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Abstract

Record breaking losses of ozone (O3) in the Arctic stratosphere have been reported
in winter and spring 2011. Trace gas amounts and polar stratospheric cloud (PSC)
distributions retrieved using differential optical absorption spectroscopy (DOAS) and
scattering theory applied to the measurements of radiance and irradiance by satellite-5

born and ground-based instrumentation, document the unusual behaviour. A chemical
transport model has been used to relate and compare Arctic winter-spring conditions in
2011 with those in previous years. We examine in detail the composition and transfor-
mations occurring in the Arctic polar vortex using total column and vertical profile data
products for O3, bromine oxide (BrO), nitrogen dioxide (NO2), chlorine dioxide (OClO),10

and PSCs retrieved from measurements made by the instrument SCIAMACHY on-
board the ESA satellite Envisat, as well as the total column ozone amount, retrieved
from the measurements of GOME-2 on the EUMETSAT operational meteorological po-
lar orbiter Metop-A. In the late winter and spring 2010/2011 the chemical loss of O3
in the polar vortex is consistent with and confirms findings reported elsewhere. More15

than 70 % of O3 was depleted between the 425 K and 525 K isentropic surfaces, i.e.
in the altitude range ∼16–20 km. In contrast, during the same period in the previous
winter only slightly more than 20 % depletion occurred below 20 km, whereas 40 % of
the O3 was removed above the 575 K isentrope (∼23 km). This loss above the 575 K
isentrope is explained by the catalytic destruction by the NOx descending from the20

mesosphere. At lower altitudes O3 loss results from processing by halogen driven O3
catalytic removal cycles, activated by the large volume of PSC generated throughout
this winter and spring. The mid-winter 2011 conditions, prior to the catalytic cycles be-
ing fully effective, are also investigated. Surprisingly, a significant loss of O3 with 60 %
is observed in mid-January 2011 below 500 K (∼19 km), which was then sustained for25

approximately a week. This “mini-hole” event had an exceptionally large spatial ex-
tent. Such meteorologically driven changes in polar stratospheric O3 are expected to
increase in frequency as anthropogenically induced climate change evolves.
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1 Introduction

Predicting the future levels of ozone (O3) above the Arctic and its loss during winter-
spring is intrinsically challenging. The history of the observations of stratospheric ozone
at high latitudes has repeatedly resulted in unexpected behaviour attributable to our
limited knowledge of the dynamics and chemistry. Accurate scientific assessments of5

the evolution of polar ozone in a changing climate are required by the parties to the
United Nation’s Vienna Convention on Ozone Depleting Substances (ODS) and its
Montreal Protocol/amendments.

In the Northern Hemisphere in contrast to the Southern Hemisphere, the polar vor-
tex is much less stable and a large inter-annual variability of stratospheric ozone at10

mid-and high-latitudes occurs. This variability is closely tied to year-to-year changes
in the activity of planetary waves (Fusco and Salby, 1999; Weber et al., 2011), mod-
ulating the intensity, temporal evolution and stability of the Arctic polar vortex (see for
example Hartmann et al., 2000; Dhomse et al., 2006; Mitchell et al., 2011, and ref-
erences therein). By determining the vortex temperature, this in turn modulates the15

effectiveness of the catalytic cycles removing stratospheric O3 in late winter and spring
after polar sunrise via the formation of polar stratospheric clouds (PSC). As a result
heterogeneous reactions and equilibria, which take place on aerosol and PSC, convert
the relatively photo-stable species such as hydrogen chloride (HCl), chlorine nitrate
(ClONO2), bromine nitrate (BrONO2) and hypobromous acid (HOBr) into the photo-20

labile species molecular chlorine (Cl2), bromine chloride (BrCl), bromine (Br2) and re-
lated halogen temporary reservoirs. The rate of removal of ozone is thus strongly de-
pendent on particular dynamical conditions in a given winter and spring (WMO, 2010,
and references therein). In winter–spring 2011, anomalously large ozone losses in the
Arctic stratospheric polar vortex have been reported (e.g. Hurwitz et al., 2011; Manney25

et al., 2011; Sinnhuber et al., 2011). In March 2010, however, when also the Arctic
stratosphere was extensively denitrified and large chlorine activation was observed
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(Manney et al., 2011; Khosrawi et al., 2011), polar ozone was unusually high (Stein-
brecht et al., 2011).

In spite of the first indications of stratospheric ozone recovering, as a result of the
measures enacted by the Montreal Protocol (see WMO, 2010, and references therein)
and inferred from the studies of Mäder et al. (2010) and Salby et al. (2011), an ongoing5

potential for further, yet unexpected, dramatical polar ozone losses exists (e.g. Rex
et al., 2004). It is therefore of value to examine the causes of Arctic variability and their
impact on polar ozone and its depletion, in order to improve our understanding of the
chemical and dynamical control of stratospheric ozone in a changing climate.

In this paper, we investigate the chemical composition of the Arctic vortex during win-10

ter–spring 2011, where ozone loss was one of the largest yet observed, and compare
it with observations from the preceding winter–spring in 2010, when polar ozone levels
were unusually large. Data products from the nadir, limb and occultation measurements
of SCIAMACHY for O3, BrO, NO2, OClO and PSCs have been used to determine the
compositional state of the Arctic vortex. To put them into the context of the documented15

inter-annual variability of Arctic ozone, the total column amount of O3 is retrieved from
GOME/SCIAMACHY/GOME-2 nadir measurements for the winters from 1995/1996 to
2011/2012. In addition, we show ground-based DOAS measurements of OClO and
NO2 over Ny-Ålesund (79◦ N, 12◦ E), providing additional information to probe our un-
derstanding of the vortex behaviour. Extending the work of Sonkaew et al. (2013), the20

vertical profile of chemical ozone loss in the Arctic lower stratosphere has been de-
termined for the 2010 and 2011 polar vortices, using the vortex-average method. This
method accounts explicitly for the diabatic changes in ozone (Eichmann et al., 2002).
By comparison of novel time-slice simulations, conducted with a three-dimensional
chemistry transport model (CTM) driven by ECMWF ERA-Interim meteorology, with25

observations, our understanding and ability to simulate the behaviour of chemistry and
dynamics in the years 2010 and 2011 is tested.

The methods and data sources, used to investigate the state of ozone in the Arctic
vortex, are described in Sect. 2. This is then followed in Sect. 3 by a more detailed
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description of the conditions during winter–spring 2010 and 2011. The origins of an
episode of extremely low ozone in mid-winter 2011, previously unreported, which oc-
curred prior to the large chemical destruction of ozone later in spring, is also identified
and investigated. Section 4 summarizes our results and interpretation of these two
unique winters.5

2 Methods

The research, reported in this manuscript, uses the data products retrieved from the
Scanning Imaging Absorption SpectroMeter for Atmospheric CHartography (SCIA-
MACHY) onboard ESA’s Envisat satellite (Burrows et al., 1995; Bovensmann et al.,
1999) and from the Global Ozone Monitoring Experiment (GOME) instrument onboard10

ESA’s second European Remote Sensing satellite (ERS-2; Burrows et al., 1999) and
its operational successor GOME-2 onboard EUMETSAT’s Metereological Operational
satellite (MetOp-A). SCIAMACHY was proposed in July 1988 for launch on the ESA Po-
lar Orbiting Earth Mission, POEM-1. This mission was subsequently renamed Envisat
and launched on the 28 February 2002 into a polar sun-synchronous orbit similar to15

ERS-2 at an altitude of about 800 km. SCIAMACHY makes measurements of the back-
scattered solar radiation upwelling from the top of the atmosphere for the majority of
its orbit, alternately in limb and nadir viewing. During orbital sunrise at mid and high
northern latitudes solar occultation measurements are performed, and lunar occultation
measurements are made on the nightside of the Earth in the Southern Hemisphere.20

Solar occultation is undertaken once per orbit whereas the moon is only in view about
6 days a month. Global coverage of the sunlit part of the Earth is achieved at the equa-
tor in six days in nadir and limb viewing. Contact with Envisat was unexpectedly and
suddenly lost on the 8 April 2012.

For almost a decade SCIAMACHY provided a unique record of the upwelling ra-25

diation at the top of the atmosphere in its different viewing geometries simultane-
ously and contiguously in 6 channels from 214 to 1750 nm and two channels mea-
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suring from 1940 to 2040 nm and 2265 to 2380 nm, respectively. Additionally, polar-
isation measurements are performed using 7 broad-band polarisation measurement
devices (PMDs). Its limb and occultation measurements yield profiles of atmospheric
constituents (gases, aerosol and cloud) from the troposphere to the thermosphere. The
solar occultation measurements are restricted to the latitudes range from 49 to 69◦ N.5

Limb measurements provide global coverage.
The smaller instrument GOME resulted from the descoping of the SCIA-mini, which

was proposed to ESA in response to its call for atmospheric constituent monitoring
instrumentation in December 1988. GOME was launched aboard ERS-2 on the 20th
April 1995 into a sun-synchronous orbit having an equator crossing time of 10.30 a.m.10

during the descending part of the orbit. It made global measurements in nadir view-
ing geometry of the upwelling electromagnetic radiation between 233 and 793 nm from
July 1995 to June 2003, when ERS-2 lost its tape recorder. Using its 960 km swath,
global coverage at the equator is achieved in three days. After June 2003, 30–40 % of
its measurements were downlinked in direct broadcast mode until ESA began decom-15

missioning ERS-2 in July 2011.
The first GOME-2 was launched aboard Metop-A in October 2006 into a sun-

synchronous orbit having an descending leg equator crossing time of 9.30 a.m. Routine
operations began in March 2007. GOME-2 has a superior spatial resolution to that of
GOME, similar to that in nadir of SCIAMACHY. Metop-B with a second GOME-2 has20

been launched in September 2012. For additional information about the instruments
and general measurement techniques we refer readers to the following publications:
Burrows et al. (1995) and Bovensmann et al. (1999) for SCIAMACHY; Burrows et al.
(1999) and Callies et al. (2000) for GOME and GOME-2, respectively.

2.1 SCIAMACHY limb trace gas profiles25

Vertical profiles of atmospheric species are retrieved from limb-scatter measurements
performed by the SCIAMACHY instrument on Envisat (Bovensmann et al., 1999). The
level 2 data products retrievals used in this investigation (version 2.5) have been devel-
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oped and processed at the Institute of the Environmental Physics (IUP) of the Univer-
sity of Bremen (IUP Bremen retrieval) using the level 1 (version 7.03/04) data products
provided by ESA. For this study several spectral windows in the UV, visible, or near-
infrared spectral ranges have been used.

The vertical ozone profile retrieval uses an optimal estimation approach employing5

the radiance profiles measured at selected wavelengths in the UV Hartley and Huggins
bands of O3 (267–305 nm; Rohen et al., 2008) and the visible O3 Chappuis band (see
Sonkaew et al., 2009). The NO2 and BrO vertical profiles are retrieved using their
fingerprint differential structure of the trace gas absorption bands in the spectral ranges
420–470 nm and 338–356.2 nm, respectively.10

All these retrievals use an upper atmosphere reference tangent height to normalise
the limb radiance at a given tangent height in order to reduce the influence of the solar
Fraunhofer lines, any errors in instrument radiometric calibration and radiation scat-
tered in the lower troposphere or reflected from the underlying surface. The position of
the reference tangent heights is optimised individually for each species and in the case15

of ozone with respect to the different spectral intervals used. Both O3 and BrO retrievals
use variants on the optimal estimation type technique (Rodgers, 2000) having an addi-
tional smoothing constraint (first order Tikhonov term), while the NO2 retrieval employs
the information operator approach (see Kozlov, 1983; Hoogen et al., 1999; Doicu et al.,
2007, and references therein). The pressure and temperature information used in the20

forward radiative transfer model is provided by the operational analysis model of the
European Centre for Medium-Range Weather Forecasts (ECMWF). More detailed ex-
planations of the retrieval algorithms and validation results for different species are
reported elsewhere: e.g. for the NO2 retrieval algorithm in Rozanov et al. (2005); for
the O3 algorithm in Sonkaew et al. (2009); O3 profile validation results are presented25

in Mieruch et al. (2012); BrO profile validation is reported by Rozanov et al. (2011a,b);
for NO2 profile validation see Bauer et al. (2012).
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2.2 SCIAMACHY solar occultation

SCIAMACHY performs a solar occultation measurement once per orbit. The sun-
synchronous polar orbit of Envisat provides seasonally dependent occultations at mid-
latitudes. These occur between 49◦ N and 69◦ N in the Northern Hemisphere. Vertical
profiles of O3, NO2, and BrO are retrieved by applying an optimal estimation approach5

including a smoothing constraint, similar to that used for O3 and BrO profiles retrieved
from the limb measurements. The knowledge of the tangent height for the solar occulta-
tion measurements has been optimised using the scans over the solar disk (Bramstedt
et al., 2012). In this case O3 is retrieved from the Chappuis bands between 524.3–
590.7 nm. The O3 profile is then used in the retrieval of NO2 from the spectral window10

424.1–453.3 nm. Previous versions of these products are described in Meyer et al.
(2005) and Bramstedt et al. (2007). The vertical profile of BrO is retrieved from the
radiance and irradiance measurements in the spectral window 338.0–356.2 nm (using
the knowledge of the previously retrieved O3 and NO2 profiles). It is for the first time
evaluated in this paper, and in this sense a preliminary product. Pressure and tempera-15

ture information at a given tangent height is based on the ECMWF data also used in the
limb retrievals. The solar occultation retrievals are produced using retrieval algorithms
developed at IUP Bremen.

2.3 SCIAMACHY OClO and NO2 from nadir measurements

SCIAMACHY nadir observations have been analysed for OClO and NO2 slant columns20

retrieved by the Differential Optical Absorption Spectroscopy (DOAS; see Platt, 1994)
applied to the measurements of the upwelling radiation from space (see Burrows et al.,
2011, and references therein). The analysis performed here closely follows the ap-
proach described in Richter et al. (2005) applied to GOME data.

The OClO molecule, which undergoes rapid photolysis during daytime, achieves its25

largest concentrations at night and thus is best measured during twilight in nadir sound-
ing. In addition the OClO amount changes rapidly along the path of electromagnetic
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radiation through the atmosphere and as a function of the solar zenith angle (SZA).
These changes can be accounted for by simulation using radiative transfer models
(Hendrick et al., 2006; Oetjen et al., 2011, and references therein). However, for the
assessment of change, an optimal approach to evaluate changes in OClO measure-
ments is to compare the data at a solar zenith angle of 90◦. This avoids any error in5

the conversion of slant to vertical columns (Wagner et al., 2002; Richter et al., 2005)
and the relative changes between years. For a quantitative comparison with models,
the radiative transfer effects need to be accounted for.

At large SZA, the intensity of electromagnetic radiation leaving the top of the at-
mosphere is small and individual measurements of OClO retrieved from SCIAMACHY10

have a relatively low signal to noise and thus large retrieval errors. By averaging over
the measurements made at SZAs between 89◦ and 91◦ the error and resultant scatter is
reduced. This approach has been validated by comparison with ground-based zenith-
sky observations where very good agreement was obtained (Oetjen et al., 2011).

NO2 is also photolysed by ultraviolet radiation but the changes along the path of15

ultraviolet radiation are smaller than those for OClO and vertical columns can be deter-
mined using an appropriate air mass factors (AMF). However, to be consistent with the
OClO observations, NO2 columns are also analysed around SZA of 90◦. This approach
has the additional advantage of a much reduced sensitivity to the lower atmosphere,
minimising any potential impact of tropospheric pollution in the Arctic.20

2.4 SCIAMACHY PSC detection description

SCIAMACHY provides profile measurements of limb-scattered solar radiation. From
the profiles at 750 and 1090 nm we construct a colour index, which is used in combi-
nation with a defined threshold to detect PSC. More detailed information on the PSC
detection method can be found in von Savigny et al. (2005a). As shown in von Savi-25

gny et al. (2005b) the retrievals are robust. For almost all of the detections of PSC the
ECMWF temperature at the location and altitude of the detected PSC is consistent with
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the known PSC temperature formation threshold of about 195–198 K. The current PSC
detection scheme does not allow to distinguish between different PSC types.

In von Savigny et al. (2005a) only PSC observations in the Southern Hemisphere
were analysed, while in this study we show results obtained from SCIAMACHY mea-
surements in the Northern Hemisphere for the first time. In contrast to the southern5

hemispheric observations with scattering angles of up to 160◦, the northern hemi-
spheric SCIAMACHY limb-scatter observations – particularly at high latitudes – are
associated with relatively small scattering angles as low as about 25◦. This difference
in scattering angles required a minor optimisation of the PSC detection threshold ap-
plied to the vertical gradients of the colour-index ratio. For the analyses presented here10

a threshold value of θ = 1.45 is used. More detailed information on the PSC detection
method can be found in von Savigny et al. (2005a).

2.5 Ground based measurements

Ground-based zenith sky observations made at Ny-Ålesund (79◦ N, 12◦ E) have been
used to retrieve OClO and NO2 slant columns using the Differential Optical Absorption15

Spectroscopy (DOAS; Platt, 1994) method. The spectral window and related settings
are similar to those used with SCIAMACHY radiances for the retrieval of trace gas slant
columns. Here, as references spectrum, a measurement at a small solar zenith angle
is used: the SZA being typically about 80◦. For more details see Oetjen et al. (2011).

2.6 Long-term total column ozone data set20

A consistent, consolidated and merged O3 total column, retrieved from the nadir
measurements made by GOME, SCIAMACHY (Bracher et al., 2005) and GOME-2
(Coldewey-Egbers et al., 2005; Weber et al., 2005), called in short the GSG data set,
has been compiled at IUP (Weber et al., 2007). In the GSG data set the SCIAMACHY
(2002–2012) and the well validated GOME data record (1995–2011) have been used25

to normalize the data sets by a mean scaling factor (GOME2 and SCIAMACHY) and
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trend (SCIAMACHY only) in the monthly mean zonal mean ratios. Using the selection
criterion of having maximum global sampling, the GSG data set is then composed of
GOME from 1995 to June 2003, SCIAMACHY from 2003 to 2006 and GOME-2 af-
ter 2006. This data set has already been used in other related studies (Kiesewetter
et al., 2010a,b). Data are available from http://www.iup.uni-bremen.de/gome/wfdoas.5

Another long-term data set is the merged SBUV/TOMS/OMI O3 data set (Mod V8; http:
//acdb-ext.gsfc.nasa.gov/Data_services/merged) that extends from 1978 to present
(Stolarski and Frith, 2006), which agrees to within 2 % with the GSG data set when
comparing monthly mean zonal means.

2.7 Chemical ozone loss calculation10

The chemical ozone loss has been calculated using ozone profiles retrieved in the po-
lar vortex. This approach has been explained in more detail by Eichmann et al. (2002).
The method has been adapted to SCIAMACHY ozone limb profiles using UKMO mete-
orological data for the determination of the vortex edge and the calculation of diabatic
descent rates (Sonkaew et al., 2013). Retrieved SCIAMACHY ozone number density15

profiles were converted to volume mixing ratios and interpolated to isentropic levels
between 425 K and 600 K using meteorological data from the UK MetOffice (UKMO).
The potential vorticity is used to select the SCIAMACHY measurements made inside
the vortex. In this study 38 PVU of modified potential vorticity was used to define the
edge, with 1PVU = 1×10−6 Km2 kg−1 s−1. Having sampled all measurements within20

the polar vortex, they were then averaged to produce a daily vortex mean. Diabatic de-
scent rates for each measurement were then calculated and also averaged. From the
vortex mean diabatic descent, the dynamical ozone supply to the vortex mean ozone
at a given isentropic level is calculated. At the end of the winter–spring the sum of
the “measured” ozone loss (observed ozone difference between starting date and end25

date) and the accumulated dynamical supply yields the net chemical ozone loss at
a given isentrope. Measurements of optical spectrometers as SCIAMACHY, GOME, or
GOME-2 are made only in sunlit parts of the vortex. The coverage of the vortex at the
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beginning of the year after sunrise is thus somewhat sparse. Closer to the end of the
vortex lifetime in early spring, parts of the vortex are observed more than once during
one day and the vortex can also be probed at different local times. While the local time
of the SCIAMACHY measurements inside the Arctic polar vortex is close to 11:00 LT
in January, it changes during winter and spring and can reach around 19:00 LT at the5

beginning of April for measurements near the pole. This is not considered to be a lim-
itation for the determination of the ozone loss, as the diurnal variation of O3 within the
vortex at a given potential temperature is negligible. This is not the case for the inter-
pretation of the NO2 and BrO within the vortex as these species have significant diurnal
variations.10

In addition to the vortex edge criteria (PV> 38 PVU) to select the measured pro-
files for vortex-averaging, we consider only measurements made south of 80◦ N This is
done in order to retain accuracy with respective model estimates, because its relatively
coarse gridding makes the model’s local time on SCIAMACHY overpass unprecise
near the poles. This ensures that the comparisons of vortex-mean O3 and its loss esti-15

mates are made under approximately equal conditions.
Unlike O3, BrO and NO2 fields may be affected by strong diurnal variations. SCIA-

MACHY measurements are moving closer to the pole during the course of the winter–
spring period because of the rising sun. Thus spring-time vortex-averages may be com-
piled from different local times, as for the higher latitudes there are 2–3 orbits crossing20

the same geolocation. Even if the overall number of profiles considered in the averages
steadily increases with time – thus making the vortex-averages more representative –
the uncertainty of the inferred vortex-average BrO and NO2 time-series will slightly
increase by 5–15 % when the vortex weakens during polar spring.

2.8 Chemistry transport model25

For this study, an isentropic three-dimensional CTM (B3DCTM) with 29 levels between
330 and 2700 K (about 10 to 55 km) and a horizontal resolution of 2.5◦ ×3.75◦ in lat-
itude and longitude has been used (Sinnhuber et al., 2003; Aschmann et al., 2009,
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2011). The model is driven by horizontal wind fields and temperature provided by the
ERA-Interim reanalysis of the European Centre for Medium-Range Weather Forecasts
(ECMWF). The chemistry scheme comprises 59 tracers and about 180 gas phase, het-
erogeneous and photochemical reactions and is an extended version of the SLIMCAT
model described by Chipperfield (1999). Updates and improvements of the model set-5

up have been reported in Sinnhuber et al. (2003) and Winkler et al. (2008). Reaction
rates and absorption cross sections are taken from the Jet Propulsion Laboratory (JPL)
recommendations (JPL/NASA, 2006). An equilibrium treatment of polar stratospheric
cloud (PSC) formation, including liquid aerosols, solid nitric acid tri-hydrate (NAT) and
ice particles is implemented within the model.10

The model run used in this study is a continuation of the original 21 yr integration pre-
sented in Aschmann et al. (2011). However, unlike the previous runs the vertical trans-
port is derived from interactively calculated diabatic heating rates using the MIDRAD
scheme (Shine, 1987). Identical to Aschmann et al. (2011), the model contains an ad-
ditional 5 pptv of very short-lived halogen source gases. The model integrations start15

on June 2009/2010 running until April of the next year.
To assess the chemical ozone loss, we added an additional quasi-passive ozone

tracer which is initialized with the standard ozone tracer. This is not completely passive
but uses an adapted version of the linearized chemistry scheme LINOZ (McLinden
et al., 2000; Kiesewetter et al., 2010b). This is to capture the impact of the large-20

scale ozone photochemistry independently from the main chemistry scheme. As the
linearized scheme does not contain any parametrization for heterogeneous chemistry,
the difference between the quasi-passive and the standard ozone tracer reveals the
desired information about the chemical loss caused by heterogeneous multiphase pro-
cesses. Similarly to the approach used to infer vortex-averaged ozone losses from25

SCIAMACHY limb measurements, for the calculation of model vortex-averages only
those grid cells are taken into account where the modified potential vorticity exceeds
38 PVU at latitudes below 80◦ N, and where the solar zenith angle is between 75◦ and
88◦ on local time of SCIAMACHY overpass.
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As the model does not explicitly cover the domain below 10 km, we use a static
monthly mean zonal mean climatology (Fortuin and Kelder, 1998) to calculate the tro-
pospheric contribution to total column ozone.

3 Results and Discussion

3.1 Arctic total ozone observed using GOME/SCIAMACHY/GOME-2 since 19955

A compilation of total ozone observations from GOME (1995–2002), SCIAMACHY
(2003–2006) and GOME-2 (2007–2012) over the Arctic shows that ozone patterns
in March 2011 are very similar as in 1997 (Fig. 1). This can also be seen from the daily
time-series of polar cap ozone (i.e. area weighted averaged over latitudes ≥ 50◦ N;
Fig. 2a and b), which closely follow each other in these two years. Polar cap ozone was10

at a record low by day 50 (end of February) in 2007 and 2011. Minimum polar ozone
was at a record low (close to 220 DU) in March 2011 and remained unusually low until
early April. Throughout March 2011 it was the lowest in the 15 yr data record of the
GSG data set.

The variability in Arctic ozone evident from the compact relationship between the15

extra-tropical winter eddy heat flux, a measure of wave forcing of the winter residual
circulation, and spring-to-fall polar cap ozone ratio, is shown in Fig. 3 (Weber et al.,
2011). This figure shows data from both hemispheres (triangles for SH, circles for NH).
A spring-to-fall ratio larger than one indicates that ozone transport outweighs polar
ozone losses (typically in the NH) and smaller than one that polar ozone loss dominates20

(typically in the SH). Planetary wave activity during Arctic winter–spring 2010/2011 was
among the lowest in the NH in the thirty years of satellite data, but still higher than
typically seen in the SH including the heavily perturbed Antarctic ozone hole in winter
2002 (Richter et al., 2005; von Savigny et al., 2005b). As a result, ozone transport from
its source regions in the tropical stratosphere into the mid- and high latitudes of the25

Northern Hemisphere was weaker in the second half of 2010 than in other years and in
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the following winter 2010/2011, polar stratospheric temperatures were lower favouring
conditions for large polar ozone losses. The Arctic winter 2009/2010, one year before,
is located at the upper end of the range of winter planetary wave activity (Fig. 3). In
that winter the Brewer–Dobson circulation was particularly strong (coinciding with an
extremely negative Arctic Oscillation phase) with very high ozone throughout the NH5

(Steinbrecht et al., 2011).

3.2 Arctic ozone in March 2010 and 2011

The consecutive winters 2010 and 2011 are good examples of largely varying ozone
levels over the Arctic. In winter–spring 2010, Arctic ozone was unusually high, whereas
a year later the so far largest ozone losses over the Arctic have been reported (e.g.10

Steinbrecht et al., 2011; Manney et al., 2011). Figure 4 compares partial columns of
March mean stratospheric ozone in 2010 and 2011 from SCIAMACHY and GOME-2
with results from the isentropic Bremen CTM. In March 2010 and 2011 ozone was
maximum above the North American and West Siberian landmasses, with minimum
ozone found above the North Atlantic sector between Greenland and Scandinavia. In15

March 2010, even near the pole total ozone was very high, an effect which is attributed
to the poleward meridional transport of ozone rich air from lower latitudes because
at that time, the vortex had already collapsed. In 2011, the vortex was pretty stable
until mid-March, so that ozone was largely depleted north of approximately 75◦ N. In
particular with respect to GOME-2, the model reproduces well the observed c-shape20

pattern of the high ozone in the collar region and the low ozone over the Northern
Atlantic and Europe.

From GOME-2 total ozone the Fortuin and Kelder (1998) climatology of tropospheric
ozone was subtracted in order to obtain a comparable partial ozone column for the
stratosphere. The model’s lower boundary coincides with the lowest altitude retrieved25

from SCIAMACHY limb-scatter ozone measurements (∼ 10 km), also the top of atmo-
sphere is approximately equal to the highest altitude for which ozone was retrieved
from limb, so that these two data products do not substantially differ in their vertical
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extent, hence their vertical columns, as in Fig. 4, are directly comparable. With this in
mind, and considering that ozone above 55 km contributes to around 0.1 % or less to
the total column, it turns out that the model has an approximately 10 % positive bias in
the stratospheric ozone column, compared to SCIAMACHY limb measurements. This
bias is primarily reflected in high ozone values over the landmasses north of 40◦ N.5

In contrast, the model shows a good agreement with the two instrument’s data in re-
gions where column ozone is low. Sensitivity studies have shown that the modelled
ozone column in the two years may vary by approximately 10 % depending on the ap-
proach used to model the vertical transport of stratospheric trace constituents. Results
presented in this work are confined to model runs conducted with interactive heat-10

ing rate calculations (MIDRAD), though apparent polar column ozone is larger than in
simulations with prescribed ERA-Interim heating rates. The latter shows approximately
10 % lower column ozone in the collar region between 40◦ N and 70◦ N in both winter–
spring periods. Although this better agrees with SCIAMACHY limb total ozone, mod-
elled ozone profiles, respectively losses, which are in the focus of this study, are better15

represented in the interactive model.
The bias between GOME-2 and SCIAMACHY can most likely be attributed to the

relatively simple approach used to obtain a stratospheric column from the measured
GOME-2 total column.

3.3 SCIAMACHY limb measurements: O3, NO2 and BrO20

Individual chemical processes governing ozone losses in the Arctic stratosphere
are difficult to measure directly and independently from dynamical processes which
largely determine the interannual variability of polar ozone and its synoptic day-to-day
changes. In the following, we use correlative SCIAMACHY limb observations to illus-
trate the temporal development of ozone and related chemical constituents in the win-25

ter–spring Arctic vortex 2010 and 2011, each being representative of a warm and cold
Arctic winter stratosphere, respectively. Chemically-induced ozone losses are inferred
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from limb measured ozone mixing ratio profiles (Eichmann et al., 2002; Sonkaew et al.,
2013).

3.3.1 Vortex-averages

Figure 5 shows the temporal evolution of the vortex-averaged observed ozone mixing
ratio from January to April in 2010 and 2011. It also depicts the evolution of the SCIA-5

MACHY limb-scatter measured and vortex-averaged BrO and NO2 mixing ratios, two
gases, which are largely being involved in the chemical cycles destroying ozone. In
2011 below the 525 K isentropic level O3 was as low as 0.5–1.5 ppmv after 12 March
2011 until the vortex became unstable and broke down. Differences in the vortex dy-
namics in the two years explain the obvious differences seen in the ozone time-series10

above 550 K: in 2010, when the vortex was much weaker than in 2011, the variability
in the ozone profiles is quite large in the upper layers. Higher temperatures in a weaker
vortex 2010 go along with a higher variability in the descent of air from above (descent
is stronger in weaker vortices; Rosenfield et al., 1994), contributing to the variability at
the ozone mixing ratio maximum within the vortex. The vortex mean ozone in Fig. 515

highlights another, not previously investigated detail in the ozone mixing ratios: a sud-
den reduction of ozone down to 1.5 ppmv or less occurred during an eight-day period,
commencing 21 January 2011. In Sect. 3.8 this episode and its origins are examined.

The interannual variability of BrO increases with latitude as shown by Sinnhuber
et al. (2002) using observed and modelled stratospheric BrO slant column densities.20

For the measurement site at Ny-Ålesund (79◦ N, 12◦ E) they showed winter-to-winter
deviations of up to 40 %. Stations further south exhibited weaker year-to-year changes.
Since stratospheric BrO is produced in the tropics from short- and long-lived source
gases (WMO, 2010), polar BrO levels depend, like ozone, on the strength of the large-
scale meridional transport linked to the planetary-scale wave activity. The BrO vortex-25

averaged time-series of Fig. 5 are giving us the impression that in the depicted period
2011 the BrO variability was somewhat larger than in 2010. In particular before 15
March 2011 also the overall mixing ratio level is 1–2 pptv lower than in 2010. The latter
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is confirmed by polar maps of the stratospheric BrO partial column, constructed from
6 day running means of the SCIAMACHY limb measurements (not shown). The pro-
nounced temporary minimum in the BrO mixing ratio below 550 K seen in late January
2011 is clearly associated with low ozone values – this relationship is also examined in
Sect. 3.8.5

In April of the two years, the vortex-mean BrO abundance drops quickly. This is
because the vortex is becoming unstable and to a certain degree allows BrO poor
air from mid-latitudes to be mixed into the vortex. During spring the near-polar BrO
mixing ratio decreases relatively rapidly by approximately a third, an effect which is
pronounced in the lowermost stratosphere below 20 km (∼ 475 K; Theys et al., 2009).10

Also, in spring and summer the positive vertical gradient in the near-polar stratospheric
BrO mixing-ratios is weaker than during the winter month (e.g. McLinden et al., 2010).

During polar night most of the stratospheric NOx is converted into reservoir species,
mainly N2O5 and HNO3. NOx, hence NO2, will be recycled when sunlight returns in
late-winter and spring. This is clearly seen in the vortex-average NO2 mixing ratios from15

SCIAMACHY limb measurements (Fig. 5). Below the 550 K isentrope, NO2 is below
0.1 ppbv throughout January. The replenishment of vortex NO2 in winter–spring 2011
is substantially delayed when compared to 2010 conditions. The long-lasting stable
vortex delays horizontal mixing of NO2-rich air from mid-latitudes into the vortex, as
shown by Konopka et al. (2007) for the 2002/2003 Arctic winter. Secondly, in a strong20

vortex less air from the mesosphere and upper stratosphere (where NOx is available or
even formed during the course of the winter) descends into lower polar stratosphere.
Additionally, in winter–spring 2011 PSCs effectively denitrified the Arctic stratosphere
as never observed before (Manney et al., 2011; Khosrawi et al., 2012, see Sect. 3.6),
keeping NO2 levels low in lower regions of the vortex until the end of March 201125

(compare NO2 from SCIAMACHY nadir measurements, Fig. 10b).
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3.3.2 Inferred ozone losses

By applying the vortex-averaging method of Eichmann et al. (2002) to SCIAMACHY
limb-scatter ozone profiles, we estimate a chemically-induced ozone loss below the
550 K isentropic surface of up to 77 % in April 2011, relative to values measured the
first day of the year (bottom panel of Fig. 5). Even in the short period between 215

and 29 January 2011, we infer an ozone reduction by 60 % on average, which quickly
recovered afterwards. It is known that such rapid ozone reductions and subsequent
recoveries are pure dynamical features, typically caused by so-called ozone mini-hole
events (e.g. Weber et al., 2002). Why this is influencing an isentropic ozone loss esti-
mate, developed to infer the strength of the chemically-induced polar ozone destruction10

independently from reasons related to the dynamics of the atmosphere, is examined in
more detail in Sect. 3.8.

By comparison, in the warmer and weaker Arctic vortex 2010 ozone losses barely
exceeded 20 % below 550 K. Above the 550 K isentropic surface, however, we infer an
ozone depletion of up to 40 % during spring 2010 (relative to values at first day of the15

year). The slower descent of air in the strong vortex 2010/2011 implies that this up-
per layer of ozone depletion is found at higher altitudes as in 2010. Above the regions
where halogen driven catalytic cycles remove ozone, NOx (NO+NO2) photochemistry
is predominantly responsible for ozone depletion (Osterman et al., 1997). This pro-
cess is stronger during warm winter years when the vortex is weaker because less20

denitrification on fewer PSCs is taking place, air from the upper stratosphere is faster
descending and the lateral mixing of NO2-rich air from mid-latitudes is more likely than
in cold winter–spring periods when vortex mixing-barrier is much stronger (Rosenfield
et al., 1994; Konopka et al., 2007). As shown in Sonkaew et al. (2013) these NOx driven
catalytic ozone losses above the 550 K isentropic level are frequently observed in the25

Arctic polar stratosphere in late spring.
Manney et al. (2011) reported chemically induced ozone losses on the order of

at least 2.5 ppmv between 470 K and 550 K by end of March 2011 from Lagrangian
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chemical transport model studies and ozone measurements from MLS/Aura and the
Match network of ozone sondes. This number is consistent with ours, which is 2.5–
3 ppmv at the end of March. Our SCIAMACHY based loss estimate, however, is slightly
(0.5 ppmv) lower above 525 K as that of Manney et al. (2011). The onset of the catalytic
ozone destruction occurs around 1 February 2011 in both studies. Sinnhuber et al.5

(2011) inferred column ozone losses of up to 120 DU towards end of April 2011 from
MIPAS observations. These observations are principally confirmed by corresponding
model simulations conducted with an isentropic CTM of very similar set-up as ours
used in this study (Sinnhuber et al., 2003; Aschmann et al., 2011), but differently initial-
ized and driven by meteorology from the ECMWF operational analysis. Sinnhuber et al.10

(2011) also showed MIPAS ozone at the 475 K isentropic surface reduced to 1.5 ppmv
in early April 2011, which is rather at the upper end of our estimate. Arnone et al.
(2012) reported MIPAS based vortex-averaged ozone reductions down to 0.6 ppmv in
early April 2011 at 18 km (∼ 430 K isentrope), in good agreement with our data. Their
corresponding ozone losses are also matching our estimates, although based on a dif-15

ferent method, taking correlative MIPAS N2O observations into account.

3.4 SCIAMACHY solar occultation measurements: O3, NO2 and BrO

In order to complement our results obtained from the limb-scatter measurements
shown in Fig. 5, we also retrieved O3, BrO, and NO2 profiles from SCIAMACHY so-
lar occultation measurements (Fig. 6). As for limb profiles, in our analysis we consider20

only those occultation profiles located within the vortex. Since solar occultation mea-
surements were performed at different local time (sunset around 18:00 LT, compared
to morning local time around 10:00 LT for limb geometry), respective vortex-averages
are obtained from different geolocations compared to the limb data. This is demon-
strated clearly in Fig. 7, which shows 475 K potential vorticity maps for two days during25

winter 2011 together with geolocations of limb and solar occultation measurements.
The vortex edge is approximately at 38 PVU, here indicated by yellow contour shades.
Occultation measurements are the larger grey coloured circles, limb measurements
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are the smaller dots. White limb dots mark measured profiles outside the vortex, those
considered in the vortex-averages are marked in black. On 23 February the vortex
is nearly concentric and close to the pole (stable vortex). On this day only four solar
occultation profiles, from locations over Central Siberia contribute to the time-series
shown in Fig. 6, compared to 130 profiles in limb-scattering geometry. On 15 April,5

the situation is very different. The vortex is largely displaced towards Central Siberia,
stretching down to regions over South-Eastern Europe. During that day most limb pro-
files are concentrated near the pole, only a few limb profiles capture the vortex region
south of 70◦ N. In that case five solar occultation profiles lie within the vortex, and not
necessarily close to its edge as on 23 February 2011.10

It is important for comparing the constructed solar occultation measured BrO and
NO2 vortex-averages with the limb observation results (Fig. 5), that the local time of
the solar occultation measurement is quite different from the limb measurement. Both
gases have a strong diurnal cycle, with steepest gradients appearing at sunrise and
sunset. Solar occultation measurements are performed during local sunset so that we15

cannot rule out that the obtained vortex-averaged time-series of the two gases may
illustrate a different state of the vortex with respect to daytime limb measurements.
BrO mixing ratios may be lower than during mid-day, NO2 larger, since the diurnal
cycle of the two gases are highly anti correlated (Lary et al., 1996). Evident in the solar
occultation time-series are larger mixing ratios in particular in BrO and NO2 compared20

to limb (Fig. 5). O3 mixing ratios are only slightly larger above the 625 K isentrope
(∼ 25 km). That is because occultation profiles are obtained at lower latitudes as limb
profiles, so that the measurements are generally conducted over the landmasses of
the Northern Hemisphere where the column amount of the three species is largest.

Qualitatively the temporal evolution of the time-series obtained from limb-scatter and25

solar occultation measurements are quite similar. But also interesting differences are
seen. Although the variability of the occultation measured mixing ratios in comparison
to limb vortex-averages is larger in the upper layers and in spring when the large ozone
losses occur, but the low ozone period commencing 21 January 2011 is not seen in
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the occultation time-series. However, noticeable small O3 mixing ratios are seen at the
400 K isentropic surface also in January and February. These sporadically occurring
events may be influenced by mixing processes with tropospheric air stirred into the
lowest regions of the vortex (limb data were not processed at this isentrope).

The time-series of averaged BrO and NO2 profiles from solar occultation measure-5

ments show approximately a factor two larger mixing ratios as limb vortex-averages.
Together with a noticeably larger variability of the two time-series from the solar oc-
cultation measurements this clearly results from the sparse sampling over the vortex
area, more or less along its edge, where the mixing ratios are per se larger than further
poleward. Along the edge a certain probability of horizontal stirring with air from mid-10

latitudes exists that may be captured in the occultation measurements. Hence solar
occultation averages as shown here are not representative for inner vortex conditions.

3.5 Reproducing limb-observations of O3, NO2 and BrO using the Bremen-CTM

3.5.1 Modelled vortex-averages

From the stratospheric isentropic Bremen-CTM we constructed vortex-averages for O3,15

BrO and NO2 in a similar way as for the limb observations (Fig. 8). For each isentropic
model level between 419 K and 662 K we averaged only over those grid cells south of
80◦ N where the modified PV was larger than 38 PVU (indicating the vortex edge) and
the solar zenith angle during SCIAMACHY overpass was between 75◦ and 88◦. As seen
from Fig. 8, the timing of the onset of decreasing ozone mixing ratios as well as layers20

where this decrease occurs, below the 550 K isentropic surface, are well reproduced in
2011. However, ozone drops below 1.5 ppmv one week earlier in the model around 5
March. In the observations this is seen around 12 March 2011 (Fig. 5). Above 550 K,
the CTM tends to overestimate ozone in the vortex. The period of low O3 below 550 K
in mid-January 2011 is not reproduced in the CTM – we are examining this in more25

detail also in Sect. 3.8.3. Also the situation in 2010 is well reproduced by the model,
though with a weaker variability.
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The temporal development of vortex BrO in the model differs from SCIAMACHY
limb observations in several ways: modelled BrO profiles in the vortex are biased low
in both years, in particular at lower isentropes. Above 550 K, this low bias is on the
order of ∼ 2 pptv during mid-winter, increasing to ∼ 5 pptv later in March. Also, modelled
BrO decreases gradually with time until polar BrO is getting low due to the break-5

up of the vortex later in spring. A similar gradual decrease is not seen in the limb
data. In contrast, limb BrO is high in February and March of both years, suggesting
to decrease relatively rapidly within a week or so, when the vortex becomes unstable.
Limb-measured BrO in the vortex is also somewhat lower in mid-winter 2011 than in
2010, presumably due to slower large-scale meridional transport from the regions of its10

photochemical production. Although this assumption is supported by the modelled O3
and NO2, whose levels are also generally slightly lower in 2011 than in 2010, modelled
BrO is 1–2 pptv larger above 475K in 2011 than in the year before. This effect might
be partly explained by a shift in the chemical equilibrium of the formation reaction of
bromine nitrate (BrONO2) towards BrO due to the lower NO2 mixing ratios.15

With the return of sunlight, polar NO2 is reconverted from its reservoir species N2O5.
Although the timing of the onset of this photochemical regeneration is well reproduced
by the CTM, springtime vortex-averaged NO2 levels are underestimated. This under-
estimation results from a generally low bias in model NO2, so that lateral mixing of
NO2-rich air from mid-latitudes (Noxon cliff; Noxon, 1979) cannot account for restoring20

springtime polar NO2 levels to the same extent as seen in the limb vortex-averages. In
April 2011, the CTM shows approximately half of the NO2 measured by SCIAMACHY
limb, in April 2010 the low bias is less distinct and in the order of a third.

3.5.2 Modelled ozone losses

In the model, polar ozone losses are quantified as the difference between the modelled25

chemically fully interactive ozone and a quasi-passive ozone tracer (LINOZ; linearised
chemistry without heterogeneous reactions). Resulting losses are in good agreement
with the estimate from SCIAMACHY limb measurements below the 550 K isentropic
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surface. Relative to SCIAMACHY, modelled ozone losses are approximately 10 % over-
estimated in April 2011. In 2010, we find rather a slightly underestimation of the mod-
elled induced losses in that region. The overestimation of the 2011 loss is in the same
range as the ones reported by Singleton et al. (2007) from SLIMCAT CTM model stud-
ies of the so far most severe Arctic ozone losses observed in winter–spring 2004/2005.5

They compared to loss estimates from various satellite instruments based on the pas-
sive tracer subtraction method and argued that mainly sampling differences between
the data sets may have led to overestimated model losses. The differences between
the ozone loss inferred from our CTM simulations and the estimates from SCIAMACHY
limb measurements are also partly attributable to small differences in the vortex sam-10

pling of the two data sets. Additionally, we cannot rule out that deficits in the model
treatment of PSCs and accompanied effects of heterogenous chemistry on those par-
ticles may play a substantial role in the overestimation of ozone depletion, in particular
during spring.

One striking difference between ozone losses from SCIAMACHY and the CTM is the15

absence of the NOx driven ozone decomposition layer above 550 K in the model. This
is not an effect of the general underestimation of polar NO2 in the CTM, it is rather an
inherent effect of the approach used to infer ozone losses in the model. The loss due
to NOx is parameterized in the LINOZ scheme and thus impacts the linearized ozone
tracer which represents the reference of the model’s loss estimate. Consequently, this20

layer is not deducible from the approach used here.
The apparent ozone loss in mid-January 2011 seen in the SCIAMACHY limb es-

timate (Fig. 5, bottom right panel), however, is also not inferable from model results
since a respective decrease of ozone mixing ratios is not seen in the modelled ozone
time-series. In Sect. 3.8.3 we investigate this behaviour in more detail.25

3.6 SCIAMACHY limb observations of PSCs

The meteorological conditions in the 2011 Arctic winter–spring polar vortex favoured
the formation of PSCs. Figure 9 shows the temporal evolution of the daily mean PSC
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occurrence rate (left panel) and daily averaged PSC altitude (right panel) – both in
the 60◦ N–80◦ N latitude range – for several Arctic winters including 2010/2011 from
1 January to 1 April. The PSC occurrence rate is given by the ratio of the number of
SCIAMACHY measurements with PSC detections and the total number of measure-
ments – on a given day and within a certain latitude range.5

In January 2010 a very strong PSC occurrence during an approximately one-month
period, from mid-December to mid-January seen in Fig. 9, was observed also by the
space-borne CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarisation) instrument
onboard CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observa-
tions) as shown in Khosrawi et al. (2011) and Pitts et al. (2011). The total supply of10

PSCs during the entire winter–spring period was even stronger in 2011. From SCIA-
MACHY limb-scatter observations we infer that the PSC occurrence rate in 2010 was
some 20 % larger than in 2011, but only during a relatively short period, that ended at
the beginning of February 2010. In contrast, during the 2010/2011 season, PSCs were
formed from the end of December 2010 and were present over the pole until the 18th15

of March (Khosrawi et al., 2012).
The 2011 SCIAMACHY PSC record shows three periods of maximized PSC forma-

tion – at the beginning of January, from 18 January to 1 February and a long-lasting
period after the 8 February. During this third period, the PSCs occurrence rate steadily
increased, until a maximum was observed on 22 March 2011. In comparison, CALIOP20

detected four PSC periods, starting earlier on 23 December 2010. Not exactly similar
to the periods seen by SCIAMACHY, but largely overlapping. A similar increase during
March was also observed in 2005, when the so far largest total ozone mass loss was
observed (Sonkaew et al., 2013). In 2005, however, most PSCs were formed during the
last days of January – at comparable rates as in 2008 and 2010. In the latter two years,25

however, respective periods lasted only a few days, hence were distinctly different from
the conditions seen in 2011 and 2005.
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In this context, we also have to keep in mind that the vortex sampling of SCIAMACHY
limb measurements in January may be quite poor, and the variability in PSC occurrence
rates seen in Fig. 9 in January may be partly explained by this.

The right panel of Fig. 9 impressively demonstrates the PSC descent during the
course of winter–spring. This descent is not only attributed to particle sedimentation,5

to a large extent it reflects the descent of the lower stratospheric temperature mini-
mum, as has been demonstrated for the Southern Hemisphere by von Savigny et al.
(2005a). PSC altitudes derived from SCIAMACHY correspond to PSC top altitudes, not
to centroid altitudes. The cloud thickness cannot be inferred using the method applied.

Informations about the composition of the observed PSCs can be obtained from10

measurements by the CALIOP instrument onboard CALIPSO. According to CALIOP,
the 2009/2010 PSC season stated with the formation of predominantly type I PSCs,
that diverged more and more over time into the formation of type II (ice) particles. In
contrast, during the whole 2010/2011 PSC season, type II clouds were always found
together with type Ia (NAT) and type Ib (STS) clouds (Khosrawi et al., 2012). However,15

from such informations alone one cannot state which PSC type is giving rise to particu-
lar features or characteristics that are seen in the vortex-average ozone time-series. But
PSC observations correlate well with certain aspects seen in the polar HNO3 and N2O
time-series as measured by other instruments, for instance MLS/Aura or SMR/Odin
(Khosrawi et al., 2011, 2012; Manney et al., 2011). Khosrawi et al. (2011) showed20

that the so far largest denitrification over the last decade in winter–spring 2009/2010
emerged from an extended formation of solid particles (NAT/ice) in early winter. In
winter–spring 2011, the overall denitrification was even more pronounced than in the
winter before. It lasted much longer over four month and developed rather continuously,
in contrast to the rather short one-month period of cold temperatures in 2010 (Khos-25

rawi et al., 2012). There is no doubt that denitrification played a large role for the ozone
losses 2011, however, recently Strahan et al. (2013) argued that the unexpected dy-
namical situation of the polar stratosphere may be accountable for around one-third of
the ozone destroyed in the Arctic vortex in March and April 2011.

16622

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/16597/2013/acpd-13-16597-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/16597/2013/acpd-13-16597-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 16597–16660, 2013

The Arctic low ozone
period 2011

R. Hommel et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

In 2005, when the so far largest Arctic chemical ozone losses were observed (Man-
ney et al., 2006, 2011; Sonkaew et al., 2013), a temporal evolution of PSC occurrence
is seen which is very similar to that in 2011.

After a strong event of PSC formation around 30 January 2005, PSCs were further
formed over large areas over the Arctic, steadily increasing until the end of February5

when a final warming halted PSC existence. Based on model studies, Feng et al. (2007)
argued that during the course of the 2005 winter PSCs were mainly composed of type I
(STS/NAT), whereby the strong PSC formation around 30 January 2005 is attributable
to type I and II PSCs in approximately equal measure.

3.7 Chlorine activation from SCIAMACHY in comparison with ground-based10

DOAS measurements

While OClO is not directly involved in ozone depletion, it is formed by reaction of BrO
and ClO which are both key substances in catalytic ozone removal. While BrO concen-
trations do not vary strongly from year to year, ClO concentrations do, making OClO
an indicator for chlorine activation.15

As shown in Fig. 10a, OClO slant columns at 90◦ SZA from SCIAMACHY nadir mea-
surements vary strongly from year to year. After an initial increase in mid-December,
the values remain elevated in January and then decrease until the end of the observa-
tion period in mid-March, when no more 90◦ SZA measurements are available in the
ascending part of the orbits. In some years, OClO levels remain elevated until begin-20

ning of March, while in other years, activation already ends in January. The cold winter
in 2010/2011 was unique in that OClO values remained high until the end of observa-
tions, indicating persistent chlorine activation. The observed large variability in OClO
columns is mainly explained by interannual differences in chlorine activation, resulting
from differences in stratospheric temperatures and PSC formation rates. Some addi-25

tional variability is introduced by the satellite observation method at 90◦ SZA which is
limited to a certain latitude range for each day. Depending on the size and deforma-
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tion of the polar vortex, this can lead to variations in the sampling of the region with
activated chlorine.

NO2 is involved in both, the catalytic destruction of ozone and in the formation of
reservoir species such as chlorine nitrate (ClONO2). Daytime levels of NO2 are mainly
determined by day length which governs the partitioning between NO, NO2, and its5

reservoirs, and to a lesser degree by temperature. During polar night, it is converted
into N2O5 and HNO3 which can be incorporated into PSCs and thereby be removed
from the gas phase. Usually, this removal is reversible as PSCs evaporate, but if PSCs
sediment to lower altitudes, persistent denitrification of some atmospheric layers can
occur. The removal of NO2 is of particular importance for the length of stratospheric10

chlorine activation as in its absence, the formation of inactive chlorine reservoirs is
delayed.

In general, the variability in the NO2 columns is relatively small, mainly because day
length is the determining factor. This is illustrated in Fig. 10b, where SCIAMACHY NO2
columns are shown for a number of Arctic winters. The main difference between indi-15

vidual years is the onset of the recovery of NO2 columns in spring, and no clear link
between years with large chlorine activation and those with late onset of NO2 increase
is apparent. However, the cold winter 2010/2011 differs from all previous winters in
that no sign of increase in NO2 columns is observed until the end of the observation
period, and NO2 levels are at a record low for every single day after 15 February. In20

agreement to other satellite observations shown by Manney et al. (2011) and Khosrawi
et al. (2011), this indicates that in spring 2011 NOy was removed from the lower Arc-
tic stratosphere by large scale denitrification, providing the conditions for strong and
persistent ozone depletion.

Also ground-based DOAS measurements in Ny-Ålesund (79◦ N, 12◦ E; Fig. 10c25

and d) confirm that the winter–spring 2011 was exceptional compared to other years
with strong chlorine activation, like 2005 and 2008. As already seen in the SCIAMACHY
observations, the winter 2010/2011 was unique in that OClO values remained high until
the end of observations shortly after the 20th of April. Significant levels of OClO well

16624

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/16597/2013/acpd-13-16597-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/16597/2013/acpd-13-16597-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 16597–16660, 2013

The Arctic low ozone
period 2011

R. Hommel et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

above the detection limit have been detected until the beginning of April, indicating
chlorine activation about four weeks later in the year than in previous years. For NO2
the results are similar: very low levels indicating efficient denitrification has been seen
from the ground-based observations until April 2011 as well.

3.8 Low Arctic ozone in January 20115

The SCIAMACHY limb time-series of vortex-averaged Arctic ozone (Fig. 5) exhibits
two periods of low ozone in winter–spring 2011, as discussed in Sect. 3.3. In addition
to the long-lasting, chemically-induced ozone depletion in March and April, for several
days commencing 21 January 2011 ozone mixing ratios in the Arctic vortex dropped on
average to values less than 1.5 ppmv below the 500 K isentrope. When the ozone loss,10

relative to values on the first day of year, is inferred from this time-series via the vortex-
averaging method of Eichmann et al. (2002), the January 2011 low ozone episode
seems also attributable to chemical depletion caused by ODS, similarly as the long-
lasting low ozone period in March and April 2011. Even if enough ODS were activated
by then, it would need some time to chemically destroy most of the ozone in a relatively15

thick layer of the vortex, so that this mechanism alone cannot explain such a sudden
drop in the vortex ozone mixing ratios. Also, why then should ozone recover a few days
later at approximately the same rate when a strong mixing barrier encompassing the
vortex prevents exchange with surrounding ozone-rich air?

In the most recent studies examining the strength and causes of the 2011 Arctic20

ozone hole, the period of low ozone in January 2011 was not investigated in greater de-
tail, since most of the studies focused on the severe chemically-induced ozone losses
later in that year (Hurwitz et al., 2011; Sinnhuber et al., 2011; Balis et al., 2011; Arnone
et al., 2012; Manney et al., 2011). Therefore, in the following we are attempting to ex-
amine the causes leading to the so far briefly discussed transient low ozone period in25

January 2011 and examine why this feature is not seen in the inferred ozone losses
from chemistry transport model calculations.
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3.8.1 Observations and meteorological situation

In Fig. 11 a twelve-day sequence of nadir-scanned GOME-2 total ozone is shown, be-
ginning on 20 January 2011, one day before low column ozone was observed over
Central Siberia north of Sakhalin island. This area of low ozone was centered at ap-
proximately 140◦ E/63◦ N and had an initial extent of about 2000km×1000km in longi-5

tude and latitude (or 1.4×106 km2). In the following six days the low ozone area approx-
imately doubled in size and moved westwards across the Ural region. On 28 January it
moved a few degrees eastwards towards Central Siberia, where it dissolved two days
later. Thereafter, Arctic ozone replenished temporarily until around the 6 February. Vor-
tex ozone again declined and remained low for the following almost three month, ac-10

cording to the SCIAMACHY limb vortex-avereaged O3 mixing-ratio time-series (Fig. 5).
This temporarily effect is very typical for so-called ozone mini-hole events which are
caused by intrusion of subtropical air masses with a high tropopause (Weber et al.,
2002).

Although before 21 January 2011 PSCs were present in the Arctic stratosphere15

(Fig. 9), until then, not much chlorine had been activated (Fig. 10) that could have
led to substantial chemical ozone destruction in mid-January. Hence, such a sudden
drop and subsequent rapid recovery of polar ozone can only be explained by dynamical
changes.

For quite some time now, sporadically occurring extreme total ozone events on syn-20

optic scales related to weather regimes in the upper troposphere and tropopause re-
gion have been investigated (e.g. Reed, 1950). Those events have been named “ozone
mini-holes” (OMH; Newman et al., 1988). Based on TOMS total ozone observations
since 1979, James (1998) found a strong connection between the occurrence of OMHs
and the storm-track regions in the North Atlantic and North Pacific and noted a consid-25

erably larger frequency of OMH formation during January to March, with a tendency to
later formation the further north the hole appears in the Northern Hemisphere. OMHs
are caused in the stratosphere when the tropopause is elevated as a consequence of
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advection of sub-tropical air moving poleward during the passage of upper tropospheric
anticyclones (Krzyścin, 2002). This also implies a lifting of isentropic surfaces above
the anticyclonic ridges, which in turn leads to horizontal divergence of ozone out of the
stratospheric column, a quasi secondary effect of OMH formation as pointed out by
Koch et al. (2005).5

In recent years, investigations of mechanisms leading to OMH formation in the North-
ern Hemisphere focussed on the Northern Atlantic storm track regions where mini-
holes are formed predominantly. For example, Weber et al. (2002) reported on an OMH
formed in February 1996 above Greenland and at the vortex edge. Associated with it
were very low stratospheric temperatures (below 188 K, sufficiently low for PSC II for-10

mation) and very low total ozone close to 180 DU. This OMH moved within a few days
in northwest direction and dissipated north of Siberia.

Only a few studies investigated the relationship between OMHs observed over Cen-
tral or Eastern Asia (where the January 2011 low ozone is found) and respective at-
mospheric conditions in those regions. While Liu et al. (2009) studied OMH conditions15

over the Tibetan Plateau in December 2003 and linked their occurrence to tropopause
elevations associated with the poleward displacement of the subtropical jet triggered by
deep tropical convective heating (Madden–Julian Oscillation), Han et al. (2005) found
evidence for OMH formation during December 2001 associated with poleward motion
of lower stratospheric air east of the Aleutian high. Both studies describe OMHs ob-20

served south of 40◦ N, not mentioning OMH conditions over Asia further poleward, as
seen in January 2011. The mini-hole we are examining here formed initially over West
Asian continental regions, clearly west of the Northern Pacific storm track which has
been reported as another preferred region of OMH formation, in addition to the other
preferred region over the North Atlantic (Orsolini et al., 1998). James (1998) identified25

an increased number of mini-holes occurrences over Central Siberia, at least 45◦ west-
ward of the Northern Pacific storm track region, which agrees closely with the area
where the OMH has been observed in January 2011. However, the authors neither
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described where Central Siberian mini-holes were formed nor in which direction they
move when formed near the date line.

Not only the pronounced poleward placement of the January 2011 ozone low is
somehow remarkable with respect to its potential dynamical drivers as mentioned
above, also a few other characteristics of this particular OMH appear exceptional: low5

total ozone over Asia has been observed for ten days in January 2011, which is sub-
stantially longer as the typical lifetime of ozone mini-holes (1–4 days; Newman et al.,
1988). Krzyścin (2002) found OMH lifetimes longer than six days only during six years
between 1926 and 1999. The maximum area of the January 2011 OMH is much larger
than typical sizes observed in other events. Newman et al. (1988) refer to OMHs ex-10

tending over 1000–3000 km (approx. 8×105 to 7×106 km2), whereas Koch et al. (2005)
found that OMHs cover ∼ 5×105 km2. While on the first day of appearance (21 January)
the area of GOME-2 total ozone lower than 300 DU is not larger than 2000×1000 km,
covering an area of approximately 1.4×106km2, during its largest extent on 27 Jan-
uary, the GOME-2 low ozone area covered a region of more than 3400 km zonally and15

2000 km meridionally, or 3.5×106 km2. Due to the limitations of satellite observations
during daytime, the area of the OMH could have been even larger and well extending
into the polar night. From our CTM simulations, which are capturing the evolution of
this low ozone period in January 2011 quite well (Fig. 12), we obtain that on 27 Jan-
uary 2011 the true meridional extent of the OMH could be as large as its zonal extent,20

putting its area in the range of 1×107 km2. This is almost a third larger than values
given in literature referring to typical OMH sizes and almost as large as a typical area
covered by an Antarctic ozone hole in southern hemispheric spring.

Also remarkable is the motion of the January 2011 low ozone area. In the first six
days after being detected, it moved westward. In contrast, typical OMHs move in the25

opposite direction associated with the motion of anticyclones and the jet stream.
In order to examine whether the January 2011 low ozone event is attributable to

tropopause disturbances similarly as OMHs, in Figs. 13–15 we further elucidate me-
teorological conditions near the tropopause. GOME-2 first detected lower ozone over
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Eastern Siberia on 21 January 2011 (Fig. 11). In this region the vortex slid over a re-
gion where tropopause temperatures decreased below 205 K (Fig. 13) due to adiabatic
cooling where the tropopause was elevated from motion of air passing an anticyclone
in the upper troposphere. The tropopause lifting coincides with higher geopotential
heights (Fig. 14). The imposed lifting of isentropes above the elevated tropopause in5

this region is also seen nicely in Fig. 15, where the atmospheric pressure decreases
at the 350 K isentropic surface. The synoptic situation did not change until 25 January
2011. During this period, only on three days (21–23 January) the vortex was located
above this region, so that the elevation of isentropes thinned the stratospheric ozone
column, hence established an OMH-like situation. At the same time another OMH-10

like situation established over Western Siberia and moved eastward. Approximately
over the Ural mountains, a fragmented low-PV area is found on 24 and 25 January
2011, indicative of a tropospheric ridge associated OMH condition. One day later, a PV
streamer indicating a high tropopause started to establish east of the Mediterranean
Sea, rapidly moving pole- and eastward, sliding below the vortex two days later on15

27 January. For the next two days, until the 29th, the vortex was located above this
relatively large region where the tropopause was elevated.

Between 24 and 26 January a broad band of very low temperatures connected the
two regions exhibiting an elevated tropopause, approximately across the Siberian coast
of the Arctic ocean. Even though the tropopause in this cold region was not distinctly20

elevated, the vortex-averaged temperature was low as 195 K between the tropopause
and the 600 K isentrope over all days when ozone was low in both the GOME-2 total
column and the limb vortex-average.

Although total ozone mapping from space inferred a rather coherent reduction of
the ozone column during an elongated period in late January 2011, the meteorologi-25

cal situation clearly reveals that a superposition of two independently evolving synoptic
events in the tropopause region formed two individual situations very similar to those
causing ozone mini-holes. The two situations evolved from opposite sides of the Asian
continent, both poleward of 60◦ N. We conclude that favourable meteorological condi-
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tions in both the free troposphere and the lower stratosphere merged the two OMH-like
situations after a few days of development, so that finally the thinning of ozone in the
Arctic vortex appears like a single Arctic ozone mini-hole, covering large areas of the
northern regions of Central Siberia.

3.8.2 Comparison to a typical OMH condition5

The low ozone event in January 2011 is remarkable as id did not emerged over regions
attributed to most frequent OMH occurrence. However, meteorological conditions re-
sponsible for this low ozone event were not different from these in the Northern Atlantic
sector, where OMHs are found predominately. From the polar stereographic maps of
near tropopause temperature and geopotential height (Figs. 13 and 14) one can infer10

a distinct and much larger ridge of tropospheric air (3 PV isoline), located over the
North Atlantic on all days shown in the sequence. From the 26 January 2011 on it
moved over the British Islands and Scandinavia, later reaching Central Europe. The
tropopause there was distinctly elevated, substantially higher as in the regions where
we identified the precursors of the low ozone “pocket” over Asia (Fig. 14). However, dur-15

ing the whole period, those tropopause ridges never slid under the vortex, which during
the whole period was shifted towards Central Asia. Hence, tropopause elevations over
the Northern Atlantic did not contribute to severe reductions in the stratospheric ozone
column in late January 2011. In particular, they did not influence the ozone vortex-
averages shown in Fig. 5.20

Associated with this Scandinavian tropopause ridge a comparably small ozone mini-
hole is seen in GOME-2 total ozone between 27 and 30 January 2011. In the relative
coarse resolved CTM (resolution 2.5◦ in latitude, 3.75◦ in longitude) this OMH is not
well reproduced. Only on 30 January 2011 the OMH is apparent in the CTM, a few
degrees shifted to the northwest (Fig. 12).25
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3.8.3 Modelling the January 2011 Arctic low ozone event

As shown in Fig. 12, the CTM largely reproduces the day-to-day variability of strato-
spheric ozone over the Arctic. Only small-scale synoptic features like the Scandinavian
ozone mini-hole around the 28 January 2011 are not adequately resolved. Also the
magnitude of thinning the ozone column during the OMH-like situation is not captured5

well compared to GOME-2 observations. GOME-2 shows ozone as low as 200 DU on
several days near the polar night blind spot, whereas the model’s total ozone is not
lower than 250 DU. Partly, this deficit is attributable to an approximated tropospheric
contribution to the total ozone column.

A respective reduction in the height-resolved and vortex-averaged time-series of10

modelled Arctic ozone 2011 (Fig. 8) is not seen, in contrast to the vortex-average con-
structed from SCIAMACHY limb ozone profiles (Fig. 5). Although model data have been
written at local times of SCIAMACHY overpasses and were sampled in similar man-
ner as limb profiles in order to construct vortex-averages, i.e. grid cells lying within the
vortex where modified PV > 38 PVU but south of 80◦ N, exhibiting SZAs < 88◦, certain15

differences between the areas of the vortex covered by these two sampling methods
persist. This may lead to the effect that in the model small-scale drops in the screened
vortex O3 mixing ratio are simply averaged out.

On the other hand, model equations are solved on isentropes. In the polar strato-
sphere isentropes are invariant to adiabatic processes in the tropopause region, so20

that a “thinning effect” in ozone mixing ratios above tropopause elevations is not ap-
parent in the model vortex-average as long as the meridional divergence of ozone
containing air out of the column is small. When the vortex-average is inferred from be-
haviour number densities, the “thinning effect” becomes apparent (not shown) and is
in the order of 35 % below the 475 K isentrope, relative to average values in the undis-25

torted vortex before and after this episode. This effect is approximately twice as large
in the limb vortex-average (Sect. 3.3.2). Furthermore, in the model this “thinning effect”
in the ozone number density does not extend well into the stratosphere. Projected on
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geometric altitudes, this effect disappears at least 2 km below the regions in respec-
tive limb profiles. Whether meridional divergence of ozone containing air out of the
column is underestimated in the CTM and better resolved in the vortex-average from
limb measured ozone profiles, cannot be satisfactorily answered yet. However, such an
underestimation is not unlikely because the model runs in a relatively coarse horizontal5

resolution so that numerical diffusion may play a role here even if the model’s driv-
ing meteorology (ERA-Interim) is reproducing well the dynamical aspects of the OMH
situation.

3.8.4 Implications for vortex-average ozone loss estimates

What do these conclusions mean for the vortex-average inferred from SCIAMACHY10

limb measurements and the model during time of the OMH-like situation in the Arctic
stratosphere between 21 and 29 January 2011?

First, one has to also keep in mind that limb (as nadir) measurements depend on
sunlight, so that during this specific period vortex regions north of 75◦ N were not ob-
served. But between 21 and 30 January 2011 the vortex appeared not perfectly cir-15

cumpolar, rather rotated off-centred from the geographic pole and was markedly dis-
placed towards Siberia. This led to a situation, that a larger area of the vortex was
illuminated by the sun, thus was observed, than if the vortex would have been shaped
more perfectly circumpolar, rotating well-centred above the pole. As described above,
the largest part of this sunlit area exhibited low ozone values. The few profiles from20

regions within the vortex showing larger, quasi undisturbed ozone values not being
affected by tropopause elevations consequently do not contribute much to the daily
mean vortex-averages. Hence, the transient lowering of ozone seen in the time-series
of vortex-averaged limb ozone of Fig. 5 is reflecting a real situation.

However, the conversion of the retrieved number density profiles into mixing ratios25

on isentropic surfaces involves an error or bias through uncertainties in the gridded
meteorological data sets used in this conversion. A few percent bias or uncertainty
in temperature and pressure translates mainly into a vertical displacement of the pro-
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jection from geometric altitudes to isentropes and to a lesser extent into a bias of the
magnitude of the estimated “dynamical loss”. A 2 % deviation in the meteorology, for in-
stance, yield vertical displacements of the limb vortex-mean mini-hole structure on the
order of 10 K. But since the number density to mixing ratio conversion is proportional
∼ T/p, a bias in coherent meteorological fields should almost have no effect.5

From the time-series of the SCIAMACHY measured PSC occurrence rate (Fig. 9a)
and OClO at 90◦ SZA (Fig. 10a) as a proxy for chlorine activation, it is seen that the
OMH-like situation in January 2011 had a direct impact on the chemical ozone de-
struction later in spring via the induced low temperatures in the stratosphere. These
favoured PSC formation after the 24 of January 2011 and subsequently amplified chlo-10

rine activation.
It has to be mentioned that also the 2011 BrO vortex-average in Fig. 5 shows a “thin-

ning effect” similar to that in ozone between 21 and 30 January 2011. This “thinning”
extends well into the middle stratosphere close to the 575 K isentropic surface. Relative
to values before and after the event, approximately 45 % less BrO is observed at 450 K15

and ∼ 25 % at 550 K.
Of course, from such an investigation of a singular event we cannot claim that such

dynamically induced phenomena are representative for the recent past nor that they
are indicative of developments in a stratosphere impacted by climate change. But since
those conditions are playing an important role in the chemistry of the polar strato-20

sphere, an increase in their occurrence would substantially reinforcing ozone depletion
even when the ozone layer recovers to values of the pre-CFC era.

4 Conclusions

Data products from the instruments SCIAMACHY and GOME/GOME-2 have been
used in this study to investigate the state of ozone in Arctic winters from 2002/200325

to 2010/2011. As an example of the large year-to-year variation in Arctic ozone, the dif-
ferent behaviours of O3 in the consecutive boreal winter–spring periods in 2009/2010
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and 2010/2011 have been investigated in more detail. Height-resolved time-series of
vortex-averaged O3, BrO, NO2 from SCIAMACHY limb-scattering and solar occulta-
tion measurements were analyzed. From limb-scatter observations we infer chemically-
induced ozone losses by employing the vortex-average technique described by Eich-
mann et al. (2002). SCIAMACHY observations of PSCs from the limb viewing geometry5

are used together with nadir OClO slant columns at 90◦ SZA to further identify different
behaviours of ozone depleting processes during the SCIAMACHY lifetime. Our under-
standing and ability to accurately simulate polar ozone depleting processes was tested
with a three-dimensional isentropic chemistry transport model for the years 2010 and
2011.10

From limb measurements, we infer ozone losses of more than 70 % below the 550 K
isentropic surface in spring 2011, which corresponds well to estimates of previous stud-
ies (Manney et al., 2011; Sinnhuber et al., 2011; Arnone et al., 2012). In contrast, in
spring 2010, when the vortex was much warmer and weaker than in 2011, chemically-
induced ozone losses amount to only about 20 %. Differences in the vortex dynamics,15

coupled with the chemical processing of O3 between the two winters and springs ac-
count for differences in the ozone time-series above the 550 K isentropic surface. In
2010, the variability in the O3 profiles is quite large at the upper layers and about twice
as much ozone is depleted via NOx photochemistry than via heterogeneous processing
on PSCs.20

The O3 vortex-average mixing ratios indicate another, previously unreported, loss
feature in winter 2011 which occurred prior to the large chemical destruction of O3.
For about ten days commencing 20 January 2011, column ozone over the Arctic de-
creased rapidly by more than 70 DU. Limb measurements show that below the 500 K
isentrope ozone was reduced by up to 60 % to values as low as 1.5 ppmv. It turns25

out that a superposition of two independently evolving synoptic tropopause elevations
over the Asian continent lowered the stratospheric ozone column by adiabatically lift-
ing isentropes in the stratosphere – a situation which is commonly referred to as an
“ozone mini-hole”. This involves a horizontal “redistribution” of ozone from the column
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(horizontal divergence) which is better traced in the ozone profiles from SCIAMACHY
limb than in the CTM. Due to the relatively coarse horizontal resolution the model does
not adequately resolve this meridional dispersion of ozone out of the elevated column.
Together with differences in the sampling of the data in the illuminated part of the vortex
this leads to a different temporal development of the vortex-averaged time-series in the5

model compared to that inferred from limb profiles. The induced adiabatic cooling of
the stratosphere during this period fostered further PSC formation so that more chlo-
rine was activated in turn. It is not unlikely that the occurrence of this enlarged “ozone
mini-hole”-like situation in mid-January 2011 may have substantially contributed that
ozone destruction later in spring became as intense as observed. The region occupied10

an area almost as large as a chemically-induced ozone hole, that is at least a third
larger than the area covered by “ozone mini-holes” typically.

In the strong and persistent Arctic vortex 2011 slightly lower levels of BrO were ob-
served than 2010, which are accountable to a weaker meridional transport from tropical
source regions during autumn and winter 2010/2011. Later in the two years, when the15

vortex became progressively unstable, vortex BrO decreased as NO2 levels increased:
the latter being attributed to increased horizontal mixing.

BrO and NO2 are biased low in modelled Arctic vortices in both years. In other re-
spects CTM simulations are generally in good agreement with the observations pre-
sented here. In particular the day-to-day variability of polar cap ozone and the large20

ozone losses from heterogenous processing in spring 2011 are represented well,
though the latter is slightly overestimated.

In agreement with previous studies using other satellite instruments (e.g. Manney
et al., 2011; Khosrawi et al., 2012) SCIAMACHY observations show that the season of
PSC formation was prolonged in 2011 as never observed before over the Arctic. In this25

respect also chlorine activation was until then the strongest in the entire SCIAMACHY
period.

In this manuscript we described correlative observations of the compositional state
of the Arctic stratosphere during winter–spring 2010/2011, when the so far most se-
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vere ozone losses have been reported. We compared the situation particularly with
2009/2010 as an example of a typical weak Arctic vortex exhibiting higher ozone lev-
els. To understand the chemical composition of the Arctic stratosphere improves our
knowledge about the processes determining the observed large intrinsic variability of
Arctic ozone levels. This is of concern when assessing the predicability of future ozone5

and accompanied polar winter extremes because it is suspected that global climate
change impacts stratospheric conditions. Although in general our CTM has been able
to provide reasonable agreement with the observations, there are several detailed is-
sues to be resolved in further work. Finally, the observation of a large OMH coupled to
a large Northern Hemisphere polar ozone hole is not a coincidence. The issue is how10

often will such events occur in the future in a warming climate.
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6 René Hommel et al.: The Arctic low ozone period 2011.

Fig. 1. Polar stereographic maps of March mean Arctic total ozone as obtained from the GSG data set, containing observations from GOME
(1996 - 2003), SCIAMACHY (2003 - 2006) and GOME-2 (2007 - 2012).

ary) in 2007 and 2011. Minimum polar ozone was at a record
low (close to 220 DU) in March 2011 and remained unusu-
ally low until early April. Throughout March 2011 it was the
lowest in the 15–year data record of the GSG data set.

The variability in Arctic ozone evident from the compact
relationship between the extra-tropical winter eddy heat flux,
a measure of wave forcing of the winter residual circulation,
and spring-to-fall polar cap ozone ratio, is shown in Fig. 3
(Weber et al., 2011). This figure shows data from both hemi-
spheres (triangles for SH, circles for NH). A spring-to-fall
ratio larger than one indicates that ozone transport outweighs
polar ozone losses (typically in the NH) and smaller than one
that polar ozone loss dominates (typically in the SH). Plan-
etary wave activity during Arctic winter-spring 2010/2011
was among the lowest in the NH in the thirty years of satel-
lite data, but still higher than typically seen in the SH in-
cluding the heavily perturbed Antarctic ozone hole in winter

2002 (Richter et al., 2005; von Savigny et al., 2005a). As a
result, ozone transport from its source regions in the tropical
stratosphere into the mid- and high latitudes of the north-
ern hemisphere was weaker in the second half of 2010 than
in other years and in the following winter 2010/2011, polar
stratospheric temperatures were lower favouring conditions
for large polar ozone losses. The Arctic winter 2009/2010,
one year before, is located at the upper end of the range of
winter planetary wave activity (Fig. 3). In that winter the
Brewer-Dobson circulation was particularly strong (coincid-
ing with an extremely negative Arctic Oscillation phase) with
very high ozone throughout the NH (Steinbrecht et al., 2011).

3.2 Arctic ozone in March 2010 and 2011

The consecutive winters 2010 and 2011 are good examples
of largely varying ozone levels over the Arctic. In winter-
spring 2010, Arctic ozone was unusually high, whereas a

Fig. 1. Polar stereographic maps of March mean Arctic total ozone as obtained from the GSG
data set, containing observations from GOME (1996–2003), SCIAMACHY (2003–2006) and
GOME-2 (2007–2012).
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Fig. 2. Evolution of Arctic total ozone in the GSG data set for various cold winters with se-
vere ozone losses since 1995. (a) Shows the area weighted mean and (b) the minimum total
ozone as obtained from the GSG data set north of 50◦ N. Each time-series is also confined by
respective mean, minimum and maximum values of the 16 yr data record 1995–2010.
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Fig. 3. Correlation between winter eddy heat flux and spring-to-fall ozone ratio over the polar
caps (update from Weber et al., 2011). Triangles are data from the SH; circles from the NH.
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Fig. 4. March mean stratospheric columns of ozone in 2010 (top) and 2011 (bottom) as ob-
tained from SCIAMACHY in limb viewing geometry (left), the nadir-viewing scanning spectrom-
eter GOME-2 and as inferred from chemistry transport model calculations (right). For GOME-2
the stratospheric column was obtained by subtracting tropospheric ozone (climatological val-
ues) from the measured total ozone.
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Fig. 5. Evolution of O3, BrO and NO2 in the lower stratospheric Arctic polar vortex during the
first four months of 2010 (left column) and 2011 (right column) as obtained from SCIAMACHY
limb observations. Bottom panels show corresponding chemical ozone losses obtained by the
method of Eichmann et al. (2002). Only those SCIAMACHY limb profiles are taken into account,
where the modified potential vorticity (UKMO) exceeds 38 MPVU and the solar zenith angle is
between 75◦ and 88◦. Volume mixing ratios are colour shaded, black contour lines in the bottom
panels denote relative ozone losses in %.
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10 René Hommel et al.: The Arctic low ozone period 2011.

tropic ozone loss estimate, developed to infer the strength
of the chemically-induced polar ozone destruction indepen-
dently from reasons related to the dynamics of the atmo-
sphere, is examined in more detail in Section 3.8.

By comparison, in the warmer and weaker Arctic vor-
tex 2010 ozone losses barely exceeded 20 % below 550 K.
Above the 550 K isentropic surface, however, we infer an
ozone depletion of up to 40 % during spring 2010 (relative
to values at first day of the year). The slower descent of
air in the strong vortex 2010/2011 implies that this upper
layer of ozone depletion is found at higher altitudes as in
2010. Above the regions where halogen driven catalytic cy-
cles remove ozone, NOx (NO+NO2) photochemistry is pre-
dominantly responsible for ozone depletion (Osterman et al.,
1997). This process is stronger during warm winter years
when the vortex is weaker because less denitrification on
fewer PSCs is taking place, air from the upper stratosphere is
faster descending and the lateral mixing of NO2-rich air from
mid-latitudes is more likely than in cold winter-spring peri-
ods when vortex mixing-barrier is much stronger (Rosenfield
et al., 1994; Konopka et al., 2007). As shown in Sonkaew
et al. (2013) these NOx driven catalytic ozone losses above
the 550 K isentropic level are frequently observed in the Arc-
tic polar stratosphere in late spring.

Manney et al. (2011) reported chemically induced ozone
losses on the order of at least 2.5 ppmv between 470 K
and 550 K by end of March 2011 from Lagrangian chem-
ical transport model studies and ozone measurements from
MLS/Aura and the Match network of ozone sondes. This
number is consistent with ours, which is 2.5-3 ppmv at
the end of March. Our SCIAMACHY based loss estimate,
however, is slightly (0.5 ppmv) lower above 525 K as that
of Manney et al. (2011). The onset of the catalytic ozone
destruction occurs around 1 February 2011 in both studies.
Sinnhuber et al. (2011) inferred column ozone losses of up
to 120 DU towards end of April 2011 from MIPAS obser-
vations. These observations are principally confirmed by
corresponding model simulations conducted with an isen-
tropic CTM of very similar set-up as ours used in this
study (Sinnhuber et al., 2003; Aschmann et al., 2011), but
differently initialized and driven by meteorology from the
ECMWF operational analysis. Sinnhuber et al. (2011) also
showed MIPAS ozone at the 475 K isentropic surface re-
duced to 1.5 ppmv in early April 2011, which is rather at
the upper end of our estimate. Arnone et al. (2012) reported
MIPAS based vortex-averaged ozone reductions down to 0.6
ppmv in early April 2011 at 18 km (∼430 K isentrope), in
good agreement with our data. Their corresponding ozone
losses are also matching our estimates, although based on
a different method, taking correlative MIPAS N2O observa-
tions into account.

Fig. 6. Evolution of O3, BrO and NO2 in the lower stratospheric
Arctic polar vortex from 01 January 2011 to 30 April 2011 ob-
tained from SCIAMACHY solar occultation observations. Only
measurements within the polar vortex (modified potential vorticity
> 38 PVU) are considered. The number of respective occultation
measurements inside and outside the vortex, as well as the latitude
of measurement, are shown in the bottom panels. Note the differ-
ent plotting range of BrO and NO2 compared to limb and model
vortex-averages (Fig. 5 and Fig. 8).

3.4 SCIAMACHY solar occultation measurements: O3,
NO2 and BrO

In order to complement our results obtained from the limb-
scatter measurements shown in Fig. 5, we also retrieved O3,
BrO, and NO2 profiles from SCIAMACHY solar occultation
measurements (Fig. 6). As for limb profiles, in our analy-
sis we consider only those occultation profiles located within
the vortex. Since solar occultation measurements were per-
formed at different local time (sunset around 18:00, com-
pared to morning local time around 10:00 for limb geome-
try), respective vortex-averages are obtained from different
geolocations compared to the limb data. This is demon-

Fig. 6. Evolution of O3, BrO and NO2 in the lower stratospheric Arctic polar vortex from 1 Jan-
uary 2011 to 30 April 2011 obtained from SCIAMACHY solar occultation observations. Only
measurements within the polar vortex (modified potential vorticity > 38 PVU) are considered.
The number of respective occultation measurements inside and outside the vortex, as well as
the latitude of measurement, are shown in the bottom panels. Note the different plotting range
of BrO and NO2 compared to limb and model vortex-averages (Figs. 5 and 8).
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Fig. 7. Polar stereographic projection of the UKMO potential vor-
ticity at the 475 K isentrope. It also depicts the location of SCIA-
MACHY limb measurements (small dots) in comparison to SCIA-
MACHY solar occultation measurements (large dots), relative to the
location and shape of the polar vortex at two days in winter-spring
2011 at 475 K. The edge of the polar vortex is at approximately
38 PVU modified potential vorticity. On 23 February (top), around
the onset of the chemical ozone depletion the vortex had an almost
circumpolar shape whereas on 15 April 2011 (bottom) it was highly
distorted and shifted towards the Eurasian continent. Limb mea-
surements lying within the vortex are shaded dark gray, locations
outside are shaded white.

mation reaction of bromine nitrate (BrONO2) towards BrO
due to the lower NO2 mixing ratios.

With the return of sunlight, polar NO2 is reconverted from
its reservoir species N2O5. Although the timing of the onset
of this photochemical regeneration is well reproduced by the

CTM, springtime vortex-averaged NO2 levels are underes-
timated. This underestimation results from a generally low
bias in model NO2, so that lateral mixing of NO2-rich air
from mid-latitudes (Noxon cliff; Noxon, 1979) cannot ac-
count for restoring springtime polar NO2 levels to the same
extent as seen in the limb vortex-averages. In April 2011,
the CTM shows approximately half of the NO2 measured by
SCIAMACHY limb, in April 2010 the low bias is less dis-
tinct and in the order of a third.

3.5.2 Modelled ozone losses

In the model, polar ozone losses are quantified as the
difference between the modelled chemically fully interac-
tive ozone and a quasi-passive ozone tracer (LINOZ; lin-
earised chemistry without heterogeneous reactions). Result-
ing losses are in good agreement with the estimate from
SCIAMACHY limb measurements below the 550 K isen-
tropic surface. Relative to SCIAMACHY, modelled ozone
losses are approximately 10 % overestimated in April 2011.
In 2010, we find rather a slightly underestimation of the mod-
elled induced losses in that region. The overestimation of
the 2011 loss is in the same range as the ones reported by
Singleton et al. (2007) from SLIMCAT CTM model stud-
ies of the so far most severe Arctic ozone losses observed
in winter-spring 2004/2005. They compared to loss esti-
mates from various satellite instruments based on the passive
tracer subtraction method and argued that mainly sampling
differences between the data sets may have led to overes-
timated model losses. The differences between the ozone
loss inferred from our CTM simulations and the estimates
from SCIAMACHY limb measurements are also partly at-
tributable to small differences in the vortex sampling of the
two data sets. Additionally, we cannot rule out that deficits
in the model treatment of PSCs and accompanied effects of
heterogenous chemistry on those particles may play a sub-
stantial role in the overestimation of ozone depletion, in par-
ticular during spring.

One striking difference between ozone losses from SCIA-
MACHY and the CTM is the absence of the NOx driven
ozone decomposition layer above 550 K in the model. This
is not an effect of the general underestimation of polar NO2

in the CTM, it is rather an inherent effect of the approach
used to infer ozone losses in the model. The loss due to NOx

is parameterized in the LINOZ scheme and thus impacts the
linearized ozone tracer which represents the reference of the
model’s loss estimate. Consequently, this layer is not de-
ducible from the approach used here.

The apparent ozone loss in mid-January 2011 seen in the
SCIAMACHY limb estimate (Fig. 5, bottom right panel),
however, is also not inferable from model results since a re-
spective decrease of ozone mixing ratios is not seen in the
modelled ozone time-series. In Section 3.8.3 we investigate
this behaviour in more detail.

Fig. 7. Polar stereographic projection of the UKMO potential vorticity at the 475 K isentrope.
It also depicts the location of SCIAMACHY limb measurements (small dots) in comparison to
SCIAMACHY solar occultation measurements (large dots), relative to the location and shape
of the polar vortex at two days in winter–spring 2011 at 475 K. The edge of the polar vortex
is at approximately 38 PVU modified potential vorticity. On 23 February (top), around the on-
set of the chemical ozone depletion the vortex had an almost circumpolar shape whereas on
15 April 2011 (bottom) it was highly distorted and shifted towards the Eurasian continent. Limb
measurements lying within the vortex are shaded dark grey, locations outside are shaded white.
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Fig. 8. As in Fig. 5, except for respective CTM simulations. Here, relative ozone losses are interpreted relative to the volume mixing ratio of
a quasi-passive ozone tracer which is only affected by large-scale photochemistry, not considering heterogeneous reactions.

3.6 SCIAMACHY limb observations of PSCs

The meteorological conditions in the 2011 Arctic winter-
spring polar vortex favoured the formation of PSCs. Fig. 9
shows the temporal evolution of the daily mean PSC occur-
rence rate (left panel) and daily averaged PSC altitude (right
panel) - both in the 60◦N - 80◦N latitude range - for sev-
eral Arctic winters including 2010/2011 from January 1st to
April 1st. The PSC occurrence rate is given by the ratio of
the number of SCIAMACHY measurements with PSC de-
tections and the total number of measurements - on a given
day and within a certain latitude range.

In January 2010 a very strong PSC occurrence during
an approximately one-month period, from mid-December
to mid-January seen in Fig. 9, was observed also by the
space-borne CALIOP (Cloud-Aerosol Lidar with Orthog-
onal Polarisation) instrument onboard CALIPSO (Cloud-

Aerosol Lidar and Infrared Pathfinder Satellite Observations)
as shown in Khosrawi et al. (2011) and Pitts et al. (2011).
The total supply of PSCs during the entire winter-spring pe-
riod was even stronger in 2011. From SCIAMACHY limb-
scatter observations we infer that the PSC occurrence rate
in 2010 was some 20 % larger than in 2011, but only dur-
ing a relatively short period, that ended at the beginning of
February 2010. In contrast, during the 2010/2011 season,
PSCs were formed from the end of December 2010 and were
present over the pole until the 18th of March (Khosrawi et al.,
2012).

The 2011 SCIAMACHY PSC record shows three periods
of maximized PSC formation - at the beginning of January,
from 18 January to 1 February and a long-lasting period af-
ter the 8th of February. During this third period, the PSCs
occurrence rate steadily increased, until a maximum was ob-
served on 22 March 2011. In comparison, CALIOP detected

Fig. 8. As in Fig. 5, except for respective CTM simulations. Here, relative ozone losses are
interpreted relative to the volume mixing ratio of a quasi-passive ozone tracer which is only
affected by large-scale photochemistry, not considering heterogeneous reactions.
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14 René Hommel et al.: The Arctic low ozone period 2011.

Fig. 9. PSC occurrence rate (a) and PSC altitude (b) obtained from SCIAMACHY limb observations since 2003. For clarity reasons only
years with frequent PSC occurrences are displayed in the right panel.

four PSC periods, starting earlier on 23 December 2010. Not
exactly similar to the periods seen by SCIAMACHY, but
largely overlapping. A similar increase during March was
also observed in 2005, when the so far largest total ozone
mass loss was observed (Sonkaew et al., 2013). In 2005,
however, most PSCs were formed during the last days of
January - at comparable rates as in 2008 and 2010. In the
latter two years, however, respective periods lasted only a
few days, hence were distinctly different from the conditions
seen in 2011 and 2005.

In this context, we also have to keep in mind that the vor-
tex sampling of SCIAMACHY limb measurements in Jan-
uary may be quite poor, and the variability in PSC occur-
rence rates seen in Fig. 9 in January may be partly explained
by this.

The right panel of Fig. 9 impressively demonstrates the
PSC descent during the course of winter-spring. This descent
is not only attributed to particle sedimentation, to a large ex-
tent it reflects the descent of the lower stratospheric temper-
ature minimum, as has been demonstrated for the southern
hemisphere by von Savigny et al. (2005b). PSC altitudes de-
rived from SCIAMACHY correspond to PSC top altitudes,
not to centroid altitudes. The cloud thickness cannot be in-
ferred using the method applied.

Informations about the composition of the observed PSCs
can be obtained from measurements by the CALIOP in-
strument onboard CALIPSO. According to CALIOP, the
2009/2010 PSC season stated with the formation of predom-
inantly type I PSCs, that diverged more and more over time
into the formation of type II (ice) particles. In contrast, dur-
ing the whole 2010/2011 PSC season, type II clouds were
always found together with type Ia (NAT) and type Ib (STS)
clouds (Khosrawi et al., 2012). However, from such infor-
mations alone one cannot state which PSC type is giving

rise to particular features or characteristics that are seen in
the vortex-average ozone time-series. But PSC observations
correlate well with certain aspects seen in the polar HNO3

and N2O time-series as measured by other instruments, for
instance MLS/Aura or SMR/Odin (Khosrawi et al., 2011,
2012; Manney et al., 2011). Khosrawi et al. (2011) showed
that the so far largest denitrification over the last decade in
winter-spring 2009/2010 emerged from an extended forma-
tion of solid particles (NAT/ice) in early winter. In winter-
spring 2011, the overall denitrification was even more pro-
nounced than in the winter before. It lasted much longer
over four month and developed rather continuously, in con-
trast to the rather short one-month period of cold tempera-
tures in 2010 (Khosrawi et al., 2012). There is no doubt that
denitrification played a large role for the ozone losses 2011,
however, recently Strahan et al. (2013) argued that the unex-
pected dynamical situation of the polar stratosphere may be
accountable for around one-third of the ozone destroyed in
the Arctic vortex in March and April 2011.

In 2005, when the so far largest Arctic chemical ozone
losses were observed (Manney et al., 2006, 2011; Sonkaew
et al., 2013), a temporal evolution of PSC occurrence is seen
which is very similar to that in 2011.

After a strong event of PSC formation around 30 January
2005, PSCs were further formed over large areas over the
Arctic, steadily increasing until the end of February when a
final warming halted PSC existence. Based on model studies,
Feng et al. (2007) argued that during the course of the 2005
winter PSCs were mainly composed of type I (STS/NAT),
whereby the strong PSC formation around 30 January 2005
is attributable to type I and II PSCs in approximately equal
measure.

Fig. 9. PSC occurrence rate (a) and PSC altitude (b) obtained from SCIAMACHY limb obser-
vations since 2003. For clarity reasons only years with frequent PSC occurrences are displayed
in the right panel.
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Fig. 10. SCIAMACHY observations (a and b) and ground-based measurements of OClO slant columns (a and c) and vertical columns of
NO2 (b and d) in the Northern Hemisphere since winter 2002/2003 at 90◦ SZA. Ground-based measurements in Ny-Ålesund (79◦N, 12◦E)
were carried out in winter-spring 2005, 2008, and 2011. CTM calculations for winter-spring 2010 - 2011 are shown as a dashed line in
SCIAMACHY plots and were sampled at 90◦ SZA at the time of SCIAMACHY overpass.

Fig. 11. Daily maps of total ozone measured by GOME-2 between 20 and 31 January 2011. On 21 January 2011 column ozone was
substantially lowered by more than 70 DU over Central Siberia north of Sakhalin, and was moving westwards to the Ural region. After 28
January 2011 the area of low ozone moves eastward and dissolves at approximately 90 - 100◦E / 60◦N on 30 January.

before low column ozone was observed over Central Siberia
north of Sakhalin island. This area of low ozone was cen-
tered at approximately 140◦E / 63◦N and had an initial ex-
tent of about 2000×1000 km in longitude and latitude (or
1.4×106 km2). In the following six days the low ozone area
approximately doubled in size and moved westwards across

the Ural region. On 28 January it moved a few degrees east-
wards towards Central Siberia, where it dissolved two days
later. Thereafter, Arctic ozone replenished temporarily until
around the 6th February. Vortex ozone again declined and
remained low for the following almost three month, accord-
ing to the SCIAMACHY limb vortex-avereaged O3 mixing-

Fig. 10. SCIAMACHY observations (a and b) and ground-based measurements of OClO slant
columns (a and c) and vertical columns of NO2 (b and d) in the Northern Hemisphere since
winter 2002/2003 at 90◦ SZA. Ground-based measurements in Ny-Ålesund (79◦ N, 12◦ E) were
carried out in winter–spring 2005, 2008, and 2011. CTM calculations for winter–spring 2010–
2011 are shown as a dashed line in SCIAMACHY plots and were sampled at 90◦ SZA at the
time of SCIAMACHY overpass.
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Fig. 10. SCIAMACHY observations (a and b) and ground-based measurements of OClO slant columns (a and c) and vertical columns of
NO2 (b and d) in the Northern Hemisphere since winter 2002/2003 at 90◦ SZA. Ground-based measurements in Ny-Ålesund (79◦N, 12◦E)
were carried out in winter-spring 2005, 2008, and 2011. CTM calculations for winter-spring 2010 - 2011 are shown as a dashed line in
SCIAMACHY plots and were sampled at 90◦ SZA at the time of SCIAMACHY overpass.

Fig. 11. Daily maps of total ozone measured by GOME-2 between 20 and 31 January 2011. On 21 January 2011 column ozone was
substantially lowered by more than 70 DU over Central Siberia north of Sakhalin, and was moving westwards to the Ural region. After 28
January 2011 the area of low ozone moves eastward and dissolves at approximately 90 - 100◦E / 60◦N on 30 January.

before low column ozone was observed over Central Siberia
north of Sakhalin island. This area of low ozone was cen-
tered at approximately 140◦E / 63◦N and had an initial ex-
tent of about 2000×1000 km in longitude and latitude (or
1.4×106 km2). In the following six days the low ozone area
approximately doubled in size and moved westwards across

the Ural region. On 28 January it moved a few degrees east-
wards towards Central Siberia, where it dissolved two days
later. Thereafter, Arctic ozone replenished temporarily until
around the 6th February. Vortex ozone again declined and
remained low for the following almost three month, accord-
ing to the SCIAMACHY limb vortex-avereaged O3 mixing-

Fig. 11. Daily maps of total ozone measured by GOME-2 between 20 and 31 January 2011.
On 21 January 2011 column ozone was substantially lowered by more than 70 DU over Central
Siberia north of Sakhalin, and was moving westwards to the Ural region. After 28 January 2011
the area of low ozone moves eastward and dissolves at approximately 90–100◦ E/60◦ N on
30 January.
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Fig. 12. As in Fig. 11, except for model total ozone. In contrast to Fig. 4, here the Fortuin and
Kelder (1998) climatology of tropospheric ozone was added to the model’s stratospheric ozone
column in order to cover the entire atmosphere.
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Fig. 13. Twelve day sequence of temperature at approximate tropopause level (315 K isentropic
surface) during the period when large reductions in the GOME-2 column ozone are observed
(Fig. 11). The vortex edge is indicated by the grey contour of the 38 PVU potential vorticity at the
475 K isentrope. The thick black contour denotes the 3 PVU potential vorticity at 315 K, roughly
separating polar airmasses (low tropopause) from subtropical air masses (high tropopause).
All data were obtained from the ECMWF ERA-Interim reanalysis.
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Fig. 14. As in Fig. 13 except for geopotential height.
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20 René Hommel et al.: The Arctic low ozone period 2011.

Fig. 15. As in Fig. 13 except for pressure at the 350 K isentropic surface.

comparably small ozone mini-hole is seen in GOME-2 to-
tal ozone between 27 and 30 January 2011. In the relative
coarse resolved CTM (resolution 2.5◦ in latitude, 3.75◦ in
longitude) this OMH is not well reproduced. Only on 30 Jan-
uary 2011 the OMH is apparent in the CTM, a few degrees
shifted to the Northwest (Fig. 12).

3.8.3 Modelling the January 2011 Arctic low ozone event

As shown in Fig. 12, the CTM largely reproduces the day-to-
day variability of stratospheric ozone over the Arctic. Only
small-scale synoptic features like the Scandinavian ozone
mini-hole around the 28th of January 2011 are not adequately
resolved. Also the magnitude of thinning the ozone column
during the OMH-like situation is not captured well compared
to GOME-2 observations. GOME-2 shows ozone as low
as 200 DU on several days near the polar night blind spot,
whereas the model’s total ozone is not lower than 250 DU.
Partly, this deficit is attributable to an approximated tropo-
spheric contribution to the total ozone column.

A respective reduction in the height-resolved and vortex-
averaged time-series of modelled Arctic ozone 2011 (Fig. 8)
is not seen, in contrast to the vortex-average constructed from
SCIAMACHY limb ozone profiles (Fig. 5). Although model
data have been written at local times of SCIAMACHY over-
passes and were sampled in similar manner as limb profiles
in order to construct vortex-averages, i.e. grid cells lying
within the vortex where modified PV > 38 PVU but south of
80◦N, exhibiting SZAs < 88◦, certain differences between
the areas of the vortex covered by these two sampling meth-
ods persist. This may lead to the effect that in the model
small-scale drops in the screened vortex O3 mixing ratio are
simply averaged out.

On the other hand, model equations are solved on isen-
tropes. In the polar stratosphere isentropes are invariant to
adiabatic processes in the tropopause region, so that a ”thin-
ning effect” in ozone mixing ratios above tropopause eleva-
tions is not apparent in the model vortex-average as long as
the meridional divergence of ozone containing air out of the
column is small. When the vortex-average is inferred from
behaviour number densities, the ”thinning effect” becomes
apparent (not shown) and is in the order of 35 % below the
475 K isentrope, relative to average values in the undistorted
vortex before and after this episode. This effect is approxi-
mately twice as large in the limb vortex-average (Sec. 3.3.2).
Furthermore, in the model this ”thinning effect” in the ozone
number density does not extend well into the stratosphere.
Projected on geometric altitudes, this effect disappears at
least 2 km below the regions in respective limb profiles.
Whether meridional divergence of ozone containing air out
of the column is underestimated in the CTM and better re-
solved in the vortex-average from limb measured ozone pro-
files, cannot be satisfactorily answered yet. However, such
an underestimation is not unlikely because the model runs
in a relatively coarse horizontal resolution so that numerical
diffusion may play a role here even if the model’s driving me-
teorology (ERA-Interim) is reproducing well the dynamical
aspects of the OMH situation.

3.8.4 Implications for vortex-average ozone loss estimates

What do these conclusions mean for the vortex-average
inferred from SCIAMACHY limb measurements and the
model during time of the OMH-like situation in the Arctic
stratosphere between 21 and 29 January 2011?

Fig. 15. As in Fig. 13 except for pressure at the 350 K isentropic surface.
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