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ABSTRACT

An unprecedented stratospheric warming in the Southern Hemisphere in September 2002 led to the
breakup of the Antarctic ozone hole into two parts. The Scanning Imaging Absorption Spectrometer for
Atmospheric Chartography (SCIAMACHY) on the European Environmental Satellite (ENVISAT ) per-
formed continuous observations of limb-scattered solar radiance spectra throughout the stratospheric
warming. Thereby, global measurements of vertical profiles of several important minor constituents are
provided with a vertical resolution of about 3 km. In this study, stratospheric profiles of O3, NO2, and BrO
retrieved from SCIAMACHY limb-scattering observations together with polar stratospheric cloud (PSC)
observations for selected days prior to (12 September), during (27 September), and after (2 October) the
ozone hole split are employed to provide a picture of the temporal evolution of the Antarctic stratosphere’s
three-dimensional structure.

1. Introduction

The temporal evolution of the Southern Hemisphere
polar stratosphere during September 2002 was charac-
terized by the occurrence of an unprecedented major
stratospheric warming (Allen et al. 2003; Baldwin et al.
2003; Hoppel et al. 2003; Newman and Nash 2005;
Sinnhuber et al. 2003; Varotsos 2003; Weber et al.
2003). These warmings are common in the Northern
Hemisphere but have not been observed before in the
Southern Hemisphere (Baldwin et al. 2003; Sinnhuber
et al. 2003). The enhanced planetary wave activity that
caused the major warming significantly affected the
Antarctic ozone hole. The ozone hole was markedly
smaller than in previous years and according to Stolar-
ski et al. (2005), the area within the 220 DU contour
[1 DU (Dobson unit) � 2.89 � 1016 molecules cm�2]—
commonly used for the definition of the ozone hole—was
only about 10% of its usual size. Moreover, the ozone
hole split into two parts after 22 September 2002. Such
a splitting of the Antarctic ozone hole and polar vortex
has also not been observed before (Roscoe et al. 2005).

Several studies have already pointed out that the

comparatively large total ozone columns over Antarc-
tica after the ozone hole split are mainly a consequence
of the unusual dynamical conditions and not primarily
caused by reduced chemical ozone destruction (e.g.,
Hoppel et al. 2003; Newman and Nash 2005; Sinnhuber
et al. 2003). Hoppel et al. (2003) report nominal ozone
loss until the occurrence of the major stratospheric
warming but found reduced ozone loss after the warm-
ing. This is most likely a consequence of the disappear-
ance of polar stratospheric clouds (PSCs) due to in-
creased temperatures. The overall chemical ozone loss
in the 14–20-km range was found to be only about 20%
smaller than in previous years (Hoppel et al. 2003). This
is consistent with the finding by Sinnhuber et al. (2003)
that the estimated chemical ozone loss south of 63° is
only slightly lower than in previous years.

Total ozone column measurements during the
anomalous evolution of the 2002 Antarctic ozone hole
were performed by the National Aeronautics and Space
Administration/National Oceanic and Atmospheric
Adminstration (NASA/NOAA) Total Ozone Mapping
Spectrometer (TOMS) on the Earth Probe platform
(Stolarski et al. 2005) and by the Global Ozone Moni-
toring Experiment (GOME) on the second European
Remote Sensing satellite, ERS-2 (Sinnhuber et al. 2003;
Weber et al. 2003). These measurements yield essential
information for the understanding of the ozone hole
split, but they do not provide information on the verti-
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cal structure of the atmosphere during the event. A
novel remote sensing technique allowing daily near-
global measurements of the atmospheric composition
from space with high vertical resolution (2–3 km) em-
ploys spectrally resolved limb measurements of the so-
lar radiation scattered in the earth’s atmosphere (Flitt-
ner et al. 2000; McPeters et al. 2000; Sioris et al. 2003;
von Savigny et al. 2003). One of the few instruments
capable of performing measurements of limb-scattered
solar radiation from space is the Scanning Imaging Ab-
sorption Spectrometer for Atmospheric Chartography
(SCIAMACHY; Bovensmann et al. 1999), which con-
tinuously monitored the stratosphere on the sunlit side
of the globe throughout the duration of the major
stratospheric warming and the subsequent ozone hole
split.

The purpose of this paper is to describe the evolution
of the anomalous development of the 2002 ozone hole
based on SCIAMACHY observations of stratospheric
O3, NO2, BrO, and PSCs.

The paper is structured as follows. Section 2 provides
a brief overview of the SCIAMACHY instrument. In
section 3, a summary of the methods used to retrieve
minor constituent profiles from limb-scattering obser-
vations is presented. Results of SCIAMACHY obser-
vations of stratospheric O3, NO2, and BrO, as well as
PSC observations, are presented in section 4. Three
days are chosen for an in-depth study, namely, (i) 12
September, prior to the occurrence of the major strato-
spheric warming, (ii) 27 September, a few days after the
ozone hole split, and (iii) 2 October, when one part of
the polar vortex regained strength and was migrating
back to the pole while the second fragment of the polar
vortex and the ozone hole had almost disappeared into
the midlatitudes. In section 5, the results are discussed
and interpreted. It must be pointed out that the re-
trieval results will only be used in a qualitative manner
since the SCIAMACHY scientific data products are
only partly validated and due to the remaining limb-
pointing issues (see section 2).

2. Instrumental description

SCIAMACHY is one of ten scientific instruments on
board the European Space Agency’s (ESA’s) Environ-
mental Satellite (ENVISAT), which was launched on 1
March 2002 from Kourou, French Guyana, into a sun-
synchronous polar orbit with an inclination of 97.8° and
a descending node at 1030 local solar time (LST).
SCIAMACHY is the first instrument capable of per-
forming spectroscopic observations of the earth’s atmo-
sphere in nadir-viewing mode and limb-viewing mode,
as well as the solar and lunar occultation modes. For
this study, only SCIAMACHY limb observations were
employed. The novel limb-scattering method combines
almost global coverage on a daily basis with high ver-
tical resolution. More traditional UV/visible remote

sensing instruments for atmospheric composition mea-
surements such as nadir-viewing spectrometers (e.g.,
TOMS) McPeters et al. 1998) and GOME (Burrows et
al. 1999) or solar occultation instruments [e.g., the
Stratospheric Aerosol and Gas Experiment (SAGE);
McCormick et al. 1989] and Polar Ozone and Aerosol
Measurement (POAM) series (Lucke et al. 1999) can
only provide either global coverage (TOMS and
GOME) or high vertical resolution (POAM and
SAGE). SCIAMACHY consists of eight channels—
each comprised of a grating—covering the spectral
range between 220 nm and 2.4 �m with a wavelength-
dependent spectral resolution of 0.1–1.5 nm. In limb
observation mode the earth’s limb is stepped through
for a tangent height (TH) range between about �3 and
100 km in steps of about 3.3 km. After each TH step an
azimuthal scan is performed, covering a distance of
about 960 km at the tangent point (TP). SCIAMACHY’s
instantaneous field of view (IFOV) is 2.6 km vertically
and 110 km horizontally at the TP. Further information
on the SCIAMACHY instrument and its mission ob-
jectives are provided in Bovensmann et al. (1999).

It must be noted that problems with the limb pointing
were experienced since the start of the mission and
have not been fully resolved as of yet. Evidence of
pointing errors comes from different sources: (i) alti-
tude offsets between SCIAMACHY O3 and NO2 den-
sity profiles and profiles measured with independent
methods (Bracher et al. 2003) and (ii) tangent height
retrievals from the limb radiance measurements them-
selves, by exploiting the “knee,” that is, a maximum in
the UV limb radiance profiles due to absorption of so-
lar radiation in the Huggins and Hartley bands of ozone
(Sioris et al. 2001; Kaiser et al. 2004, manuscript sub-
mitted to Can. J. Phys.). The tangent height retrievals
indicated that the limb pointing is very accurate imme-
diately after updates of the onboard orbit model that
occur twice a day. Between these updates, when the
satellite position is solely determined by the orbit
propagator model, SCIAMACHY’s limb pointing
starts to deviate from nominal pointing until the next
orbit model update takes place. Pointing errors of up to
about 60 mdeg were found to occur, translating to tan-
gent height offsets of about 3 km. These findings are
consistent in terms of sign, magnitude, and temporal
behavior with the pointing offsets of the Michelson
Interferometer for Passive Atmospheric Sounding
(MIPAS; von Clarmann et al. 2003), another limb view-
ing instrument aboard ENVISAT (Fischer and Oelhaf
1996). In conclusion, both (i) the consistency between
SCIAMACHY and MIPAS pointing errors and (ii) the
dependence on the onboard orbit model updates
strongly indicate that the pointing errors originate from
an incorrect knowledge of the orientation/position of
the satellite platform and are not due to the individual
instruments.

As a first-order pointing correction, a constant offset
of 1.5 km was subtracted from the engineering THs
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provided in the data files prior to the retrievals for all
results presented here. It must be noted that with this
correction and the greatest expected TH errors of 3 km,
errors of up to 1.5 km may still occur. Therefore, the
analysis presented here is limited to a qualitative rather
than a quantitative description of the Antarctic vortex
split in September 2002.

3. Methodology

a. Ozone profile retrievals

The ozone profile retrieval method employed here
follows the method developed to retrieve stratospheric
ozone density profiles from limb-scattering measure-
ments performed with the Shuttle Ozone Limb Sound-
ing Experiment/Limb Ozone Retrieval Experiment
(SOLSE/LORE; McPeters et al. 2000; Flittner et al.
2000), two limb-viewing spectrometers flown on
NASA’s space shuttle mission STS-87 in 1997. A simi-
lar approach is also applied for operational ozone pro-
file retrievals (von Savigny et al. 2003; Petelina et al.
2004) from limb-scattering measurements with the Op-
tical Spectrograph and Infrared Imager System
(OSIRIS; Llewellyn et al. 1997) instrument on the
Swedish-led Odin satellite. The method exploits the dif-
ferential absorption between the center (�1 � 600 nm)
and the wings (�2 � 525 nm/�3 � 675 nm) of the Chap-
puis absorption bands (1B1 ← X1A1) of ozone. Limb
radiance profiles I(�, TH) at these wavelengths are nor-
malized with respect to a reference TH of THref � 43
km: IN(�, TH) � I(�, TH)/I(�, THref). The normalized
limb radiance profiles are then combined to the Chap-
puis retrieval vector,

y�TH� �
IN��1, TH�

�IN��2, TH� � IN��3, TH�
, �1�

which is fed into a nonlinear Newtonian iteration
version of optimal estimation (OE; Rodgers 1976)
driving the spherical radiative transfer (RT) model,
SCIARAYS (Kaiser 2002; Kaiser and Burrows 2003).
SCIARAYS is not a full multiple scattering (MS)
model, but takes two scattering orders into account.
Yet, it was found that, even with a single scattering (SS)
model, the retrieval errors are less than 2% at and
above the ozone density peak altitudes. Below the
ozone density peak the relative retrieval errors are big-
ger, but the absolute retrieval errors were found to be
always lower then 2 � 1011 cm�3. Since the contribution
to the total limb radiance from the third and higher
scattering orders is small compared to the first two or-
ders, using only two scattering orders will result in re-
trieval errors of a few percent at the most within the
15–35-km altitude range. The altitude range between
about 15 and 35–40 km is accessible with this technique.
Below 15 km the line of sight optical depth becomes so
large that these altitudes cannot be “seen” from space

in limb geometry, and above 35–40 km the absorption
in the Chappuis bands becomes too weak.

Preliminary validation results indicate that the re-
trieved ozone profiles agree to within about 10%–15%
with the Halogen Occultation Experiment (HALOE)
and SAGE II within the 15–35-km altitude range
(Bracher et al. 2002; Bracher et al. 2003). A more sys-
tematic validation, particularly under ozone hole con-
ditions, is underway but is not yet finished.

b. NO2 and BrO profile retrievals

Measurements of the scattered solar radiation in
limb-viewing geometry as performed by the
SCIAMACHY instrument are simulated using the
combined differential-integral approach (CDI) radia-
tive transfer model (Rozanov et al. 2001). The model
calculates the limb radiance properly considering the
single scattered radiance and using an approximation to
account for multiple scattering.

The CDI radiative transfer model is linearized with
respect to the absorption coefficient; that is, it can be
used to calculate weighting functions of atmospheric
trace gases needed by the retrieval procedure to evalu-
ate the vertical distributions. The weighting function at
a particular wavelength � is defined as the change in the
measured radiation at this wavelength, I(�), due to a
change in the vertical profile of the trace gas of interest,
	, at a certain altitude level zi:

Wi��� �
�I���

��i
�i. �2�

The retrieval is performed using ratios of limb spec-
tra in a selected tangent height region to a limb mea-
surement at a reference tangent height. For the BrO
profile retrievals a reference tangent height of about 34
km is used; for NO2 profile retrievals, it is about 46 km.
The algorithm consists of two steps, namely, prepro-
cessing aimed at getting rid of spectral features not as-
sociated to retrieved parameters and the main inversion
procedure.

At the preprocessing step, the ratios of limb spectra
at different tangent heights to the measurement at a
reference tangent height are treated independently one
by one. At each tangent height, in order to account for
the broadband scattering characteristics of the atmo-
sphere and broadband instrumental features, a polyno-
mial of an appropriate order (third order for NO2 and
fifth order for BrO) is subtracted from the logarithms
(i) of the measured limb radiance at this tangent height,
(ii) of the measured limb radiance at the reference tan-
gent height (reference spectrum), and (iii) of the simu-
lated ratio spectrum (i.e., ratio of modeled limb spectra
at current and reference tangent heights) as well as
from the logarithmic weighting functions. The resulting
differential spectra Ĩm

j , Ĩm
ref, and Rs

j (i.e., measured, mea-
sured at the reference tangent height, and simulated,
respectively) and differential weighting functions Ŵ are
then given by
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Rj
s � ln� I j

s���

I ref
s ���

�� 

i�0

N

aij
s �i,

Ĩ ref
m � ln�I ref

m ���� � 

i�0

N

ai,ref
m �i �3�

Ŵ j
k �

1

I j
s���

Wj
k��� �

1

I ref
s ���

W ref
k ��� � 


i�0

N

aij
k�i. �4�

Here j denotes the tangent height index, k a retrieval
parameter index, and N is a polynomial order. The
weighting functions employed here are vertically inte-
grated; that is, they represent a change of the differen-
tial limb radiance due to a scaling of a trace gas vertical
profile.

Further in the course of the preprocessing step, a
shift and squeeze correction as well as scaling factors
for available correction spectra (e.g., ring spectrum, un-
dersampling, stray light, etc.) are determined by mini-
mizing the following quadratic form for each tangent
height:

�Rj
s���  


k

Wj
k���

��k

�k � Ĩ j
m���  Ĩ ref

m ���

� 

l

c sc
l Sl��� � �c shi

s � c sq
s ��

�Rj
s���

��

� �cshi
ref � csq

ref��
�Ĩ j

ref���

��
�
2

→ min. �5�

Here c l
sc are scaling factors for the correction spectra,

Sl(�). The shift and squeeze correction is done for the
ratio of modeled spectra with respect to the measured
spectrum, represented by the coefficients cs

shi and cs
sq

(index j omitted for simplicity) as well as for the limb
measurement at the reference tangent height with re-
spect to the measurement at current tangent height,
represented by c ref

shi and c ref
sq (index j omitted for sim-

plicity). In terms of the Ring effect correction the ratio
of two Ring spectra at different tangent heights is simu-
lated using the method described in Vountas et al.
(1998), adapted for limb geometry for a standard atmo-
sphere and then included in the fit procedure in the
preprocessing step.

At the inversion step, vertical profiles of atmospheric
trace gases are retrieved solving the following equation:

y � Kx  �. �6�

Here, the measurement vector, y, contains the differ-
ences between ratios of simulated and measured differ-
ential limb spectra at all tangent heights with all cor-
rections from the preprocessing step applied; the state
vector, x, contains relative differences (with respect to
the initial profiles) of trace gas number densities at all
altitude layers for all gases to be retrieved. The linear-
ized forward model operator, K, contains the corre-

sponding differential weighting functions, W. Equation
(6) is solved employing the optimal estimation method
(Rodgers 1990) for the BrO retrievals and the informa-
tion operator approach (Hoogen et al. 1999) for the
NO2 retrievals.

The retrieval scheme applied here to stratospheric
NO2 and BrO profile retrievals does not involve the
determination of absorber slant column densities [like,
e.g., stratospheric trace gas retrievals from OSIRIS
limb-scattering observations (Sioris et al. 2003; Haley et
al. 2003)] as an intermediate data product. Instead, the
retrieval algorithm directly minimizes the differences
between the differential spectra derived from the RT
calculations and from the measurements.

Stratospheric NO2 profiles can be retrieved for the
altitude range from about 15 up to 35–40 km. Besides
shift and squeeze, only a stray light correction is done
for NO2 at the preprocessing step. The accuracy in re-
trieved number densities is estimated to be about 15%–
20% between 15 and 30 km. Above, and for situations
with little stratospheric NO2 , larger errors may occur.
Further examples of NO2 profile retrievals and prelimi-
nary validation results can be found in Eichmann et al.
(2003) and Bracher et al. (2003). In terms of BrO the
altitude coverage ranges from approximately 14–15 km
to about 30 km. In addition to shift and squeeze cor-
rection, a differential ring spectrum (i.e., ratio of simu-
lated ring spectra with a polynomial subtracted) is used
at the preprocessing step for BrO. The retrieval accu-
racy is estimated to be about 30%–50%. First compari-
sons with balloonborne Differential Optical Absorp-
tion Spectroscopy (DOAS) solar occultation as well as
balloonborne in situ (TRIPLE) measurements are con-
sistent with this estimate (K. Pfeilsticker 2003, personal
communication; F. Stroh 2003, personal communica-
tion; Dorf et al. 2004, manuscript submitted to Atmos.
Chem. Phys.).

In Figs. 1 and 2 examples of NO2 and BrO spectral
fits and residuals are shown for the limb measurement
at a latitude of 68°S and a longitude of 30°E of orbit
3008 (27 September 2002) at a TH of 19 km. Note that
the residuals are more or less the same in the presence
of larger O3 abundances.

c. Detection of polar stratospheric clouds

Polar stratospheric clouds act as additional scatterers
and therefore affect the observed limb radiance pro-
files. The color ratio

Rc�TH� �
I�1090 nm, TH�

I�750 nm, TH�

is used for the detection of PSCs in a similar manner as
for UV and visible wavelengths with ground-based
spectrometers (e.g., Sarkissian et al. 1994). The wave-
lengths were chosen because they fall within weakly
absorbing spectral intervals: 750 nm is between an H2O
absorption band centered at around 725 nm and the O2
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A band (b1

g → X3
�

g ) starting at 758 nm; 1090 nm
falls between two H2O bands centered at around 940
and 1130 nm. Figure 3 shows examples of color ratio
profiles observed in the Southern Hemisphere part of
orbit 2796 on 12 September 2002. Cases a and b are
equatorward of the regime where lower-stratospheric
temperatures are low enough for PSCs to be formed.
Yet, an enhancement of the color index below about 30
km is discernible that is due to stratospheric sulphate
aerosols. At 47°S (case b), this enhancement occurs at
a lower TH, as expected. In cases c and d, strongly
enhanced color ratios below 25 km occur due to the
presence of PSCs.

Simulations with the radiative transfer model
LIMBTRAN (Griffioen and Oikarinen 2000) were per-
formed for the SCIAMACHY limb-viewing geometry
at high southern latitudes to determine theoretical
gradients—that is, Rc(TH)/Rc(TH  �TH), where
�TH � 3.3 km is the tangent height step size of the

SCIAMACHY limb observations—of the color ratio
profiles for (i) a pure Rayleigh atmosphere, (ii) for
stratospheric background aerosol conditions, (iii) for
moderate volcanic aerosol, and (iv) for extreme volca-
nic aerosols. It was found that the modeled vertical
color index gradients never exceed—for the 15–30-km
altitude range—values of 1.05 for case (i), 1.1 for case
(ii), 1.16 for case (iii), and 1.55 for case (iv). The thresh-
old employed for the PSC detection, guided by the ra-
diative transfer calculations, was chosen to be 1.3. Note
that the PSC detection is therefore biased toward op-
tically thicker clouds, as thin clouds below a certain
slant optical thickness will fall below the threshold. Fur-
thermore, in order to avoid false PSC identification due
to ordinary cirrus clouds, it was required that the sig-
nature in the color index ratios Rc(TH)/Rc(TH  �TH)
has to occur at least 3 km above the tropopause heights
taken from Randel et al. (2000). A priori knowledge of
the stratospheric aerosol loading is required as well
since a massive volcanic eruption may lead to false PSC
identifications if the color index gradient threshold is
not adjusted accordingly.

It has to be kept in mind that PSCs can only be
detected on the sunlit part of the globe using limb-
scattering observations. Further investigations are in
preparation to estimate the efficiency to distinguish be-
tween the different PSC types.

4. Results

a. Geographical coverage

During the Antarctic winter of 2002, SCIAMACHY
was in the commissioning phase, lasting about 6 months
after the successful launch of ENVISAT. The main em-
phasis during the commissioning phase was on testing
and validating SCIAMACHY operations and data de-
livery and validating scientific data. Due to the limited
SCIAMACHY data distribution during this period,
only a subset of all SCIAMACHY limb-scattering ob-

FIG. 2. As in Fig. 1 but for BrO. The standard deviation of the
residual is 9.22 � 10�4.

FIG. 1. Sample NO2 spectral fit for the limb measurement at
68°S, 30°E during orbit 3008 (27 Sep 2002) at a TH of 19 km. The
standard deviation of the residual is 1.13 � 10�3.

FIG. 3. Color ratios I(1090 nm)/I(750 nm) for several limb
measurements during orbit 02796 on 12 Sep 2002.
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servations has been available for scientific data analy-
sis. Up to 10 (but generally less) out of 14 orbits were
available as level-0 data (uncalibrated spectral data),
out of which one or two orbits were calibrated to obtain
level-1 spectral data. Ozone and PSC retrievals were
applied to level-0 data while NO2 and BrO retrieval
required level-1 data. The fairly limited SCIAMACHY
limb dataset (level 0 and level 1) available to date ex-
plains the limited spatial and temporal coverage of the
limb retrieval results presented here. Limb scatter ob-
servations were all limited to the sunlit part of the polar
region. Note, that the latitudinal coverage of the NO2

retrievals in some cases extends to higher southern lati-
tudes compared to the O3 retrievals (e.g., in Fig. 5)
since the radiative transfer model used to retrieve NO2

profiles is more accurate at large solar zenith angles.
In this paper, we concentrated our trace gas and PSC

retrievals on three selected days for which level-0 data
for several consecutive orbits were available in order to
highlight the effect of the peculiar meteorology on the
vertical trace gas distributions. The selected days were
12 September about a week before the sudden warm-
ing, 27 September about 1 week after the start of the
sudden warming and at a time when the polar vortex
had established two separate centers at certain alti-
tudes, and 2 October when one part of the polar vortex
regained strength and its center position was moving
back to the pole.

Meteorological data [temperature and potential vor-
ticity (PV)] from the U.K. Met Office (UKMO) have
been used for interpretation of the trace gas measure-
ments (Swinbank and O’Neill 1994).

b. One week before the major warming:
12 September 2002

In Fig. 4, the ozone distributions at the 18-, 22-, and
26-km altitudes are shown along with the GOME total
ozone distribution. The SCIAMACHY limb swaths for
each limb observation are superimposed on the GOME
total ozone map. In the SCIAMACHY maps, the polar
vortex is indicated by the dashed modified PV con-
tours. Here the modified PV definition referenced to
the 475-K potential temperature level is used (Lait
1994). The vortex edge is characterized by maximum
PV gradients, which are usually found near 40 modified
potential vorticity units (MPVU). On this day the polar
vortex was vertically aligned at all three altitudes. Mini-
mum ozone is observed at all three altitudes within the
confines of the polar vortex. Stratospheric tempera-
tures are well below 195 K, the approximate upper tem-
perature limit for potential PSC existence (also depend-
ing on the HNO3 and H2O abundances), for an ex-
tended region inside the polar vortex. PSC sightings by
SCIAMACHY as derived from the color index (see
section 3c) are indicated by small circles, and the ma-
jority of them is located in the area with temperatures
below 188 K (approximate upper limit for PSC Type-2

formation). At both 18 and 22 km, PSCs were identi-
fied, while at 26 km, no PSCs were observed by
SCIAMACHY. This is in line with the observation that
PSCs rarely extend to altitudes above a 22-km altitude
in late winter above Antarctica (Fromm et al. 1997).

In Fig. 5, latitude–altitude cross sections for ozone
and NO2 are shown along ENVISAT orbit 2795 cross-
ing the 0° longitude circle at a latitude of about 60°S.
This specific orbit is drawn in the ozone layer maps of
Fig. 4. The MPV contour approximately delineating the
vertical structure (�40 PVU, where 1 PVU � 1.0 �
10�6 m2 s�1 K kg�1) of the polar vortex is also depicted.
Across the polar vortex edge ozone number density
drops from 4 � 1012 molecules (mol) cm�3 (�40 PVU)
to values below 2 � 1012 mol cm�3 well inside the polar
vortex between 20 and 25 km altitude. Low NO2 inside
the polar vortex indicates strong denoxification as a
most likely consequence of a combination of two pro-
cesses: First, denitrification and dehydration inside the
polar vortex through sedimentation of PSC particles
effectively removing HNO3, a photochemical source
(Waibel et al. 1999) and second, polar night gas phase
conversion into dinitrogenpentoxide (Lary et al. 1994).
The first process is usually responsible for the slow-
down of chlorine deactivation by conversion of active
chlorine into chlorine nitrate in early spring and ex-
plains the prolonged ozone loss observed in early spring
in many Arctic polar winters (Rex et al. 1997; Kleinböhl
et al. 2002). Active chlorine maintained by PSC or sul-
phate aerosol (heterogeneous) processing at suffi-
ciently low temperatures in combination with sunlight
is responsible for the massive ozone loss extending well
into spring as observed inside the Antarctic polar vor-
tex (Portman et al. 1996; Brasseur et al. 1997; Solomon
et al. 1999; WMO 2003).

c. The ozone “hole” split: 27 September 2002

The evolution of the polar vortex changed dramati-
cally on 27 September as shown in Fig. 6. As indicated
by the modified PV contour, the polar vortex and the
polar ozone minimum region has split into two parts
above about 24 km. At lower altitudes the two vortex
centers appear still connected. This is also supported by
the SCIAMACHY observation of a low ozone region
elongated across the southern Atlantic sector of Ant-
arctica at 18-km altitude. While minimum polar vortex
ozone remained unchanged at 18 km between 12 and 27
September, an increase in the minimum ozone is ob-
served by SCIAMACHY at 22 and 26 km. The finding
that the minimum polar vortex ozone did not increase
at 18 km is consistent with the POAM III O3 measure-
ments performed during the vortex split (Hoppel et al.
2003), which indicated only a small increase of O3 mix-
ing ratios within the vortex at and below the 500-K
potential temperature level. Unfortunately, there are
only very few POAM III measurements within the vor-
tex at higher potential temperatures (Hoppel et al.
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2003; Fig. 1), so the increased O3 levels within the vor-
tex seen in the SCIAMACHY retrievals at 22 km and
above cannot be confirmed with POAM III O3 mea-
surements.

The high degree of dynamical activity has not only

perturbed the vertical vortex structure but also split the
minimum temperature region at all three altitudes. Be-
cause of the strong warming the area of the PSC tem-
perature region (T � 195 K) has significantly decreased.
On 27 September and also on 2 October no PSCs were

FIG. 4. Altitude slices through the ozone density field are shown at (a) 18, (b) 22, and (c) 26 km. The black striped rectangles indicate
the locations of SCIAMACHY limb measurements for orbit 02795 (see Fig. 5). Also shown (dashed lines) are the 30, 40, and 50 MPVU
[1 MPVU corresponds to 1 � 10�6 m2 s�1 K kg�1] contours of MPV at the corresponding altitudes. The black solid lines are isotherms
at 195 (thick line), 188 (thin line), and 183 K (thinnest line). The circles within the 195-K contour in (a) and (b) indicate the locations
of detected PSCs. (d)The GOME total ozone column field (in DU) together with the locations of the SCIAMACHY limb swaths (black
boxes) for the orbits used here.
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detected by SCIAMACHY, confirming the strong de-
cline in PSCs and complete absence of ice PSC after the
major warming event as observed by POAM III (Nedo-
luha et al. 2003).

In Fig. 7, latitude–altitude charts of ozone, NO2, and
temperature following the orbit near 60°E are shown.
A distinct layering of alternating NO2-rich and NO2-
poor air masses is observed near 70°S. At about 30-km
altitude enhanced NO2 is observed right above the lower-
stratospheric polar vortex, where low NO2 coincides
with the minimum temperature region at 70°S near 20-
km altitude. The low-ozone region inside the polar vor-
tex in Fig. 7 appears less perturbed than nitrogen diox-
ide, but a vertical tilt toward the equator is observed.

Figure 6 clearly shows that the outer boundary of the
polar vortex (at 22 km) and the two vortices (at 26 km),
respectively, is rotated westward as one goes from 22
to 26 km. Furthermore, the vortex edges extend to
lower latitudes at an altitude of 26 km compared to
22 km. This is a typical pattern of most NH major
warmings with the exception that the splitting stopped
here below about 24 km (Allen et al. 2003; Manney et
al. 2005). The second vortex center as observed at
26 km in the southern Pacific region shows mini-
mum ozone (�2.6 � 1012 mol cm�3), which is about
0.5 � 1012 mol cm�3 higher than in the first part. The
rapid ozone filling in this part of the vortex remnant
becomes evident about five days later as it dissipates
into the midlatitude southern Pacific region, as shown
in Fig. 9.

The enhanced NO2 concentrations at the highest lati-
tudes covered in orbit 3008 are consistent with GOME
observations of enhanced vertical NO2 columns in
the same area (Richter et al. 2005). As can be seen in
Fig. 7, the NO2 concentrations within the enhancement
are not significantly larger than the midlatitude values.
Therefore, the NO2 enhancement could be due to
transport of midlatitude air to polar latitudes during the
vortex split, as is also the case for O3 (Hoppel et al.
2003). This is in line with Odin/submillimeter and mil-
limeter radiometer (SMR) observations of N2O-rich air
above a layer of N2O-poor vortex air, indicating the
presence of midlatitude air at about 30 km (P. Ricaud
2003, personal communication), the altitude where the
enhanced NO2 concentrations occur. Extreme and lo-
calized enhancements (with total vertical NO2 columns
of up to 7 � 1013 mol cm�2) of stratospheric NO2 col-
umns at polar latitudes are often associated with the
final stratospheric warming usually occurring in late
November and are thought to arise from photolytic
conversion of reservoir of species—transported from
midlatitude to polar latitudes—to NOx due to the con-
tinuous solar illumination at polar latitudes (e.g., Rich-
ter et al. 2005). To what extent this mechanism is re-
sponsible for the NO2 enhancement observed by
SCIAMACHY, GOME, and also OSIRIS (E. J.
Llewellyn 2003, personal communication) can only be
evaluated with detailed model studies.

FIG. 5. (a) Cross section through the kinetic temperature field
along orbit 02795 on 12 Sep 2002. Contours of the MPV field (in
MPVU) are superimposed on the temperature field. (b) The
ozone density field (cm–3) and (c) the NO2 density field (cm–3)
along orbit 02795 on 12 Sep 2002. Contours of MPV are super-
imposed on the number density fields.
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Figure 8 shows a latitude–altitude cross section of the
BrO mixing ratio, retrieved from SCIAMACHY mea-
surements along orbit 3008 on 27 September. While at
low and midlatitudes BrO mixing ratios are around 10
pptv; much higher BrO mixing ratios are observed in-
side the ozone hole area with values between about 14
and 19 pptv. The enhanced BrO there is likely to be the
result of two effects: First, inorganic bromine is higher

inside the lower-stratospheric polar vortex than outside
due to the older age of air inside the vortex as a result
of increased subsidence and confinement of air. Sec-
ond, according to our current understanding of the
stratospheric bromine chemistry, BrO is to a large ex-
tent controlled by NO2 concentrations. Under normal
conditions during daytime inorganic bromine will be
predominantly partitioned between BrO and BrONO2,

FIG. 6. As in Fig. 4 except for 27 Sep 2002.

MARCH 2005 V O N S A V I G N Y E T A L . 729



which is formed by the reaction of BrO with NO2. Un-
der ozone hole conditions, however, with very low NO2

and enhanced ClO concentrations, BrONO2 concentra-
tions are low and inorganic bromine is expected to be
partitioned predominantly between BrO and BrCl
(e.g., Sinnhuber et al. 2002, and references therein).
The observed BrO mixing ratios (Fig. 8) correspond to
roughly 50% of the inorganic bromine outside the vor-
tex and between about 70% and 85% inside the polar
vortex, if we assume a stratospheric bromine loading of
20 to 22 pptv (e.g., Pfeilsticker et al. 2000; Sinnhuber et
al. 2002). A more detailed analysis of the SCIAMACHY
BrO measurements is currently being performed and
will be presented elsewhere.

d. Two weeks after the major warming:
2 October 2002

The eastern part of the split vortex in the 0°–90°E
sector returned closer to the pole after an additional
five days, as plotted in Fig. 9. Some strong filamentation
in ozone and, particularly, in the MPV contour toward
South America is observed at lower altitudes (18 and 22
km). Minimum temperatures have now risen above 195
K at all altitudes. Again minimum vortex ozone re-
mained almost unchanged at 18-km altitude; at higher
altitudes minimum ozone increased, particularly above
26-km (�60%).

As shown in the latitude–altitude chart (Fig. 10), the
increase of ozone at higher altitudes (26–30 km) is
clearly seen. Except for a denoxified and possibly deni-
trified region between 15 and 20 km, rapid NO2 in-
crease is observed at higher altitudes in Fig. 10.

5. Discussion and conclusions

SCIAMACHY observations of ozone, NO2, and
PSCs provide important insight into the evolution of

FIG. 7. As in Fig. 5 except for 27 Sep 2002.

FIG. 8. Cross section of the BrO mixing ratio (in pptv) along
orbit 3008 on 27 Sep 2002, retrieved from SCIAMACHY mea-
surements. Contours of MPV are superimposed.
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the Antarctic vortex during an unprecedented SH ma-
jor warming event. A series of strong minor warmings
in the mid stratosphere were observed throughout the
winter starting in May (Sinnhuber et al. 2003; Allen et
al. 2003). This did not, however, strongly affect the
lower-stratospheric temperatures. Minimum tempera-
tures at 46 hPa were in the usual range observed in
earlier winters, but an unusually rapid increase above
195 K occurred on 29 September according to UKMO.

Within the last 10 years such a rise is usually observed
about four weeks later, for example, on 18 October in
2000 and on 25 October in 2001. This early rise was
related to the midstratospheric major warming initiated
almost instantaneously by the extreme eddy heat flux
through the 100-hPa level observed on 21 and 22 Sep-
tember at 43°–70°S (Sinnhuber et al. 2003), guiding un-
usually high wave energy into the stratosphere. The
perturbation was sufficiently large to warm the strato-

FIG. 9. As in Fig. 4 except for 2 Oct 2002.
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sphere from the mid stratosphere down to the lower
stratosphere and strongly perturb stratospheric circula-
tion.

Ozone observations confirm the vertical integrity of
the lower-stratospheric vortex just before the onset of
the major warming as shown in the SCIAMACHY
ozone maps at 18, 22, and 26 km altitude on 12 Sep-
tember (Fig. 4). Extensive areas of PSCs (mostly within
the 188-K contour) were observed by SCIAMACHY
up to about 23–24-km.

After the major warming no PSCs were observed by
SCIAMACHY (27 September and 2 October). On 27
September the ozone minima on the SCIAMACHY
altitude maps show—like the GOME total ozone
map—a split at 26 km and above, while at 18 km the
low ozone area appears elongated and shifted to the
South Atlantic sector. A westward and equatorward tilt
with altitude can be seen in the SCIAMACHY mini-
mum ozone. This is a vortex pattern that has been ob-
served in many NH major warmings (Manney et al.
2005). At 26-km altitude the vortex remnant in the
western sector dissipated quickly into lower southern
latitudes in the Pacific region. Rapid ozone increase
was observed in this remnant and may indicate efficient
mixing with midlatitude air. The other part of the vor-
tex restabilized and moved closer to the pole on 2 Oc-
tober.

At 18-km altitude minimum ozone remained un-
changed during the period investigated here. Strong
filamentation was evident in the MPV data rather than
a vortex split. At higher altitudes an increase in ozone
number density inside the remaining polar vortex is
observed until 2 October. The ozone number density
has risen by about 60% up to that day. The reestablish-
ment of the polar vortex in the lowermost stratosphere
is confirmed by the SCIAMACHY observations. In
line with POAM III observations (Hoppel et al. 2003;
Allen et al. 2003), the upper lower stratosphere and
mid stratosphere remained strongly perturbed. Rapid
NO2 recovery at altitudes above 25 km was observed
by SCIAMACHY, and only a small region with denoxi-
fied and possibly denitrified air remained below 20-km.
In conclusion, SCIAMACHY limb observations of
stratospheric minor constituent profiles with their
near-global coverage and high vertical resolution
can provide important information on the evolution
of the Antarctic stratosphere during the major warming
in September 2002 and stratospheric processes in gen-
eral.
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