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[1] We use atmospheric ozone density profiles between 35 and 65 km altitude derived
from SCIAMACHY limb measurements to quantify the ozone changes caused by the solar
proton events from 26 October to 6 November 2003, known as the ‘‘Halloween storm.’’
Detailed maps and daily resolved time series up to 5 weeks after the first event are
compared with the results from a chemistry, transport, and photolysis model of the middle
atmosphere that includes NOx and HOx production due to energetic particle precipitation.
The general features of the ozone loss are captured by the model fairly well. A strong
ozone depletion of more than 50% even deep into the stratosphere is observed at high
geomagnetic latitudes in the Northern Hemisphere, whereas the observed ozone depletion
in the more sunlit Southern Hemisphere is much weaker. Reasons for these
interhemispheric differences are given. Two regimes can be distinguished, one above
about 50 km dominated by HOx (H, OH, HO2) driven ozone loss, one below about 50 km,
dominated by NOx (NO, NO2) driven ozone loss. The regimes display a different
temporal evolution of ozone depletion and recovery. We observe for the first time an
establishment of two contemporaneous maxima of ozone depletion at different altitudes,
which solely can be explained by these regimes.
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1. Introduction

[2] The Sun drives the photochemistry of the atmosphere
with variations of solar irradiation on different timescales,
e.g., the 11 year solar cycle, that has been shown to cause
variations in the total ozone column [Jackman et al., 1996],
the occurrence frequency and brightness of noctilucent
clouds [Thomas and Olivero, 1989], and many other atmo-
spheric parameters. The Sun also affects the terrestrial
atmosphere through more intermittent events like coronal
mass ejections that enhance the precipitation of highly
energetic particles (protons, electrons, and ions) into the
mesosphere and upper stratosphere [e.g., Weeks et al., 1972;
Crutzen et al., 1975; Baker, 2000]. These charged particles
do not penetrate the atmosphere at all latitudes but are
supposed to be guided by the Earth’s magnetic field lines

and therefore enter the middle atmosphere in the polar cap
regions mainly at geomagnetic latitudes above 60�.
[3] The penetration depth and the ion production rates are

a function of the proton energies. Protons with energies of
about 1 MeV reach the mesopause, 10 MeV protons reach
about 65 km, and protons with 100 MeV get down to about
30–35 km [Reid, 1986].
[4] During a solar proton event (SPE) the incident highly

energetic protons ionize the major atmospheric constituents
N2
+(58.5% partitioning of total ionization), N+(18.5%),

O+(15.4%), and O2
+ (7.6%) [Solomon et al., 1981]. The

transformation of all initial ions to intermediate water
clusters [Swider and Keneshea, 1973; Solomon et al.,
1981; Jackman and McPeters, 2004], further clustering
and dissociative recombination of these water clusters
produce the main HOx constituents H and OH.
[5] NO is a result of dissociation of N2 and a series of

interchange and recombination reactions involving nitrogen
and its ions [Rusch et al., 1981]. The net effect is the
production of atomic nitrogen, which is oxidized to nitric
oxide.
[6] Ozone is destroyed through the well-known HOx and

NOx cycles. The HOx catalytic cycle is very efficient in the
mesosphere and upper stratosphere (above about 40 km),
whereas the NOx cycle is most efficient in the middle
stratosphere [Lary, 1997; Wayne, 1985, p. 128ff.].
[7] To make the effect of the SPE induced ozone deple-

tion clear, we recapitulate the sources and sinks of HOx and
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NOx under normal conditions: HOx is normally produced
by photolysis of water vapor and reaction of atomic
oxygen with water vapor and is quickly destroyed by
itself through

OH þ HO2 ! H2Oþ O2: ð1Þ

The largest natural source of NO, the main driver of the
NOx cycle, is the reaction of nitrous oxide with atomic
oxygen, which is produced by photolysis of ozone:

Oþ N2O ! 2NO: ð2Þ

The depletion of NO again is due to photolysis

NOþ hn ! N þ O; n < 191 nm ð3Þ

or reaction with atomic nitrogen by

N þ NO ! N2 þ O: ð4Þ

Owing to the optical thickness of the atmosphere for
radiation at wavelengths below 191 nm, photolysis of NO is
mainly active at altitudes above about 50 km.
[8] The ozone depletion through HOx follows the ioniza-

tion nearly instantaneously and is rapidly reduced again,
after the enhanced proton fluxes cease [Solomon et al.,
1981]. In contrast, the NOx induced depletion destroys
ozone for several months up to years by conserved NOx

sinking down to the stratosphere [Crutzen et al., 1975;
Randall et al., 2005].
[9] In the summer hemisphere the SPE induced depletion

of ozone can be observed less clearly due to the already
photolyzed water vapor and therefore more ambient HOx.
With continuous solar illumination and hence ozone pro-
duction, the SPE depleted ozone can recover again quickly.
Also, NOx is depleted faster in the summer hemisphere (see
equation (3)), which leads to an enhancement of ozone
concentrations, too.
[10] Although the catalytic ozone destruction can reach

50% and more in the mesosphere and upper stratosphere,
the impact on the total ozone column, and therefore on the
UV-irradiance at the surface associated even with strong
SPEs, is less than 1–2% [Jackman et al., 2005a]. Apart
from the production of HOx and NOx SPEs were also
previously speculated to lead to an enhanced stratospheric
aerosol loading caused by ion nucleation of sulphate aerosol
particles [Shumilov et al., 1996]. MIPAS observations
[Orsolini et al., 2005] showed an establishment of a high-
altitude (35–45 km) HNO3 layer between 20 November
2003 and early January 2004 that is induced by NOx

produced during the SPE in October/November 2003.
HNO3 is supposed to be photolyzed to yield OH in the
upper stratosphere and mesosphere [Solomon et al., 1981].
They also showed a confinement of these phenomena to the
polar vortex regions.
[11] According to Jackman et al. [2005a], the 28/29

October SPE was the fourth largest SPE within the past
4 decades in terms of the total amount of NOx produced
(3.4 � 1033 molecules NOx). The largest SPE ever mea-
sured occurred in October 1989 (6.7 � 1033 molecules

NOx), followed by the events on August 1972 (3.6 � 1033

molecules NOx) and 14 July 2000 (3.5 � 1033 molecules
NOx). Seppälä et al. [2004] published the first results on
ozone depletion and production of NO2 due to the October/
November 2003 SPEs retrieved from GOMOS (Global
Ozone Monitoring by Occultation of Stars) on board the
spacecraft Envisat. The study focuses on Northern Hemi-
sphere (NH) observations during nighttime. Seppälä et al.
[2004] presented zonally averaged ozone and nitrogen
dioxide profiles at geographic latitudes in the NH between
70�N and 75�N and compared them with results from a non-
SPE forcing model.
[12] The long-term effects of this SPE on NO2 and O3

concentrations between March and July 2004 as seen by
numerous satellite instruments like MIPAS (Michelson
Interferometer for Passive Atmospheric Sounding), HALOE
(Halogen Occultation Experiment), SAGE III (Stratospheric
Aerosol and Gas Experiment III), POAM III (Polar Ozone
and Aerosol Measurement), and OSIRIS (Optical Spectro-
graph and Infrared Imager System) are shown in the work of
Randall et al. [2005]. They showed that the NOx enhance-
ments and O3 reductions from January 2004 up to July 2004
are attributed to a combination of the effects of the SPE
event in October/November 2003 and an exceptionally
strong vortex. HALOE and SBUV/2 (Solar Backscatter
Ultraviolet Instrument, Version 2) satellite observations of
O3 and changes of NOx (NO and NO2) during the
Halloween storm and model simulations of O3, NOx,
and OH in both hemispheres are presented in the work
of Jackman et al. [2005b]. Jackman et al. [2005b]
predicted OH enhancements of 100% and measured
ozone depletions of greater than 70% and a NOx induced
long-term ozone depletion for over 8 months past the
SPE in October/November 2003.
[13] In this paper we use limb scatter measurements made

with the SCIAMACHY (Scanning Imaging Absorption
Spectrometer for Atmospheric Chartography) [Bovensmann
et al., 1999] instrument on the Envisat (Environmental
Satellite) spacecraft of the European Space Agency (ESA)
to retrieve ozone profiles in the mesosphere and upper
stratosphere before, during, and up to 6 weeks after the
series of SPEs in October/November 2003.
[14] A brief overview of the SCIAMACHY instrument is

given in section 2. Since the mesospheric ozone retrievals
are a new scientific data product, the retrieval algorithm, as
well as an error budget are presented in section 3. The two-
dimensional (2-D) photochemical model used to simulate
the SPE induced ozone destruction is briefly described in
section 4. The observations are presented, discussed, and
compared to the model simulations in section 5, and final
conclusions are drawn in section 6.

2. SCIAMACHY on Envisat

[15] SCIAMACHY is an 8-channel UV/Visible/NIR grat-
ing spectrometer covering the spectral range between
220 nm and 2380 nm with a channel-dependent spectral
resolution between 0.25 nm and 1.5 nm. Apart from nadir-
backscatter and solar/lunar occultation observations SCIA-
MACHY also measures limb scattered solar radiation. In
limb-viewing mode the tangent height (TH) range from �3
to 92 km is stepped through in 3.3 km steps. An azimuthal
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scan of 960 km is performed at each TH step. The
instantaneous field of view in limb mode is 110 km
horizontally and 2.6 km vertically. The spacecraft Envisat
is in a polar Sun-synchronous orbit with an inclination angle
of 98.7� and a descending node at 1000 local solar time
(LST). More information on the SCIAMACHY instrument
and its scientific objectives can be found in the work of
Bovensmann et al. [1999, 2004].

3. Upper Stratospheric/Lower Mesospheric
Ozone Profile Retrievals

3.1. Methodology

[16] The upper stratospheric/lower mesospheric ozone
profile retrieval method [Rohen et al., 2005] is similar to
the one applied to Solar Mesosphere Explorer (SME)
ultraviolet (UV) limb scattering satellite observations
[Rusch et al., 1984] and to the method used for stratospheric
ozone profile retrievals from SCIAMACHY limb scattering
observations [von Savigny et al., 2005]. The method
exploits the absorption of solar radiation in the ozone
Hartley bands (�240–310 nm). The wavelengths are cho-
sen to avoid Fraunhofer lines and terrestrial airglow emis-
sions, e.g., the prominent NO g-bands [Rohen et al., 2005].
The wavelengths li, (i = 1,. . .,13) are 250, 252, 254, 264,
267.5, 273, 283, 286, 288, 290.5, 305, 307, and 310 nm. In
the first step the UV limb radiance profiles at these selected
wavelengths Ii,k, (k = 1,. . .,31, k being the TH index)
are normalized with respect to the limb radiance Ii,ref at a
certain wavelength dependent reference TH.

Inormi;k ¼ Ii;k

Ii;ref
ð5Þ

This normalization reduces systematic errors caused by
technical and natural sources and the TH for the normal-
izations are chosen empirically slightly above the particular
‘‘knee’’ between 56 and 70 km. The retrieval is performed

with a nonlinear optimal estimation (OE) scheme [Rodgers,
1976]

xnþ1 ¼ x0 þ Sx0K
T
n KnSx0K

T
n þ Sy

� ��1
y� ynð Þ �Kn x0 � xnð Þð Þ;

ð6Þ

where xn+1 corresponds to the logarithm of the ozone profile
estimate after n + 1 iterations, x0 is the logarithm of the a
priori ozone profile, y is the natural logarithm of the
retrieval vector obtained from the SCIAMACHY limb
measurement, i.e., the normalized limb radiance profiles
Inorm in one vector in a wavelength-ascending order, and yn
is the logarithm of the modeled retrieval vector for the nth
ozone profile estimate xn. The logarithm of all profiles in
equation (6) is taken due to a better convergence of the
iteration scheme.
[17] The weighting function matrix is given by

Kn = @y
@x

����
xn

. The weighting functions as well as

the modeled retrieval vector are calculated with the spherical
radiative transfer model SCIARAYS [Kaiser and Burrows,
2003]. The a priori covariance matrix Sx0 is assumed to be
diagonal and the standard deviation for each altitude is
assumed to be 65% of the a priori profile x0. The
measurement covariance matrix Sy is also chosen to be
diagonal with an estimated error of 8%. Furthermore, the
temperature dependent ozone absorption cross sections of
the GOME (Global Ozone Monitoring Experiment) flight
model [Burrows et al., 1999] are used.
[18] SCIARAYS is a spherical model considering two

orders of scattering and surface reflection. Owing to mas-
sive absorption of solar radiation by ozone in the spectral
range below 310 nm, the first order of scattering is sufficient
for a precise profile retrieval. SCIARAYS allows for the
semianalytical determination of the weighting functions
[Kaiser and Burrows, 2003], which is significantly faster
than the more conventional perturbation technique. Figure 1
shows an example of the normalized radiance profiles
compared with fit results from SCIAMACHY limb scatter-

Figure 1. Fit of the normalized modeled limb radiance
profiles and the sample measured limb radiance profiles for
selected wavelengths (left). The right panel shows the
averaged residual of the fit at 13 wavelengths. The
measurement was made on 2 November, 2003 (67�N,
155�E, 68� solar zenith angle).

Figure 2. Weighting functions at four selected wave-
lengths for the profile retrieval shown in Figure 1. The
altitude range, where the limb radiance profiles are sensitive
to ozone, shifts with wavelengths.
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ing measurements for four selected wavelengths. Also
shown is the averaged residual for all 13 wavelengths.
The weighting functions at four selected wavelengths for
this sample profile retrieval are shown in Figure 2. The
shorter the wavelength, the higher are the altitudes, where
the limb radiances are sensitive to ozone. This is due to the
fact that down in the Hartley bands from 310 nm to 250 nm,
the ozone absorption cross sections increase with decreasing
wavelength. Therefore radiation at shorter wavelengths will
already be absorbed higher up in the atmosphere. Averaging
kernels of the sample profile retrieval are shown in Figure 3,
indicating that the altitude range between about 35 and
70 km can be covered with the chosen wavelengths. In the
right panel the full width at half maximum (FWHM) of the
averaging kernel functions is shown, i.e., a measure for
the vertical resolution of the profile retrieval method. Within
the 40 to 65 km altitude range the vertical resolution is
about 4–5 km.
[19] The background atmosphere climatology used for the

profile retrieval is taken from McPeters [1993], and the a
priori ozone profiles are taken from the monthly and
latitudinally resolved Universities Global Atmospheric
Modelling Programme (UGAMP) climatology [Li and
Shine, 1995], which is based on 5-year averaged data of
SME [Rusch et al., 1983], Stratospheric Aerosol and Gas
Experiment II (SAGE II) [McCormick et al., 1989] and
Solar Backscatter Ultraviolet (SBUV) [Fleig et al., 1990].

3.2. Error Budget

[20] The method to retrieve mesospheric ozone concen-
trations is essentially based on the shape of the limb
radiance profiles in the ozone Hartley bands. Therefore
any other parameter or process affecting the limb radiance
profiles is a potential error source and its effect has to be
estimated. A series of sensitivity studies was performed to
establish an error budget, and an overview of the most
important sources of error is given in Table 1.
[21] The impact of the ground albedo on the retrieved

ozone concentrations is basically negligible. This is a

consequence of the absorption of radiation in the Hartley
bands of ozone. Here solar photons have a very small
probability to reach the surface and then get transmitted to
the line of sight and get scattered into the field of view of
the spectrometer. Another consequence of the absorption
is the rare occurrence of multiple scattering. In the upper
stratosphere for wavelengths below about 310 nm an error
of less than 3% occurs by neglecting multiple-scattering and
less than 0.3% in the lower mesosphere [Rohen et al.,
2005]. Since multiple-scattering is negligible, profile
retrievals with single-scattering forward models are suffi-
cient. Furthermore, the model calculations are very fast.
Another advantage of using the Hartley bands is their
weaker temperature dependence compared with the Hug-
gins bands. This minimizes the errors caused by the
temperature climatology profiles.
[22] The most important source of error within the 40–

65 km altitude range originates from pointing errors. The
Envisat TH information is affected by errors of up to 3 km
for measurements during the SPE (C. von Savigny et al.,
Spatial and temporal characterization of SCIAMACHY
limb pointing errors during the first three years of the
mission, submitted to Atmospheric Chemistry and Physics,
2005, hereinafter referred to as von Savigny et al., submit-
ted manuscript, 2005). These TH errors can be traced back
to incorrect knowledge of the spacecraft’s attitude and/or
position. In order to correct for the TH errors the TRUE
(Tangent Height Retrieval by UV-B Exploitation) [Kaiser et
al., 2004] pointing retrieval method was implemented. The
TRUE method is based on a generalization of the ‘‘knee’’
method [Janz et al., 1996; Sioris et al., 2003]. The ‘‘knee’’
refers to a maximum in the UV-B limb radiance profile in
the upper stratosphere caused by the absorption of solar
radiation in the Hartley bands of ozone (see the ‘‘knee’’ in
Figure 1). For all limb measurements used a pointing
retrieval is performed prior to the retrieval of ozone profiles
as described in the work of von Savigny et al. (submitted
manuscript, 2005). The TH retrievals have an error of about
500 m, leading to profile errors of up to 19% (see Table 1).
[23] In limb-viewing mode, SCIAMACHY scans the

atmosphere at a tangent point that is about 3300 km away
from the subsatellite point. This ensures partly that the
satellite measurements in the auroral oval are not affected

Figure 3. Averaging kernels for the sample profile
retrieval shown in Figure 1 (left). The right panel shows
the vertical resolution of the retrieved profiles as given by
the FWHM (Full Width at Half Maximum) of the averaging
kernel functions.

Table 1. Summary of the Sensitivity Studies Where the Errors

of the Retrieved Profiles for Different Altitudes Between 35 and

65 km Are Listed in Percentages

Errors of the Retrieved Profiles

Altitude, km 35 39 45 51 57 65
Single-scatteringa 3.0 1.0 0.3 0.1 0.1 0.1
A priorib 12.0 1.0 3.0 2.5 3.0 7.0
Ground albedo (A)c 2.0 0.6 0.1 0.1 0.1 0.1
Background densityd 0.7 1.2 0.7 0.2 0.1 0.1
Temperaturee 10.0 7.0 3.0 2.0 1.0 3.0
Pointing errorsf 4.0 10.0 15.0 16.0 17.5 19.0
Cross sectionsg 4.0 7.0 5.0 2.0 1.0 2.0

aNeglecting second scattering order and reflection.
bChange of 100%.
cChanging from A = 0 to A = 0.5.
d20% decrease.
e
DT = 40 K.
f
Dh = 0.5 km.
g
DT = 40 K.

A09S39 ROHEN ET AL.: OZONE DEPLETION DURING THE OCTOBER/NOVEMBER 2003 SPE

4 of 11

A09S39



by radiation and particle hits, in particular during solar
proton events. Investigations of the limb spectra profiles at
magnetic latitudes above 60� in the NH and Southern
Hemisphere (SH) showed no indications of radiation hits
affecting the retrievals. This is caused partly by the large
extent of the spacecraft Envisat, which acts like a protection
shield and partly due to the fact, that only discrete wave-
lengths are used instead of a continuous spectral range
with more detector pixels. Thus for better coverage, even
measurements with subsatellite points inside the magnetic
polar cap are used.
[24] The estimated total retrieval error of the ozone

profiles within the altitude range from 35 to 65 km is
generally less than 20%. This estimate is consistent with
first validation results using 434 geographically coinciding
ozone profiles, measured in March 2004 with the Michelson
Interferometer for Passive Atmospheric Sounding (MIPAS)
(profile retrieval version V4.61) on Envisat, showing agree-
ment to within 15% [Rohen et al., 2005].

4. Modeling Ionization and the Impact of SPEs on
Chemical Composition

[25] The effect of highly energetic solar protons on the
chemical composition of the middle atmosphere is modeled
in two steps. In the first step atmospheric ionization rates are
calculated from measured proton fluxes. In the second step
those ionization rates are used in a photochemical model of
the neutral atmosphere.

4.1. Atmospheric Ionization

[26] Ionization rates for precipitating protons are
calculated with a Monte-Carlo code based on the Gigabit
European Academic Network 4 (GEANT4) toolkit
[Agostinelli et al., 2003]. First, the energy spectra of precip-
itating protons in the range from 1 to 500 MeVare retrieved
from the Geostationary Operational Environmental Satellite
11 (GOES-11) data. These serve as input for a Monte Carlo
simulation, which calculates energy losses for a standard
atmosphere consisting of N, O, O2, N2, and Ar. Ion pair

production rates are determined assuming an average ioni-
zation energy of 35 eV [Porter et al., 1976]. The considered
energy range is discretized in 109 equidistant energy steps
on a logarithmic scale and the precipitation angles in nine
equidistant steps from 0 to 80�. Both scales are logarithmic.
Particle precipitation and subsequent ionization is assumed
to occur homogeneously throughout the entire magnetic
polar cap and the ionization rates are determined for precip-
itating protons only, since reliable electron data were not
available.
[27] The error in ionization rates due to the neglect of the

electrons are smaller than 10% on average. J. Schröter et al.
(Energetic particles in the atmosphere: A Monte-Carlo
simulation, submitted to Advances in Space Research,
2005) showed that the maximum partition of electrons to
the total ionization at two solar flares in 1989 is located at
50–70 km altitude, never exceeds 30%, and is smaller than
10% on average. The partition depends strongly whether the
event is gradual and electron-poor or impulsive and elec-
tron-rich [Kallenrode et al., 1992]. Since the Halloween
storm originated in a gradual flare and was accompanied by
a strong shock, the event can be classified as electron-poor.
[28] Figure 4 shows the calculated ionization rates for the

northern polar cap during the SPE in October/November
2003. The ionization of the atmosphere on 24–27 October
(indicated by 1 in Figure 4) is associated with high
ionization rates in the upper mesosphere and mesopause
region but does not cause significant ionization below
70 km. On 27 October a first weak and short ionization
(indicated by 2 in Figure 4) down to about 40 km follows.
On 28 October the first major sustaining ionization of the
middle atmosphere begins (indicated by 3 in Figure 4),
reaches the lower stratosphere at about 15 km and lasts for
several days. It is followed by two large ionization periods
between 3 and 7 November (indicated by 4 and 5 in
Figure 4). In the end a smaller event occurred between
20 November and 25 November down to 60 km (indicated
by 6 in Figure 4). Ionization rates used by Jackman et al.
[2005b] derived with the methodology as described by Vitt
and Jackman [1996] agree with this calculated ionization
rates almost exactly.

4.2. Photochemical Model

[29] To consider the geographic distribution and the
variability of the solar zenith angles of the SCIAMACHY
measurements, a combination of a 2-D chemistry transport
model runs and of a 1-D model run is used. The chemistry
codes of both models are based on the SLIMCAT code
[Chipperfield, 1999]. The 2-D and 1-D models use the same
number of reactions, the same reaction rates, and the same
implementation of ionization driven NOx and HOx produc-
tion. The 2-D model uses a time-saving family approach for
short-lived species, while the 1-D model is used to model
the diurnal variability of trace gases and does not use a
family approach. The formation of NOx and HOx due to
atmospheric ionization is calculated with an empirical
algorithm based on Porter et al. [1976] and Solomon et
al. [1981], and is similar to the approach of Jackman et al.
[2005b]: 1.25 NOx are produced per ion pair in total. 55%
are produced as NO and 45% are produced as ground-state
N, which can be a sink for NOx via the reaction of N and
NO. Up to two HOx molecules are produced per ion pair,

Figure 4. Atmospheric ionization rate profiles from the
GEANT4 toolkit in the northern hemisphere. Hourly
resolved rates are used for the photochemical calculations.
The marks on the abscissa denote 0000 UTC of the
particular day. The vertical resolution is about 3.5 km.
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decreasing with increasing altitude and atmospheric ioniza-
tion, as described by Jackman et al [2005b]. The 2-D model
combines the chemistry code with the THIN AIR meteoro-
logical code [Kinnersley, 1996], which calculates tempera-
ture, pressure and wind speed on isentropic surfaces from
the bottom up to 100 km. Vertical transport across the
isentropes is calculated from heating rates. The model has
a horizontal resolution of 9.5�, extending from 85.3�S–
85.3�N in 19 evenly spaced latitude bands, and a vertical
resolution of about 3 km. Twenty-four different model runs
are carried out with the 2-D model on different longitude
bands from the Greenwich meridian once around the globe
in 15� steps. Ionization is considered in areas, where the
geomagnetic latitude is larger than 60�. Different model
runs for different longitudinal segments are necessary be-
cause of the large displacement of the southern geomagnetic
polar cap. For model boxes containing the edge of the polar
cap, ionization is scaled by the ratio of the polar cap area
within this box to the total box area. This might lead to an
unprecise estimation of the ionization effect in areas at the
edge region of the polar cap, a possible error source that
could only be avoided by drastically increasing the spatial
resolution of the model boxes.
[30] Model results from the 2-D model are used to

initialize a 1-D model run with the SZA of the distinct
SCIAMACHY measurement. In the 1-D model, ionization
is again considered for all measurements of magnetic
latitude larger than 60�. The 1-D model runs are initialized
1 day before the measurement and run for 2 days. Model
results are then read out at the time of the corresponding
SCIAMACHY measurement.

5. Results and Discussion

5.1. Response to Proton Fluxes

[31] Figure 5 shows the time series of zonally averaged
ozone changes at 54.4 km altitude in the NH above 60�N

geomagnetic latitude from 23 October to 24 November
2003. Also depicted are model results and the GOES-11
proton flux with energies of 15–40 MeV, which are mainly
responsible for the atmospheric ionization at this altitude
[Reid, 1986]. The reference period for Figure 5 and all
following figures in this paper is 20–24 October 2003.
[32] The proton flux and the ozone depletion rates at this

altitude are mostly anticorrelated. Deviations of proton
fluxes and the measured ozone depletion rates (e.g., on
1 November) can be explained by the sampling of the
measurements. Model simulations reproduce the depletion
qualitatively well but absolutely underestimate the observa-
tions by about 20–30%. This is most likely caused by
incorrect ionization calculations and applications in the
model and will be discussed later more comprehensively.
[33] The largest signatures occur on 28–30 October and

on 3–4 November. On 10 November the measured ozone
recovery is slowed down, which is obviously not caused by
the proton precipitation directly but most likely by the
sampling of the measurements. The variation of about
10% as seen in the measured ozone changes after 10
November is caused by errors most likely induced by the
imprecise attitude pointing of Envisat (see discussion in
section 3.2).
[34] The time series of ozone depletion rates agrees

qualitatively fairly well with observations of GOMOS
[Seppälä et al., 2004] and SBUV/2 [Jackman et al.,
2005b]. They both noticed maximum depletion rates of up
to 60% in the NH in the stratosphere at about 45 km, which
will be shown later to be in agreement with observations
shown in this paper.

5.2. Interhemispheric Differences

[35] Figure 6 shows the change of ozone concentration at
49 km altitude in both hemispheres relative to the reference
period 20–24 October in a global view. In the NH changes
from 29 October to 6 November relative to the reference
period are shown. For the representation of the ozone
changes in the SH the shorter time period 29–30 October
is chosen. The depletion of ozone in the SH is shorter term
than in the NH, so averaging many days together would
dilute the observed loss.
[36] The ozone profiles for the reference period and the

ozone profiles for the SPE time periods are interpolated
onto a grid of 2.5� latitude and 10� longitude steps using a
Delaunay triangulation. Also shown are isolines of different
magnetic latitudes fmag. These are determined from the
magnetic inclination I (i.e., the angle between the tangential
plane and the magnetic field vector) for 2003 calculated
with the WMM 2000 (World Magnetic Model) [MacMillan
and Quinn, 2000] and using the relation fmag = arctan (1/2
tan I) [Prölls, 2003, p. 224ff.]. This relation for fmag

provides a better representation than the standard magnetic
coordinates based on a magnetic dipole field because near
the polar cap the actual Earth’s magnetic field is not well
represented by a pure dipole field.
[37] The error of the ozone changes represented in

Figure 6 differs from the error of the retrieved profiles as
noted in section 3.2. The normalization of ozone concen-
trations with respect to the concentrations before the SPE
reduces the systematic errors, since a large number of
profiles is averaged by the Delaunay triangulation. On the

Figure 5. Ozone depletion rates above 60�N geomagnetic
latitude (solid line), model results (stars) and GOES-11 15–
40 MeV proton flux (blue points). The altitude is 54.4 km
and the observation and model data are daily and zonally
averaged. The reference period for this picture and for all
following figures later in this paper is 20–24 October, 2003.
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other hand, the maximum statistical error is larger by a
factor

ffiffiffi
2

p
. Therefore the maximum error of the changes is

assumed to be larger than the error of the retrieved profiles.
[38] The SPEs cause ozone loss of several tens of percent

in both hemispheres. In the NH the area of ozone depletion
coincides generally more with the geographic polar cap than
with the magnetic polar cap. The confinement to the polar
vortex can also be seen in the long-term observations by
Randall et al. [2005] and by Orsolini et al. [2005]. Perhaps
strong winds cause a zonal mixing of the air masses at the
edge of the vortex within the first week after the first event
and are therefore the reason for the confinement of the
ozone loss to the geographical pole. This discovery is new
and still a puzzle.
[39] In the SH the ozone loss is mainly confined to the

region with high magnetic latitudes. Additional depletion of
ozone occurs around the geographic South Pole due to a
larger SZA and therefore enhanced ozone depletion through
photolysis and equation (2). An anomaly of the Earth’s
magnetic field is located above the South Atlantic, where
ozone depletion is observed even outside the geographic
polar cap. This depletion is in agreement with observations
of Jackman et al. [2005b].

[40] The observed ozone depletion at 49 km differs
significantly between the northern and the southern polar
stratopause, as observed also by Jackman et al. [2005b]. In
the NH maximum ozone depletion rates of 50% and more
occur at 49 km. In contrast to that, the magnitude of the
ozone depletion as well as the spatial extent is smaller in the
sunlit SH. This is a consequence of smaller SZAs in the SH,
i.e., stronger solar illumination, that leads to the photolysis
of the ambient H2O and higher ambient, not SPE-produced
HOx concentrations. Therefore the effect of the SPE-in-
duced HOx production is not as strong as in a dark
hemisphere. Additionally, the SPE-depleted ozone in the
SH recovers quickly with continuous solar illumination and
photolysis of molecular oxygen for ozone production. NOx

is depleted faster through photolysis (see equation (3))
above about 50 km, which also intensifies the recovery of
ozone. In contrast to that, in the winter hemisphere H2O as
well as NO are protected more from the sunlight and ozone
can be depleted stronger and for a longer period of time.
[41] The observations of this interhemispheric difference,

the shape of the ozone depletion area and the magnitude of
the depletion rates agree fairly well with calculations
of Jackman et al. [2005b]. Seppälä et al. [2004] provide

Figure 6. Change of ozone concentration at 49 km altitude in the NH and SH in a global view. Changes
are shown for different time periods in each hemisphere, respectively. The reference period is 20–
24 October 2003, like in all figures in this paper. Evidently the ozone depletion is confined to the
geographic and geomagnetic poles. A Delaunay triangulation of the reference data set and the data set
during the SPE and a following linear interpolation on a 2.5� latitude times 10� longitude grid is used.
The white areas depict the places with no observations by the satellite. The open black diamonds indicate
the tangent points of the limb measurements between 28 October and 5 November in the NH,
measurements between 29 and 30 October in the SH, respectively. The black solid lines are the Earth’s
magnetic latitudes at 60 km altitude for 2003 derived with the WMM 2000 model [MacMillan and
Quinn, 2000]. The Delaunay triangulation produces changes even at locations, where no measurements
were taken, e.g., over Scandinavia. The error of the changes of about 20% can produce single anomalies
in this representation, e.g., over Hawaii.
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a very good comparison of the spatial extent of the
ozone depletion area. They also found that the center
of the depletion in the NH is located above Russia and
North America. Above Europe, almost no depletion can be
observed.
[42] SBUV observations of Jackman et al. [2005b] and

the observations in this paper show that the ozone depletion
in the SH is mainly located below Australia. Owing to the
agreement of these measurements we can be sure of the
correctness of the presentations shown in these papers.

5.3. Global Model Predictions

[43] Figure 7 shows the measured and modeled changes
of ozone concentration before and during the SPE relative to
the mentioned reference period 20–24 October for each
day. The model runs predict the general morphology of
ozone depletion and recovery fairly well, although the
model slightly underestimates the ozone changes, as already
seen in Figure 5. On 29 October the model overestimates
the depletion dramatically. A separation of the ozone
depletion on 3 November at about 50 km is observed,
indicating the regimes of HOx and NOx. In the SH the
model predicts the temporally varying morphology of the
ozone depletion fairly well again. Only isolated ozone
changes at about 70�S differ from the measurements.
[44] The general underestimation may be caused mainly

by incorrect ionization rates due to calculation of the
ionization rates itself or due to the transfer of these rates
onto a geographical grid for the model calculations (see
section 4.2). Further possible reasons for the underestima-
tion may be the omission of the ionization by the solar

electrons or simply by the fact that the spatial distribution of
the calculated ionization used in the model is not as
homogeneous as assumed.
[45] The overestimation on 29 October is due to the fact

that in the model the production of HOx due to ionization is
calculated with empirical algorithms. Here the amount of
available water vapor is not limited, which is in particular
important during events with large HOx production. Al-
though HOx is not present to that extent in the atmosphere,
the model predicts much more HOx. The isolated ozone
changes in the SH at about 70�S are caused by the non-
congruence of the southern geographic and magnetic pole,
which leads to incorrect ionization rates at the edge of the
auroral oval.
[46] Previous model runs showed that using only zonally

averaged ionization rate profiles is insufficient for modeling
the SPE effect, in particular in the SH, where the magnetic
polar cap is not congruent with the geographic polar cap.
Therefore we introduced longitudinal bins, improving the
model results significantly. Differences between zonally
averaged and longitudinally binned model results at the
edge of the auroral oval were absolutely higher than 50%.
5.3.1. Ozone Depletion Time Series
[47] Figure 8 shows time series of ozone concentration

changes between 24 October and 27 November in both
hemispheres in the magnetic pole areas. The ozone deple-
tion in the SH is weaker than in the NH, where the ozone
depletion during the first large event on 28–30 October
exceeds 50%. The second large event produces ozone
depletion with two maxima at 45 and 55 km. These maxima
can be seen again in the model results and in the SH

Figure 7. Measured and modeled change of ozone concentration during the SPE. Changes are
represented as a function of geographic latitude. Measured and modeled data profiles are zonally
averaged.
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measurements during the first event. After the second large
event ozone recovers quickly above 50 km in both hemi-
spheres, whereas below 50 km an ozone loss of about 10%
continues for several weeks after the events.
[48] The interhemispheric difference is well captured by

the model, as well as the fast recovery of ozone at higher
altitudes due to the short lifetime of HOx and photolytical
reproduction of ozone. At lower altitudes the recovery of
ozone is captured by the model well, too. The model also
shows the regime change at about 50 km between ozone
loss driven by short-lived HOx and driven by long-lived
NOx. The modeled long-term ozone recovery is only
slightly faster than in the observations. This is most likely
again due to underestimated ionization rates (see section 4.2
and 5.3).
[49] The establishment of the two maxima is due to the

fact that in the NOx regime between 35 and 50 km [Rusch et
al., 1981] ozone recovers slower. Above 50 km ozone
recovers quickly due to removed HOx (equation (1)).
Therefore in the NOx regime an additional depletion of
ozone by the event on 3–5 November leads to significantly
lower absolute ozone concentrations. The second maximum
above 55 km is due to higher ionization rates at higher
altitudes. In the SH the model does not show these maxima

Figure 8. Ozone changes in both hemispheres above 60� magnetic latitude. Below each representation
of the measurements the corresponding model results are shown. Retrieved profiles and model results are
daily and zonally averaged.

Figure 9. Ozone change on 29–30 October above 70�S
geomagnetic latitude as a function of the SZA. Averaged
measurements are shown from 36 km to 63 km.
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most likely due to the incorrect HOx production during large
events as discussed in the prior section.
[50] Additionally, an enhancement of ozone can be ob-

served in both hemispheres above 45 km on 26 November
in the NH and on 22–27 November in the SH. This was
also seen by Seppälä et al. [2004] and is a seasonal effect.

5.4. HOx and NOx Regimes

[51] It has been shown in the work of Solomon et al.
[1983] that in a HOx dominated regime and for a horizon-
tally homogeneous proton precipitation, the SPE induced
ozone change is stronger at larger SZAs. This is due to the
fact that at higher SZAs the SPE induced HOx production is
stronger relative to the HOx production by H2O photolysis
before the SPE [Solomon et al., 1981]. In contrast to that,
the NOx induced ozone loss is relatively large at low SZA.
The NOx catalytic cycle is more efficient due to enhanced
production of atomic oxygen by photolysis (see equation
(2)).
[52] Figure 9 shows the change of measured ozone

concentrations on 29–30 October above 70�S geomagnetic
latitude as a function of the SZA at different altitudes. At
lower altitudes and small SZA ozone is mainly depleted by
NOx. With increasing SZA less ozone is depleted during the
SPE. At higher altitudes more ozone is depleted with
increasing SZA during the SPE.
[53] The dependence of the ozone depletion on the SZA

can not be separated from the dependence on the magnetic
latitude. Although this weakens the expressiveness of
Figure 9, the dependence on the geomagnetic latitude can
not explain the different behavior of the ozone change at
different altitudes.

5.5. Vertical and Horizontal Extent of the Polar Cap
Ozone Depletion

[54] The model calculations presume a vertical edge of
the ionization at 60� magnetic latitude. Incorrect assump-
tions of the shape of the ionization area are a potential error

source for modeling the ion chemistry. In Figure 10 ozone
losses are shown across the border of the auroral oval.
Ozone losses are not significant at low geomagnetic lat-
itudes. They increase in a certain geomagnetic latitude range
and stay more or less constant at high geomagnetic lat-
itudes. At higher altitudes the transition from low to high
ozone change occurs in a relatively small geomagnetic area
around 50–60�N geomagnetic latitude. With decreasing
altitudes, the transition region gets larger and the transition
is less sharp. At lower altitudes ozone losses already occur
at geomagnetic latitudes of 40–50�N.
[55] Although these findings can not be evaluated quan-

titatively because of the correlation of magnetic latitude and
the SZA, significant ozone depletion is found even at
geomagnetic latitudes between 40�N and 50�N. Neither
vertical transport of NOx can be a reason due to the slow
vertical motion of the air masses, nor the gyroradii of the
incident protons, which increase at lower altitudes only up
to about 1000 km. The most likely reason is that the edge of
the ionization is not as sharp as assumed in most of the
models.

6. Conclusions

[56] SCIAMACHY limb measurements and a chemistry,
transport, and photolysis model of the middle atmosphere
that include NOx and HOx production due to energetic
particle precipitation were used to study the effect of the
October/November 2003 solar proton events on the atmo-
spheric ozone concentrations between 35 and 65 km altitude
until end of November 2003. We showed the vertical and
spatial extent of the ozone depletion by detailed global maps
and altitude resolved time series during 5 weeks after the
first event in both hemispheres. In the Northern Hemisphere
ozone was depleted up to 30% in the middle stratosphere and
by up to 50% in the lower mesosphere. Interhemispheric
differences were observed and reasons for this have been
found. The effects of the HOx and NOx dominated regimes
and their separation at about 50 km have been observed and
discussed. We found two contemporaneous maxima of
depletion at different altitudes, which have never been
observed before and are caused by the catalytic ozone loss
by HOx and NOx.
[57] The model predicted the general morphology of the

ozone depletion and recovery of the changes fairly well. We
showed that meridionally binned ionization rates are re-
quired for getting precise model results, in particular in the
Southern Hemisphere.
[58] Additionally, we showed the correlation of the ozone

depletion with magnetic coordinates. The shape of the
border of the ozone depletion at low magnetic latitudes
between 40�N and 50�N indicated that the assumption that
ionization only occurs above 60�N magnetic latitude is not
entirely correct, in particular in the stratosphere.
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