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Abstract. Record breaking loss of ozone {{0n the Arctic winters 2009/2010 and 2010/2011, calculatedd3dses from
stratosphere has been reported in winter—spring 2010/2011he CTM are in good agreement to our observations and other
We examine in detail the composition and transformationsmodel studies. The mid-winter 2011 conditions, prior to the
occurring in the Arctic polar vortex using total column catalytic cycles being fully effective, are also investigated.
and vertical profile data products forsObromine oxide  Surprisingly, a significant loss of{£around 60 %, previously
(BrO), nitrogen dioxide (N@), chlorine dioxide (OCIO), not discussed in detail, is observed in mid-January 2011
and polar stratospheric clouds (PSC) retrieved from meabelow 500K ¢ 19km) and sustained for approximately 1
surements made by SCIAMACHY (Scanning Imaging Ab- week. The low @ region had an exceptionally large spatial
sorption SpectroMeter for Atmospheric CHartography) on- extent. The situation was caused by two independently evolv-
board Envisat (Environmental Satellite), as well as totaling tropopause elevations over the Asian continent. Induced
column ozone amount, retrieved from the measurementsdiabatic cooling of the stratosphere favoured the formation
of GOME-2 (Global Ozone Monitoring Experiment) on of PSC, increased the amount of active chlorine for a short
MetOp-A (Meteorological Experimental Satellite). Similarly time, and potentially contributed to higher polar ozone loss
we use the retrieved data from DOAS (Differential Opti- later in spring.

cal Absorption Spectroscopy) measurements made in Ny-

Alesund (78.55N, 11.55 E). A chemical transport model
(CTM) has k_)c_een u_sed to relgte and compare Arc_t|c wmter—1 Introduction
spring conditions in 2011 with those in the previous year.

In late Winter—spring.2010/201l the chemical ozone Iqss i”Predicting the future levels of ozone {0above the Arctic

the polar vortex derived from SCIAMACHY observations ang jts loss during winter—spring is intrinsically challenging.
confirms findings reported elsewhere. More than 70 %9f O The history of the observations of stratospheric ozone at high
was depleted by halogen catalytic cycles between the 42%ii1udes has repeatedly resulted in unexpected behaviour
and 525K isentropic surfaces, i.e. in the altitude randgé—  gyally explained by our limited knowledge of the dynamics
20km. In contrast, during the same period in the previousyng chemistry. Accurate scientific assessments of the evolu-
winter 2009/2010, a typical warm Arctic winter, only slightly o5 of polar ozone in a changing climate are required by the
more than 20 % depletion occurred below 20 km, while 40 %4ties to the United Nation’s Vienna Convention on 0zone
of Os was removed above the 575K isentrope2Bkm).  gepleting substances and its Montreal Protocol/amendments.

This loss above 575K is explained by the catalytic destruc-rhs stydy addresses measurements of trace gases and polar
tion by NG, descending from the mesosphere. In both Arctic giyatospheric clouds of relevance to this requirement.
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In contrast to the Southern Hemisphere, the northern polaviewing geometries. Additionally, we show observations
vortex is much less stable and a large interannual variabilfrom the nadir sounders GOME (Global Ozone Monitoring
ity of stratospheric ozone at mid- and high-latitudes occurs.Experiment) and GOME-2, and ground-based DOAS (Dif-
This variability is closely related to year-to-year changes inferential Optical Absorption Spectroscopy) measurements
the activity of planetary waves$-(isco and Salhy1999 We- above the NDACC's (Network for the Detection of At-
ber et al, 2011), modulating the intensity, temporal evolu- mospheric Composition Change) Koldewey station, which
tion and stability of the Arctic polar vortex (e.glartmann is part of the French—-German Arctic Research Base on
et al, 200Q Dhomse et a).2006 Mitchell et al, 2011, and  Spitsbergen/Svalbard, Kongsfjorden, Ny-Alesund (78165
references therein). By determining the vortex temperature11.55 E).
this in turn modulates the effectiveness of the catalytic cy- For the first time, we show vertically resolved and
cles removing stratospheric ozone in late winter and springvortex-averaged BrO abundances obtained from the SCIA-
after polar sunrise via the formation of polar stratosphericMACHY limb and solar-occultation observations, simulta-
clouds. As a result heterogeneous reactions and equilibrianeously measured with NCand 3, to further evaluate the
which take place on aerosol and PSC (polar stratosphericole of BrO in the catalytic cycles destroying Arctic ozone.
cloud), convert the relatively photo-stable species such as hybue to remaining uncertainties in the stratospheric bromine
drogen chloride (HCI), chlorine nitrate (CIONO2), bromine budget WMO, 2011), the relative contribution of reactive
nitrate (BrONQ) and hypobromous acid (HOBr) into the bromine to the Arctic ozone loss is still not fully under-
photo-labile species molecular chlorine §{Clbromine chlo-  stood (e.g/Frieler et al, 2006§. Depending on the specific
ride (BrCl), bromine (Bg) and related halogen temporary dynamic situation of the Arctic polar vortex during winter
reservoirs. The rate of removal of ozone is thus strongly de-and spring, the efficiency of the CjBrO cycle for ozone
pendent on particular dynamical conditions in a given winterloss may dominate below the altitudes where nitrogen ox-
and spring (WMO, 2011, and references therein). In winter— ides (NQ,=NO + NO3) catalytic cycles destroy most of the
spring 2011, anomalously large ozone loss in the Arcticozone (e.gSalawitch et a].2005 Kuttippurath et al.2010.
stratospheric polar vortex was reported (ddgrwitz et al, Our SCIAMACHY observations clearly demonstrate that the
2011 Manney et al.201% Sinnhuber et a]|2011; Balis et al, BrO radical is highly abundant over a broad altitude region
2011, Arnone et al. 2012 Adams et al.2012 Kuttippurath  inside the polar vortex throughout the winter and spring in
et al, 2012 Pommereau et al2013. In March 2010, how- 2010 and 2011, until increasing stratospheric temperatures
ever, when the Arctic stratosphere was also extensively denshift the chemical equilibrium towards the reservoir species.
itrified and large chlorine activation was observétafiney = However, the bromine radical is much longer present in the

et al, 2011 Khosrawi et al. 2011 von Hobe et al.2013, polar stratosphere than its chlorine counterpart, with the po-
polar ozone was unusually higKittippurath et al.201Q tential to continue ozone depletion in persistent vortex rem-
Steinbrecht et al2011;, Wohltmann et a].2013. nants when PSC are no longer present.

In spite of the first indications of stratospheric ozone re- The paper is structured as follows: Seztdescribes the
covery, as a result of the measures enacted by the Montreahethods and data sources used in the analysis. Segtion
Protocol (seeaVMO, 2011, and references therein) and in- documents the interannual variability of total ozone over
ferred from the studies dflader et al(2010 andSalby etal.  the Arctic in the context of measurements since 1995/1996.
(2011, an ongoing potential for further, yet unexpected, dra- Additional, differences in the distributions of data-set spe-
matical polar ozone loss exists (eRex et al, 2004. It is cific stratospheric partial ozone columns are discussed. Sec-
therefore of value to examine the causes of Arctic variability tion 4 explores the time-dependent behaviour of the vortex-
and their impact on polar ozone and its depletion, in orderaveraged time series from SCIAMACHY limb and solar-
to improve our understanding of the chemical and dynamicaloccultation measurements as well as corresponding model
control of stratospheric ozone in a changing climate. simulations. In Sec®, the SCIAMACHY limb-scatter PSC

In this manuscript we investigate how the 2011 ozonerecord is analysed. This is then followed in Se6tby
loss evolved in the Arctic polar vortex by reporting correl- an inspection of the N® and OCIO records from the
ative observations of ozone and related species (BrG;, NO SCIAMACHY nadir observations and, exemplarily for spe-
OCIQ), including PSC, and probe our understanding of thecific years, from ground-based DOAS measurements in Ny-
vortex behaviour with a chemistry transport model. One fo-Alesund (78.55N, 11.55 E). Sectior provides further dis-
cus is the investigation of vertically resolved data and wecussions on a previously unreported period in mid-winter
compare the situation with 2010, when the temperatures irR011 when ozone in the Arctic stratosphere was also un-
the Arctic vortex were much higher and ozone was onlyusually low prior to its catalytic chemical decomposition in
moderately destroyed (e.Kuttippurath et al.201Q Dérn- spring. Sectio® summarises our results and interpretation of
brack et al. 2012 Wohltmann et a].2013. We use space- these two unigue winters in 2010 and 2011 (the abbreviations
borne observations from the SCIAMACHY (Scanning Imag- are defined in Table Al of the Appendix).
ing Absorption SpectroMeter for Atmospheric CHartogra-
phy) instrument in the limb, solar-occultation and nadir-
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2 Methods in the case of ozone with respect to the different spectral
intervals used. Both ©and BrO retrievals use variants on

We use data products retrieved from SCIAMACHY on-board the optimal estimation-type techniqueddgers 2000 hav-
ESAs Envisat satelliteRurrows et al. 1995 Bovensmann ing an additional smoothing constraint (first order Tikhonov
etal, 1999 and from the GOME instrument on-board ESA's term), while the NQ retrieval employs the information op-
second European Remote Sensing satellite (ERBi1pws  erator approach (sekozlov, 1983 Hoogen et al. 1999
et al, 1999 and its operational successor GOME-2 on- Doicu et al, 2007, and references therein). The pressure and
board EUMETSAT’s Meteorological Operational satellite temperature information used in the forward radiative trans-
(MetOp-A,; Callies et al, 2000. fer model is provided by the operational analysis model of

For almost a decade (2002—-2012) SCIAMACHY provided the European Centre for Medium-Range Weather Forecasts
a unique record of the upwelling UV and visible radiation (ECMWF). More detailed explanations of the retrieval algo-
at the top of the atmosphere from different viewing geome-rithms and validation results for different species are reported
tries: nadir, providing trace gas columns, aerosol and clouctlsewhere: e.g. for the NCretrieval algorithm inRozanov
properties, and limb/solar and lunar occultation, providing et al. (2005, for the G; algorithm inSonkaew et al(2009),
trace gas and aerosol profiles and PSC information. Its limbO3 profile validation results are presentedhieruch et al.
and occultation measurements yield profiles of atmospheri2012, BrO profile validation is reported birozanov et al.
constituents from the troposphere to the thermosphere. Whil¢2011a b), and for NQ profile validation sedBauer et al.
solar-occultation measurements are restricted to northern la{2012.
itudes between 49 and 6B, limb and nadir measurements
achieve global coverage every 6 days. 2.2 SCIAMACHY solar occultation

GOME operated from 1995 to 2011 and GOME-2 since ,
2007. They have been making global measurements in nadipC/AMACHY performs a solar-occultation measurement
viewing geometry of the upwelling electromagnetic radiation ©"C€ Per orbit. The sun-synchronous polar orbit of Envisat
between 233 and 793 nm. From GOME, SCIAMACHY, and provides seasonally dependent occultations at mid-latitudes.
GOME-2 nadir observations trace gas total column amountd N€Se occur between 49 and°@®in the Northern Hemi-

of 0zone and other trace species can be obtained coveringPl€re. Vertical profiles of YNO, and BrO are retrieved by
nearly 20 years. applying an optimal estimation approach including a smooth-

ing constraint, similar to that used fors@nd BrO profiles
2.1 SCIAMACHY limb trace gas profiles retrieved from the limb measurements. The knowledge of
the tangent height for the solar-occultation measurements has
Vertical profiles of atmospheric species are retrieved fromP&€n optimised using the scans over the solar @skristedt
limb-scatter measurements performed by the SCIAMACHY €t &l 2012. In this case @is retrieved from the Chappuis
instrument on EnvisatBurrows et al. 1995 Bovensmann Pands between 524.3 and 590.7 nm. Thepoofile is then

et al, 1999. The level 2 data products retrievals used in used in the retrieval of N&from the spectral window 424.1—

this investigation (version 2.5) have been developed and pro,453'3 nm. Previous versions of these products are described

cessed at the Institute of the Environmental Physics (IUP) of" Meyer et al.(2009 andBramstedt et al(2007). The ver-
the University of Bremen (IUP Bremen retrieval) using the tical profile of BrO is retrieved from the radiance and irradi-

level 1 (version 7.03/04) data products provided by ESA. For2Nce measurements in the spectral window 338.0-356.2nm
this study several spectral windows in the UV (ultraviolet) or (USing the knowledge of the previously retrievegd®d NG
visible spectral ranges have been used. profiles). This product is evaluated for the first time in this

The vertical ozone profile retrieval uses an optimal estima-anuscript. Pressure and temperature information at a given

tion approach employing the radiance profiles measured a@ngent heightis based on the ECMWF data also used in the
selected wavelengths in the UV Hartley bands af (@67— limb retrievals. The solar-occultation retrievals are produced

305 nm: Rohen et al.2008 and the visible @ Chappuis using retrieval algorithms developed at IUP Bremen.
band Sonkaew et 8] 2009. The NG, and BrO vertical pro- , 5 g \MaCHY OCIO and NO 5 from nadir

files are retrieved using their differential absorption struc- measurements

ture in the spectral ranges 420-470nm and 338-356.2 nm,

respectively. . SCIAMACHY nadir observations have been analysed for
Allthese retrievals use an upper-atmosphere reference tafthc g and NG slant columns retrieved by DOAS (sBéatt
gent height to normalise the limb radiance at a given tangen§ g4 applied to the measurements of the upwelling radiation
height in order to reduce the influence of the solar Fraun-,,, space (seBurrows et al, 2011 and references therein).
hofer lines, any errors in instrument radiometric calibration o analysis performed here closely follows the approach

and radiation scattered in the lower troposphere or reflectedioqcriped irRichter et al(2005 applied to GOME data.
from the underlying surface. The position of the reference

tangent heights is optimised individually for each species and

www.atmos-chem-phys.net/14/3247/2014/ Atmos. Chem. Phys., 14, 382776 2014
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The OCIO molecule, which undergoes rapid photolysis25°. This difference in scattering angles required a minor
during daytime, achieves its largest concentrations at nighbptimisation of the PSC detection threshold applied to the
and thus is best measured during twilight in nadir sounding.vertical gradients of the colour-index ratio. For the analyses
In addition, the OCIO amount changes rapidly along the pathpresented here a threshold valu® ef1.45 is used. More de-
of electromagnetic radiation through the atmosphere and as &iled information on the PSC detection method can be found
function of the solar zenith angle (SZA). These changes cann von Savigny et al(20053.
be accounted for by simulations using radiative transfer mod-
els (Hendrick et al. 2006 Oetjen et al.2011, and references 2.5 Ground based measurements

therein). However, for the assessment of change, an optimal

approach to evaluate changes in OCIO measurements is fground-based zenith sky observations made at Ny-Alesund
compare the data at a solar zenith angle of 9iis avoids ~ (/8-55 N, 11.55 E) have been used to retrieve OCIO and

any error in the conversion of slant to vertical columwig- ~ NOz2 slant columns using the DOA®latt 1994 method.

ner et al, 2002 Richter et al, 2009 and the relative changes The spectral window and related settings are similar to those

between years. For a quantitative comparison with modelsused with SCIAMACHY radiances for the retrieval of trace-

the radiative transfer effects need to be accounted for. gas slant columns. Here, as reference spectrum, a measure-
At large SZA, the intensity of electromagnetic radiation Ment at a small solar zenith angle is used: the SZA being
leaving the top of the atmosphere is small and individualYPically about 86. For more details seBetjen et al(2011).
measurements of OCIO, retrieved from SCIAMACHY ob-
servations, have a relatively low signal to noise and thu

relatively large retrieval errors. By averaging over the mea- consistent, consolidated and mergeg @tal column

surements made at SZAs between 89 arfdtBé error and 515 set, retrieved from the nadir measurements made by
resultant scatter is reduced. This approach has been valizoMmE SCIAMACHY (Bracher et a].2005 and GOME-2
datgd by comparison with ground-based zenitr_]—sky Obser(Coldewey-EgberS et al2005 Weber et al. 2005, called
vations, where very good agreement was obtaif@etjen iy short the GSG data set, has been compiled at NVE- (
etal, 2013). _ - ber et al, 2007. In the GSG data set the SCIAMACHY
NO; is also photolysed by uItr_aonet r_ad_lat|on but the (2002-2012) and the well-validated GOME data record
changes along the path of ultraviolet radiation are smaller, 1995-2011) have been used to normalise the data sets by a
than those for OCIO and vertical columns can be determineqy,q 4, scaling factor (GOME-2 and SCIAMACHY) and trend

using lappropriate air mass factors. However, to be ConSis(SCIAMACHY only) in the monthly mean zonal mean ra-
tent with the OCIO observations, N@olumns are also anal- o Using the selection criterion of maximum global sam-

ysed around a SZA of 90 This approach has the additional pling, the GSG data set is then composed of GOME from

advantage of a much reduced sensitivity to the lower atmo-1 995 to June 2003, SCIAMACHY from 2003 to 2006 and
sphere, minimising any potential impact of tropospheric pol- GoME-2 after 2006. This data set has already been used in
lution in the Arctic. other related studiex{esewetter et a]2010a b). Data are
) o available fromhttp://www.iup.uni-bremen.de/gome/wfdoas
2.4 SCIAMACHY PSC detection description Another long-term data set is the merged SBUV/TOMS/OMI
) i ) O3 data set (Mod V8http://acdb-ext.gsfc.nasa.gov/Data_
SCIAMACHY  provides profile measurements of limb- genices/mergadhat extends from 1978 to presestélarski

scattered solar radiation. From the profiles at 750 and,.q4 Frith 2006. It agrees within 2 % with the GSG data set
1090 nm we construct a colour index, which is used in COM-\yhen comparing monthly mean zonal means.

bination with a defined threshold to detect PSC. As shown in

von Savigny et al(20053 the retrievals are robust. For al- 2.7 Chemical ozone loss calculation

most all of the detections of PSC the ECMWF temperature

at the location and altitude of the detected PSC is consisThe chemical ozone loss has been calculated using ozone

tent with the known PSC temperature formation threshold ofprofiles retrieved in the polar vortex. This approach has

about 195-198 K. The current PSC detection scheme doelseen explained in more detail dyichmann et al(2002.

not allow one to distinguish between different PSC types. The method has been adapted to SCIAMACHY ozone limb
In von Savigny et al(20053 only PSC observations in profiles using meteorological data from the UK Met Of-

the Southern Hemisphere were analysed, while in this studyice (UKMO) for the determination of the vortex edge and

we show results obtained from SCIAMACHY measurementsthe calculation of diabatic descent rate3okaew et al.

in the Northern Hemisphere for the first time. In contrast to 2013. Retrieved SCIAMACHY ozone number density pro-

the southern hemispheric observations with scattering anglefiles were converted to volume mixing ratios and interpolated

of up to 160, the northern hemispheric SCIAMACHY limb- to isentropic levels between 425 and 600K using UKMO

scatter observations — particularly at high latitudes — are assaneteorological data. The potential vorticity is used to select

ciated with relatively small scattering angles as low as abouthe SCIAMACHY measurements made inside the vortex.

S2.6 Long-term total column ozone data set
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According toNash et al(1996), the polar vortex boundary is 2.8 Chemistry transport model
determined by a modified potential vorticity value of 38 PVU
(1PVU = 1x 1078 Km?kg~1s™1), which was also used in For this study, an isentropic three-dimensional CTM with
the study ofSonkaew et al(2013, where polar ozone losses 29 levels between 330 and 2700K (about 10-55km) and a
during the first 7 years of SCIAMACHY limb observations horizontal resolution of 2%5x 3.75 in latitude and Iongi-
were examined. All SCIAMACHY limb profiles with a PV tude has been use8iinhuber et a]2003 Aschmann et a/.
above that value are averaged to give a daily vortex mean2009 2011). The model is driven by horizontal wind fields
Additionally, heating rates calculated with the MIDRAD ra- and temperature, provided by the ERA-Interim reanalysis of
diative transfer modelShine 1987 are used to infer the the ECMWF. The chemistry scheme comprises 59 tracers
diabatic descent rate for each measurement. These are algdd about 180 gas-phase, heterogeneous and photochemical
averaged to give a vortex-mean diabatic descent. From théeactions and is an extended version of the SLIMCAT model
vortex-mean diabatic descent, the dynamical ozone supplyiescribed byChipperfield (1999. Updates and improve-
to the vortex-mean ozone at a given isentropic level is calcuments of the model set-up have been reporte8imnhuber
lated. At the end of the winter—spring the sum of the “mea-€t al. (2003 and Winkler et al.(2008. Reaction rates and
sured” ozone loss (observed ozone difference between star@bsorption cross sections are taken from the Jet Propulsion
ing date and end date) and the accumulated dynamical supph@boratory recommendationS¢nder et a/.2006 and up-
yields the net chemical ozone loss at a given isentrope. Meadates). An equilibrium treatment of polar stratospheric cloud
surements of optica| spectrometers such as SC|AMACHY,f0rmatiOI’], including |IQUId aerosols, solid nitric acid trihy—
GOME, or GOME-2 are made only in sunlit parts of the vor- drate and ice particles is implemented within the model.
tex. The coverage of the vortex at the beginning of the year The model run used in this study is a continuation of
after the sun comes back to the polar regions is thus somethe original 21 year integration presentedischmann et al.
what sparse. Closer to the end of the vortex lifetime in early(2011). However, unlike the previous runs the vertical trans-
spring, parts of the vortex are observed more than once durport is derived from interactively calculated diabatic heating
ing 1 day and the vortex can also be probed at different lo-rates using the MIDRAD schem&lging 1987). Identical to
cal times. While the local time of the SCIAMACHY mea- Aschmann et al(2011), the model contains an additional
surements inside the Arctic polar vortex is close to 11:00 LTS pptv of very short-lived bromine source gases. The model
(|oca| time) in ‘]anuary, it Changes during winter and Springintegrations started in June 2009/2010, running until Aprll of
and can reach to around 19:00 LT at the beginning of Aprilthe next year.
for measurements near the pole. This is not considered to be T0 estimate ozone loss, we added an additional quasi-
a limitation for the determination of the ozone loss, as thepassive ozone tracer, which is initialised with the standard
diurnal variation of @ within the vortex at a given potential 0zone tracer. This is not completely passive but uses an
temperature is negligible. This is not the case for the interpre2dapted version of the linearised chemistry scheme LINOZ
tation of the NQ and BrO within the vortex as these species (McLinden et al, 2000 Kiesewetter et a].20109. This is
have significant diurnal variations. to capture the impact of the large-scale ozone photochem-
In addition to the vortex boundary criteria to select the istry independently from the main chemistry scheme. As the
measured profiles for vortex averaging, we consider onlylinearised scheme does not contain any parametrisation for
measurements made south of 80 This is done in orderto  heterogeneous chemistry, the difference between the quasi-
retain accuracy with respective model estimates, because tHassive and the standard ozone tracer reveals the desired in-
local time of SCIAMACHY overpass in the model is a grid formation about the chemical loss caused by heterogeneous
cell average that is becoming unprecise near the poles. Thigultiphase processes. Similarly to the approach used to infer
additional selection ensures that calculated vortex averageéortex-averaged ozone loss from SCIAMACHY limb mea-
are Compared under approximate|y similar conditions. surements, for the calculation of model vortex averages only
Unlike Oz, BrO and NQ fields have in comparison rel- those grid cells are taken into account where the modified po-
atively strong diurnal variations or dependence on SZA, intential vorticity exceeds 38 PVU at latitudes south of BQ
sunlit polar vortex conditions. SCIAMACHY measurements and where the solar zenith angle is between 75 arido@8
are moving closer to the pole during the course of the winter-Jocal time of SCIAMACHY overpass.
spring period because of the rising sun. Thus springtime vor- As the model does not explicitly cover the domain below
tex averages may be compiled from different local times, asLOkm, we use a static monthly mean zonal mean climatol-
for the higher latitudes there are 2—3 orbits crossing the sam@gy (Fortuin and Keldgr1998 to calculate the tropospheric
geolocation. Even if the overall number of profiles consid- contribution to total column ozone.
ered in the averages steadily increases with time, making the
vortex averages more representative, the uncertainty of the
inferred vortex-average BrO and N@ime series increase
by 5-15 % when the vortex weakens during polar spring.
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Fig. 1. Polar stereographic maps of mean Arctic total ozone iné
March as obtained from the GSG data set, containing observag -
tions from GOME (1996—2003), SCIAMACHY (2003-2006) and & 3007
GOME-2 (2007-2012). The Arctic spring 2010 is a year with un- g
usually high ozone levels representative of a warm Arctic winter— g [
spring season, while 2011 low ozone levels are the result from éE 250 ="
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A compilation of total ozone observations from GOME Fig. 2. Evolution of Arctic total ozone in the GSG data set for
P various cold winters with severe ozone losses since 1@9%rea

(1995-2002), SCIAMACHY (2003-2006) and GOME-2 weighted mean an¢b) the minimum total ozone as obtained from

(2007-2012) over the Arctic shows that ozone patterns inpe GSG data set north of 581. Coloured lines show time-series
March 2011 are similar to those in 1997 (FI. This can  of individual Arctic winters as indicated. The solid black line is the
also be seen from the daily time series of polar cap 0zonenean of all years in the 16 year data record (1995-2010). The dot-
(i.e. area weighted and averaged over latitudes(® N; ted line shows the maximum and minimum value observed during
Fig. 2a, b), which closely follow each other in these 2 years. the entire data record.
Polar cap mean ozone (Figa) was at a record low by day
80 (end of March) in 1997 and 2011. Minimum polar ozone
(Fig. 2b) was at a record low (close to 220 DU) in March
2011 and remained unusually low until early April. Through- tween autumn 2010 and spring 2011 was among the lowest
out March 2011 it was the lowest in the 15 year data recordn the NH (see alsblurwitz et al, 2011), but was still higher
of the GSG data set. than typically seen in respective seasons in the SH, including
The variability in Arctic ozone evident from the compact the perturbed Antarctic vortex in winter 2002 (evgn Savi-
relationship between the extra-tropical September-to-Marctgny et al, 2005h. As a result, ozone transport from its source
mean eddy heat flux, a measure of wave forcing of the winteregions in the tropical stratosphere into the mid- and high
residual circulation, and spring-to-fall polar cap ozone ratio, latitudes of the Northern Hemisphere was weaker between
is shown in Fig.3 (update fromWeber et al.2011). This autumn 2010 and spring 2011 than in other years, and polar
figure shows data from both hemispheres. Triangles are usestratospheric temperatures were lower, favouring conditions
for the Southern Hemisphere (SH), circles for the Northernfor large polar ozone loss. The Arctic winter 2009/2010, is
Hemisphere (NH). A spring-to-fall ratio larger than one in- located at the upper end of the range of winter planetary wave
dicates that ozone transport outweighs polar ozone loss (typactivity (Fig. 3). In this winter the Brewer—Dobson circula-
ically in the NH) and smaller than one that polar ozone losstion was particularly strong (coinciding with an extremely
dominates (typically in the SH). Planetary wave activity be- negative Arctic Oscillation phase) resulting in relatively high
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and as inferred from chemistry transport model calculations (right).
For GOME-2 the stratospheric column was obtained by subtracting
tropospheric ozone (climatological values) from the measured total

Fig. 3. Correlation between winter mean eddy heat flux and spring-
to-fall ozone ratio over the polar caps (update fréveber et al.
2011). Triangles are data from the SH; circles from the NH. The
winter mean eddy heat flux is calculated by averaging the monthlyozone'
mean eddy heat flux from 43 to 75separately, in each hemisphere

and average over the months September—March in the NH (for NH .
data) and March—September in the SH (for SH data). produces well the observed c-shape pattern of the high ozone

in the collar region and the low ozone over the northern
Atlantic and Europe.

temperatures and high ozone throughout the Bteifibrecht From GOME-2 total ozone the tropospheric ozone clima-

etal, 2011 Dornbrack et al.2012 Strahan et a]2013. tology py Fortuin and Kelde(_1998 was subtracted in order
to obtain a comparable partial ozone column for the strato-
3.2 Stratospheric column ozone in March 2010 sphere. The model's lower boundary coincides with the low-
and 2011 est altitude retrieved from SCIAMACHY limb-scatter ozone

measurements~(10 km), also the top of atmosphere is ap-
The consecutive winters 2010 and 2011 are good exampleproximately equal to the highest altitude for which ozone was
of largely varying ozone levels over the Arctic in the most re- retrieved from limb, so that these two data products do not
cent years. In winter—spring 2010, Arctic ozone was unusu-substantially differ in their vertical extent, hence their ver-
ally high, whereas a year later the so-far largest ozone lossical columns, as in Fig4, are directly comparable. With
over the Arctic was reported (e.guttippurath et al.201Q this in mind, and considering that ozone above 55km con-
Steinbrecht et gl201% Manney et al.2011 Strahan et al.  tributes to around 0.1 % or less to the total column, it turns
2013. Figure4 compares partial columns of mean strato- out that the model has an approximately 10 % positive bias in
spheric ozone in March 2010 and 2011 from SCIAMACHY the stratospheric ozone column, compared to SCIAMACHY
and GOME-2 with results from the isentropic CTM. In limb measurements. This bias is primarily reflected in high
March 2010 and 2011, ozone was maximum above the Nortlozone values over the landmasses north ¢fMiOIn con-
American and West Siberian landmasses. Minimum ozondrast, the model shows a good agreement with the data of
is found in March 2011 above the North Atlantic between the two instruments in regions where column ozone is low.
Greenland and Scandinavia, whereas in March 2010 miniSensitivity studies have shown that the modelled ozone col-
mum ozone is found over Scandinavia and north-eastern Eudamn in the 2 years may vary by approximately 10% de-
rope. In March 2010 total ozone was very high even neampending on the approach used to model the vertical trans-
the pole. This effect is attributed to the poleward meridional port of stratospheric trace constituents. Results presented in
transport of ozone-rich air from lower latitudes, because athis work are confined to model runs conducted with inter-
major warming in February 2010 initiated the breakdown of active heating rate calculations (MIDRAD), though apparent
the polar vortex (e.gKuttippurath et al. 2010 Dérnbrack  polar column ozone is larger than in simulations with pre-
etal, 20129. In 2011, the vortex was stable until mid-March, scribed ERA-Interim heating rates. The latter shows approx-
so that ozone was largely depleted north of approximatelyimately 10 % lower column ozone in the collar region be-
75° N. In particular with respect to GOME-2, the model re- tween 40 and 70N in both winter—spring periods. Although
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this agrees better with SCIAMACHY limb-measured column tropic level, whereas in the cold vortex 2011 the largest loss

ozone, modelled ozone profiles, respectively loss, are betis found below.

ter represented in the interactive model. The bias between In 2011, Q was as low as 0.5-1.5ppmv after 12 March

GOME-2 and SCIAMACHY can most likely be attributed to 2011 below the 550K isentropic level until the vortex be-

the relatively simple approach used to obtain a stratosphericame unstable and broke down. Differences in the vortex dy-

column from the measured GOME-2 total column. namics in the 2 years explain the obvious differences seen in
the ozone time series above 550 K. In 2010, when the vortex
was much weaker than in 2011, the variability in the ozone

4 Temporal development of @, NO, and BrO profiles is much larger. This is because the descent of air is
vortex averages stronger in weaker vorticeRpsenfield et al.1994), imply-
ing that the variability in the descent rates increases, and with
4.1 SCIAMACHY limb measurements it the variability of the descent of ozone from above. The

vortex-mean ozone time series highlights another not previ-
Individual chemical processes, governing ozone loss in thedusly investigated detail. This is a sudden reduction of ozone
Arctic stratosphere, are difficult to separate from dynami-down to 1.5ppmv or less, which occurred during an 8 day
cal processes, which largely determine the interannual variperiod, commencing 21 January 2011. This episode and its
ability of polar ozone and its synoptic day-to-day changes.origins are discussed in Segt.
In this section, we use SCIAMACHY limb observations to ~ As mentioned above, the temporal behaviour of the limb-
illustrate the temporal development of ozone and relatedneasured BrO vortex averages is relatively similar in these
chemical constituents in the winter—spring Arctic vortex in 2 years. There is a sharp decrease in the mixing ratios in
2010 and 2011, each being representative of a warm andpril of both years, which is more pronounced in 2011. This
cold Arctic winter stratosphere, respectively. Chemically in- transition also changes the vertical structure of the sampled
duced ozone loss is inferred from limb measured ozoneprofiles. During the winter months and during March, the

mixing-ratio profiles. profiles do not exhibit distinct vertical gradients, mixing-
ratios observed in April strongly increase from 7 to 12 pptv
4.1.1 Limb vortex averages between 500 and 650 K. Below the 500K isentropic level,

even lower mixing ratios of 3 pptv are found in April 2011.
Figure5 shows the temporal evolution of the vortex-averagedBoth characteristics are clearly linked to the weakening of
ozone mixing ratio from January to April 2010 and 2011 the vortex-mixing barrier in spring, allowing the meridional
on isentropes from 400 to 700K. This figure also depictsexchange of air from lower latitudes, where BrO mixing ra-
the evolution of the SCIAMACHY limb-scatter measured tios are smaller. An additional contribution comes from the
and vortex-averaged BrO and M@ixing ratios, two gases, marked seasonal cycle of BrO in the high- and mid-latitude
which are largely involved in the chemical cycles destroying stratosphere, which is strongly coupled to the seasonal cy-
ozone. As discussed previously, vortex averages have beerle in NO, (e.g. Richter et al. 1999. This is confirmed
calculated from limb profiles located inside the vortex. This by ground-based DOAS observations of BrO over Harestua
is where the modified potential vorticity on a given isentrope (60.22 N, 10.7% E; Theys et al. 2009 and the OSIRIS
is larger than 38 PVU. To reduce sampling differences to redimb-sounder on-board the Odin satellitél¢Linden et al,
spective model data, discussed in S4c®, we consider only  2010. The 2011 BrO time series also shows a transient re-
measurements south of 8 latitude. Additionally, averages duction in the mixing ratios during the second half of January
from less than 10 samples are excluded from the analysis2011 below the 525K isentrope, which correlates well with
As a result, the morphology of ozone and related specieshe transient reduction in the vortex-average ozone time se-
within the vortex until the end of April is well obtained as ries. This relationship is analysed in more detail in Séct.
shown. Although in late January 2010 a major stratospheric During polar night most of the stratospheric N@ con-
warming initiated the breakdown of the Arctic polar vortex, verted into reservoir species, mainlg®s and HNG. NOy,

it remained intact throughout Marchidn Hobe et a].2013. and hence N@ will be recycled when sunlight returns to the
Even in April 2010, we obtain clearly more than 10 samplespolar regions in late-winter and spring. This is clearly seen
on most occasions above the 475K isentrope. in the vortex-average NOmixing ratios from SCIAMACHY

The large ozone destruction in 2011 is obvious when comdimb measurements (Fi§). Below the 550 K isentrope, NO
paring the two ozone time series (Fif. top panels). In  mixing ratios are smaller than 0.1 ppbv throughout January.
contrast, the time series of the other two species, BrO and’he replenishment of vortex NGn winter—spring 2011 is
NO,, appear much more homogeneous and, in principlesubstantially delayed when compared to 2010 conditions.
do not differ distinctly between the 2 years. Inferred ozoneThis is because meridional exchange withNG@h air from
losses, shown in the bottom panels of Fig.develop in  mid-latitudes was suppressed by the strong polar vortex mix-
different altitude regions of the vortex. In the warm vortex ing barrier. Additionally, the descent of air from the upper
2010, ozone is decomposed mainly above the 550K isenstratosphere and mesosphere, wherg Onore abundant,
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Winter-Spring SCIAMACHY Limb Vortex Averaged VMR
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Fig. 5. Evolution of O3, BrO and NG in the lower stratospheric Arctic polar vortex during the first 4 months of 2010 (left column) and
2011 (right column), obtained from SCIAMACHY limb observations. Bottom panels show corresponding chemical ozone losses obtained
by using the method dEichmann 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 ahdvaies from less than 10 samples have not been
included and were blanked in the panels. Volume mixing ratios are colour shaded, black contour lines in the bottom panels denote relative
ozone loss as percentages.

was slower. Furthermore, in winter—spring 2011 the strongerage, which quickly recovered afterwards. It is known that
and persistent occurrence of PSC effectively denitrified thesuch rapid ozone reductions and subsequent recoveries are
Arctic stratosphere (e.fylanney et al.2011; Khosrawi et al, dominantly dynamical features, so-called “ozone mini-hole”
2012 Pommereau et al2013, also keeping the N@level events (e.gWeber et al.2002. In Sect.7 we discuss this in

low until the end of March 2011 (see also Se&tand®6). more detail.
Compared to the behaviour in 2010, in the warmer and
4.1.2 Inferred ozone loss weaker Arctic polar vortex ozone loss barely exceeded 20 %

below the 550K isentropic surface. Above, however, we in-
By applying the vortex-averaging methodkithmann etal.  fer an ozone depletion of up to 40% during spring 2010
(2002 to SCIAMACHY limb-scatter ozone profiles, we es- (rejative to values on the first day of the year). Due to the
timate the chemically induced ozone loss below the 550 Ksjower descent of air in the strong vortex 2010/2011, this up-
isentropic surface of up to 77% in April 2011, relative to per Jayer of ozone loss is located above the 650 K isentrope,
ozone values measured on the first day of the year (bottomyng hence, is barely visible in our analysis. Above the regions

panels of Fig.5). In the short period between 21 and 29 \yhere halogen-driven catalytic cycles remove ozoney NO
January 2011, we infer an ozone reduction of 60 %, on av-
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photochemistry is predominantly responsible for ozone de-+his study Sinnhuber et al.2003 Aschmann et al.2011),
pletion Osterman et al1997). This process is stronger dur- but differently initialised and driven by meteorology from the
ing warm winter years, when the vortex is weaker, becauseECMWF operational analysiSinnhuber et al(2011) also
less denitrification on fewer PSC is taking place. Air from the showed that MIPAS ozone at the 475 K isentropic surface
upper stratosphere is descending faster and the lateral mixeduced to 1.5 ppmv in early April 2011, which is rather at
ing of NOy-rich air from mid-latitudes is more likely than the upper end of our estimate. These values are consistent
in cold winter—spring periods, when the vortex mixing bar- with those discussed bylanney et al(2011), who inferred
rier is much strongeiRosenfield et al 1994 Konopka etal.  vortex-average column ozone deficits-efl20 DU in late-
2007). As shown e.g. bysonkaew et al(2013 and Kulttip- March from MLS observations. Also for MLEuttippurath
purath et al(2010, these NQ-driven catalytic ozone losses et al. (2012 calculate a column loss of 115 DU over 350—
above the 550K isentropic level are frequently observed in550K, and 131 DU over 370-850 kKStrahan et al(2013
the Arctic polar stratosphere in late winter and spring. examined dynamical effects and chemical contributions from
Manney et al(2011) reported a chemically induced ozone MLS-observed ozone profiles in 2011 and report a vortex-
loss in the order of at least 2.5 ppmv between 470 and 550 Kaverage partial column loss of 8412 DU that originates
by end of March 2011 from Lagrangian chemical transportfrom halogenated catalytic cycles in the lower stratospheric
model studies and ozone measurements from Aura/MLS andolumn between~ 370 and 550 K. For 201®uttippurath
the March network of ozonesondes. This number is consiset al. (2010 infers a 42 DU column ozone loss from MLS
tent with our estimate, which is 2.5-3 ppmv at the end ofbetween 350 and 550K, and 60 DU between 350 and 850 K.
March. Our SCIAMACHY-based loss estimate, however, is The latter value corresponds to the cumulative column ozone
slightly (0.5ppmv) lower above 525K as that bfanney  loss of 79 DU that was reported hyohltmann et al(2013
et al.(2011). The onset of the catalytic 0zone destruction oc- also for MLS in the stratosphere above 350 K.
curs around 1 February 2011 in both studigsttippurath Uncertainties in the ozone loss inferred from SCIA-
et al.(2012 report a vortex-average ozone loss of 2.4 ppmvMACHY limb observations are primarily attributed to the
over 370-850K in late March and early April 2011 from rather idealistic assumptions about transport processes in-
MLS, also using the passive trace technique aslanney  side the vortex, which do not take mixing processes along
et al.(2011) but simulated by a different CTMArnone etal.  its edge into account. As a consequence, ozone loss may be
(2012 reported vortex-averaged ozone reductions down tocoverestimated, as e.g. shown Byool? et al(2008 for the
0.6 ppmv in early April 2011 at 18 kn~(430 K) from MI- moderately cold Arctic winter—spring 2002/2003. This may
PAS aboard Envisat, in good agreement with our data. Then particular affect loss estimates in the lowest regions of
corresponding ozone loss also match our estimates, althougie vortex where the permeability of the boundary is larger
based on a different method, taking correlative MIPASON  (Manney et al.1994). Singleton et al(2005 noted a similar
observations into account. discrepancy of the vortex-average method related to the oc-
Kuttippurath et al.(2010 and Wohltmann et al.(2013 currence of sudden stratospheric warming events, which sub-
show comparable ozone loss morphologies from MLS forstantially dilute air inside the vortex remnants (eManney
winter—spring 2009/2010 and infer maximum ozone loss ofet al, 2008 Konopka et al. 2007. Sonkaew et al2013,
0.9ppmv at 475K and- 0.94 ppmv (with a maximum loss however, showed that the vortex-averaging method applied
of 1.9 ppmv at 600 K), respectively. Compared to our timeto SCIAMACHY limb observations succeeded in deliver-
series of vortex-average ozone loss in 2010, which has a dishg ozone loss estimates similar to those inferred from other
tinctly layered structureKuttippurath et al. (2010 show a  instruments in warmer and dynamically more active Arc-
relatively homogeneous ozone loss over a broad range dfic winters. Uncertainty in the computed daily change in
isentropes from around 450 K to well above 700 K after mid- ozone arises from assumptions and uncertainties in the com-
January 2010. Our estimate of N@zone catalytic loss is puted diabatic descent over the sampling points. However,
about a factor of two larger than in their study. the largest error source in vortex-average accumulated ozone
Reported column ozone losses over the Arctic in Marchloss is the deviation of the observed daily o0zone mixing ratios
and April of the 2 years vary depending on the definition at the sampling points, as demonstrateddishmann et al.
of the vertical column and the areal averages. Monthly av-(2002 andSonkaew et al2013 for the cold Arctic winters
erages from the SCIAMACHY limb sounder have been dis-1999/2000 and 2004/2005. Since the deviation of the mea-
cussed already in Se8.in comparison to GOME-2 and the surements is clearly associated with the number of samples
CTM. Some recent studies attempted also to infer the chemwithin the sunlit area of the vortex, the uncertainty in the loss
ical contribution to total and/or partial ozone loss observa-estimate decreases as the number of measurements increases
tions. Sinnhuber et al(201)) inferred a column ozone loss during the course of the winter and spring.
of up to 120 DU towards end of April 2011 from MIPAS ob-
servations over 380-550 K. These values are principally con-
firmed by corresponding model simulations conducted with
an isentropic CTM having a similar set-up to ours used in
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2011 Winter-Spring SCIAMACHY Occultation VMR Inside Vortex limb and solar-occultation measurements. The vortex edge is
o 5 approximately at 38 PVU, here indicated by yellow contour
e +° shades. Occultation measurements are indicated by the larger
g 35 circles, limb measurements are the smaller dots. White limb
E, 28 dots mark measured profiles outside the vortex, those used in
g 15 the vortex averages are marked in black. On 23 February the
3 o Oos vortex is nearly concentric and close to the pole (stable vor-

TJAN 150AN 1FEB 1SFEB 1MAR 15MAR 1APR 15APR ppmy tex). On this day only four solar-occultation profiles, from
o 24 locations over central Siberia contribute to the time-series
X 22 . . . — .
e 20 shown in Fig.6, compared to 130 profiles in limb-scattering
g 1e geometry. On 15 April, the situation is very different. The
5 In vortex is largely displaced towards central Siberia, stretching

down to regions over south-eastern Europe. During that day
i most limb profiles are concentrated near the pole, thus only a
1JAN 15JAN 1FEB 15FEB  1MAR 15MAR 1APR 15APR pptv few limb profiles capture the vortex region south of RO In
that case five solar-occultation profiles lie within the vortex,
and not necessarily close to its edge as on 23 February 2011.
It is important for comparing the constructed solar-

occultation measured BrO- and M®ortex averages with
the limb observation results (Fi®) that the local time of

: ‘ ; ‘ ‘ ‘ : » the solar-occultation measurement is quite different from the
TJAN 15JAN  1FEB 15FEB  1MAR 15MAR 1APR 15APR ppbY limb measurement. Both gases have a strong diurnal cy-
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local sunset so that we cannot rule out that the obtained

" ‘ , ‘ ‘ ‘ ‘ ‘ vortex-averaged time series of the two gases may illus-
e e e e e S trate a different state of the vortex with respect to daytime
e i i s e P I .
3 gg“‘“**'mw limb measurements.

1JAN 15JAN 1FEB 15FEB 1MAR 15MAR 1APR 15APR Since occultation measurements are performed during lo-

Day in 2011 cal sunset when much of the daytime BrO has already

Fig. 6. Evolution of O3, BrO and NG in the lower stratospheric ~P€en partitioned into nighttime reservoir species (mainly
Arctic polar vortex from 1 January 2011 to 30 April 2011 ob- BrONG;), we would expect to retrieve lower BrO mixing
tained from SCIAMACHY solar-occultation observations. Only ratios from solar-occultation measurements and higher mix-
measurements within the polar vortex (modified potential vorticity ing ratios from limb measurements. On the contrary, Big.
> 38 PVU) are considered. The number of respective occultationshows larger mixing ratios in BrO and also in Bl@ompared
measurements inside and outside the vortex, as well as the latitudgy imb (Fig. 5). Oz mixing ratios are only slightly larger
of mgasurement, are shown in the bottom panels. Note the differenypyoyve the 625 K isentrope-(25 km). This quantitative dis-
plotting range of BrO and Nf)compared to limb and model vortex 54 eement arises from the above-mentioned spatio-temporal
averages (Figs, 8). sampling differences of the two methods. In the latitudinal
belt of the NH, where the occultation measurements are per-
formed, stratospheric column amounts of the three species
4.2 SCIAMACHY solar-occultation measurements are larger than further poleward in the period we analysed
(e.g. Sinnhuber et a).2002 McLinden et al, 201Q Theys
To complement our results obtained from the limb-scatteret al, 2011, so that the average from all profiles sampled
measurements shown in Fig, we retrieved @, BrO, and  within the vortex is inherently larger than that of respective
NO; profiles from SCIAMACHY solar-occultation measure- limb measurements.
ments (Fig.6). As for limb profiles, in our analysis we con- Qualitatively, the temporal evolution of the time series
sider only those occultation profiles located within the vor- obtained from limb-scatter and solar-occultation measure-
tex. Since solar-occultation measurements were performedients are quite similar, but we identify also interesting dif-
at different local times (sunset around 18:00 LT, comparedferences: (i) although compared to limb vortex averages, the
to morning local time around 10:00 LT for limb geometry), variability of the shown occultation-measured mixing ratios
the respective vortex averages are obtained from different geis larger in the upper layers (above 550 K) and also during
olocations compared to the limb data. This is demonstratedpring when the large ozone loss occurs, we cannot infer the
clearly in Fig.7, which shows 475 K potential vorticity maps low ozone period commencing 21 January 2011 in the oc-
for 2 days during winter 2011 together with geolocations of cultation time series below 550 K. However, noticeably low
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2011/02/23 our model calculations (Seet.3, Fig. 8). The decline of the
BrO mixing ratios begins at the bottom of the vortex and pro-
ceeds upwards into the middle stratosphere, where BrO is rel-
atively insensitive to seasonal variations in the stratospheric
NO, abundance (e.gMcLinden et al, 2010. This is a ro-
bust feature of the BrO seasonal cycle in the high-latitude po-
lar stratosphere, shifting the photochemical equilibrium from
BrO towards BrONQ between spring and autumn. A similar
behaviour has been inferred from ground-based DOAS mea-
surements (e.@ichter et al.1999 Theys et al.2009, limb-
scatter measured BrO profiles from the OSIRIS instrument
(McLinden et al, 2010, and is also consistent with studies
of the BASCOE CTM on the total inorganic bromine budget
of the stratosphererfieys et al.2009.

Although from a photochemical point of view, the strong
anticorrelation between BrO and N@s better captured by
the solar-occultation time series, sampling issues limit the
representativeness of the method to capture the composi-
tional mean state of the Arctic polar vortex. However, solar-
occultation measurements have a high signal-to-noise ratio
and many potential instrumental effects cancel in the ratio
used to calculate the measured transmission.

4.3 Reproducing limb observations using a CTM
4.3.1 Modelled vortex averages

From the stratospheric isentropic CTM we constructed vor-
tex averages for § BrO and NQ in a similar way as for

the limb observations (Fig8). For each isentropic model
Fig. 7. Polar stereographic projection of the UKMO potential vor- level between 419 and 662K we averaged only those grid
ticity at the 475K isentrope. It also depicts the location of SCIA- cells south of 89N where the modified PV was larger than
MACHY limb measurements (small dots) in comparison to SCIA- 38 PVU (indicating the vortex edge) and the solar zenith an-
MACHY solar-occultation measurements (large dots), relative togle during SCIAMACHY overpass was between 75 antl 88
the location and shape of the polar.vortex on 2.days in winter-springag seen in Fig8, the timing of the onset of decreasing ozone
2011. The edge of the polar vortex is at approximately 38 PVU mod-iyi 1 ratios as well as layers where this decrease occurs, i.e.
ified potential vorticity. On 23 February (top), around the onset of below the 550K isentropic surface, are well reproduced in

the chemical ozone depletion, the vortex had an almost circumpola&oj_l H d below 1.5 1 K i
shape whereas on 15 April 2011 (bottom) it was highly distorted and’ - FlOWever, 0zone arops below L. ppmv week earlier
in the model, around 5 March. In comparison, the observa-

shifted towards the Eurasian continent. Measurements lying within', ]
the vortex are shaded black, locations outside are shaded whitdions show this around 12_ March 2011 (@-Abo\/e 5_5O_K:
To better differentiate between limb and solar-occultation measurethe CTM tends to overestimate ozone mixing ratios inside the

ments outside the vortex, the latter are coated black. vortex. The period of low @ below 550K in mid-January
2011 is not well reproduced in the CTM, which is discussed
in more detail in Secf7.3. The situation in 2010 is well re-
O3 mixing ratios are seen at the 400K isentropic surfaceproduced by the model, though with a weaker variability.
also in January and February 2011. These sporadically oc- It can be seen from Figg and 8 that the model vortex
curring events may be caused by mixing processes across ttaerages of BrO and Nfare biased low in both years com-
vortex boundary (limb data were not processed at this isenpared to SCIAMACHY limb observations. For BrO, this low
trope) or are effects introduced by the sparse data samplingias is most pronounced at lower isentropes. Also, the daily
in the vicinity of the vortex boundary. (ii) In the occulta- variability of the model BrO time series is much weaker than
tion time series, we observe also a strong anticorrelation bein the limb observations.
tween BrO and N@during the temporal evolution of the vor- ~ With the return of sunlight, polar N£is converted from
tex. The BrO abundance decreases from the end of Januaits reservoir species MDs. Although the timing of the on-
2011 at approximately the same rate as the[dBundance set of this photochemical regeneration is well reproduced
in the vortex increases. A similar behaviour is also seen inby the CTM, the general low bias in the model N@oes
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Winter-Spring CTM Vortex Averaged VMR
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Fig. 8. As in Fig.5, except for the 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.

not account for the return of springtime polar N@vels as  4.3.2 Modelled ozone loss

seen in the limb vortex averages. In April 2011, the CTM

shows approximately half of the NOmeasured by SCIA- . " .
MACHY [I)i[r)nb but inyApriI 2010 the low bias is ?/ess dis- In the model, polar ozone loss is quantified as the dif-
tinct and in th’e order of a third. The lower NGnixing ra- ference between the modelled, chemically fully interactive
tios in 2011 shift the chemical equilibrium of the formation ozone and a quasi-passive ozone tracer (LINOZ linearised

reaction of bromine nitrate (BrON( towards BrO, so that chemistry without heterogeneous reactions). Resulting ozone

the modelled vortex-average BrO abundance in 2011 is 1—{?1252;5;3’3'3 %‘ﬁgg gre]msegsl) A?\L;eACI:an(Oﬁr?qk? ?;ii?frgtmvgrt:s
2 I h Ki han in 2010. It also, _. . .
pptv farger above the S00K isentrope than in 2010. It also Fig. 5, bottom panels) below the 550K isentropic surface.

delays the decrease in the BrO mixing ratios, compared t . .
2010 conditions. A similar gradual decrease is not seen in elative to SCIAMACHY, the modelled ozone loss is over-

. . on i . .
the limb time series. In contrast, limb-measured BrO is highes“mated approximately 5% in April 2011. In contrast, in

i i — 0,
in February and March of both years, and decreases rel2010 the model ozone loss is underestimated by 10-20%

tively rapidly, within approximately 1 week, when the vortex QL(erlng (;\/Iarch andd ]:Aptrll n th'? reglo?ﬁ Thi gglo halqgir;]-
becomes unstable. induced ozone deficit is no larger than 1.25ppmv in the

model, whereas from limb observations we infer a loss of
up to 1.5ppmv. However, the onset of the period when
ozone loss continuously exceeds 0.75 pptv is quite similar
in the model and limb data sets in 2010 (between 15 and
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17 February). However, in 2011 the CTM ozone degrades at &he onset of ozone loss in 2010 is seen at least 1 week ear-
significantly slower rate than that estimated from limb obser-lier in Kuttippurath et al.(2010, hence agrees well with
vations. Apart from the transient ozone reduction in Januantheir loss inferred from MLS profiles within the vortex, sim-
2011, SCIAMACHY ozone loss is permanently larger than ilar to our SCIAMACHY limb ozone loss estimates (Fk).

0.75 ppmv after 15 February at the 450 and 475 K isentropicThe 2010 modelled ozone loss Byohltmann et al(2013,
levels. After 20 February ozone loss is seen also at loweilso comparing to MLS, agrees well wikuttippurath et al.
isentropes. And in March 2011 it reached the 500K isen-(2010 and reaches 0.94 ppmv in the layer between 400 and
tropic level. On 21 February 2011 we infer a temporally max- 550 K. Even though th&/ohltmann et al(2013 model ex-
imum loss of 2.5 ppmv. In the CTM simulation, however, a hibits a~ 5-10 % high bias in ozone mixing ratios in the al-
persistent ozone loss larger than 0.75 ppmv is found after 23itude region where PSC can form. However, in their model
February between 425 and 525 K. The region of largest losshe maximum ozone loss is 1.4 ppmv, slightly above 600 K,
above 2 ppmv is confined to the 425 and 475 K isentropes ifrom MLS they infer a maximum loss of 1.9 ppmv at 600 K.
April 2011 in the CTM simulations, whereas from limb ob- The authors claim that besides uncertainties in the modelling
servations we infer the largest loss between 450 and 500 Kof chemical processes their ozone loss bias is mainly at-
As mentioned above, relative to the simulated and observedributable to the dynamics of the modelled tracer advection,
ozone fields, the maximum ozone loss in 2011 is approxi-since both ozone loss estimates (CTM and MLS) rely on the
mately 5% larger in the CTM simulation. same modelled passive ozone fields.

One striking difference between the ozone loss from The morphology of the 2011 ozone loss as modelled by
SCIAMACHY and the CTM is the absence of the NO  Kuttippurath et al(2012) is also in agreement with our simu-
driven ozone decomposition layer above the 550 K isentropidation. Our model shows an approximately 0.35 ppmv larger
level in the model. This is not caused by the above-mentionedoss at the 450K isentrope only on five days in mid-April
general underestimation of polar N@ the CTM, itisrather ~ 2011. The onset of ozone loss larger than 0.5 ppmv around
an inherent effect of the approach used to infer ozone loss il February is found around 500K in theuttippurath et al.
the model. The loss due to N@ parametrised inthe LINOZ (2012 simulation. The onset in our simulation is rather lo-
scheme and thus impacts the linearised ozone tracer, whicbated at the lowest isentropes. Loss above 2 ppmv is simu-
represents the reference of the model’s loss estimate. Conséted by both models in the second half of March 2011 until
quently, due to the use of this pseudo-passive ozone tracethe end of April. But in our time series, the maximum loss
the layer of NQ related ozone loss cannot be determinedis not found above the 475K isentrope, as it is the case in
(Singleton et al.2009. As mentioned before, we discuss in the simulation oKuttippurath et al(2019. As discussed in
Sect.7.3why we do not infer the transient ozone reduction in Sect4.1.2 the 2011 ozone loss calculated®iynnhuber et al.
the second half of January 2011 from the model time serieg2011), utilising a CTM largely identical to ours, agrees well
of vortex-average ozone, although it is a distinctive feature inwith MIPAS observations. However, their loss, shown for the
the respective SCIAMACHY limb time series. 475K isentrope only, is about 10 % smaller than in our sim-

Our modelled ozone losses are consistent with other modalilation and that oKuttippurath et al(2012. Ozone loss re-
studies. Vertically resolved and vortex-averaged time seported byManney et al(2011) in their comprehensive anal-
ries of ozone and respective ozone losses have been showsis of 2011 Arctic winter conditions relies on passive ozone
by Kuttippurath et al.(2010 for the period 2004/2005- fields from a CTM (passive tracer subtraction technique) that
2009/2010Kuttippurath et al(2012 examined the winter- has been also used in the above-mentioned studi/diyit-
spring 2010/2011 in comparison to 1996/19%bhitmann  mann et al.(2013. In their paper,Manney et al.(2011)
et al.(2013 performed sensitivity studies of the halogen cat- showed the morphology of the MLS-inferred ozone loss but
alytic destruction of ozone in 2009/2010. All three studies not the respective morphology from the CTM simulation.
infer ozone loss from the fully passive tracer technique (see Differences between the simulated and observed ozone
Singleton et aJ.2005 for a review). It is noted that other loss are principally attributed to uncertainties in the measure-
studies on the severe Arctic ozone loss in 2011 also refements themselves, as discussed above. They may also relate
to model simulations. Most of them do not address height-(i) to uncertainties in modelling the ozone transport in the
resolving time series, and they are not discussed in more dewo ozone loss approaches, (ii) to an incomplete represen-
tail in the following. We refer the reader to Se8tabove, tation of ozone chemistry in the model, or (iii) arise from
where column ozone from our model is shown in relation tothe geographic sampling of the data. Data sampling differ-
SCIAMACHY limb observations and the climatology of the ences have been linked Bjngleton et al(2007) to overesti-
long-term GSG total ozone column data set. mated ozone loss in a CTM simulation of the 2004/2005 Arc-

The magnitude of our model ozone loss in the warmtic winter—spring (during that time the largest Arctic ozone
winter—spring 2009/2010 is in agreement Kaittippurath ~ loss recorded) in comparison to estimates from ozone profile
et al. (2010, except that the largest loss of 1-1.25 ppmv is observations from various satellite instruments. The authors
confined to isentropes below 550K. This results from thealso argued that model shortcomings in the reproduction
use of the pseudo-passive ozone tracer, as discussed abowé. synoptic-scale processes, in particular subsequently to

Atmos. Chem. Phys., 14, 3248276 2014 www.atmos-chem-phys.net/14/3247/2014/



R. Hommel et al.: The Arctic’s low ozone period 2011 3261

SCIAMACHY Limb - Above Arctic

Zonally Averaged PSC Occurrence Rate (60N-80N) PSC Altitude Variation
L L L Il 1 L L L L 1

0.4 4 30
2 —
[ £
0.3 4 =
£ g I 8 25 L
g ‘ ; =
3 0.2 - T \
8 O v
o b D 20
D 0.1 / s

R’
- - 15 L] L] L] L] L] L]

Jan1 Jan15 Feb1 Feb 15 Mar1 Mar 15 Apr1 Jan1 Jan15 Feb1 Feb15 Mar1 Mar15 Apr1
Date Date

Fig. 9. PSC occurrence raf@) and PSC altitud¢b) obtained from SCIAMACHY limb observations since 2003. For clarity reasons only
years with frequent PSC occurrences are displayed in the right panel.

stratospheric major or final warmings, may have impacted Another uncertainty exists in the modelling of processes
the magnitude of the simulated ozone loss. that are associated with the catalytic cycles removing ozone,

Our model vortex averages, and the calculated temporain particular chlorine activation and denitrificatiod/MO,
evolution of the inferred ozone losses, are also thought t®011). RecentlyWohltmann et al(2013 showed that such
reflect sampling differences in the illuminated areas of theuncertainties impact modelled column ozone loss by approx-
vortex. Because the local time of the SCIAMACHY over- imately 10%. Their study with the ATLAS model, a La-
pass is a discrete value in the model, it is resolved accordingrangian CTM, was performed for the comparatively warm
to its latitudinal resolution. This translates into a bias of the Arctic stratosphere in winter—spring 2009/2010. Respective
SZA, used as filter criterion to collect the data. Even if the deviations in the ozone loss profiles stay within 30% be-
model ozone profiles would perfectly match the observationgween the 471 and 507 K isentropic levels, but are shown for
inside the vortex, this deviation in the sampled area of thea single day only (30 March 2010). How deficiencies related
sunlit vortex region would induce a notable difference in the to chlorine activation and denitrification in our CTM may be
averaged values, in particular when distinct horizontal gra-responsible for an underestimation of ozone loss in one year
dients appear in the tracer fields. This source of uncertaintf{2010) and an overestimation in the other year (2011), can-
has also been noted Bex et al.(2006 in a comparison of not be explained by the findings @fohltmann et al(2013,
ozone loss estimates from various techniques, including thdecause in both years denitrification was much stronger than
vortex-average method, for the cold 2004/2005 Arctic winter.in other years of the past decade (&bosrawi et al, 2012,

The difference between model and “measured” ozone lossee Sects and6).
may also be explained by shortcomings of the model to re-
produce specific processes that determine the ozone vari-
ability in the Arctic stratosphere. It has been shown in sev->
eral studies that the externally driven large-scale horizonta

transport of tracers associated with the Brewer—Dobson cir-lr he meteorological conditions in the 2011 Arctic winter—

culation as well as the internally calculated vertical trans- P9 polar vortex favoured the formation of PSC. Figare

: shows the temporal evolution of the daily mean PSC oc-
port across isentropes are supposed to be captured well b

our CTM (e.g.Kiesewetter et al.2010h Aschmann et al durrence rate (left panel) and daily averaged PSC altitude
2009 2011). Both the observed interannual and the day—to-(rlght parjel) . both_m the.60 8N latitude range —for sev
T . eral Arctic winters including 2010/2011 from 1 January to
day variability of Arctic column ozone are well reproduced : . .
1 April as inferred from SCIAMACHY limb-scatter obser-

(see also Sect). Both ozone loss methods use the MIDRAD . S .

o : . .~ vations. The PSC occurrence rate is given by the ratio of
radiation scheme to calculate heating rates in order to simu- :

. S the number of SCIAMACHY measurements with PSC de-

late the vertical transport of ozone inside the polar vortex.

Therefore, differences in the rate of ozone descent rely Or%ectlons and the total number of measurements — on a given

: ) - ) . day and within a certain latitude range. The right panel in
differences in the driving meteorological fields and may have _. : . .
. . e ._Fig. 9 demonstrates the impressive PSC descent during the
an impact on the inferred ozone loss. A quantification of this

T : . course of winter-spring. This descent is not only attributed
bias is difficult and will be the subject for further study. to particle sedimentation, to a large extent it reflects the de-

scent of the lower stratospheric temperature minimum, as has

SCIAMACHY limb observations of PSC
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been demonstrated for the southern hemisphermhysavi- SCIAMACHY Nadir OCIO Slant Columns
gny et al.(20053. PSC altitudes derived from SCIAMACHY

correspond to PSC top altitudes, not to centroid altitudes. The >0 e
cloud thickness cannot be inferred using the method applied. 25 o = e

SCIAMACHY measured strong PSC occurrences in 2005, oo d — s
2008, 2010 and 2011, each with distinct characteristics of ' —

onset, daily variation, persistence and maximum occurrence

rates. Only in 2005 and 2011 did the observed PSC occur-

rence rates increase until 25 February. In 2005, no strong oc-

currences have been measured after that date. In 2011, PSC

persisted even well into March, unusually long for Arctic

conditions Manney et al. 2011 Arnone et al. 2012, but

after 25 February occurrence rates were significantly smaller Dec 1Dec 15 Jan 1Jan 15 Feb 1Feb 15 Mar 1Mar 15

and decreasing. The years 2005 and 2011 were also the only Date

2 years of the studied PSC record, when no major strato-

spheric warmings occurred and distorted the polar vortexFig. 10. SCIAMACHY nadir observations of OCIO slant columns

during winter Kuttippurath and Nikulin 2012 Khosrawi  Since winter 2002/2003 at 9G5ZA. CTM calculations for winter—

et al, 2012, so that PSC could develop rather continuously. spring 2010{2011 are shown as red circles and were samplefl at 90

In contrast, in the other years of the record major warm-SZA atthe time of SCIAMACHY overpass.

ings significantly impacted the spatio-temporal development

(S)Irg:]e Arctic polar vortex. While in 2005, 2008, a nd 2010 Wd\/lo, 2011 and respective polar vortex volumes from re-
gest PSC occurrences have been detected in the secon . .

half of January, in 2011 we found the strongest occurrencegnalyS's data. Furthermore, the CALIOP instrument also pro-

before 12 January and in the second half of February. AI—VIOIes information about the PSC type, which cannot be de-

though the maximum occurrence rates in 2005, 2008, anéermmed with our approach relying on SCIAMACHY limb

: measured colour indices. However, our PSC observations
2010 were about 20% larger than the maximum rates ob- "~ . .
: . in winter—spring 2010 and 2011 correlate well with the de-
served in 2011, the overall amount of PSC formed during the .
. crease in the polar HN§ and NbO abundances, as measured

winter before, with the consequence that denitrification of%y Aura/MLS and Odin/SMRKhosrawi et al. 2011 2012

the Arctic stratosphere was the strongest recorded in the lasl\{lanney et al. 2011 There is no dOUbt. that dgnltrlf|cat|on
; LY L played a large role for the ozone loss in 2011; however, re-
decade Khosrawi et al. 2012. This is interesting insofar,
N : cently, Strahan et al(2013 argued that the unexpected dy-
as denitrification was already on a record high the year be-"_ . I
. . _namical situation of the polar stratosphere may be account-
fore, even though the winter 2009/2010 has been classified as, . : :
X ) . N able for around one-third of the ozone destroyed in the Arctic
rather warm in a climatological sense (egrnbrack et al. . :
) . vortex in March and April 2011.
2012. However, exceptionally low temperatures in the Arc-
tic stratosphere from mid-December 2009 to mid-January
2010 fostered the formation of PSC for 1 monkhpsrawi g scIAMACHY nadir measurements and
etal, 201]). _ ground-based DOAS measurements
Since SCIAMACHY measurements depend on sunlight,
the variability of the measured PSC occurrence rates in Jang.1  Chlorine activation
uary may be attributable to reduced illumination conditions
and the associated reduced sampling of SCIAMACHY limb While OCIO is not directly involved in ozone depletion, it
measurements inside the polar vortex. Furthermore, one caris formed by reaction of BrO and CIO which are both key
not deduce the exact onset of the PSC season in each wirsubstances in catalytic ozone removal. While BrO concentra-
ter. The spaceborne CALIOP lidar, for instance, first indi- tions do not vary strongly from year to year, ClO concentra-
cated PSC in the 2009/2010 winter on 15 December 2009ions do, making OCIO an indicator for chlorine activation.
(Khosrawi et al. 2011). In the following winter, the first As shown in Fig10, OCIO slant columns at 966ZA from
PSC have been identified by the instrument on 23 DecemSCIAMACHY nadir measurements vary strongly from year
ber 2010 Khosrawi et al.2012. Arnone et al(2012 report  to year. After an initial increase in mid-December, the values
significant PSC occurrences even at the beginning and in theemain elevated in January and then decrease up to the end of
second half of December 2010 from MIPAS/Envisat obser-the observation period in mid-March. This is wher? S¥A
vations. Despite the above-mentioned limitatioBepnkaew  measurements are no longer available in the ascending part
et al. (2013 emphasised the high correlation between theof the orbits. In some years, OCIO levels remain elevated up
February mean SCIAMACHY PSC occurrence rates andto the beginning of March, while in other years, activation
PSC volume estimates from other studiBeX et al, 2006 already ends in January. The cold winter in 2010/2011 was

—_
(¢)]

—_
o

o
[

OCIO SC@90° SZA [10" molec cm?]

o
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unigue in that OCIO values remained high until the end of ob- SCIAMACHY Nadir NO, Vertical Columns
servations, indicating persistent chlorine activation. The ob-
served large variability in OCIO columns is mainly explained
by interannual differences in chlorine activation, resulting
from differences in stratospheric temperatures and PSC for-
mation rates. Some additional variability is introduced by
the SCIAMACHY satellite observation method at°98ZA,
which is limited to specific latitude ranges for each day. De-
pending on the size and deformation of the polar vortex, this
can lead to differences in the sampling of the region with
activated chlorine.

Our OCIO measurements in 2011 are consistent with 0 I ] ] : ;
DOAS observations in Eureka (80, 68° W; Adams et al. Dec 1Dec 15 Jan 1Jan 15 Feb 1Feb 15 Mar 1Mar 15
2012. In general they also correspond to the low abun- Date
dances of the FTIR-measured chlorine reservoir species HCI
and CIONG as reported by indenmaier et al(2012) for Fig. 11. As in Fig. 10, except for vertical columns of Nfat 90
Eureka. Their compilation of measurements, going back to>ZA-

1997, also reveals the unique character of the 2011 winter—

spring, indicating an extensive and prolonged chlorine acpase. Usually, this removal is reversible as PSC evaporate,
tivation compared to any other year of the recoltinone ¢ it pSC sediment to lower altitudes, persistent denitrifi-
et al.(2012 report vertically resolved observations of vortex-

; X cation of some atmospheric layers can occur. The removal
average CION®, together with CIO at the 550K isentrope, o NO, s of particular importance for the length of strato-

both retrieved by a two-dimensional tomographic approachyperic chiorine activation as in its absence the formation of
from MIPAS. Although not directly comparable with our ,5ctive chlorine reservoirs is delayed.

datg, they also indicate strong and persistenF chlorineT acti- |n general, the variability in the N©columns is relatively
vatl_on throughout February and March 2011 in the altltudesma”, mainly because day length is the determining fac-
regions were PSC are formedanney et al(201]) reported 4 This is illustrated in Figll, where SCIAMACHY NG

ClO and HCI vortex averages for the 485K isentrope from .,;;mns are shown for a number of Arctic winters. The main
Aura/MLS for 2010/2011 in comparison to other years Sinceyiterence between individual years is the onset of the re-

2004/2005, as well as for 1995/1996 and 1996/1997 obtaineggovery of NG columns in spring, and no clear link between

from UARS/MLS. In 2011, the CIO mixing ratio strongly in-  years’with large chlorine activation and those with late on-

creased until the beginning of March, then declined moder4q; of NG increase is apparent. However, the cold winter

ately but remained elevated compared to all other years. This1 /2011 differs from all previous winters in the sense that
behaviour is different from that reported Bynone et al. increase in N@columns is observed until the end of the
(2012 for 550K, which shows a less steep gradient beforeypgarvation period (16 March 2011), and N@vels are at
March. Both studies infer that the partitioning of the active 5 ecord low for every single day after 15 February 2011. In
chlorine into its reservoirs began in early March. The MIPAS agreement with other satellite observations showrMay-
time series of CION@ shows a very strong increase after ney et al.(201) and Khosrawi et al.(2012, this indicates

15 March that coincides well with the decrease seen in thei, o+ in spring 2011 N@was removed from the lower Arc-

CIO. The increase of MLS-measured HCl is less distinct inyic siratosphere by large-scale denitrification, providing the
March 2011. However, both data sets are in good qualitative.qngitions for strong and persistent ozone depletion.
agreement with our OCIO nadir slant columns from SCIA-

MACHY, particularly with respect to the temporal evolution 6.3 DOAS measurements at Ny-Alesund
in 2011 and the interannual variability in the measurements.
Ground-based DOAS measurements above the NDACC
6.2 Vertical columns of NG, from SCIAMACHY nadir Koldewey station in Ny-Alesund (Spitsbergen/Svalbard,
measurements 78.55N, 11.55%E) have been carried out since 1995, and
data from winter—spring periods of 2005, 2008, and 2011
NO> is involved in both the catalytic destruction of ozone are shown exemplarily in Figl2. The time series confirm
and in the formation of reservoir species such as CIQNO that the winter—spring of 2011 was exceptional compared to
Daytime levels of N@ are mainly determined by day length, the other 2 years with strong chlorine activation. As already
which governs the partitioning between NO, N@nd its  seen in the SCIAMACHY observations (Figk0, 11), the
reservoirs, and to a lesser degree by temperature. During pavinter 2010/2011 was unique in that OCIO values remained
lar night, it is converted into pDs and HNG;, which can be  high until the end of observations shortly after 20 April. Sig-
incorporated into PSC and thereby be removed from the gasificant levels of OCIO well above the detection limit have
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Fig. 12. Ground-based measurementg@f OCIO slant columns an¢b) vertical columns of N@ in Ny-Alesund (78.58N, 11.5% E) at
90° SZA for winter—spring period of 2005, 2008, and 2011.

been observed until the beginning of April, indicating chlo- relatively thick layer of the vortex; (ii) to explain the sud-
rine activation about 4 weeks later into spring than in previ- den drop in the vortex ozone mixing ratios, respective daily
ous years. For N@the results are similar. The very low lev- ozone loss rates being attributable to halogens need to be
els indicate efficient denitrification and were seen from themore than 10 times larger than those reported for conditions
ground-based observations until April 2011 as well. leading to severe ozone depletion over the Arctic or Antarc-
Vertical columns of NQ are also reported for 2011 by tica; (iii) a chemical removal of ozone cannot be explained
Pommereau et a[2013 from the SAOZ network of UV— by ozone chemistry when a few days later ozone recovers at
visible spectrometers at high northern latitudes. They foundapproximately the same rate as it vanished; (iv) during the pe-
similar, low total-column amounts for sunrise and sunsetriod of low ozone, the mixing barrier encompassing the vor-
measurements inside the vortex until mid-March 2011. Theytex was strong and prevented exchange with surrounding air
also refer to a rapidly increasing NQ@liurnal cycle there- where ozone was more abundant. This implies that the origin
after that relates to the late onset of renoxification in 2011,0f the transient ozone reduction is different from the causes
which has not been inferred from the station measurementsf ozone loss later in spring. This transient ozone reduction,
in previous years. observed in the data products described above, has not been
discussed in other studies on the remarkable 2011 ozone loss
in the Arctic. This is probably because most of the previous
studies focussed on the ozone behaviour in spring keug.
witz et al, 2011, Manney et al.201% Sinnhuber et a]2011

The SCIAMACHY limb time series of vortex-averaged Arc- Balis et al, 2011 Amone et al, 2012 Kuttippurath et al.

tic ozone exhibits two periods of low ozone in the winter— 2013).

spring periods of 2011 (Fid, top right panel), as discussed

in Sect.4.1 In addition to the persistently strong halogen- 7.1 Observations and meteorological situation

related ozone depletion in March and April 2011, for sev-

eral days commencing 21 January 2011 ozone mixing rain Fig. 13 a 12 day sequence of nadir-measured GOME-2
tios in the Arctic polar vortex dropped on average to val- total ozone is shown, beginning on 20 January 2011, 1 day
ues less than 1.5 ppmv below the 500K isentropic surfacebefore low column ozone was observed over central Siberia
When the ozone loss, relative to values observed on the firstorth of Sakhalin island. This area of low ozone was cen-
day of year, is inferred from the ozone time series by thetred at approximately 14E, 63 N and had an initial ex-
vortex-averaging method, the January 2011 low ozone periodent of about 2000 knx 1000 km in longitude and latitude

is apparently also attributable to halogen-driven ozone de{or 1.4x10°km?). In the following 6 days the low ozone
pletion, similarly to the ozone loss in spring (Flg.bottom  area approximately doubled in size and moved westwards
panels). But despite the uncertainties in the ozone loss ratacross the Ural region. On 28 January it moved a few de-
estimation, for several reasons it seems unlikely that the Jangrees eastwards towards central Siberia, where it dissipated
uary 2011 ozone reduction is primarily caused by chemical2 days later. Thereafter, Arctic ozone replenished temporar-
processes: (i) although halogen activation is initiated readilyily until around 6 February. Vortex ozone again declined and
with the occurrence of first PSC, the amount of halogens acremained low for the following 3 months almost, accord-
tivated until 20 January is most probably not large enoughing to the SCIAMACHY limb vortex-averaged {mixing-

to account for an almost complete destruction of ozone in aatio time series (Figh). This temporarily effect is typical

7 Low Arctic ozone in January 2011
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Fig. 13. Daily maps of total ozone measured by GOME-2 between 20 and 31 January 2011. On 21 January 2011 column ozone was
substantially decreased by more than 70 DU over central Siberia north of Sakhalin. The low ozone area propagated westward with time
reaching the Ural region on 27 January. Then the area of low ozone propagated eastward and dissolved at approximatey 601400

on 30 January 2011.
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Fig. 14.As in Fig. 13, except for model total ozone. In contrast to Fighere theFortuin and Keldef1998 climatology of tropospheric
ozone was added to the model’s stratospheric ozone column in order to cover the entire atmosphere.

for so-called “ozone mini-hole” events, which are caused by(1998 found a strong connection between the occurrence of
the intrusion of subtropical air masses with a high tropopausé®MHSs and the storm-track regions in the North Atlantic and
(e.g.Weber et al.2002. North Pacific and noted a considerably larger frequency of
Although before 21 January 2011 PSC were present in th@©MH formation during January to March, with a tendency
Arctic stratosphere (Fig), up to this time, not much chlo- to later formation the further north the hole appears in the
rine had been activated (Fig0) that could have led to sub- Northern Hemisphere. OMHs are caused in the stratosphere
stantial chemical ozone destruction in mid-January. Hencewhen the tropopause is elevated as a consequence of advec-
such a sudden drop and subsequent rapid recovery of poldion of sub-tropical air moving poleward during the passage
ozone can only be explained by dynamical changes. of upper tropospheric anticyclonekrgyscin 2002. This
Sporadically occurring extreme total ozone events on syn-also implies a lifting of isentropic surfaces above the anticy-
optic scales associated with weather systems in the upelonic ridges, which in turn leads to horizontal divergence of
per troposphere and tropopause region, which change thezone out of the stratospheric column, a quasi secondary ef-
tropopause height, have been identified and investigatedect of OMH formation as pointed out igoch et al.(2005.
since the 1950s (e.dreed 1950. Such events have been In recent years, investigations of mechanisms leading to
named “ozone mini-holes” (OMHNewman et al. 1988. OMH formation in the Northern Hemisphere focussed on
Based on TOMS total ozone observations since 19@8es the northern Atlantic storm track regions where mini-holes
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Fig. 15. Twelve day sequence of temperature at approximate tropopause level (315K isentropic surface) during the period when large
reductions in the GOME-2 column ozone are observed (B3j). The vortex edge is indicated by the gray 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 air masses
(low tropopause) from subtropical air masses (high tropopause). All data were obtained from the ECMWF ERA-Interim reanalysis.

10.4 10.5 106 10.7 10.8 10.9 11.0 11.1 112 113 114 115 116 11.7 11.8 11.9 12.0 15.0
Geopotential Height [km]

Fig. 16.As in Fig. 15 except for geopotential height.

are predominantly formed. For exampigeber et al(2002 Only a few studies investigated the relationship between
reported on an OMH formed in February 1996 above Green-OMHSs observed over central or eastern Asia (where the Jan-
land and at the vortex edge. Associated with it were veryuary 2011 low ozone is found) and respective atmospheric
low stratospheric temperatures (below 188K, sufficiently conditions in those regions. Whileiu et al. (2009 stud-

low for PSC formation) and low total ozone close to 180 DU. ied OMH conditions over the Tibetan Plateau in Decem-

This OMH moved within a few days to the northwest and ber 2003 and linked their occurrence to tropopause ele-
dissipated north of Siberia. vations associated with the poleward displacement of the
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Fig. 17.As in Fig. 15 except for pressure at the 350 K isentropic surface.

subtropical jet triggered by deep tropical convective heat-on the first day of its appearance (21 January) the area
ing (Madden-Julian oscillationijan et al.(2005 found ev-  of GOME-2 total ozone lower than 300 DU was not larger
idence for OMH formation during December 2001, associ-than 2000 kmx 1000 km, covering an area of approximately
ated with poleward motion of lower stratospheric air east1.4x10°km?, during its largest extent on 27 January, the
of the Aleutian high. Both studies describe OMHs observedGOME-2 low ozone area covered a region of more than
south of 50 N, not mentioning OMH conditions over Asia 3400 km zonally and 2000 km meridionally, a6% 10° km?.
further poleward, as seen in January 2011. The low ozoné\s a result of the limitations of satellite observations during
event we are examining here formed initially over East Asiandaytime, the area where ozone was remarkably low could
continental regions, clearly west of the northern Pacific stormhave been even larger, extending into the polar night. From
track, which has been reported as another preferred region afur CTM simulations, which capture the evolution of this low
OMH formation Qrsolini et al, 1998. Jameq1998 iden- ozone period in January 2011 quite well (Fig), we obtain
tified an increased number of ozone mini-hole occurrenceghat on 27 January 2011 the true meridional extent of the
over central Siberia, at least4&vestward of the northern Pa- OMH was as large as its zonal extent, putting its area in the
cific storm track region, which agrees closely with the arearange of %10’ km?. This is almost a third larger than values
where the low ozone has been observed in January 2013hiven in literature referring to typical OMH sizes and almost
However Jameg1998 neither described where these OMHs as large as a typical area covered by an Antarctic ozone hole
are formed predominately nor in which direction they move in southern hemispheric spring.
when they were formed near the date line. Also remarkable is the motion of the January 2011 low
Not only is the pronounced poleward placement of the Jan-0zone area. In the first 6 days after being detected, it moved
uary 2011 ozone low somehow remarkable with respect to itavestward. In contrast, typical OMHs move in the opposite
potential dynamical drivers, as mentioned above, but a fewdirection, as a result of associated motion of anticyclones and
other characteristics of this particular event are also rathethe jet stream.
exceptional. Low total ozone over Asia was observed for 10 In order to examine whether the January 2011 low
daysin January 2011. This is substantially longer than typicabzone event is attributable to tropopause disturbances,
ozone mini-hole lifetimes (1-4 dayslewman et a/.1988. in Figs.15-17 the meteorological conditions near the
Krzyscin (2002 found OMH lifetimes longer than 6 days tropopause were investigated. GOME-2 first detected lower
only in 6 years between 1926 and 1999. Furthermore, thezone over eastern Siberia on 21 January 2011 (Rg.In
maximum area of the January 2011 low ozone event is muclthis region the vortex moved over an area where tropopause
larger than typical sizes observed in other eveNwvman  temperatures decreased below 205K (Ei. as a result
et al. (1988 refer to OMHs extending over 1000-3000 km of the adiabatic cooling, when the tropopause was elevated
(approximately &10° to 7x10° km?), whereakoch et al.  from the motion of air passing an anticyclone in the upper
(2009 found that OMHSs cover areas of5x 10° km?. While troposphere. The tropopause lifting coincides with higher
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geopotential heights (Fid.6). The imposed lifting of isen- is located over the North Atlantic on all days shown in the
tropes above the elevated tropopause in this region is alseequence. From 26 January 2011 onwards the ridge moved
seen in Figl7, where the atmospheric pressure decreases atver the British Islands and Scandinavia, later reaching cen-
the 350K isentropic surface. The synoptic situation did nottral Europe. The tropopause was distinctly elevated, substan-
change until 25 January 2011. During this period, for 3 daystially higher than in the regions where we identified the pre-
(21-23 January) the vortex was located above this regioncursors of the low ozone “pocket” over Asia (Fib). How-
so that the elevation of isentropes thinned the stratospheriever, during the whole period, those tropopause ridges never
ozone column, and a situation emerged, which is typical formoved below the polar vortex, which during the whole period
OMHs. At the same time a similar situation established overwas shifted towards central Asia. Hence, tropopause eleva-
western Siberia and moved eastward. Approximately ovettions over the northern Atlantic did not contribute to severe
the Ural Mountains, a low-PV fragment is found on 24 and reductions in the stratospheric ozone column in late January
25 January 2011, indicating a tropospheric ridge, associate@011. In particular, they did not influence the ozone vortex
with conditions leading to OMH formation. One day later, averages shown in Fi§.
a PV streamer indicating a high tropopause started to estab- Associated with this Scandinavian tropopause ridge is
lish east of the Mediterranean Sea, rapidly moving pole- anca comparably small ozone mini-hole, which is seen in
eastward, sliding below the vortex 2 days later on 27 JanuaryGOME-2 total ozone between 27 and 30 January 2011. In
For the next 2 days, until the 29th, the vortex was locatedthe relative coarsely resolved CTM (resolution2ib lati-
above this relatively large region where the tropopause wasude, 3.78 in longitude) this OMH is not well reproduced.
elevated. Only on 30 January 2011 is the OMH apparent in the CTM
Between 24 and 26 January a broad band of low tem{Fig. 14), but a few degrees shifted to the northwest, com-
peratures connected the two regions exhibiting an elevategared to GOME-2 (Figl3).
tropopause, approximately across the Siberian coast of the
Arctic ocean. Even though the tropopause in this cold re-7.3 Modelling the January 2011 Arctic low ozone event
gion was not distinctly elevated, the vortex-averaged temper-
ature was as low as 195K between the tropopause and th&s shown in Fig14, the CTM largely reproduces the day-to-
600 K isentrope over all days when ozone was low in bothday variability of stratospheric ozone over the Arctic. Only
the GOME-2 total column and the limb vortex average. small-scale synoptic features such as the Scandinavian ozone
Although total ozone mapping from space indicates amini-hole around 28 January 2011 are not adequately re-
rather coherent reduction of the ozone column during ansolved. Also the magnitude of the reduction in column ozone
elongated period in late January 2011, the meteorologicatiuring the OMH-like situation is not captured well com-
situation clearly reveals that a superposition of two inde-pared to GOME-2 observations. GOME-2 shows ozone as
pendently evolving synoptic events in the tropopause regiordow as 200 DU on several days near the polar night blind spot,
formed two individual situations very similar to those caus- whereas the model’s total ozone is not lower than 250 DU.
ing ozone mini-holes. The two situations evolved from oppo- This behaviour is attributed to an approximated tropospheric
site sides of the Asian continent, both poleward 6fi80We  contribution to the total ozone column (see S8ck).
conclude that favourable meteorological conditions in both A respective reduction in the height-resolved and vortex-
the free troposphere and the lower stratosphere merged theveraged time series of modelled Arctic ozone in 2011
two situations after a few days of development. As a result, it(Fig. 8, top right panel) is not seen, in contrast to vortex
appears as a single Arctic ozone mini-hole, covering large araverages from SCIAMACHY limb observations (Fi§).
eas of the northern regions of central Siberia. On the basis ofModel data have been determined at the local times of SCIA-
all these considerations, we will call this event an "OMH-like MACHY overpasses and were sampled in a similar manner
situation" in the following sections, where we further discussto that of the limb profiles. The sampled areas are somewhat

its behaviour in relation to our ozone loss estimates. similar, but not identical to each other. Since in January the
limb sounder rather sparsely sampled the vortex, sampling
7.2 Comparison to a typical OMH condition errors in the model ozone fields are tendentially leading to

positively biased ozone vortex averages, in particular when
The low ozone event in January 2011 is remarkable as it didbzone is inhomogeneously distributed inside the vortex. As
not emerge over regions where most frequent OMH occur4t is the case, for example, when an OMH occurs.
rences are found. The meteorological conditions responsible However, model equations are solved on isentropes. In
for this low ozone event were similar to those in the northernthe polar stratosphere, isentropes are invariant to adiabatic
Atlantic sector, where OMHs are found predominately. Fromprocesses in the tropopause region and a “thinning effect”
the polar stereographic maps of hear tropopause temperatuie prognostic tracer mixing ratios above a tropopause ele-
and geopotential height (Figs5, 16), a distinct ridge of tro-  vation will not be seen in vortex averages, when the merid-
pospheric air (3 PV contour) is inferred, which is much largerional divergence of tracers out of the column is small. When
than the ridges over the Eurasian continent. This large ridgehe modelled ozone mixing ratios are converted into number
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densities, the “thinning effect” becomes evident and is in thea direct link between the OMH-like situation and the chemi-
order of 30% below the 475K isentrope, relative to aver- cal depletion of ozone later in spring is not established.

age values before and after this episode (not shown). As de- It is also worth noting that the 2011 BrO vortex averages
scribed in Sect4.1, the effect is approximately a factor of (Fig. 5) show a “thinning effect”, nicely corresponding to
two larger in the limb vortex averages. Also, in the model, that in ozone between 21 and 30 January 2011. The "thin-
the "thinning effect” in ozone number densities does not ex-ning" also extends well into the stratosphere, close to the
tend well into the stratosphere. Projected on geometric al575K isentropic surface. Relative to values before and af-
titudes, the effect is not inferable above 18 km, which ister the event, approximately 45% less BrO is observed at
slightly below the 425K isentrope. Whether meridional di- 450 K and~ 25 % less at 550 K. As a result of the concen-
vergence above an elevated tropopause is underestimated kycity of the vortex during the OMH-like situation, the limb
the CTM and better resolved in the vortex averages fromobservations represent well the mean state of the measured
limb-measured ozone profiles cannot be satisfactorily antrace constituents inside the vortex and are relatively insen-
swered without further work. An underestimation by the sitive to mixing processes across the polar vortex boundary.
CTM seems plausible since the model simulations are don@s a consequence, the vertically resolved BrO mixing-ratio
in a relatively coarse horizontal resolution. Numerical diffu- time series provides further evidence that these transient re-
sion may play a role even though the driving meteorologyductions in the observed mixing ratios during the second half
(ERA-Interim) is reproducing well other dynamical aspects of January 2011 are caused by tropopause elevations, affect-
of the OMH-like situation. ing all trace constituents in the respective region.

7.4 Implications for vortex-average ozone loss estimates .
8 Conclusions

As limb, nadir and solar-occultation measurements dependata products retrieved from measurements made by the in-
on sunlight, Arctic polar vortex regions north ef 75° N struments SCIAMACHY and GOME/GOME-2 have been
have not been observed in the beginning of January 2011used in this study to investigate the state of ozone in Arc-
Between 21 and 30 January 2011, the vortex was markedlyic winters from 2002/2003 to 2010/2011. As an example of
displaced towards Siberia so that most of the vortex waghe large year-to-year variation in Arctic ozone, the differ-
illuminated by the sun, and was well observed by SCIA- ent behaviours of ®in the consecutive boreal winter—spring
MACHY and GOME-2. As described above, the largest partperiods in 2009/2010 and 2010/2011 have been investigated
of this sunlit area exhibited low ozone values. A few limb in detail. Height-resolved time series of vortex-averaged O
profiles were sampled during this time over regions whereBrO, NO, from SCIAMACHY limb-scattering and solar-
the tropopause was not elevated. Those profiles exhibit largenccultation measurements were analysed. From limb-scatter
0zone mixing ratios, but they do not contribute much to theobservations chemically induced ozone losses are deter-
daily mean vortex averages. We conclude that the transientined on a daily basis by accounting for the model-estimated
reduction of vortex-averaged ozone from limb measurementsliabatic ozone descent. SCIAMACHY observations of PSC
between 21 and 30 January 2011 is reflecting a real situatiorfrom the limb viewing geometry are used together with nadir
Conversion of the retrieved number density profiles into OCIO slant columns and NOvertical columns at J0SZA
mixing ratios on isentropic surfaces involves an error or biasto investigate ozone depleting processes. Our understanding
through uncertainties in the gridded meteorological data setand ability to accurately simulate polar ozone depleting pro-
used in this conversion. A few percent bias or uncertaintycesses was tested by comparing measurements with the re-
in temperature and pressure translates mainly into a vertisults from a three-dimensional isentropic chemistry transport
cal displacement of the projection from geometric altitudesmodel for the years 2010 and 2011.
to isentropes and to a lesser extent into a bias of the mag- From limb measurements, we infer an ozone loss of more
nitude of the estimated “dynamical loss”. A 2% deviation than 70 % below the 550 K isentropic surface in spring 2011,
in the meteorology, for instance, yield vertical displacementswhich corresponds well with estimates of previous studies
of the limb vortex-mean mini-hole structure in the order of (e.g. Manney et al. 2011, Sinnhuber et al.2011, Arnone
10K. Since the number density to mixing-ratio conversion iset al, 2012 Kuttippurath et al.2012. In contrast, in spring
proportional~ T/ p, a bias in coherent meteorological fields 2010, when the vortex was much warmer and weaker than
should almost have no effect. in 2011, chemically induced ozone loss amounted to only
As described above, a transient increase in the PSC ocabout 20 %. Differences in the vortex dynamics, coupled with
currence rates (Figda) has been detected for 7 days com- the chemical processing ofs®etween the two winters and
mencing 22 January 2011. But a corresponding significansprings account for differences in the ozone time series above
increase in the OCIO (Fid.0) slant columns has not been the 550K isentropic surface. In 2010, the variability in the
observed, one could relate to a persistent increase in chlorin®s profiles is large in these upper layers and about twice
activation due to this remarkable OMH-like situation. Hence, as much ozone is depleted via N@hotochemistry than via
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heterogeneous processing on PSC below 550 K. CTM simis known to start earlier in spring in this region than fur-
ulated ozone losses are consistent with observations frorther poleward. The CTM reproduces well the seasonal cycle
SCIAMACHY and other instruments in both years. In par- in stratospheric BrO, compared to other studies (Etwpys
ticular the day-to-day variability of polar cap ozone and theet al, 2009, but the vortex abundances of BrO and NO
large ozone loss from heterogenous processes in spring 20Xdre biased low compared to SCIAMACHY limb and solar-
are represented well. Differences between the modelled andccultation measurements. The origin of this behaviour has
the observed ozone losses arise from differences in the dataot been fully understood.
sampling, and from uncertainties in modelling the halogen In agreement with previous studies using other satellite in-
catalytic cycles destroying the ozone. On the other handstruments, SCIAMACHY observations show that the season
limitations of the assumptions made in the vortex-averagingof PSC formation was longer in 2011 over the Arctic than
method, used to infer ozone loss from limb measurementspreviously reported. Similarly, chlorine activation appears to
may also explain some of the differences. have been larger than seen in any other previous Arctic spring
The Q5 vortex-average mixing ratios indicate another, pre- measured by SCIAMACHY.
viously unreported, low ozone period during winter 2011 In this study we described correlative observations of the
which occurred prior to the large chemical destruction of compositional state of the Arctic stratosphere during winter—
Os. For about 10 days commencing 20 January 2011, colspring 2010/2011, when the largest ozone loss has been
umn ozone over the Arctic decreased rapidly by more tharreported. We compared this Arctic situation with that in
70 DU. Limb measurements show that below the 500 K isen-2009/2010, which is an example of a weak Arctic vortex
trope ozone was reduced by up to 60% to values as lowexhibiting higher ozone levels. The understanding of the
as 1.5ppmv. It turns out that a superposition of two inde-chemical composition of the Arctic stratosphere improves
pendently evolving synoptic tropopause elevations over theour knowledge about the processes determining the observed
Asian continent lowered the stratospheric ozone column bylarge intrinsic variability of Arctic ozone levels. This is of
adiabatically lifting isentropes in the stratosphere. This be-concern when assessing the predicability of future ozone and
haviour is commonly referred to as an ozone mini-hole. Thisaccompanied polar winter extremes because it is suspected
involves a horizontal “redistribution” of ozone from the col- that global climate change impacts stratospheric conditions.
umn (horizontal divergence) which is more pronounced inAlthough in general our CTM has been able to provide rea-
the ozone profiles from SCIAMACHY limb measurements sonable agreement with the observations, there are several
than in our CTM simulation. Due to the relatively coarse hor- detailed issues to be resolved in future studies. Finally, the
izontal resolution the model does not adequately resolve thimbservation of a large OMH-like situation preceding severe
meridional dispersion of ozone out of the elevated column.ozone loss over the Arctic is raising further questions, in par-
Together with differences in the sampling of the data in the il- ticular with respect to their relevance for the efficient ozone-
luminated part of the vortex, this leads to a different temporaldestroying processes in the Arctic stratosphere, should these
development of the vortex-averaged time series in the modellarge OMH-like situations more often appear and intensify in
The induced adiabatic cooling of the stratosphere during thisa future warming climate.
period enhanced PSC formation. But chlorine activation has
not been intensified markedly, according to our OCIO mea-
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Appendix A

Table Al. Abbreviations.

ATLAS Alfred Wegener Institute Lagrangian Chemistry/Transport Model
BASCOE Belgian Assimilation System for Chemical ObsErvations

CT™M Chemistry Transport Model

CALIOP Cloud-Aerosol Lidar with Orthogonal Polarisation

DOAS Differential Optical Absorption Spectroscopy

GOME Global Ozone Monitoring Experiment

GSG GOME/SCIAMACHY/GOME-2

ECMWF European Centre for Medium Range Weather Forecasts

ERA ECMWEF Re-Analysis

ERS-2 European Remote Sensing Satellite

ESA European Space Agency

EUMETSAT European Organisation for the Exploitation of Meteorological Satellites
FTIR Fourier Transform Infrared Spectroscopy

IUP Institut fir Umweltphysik

LINOZ Linearized Ozone

LT Local Time

MetOp-A Meteorological Operational Satellite

MIDRAD Middle Atmosphere Radiation

MIPAS Michelson Interferometer for Passive Atmospheric Sounding
MLS Microwave Limb Sounder

NDACC Network for the Detection of Atmospheric Composition Change
NH Northern Hemisphere

OoMI Ozone Monitoring Instrument

OMH Ozone Mini-Hole

OSIRIS Optical Spectrograph and InfraRed Imager System

PSC Polar Stratospheric Cloud

PV Potential Vorticity

SCIAMACHY  Scanning Imaging Absorption SpectroMeter for Atmospheric CHartography
SH Southern Hemisphere

SMR Sub-millimeter Microwave Radiometer

SZA Solar Zenith Angle

TOMS Total Ozone Mapping Spectrometer

UARS Upper Atmosphere Research Satellite

UKMO United Kingdom Met Office

uv Ultraviolet

WMO World Meteorological Organisation
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