested for the 2003
Halloween storm period. The chemistry submodel of EMAC is also contained in the
box model CAABA, allowing to assess the influence of temperature on SPE-induced10

changes of chemical species through temperature dependent reaction rates. In ad-
dition to this feature, EMAC is also well suited for this type of study because of the
possibility to relax the model meteorology to reanalysis datasets and because of its
interactive chemistry.

The internal calculation of ionization rates, based on particle flux measurements, was15

evaluated against published ionization rates. One of the parameters of the employed
Bethe energy-range relationship was modified by 30% in order to reach better agree-
ment. MIPAS observations were used to evaluate NO2, N2O, N2O5, HOCl, ClONO2,
and O3 which have all been shown to be affected by SPEs. For N2O the model overes-
timates SPE related production grossly. Therefore, the production of N and NO per ion20

pair was modified using results from box model calculations: CAABA simulations were
carried out for all individual MIPAS measurements of NO2 and N2O during and shortly
after the SPEs, employing different N/NO production efficiencies. Using the optimized
height dependent production efficiencies in the 3-D model yielded good agreement be-
tween EMAC and MIPAS for NO2, N2O and O3. However, due to problems concerning25

the NOy partitioning in the model as well as missing cluster ion chemistry, disagree-
ments persist for HNO3, ClONO2 and N2O5. Despite these discrepancies the SPE
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induced ozone depletion in the polar Northern Hemisphere was shown to be in very
good agreement with MIPAS throughout the middle atmosphere. Good agreement
of HOCl as an indicator for perturbed HOx was found. Both the modification of the
energy-range relationship as well as the modification of the N/NO production efficiency
will need to be tested further in EMAC as well as other general circulation models that5

include chemistry in order to examine their validity. In case further evidence mounts
that such modifications are necessary to reconcile models and observations, further
laboratory experiments are also conceivable.
Further results of this study include:

1. Significant changes in chemistry and dynamics already arise due to seasonal10

variation only, as can be shown by comparing SPE-simulations to an additional
simulation without SPE. For example, stratospheric ozone loss reaches 50% at
the end of November when compared to ozone before the SPEs, but only 35%
when compared to a simulation where the SPE submodel was turned off.

2. The loss of total column ozone amounts to approximately 5 DU immediately after15

the SPEs. At the end of November, when NOx and associated ozone loss reach
lower altitudes, total column loss approaches 10 DU, an amount similar to natural
variability and slightly larger than reported by previous studies.

3. In the Southern Hemisphere, EMAC shows an SPE-induced cooling of about 2.5 K
in agreement with another study which included more complex feedbacks that can20

play a role in the mesosphere-lower-thermosphere.
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Jöckel, P., Sander, R., Kerkweg, A., Tost, H., and Lelieveld, J.: Technical Note: The Modular10

Earth Submodel System (MESSy) – a new approach towards Earth System Modeling, At-
mos. Chem. Phys., 5, 433–444, 2005,
http://www.atmos-chem-phys.net/5/433/2005/. 4505
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Table 1. Baseline versions for spectra version V3O of the employed MIPAS data.

O3 HNO3 N2O5 NO2 N2O HOCl ClONO2

7, 9 8, 9 9, 10 9, 11 12 3 11, 12
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Fig. 1. Ionization rates for 28 and 29 October 2003 (dashed and solid lines, respectively) calcu-
lated by a column mode version of the SPE submodel using the original (black) and optimized
(red) parameters for the energy-range relationship. Results provided by Jackman (2006) are
shown in blue.
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Fig. 2. Calculated high-latitude (70◦–90◦ N zonal average) ionization rates (#cm−3 s−1) during
October and November 2003. The red lines denote the altitude in km.
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Fig. 3. Comparison of zonal average temperatures of MIPAS and EMAC for 70–90◦ N for 26
October–30 November 2003.
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a) b)

Fig. 4. NO2 change (ppbv) with respect to 26 October for 70–90◦ N for (a) MIPAS, (b) EMAC
simulation S-SPE.
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a) b)

Fig. 5. Same as Fig. 4 but for N2O (ppbv).
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Fig. 6. N2O change (ppbv) in EMAC simulation S-SPE-FUNKE with respect to 26 October for
70–90◦ N.
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Fig. 7. Mixing ratios of N2O at 60 km, 75◦ N from the CAABA box model at three different
temperatures (lines), and MIPAS N2O measurements for the same latitude region.
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MIPAS measurement locations
at latitudes >70°N, 31 Oct – 2 Nov 2003

CAABA

CAABA

CAABA

NO2 and 
N2O deviation 
from MIPAS

NO2 and 
N2O deviation 
from MIPAS

NO2 and 
N2O deviation 
from MIPAS

…
…
…

for Nper ion pair = 0 .. 1.2 
and NOper ion pair = 0 .. 1.2

tstart  =27 Oct, 0:00h
tend =measurement time

EMAC 3D output 
for 27 Oct, 0:00h

Average deviations (%) of 
NO2 and N2O  at  58 km

Fig. 8. Datasets, simulations, and postprocessing used to determine the N and NO production
per ion pair that fits best to MIPAS observations. The depicted processing chain is performed
for each altitude separately.
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Fig. 9. Left: N (filled circles) and NO (filled squares) production efficiencies determined from
CAABA simulations. The colour indicates the average deviation from the MIPAS measurements
in percent. Empty circles and squares show the linearly interpolated production efficiencies
used in the EMAC model simulations S-SPE-NNOEFF. Right: N/NO ratio per ion pair from
CAABA simulations (diamonds) and commonly used value (red line).
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Fig. 10. NO2 changes (ppbv) for 70–90◦ N relative to 26 October 2003 for simulation S-SPE-
NNOEFF.
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Fig. 11. Same as Fig. 10 but for N2O changes (ppbv).
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a) b) c)

Fig. 12. Ozone mixing ratio percentage change; (a) MIPAS, relative to 26 October, (b) EMAC
S-SPE-NNOEFF, relative to 26 October, (c) difference between EMAC S-SPE-NNOEFF and
S-NOSPE.
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Fig. 13. Change of total ozone between the simulations S-SPE and S-NOSPE in the region
70–90◦ N.
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Fig. 14. Simulated change (pptv) of OH for 70–90◦ N with respect to 26 October 2003.
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a) b)

Fig. 15. HOCl changes (ppbv) for 70–90◦ N relative to 26 October 2003; (a) MIPAS, (b) EMAC
simulation S-SPE-NNOEFF.
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a) b)

Fig. 16. ClONO2 changes (ppbv) for 70–90◦ N relative to 26 October 2003; (a) MIPAS, (b)
EMAC simulation S-SPE-NNOEFF (here, the MIPAS averaging kernel was not applied).
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a) b)

Fig. 17. N2O5 changes (ppbv) for 70–90◦ N relative to 26 October 2003; (a) MIPAS, (b) EMAC
simulation S-SPE-NNOEFF.
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a) b)

Fig. 18. (a) Change of temperature (K) between two free running simulations with and without
SPE submodel turned on. (b) Change of zonal mean wind (m/s).
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