
Atmos. Chem. Phys., 12, 9149–9165, 2012
www.atmos-chem-phys.net/12/9149/2012/
doi:10.5194/acp-12-9149-2012
© Author(s) 2012. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

Extreme ozone depletion in the 2010–2011 Arctic winter
stratosphere as observed by MIPAS/ENVISAT using a 2-D
tomographic approach

E. Arnone1, E. Castelli1, E. Papandrea2, M. Carlotti 2, and B. M. Dinelli1

1Istituto di Scienza dell’Atmosfera e del Clima – CNR, Bologna, Italy
2Dipartimento di Chimica Fisica e Inorganica, Università di Bologna, Bologna, Italy
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Abstract. We present observations of the 2010–2011 Arc-
tic winter stratosphere from the Michelson Interferometer for
Passive Atmospheric Sounding (MIPAS) onboard ENVISAT.
Limb sounding infrared measurements were taken by MIPAS
during the Northern polar winter and into the subsequent
spring, giving a continuous vertically resolved view of the
Arctic dynamics, chemistry and polar stratospheric clouds
(PSCs). We adopted a 2-D tomographic retrieval approach
to account for the strong horizontal inhomogeneity of the at-
mosphere present under vortex conditions, self-consistently
comparing 2011 to the 2-D analysis of 2003–2010. Unlike
most Arctic winters, 2011 was characterized by a strong
stratospheric vortex lasting until early April. Lower strato-
spheric temperatures persistently remained below the thresh-
old for PSC formation, extending the PSC season up to mid-
March, resulting in significant chlorine activation leading to
ozone destruction. On 3 January 2011, PSCs were detected
up to 30.5± 0.9 km altitude, representing the highest PSCs
ever reported in the Arctic. Through inspection of MIPAS
spectra, 83 % of PSCs were identified as supercooled ternary
solution (STS) or STS mixed with nitric acid trihydrate
(NAT), 17 % formed mostly by NAT particles, and only two
cases by ice. In the lower stratosphere at potential tempera-
ture 450 K, vortex average ozone showed a daily depletion
rate reaching 100 ppbv day−1. In early April at 18 km alti-
tude, 10 % of vortex measurements displayed total depletion
of ozone, and vortex average values dropped to 0.6 ppmv.
This corresponds to a chemical loss from early winter greater
than 80 %. Ozone loss was accompanied by activation of
ClO, associated depletion of its reservoir ClONO2, and sig-

nificant denitrification, which further delayed the recovery
of ozone in spring. Once the PSC season halted, ClO was re-
converted primarily into ClONO2. Compared to MIPAS ob-
served 2003–2010 Arctic average values, the 2010–2011 vor-
tex in late winter had 15 K lower temperatures, 40 % lower
HNO3 and 50 % lower ozone, reaching the largest ozone de-
pletion ever observed in the Arctic. The overall picture of this
Arctic winter was remarkably closer to conditions typically
found in the Antarctic vortex than ever observed before.

1 Introduction

In the early 1980s, the discovery of a major ozone loss in the
Antarctic spring (Farman et al., 1985), the so called ozone
hole, led to an unprecedented international effort to under-
stand and regulate the impact of ozone depleting substances
on the protective ozone layer (WMO, 2011). The key mecha-
nisms of ozone depletion were soon related to chlorine com-
pounds and polar stratospheric clouds (PSCs) in the very
cold and undisturbed Southern polar vortex (Solomon et al.,
1986). The formation of nitric acid trihydrate (NAT), super-
cooled ternary solution (STS), and ice PSCs provides both
the surfaces needed for heterogeneous chemistry and a means
for removal of HNO3 and H2O through temporary capture
and sedimentation (Solomon, 1999). Heterogeneous chem-
istry on PSC particles converts chlorine reservoirs ClONO2
and HCl into Cl2. In the sunlit Antarctic spring, chlorine
molecules are converted into active radicals such as Cl and
ClO, which destroy most of the vortex ozone at 14–20 km
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altitude (Solomon et al., 1986; Molina et al., 1987; WMO,
2011). The destruction occurs at a much faster rate than the
slow gas-phase nitrogen cycles driving depletion in the layers
above. Additional reactions with BrO compounds contribute
to ozone depletion in the lower stratosphere. Denitrification
of the Antarctic stratosphere through sedimentation of HNO3
prevents the reactive NOx to promptly recapture the available
chlorine into the ClONO2 reservoir, which in turn would halt
the depletion (see the review bySolomon, 1999). Radiative
feedback of the Antarctic ozone hole was also proposed to
further extend the persistence of low temperatures, signifi-
cantly delaying the spring ozone recovery (Randel and Wu,
1999).

The same basic ozone depleting mechanisms are at play
also in the Arctic (Solomon, 1999; WMO, 2011). The to-
tal ozone depletion in the Arctic winter was found to be lin-
early dependent on the volume of air having temperature be-
low the threshold for PSC formation (VPSC) integrated over
the winter (Rex et al., 2006). The relationship was recently
proved to apply also to individual stratospheric layers (Har-
ris et al., 2010). Whereas in the Antarctic the VPSC needed
for complete ozone destruction in the lower stratosphere is
exceeded every year (Tilmes et al., 2006), large planetary
wave disturbances (Andrews et al., 1987) usually prevent
very cold temperatures to persist in the Northern polar vor-
tex, so that PSC occurrence in the Arctic is limited to smaller
air volumes and shorter periods. As a consequence, ozone
depletion in past Arctic winters did not reach the magni-
tude observed over the Antarctic. The observed Arctic to-
tal ozone loss in past years ranged between 25 and 35 %
in very cold winters (such as in 1995–1996, 1999–2000 and
2004–2005) to almost none in warmer winters (WMO, 2011;
Kuttippurath et al., 2010). In particular, 1995–1996 showed
the coldest Arctic temperatures of the previous 17 yr extend-
ing until early March, with a column loss of 105 Dobson
Units DU (Rex et al., 2006), or about 2/3 of that observed
in Antarctic over an equivalent period (Manney et al., 1996).
In 1999–2000 Arctic winter, ozone column loss was 88 DU
but reached 70 % in a narrow layer of the lower stratosphere
(Rex et al., 2002). In 2004–2005, ozone was affected by the
largest loss (121 DU) reported for past winters (Rex et al.,
2006), halted by a stratospheric warming in early March so
that the magnitude of Antarctic ozone loss was not matched
(e.g.Manney et al., 2006). Recently, close to Antarctic ozone
hole conditions were reported for the 2010–2011 Arctic win-
ter (Manney et al., 2011; Sinnhuber et al., 2011).

In this paper, we present observations of the 2010–2011
Arctic winter taken by the Michelson Interferometer for Pas-
sive Atmospheric Sounding (MIPAS) onboard the polar or-
biting ENVISAT satellite (Fischer et al., 2008). MIPAS has
proven to be a suitable instrument for detailed studies of
polar stratospheric processes (see e.g.Glatthor et al., 2004;
Stiller et al., 2005) including observation of PSCs and their
composition (Spang et al., 2005; Höpfner et al., 2006). MI-
PAS observations were analysed with a 2-D tomographic re-

trieval (the Geofit Multi-Target Retrieval, GMTR, byCarlotti
et al., 2006) to correctly account for along-track horizon-
tal inhomogeneities. The resulting data (MIPAS2D,Dinelli
et al., 2010) were proven to greatly reduce the spurious
anomalies induced by horizontal gradients not accounted for
by conventional 1-D codes (Kiefer et al., 2010), and are
therefore more suitable under vortex conditions. The struc-
ture of the paper is as follows: Sect.2 presents the MIPAS
experiment, the MIPAS2D data, the PSC detection method,
and the adopted meteorological products. MIPAS observa-
tions of the vortex dynamics, PSCs and chemical evolution
of the Arctic stratosphere are presented in Sect.3. The re-
sults are discussed in Sect.4 in comparison to previous Arc-
tic winters and typical Antarctic conditions. Conclusions are
given in Sect.5.

2 Data and methodology

2.1 MIPAS

MIPAS is part of the payload of Europe’s Environmental
monitoring satellite, ENVISAT, launched on 1 March 2002.
ENVISAT was inserted into a polar orbit at an inclination
of 81.5◦ and altitude of about 800 km. The orbital period
is about 101 min achieving a global coverage of the Earth
with 14.3 daily sun-synchronous orbits with the descending
(North to South) part crossing the Equator at approximately
10:00 local time (LT) and the ascending part crossing it at
approximately 22:00 LT (hereafter labelled am and pm mea-
surements). MIPAS is a limb-scanning Fourier Transform
(FT) spectrometer recording the emission of the atmosphere
in the mid-infrared, with a spectral range extending from
680 to 2410 cm−1(14.6–4.15 µm) and an instantaneous field
of view of approximately 3 km in height and 30 km across
track at tangent point. Most of its measurements are taken
with an along track backward looking configuration, with a
sideward deviation at high latitudes allowing MIPAS to mea-
sure from pole to pole. During the original full resolution
(FR) mission, MIPAS was operated with a spectral resolution
of 0.035 cm−1 full width half maximum (unapodised). The
FR mission covers the time period from July 2002 to March
2004, when MIPAS operations in the original configuration
were suspended due to the deterioration of the interferomet-
ric slides. Starting from January 2005, MIPAS operations
have been resumed in the optimised resolution (OR) mis-
sion, with the instrument operating at 41 % of its maximum
spectral resolution. The complete nominal limb scanning se-
quence (scan) of the original FR mission consists of 17 spec-
tra with nominal tangent points ranging from 6 to 68 km,
and a horizontal separation between adjacent scans of about
500 km (∼4.6 degrees in latitude). In the OR nominal obser-
vation mode, each scan is made of 27 limb views with tangent
altitudes ranging from 3 to 70 km at variable altitude steps.
We also made use of the OR middle atmosphere observation
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mode, spanning from 18 to 102 km altitude with 29 limb
views at a constant 3 km step. The OR scan pattern corre-
sponds to a horizontal separation between adjacent scans of
about 410 km (∼3.7 degrees in latitude). A more detailed de-
scription of the MIPAS experiment can be found inFischer
et al.(2008).

2.2 MIPAS2D data

We retrieved MIPAS level 2 products with the Geofit Multi-
Target Retrieval (GMTR) tomographic analysis tool (Carlotti
et al., 2006). GMTR is based on the Geo-fit approach (Car-
lotti et al., 2001) upgraded with the Multi-Target Retrieval
(MTR) functionality (Dinelli et al., 2004). The Geo-fit ap-
proach enables to take into account horizontal atmospheric
inhomogeneities by performing a tomographic retrieval on
observations collected along a whole orbit through a 2-D dis-
cretization of the atmosphere. Since MIPAS lines of sight
deviate from a backward alignment when approaching the
poles, the 2-D approach assumes that the atmosphere is ho-
mogeneous across the orbit track. The maximum latitudinal
component of this assumption for the lines of sight contribut-
ing to a portion of atmosphere is 2◦ latitude (Dinelli et al.,
2010). The capability of the GMTR system to model the hor-
izontal structures of the atmosphere makes its application
to MIPAS measurements particularly suitable for the work
presented in this paper that is focused on the polar winter
regions, where strong horizontal gradients are present. The
MTR approach, by simultaneously fitting pressure (p), tem-
perature (T ) and some interfering species, allows a reduc-
tion of the systematic error components due to the propa-
gation of the uncertainties onp, T and on the amount of
molecules that generate interfering spectral features. An up-
graded version of the GMTR system was applied byDinelli
et al. (2010) to MIPAS observations to generate the MI-
PAS2D database. MIPAS2D can be found athttp://www.mbf.
fci.unibo.it/mipas2d.htmland athttp://www.isac.cnr.it/∼rss/
mipas2d.htm(hereafter MIPAS2D website). The MIPAS2D
database consists of 2-D fields ofp, T , and volume mix-
ing ratio (VMR) of the six high priority species H2O, O3,
HNO3, CH4, N2O, and NO2, covering the complete MIPAS
mission. The database, thoroughly described inDinelli et al.
(2010) andPapandrea et al.(2010), has been used as a start-
ing point for this analysis. The 2-D fields were obtained on
a fixed vertical grid (spanning the altitude range from 6 to
42 km in steps of 3 km, and upward at altitudes of 47, 52,
60 and 68 km), and on a horizontal equispaced grid of 5◦ in
latitude. Because of their correlations,p, T and H2O were
jointly retrieved with O3, followed by the sequential retrieval
of the VMRs of the other molecules listed above.

For this work, we have upgraded the MIPAS2D database
by analysing the newly delivered MIPAS level 1b data where
both FR and OR missions were processed with the same In-
strument Processing Facility version 5.05. This version was
shown to improve the previous processing, and, most impor-

tantly, to lead to a correct altitude determination validated by
comparison to radiosonde data (see e.g.Tomasi et al., 2011).
Biases may be caused by the different retrieval configura-
tion needed for the different spectral resolution of the FR
and OR MIPAS measurements. To avoid this, the FR spec-
tral resolution was numerically degraded to the resolution
of the OR mission, so that the same set of spectral intervals
(microwindows) could be used throughout the whole MIPAS
mission. We also included observations from the middle at-
mosphere observation mode consistently retrieved with the
same configuration as the nominal mode. Other modes were
not included since they did not cover the lower stratosphere
in 2010–2011, producing short data gaps. One-day data gaps
were present in 2010 on 5, 15 and 25 December; and in 2011
on 4, 14, 24 January, 13, 23 February, 5, 15, 25 March; be-
cause the vortex had a very similar shape on adjacent days,
time series were interpolated through these small data gaps.
Data gaps of more than one day were clearly shown in the
analysis.

The quality of MIPAS2D data for key species was de-
scribed inDinelli et al. (2010). Total systematic errors at the
altitudes of interest for this study are: 3–8 % forp, 0.7–1.5 K
for T , 5–7 % for ozone, and 5–20 % for the other species.
Random errors are: 0.5–1.5 % forp, 0.2–0.3 K forT , 2–
5 % for ozone, 2–10 % for the other species except for ClO
whose random error values are of the order of 50 %. Refer-
ence average error profiles for the new processing of these
key species are reported on the MIPAS2D website. The large
error on ClO is due to its very weak spectral signal (of-
ten below the noise level). Averages of ClO data have been
performed including only am measurements, with daylight
conditions depending on the location of the measurement as
compared to the day-night terminator. The influence of the
adopted a-priori profile on the retrieved ClO cannot be ne-
glected, therefore care should be taken when dealing with
absolute values. For all MIPAS2D quantities used in this
work, data were filtered on the basis of the information gain
parameter discussed inDinelli et al. (2010) and excluding
cloud-corrupted spectra. When MIPAS lines of sight crossed
optically thick clouds (see next section), information was de-
rived from nearby clear measurements by the tomographic
retrieval or lost. Regions of very dense PSC coverage pre-
vented a detailed chemical analysis. For most of the analysis,
MIPAS2D data were linearly interpolated onto potential tem-
perature levels calculated from coincident MIPAS2Dp and
T .

2.3 PSC detection and composition

As discussed, cloud-contaminated spectra are excluded from
the GMTR analysis since they can deteriorate the quality
of the retrieved parameters. However, the sensitivity of MI-
PAS to the radiation emitted and scattered by the clouds
can be exploited to study PSCs, since MIPAS limb views
are sensitive to very optically thin clouds, both during day
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and nighttime. PSCs can be detected exploiting the cloud in-
dex (CI) technique (Spang et al., 2001). The CI is the ra-
tio of the average spectral radiances in the 788–796 cm−1

range (where gas absorption is dominant) and in the 832–
834 cm−1 range (where clouds effects dominate). The ratio
is sensitive to the presence of any type of cloud, with lower
values associated with increasingly optically thicker clouds.
To detect PSCs in MIPAS spectra, we used a CI threshold
of 4.5 (Spang and Remedios, 2003) combined with a lower
altitude threshold of 16 km to avoid the inclusion of high alti-
tude tropospheric clouds, and an upper altitude limit of 35 km
to minimise false detections. In the altitude range from 30
to 35 km, we adopted a more conservative CI = 1.8 in order
to avoid false detections (Spang and Remedios, 2003). The
4.5 CI threshold corresponds to a lower detection limit of
PSCs with volume density of about 0.2 µm3 cm−3 (Höpfner
et al., 2006). The tangent altitude of the highest cloudy spec-
trum in a limb scan was used as an approximated cloud top
height (CTH), and the overall PSC analysis is based on CTH
measurements. The error on the determined CTH can be as-
sumed to be± 1.5 km, i.e. about half of the vertical sam-
pling step of MIPAS OR scans or of the vertical projection
of the field of view at tangent point (3 km). The CI method
has been validated byHöpfner et al.(2009) using the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO), with MIPAS identifying about 70 % of the PSCs
detected by CALIPSO in the Arctic winter.

To determine the PSC composition we applied the empir-
ical methodology developed for MIPAS byHöpfner et al.
(2006) on the basis of modelled cloud spectra. The method is
based on the NAT spectral signature at 820 cm−1 (Spang and
Remedios, 2003) and on the effects due to the large optical
depth of ice particles. A new CI (called from now on NAT
index) was defined as the ratio between the average intensity
over the 819–821 cm−1 spectral range and the average inten-
sity over the 788–796 cm−1 range. FollowingHöpfner et al.
(2006, 2009), PSCs can be classified in three groups based on
their composition: ice, NAT and STS/Mix. The classification
is performed through a diagram of the color ratio of the NAT
index versus the CI index (seeHöpfner et al., 2006, Fig. 9).
The PSCs classified as ice include mainly PSCs formed by
ice particles only. The PSCs classified as NAT are made of
at least 30–40 % of NAT particles with mean radius smaller
than 3 µm. The PSCs classified as STS/Mix include PSCs
which are most likely STS, but can also be of mixed compo-
sitions having smaller contributions from NAT or ice. Also
PSCs made of very small ice particles or large NAT parti-
cles were shown to fall within the last category because of
the similarity of their spectral signature to the pure STS case.
The STS/Mix should therefore be considered as a mixture of
STS, NAT and ice PSCs. Comparison of the PSC composi-
tion derived from MIPAS, CALIPSO and lidar byHöpfner
et al. (2009) confirmed that the PSCs classified as MIPAS
NAT are largely made of non spherical solid particles, the

MIPAS ice are largely made of ice, and MIPAS STS/Mix are
mainly a mixture of liquid STS and NAT particles.

2.4 ECMWF meteorological products

In this paper, the vortex edge was identified by using the
scaled potential vorticity (sPV, s−1, Manney et al., 1994) de-
rived from the European Centre for Medium-Range Weather
Forecasts (ECMWF) high resolution ERA-interim meteoro-
logical products. Vortex average quantities were made on the
basis of sPV greater than 1.7× 10−4 s−1. The adopted value
is slightly higher than that adopted e.g. byManney et al.
(2006) and allowed a more conservative selection of low in-
vortex N2O values at all potential temperature levels in the
stratosphere as compared to lower sPV values. In equipo-
tential maps, the outer and inner vortex edges were shown
adopting sPV= 1.4× 10−4 s−1 and 2× 10−4 s−1. ECMWF
sPV values were extracted from the 12 universal time (UT)
fields, and could therefore lead to a mismatch between MI-
PAS observations (performed at fixed local time due to the
Sun-synchronous orbit) and the adopted vortex edge. How-
ever, a thorough inspection of MIPAS N2O measurements at
the vortex edge showed only minor deviations of the sPV and
N2O tracers, with negligible impact on the calculated vortex
averages. We also used ECMWF temperature data in order to
assess temperatures associated with detected PSCs.

3 Observation of the 2010–2011 Arctic winter
stratosphere

We studied the chemical and physical evolution of the Arc-
tic stratosphere during the 2010–2011 winter by analysing
MIPAS measurements in the period from 1 December 2010
to 15 April 2011. The results of the analysis are presented
here in terms of averages of the retrieved quantities inside
the vortex and, for a few significant cases, also as individual
measurements. The results are discussed in Sect.4.

To show the temporal evolution of the air masses inside the
Arctic vortex, Figs.1 and2 report MIPAS2D data as vertical
distributions of temperature, PSCs and VMRs of N2O and
O3 (Fig. 1a to d), and of H2O, HNO3 and ClONO2 (Fig. 2a
to c). MIPAS2D data shown in the figures were obtained as
daily averages within the vortex over isentropes with poten-
tial temperature (2) ranging between 350 and 1000 K (about
11 to 32 km altitude). Figure1b reports the detected PSCs
(black crosses) plotted over the average temperature of the
region havingT < TNAT (hereafterTNAT region). TheTNAT
temperature is the approximate threshold for PSC forma-
tion, and was calculated at each2 level by applying the
formula byHanson and Mauersberger(1988) to MIPAS2D
average H2O and HNO3. Figure2d reports vortex average
ClO at 2 = 550 K from am measurements (blue line), at a
level where errors were below 100 %. Figure2d also reports
the evolution of the vortex area in terms of fraction of its
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Fig. 1.Time series of MIPAS2D vortex average temperature,TNAT region average temperature, vortex average N2O and O3 (top to bottom).
The TNAT region temperature in(b) is shown in terms of the differenceT − TNAT . (b) also shows the altitude of PSCs detected through
MIPAS spectra (black crosses). White vertical regions depict periods with poor or no MIPAS2D data coverage.

maximum extent of 25× 106 km2 (black dashed line), and
the vortex sunlit daily fraction (red dashed line) both calcu-
lated at2 = 550 K.

The geographical behaviour of the vortex was studied by
inspecting individual measurements of MIPAS over isen-
tropic surfaces. As an example of the examined data, Fig.3
reports snapshots at2 = 500 K ofT , N2O and O3, for 3 and
26 February, 8 and 28 March 2011. Similarly, Fig.4 reports
snapshots of HNO3, ClONO2, and ClO. ClO is reported at
550 K consistently with Fig.2d. In the two figures, the outer
and inner vortex edges (black contour lines) are identified
as described in Sect.2.4. In January and February, the num-
ber of measurements contaminated by the presence of PSCs,
that are rejected from the analysis, prevented a geographi-
cally detailed study at lower2 values. Only when PSCs dis-
appeared in March could the regions of deepest O3 depletion
around2 = 450 K be fully observed. The2 = 500 K level
was therefore chosen as a compromise between the2 level
showing the highest ozone depletion (around 450 K) and
higher2 levels having MIPAS spectra less affected by PSCs.

We devote the next sections to the three main aspects char-
acterising the 2010–2011 Arctic winter stratosphere, namely
the vortex dynamics, PSC formation and chemical evolution.

3.1 Vortex dynamics

As shown in Figs.1a and b, during the 2010–2011 winter a
well defined and strong vortex led to regions of temperature
below TNAT lasting continuously until late March. The ver-
tical extension of these vortex cold regions reached a very
wide altitude range in early January, at2 extending from
430 to 800 K, and then evolved to a progressively lower al-
titude range, down to2 from 360 to 550 K in mid-March.
Temperature minima dropped persistently below 185 K over
limited regions at2 from 500 to 750 K over 2–7 January,
and at2 from 400 to 650 K over 20–28 January and more
sporadically throughout February. The presence of these per-
sistent cold regions is reproduced in the vortex average tem-
perature, displaying a minimum (cold point) below 195 K de-
scending from about2 = 600 K in early January to 450 K in
mid-March (Fig.1a).
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Fig. 2. Time series of MIPAS2D vortex-averaged H2O, HNO3, ClONO2 and ClO (top to bottom).
ClO in (d) is shown only as vortex average of am measurements at Θ = 550 K (blue). (d) reports
also the evolution of the vortex area (black dashed line) in terms of fraction of its maximum
extent (25×106 km2) and the vortex sunlit daily fraction (red dashed line) both calculated at
Θ = 550 K (refer to right vertical axis). White vertical regions depict periods with poor or no
MIPAS2D data coverage. A white dashed horizontal line at Θ = 550 K was added to the ClONO2

panel to ease comparison with ClO.
34

Fig. 2.Time series of MIPAS2D vortex-averaged H2O, HNO3, ClONO2 and ClO (top to bottom). ClO in(d) is shown only as vortex average
of am measurements at2 = 550 K (blue).(d) reports also the evolution of the vortex area (black dashed line) in terms of fraction of its
maximum extent (25× 106 km2) and the vortex sunlit daily fraction (red dashed line) both calculated at2 = 550 K (refer to right vertical
axis). White vertical regions depict periods with poor or no MIPAS2D data coverage. A white dashed horizontal line at2 = 550 K was added
to the ClONO2 panel to ease comparison with ClO.

Although the vortex was neither particularly pole-centred
nor symmetric (see the events shown in Fig.3), the vortex
size was relatively stable throughout the winter (see the black
line in Fig. 2d): beside an expansion and following contrac-
tion in late December – early January, the vortex became very
slowly smaller in size from December to April (from about
22 down to about 18× 106 km2 at2 from 450 to 550 K). The
almost monotonic increase of the sunlit fraction of the vor-
tex implies that the overall displacement of the vortex from
the pole was very limited (red line in Fig.2d). The isola-
tion of the vortex air was well traced by the very low vortex
values of N2O (Fig.1c) caused by the descent of upper atmo-
spheric air. Vortex N2O showed signs of mixing with outside
vortex air only during a very few time-constrained warming
events. The N2O 100 ppbv isopleth, which will be used in the
following sections to trace ozone chemical loss, descended
from 2 = 550 down to 450 K from December to April (from

about 21 to 18 km in altitude). The slow diabatic descent was
consistently displayed also by H2O (Fig.2a).

Occasional planetary wave activity induced a deformation
or displacement of the vortex (see Fig.3), as reflected by the
average vortex temperature and N2O (Fig. 1a to c). For ex-
ample on 3 February a sudden stratospheric warming (SSW)
deformation, induced by a large planetary wave number-two,
almost split the vortex into two lobes. This event was accom-
panied by warmer temperatures in the area where the two
lobes were connected, with an indication of mixing with high
N2O values (visible as a peak of N2O in Fig. 1c). Other rel-
atively less intense events caused an elongation of the vortex
followed by ejection of tongues of vortex air towards the ex-
travortex regions, such as those occurring on 8 and 28 March
and lasting a few days each (see Fig.3). During the second
event, the inner sPV contour line indicated ejection of air
from inner regions of the vortex, resulting in about 10% of
vortex air between2 = 400 and 550 K being ejected. In the
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Fig. 3.Snapshots of MIPAS2D temperature, N2O and O3 (top to bottom) along MIPAS orbits on the 500 K isentrope during selected days in
February and March 2011. Only MIPAS am measurements are shown. Black contour lines of constant sPV trace the outer and inner edge of
the vortex (respectively with sPV= 1.4× 10−4 s−1 and 2× 10−4 s−1, thin and thick lines).

Fig. 4. As in Fig. 3 but for HNO3, ClONO2, and ClO (top to bottom). ClO is shown on the 550 K
isentrope (see text for details).

36

Fig. 4.As in Fig.3 but for HNO3, ClONO2, and ClO (top to bottom). ClO is shown on the 550 K isentrope (see text for details).

middle stratosphere, events leading to increased N2O were
only marginally reflected in the average temperature (see e.g.
late January in Fig.1a to c). This suggests that these events
were sporadic intrusions of outside vortex air with no major
impact on the overall vortex isolation. A largely consistent
behaviour was found using MIPAS2D CH4 as passive tracer
instead of N2O, although some differences between the two
tracers in early spring will need to be further investigated.
Towards early spring, two warmings accompanied the last
phases of the evolution of the vortex, which was eventually
displaced from the pole on 6 April and persisted as a large

patch of isolated vortex air above Siberia and then Northern
Europe until late April. Large concurrent increases in tem-
perature and the N2O tracer throughout April showed the
Arctic return to typical conditions. The final warming was
evaluated to be on 19 April 2011 in NCEP-2 reanalysis by
Hurwitz et al.(2011).

3.2 Polar stratospheric clouds

The vertical distribution of PSCs detected by MIPAS is re-
ported in Fig.1b. A total of 3120 MIPAS scans detected
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Fig. 5. (a)–(d): Classification of MIPAS detected PSCs in the four periods: 1–31 December 2010, 1–15 January 2011, 16 January–28
February, and 1–18 March, as derived from spectral ratios at the cloud top. Colors indicate the difference between the ECMWF temperature
coincident with the detected PSC and the estimatedTNAT threshold (red is aboveTNAT ). (e)–(h): as in top panels but with colors indicating
PSC altitude.(i)–(l): PSCs classified as NAT (red diamonds) and STS/Mix (cyan diamonds) during selected days of the four periods, together
with the regions of predicted PSC occurrence based on ECMWF temperature (red line: NAT region whereT − TNAT < 0; cyan line: STS
region whereT − TNAT < − 3.5 K). Vortex edges (black lines) are shown as in Fig.3.

PSCs over the period 1 December 2010 to 18 March 2011,
corresponding to 78 % of days with PSCs out of 97 days of
observation. The 2010–2011 Arctic PSC season can be split
into four main phases, each having a relatively homogeneous
vertical coverage: (i) 1–31 December 2010, with most PSCs
occurring at2 = 450 to 600 K (19–25 km); (ii) 1–15 Jan-
uary 2011, showing an extraordinary vertical coverage up
to 2 = 700 K (28 km), with a few individual observations
even higher, the highest one at2 = 850 K (30.5 km); (iii)
16 January–28 February, with the PSCs persistently ranging
from 2 = 400 to 600 K (16–24 km); and (iv) 1–18 March
2011, characterised by more sporadic occurrence at2 = 400
to 500 K (16–19 km). Geographically, the bulk of PSCs clus-
tered close to the cold core of the vortex for most of the win-
ter, following the occasional distortion of the vortex shape.

The results of the analysis of the PSC composition for the
four periods, based on the method described byHöpfner et al.
(2006) (see Sect.2.3), are reported in Fig.5 (panels a-d and
e-h). In each color ratio diagram, gray lines delimit the three
regions corresponding to PSCs classified as NAT, ice and
STS/Mix (see labels in the figure). The color scale in panels
a-d represents the difference (T − TNAT) between the tem-

perature coincident with the detected PSC and the estimated
TNAT threshold introduced above (red indicatesT > TNAT).
The color scale in panels e–h corresponds to PSC cloud top
height. Since MIPAS measurements contaminated by PSCs
were rejected from the retrieval procedure, the temperature
assigned to each PSC was taken from ECMWF. Tempera-
tures 3.5 K belowTNAT can be considered as a threshold for
STS formation (Stein et al., 1999), whereas 7 K below is a
prerequisite for the presence of ice (e.g.Weisser et al., 2006,
and references therein). Figure5 also reports snapshots of the
geographical distribution of PSCs classified as NAT (red dia-
monds) or STS/Mix (cyan diamonds) for a selected day from
each period (panels i to l). The snapshots also show the re-
gions of expected formation of NAT (red line) and STS (cyan
line) PSCs, calculated using ECMWF temperature (with the
STS line atTNAT − 3.5 K).

Throughout the season, NAT PSCs were generally warmer
as compared to the STS/Mix ones. In general, optically thin
clouds (high CI values) were associated with warmer temper-
atures as compared to optically thick clouds. Besides some
scattered PSCs detected in early December (see Fig.1b), pe-
riod (i) showed a very compact distribution of PSCs in the
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second half of the month. 88 % of PSCs were classified as
STS/Mix, 12 % as NAT (Fig.5a). The temperature associated
with each PSC was highly variable, mostly between 5 K be-
low TNAT to above it for a small fraction of PSCs (see color
scale in the figure), especially in the case of thinner clouds
(high CI values). Although the majority of PSCs were verti-
cally distributed where the average temperature was consis-
tently around the threshold for STS formation (Fig.1b), tem-
peratures associated with the PSCs of this period were the
highest of the 4 periods (compare Fig.5a–d): the distribution
of PSC temperatures peaked just aboveTNAT −3 K, pointing
to a more likely NAT component, based upon the notion that
STS is thought to form only belowTNAT −3.5 K (Stein et al.,
1999).

During period (ii), the large vertical spread of the PSC dis-
tribution (see Fig.1b) was reflected in their scattered spectral
characteristics (Fig.5b and f). 79 % of PSCs were classified
as STS/Mix, 21 % as NAT and two cases as ice. The bulk
of STS/Mix PSCs in the diagram was consistently associated
with temperature below STS formation, and was observed
between2 = 450 and 550 K (17–22 km, Fig.1b and Fig.5f).
At 2 from 550 to 700 K (22–28 km), the STS/Mix PSCs
had more scattered color ratio values and associated temper-
atures often dropped 7 K belowTNAT . In a few cases, tem-
peratures reached values aboveTNAT , suggesting PSC for-
mation within cold mesoscale temperature perturbations that
were not reproduced by ECMWF temperatures (e.g.Carslaw
et al., 1998) or a mismatch in the temperature association due
to very localised cold regions. The large scatter in the color
ratio implies very different mixtures in the PSC composition.
Two PSCs could be classified as ice based on their spectral
signature, and had associated temperatures 7.5 K and 7.0 K
below theTNAT threshold (the latter is displayed as cyan in
Fig. 5b since it falls in the middle bin of the color scale).
These are the only PSCs classified as ice during the whole
season, although other ice particles may be present in PSCs
classified as STS/Mix. The very high altitude clouds (CTH at
2 > 700 K, 28 km) detected during the very first days of Jan-
uary had an STS/Mix signature extending from the very opti-
cally thin region of the diagram (see bottom right of Fig.5f)
towards the ice region in the optically thick part of the dia-
gram (top left of the panel). In some optically thick STS/Mix
cases, associated temperatures were aboveTNAT , as with the
lower altitude ones. A detailed investigation of the altitude of
the highest PSCs showed that cloud top heights above 30 km
were reached by two measurements on 3 January 2011, re-
spectively at 30.2 and 30.5 km altitude above the Eastern
coast of Greenland, representing the highest PSCs ever re-
ported in the Arctic. Comparison to synthetic spectra shows
that a significant vertical fraction (> 1/4) of MIPAS FOV
had to be filled by the highest detected PSC, which implies
a PSC cloud top height around 30.5± 0.75 km. Including the
error on MIPAS engineering tangent altitude of 0.5 km leads
to a best estimate of 30.5± 0.9 km. These extraordinarily
high PSCs were confirmed by CALIPSO measurements on

4 January 2011, with PSCs clearly extending above 30 km
altitude over the same region (seehttp://www-calipso.larc.
nasa.gov/products/lidar/browseimages/showcalendar.php).

In period (iii), the bulk of PSCs persisted at2 = 500–
600 K (20–24 km) (Fig.5c). 82 % of PSCs were classified as
STS/Mix, and 18 % as NAT. Consistent with a predominant
STS composition, most PSCs falling in the STS/Mix portion
of the diagram have an associated temperature 3 to 7 K below
TNAT , with the PSC temperature distribution peaking below
5 K (the coldest of the season). Comparison to vortex aver-
aged temperature (Fig.1a) shows that PSCs occurred only
where a large fraction of the vortex was colder thanTNAT .
This suggests that these PSCs were optically thick clouds
associated with synoptic scale temperature (Adriani et al.,
2004), a characteristic that is consistent with the stable and
continuous cold temperatures observed throughout February.
During period (iv), PSCs were observed until 18 March and
only around2 = 400–500 K (16–19 km, Fig.1b). 94 % of
these late PSCs were classified as STS/Mix, whereas only
6 % as NAT, and they were largely optically thinner than in
the previous periods. The associated temperature also sup-
ports the STS/Mix composition.

A comparison of the location of the classified PSCs with
NAT and STS regions predicted from ECMWF temperature
showed overall good agreement. Although not representative
of the whole PSC population, Fig.5i–l report some events
with good consistency between the classified PSC and the
expected NAT and STS regions, tracking their very inhomo-
geneous geographical distributions. This points to a generally
acceptable assignment of the PSC composition. Some incon-
sistencies for individual cases are due to PSCs being at the
edge of the finite altitude and temperature thresholds adopted
for the figures. FollowingHöpfner et al.(2006, 2009), and
as pointed out in Sect.2.3, the NAT classification implies
that the spectral signature of NAT particles was strong. This
means that each of the PSCs we classified as NAT was com-
posed of at least 30–40 % of such particles with mean radii
smaller than 3 µm. In contrast, the STS/Mix class indicates
the presence of clouds which contain STS droplets, large
NAT particles, or mixtures of the two. Since large NAT parti-
cles (3–6 µm) lead to very similar spectral signatures as STS,
the STS/Mix class cannot rule out the possibility of having
large NAT particles (or even NAT rocks,Fahey et al., 2001)
in the corresponding cases. The presence of a fraction of ob-
served clouds composed of STS droplets is suggested by the
fact that coincident temperatures were largely below the STS
formation threshold. The overall fraction of 17 % of NAT
classified PSCs in the 2010–2011 Arctic winter can be there-
fore considered a good estimate of PSCs with dominant NAT
composition.
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3.3 Chemical evolution of the Arctic

3.3.1 HNO3 and H2O

As a result of PSC formation and subsequent sedimentation
of PSC particles, HNO3 was significantly removed from the
lower stratosphere from January to April (Fig.2b). Vortex
HNO3 decreased from 10 to 4 ppbv within the isentropic
range2 = 450–550 K, down to2 = 400–500 K late in the
season, roughly following the descending N2O 100 ppbv iso-
pleth. In this layer PSCs were almost continuously detected.
In particular, the relatively higher vortex averaged HNO3 fol-
lowing the SSW on 3 February was promptly depleted by the
subsequent persistent PSC formation, with a 50 % drop in
about a month (Fig.2b). The layer descending from about
2 = 600 K to 2 = 500 K had a relatively weaker reduction
in HNO3. During most of the winter, the lowest amounts of
HNO3 were found within or close to the cold core of the vor-
tex, where the bulk of PSCs occurred (Fig.4, top row). The
low HNO3 occurred where temperatures were below the STS
formation threshold, suggesting capture by STS/Mix PSCs
(see Sect.3.1). On some occasions, strips of NAT PSCs were
clearly coincident with the deepest minima of HNO3. Since
the HNO3 did not recover when the PSC season ended in
mid-March, denitrification must have occurred permanently.
The observed low HNO3 values can be therefore associated
with both temporary sequestration by STS/Mix PSCs and
denitrification associated with PSCs composed of large NAT
particles. Removal of HNO3 at 2 = 450–500 K was accom-
panied by sporadic increases of HNO3 and NO2 (not shown)
at 2 = 400–450 K, likely as a result of evaporation of sedi-
menting particles at lower levels. As expected by the lack of
ice PSCs, H2O (Fig. 2a) showed only a marginal decrease
in late March in the lower stratosphere. As mentioned in
Sect.3.1 the overall trend in H2O was consistent with the
diabatic descent.

3.3.2 ClONO2 and ClO

ClONO2 was greatly depleted in the lower stratosphere at
2 = 400–550 K (Fig.2c) in January and February, then fol-
lowed by a recovery in March. The largest depletion was co-
incident with the beginning of the marked decrease in HNO3
starting in late December. The very low ClONO2 in January
extended throughout the inner vortex, and was accompanied
by a collar of high values at the vortex edge (Fig.4, middle
row). The low ClONO2 during February was accompanied
by activation of ClO in the vortex, reaching a maximum in
mid-March (see time series at2 = 550 K in Fig.2d). This is
also shown by ClO maps (Fig.4, bottom row), with sporadic
high ClO values progressively increasing from the more in-
solated outer regions of the vortex in February to being more
homogeneously distributed in March. Even then, ClO contin-
ued to be higher outside the centre of the vortex, most likely
because the core of the vortex remained largely in darkness in

early March (only about 60 % of the vortex was sunlit in mid-
March, see Fig.2d. Around 18 March, when the last PSCs
disappeared, vortex-average ClO started to dramatically de-
crease, accompanied by an analogous prompt increase in
ClONO2. At this late stage, ClONO2 recovered throughout
the vortex while patches of high ClO persisted in scattered
regions of the vortex until early April.

3.3.3 O3

As a consequence of chlorine activation, Arctic vortex O3 in
2011 was greatly depleted in the lower stratosphere at2 =

400–500 K (see Fig.1d). At 2 = 450 K, vortex average O3
dropped from 3 ppmv in early January to 0.95 ppmv in early
April. Daily depletion rates reached 100 ppbv day−1 in mid-
March. A second region of minimum was reached in the mid-
dle stratosphere at2 = 700–800 K, with average O3 decreas-
ing from 4.5 ppmv in mid-January down to 3 ppmv in mid-
March. The intermediate layer around2 = 600 K showed lit-
tle change in O3. The meteorology of the 2011 Arctic vortex
with the PSC season extending up to mid March played a key
role in the lower stratospheric depletion (see Fig.1b and d).
Snapshots on the 500 K isentrope (about 20 km altitude) re-
ported in Fig.3c show depletion of O3 occurring within the
vortex since January with scattered low values in progres-
sively larger areas of the vortex. O3 depletion in February and
March tended to be more pronounced in the outer parts of the
vortex (see 28 March snapshot in Fig.3), with occasional per-
turbations of the vortex causing a mixing with higher vortex
values and leading to a more homogeneous distribution (see
8 March snapshot). The O3 chemical loss was evaluated tak-
ing into account the descent of the N2O 100 ppbv isopleth ob-
served in Fig.1c (Proffitt et al., 1990; Rex et al., 2002). Com-
parison of the minimum value of 0.95 ppmv reached by vor-
tex averaged O3 at2 = 450 K in early April to the 3.4 ppmv
of O3 at 2 = 550 K in December following the evolution of
the N2O 100 ppbv isopleth (see Sect.3.1) results in an esti-
mate of the chemistry-driven depletion of vortex O3 of about
70 % at this level.

3.3.4 Measurement of total depletion of O3 and HNO3

The diagnostics adopted for this study involved interpola-
tion to 2 levels. The interpolation may introduce a smooth-
ing error in the vertical profiles, artificially removing sharp
changes in the vertical gradient of the retrieved quantity. We
therefore further investigated the occurrence of low O3 and
HNO3 values in the original data retrieved on the fixed al-
titude grid (with relevant grid points at 15, 18 and 21 km –
see Sect.2). Figure6a and c show time series of individual
O3 and HNO3 VMR at the 18 km altitude grid point, both for
vortex (blue) and outside vortex (gray) data North of 65◦ N.
In March and early April, the 18 km altitude within the vor-
tex corresponds to2 = 460± 12 K, whereas2 = 450 K cor-
responds to an altitude of 17.8± 0.5 km. The difference in
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Fig. 6. Time series (left) and probability distribution functions (PDFs) on 2–3 April 2011 (right) of MIPAS2D individual measurements of
O3 (top) and HNO3 (bottom) at the 18 km retrieval grid point and North of 65◦ geographical latitude. Vortex (blue) and outside vortex (gray)
data are shown. In the time series panels (left), error bars are shown only for measurements close to zero.

altitude falls therefore below the 3–4 km vertical resolution
of the retrieved data. The O3 time series show a progressively
larger divergence between vortex and outside vortex values
as the season evolved. While the distribution of vortex O3
values at 18 km altitude was very compact until late March,
in early April it displayed a much broader spread. This shows
that O3 started to recover in some parts of the vortex while it
was reaching its deepest depletion in other parts. O3 reached
100 % depletion in a fraction of the vortex in late March and
early April. Figure6 reports also the corresponding proba-
bility distribution functions (PDFs) calculated over 2 and 3
April. Vortex O3 in early April had a relatively flat distribu-
tion of VMR values extending from 0 to 1 ppmv. About 10 %
of the vortex measurements at 18 km altitude are consistent
with total depletion of O3 within the measurement random
error of around 0.1 ppmv. The average vortex ozone at 18 km
altitude dropped to 0.6 ppmv in 2–3 April. If compared to the
average vortex O3 in December at 21 km altitude grid point
(i.e. along the 100 ppbv N2O isopleth as discussed in the pre-
vious section), the drop corresponds to 80 % O3 depletion.

Analogously, Fig.6c shows the clear inhomogeneity in
HNO3. Loss of HNO3 had the largest effect on parts of the
vortex in late January and February, with greatly scattered
low values, especially after the SSW on 3 February. Low
vortex HNO3 was then more homogeneously distributed in
March and early April (Fig.6c and d). The severe deple-
tion of HNO3 in certain parts of the vortex halted in early
March in accordance with PSCs disappearing. Both for O3

and HNO3, error bars are shown for close to zero values to
highlight their accuracy.

4 Discussion

4.1 Comparison to previous Arctic winters

The behaviour of the 2010–2011 Arctic winter stratosphere
was compared to Arctic winters observed during MIPAS mis-
sion from 2003 to 2010. Figure7 reports time series of daily
vortex averages of selected targets (see labels) at2 = 450 K
for individual years 2011 (blue line with circles) and 2003
to 2010 (gray circles). The 2003–2010 multi-year average is
shown as a thick gray line. Since in many past Arctic winters
the vortex disappeared before spring, it should be noted that
the distribution in time of the multi-year average at a certain
date is given by only those years for which the Arctic vortex
was defined. The figure also reports, for selected targets, the
average over the referenceTNAT region (green) introduced in
Sect.3.

The 2010–2011 Arctic winter stratosphere was close to
2003–2010 values for most targets until mid-January. It then
entered the period of remarkably stable cold temperatures
discussed in the previous section, and started to significantly
differ from the distributions of values observed in previous
years. Temperatures in February through March remained at
10 to 20 K below the multi-year average of previous MIPAS-
observed years (Fig.7a), with a cold core of the vortex traced
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Fig. 7. Time series of daily vortex-averaged MIPAS2D targets on the 450 K isentrope during January to April for individual years 2003 to
2010 (gray circles) and 2011 (blue). The 2003–2010 multi-year mean is shown as a thick gray line. MIPAS2D 2011 data averaged within the
TNAT region (green) are also shown. Targets are temperature and O3 (top panels), altitude of retrieved data, N2O and H2O (middle panels),
NO2, ClONO2 and HNO3 (bottom panels).

by theTNAT region persisting until early April. The altitude
of the 450 K isentrope was remarkably close to the average
of the previous years, corresponding to about 18 km altitude
throughout the winter (Fig.7c), and about 55 hPa. The 2011
N2O displayed values more constant in time (Fig.7d), point-
ing to a slower diabatic descent. The slower descent is also
shown by H2O which was about 20 % below the multi-year
average (Fig.7e), opposite to the ascending trend in H2O ob-
served in typical years.

In terms of PSCs, the 2010–2011 PSC season extended un-
til mid-March, 2 to 4 weeks longer than in other recent cold
winters (e.g.Pitts et al., 2011). The altitude range covered by
PSCs during 2010–2011 Arctic winter was also anomalous,
with PSCs reaching altitudes around 30 km, as compared to
maximum altitudes of 26–28 km previously observed (e.g.
Poole and Pitts, 1994; Fromm et al., 1999; Massoli et al.,
2006). The observed fraction of 17 % of predominantly NAT
PSCs is very close to the 14 % of NAT-only PSCs found by
Maturilli et al. (2005) over 1995–2003 using ground based
lidar observations.

Nitric acid in the 2011 lower stratosphere was about 40 %
lower than the 2003–2010 multi-year average. It remained
low also when temperatures rose at the end of March as a
consequence of denitrification (Fig.7h). Comparison of the
HNO3 averaged over theTNAT region and over the vortex as a

whole show that denitrification was stronger within the cold
core, consistent with the PSC distribution. NO2 at2 = 450 K
(Fig. 7f) showed sporadic very high values, more often than
previous years. In particular, the highest NO2 values were
reached in the last few days of January and in the last week
of February consistent with two periods of minimum HNO3.
In both cases, the high NO2–low HNO3 values were coinci-
dent with a reduction in the PSC distribution following pro-
longed periods of PSC occurrence. Whether this is associ-
ated with release of nitrogen following temporary capture by
low altitude PSCs has to be further investigated. ClONO2
was close to some previous years until mid-February, then
remained significantly depleted (Fig.7i). The drop in late
February to mid-March was coincident with the period of
highest ClO (see Fig.2d), which reached its peak value on
15 March. ClO then started to be converted into its reser-
voirs, as shown by the prompt increase of ClONO2, reaching
previous years’ values (compare averages at2 = 550 K in
Fig. 2c and d). In particular, an abrupt change in ClONO2
occurred in the colder part of the vortex (see green curve
in Fig. 7i), with a slower change in the vortex average due
to already high values in the outer part of the vortex (see
Fig. 4). This prompt ClONO2 change points to reconversion
of ClO mainly into the ClONO2 reservoir. Comparison to re-
sults byManney et al.(2011, their Fig. 2) shows that over
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the third week of March ClO reconverted to reservoir parti-
tioning, with about 60–75 % going into ClONO2 and about
40–25 % into HCl. Therefore chlorine deactivated partially
into HCl, which is anomalous for Arctic winters, although
a detailed modelling of the processes will be necessary to
draw a firmer conclusion. The deactivation of ClO stabilised
O3 around 1 ppmv below the range of 2003–2010 average for
almost a further month. As discussed in Sect.3.3.3, also in
the middle stratosphere (2 = 700–800 K) O3 was severely
depleted by 25 % down to 3.3 ppmv (see Fig.1), matching
the lower edge of the 2003–2010 range (not shown).

The most dramatic difference with previous years was
however observed in O3, showing a compact trend that
reached values below average only in March (Fig.7b). With
PSCs continuing to form until 18 March at this2 level, O3
depletion continued until early April, down to about 50 % of
typical values from previous years.

Previous major Arctic ozone depletions occurred in win-
ters 1995–1996 (Manney et al., 1996), 1999–2000 (Rex et al.,
2002; Feng et al., 2005) and 2004–2005 (Manney et al.,
2006; Rex et al., 2006). Adding 2010–2011 to the list, the
severity of these major ozone losses has been increasing over
time. In all of the previous winters, the season of cold tem-
peratures has in fact persisted for a shorter period and was
halted earlier than in 2011. Only in 1996–1997 did cold tem-
peratures last until March, although the ozone depletion was
limited because of a warmer early winter (Newman et al.,
1997). The longer 2011 PSC season and the delayed re-
conversion of ClO into its reservoirs caused the 2011 daily
O3 depletion rate to reach 100 ppbv day−1, as compared to
the 40 ppbv day−1 in the previous record depletion in 2005
(Rex et al., 2006). Considering the maximum O3 daily de-
pletion rate reached in mid-March, complete O3 destruction
at 2 = 450 K would have likely occurred in 2011 with only
a further week of active chlorine cycles. Given the more pro-
longed PSC coverage of 2011, this different behaviour is in
line with the linear relationship between the total O3 deple-
tion and VPSCintegrated over the winter (Harris et al., 2010).
The observed 2011 denitrification had a greater role than in
previous years (see alsoManney et al., 2011), with regions
of complete removal of HNO3 accompanying detection of
STS/Mix and NAT PSCs. Although NAT PSCs made of large
particles could not be excluded, the much larger fraction of
STS/Mix PSCs observed confirms their active contribution
in driving the Arctic lower stratospheric chemistry (WMO,
2011). If we also consider the O3 minima reached in the
middle stratosphere (2 = 700–800 K), 2011 showed both a
very large NOx driven ozone depletion above2 = 650 K as
occurred in 2007 (due to the persistent isolation of the up-
per vortex) and the largest PSC-ClO driven depletion in the
lower layers (for example, seeKuttippurath et al., 2010).

4.2 Comparison to Antarctic conditions

The above picture is remarkably close to the conditions typi-
cally observed over the Antarctic. An inter-hemispheric com-
parison of conditions in the Northern polar region to typical
conditions in the Southern polar region during the respec-
tive winters is presented in Fig.8. The figure shows monthly
mean vertical profiles of MIPAS2D target quantities in the
Arctic (blue line with circles for March 2011 and gray lines
for the same month in 2003 to 2010), and in the Antarc-
tic (red line with circles for September 2008). March and
September have approximately seasonally symmetric condi-
tions in the two hemispheres. Averages were performed on
pressure levels and respectively over the 75◦–90◦ N and 75◦–
90◦ S geographical latitude, so as to reflect both chemical and
dynamical changes of the vortex. In addition to temperature
and O3 (Fig. 8, top panels), the figure reports the same tar-
gets discussed in the previous section (see labels in the fig-
ure). In terms of temperature, altitude, N2O and H2O tracers
(Fig. 8a, c, d and e), the 2011 Arctic conditions are closer
to the Antarctic conditions than to 2003–2010 Arctic win-
ters. The average temperature profile in 2011 resembled the
clear verticalS shape found in the Antarctic with well de-
fined temperature cold point and stratopause, in contrast to
many Arctic winters showing a dynamically-driven almost
isothermal lower stratosphere. 2011 N2O traced a strong iso-
lation of the vortex down to roughly 20 hPa in agreement
with the Antarctic N2O profile. The similarity in the dynam-
ical conditions of the 2011 Arctic and 2008 Antarctic are re-
flected also in the H2O profiles. The only Arctic year display-
ing N2O and H2O profiles close to 2011 was 2007 (dashed
gray line). Both in the 2011 Arctic and 2008 Antarctic, the al-
titude of constant pressure surfaces at latitude>75◦ between
50 and 2 hPa (about 18 and 40 km altitude) was up to 10 %
lower than average Arctic conditions.

Despite very similar dynamical conditions, Arctic O3 re-
duction in 2011 was less pronounced than in the Antarctic,
consistent with much weaker denitrification (Figs.8b and
e). At 20 to 10 hPa (which corresponds to2 = 650–800 K
in the middle stratosphere discussed above) most Arctic pa-
rameters (at 10 hPa for O3) are close to Antarctic conditions,
although with a different partitioning of the nitrogen fam-
ily (see NO2, ClONO2 and HNO3 in Fig. 8f to h). In the
lower stratosphere, also the 2011 Arctic winter ClO was de-
activated into ClONO2, but to a lesser extent as compared
to previous Arctic winters both due to the late deactivation
of ClO and a partial partitioning into HCl. ClONO2 reached
higher values in March as compared to Antarctic conditions
(Fig. 8g) where ClO deactivates through HCl: This implies
that although 2011 conditions were closer to the Antarc-
tic than ever before, also 2011 maintained ClONO2 as the
main pathway for ClO deactivation (together with HCl to a
lesser extent). This is in agreement with HCl becoming the
dominant reservoir when vortex O3 drops below 0.5 ppmv as
typically reached in the Antarctic (Santee et al., 2008, and
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Fig. 8. MIPAS2D monthly mean vertical profiles for selected targets in the Arctic for March 2011 (blue line with circles) and 2003 to 2010
(gray lines; 2007 dashed), and in the Antarctic for September 2008 (red line with circles). Data are averaged poleward of 75◦ geographical
latitude. Targets are temperature and O3 (top panels), altitude of retrieved data, N2O and H2O (middle panels), NO2, ClONO2 and HNO3
(bottom panels). The altitude is shown as difference from the 2003–2010 Arctic average. Note that profiles extend from 300 to 1 hPa, apart
from temperature and O3, which extend up to 0.1 hPa.

references therein). These values of O3 were only marginally
observed in the 2011 Arctic.

5 Conclusions

We presented MIPAS/ENVISAT observations of 2010–2011
Arctic winter retrieved with a 2-D tomographic approach.
The 2010–2011 Arctic winter was characterised by a stronger
than usual late vortex with persistent cold temperature, and a
PSC season extending until mid-March. In the lower strato-
sphere, this led to a progressively stronger O3 depletion cor-
related with active ClO, until sublimation of PSCs restored
the ClONO2 reservoir almost a month later than in typi-
cal years. In early April, 10 % of vortex O3 measurements
at the 18 km retrieval altitude (about2 = 460 K) were con-
sistent with total depletion and vortex average O3 reached
0.6 ppmv. This corresponds to an 80 % chemical loss from
the beginning of the winter along the descending 100 ppbv
N2O isopleth. In early January, the detected PSCs reached
altitudes above 30 km previously unreported in the Arctic
region. About 17 % of the PSCs were classified as NAT,
while 83 % of PSCs were STS/Mix, pointing to their ma-
jor role in driving the Arctic chemistry. As compared to

2003–2010 average values, vortex O3 was lower by 50 %
at 2 = 450 K and by 35 % at 550 K in March. In the mid-
dle stratosphere (2 = 700–850 K) O3 was depleted by 25 %
down to 3.3 ppmv, at the lower edge of the 2003–2010 range.
2011 showed the largest ozone depletion ever reported in the
Arctic stratosphere.

Our results are largely in agreement with the analysis of
the 2010–2011 winter recently published byManney et al.
(2011) and bySinnhuber et al.(2011), which showed that
close-to ozone hole conditions were reached in the 2011 Arc-
tic. In particular, the lowest vortex average O3 of 0.6 ppmv
which we observed in early April was missed by the Mi-
crowave Limb Sounder (MLS) adopted byManney et al.
(2011) due to instrumental shut down, but confirmed by two
soundings they report for2 = 465 K (their Fig. 4c). Compar-
ison of our ClONO2 to their HCl trends suggests 2011 Arctic
ClO deactivated into ClONO2 as a main pathway, and to a
lesser extent into HCl (which did not show the same prompt
increase). Our results are also in agreement with those by
Sinnhuber et al.(2011), with a difference in their minimum
0.3 ppmv value reached by individual ozone measurements
at 18 km altitude, against our 10 % of vortex O3 values being
consistent with total depletion. Both results are compatible
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within the given random errors (about 0.1–0.15 ppmv), al-
though biases between the different retrievals are under in-
vestigation.

2011 Arctic conditions were remarkably closer to those
observed in the Antarctic than ever before, although they
maintained some distinct peculiarities of Arctic winters both
in chlorine partitioning and in the composition of PSCs. The
adopted MIPAS2D approach showed a good reproduction of
vortex patchy features or filaments through the N2O tracer,
therefore pointing to a similar benefit for active targets. This
further motivates the exploitation of the 2-D approach for fu-
ture studies when dealing with scattered low values within
the Arctic vortex or ejections of vortex air towards middle
latitudes.
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von König, M.: The Detection of Large HNO3-Containing Parti-
cles in the Winter Arctic Stratosphere, Science, 291, 1026–1031,
doi:10.1126/science.1057265, 2001.

Farman, J. C., Gardiner, B. G., and Shanklin, J. D.: Large losses of
total ozone in Antarctica reveal seasonal ClOx/NOx interaction,
Nature, 315, 207–210,doi:10.1038/315207a0, 1985.

Feng, W., Chipperfield, M. P., Davies, S., Sen, B., Toon, G., Blavier,
J. F., Webster, C. R., Volk, C. M., Ulanovsky, A., Ravegnani,
F., von der Gathen, P., Jost, H., Richard, E. C., and Claude,
H.: Three-dimensional model study of the Arctic ozone loss
in 2002/2003 and comparison with 1999/2000 and 2003/2004,
Atmos. Chem. Phys., 5, 139–152,doi:10.5194/acp-5-139-2005,
2005.

Fischer, H., Birk, M., Blom, C., Carli, B., Carlotti, M., von Clar-
mann, T., Delbouille, L., Dudhia, A., Ehhalt, D., Endemann, M.,
Flaud, J. M., Gessner, R., Kleinert, A., Koopman, R., Langen, J.,
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Ålesund, Spitsbergen (79◦ N, 12◦ E), J. Geophys. Res. Atmos.,
111, D09206,doi:10.1029/2005JD005840, 2006.

Maturilli, M., Neuber, R., Massoli, P., Cairo, F., Adriani, A., Mori-
coni, M. L., and di Donfrancesco, G.: Differences in Arctic and
Antarctic PSC occurrence as observed by lidar in Ny-Ålesund
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