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Abstract. Stratospheric ozone profiles are retrieved for thetigated Arctic springs, in contrast to Antarctic spring. The
period 2002-2009 from SCIAMACHY measurements of inter-annual variability of ozone losses and PSC occurrence
limb-scattered solar radiation in the Hartley and Chappuisrates observed during Arctic spring is consistent with the
absorption bands of ozone. This data set is used to determineown QBO effects on the Arctic polar vortex, with excep-
the chemical ozone losses in both the Arctic and Antarc-tion of the unusual Arctic winter 2008/2009.

tic polar vortices by averaging the ozone in the vortex at a The maximum total ozone mass loss of about 25 million
given potential temperature. The chemical ozone losses abns was found in the cold Arctic winter of 2004/2005 in-
isentropic levels between 450 K and 600K are derived fromside the polar vortex between the 450 K and 600 K isentropic
the difference between observed ozone abundances and tevels from mid-January until the middle of March.

ozone modelled taking diabatic cooling into account, but no The Antarctic vortex averaged ozone loss as well as the
chemical ozone loss. Chemical ozone losses of up to 30-size of the polar vortex do not vary much from year to year.
40 % between mid-January and the end of March inside thél'he total ozone mass loss inside the Antarctic polar vortex
Arctic polar vortex are reported. Strong inter-annual vari- between the 450 K and 600 K isentropic levels is about 50—
ability of the Arctic ozone loss is observed, with the cold 60 million tons and the vortex volume for this altitude range
winters 2004/2005 and 2006/2007 showing chemical ozonevaries between about 150 and 300%for the period be-
losses inside the polar vortex at 475K, where 1.7 ppmv andween mid-August and mid-November of every year studied,
1.4 ppmv of ozone were removed, respectively, over the peexcept for 2002. In 2002 a mid-winter major stratospheric
riod from 22 January to beginning of April and 0.9 ppmv and warming occurred in the second half of September and the
1.2 ppmv, respectively, during February. For the winters ofozone mass loss was only about half of the value in the other
2007/2008 and 2002/2003, ozone losses of about 0.8 ppmyears. However, inside the polar vortex we find chemical
and 0.4 ppmv, respectively are estimated at the 475K isenezone losses at the 475K isentropic level that are similar to
tropic level for the period from 22 January to beginning of those in all other years studied. At this isentropic level ozone
April. Essentially no ozone losses were diagnosed for the rel{osses of 70—-90 % between mid-August and mid-November
atively warm winters of 2003/2004 and 2005/2006. The max-or about 2.5 ppmv are observed every year. At isentropic lev-
imum ozone loss in the SCIAMACHY data set was found els above 500 K the chemical ozone losses were found to be
in 2007 at the 600K level and amounted to about 2.1 ppmvarger in 2002 than in all other years studied.

for the period between 22 January and the end of April. En- Comparisons of the vertical variation of ozone losses
hanced losses close to this altitude were found in all invesderived from SCIAMACHY observations with several
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independent techniques for the Arctic winter 2004/2005in WMO (2007). The results of different techniques to
show that the SCIAMACHY results fall in the middle of determine chemical ozone losses in the polar vortices have
the range of previously published results for this winter. Forbeen compared by, e.ddarris et al.(2002, Singleton et al.
other winters in both hemispheres — for which comparisong(2005, Kuttippurath et al(20103, and inWMO (2007). In
with other studies were possible — the SCIAMACHY results general, reasonable agreement has been found.
are consistent with the range of previously published results. This study deals with the determination of polar chemical
ozone loss employing a vortex average method (&igud-
sen et al. 1998 EU, 2001, Eichmann et a).2002 Kuttip-
purath et al. 20103. The chemical ozone loss at a given
1 Introduction isentropic surface is determined from the observed vortex-
averaged ozone abundances taking the vertical transport of

Stratospheric ozone is of great importance, because it proezone into and out of this surface into account. A vortex av-
tects life on Earth from harmful ultraviolet solar radiation. As erage method is applied to determine polar chemical ozone
a result of the anthropogenic release of halogen compounds$osses between 2002 and 2009 in the Arctic and Antarc-
stratospheric ozone has been decreasing globally during thiéc polar vortices using SCIAMACHY ozone profile mea-
second half of the 20th century up to the mid-nineties, whensurements in combination with a diabatic descent correction
a change of the sign of the ozone trend occurred, particubased on heating rate calculations. The assumptions of the
larly in the upper stratospheric region (e.jlewchurch et  methodology applied here are (a) that mixing across the vor-
al., 2003 Jones et al.2009 Steinbrecht et al.2009. The  tex boundary is negligible, and (b) ozone distributions and
threat resulting from the uncontrolled release of ozone de-ozone losses are horizontally constant on a given isentropic
pleting substances was dramatically emphasized with the didevel. The errors on the derived chemical ozone loss intro-
covery of the Antarctic ozone hole yarman et al(1985. duced by these assumptions are difficult to quantify. They
The Antarctic ozone hole is usually associated with the nearvary from winter to winter, making general quantitative state-
total catalytic destruction of ozone in the polar vortex at ments on the magnitude of the errors impossiGleoR et al.
isentropic levels between about 400 K and 500 K (about 152008 demonstrated that mixing across the vortex edge sig-
20km altitude) (e.g.Hoppel et al. 2003 Solomon et al.  nificantly affected the derived chemical ozone loss for the
2005 2007, but ozone losses are also observed down to theArctic winter 2002/2003, particularly below the 475K isen-
350K isentropic level (e.gTilmes et al, 2006. Substantial tropic level. The chemical ozone losses for several Arctic
ozone losses in the Arctic polar vortex are also possible durand Antarctic winters derived in this study will be compared
ing cold winters. guantitatively to results of other studies in secti@and

In general, these ozone losses in the polar vortices are now.2, which yield conclusions on the validity of the above as-
understood to result from a complex physico-chemical mechsumptions, at least for the winters studied.
anism, including chlorine activation by heterogeneous chem- At high latitudes during winter, solar heating is nearly
istry involving polar stratospheric clouds (PSCs) followed by absent and infrared cooling resulting from the emissions
catalytic ozone destruction (e.@plomon 1999. However,  of stratospheric water vapor and carbon dioxide dominates
the effects of some specific reactions remain unclear ande.g., Siskind et al. 1998 Jucks and Salawit¢i2000. Di-
need to be further investigated as polar ozone losses deteabatic descent of ozone-rich air into the lower polar strato-
mined with different climate-chemistry models show signifi- sphere occurs during winter. This descent is mostly driven
cant differences as discussed in Chapter 6l BARC CCM- by the Brewer-Dobson (BD) circulation (e.gppbson et al.
Val (2010 and references therein. Several studies quanti-193Q Brewer, 1949 Haynes et a).1991; Holton et al, 1995
fied the chemical ozone loss in the Arctic polar vortex us- Rosenlof 1995 Weber et al.2003 and has to be corrected
ing a variety of techniques and instruments (eCGhjpper-  for when estimating the chemical ozone loss in the polar vor-
field et al, 1996 Goutail et al, 1997 Deniel et al, 1998 tex.
Rex et al, 1999 Becker et al. 200Q Guirlet et al, 200Q Note, that SCIAMACHY limb observations provide ozone
Eichmann et a).2002 Grool3 and Miller, 2003 Goutall profile measurements only in the sunlit part of the atmo-
et al, 2005 EI Amraoui et al, 2008. The methods em- sphere. This leads to a poorer sampling of the polar vortex
ployed to quantify the chemical ozone loss include, e.g., (1)during the early phases of the periods analyzed. Violations
the match technique (e.Bex et al, 2006, (2) tracer corre-  of the above assumptions lead to uncertainties in the derived
lation (e.g.Tilmes et al, 2004, (3) passive subtraction (e.g. chemical ozone losses.
Singleton et al.2007), (4) vortex average descent techniques The two hemispheres exhibit significant differences in
(e.g.Eichmann et a).2002), (5) Lagrangian transport cal- terms of the dynamics of the polar winter stratosphere and the
culations (e.gGroof3 and Niller, 2007, and (6) chemical observed chemical ozone losses inside the vortices. Deple-
data assimilation (e.gT,svetkova et a).2007). Each method tion of ozone in the Arctic lower stratosphere during winter
is based on different assumptions and is associated with difand spring has been detected in some winters when the lower
ferent strengths and weaknesses (more details are providesiratosphere was very cold and a stable vortex prevailed for
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extended periods. The influence of several warmings typi-on the 8th April 2012. This was unexpected and in the un-
cally leads to perturbation and finally break-up of the Arctic likely event that contact to Envisat is restored, SCIAMACHY
polar vortex by mid-April at the latest. The Antarctic lower may measure again.
stratosphere during winter is characterized by lower temper-
atures and a generally more stable polar vortex compared t@.1 Ozone profile retrievals from SCIAMACHY
the Arctic polar winter (e.gSolomon 1999. limb-scatter measurements
The manuscript is structured as follows. The SCIA-
MACHY instrument, whose observations are employed inWe use the version 2.0 ozone profile data product retrieved
this study, is briefly described in Se@. A summary of from SCIAMACHY limb-scatter measurements at IUP Bre-
the novel ozone profile retrieval using the SCIATRAN ra- men. A detailed description of the retrieval method was re-
diative transfer model and the detection of PSCs from SCIA-cently provided inSonkaew et al(2009. The retrieval is
MACHY limb-scatter observations are also provided in this an extension of the method applied fagn Savigny et al.
section. SectiorB discusses the determination of the polar (20053 and combines spectral information from the Hartley,
vortex boundaries in both hemispheres during winter/springHuggins and Chappuis absorption bands of ozone allowing
The inferred lower stratospheric chemical ozone losses irthe retrieval of vertical ozone profiles from the lower strato-
both hemispheres between 2002 and 2009 are presented asghere up to the lower mesosphere (15-65 km) with a vertical
discussed in Secdt. resolution of about 4—4.5km. Note that this vertical resolu-
Section5 deals with comparisons of the chemical ozone tion corresponds to about 100K in terms of potential tem-
losses derived from SCIAMACHY limb-scatter observations perature. Vertical structures in chemical ozone loss occur-
with other studies for the Arctic (sectiénl) and the Antarc-  ring at smaller vertical scales cannot be resolved with SCIA-
tic (Sect.5.2) winters. Conclusions are presented in the lastMACHY limb scatter observations. The retrieval is based
section. on the software package SCIATRAN 2.Rdzanov et al.
2005 Rozanoy 2008. Spectral information in the Hartley
and Huggins bands of ozone is measured in SCIAMACHY
2 The SCIAMACHY instrument and data products channels 1 and 2, ranging from 214 nm to 314 nm, and from
309 nm to 404 nm, respectively. The Chappuis bands are cov-
The Scanning Imaging Absorption SpectroMeter for Atmo- ered by channels 3 and 4 ranging from 394 nm to 620 nm and
spheric CHartographY (SCIAMACHY) onboard the Euro- from 604 nm to 805 nm, respectively. SCIAMACHY Level
pean environmental satellite Envisat was launched in MarchL version 6.03 data is used as a basis for the analysis in
2002 (e.g.Burrows et al. 1995 Bovensmann et gl1999. this study including the most recent tangent height correction
Envisat is in a near-polar sun-synchronous orbit at 800 kmscheme. The Stratozone 2.0 data product provides the verti-
mean altitude and has a 10:00a.m. local time descendingal variation of ozone concentration (in moleculeséjron
node. For latitudes equatorward of°6d both hemispheres a regular 1 km altitude grid. Version 2.0 of this data product
the local time of the SCIAMACHY observations used here has been validated with SAGE Il and HALOE solar occulta-
is within one hour of 10:00 a.m. At the highest latitudes usedtion measurements showing agreement typically within 10%
here (about 89 the local times of the measurements are or better in the stratosphere — including at high latitudes (L.
about 1 p.m. in the northern hemisphere and about 7 a.mAmekudzi, personal communication, 2009). This data set has
in the southern hemisphere. Envisat completes about 14.6lso been used in combination with other stratospheric ozone
orbits per day, achieves full coverage of the sunlit part oftime series for the ozone trend studies recently published by
the earth in 6 days and has a ground track repeat cycle oSteinbrecht et al2009 andJones et al(2009.
35 days. SCIAMACHY is an 8-channel grating spectrom-  For further processing, the ozone concentrations were con-
eter covering the UV/visible/SWIR spectral range betweenverted to o0zone mixing ratios using pressure and tempera-
214nm and 2386 nm with a spectral resolution varying be-ture profiles from the UKMO stratospheric analysis data set
tween 0.24nm and 1.48 nm. SCIAMACHY measures scat-(Swinbank and O’Neill 1994 for the time and location of
tered and reflected solar radiation in limb and nadir viewingeach SCIAMACHY limb measurement, followed by an in-
geometry as well as transmitted solar or lunar radiation in octerpolation onto a potential temperatuég ¢rid.
cultation mode. In limb viewing geometry the SCIAMACHY
instrument scans vertically from the surface up to the top2.2 Detection of polar stratospheric clouds
of the atmosphere (about 100 km tangent height) in eleva-
tion steps of about 3.3 km. Further information on the SCIA- Polar stratospheric clouds (PSCs) are also detected using
MACHY instrument and the mission goals can be found in SCIAMACHY limb-scatter observations with a colour-index
Bovensmann et a(1999 andBurrows et al(1995. In this  approach employing two weakly absorbing wavelengths in
study we use the ozone profile and the PSC data products reéhe near IR (750 nm and 1090 nm) as describedoim Sav-
trieved from SCIAMACHY limb-scatter observations. Com- igny et al. (20058. PSC results will be presented as PSC
munication has been lost with the Envisat platform by ESA occurrence rate, which is a dimensionless quantity and is
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defined as the ratio of the number of observations with PSGhe Arctic stratosphere region sampled at the geolocations
detections and the total number of SCIAMACHY limb mea- of SCIAMACHY observations and at the 475K isentropic
surements — in a given latitude/longitude bin 655°. As level from October to April of the winters 2002/2003 to
demonstrated imon Savigny et al(2005h the detections are  2008/2009. SCIAMACHY typically starts sampling the Arc-
robust with very few PSC detections at temperatures exceedic polar vortex in late December/early January — as illus-
ing 200 K. Unfortunately, SO, and HNG; have no strong  trated in Fig.2 showing the daily and zonal maximum mod-
spectral signatures in the spectral range covered by SCIAHied potential vorticity — when the vortex becomes illumi-
MACHY. Therefore, the identification of different PSC types nated by the sun and limb-scatter observations are possible
(in particular the distinction between type la and Ib) is chal- again. In other words, the SCIAMACHY limb scatter obser-
lenging. The possibility to identify type Il PSCs exploiting vations do not sample the entire polar vortex throughout po-
the HO ice absorption feature in the near-IR is currently in- lar winter/spring, as is obvious in Fid.and the vortex aver-
vestigated. age chemical ozone losses derived in the following are based
on the assumption of horizontal homogeneity within the vor-
tex.
A strong polar vortex did not form in every year as can
be clearly seen in Figl. The colder winters 2002/2003,
e2004/2005, 2006/2007 and 2007/2008 show relatively large
averaged modified potential vorticity values compared to the
warmer winters 2003/2004, 2005/2006 and 2008/2009. The
0 -2 appearance of high potential vorticity is in good correspon-
MPV =PV (ﬁ) (1) dence with stratospheric temperature data, e.g., from Sound-
] ] ) ing of the Atmosphere using Broadband Emission Radiom-
with 6 being the potential temperature. MPV removes o (SABER) instrument observationRdmsberg et al.
much of the altitude dependence of potential vorticity 2008 Fussen and &pez-Puertas2009, and from the Na-
by introgducing a physically meaningful scaling factor, (iona| Centers for Environmental Prediction (NCERPG,
(7%) 2. MPV is given in potential vorticity units with  2009. They showed that extended periods of temperatures
1PVU=1x105m?s1Kkg~!. The vortex boundary is less than 200K in the lower polar stratosphere (around 18
defined by the maximum in the PV gradient and nearly— 20 km) were observed during northern winters 2002/2003,
coincides with the region of maximum wind speed and 2004/2005, 2006/2007, and 2007/2008. In the Arctic winters
is typically in the range of 30—-42PVU (e.dNash et al. ~ 2003/2004, 2005/2006, and 2008/2009 major stratospheric
1996 Eichmann et a).2002 Christensen et gl2005. In sudden warmings (SSWSs) occurred. These events correspond
this study, air masses with absolute MPV values exceedto the sudden drop in enhanced potential vorticity occurring
ing 38 PVU are considered to be inside the vortex for bothin the first half of February in 2004, 2006 and 2009. The
hemispheres. We calculated potential vorticity and modifiedmajor SSWs penetrated from the middle stratosphere to the
potential vorticity at isentropic levels between 450K and lower stratosphere and severely disturbed the polar vortex
600K (in steps of 25K) using pressure, temperature, zonabhnd PSC area as reported by, eldanney et al.(2005a
and meridional wind profiles taken from UKMO assimilated 2009; Sathishkumar et al(2009 and Kuttippurath et al.
stratospheric data. These isentropic levels correspond to alt(20103.
tudes of about 15-22.5 km. Lower altitudes were not investi- Figure 3 shows the daily and zonal mean modified po-
gated in this study, because of the reduced sensitivity of thaéential vorticity values in the Antarctic stratosphere at the
SCIAMACHY ozone profile retrievals below 15 km. 475 K isentropic level and sampled at geolocations of SCIA-
In general, the two hemispheres exhibit significant differ- MACHY observations for the period May to December,
ences in terms of stratospheric dynamics. During undisturbe@002—-2008. The figure shows that the polar vortex is essen-
winters the Arctic polar vortex can become very cold and thetially limited to latitudes poleward of 55-60° S. Obviously,
vortex can prevail from November to April. By mid-April the there is much less inter-annual variability of the southern po-
influence of several warmings typically leads to severe perdar winter stratosphere as compared to the Northern Hemi-
turbations and the break-up of the Arctic vortex. The Antarc-sphere. Note, that SCIAMACHY cannot observe southern
tic vortex in comparison is characterized by a longer dura-high latitudes during June to July — because solar radiation
tion, larger extent, and higher stability. This is because theis required for the observations — thus the initial formation of
Rossby wave activity — driven by land-sea contrasts and tothe polar vortex does not appear in Faylt is worth noting
pography — is generally stronger and more variable in thethat a weak polar vortex can be clearly seen in Biduring
Northern Hemisphere than in the Southern Hemisphere (e.gspring 2002. This year was characterized by a very unusual
Holton and Alexander2000. phenomenon in the Southern Hemisphere, i.e., the first ob-
Figure 1 shows the daily and zonal mean modified po- served mid-winter major stratospheric warming in the South-
tential vorticity values averaged ovef %atitude bins in  ern Hemisphere (e.g\Varotsos 2002 Baldwin et al, 2003

3 \Vortex position

The extent of the polar vortex can be determined using th
modified potential vorticity (MPV). Following-ait (1994
the modified potential vorticity (MPV) is defined by
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Fig. 1. Daily and zonally averaged modified potential vorticity at the 475K isentropic level in the Arctic stratosphere for latitudes of
SCIAMACHY observations in 2002—2009 during winter/spring (given in potential vorticity units (PVU)). Data averaged’ daétusle
bins.

Hoppel et al. 2003 Kushner and Polvan2004 Bodeker  about 10 % of its usual value for a few days in late Septem-
et al, 2005 IPCC/TEAR 2005 Newman and NasH005 ber Stolarski et al.2005 before a single vortex reformed.
Ricaud et al. 2005 Konopka et al. 2005 Manney et al. From the averaged modified potential vorticity shown in
2005k von Savigny et a).20053. This major warming re-  Figs.1 and3 it is evident that SCIAMACHY does not sam-
sulted from anomalously strong planetary wave activity in ple the entire polar vortex, as mentioned above. This is one
the Southern Hemisphere which caused a split of the polaof the basic limitations of using limb scatter or solar occulta-
vortex into two parts associated with a splitting of the ozonetion observations for determining chemical ozone losses and
hole. The overall size of the ozone hole decreased to only
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Fig. 2. Daily and zonal maximum modified potential vorticity at the 475 K isentropic level in the Arctic stratosphere for latitudes of SCIA-
MACHY observations in 2002—2009 during winter/spring (given in potential vorticity units (PVU)). Data averaged®°deg¢itUsle bins.

other studies are also affected by this (&ghmann et al.
2002 Hoppel et al.2003 Jin et al, 2006.

Atmos. Chem. Phys., 13, 1809835 2013

showing the daily and zonal maximum MPV at the 475 isen-

tropic level. The difference between the zonally averaged and
Itis also worth noting that there are more individual SCIA- maximum MPV is a consequence of the asymmetry of the

MACHY observations within the polar vortices than sug- polar vortex with respect to the North pole.

gested by Figsl and 3, because the figures show zonally

averaged and latitudinally binned MPV. Even if the zonal av-

erage is below the MPV threshold, there may be measure-

ments located inside the vortex as demonstrated in Eig.
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Fig. 3. Daily and zonally averaged modified potential vorticity at the 475 K isentropic level in the Antarctic stratosphere for the latitudes of
SCIAMACHY observations in 2002—2008 during winter/spring.

4 Determination of chemical ozone loss with a vortex FUDD (FUrm ozone and Diabatic Descent — where FURM
average method stands for FUIl Retrieval Methodjoogen et a].1999 that
has initially been developed to calculate the chemical ozone
. - L loss from GOME (Global Ozone Monitoring Experiment)
We de_termlne _the mean 0zone mixing ratios in t_he 450 K_ozone profile retrievalHichmann et a).2002. In this work,
600 K isentropic level range (in steps c_)f 25.K) 'takmg an av- o sopD program package was adapted to SCIAMACHY
erage over qll SCIAMACHY ob.servatlons inside the' polar limb observations and extended to calculate the chemical
vorte>§ onagiven day_. The algorithm used for calculating theozone loss in the Antarctic polar vortex in addition to the
chemlc_al ozone lossis the SODD (SCIAM_ACHY Ozone and Arctic. The conceptual flow to determine the chemical ozone
Diabatic Descent) program package, which is based on the
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loss inside the polar vortices at a given isentropic level is as are well contained inside the polar vortex, i.e., transport
follows: across the vortex boundary is neglected.

1. Using the vortex criterion described in Se®tve select
all SCIAMACHY ozone profile measurements inside
the polar vort.ex on a given day. _These ozone prof."esFigure4a shows daily averaged ozone mixing ratios at the
— already projected onto a potential temperature grid —

- : 475K isentropic level derived from all SCIAMACHY limb
are then averaged on each level yielding the daily mean

0zone mixing ratio profiles between 450 and 600 K po- measurements |nS|d.e the Arctic polar vorte_x for_ all ava!I—
. able years. The solid lines show the resulting time series
tential temperature.

smoothed with a 3-day boxcar function.

2. As a result of diabatic descent (or possibly ascent) the AS discussed above SCIAMACHY starts to sample the
o0zone mixing ratio at a given isentropic level may also Arctic polar vortex on different dates in different years. In

change. The temporal change in 0zone mixing ratio duePrder to provide comparable chemical ozone loss estimates
common start dates are chosen for most of the results pre-

sented below. The chemical ozone losses in the Arctic polar
vortex are determined for two different periods:

4.1 Arctic chemical ozone loss

to diabatic vertial motion,a%, is calculated using the
following equation (e.g.Braathen et al.1994 Sinnhu-
ber et al, 1998 Eichmann et a).2002:

a. The period starting on January 22 and ending on the
80§ po\* 003 last day with observations at locations with MPV values
o (?) 96 ) exceeding 38 PVU in the investigated isentrope range.

The reference period used here is 19—25 January of each

with Q being the diabatic heating raté% being the year.

partial derivative of the ozone mixing ratio with respect b, A 1-month period from 1 February to 1 March of each

to potential temperatur@), p and pg are the pressures year.
at the considered isentropic level and the surface, re- ) )
spectively, and = 2/7 is the ratio of dry air gas con- Results for both periods are presented in TahléThe

stant and specific heat capacity at constant pressure. Weaily changes of ozone mixing ratio due to vertical trans-
note that the absolute of the exponer®/2 in the defi- port, associated with diabatic cooling, are determined at each

nition of MPV (Eq.1) is related toc viao(Eh 9(%>, isentropic level. The computed daily ozone change (DOC)

as described bydiller and Ginther(2003. The dia- rates due to diabatic descent (or ascent) (in ppbv tagt

batic heating rate at each isentropic level considered iSthe 475K isentropic level for the Arctic vortex are shown in

calculated with the MIDRAD radiative transfer model panel b of Fig4. Apparently the daily ozone change rates in-
side the Arctic vortex vary from year to year. For example, in

e Pt 1 rch f 2005, unusual arge ynamicaly cuced e
MIDRAD is run for conditions at the geolocations of all changgs at the' 475K |s_entr0p|c _Ievel'were' observed (panel
SCIAMACHY observations on a given day. Information b of Fig. 4). Episodes .W'th negative diabatic ozone.change
on the short wavelength absorption by ozone and th \_/alues were Qetected in 2004 _and 2006 (dark and light l_)lue
long wavelength absorption and emission by water va- ines, respectively). These periods correspond to the unique
S .~ characteristics of stratospheric warmings (éManney et al.
por and carbon dioxide in tht_a _strato;phere are require 005a Hoppel et al, 2008 Kuttippurath et al, 20103
fboer g;i;aal ﬁ?;t:\?élz Zeo;:?gg;g]r%\:a;t:;Itshzsv?/:?e]re\cjz:gou The accurrjulgted diabatic ozone chgnges were cglculated
profiles are taken from the UARS HALOE climatology from the be_gmnl_ng of each stL_ldled perlod_and are displayed
(Randel et al.1998 as inEichmann et al(2002. The as dashed_llnes in panel c_of _F@f.or the Arct|_c polar vortex._
ozone profiles used in the MIDRAD calculations are The chem|c_al ozone loss inside the vortex |s.then.determ|n_ed
from SCIAMACHY observations by subtracting the modelled accumulated diabatic ozone in-
' crease from the observed vortex average ozone mixing ratio.

aged diabatic 0zone descent are calculated at each iseRanel d of Fig4. Panel e shows the relative chemical ozone
tropic level starting from a chosen date and assuming©Sses in percent referenced to the start dates listed in Table

that diabatic descent is the dominating effect. The absolute and relative ozone loss time series shown
in panels d and e of Figd exhibit oscillations and peri-

4. Subtracting the dynamically accumulated ozone fromods with decreasing ozone losses. The origin of these ef-
the averaged observed vortex average mixing ratiodects is not fully established but is likely related to the ne-
yields the chemical ozone loss. This implies that the ap-glected transport across the vortex boundary (&mpof3
proach is based on the assumption that the air massest al, 2008 EI Amraoui et al, 2008 as well as horizontal
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Fig. 4. Chemical ozone loss results for the Arctic polar vortices 2002/2003 to 2008/2009 at the 475 K isentropic level and the periods listed
in Tablel. (a) Observed vortex average ozone mixing ratio time series. The grey-shading indicates the standard deviations of the individual
ozone measurements inside the vortex about the daily mean (for 2005 only, for reasons of clarity). Days with missing data and days where
the SCIAMACHY instrument did not sample the vortex are filled using a spline interpolation. The solid and open circles show the original
and interpolated data, respectivelly) Daily ozone mixing ratio change (DOC) due to diabatic descent determined with MIDRAD model
simulations. The time series are shown for the time periods listed in Taf#dAccumulated ozone mixing ratio from daily diabatic descent
(dashed lines) and the observed ozone mixing ratio time series (solid [[deg&hemical ozone losses in ppn{e) Chemical ozone loss in

percent relative to the start days listed in Tabl&he grey-shading in pane{b) and(d) corresponds to the &-uncertainty based on the
standard deviation of the ozone mixing ratio about the daily mean (only exemplarily shown for 2005).

inhomogeneities inside the polar vortex in combination with ozone inhomogeneities inside the vortex and inhomogeneous
the fact that SCIAMACHY does not sample in the entire po- sampling cannot be accounted for, e.g. using model simula-
lar vortex. Fig.4 demonstrates that the apparent oscillationstions, these effects may lead to apparent oscillations in the
in the chemical ozone loss time series originate from oscilla-derived ozone loss time seri¢®ex et al. (2006 demonstrate
tions in the vortex averaged ozone time series. Several othdtheir Fig. 1e) that oscillations in vortex averaged ozone at
studies also show oscillations in the vortex averaged ozon¢he 450K level during the 2004/2005 winter observed by
time series (e.gEichmann et al(2002 (Fig. 5), Rex etal.  both ozone sondes and satellite solar occultation observa-
(2009 (Fig. 1e),Feng et al(2005 (Fig. 2), andKuttippu- tions can be explained by ozone inhomogeneities within the
rath et al.(20103 (Fig. 2). If mixing across the vortex edge,
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Table 1. The chemical ozone loss rates and accumulated ozone losses in the Arctic polar vortex between the 450K and 600K isentropic
levels for the winters 2002/2003 to 2008/2009. The seasons with sudden stratospheric warmings are shown separately at the bottom of the
table. Note that the ozone losses below about 550K potential temperature are mainly driven by reactive halogen compounds formed by
heterogeneous reactions, whereas the losses above this level are driven by enhgnard di€ur near the end of spring.

Year |  Studied period Chemical{Joss at 475K | Pot. temp. with max. @loss

| Startdate End dat¢ accumulatet® (ppmv)  averagé(ppbvdayl) | and G los¢ (K (ppmv))

2003 | 22Jan 16 Apr —0.44 (~0.38) -5.1 600 (~1.15)
2004 | 22Jan 31 May -0.23 (¢-0.17) 2.7 600 (—1.29)
2005 | 22 Jan 2 Apr —1.69 (-0.93) -238 450 (~1.75)
2007 | 22Jan 24 Apr —1.41 (-1.16) ~11.6 600 (—2.06)
2008 | 22 Jan 6 Apr —0.78 (-0.77) -10.4 600 (—1.45)
2006 | 22Jan  21Feb 40.45 () +16.7 600 (~1.86)
2009 | 29Jan 19 Feb ~0.45 () ~20.4 450 (~1.03)

1 accumulated over the entire period studied, using 19-25 January as reference period;

2 accumulated over one month from 1 February to 1 March, except for 2006 and 2009 when data are not available for the entire month;

3 daily loss rate averaged over period studied;

4 isentropic level with maximum accumulated ozone loss during period studied and the accumulated ozone loss (Note that the ozone loss at 600 K in 2006
was determined up to 24 April).

vortex in combination with inhomogeneous sampling of the mum accumulated ozone loss and the isentropic level where
polar vortex. it occurred is shown in the last column of TaldleThe re-

The chemical ozone losses inside the Arctic polar vor-sults presented in Tableshow that the largest accumulated
tex exhibit a strong inter-annual variability. The maximum chemical ozone losses inside the Arctic polar vortex and for
absolute ozone loss derived for the winters 2002/2003 tahe periods considered occurred in 2005 and 2007.
2008/2009 inside the Arctic vortex is about 1.7 ppmv for pe-  In mid-February 2009, a SSW occurred and limited the
riod a) discussed above (corresponding to relative losses afhemical ozone depletion processes. A SSW event also oc-
about 35%) and occurred in March of the year 2005. Thecurred in early 2006 but it affected the lower stratosphere not
winter with the second largest chemical ozone losses at thas strongly as in 2009. This event has been reportaduby
475K isentropic level was 2006/2007 with losses reachingtippurath et al(20103 andManney et al(2009.
about 1.4 ppmv (or about 30% relative loss) in April 2007.  Significant chemical ozone loss rates over the Arctic re-
In March 2008 an absolute loss at the 475 K isentropic levelgion at the 475 K isentropic level were found in 2005, 2007,
inside the Arctic vortex of about 0.8 ppmv is retrieved (20— 2008 and 2003 with the years being listed in decreasing order
25 %) and about 0.4 ppmv for winter 2002/2003. For springin terms of ozone loss shown in the 4th column of Table
2004 and 2006 there are no indications for significant chemi- The substantial ozone losses in the 2004/2005 and
cal ozone losses and even negative values of ozone loss weB906/2007 Arctic winter stratosphere are obvious in Big.
observed. The negative values may be caused by transpoftccording to the panels of this figure, peak ozone losses
across the vortex edge or violation of the homogeneity asteaching about 1.5 ppmv occurred in March of both years in
sumption. the lower stratosphere between the 450K and 500K isen-

The chemical ozone losses were also computed at differertropic levels. The largest accumulated ozone loss for isen-
isentropic levels (450 K-600 K, in 25K steps). The absolutetropic levels below 550K and for the period from mid-
ozone losses in terms of mixing ratio as a function of time January to beginning of April was found for the 2004/2005
and potential temperature for the Arctic region are presentedavinter as shown in Figh and Tablel.
as contour plots in Figh. The start date for the determina- A noteworthy feature in Figb is the increase in chemical
tion of the ozone losses is 22 January for each year excepizone losses in late March and April above 550 K that occurs
2009, when 29 January was used (see also THblEhe de-  in most years analyzed. These ozone losses above the 550 K
rived daily chemical ozone losses for the Arctic polar vortex isentropic level are attributed to catalytic ozone destruction
are summarized in Table The accumulated ozone losses in due to NG and have been reported in several earlier studies
ppmv at the 475 K isentropic level over the entire considered(Groof3 and Miller, 2007 Grool} et al.2005 Konopka et al.
period are presented in the 4th column of Tabl&éhe ozone  2007). Konopka et al (2007 suggested that the substantial
losses over the one month period from 1 February to 1 Marctozone losses in the upper part of the polar vortex in the winter
are shown in parentheses. The daily ozone loss rates, in ppl®002/03 are caused by the horizontal transport of subtropical
per day, were determined by taking the average loss rate oveMOy rather than the descent of NG rich air masses from
the considered periods (5th column in Tafle The maxi-  the mesosphere. The largest ozone losses of about 2.1 ppmv
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Fig. 5. Derived vortex average ozone losses as a function of time and potential temperature for the winters 2002/2003 to 2008/2009 in the
Arctic winter stratosphere. With the exception of 2009 the reference period is January 19 — 25 and the chemical ozone losses are determinec
starting on January 22 of each year (see Tahle

were observed at 600K in spring 2007, which is consistent In the following we will also use the derived accumulated
with Rosevall et al(20073 and other studies. chemical ozone loss inside the polar vortex to estimate the
Indications for significant ozone depletion cannot be de-ozone mass loss within the polar vortex between the 450K
tected in the 2003/2004 and 2005/2006 polar vortices in theand 600 K isentropic levels. The spatial extent of the polar
Arctic region. The data gap in 2006 between the 500 K andvortex for the 450—600 K isentrope range is extracted from
525K isentropic levels starting in early March is due to the the UKMO stratospheric analyses on a daily basis using the
fact that no SCIAMACHY observations are available inside vortex criterion introduced in Sec8. The derived absolute
the polar vortex defined by the MPV criterion introduced in chemical ozone loss at a given isentropic level is now con-
Sect.3. verted to the ozone mass loss per volume and multiplied by
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Fig. 6. Maps of PSC occurrence rates in the northern polar atmosphere for January and February of the years 2003—2009. Contour levels are
drawn in steps of 0.1. Meridians are displayed in steps &fa4fil latitude circles are shown for4N and 60 N.

the spatial extent of the polar vortex area of this isentropicozone loss inside the Arctic vortex for the corresponding
level. The ozone mass losses for the 450K to 600K levelsyears shown in Figd. For January of every year the PSC
are then integrated to determine the total ozone mass lossiaps do not show as much inter-annual variability, but are
within the 450K to 600 K potential temperature range. The characterized by a maximum in PSC occurrence rate between
polar vortex volume between the 450 K and 600 K isentropicabout 55 and 70 N in the Eurasian sector. In February the
levels is also determined by integration of the values for alllargest PSC occurrence rates are observed for the winters
isentropic levels. 2004/2005, 2006/2007, and 2007/2008 which were also asso-
Figure6 shows maps of PSC occurrence rates in the Arc-ciated with the largest ozone losses. We note the apparent al-
tic for January and February of the years 2003 to 2009. Ap-+ternating behavior of low and high PSC occurrence rates and
parently there is a good qualitative agreement between PSChemical ozone losses in consecutive years, with low PSC
occurrence rates in February and the cumulative chemicabccurrence rates in 2004 and 2006, and higher occurrence
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0.20T - - - - 30 tex area and PSC volume — were highest for spring/winter of
% [ o004 0 2004/2005 and insignificant for spring/winter of 2003/2004,
P [ 5005 2009 X 125 2005/2006 and 2008/2009. High correlation coefficients of
2 0.15 300 — 0.91 between PSC occurrence rate and PSC volume and 0.94
o = between polar vortex volume and PSC volume show that our
3 040k ] 15“;Y findings are in good qualitative agreement with the result in
8 = WMO (2011).
8 110~ The temporal variation of the Arctic polar vortex volume
a 0050 [X]-COMy 1 ypse = 0.94 between the 450 K and 600 K isentropic levels for the period
I [0]-COr g peovipse = 0-90 ] ° from 1 January to 15 April is shown in the left panel of R8g.
0.00L , , , , , 0 The polar vortex size in the Arctic region varies substantially
0 10 20 30 40 50 60 from year to year. The largest polar vortex volume within
Vo [10° k'] the 450-600 K isentrope range occurred in 2005 with about

200x 10° km? lasting from the beginning of January until
Fig. 7. Scatter plot of February mean PSC occurrence rate over théNid-March. The ozone mass loss time series are shown in
Arctic and the PSC volume taken frodMO (2011 (open cir-  the right panel of Fig8 with the grey shading indicating the
cles and blue line), and scatter plot of averaged polar vortex volumeuncertainty for 2005. The uncertainty in the ozone mass loss
from this study integrated over the 450-600 K isentropic levels overis estimated from the standard deviation associated with the
the Arctic in February and PSC volume taken frotO (201)  chemical ozone losses (shown, e.g. in Byfor the northern
(crosses and red line). and in Fig.9d for the southern hemisphere), and is based on

the assumption that the uncertainty in the polar vortex vol-

ume is zero. We note that this uncertainty estimate does not
rates — compared to the following year — in 2003, 2005, andnecessarily include all sources of uncertainty associated with
2007. This alternating behavior is very likely related to the the methodology used here.
phase of the quasi-biennial oscillation (QBO) and is further For the winter 2004/2005 the ozone mass loss reached a
discussed below in Sed.1 maximum value of about 25 million tons and dropped af-

Note that we are not claiming that PSCs occurring in ter mid-March, probably due to vortex erosion and enhanced
February are responsible for the majority of the chlorine ac-mixing with mid-latitude air. For the winters 2006/2007 and
tivation eventually leading to the accumulated ozone losses2007/2008 the ozone mass loss reached values of about 10
Our interpretation of the correlation is that years with high million tons. It must be mentioned that for the period after
PSC occurrence rate, i.e. low temperatures in February areid-March the determined mass losses are less reliable, be-
characterized by a stable vortex, and a lower probability of acause air masses from outside the vortex may be mixed into
major warming interrupting the chemical ozone loss. the vortex. This mixing of vortex and out-of-vortex air may
Although the exact relationship between PSC occurrencealso happen earlier. For the winters 2003/2004, 2005/2006

rate and other related quantities, e.g. PSC volume, is diffi-and 2008/2009 the ozone mass losses are shown only un-
cult to establish, our results qualitatively confirm earlier stud-til the beginning of February, because stratospheric warm-
ies (e.g.,Rex et al, 2006 WMO , 2011). To illustrate the  ings caused a sudden decrease in polar vortex volume, and
relationship between PSC occurrence rate and polar vortekecause of the non-significant chemical ozone losses during
volume determined in this study with PSC volume we usethese winters.
the averaged PSC volume for the period mid-December to
end of March based on meteorological analyses provided by.2 Antarctic chemical ozone loss
the European Centre for Medium-Range Weather Forecasts
(ECMWEF) as taken fronWMO (201)) (Fig. 2-16 therein;  The results for the Antarctic polar vortex are presented in
for details sedrex et al.(2004). The relationship between Fig. 9 in a similar way as the results for the Arctic vortex
PSC occurrence rate in February and PSC volume is showshown in Fig4. Figure9a shows the averaged ozone mixing
in Fig. 7 by the open circles and the blue linear fit. The rela- ratio inside the Antarctic vortex at the 475K potential tem-
tionship between polar vortex volume in February and PSCperature level for the period from 15 August to 15 Novem-
volume for the period mid-December until end of March is ber of each year. The absolute and relative chemical ozone
shown in Fig.7 by the crosses and the red linear fit. Inter- losses are presented in panels d and e of the Fig. and are
estingly, the averaged PSC volume for a more extended timeletermined starting on 18 August using a reference period
period correlates well with both the PSC occurrence rate inbetween 15 and 22 August. Panel d of Fghows that the
February as observed with SCIAMACHY and with the po- ozone loss rates are larger in August and September than in
lar vortex volume for the 450 — 600K isentropic range for October, when the chemical ozone loss stops. The chemical
the month of February. From Fig. it is evident that the  ozone loss during the period from 18 August to 15 Novem-
three quantities considered — PSC occurrence rate, polar vober reaches about 2.5 ppmv or 26—-31 ppmvdajaveraged
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Table 2. The chemical ozone loss rates in the Antarctic polar vortex between 450K and 600K isentropic levels between 22 August and
15 November of the years 2002—-2008. Note that while ozone losses below about 550 K potential temperature are mainly driven by reactive
halogen compounds formed by heterogeneous reactions, the losses above this level may also be affected by erhacwadidNnear

the end of austral spring.

Year | Chemical G loss at 475K | Pot. temp. with max @loss

| accumulated] (2) (ppmv)  averagé(ppbvday ) | and G los$ (K (ppmv))

2002 —2.43(-1.22) —27.3 550 (~3.63)
2003 —2.34(-1.58) ~26.3 600 (—2.92)
2004 —2.36(-1.34) ~265 500 (~2.52)
2005 —2.35(-1.47) —26.4 600 (~2.45)
2006 ~2.31(-1.18) —25.9 500 (~2.65)
2007 —2.72(-1.70) ~305 550 (~2.96)
2008 —2.52(~1.36) —28.4 500 (~2.74)

1 accumulated over the period from 18 August to 15 November, using 1521 August as reference period;
2 accumulated over a one month period from 18 Aug to 18 September;
3 daily loss rate averaged over the period from 18 August to 15 November;

4 isentropic level with maximum accumulated ozone loss during period studied (18 August to 15 November) and the
accumulated ozone loss.
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Fig. 8. Time evolution of the polar vortex volume (left panel), and the estimated ozone mass loss inside the vortex (right panel) between the
450 K and 600 K isentropic levels in the Arctic winter stratosphere. Note that the isentrope range considered here (450 - 600 K) includes both
halogen driven ozone loss below about 550 K as well ag Ni@en ozone loss near 600 K occurring near the end of spring (see Fig. 5).

over period considered) every year as shown in panel d ofnside the polar vortex in 2002, as presented in Bjds es-
Fig. 9 and Table2, respectively. The relative ozone losses aresentially the same as in all other years considered. This re-
shown in Fig.9e and amount to about 70—-90 % at the 475 K sult differs somewhat from the study dbppel et al(2003,
level by the end of October. who found the ozone loss in the Antarctic vortex about 20 %
The seasonally averaged daily chemical ozone loss ratesmaller than for the other years analyzed (1994-2001). It is,
inside the Antarctic polar vortex are summarized in Table however, consistent with the fact that chlorine activation — as
The ozone loss rates for 2002—-2008 show little inter-annuakvident in for examples, OCIO observations by GOMEef
variability and are between about 26 and 31 ppbv per day fober et al, 2003 Richter et al. 2005 and in ground-based
the whole studied period. At the 475K level the inferred av- DOAS observationsHriel3 et al. 2005 as well as CIO ob-
erage ozone loss rate maximizes at about 30.5 ppbv per daservations by MIPAS\on Clarmann et al2009 — was only
in 2007. The maximum ozone losses at the 475K level andslightly lower than in other Antarctic winters.
the period considered were derived for 2007 with 2.72 ppmv, PSC maps for the austral winter/spring of the years 2002
followed by 2008 with 2.52 ppmv. Note however, that the to 2008 are shown in Fid.O which show that PSCs mainly
maximum ozone losses are usually found at higher levels aappear at latitudes poleward of about°™3 Furthermore,
around 500-525 K potential temperature or above. It is worththe PSC occurrence rates are not zonally homogeneous but
noting that a large ozone loss inside the vortex does not necshifted off the pole towards the South-Atlantic sector. The
essarily imply a large ozone mass loss, because the latter aldatitudes where PSCs are detected are in good qualitative
depends on the evolution of the vortex size. The ozone lossgreement with the WACCM CCM results presented by
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Fig. 9. Chemical ozone loss results for the Antarctic polar vortices 2002 to 2008 at the 475K isentropi(ale@dserved vortex average

ozone mixing ratio time seriegb) Daily ozone mixing ratio change (DOC) due to diabatic descent determined with MIDRAD model
simulations(c) Accumulated ozone mixing ratio from daily diabatic descent (dashed lines) and the observed ozone mixing ratio time series
(solid lines).(d) Chemical ozone losses in ppmv relative to the mean of the period August 15 — 22 and starting on Au@)<H&mical

ozone loss in percent relative to the mean of the period August 15 — 22 of each year and starting on August 18.

Tilmes et al.(2007). Apart from 2002 the differences in to the Arctic vortex and is characterized by a rather small
September mean PSC occurrence rates over Antarctica fanter-annual variability in chemical ozone losses. As shown
the different years are rather small. The low PSC occurrencén Fig. 11, the maximum absolute ozone loss in terms of mix-
rates in September 2002 are mainly a consequence of thiag ratio occurs near the 500 K isentropic level, but the entire
major stratospheric warming leading essentially to the dis-potential temperature range studied is affected by substan-
appearance of PSCs within a few days after 22 Septembetial ozone losses, particularly towards the end of the period
(e.g.,von Savigny et a).20053. considered.

Figure 11 presents contour plots of the Antarctic ozone According to Fig.11the chemical ozone losses inside the
losses as a function of time and potential temperature — simivortex in 2002 are similar to those in the other years if only
lar to Fig.5 for the Northern Hemisphere — for the period 18 the 475K isentropic level is considered. However, the fig-
August to 15 November of each year. ure also shows that the ozone losses in 2002 cover a larger

The chemical ozone loss rates inside the vortices ar@sentropic range than most of the other years and the overall
shown in Table2. Obviously the Antarctic polar vortex is maximum ozone loss value — occurring near the 550K level
affected by more severe chemical ozone losses compared
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Fig. 10.Maps of PSC occurrence rates in the southern polar atmosphere for September of the years 2002—-2008. Contour levels are 0.2, 0.4
0.6 and 0.8. Meridians are displayed in steps ¢fd5d latitude circles are shown for4S and 60 S.

— is larger than for the other years studied. The reasons fob Comparison of the chemical ozone loss derived from
this behaviour are currently not known. SCIAMACHY measurements to independent
As for the Arctic region, the polar vortex volume and the observations and models
ozone mass loss are also estimated for the Antarctic region.
The polar vortex volume between the 450 K and 600 K isen-In this section the chemical ozone losses in both the Arctic
tropic levels is shown on a daily basis in the left panel of and Antarctic polar vortices are compared with independent
Fig. 12for the period 15 August to 15 November of each yeartechniques and results presented in earlier studies.
studied. The volume of the polar vortex is similar for all years
with values of 150-306& 10° km3 for the period considered 5.1 Arctic winters
except for 2002 when the sudden stratospheric warming oc-
curred around 22 September leading to an abrupt drop of th®ne focus of the comparisons with other data sources and
vortex volume. The ozone mass losses are shown in the righechniques for the Arctic is the winter 2004/2005. This winter
panel of Fig.12 and reach values of about 50—60 million tons was chosen, because it was characterized by an unusually
at the end of the season in all years except for 2002, when thi&rge catalytic ozone loss as documented in numerous studies
values decrease after the end of September. It is worth notinge.g.,Dufour et al, 2006 Groof3 and Miller, 2007, Singleton
here that the polar vortex was less perturbed at altitudes beet al, 2007, 2005 Rosevall et al. 2008 Rex et al, 2006.
tween 16 and 22 km than at 26 km after 22 September 200Zomparison with previous studies for the other winters will
as presented imon Savigny et al(20053. The polar vor-  be described later in this section.
tex volume and ozone mass loss inside the polar vortex still
remained relatively high after the September 2002 sudderb.1.1 Winter 2004/2005
stratospheric warming.
Based on data frorRex et al (2006 the vertical variation of
the chemical ozone losses in terms of mixing ratio versus po-
tential temperature for the time period from 5 January to 25
March 2005 and derived from measurements with different
instruments is presented in FIg3. The red solid circles show
the corresponding ozone loss derived from SCIAMACHY
observations using the vortex average approach described
above also for the period 5 January to 25 March 2005 as in
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Fig. 11. Derived vortex average ozone losses as a function of time and potential temperature between the 450 K and 600 K isentropic levels
in the Antarctic winter stratosphere for the years 2002 to 2008. The period August 15 — 22 was used as the reference period for the derivation
of the chemical ozone losses and the ozone losses are determined starting on August 18 of each year.

Rex et al.(2006. Note, that no SCIAMACHY data below line is also taken fronRex et al.(2006§ and is based on
the 425K isentropic level is presented here, because SCIAthe Match method. The results of this winter were also com-
MACHY did not sample the vortex below this level during pared with simulations of the Chemical Lagrangian Model
the first half of January, according to the vortex criterion. Theof the Stratosphere (CLaMS) from an updateGybofR3 and
error bars represent standard deviations based on error propktiller (2007). This update includes an improved initializa-
gation of the standard deviations of the observed mean vortekon of chlorine partitioning after ACE-FTS, an updated pa-
ozone and the estimated diabatic ozone change. The greerameterization of heterogeneous chemis8ki(et al, 2007
black and orange lines are based on POAM Il/Ill, SAGE Ill and absorption cross sections for,G} given by thevon
and ozonesonde measurements, respectively. The dark-blu¢obe et al(2009 matrix spectrum measurements scaled to
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Fig. 12. Time evolution of the polar vortex volume (left panel) and the ozone mass loss inside the vortex (right panel) between the 450K
and 600K isentropic levels in the Antarctic winter stratosphere. The ozone losses below the 550K level are driven by halogen compounds
formed in heterogeneous reactions, while at higher isentropic levelsdi@n ozone losses may become important near the end of austral

spring.

- - - - - Very good agreement is found between the chemical ozone
SCIAMACHY, VAO [e] losses derived from SCIAMACHY observations based on
SCIAMACHY. FT [X] the vortex averaging technique (red solid circles in Bi@.
and the passive tracer subtraction technique (red asterisks in
SAGE Ill, VAO ] Fig. 13). We note that this close agreement of two entirely
! different techniques implies that the diabatic descent rates
i used as part of the vortex average technique are robust and
justifies their use in this study.

Above 450K the ozone losses derived from SCIA-
7 MACHY and CLaMS agree also with the other ozone loss
estimates. Below 450 K CLaMS simulates lower ozone de-
350 ; , , , , pletion than the other ozone loss estimates. This could be at
least partly attributed to the fact that transport of air across
0.0 0.5 ?'0 15 2.0 2.5 the vortex edge is not considered in the other ozone loss es-

Chemical ozone loss (ppmv) timates.GrooR et al(2008 showed for the winter 2002/03

that neglecting the transport through the vortex edge causes

550
500
MLatc‘h méltht;ud
450

400

Potential temperature (K)

Fig. 13.Comparison of the vertical variation of the chemical ozone . .
) : . . an over-estimation of ozone loss below about 475 K.
loss in the Arctic polar vortex for the time period 5 January—25

March 2005 estimated using various data sources and techniques. We conclude t_hat the vertical variation of the Chemlcal
The red circles with error bars represent the accumulated 0zon@Z0N€ losses derived from SCIAMACHY ozone profile mea-

loss using a vortex averaged method from this study (denoted bypurements using a vortex averaged method is in good agree-
VAO). The cyan asterisks represent the ozone loss derived by supbment with other data sources and methods for the Arctic win-
tracting the simulated ozone from the passive ozone tracer (denoteter 2004/2005. Additionally, the accumulated ozone losses
by PT) for the selected SCIAMACHY vortex observation loca- calculated from SCIAMACHY ozone profile data using dif-
tions. The red asterisks depict passive tracer subtraction betweeferent methods, i.e., a vortex average technique (red circles
SCIAMACHY observed data and the corresponding CLaMS pas-jn Fig. 13) and the passive subtraction method (red asterisks
sive ozone t_racer. The POAM, SAGE, ozone sonde as well as the, Fig. 13) are very consistent.
match technique data were taken frétex et al{2009. After this direct comparison of the ozone losses during the
Arctic winter 2004/2005 we now compare our results with
Chen(2009. The simulation also includes a passive ozones'fevere_ll other pgblished St.UdieS for this wi_nter th?t _mostly
tracer and was initialized on 1 December 2004. As the esti—d'frer n the periods investigated. _The yertlcal variation of
mate of vortex average ozone loss critically depends on th he_chem|cal ozone Ios.ses d(_atermmed In most qf these stud-
choice of the vortex edge, we interpolated the CLaMS sim-1¢81S also depicted n Fig4. IF Is, however, e§sentlal o "e‘?p
ulation to the locations of the selected SCIAMACHY obser- " Mind that the studied periods may be different. The time
period used for the determination of chemical ozone losses

vations. The vortex edge at 450K was used in CLAMS also .
. from SCIAMACHY observations was chosen to be January
for the selected data points at the levels below 450 K. . .
po! v W 5to March 10, as in the study bfanney et al(2006 in order
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to find the best compromise in terms of the time periods of )
the other studies used in the following comparison. 550 F #44
Manney et al.(200§ examined the chemical ozone loss £
in the Arctic winter 2004/2005 from 5 January—10 March
using Aura/MLS as well as POAM observations (shown as
orange and blue squares in Fiyd). The maximum vortex
averaged ozone loss during this period was estimated to be
1.2-1.3 ppmv around the 450K level. As shown in Fig.
theManney et al(2006 chemical ozone loss values based on
Aura/MLS observations are in good agreement with the val-
ues based on SCIAMACHY observations except at the 475K &
level. The ozone loss estimates based on POAM observations 350
are systematically lower than the SCIAMACHY and the
Aura/MLS values. According tManney et al(2006 the dif- o 05 10 15 20 25 30
ference between the results based on POAM and Aura/MLS Chemical ozone loss (ppmv)

observations may be related to differences in sampling of th(?:ig. 14.Comparison of the vertical variation of the chemical ozone

vort?x. . loss in the 2004/2005 Arctic polar vortex derived in different studies
Rosevall et al (2008 employed measurements with the anq hased on different time periods. The periods investigated are: 5

Aura/MLS and Odin/SMR instruments to infer vortex av- january to 10 March for SCIAMACHY anklanney et al(2008);
eraged chemical ozone losses using two independent tech- January to 14 March foRosevall et al(2008; December 1 to
niques. The first method — based on the ozone evolumid-March forSingleton et al(2007); 1-7 January to 8—15 March
tion on NbO isopleths yields ozone losses of 1.0-1.1 ppmvfor Jin et al.(2006; January 10 to March 10 fdEl Amraoui et al.
for Aura/MLS, and 0.7-0.9 ppmv for Odin/SMR measure- (2008.
ments, respectively. These values were derived for the 430—
460K level and for the period from 1 January to 14 March
2005. The second method based on the DIAMOND assim-cluding all chemical reactions for the passive case — which
ilation system yielded ozone losses at the 450K level ofmay also yield larger chemical ozone loss€&soold and
0.9-1.3 ppmv derived from Aura/MLS, and values of 0.6— Mduller (2007 used CLaMS model simulations to estimate
0.9ppmv derived from Odin/SMR measurements, respecthe chemical ozone loss in the same year applying a vortex
tively, again for the period 1 January to 14 March, 2005. average method. The ozone loss results fRingleton et al.
These values are also shown as violet and green diamonds {2007) andGroof3 and Miller (2007 exhibit similar patterns
Fig. 14. TheRosevall et al(2008 ozone loss estimates based compared to the ozone losses derived from SCIAMACHY
on Odin/SMR measurements are significantly lower than thdimb observations using a vortex average method shown in
values derived in this and in most other studies. The exacFig. 5, i.e., the ozone loss peaks near the 450 K-500K isen-
reasons for this underestimation are not well known, but postropic levels. The passive subtraction technique applied by
sible reasons are discussedRidsevall et al.(2008. The Kuttippurath et al(20103 to the Mimosa-Chim simulations
values based on the DIAMOND assimilation system and onand MLS measurements yielded a maximum loss-&f5—
Aura/MLS measurements are in good agreement with the re1.7 ppmv occurring at the 475K level. In addition, there is
sults based on the vortex average technique applied to SClIAgood correspondence of the chemical ozone loss feature at
MACHY observations presented here. higher isentropic levels in Figh (~575-600K at the end
Singleton et al(2007) used the passive subtraction tech- of period investigated) with the CLaMS results presented
nigue to quantify the daily chemical ozone loss using theby Grool? and Miller (2007. However, this feature — at-
SLIMCAT model and ozone measurements from the POAMtributed to NQ driven catalytic ozone loss — does neither
I1l, SAGE Ill, EOS MLS, ACE-FTS, and MAESTRO instru- appear in the multi-instrument analysis $ingleton et al.
ments by averaging over the measurement locations insid€2007) compared to 1.5 ppmv observed by SCIAMACHY
the vortex during the period from beginning of December nor in the purely model-based passive tracer subtraction us-
2004 to the end of March 2005 in the Arctic stratosphere. Alling the Mimosa-Chim model as describedHKuttippurath
instruments provided consistent results, with a maximum in-et al.(20103.
ferred ozone loss of 2—-2.3 ppmv at the 450-475 K isentropic  Jin et al.(2006 used four different techniques to deter-
level, which is significantly larger than the ozone losses esimine chemical ozone losses during the 2004/2005 winter
timated in the present study (see panel d of B)gWe note  for the periods of 1-7 January to 8-15 March using ACE-
that somewhat larger ozone losses have to be expected f®fTS observations and found an average maximum ozone
the Singleton et al(2007) study, because the studied period loss of about 2.1 ppmv at the 475-500K level. The four
is considerably longer than in our analysis. Moreo\&in- methods were correlations between ozone and long-lived
gleton et al(2007) used a passive subtraction method — ex-tracers (yielding~1.8-2.0 ppmv loss), an artificial tracer
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correlation method~2.1 ppmv loss), a profile descent tech- dle of the results published in earlier studies on this Arctic
nique ~2.3 ppmv loss), and a method based on the empirwinter.
ical relationship between ozone loss and potential PSC vol-
ume (~108 DU column @ loss). Thelin et al.(2006 results ~ 5.1.2 Other cold Arctic winters: 2002/2003, 2006/2007,
are depicted as cyan triangles in Figl. Apparently, these and 2007/2008
ozone losses are significantly larger than the SCIAMACHY
values derived in this study, despite the fact that the periodNe now compare our results for the Arctic winter 2002/2003
considered ilin et al.(2006 is similar to the one the SCIA-  with results published in the literature. Our estimate of the
MACHY and Manney et al(2006 results are based on. The accumulated ozone loss inside the polar vortex between 22
high ozone losses derived Bin et al.(2006 may be a con-  January—16 April 2003 is 0.44 ppmv at the level. For the pe-
sequence of the reference measurements containing outsided from the beginning until the end of February an ozone
vortex air. This is suggested by the studyumn Hobe et al.  loss of about 0.38 ppmv is derived at this 475 K le&hris-
(2006 showing lower ozone mixing ratios at high equivalent tensen et al(2005 used Match and vortex average methods
latitudes — and similar periods — than presentedibyet al.  to derive the accumulated ozone loss at the 479 K isentropic
(2006. Rosevall et al(2008 attributed around 0.8 ppmv of level between 10 December—10 March of about 1.6 ppmv and
the total ozone decline reported Bin et al.(2009 to the 1.0 ppmv, respectivelpingleton et al(2005 found accumu-
inhomogeneous distribution of ozone inside the vortex andated ozone losses of about 1.0 ppmv at the 475 K isentropic
the sampling characteristics of the ACE/FTS solar occultadevel between 1 December-15 Marckilmes et al.(2009
tion instrument. derived accumulated ozone losses of about 1.4 ppmv in the
El Amraoui et al.(2008 investigated the ozone loss using 410-465 K isentrope range from the beginning until the end
a vortex average technique based on assimilateain@ NO of February 2003 based on the tracer correlation method
measurements with Aura/MLS. Their work shows a maxi- using HALOE observations of HF and GHStreibel et al.
mum chemical ozone loss of about 1.5ppmv at the 425 K(2006 determined the accumulated ozone loss for the period
level for the period between 10 January and 10 March, 20051 December-16 March and obtained about 1.6 ppmv at the
The vertical variation of the ozone loss derived BlyAm- 475 K isentropic level using the Match technique.
raoui et al.(2008 is depicted as red triangles in Fig4. At a first glance the accumulated chemical ozone loss at
These values are in good overall agreement with the SCIAthe 475K for the 2002/2003 winter determined in our study
MACHY results, except for the 475 K level where the SCIA- appears to be systematically lower than the values deter-
MACHY ozone loss value is about 0.4 ppmv larger. mined in the other studies. However, this is partly expected
Tsvetkova et al.(2007) inferred the polar ozone loss because the period considered in our study only started in
from SAGE-III observations using a vortex average descenmid-January (see TablB, when temperatures increased af-
method over the period 1 January—25 March, 2005. The maxterwards and the vortex split as discussedriimes et al.
imum ozone loss was found to be about 1.7 ppmv and oc{2004). The investigated periods in most of the other studies
curred at 450-475K. This value is slightly larger than the started much earlier than in our study.
SCIAMACHY ozone loss value at 475K, but is qualitatively ~ Rdsevall et al(20073 assimilated Odin/SMR ozone pro-
consistent with the longer period considerediisyetkova et  file measurements using a 2-D isentropic transport model
al. (2007). from January to May of the winters 2002/2003, 2004/2005,
Jackson and Orsolin2009 investigated the ozone loss and 2006/2007 for equivalent latitudes north of 86and
based on an assimilation of Aura/MLS and SBUV/2 ozone72° N. Their ozone loss determination yielded more or
profile observations. Their work resulted in a peak ozone losdess similar values of the chemical ozone losses of about
at the 450K level of about 0.6 ppmv for the period from 1 0.7 ppmv for all three winters and for the period starting at
February to 10 March. If the ozone loss during January 2008he beginning of January until the end of March at the 475K
is accounted for, then the ozone losses at the 450 K level besentropic level (see Fig. 6 iRosevall et al.(20073). In
tween 1 January and mid-March reach 0.8-1.2 ppmv, in betFig. 15we compare the chemical ozone losses for the winters
ter agreement with the results presented in Eig. Addi- 2002/2003, 2004/2005, and 2006/2007 derivedR@sevall
tionally, a secondary ozone loss peak at 650 K with valueset al.(20078 with the SCIAMACHY results presented here.
reaching about 0.4 ppmv was observed in this study. The period for all ozone loss values shown in Fi§.is 22
We note that the ozone losses for the Arctic winter January to 31 March. ThRosevall et al(20073 values are
2004/2005 determined in other studies and using differentaken from their Fig. 6. At the 575K level the agreement be-
methods have also been summarizedkogtippurath et al.  tween theRdsevall et al(20073 ozone loss estimates and the
(20103 andFeng et al(2011). values derived in this study is good for the winters 2002/2003
The main conclusion of this section is that the chemicaland 2006/2007. At the 475K and 525K levels and for the
ozone losses derived from SCIAMACHY ozone profile mea- winters 2004/2005 and 2006/2007 the ozone losses found by
surements for the 2004/2005 winter roughly fall in the mid- Rosevall et al(20073 are systematically lower than the ones
determined in this study and also lower than in most other
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Fig. 15. Comparison of the vertical variation of chemical ozone Fig 16, Time series of seasonally accumulated (between the start

losses in the Arctic polar vortex derived in this study and by gay as shown in Tabland 1 April) vortex average chemical ozone

Rosevall et al.(20073 (their Fig. 6) for the winters 2002/2003, |oss at the 475K isentropic level and PSC occurrence rate for the

2004/2005 and 2006/2007. The ozone losses are shown for the penonths of January and February and the-85° N latitude range.

riod from January 22 to March 31. W and E indicate the westerly and easterly phases of the QBO. The
open circles for the years 2006 and 2009 show the calculated chem-
ical ozone loss up to a date well before 1 April.

studies. The reasons for these discrepancies are not fully es-

tablished, but are likely related to different sampling of the 5.1.3 Warm Arctic winters: 2003/2004, 2005/2006 and
vortex and the fact thaRosevall et al. (20073 considered 2008/2009

only locations poleward of 72equivalent latitude.

Winter 2006/2007 exhibits a continuous increase of ac-The 2003/2004 and 2005/2006 winters were characterized by
cumulated ozone losses until the end of April at the 525—the occurrence of major mid-winter stratospheric warmings.
575K isentropic levels (see Fi§), which is in good qual-  For the winter 2003/2004 we essentially found no chemical
itative agreement with the results presented in Fig. 6 ofozone losses from January to April at the 475K isentropic
Rosevall et al(20073. However, the absolute ozone losses level, but significant ozone losses near the 600K level in
determined in this study are systematically larger than thdate March and April (Fig5). This feature is in good agree-
Rosevall et al(20073 results. ment with the results presented Bgng et al(2005. They

Kuttippurath et al (20103 have studied the accumulated found low accumulated ozone loss of about 0.6 ppmv at the
chemical ozone losses for the Arctic winters 2004/2005 to460 K level for winter 2003/2004 between 1 December and
2009/2010 and the period from the beginning of December30 March using SLIMCAT 3-D CTM as well as larger ozone
to the end of March applying the passive tracer techniqudosses at about 620 K potential temperature.
to Mimosa-Chim simulations and MLS measurements (see Short periods of relatively minor ozone losses during win-
Fig. 4 inKuttippurath et al(20103). Our accumulated chem- ters 2005/2006 and 2008/2009 were reportedijtippu-
ical ozone loss results shown in Fig.clearly exhibit sim-  rath et al.(20103 and Manney et al (2009, in agreement
ilar patterns and similar values for the winters 2004/2005,with our results.Manney et al.(2009 found that during
2006/2007 and 2008/2009. Comparatively large losses weréhe 2008/2009 winter the XD descent in December was
found for the winters 2006/2007 and 2007/2008<ptippu- stronger, and the wind reversal to easterlies happened more
rath et al(20103 and in this study. For the 2006/2007 winter, rapidly than for the winter 2006/2007. Furthermore, the re-
the ozone loss derived uttippurath et al(20103 shows  establishment of the westerly flow occurred more slowly in
a double peak feature with maximum ozone losses of abou2008/2009 compared to 2006/2007. The 2009 SSW had a
1.3 ppmv at both the 500 K and the 675 K isentropic levels. Amore profound impact on the lower stratosphere than any
similar feature is also present in our results (See bjigvith previously observed SSW.

a double peak in chemical ozone losses at the end of March Summarizing, we note that the ozone losses determined
at 500K and 600 K with ozone losses of about 2 ppmv andfor the Arctic winters investigated in our study are in good
1.6 ppmv, respectively. Howevd{uttippurath et al(20103 general agreement with most previous studies. The existing
found the ozone losses during the winter 2007/2008 to balifferences may be due to the following reasons: (1) SCIA-
larger than for 2006/2007, whereas our study shows the opMACHY limb scatter observations do not allow sampling
posite. the entire vortex — particularly in January only the edge of
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the vortex is sampled; (2) The differences in reference dateso the fact that ozone has already been almost completely de-
complicate the quantitative comparison of our results withstroyed in a certain isentrope range. This time evolution in
previously published results; (3) Mixing across the vortex relative ozone losses has been presented, e.g., in a series of
boundary is neglected; (4) Uncertainties in the calculated discientific assessments of ozone depletion by WMOK bty

abatic descent rates. tippurath et al(2010b using the passive subtraction method,
by Tilmes et al. (2006 using ILAS satellite observations and
5.1.4 Effect of the QBO is also seen in Fig of our study.

For a quantitative comparison of chemical ozone losses
In Fig. 16 we show the accumulated Arctic chemical ozone during Antarctic winter, we select the winter 2003 — also in-
loss the at 475K isentropic level by 1 April of each year vestigated bylilmes et al (2006 andRosevall et al(2007h.
(black line), together with the PSC occurrence rates for theThe accumulated chemical ozone losses using tracer—tracer
months of January and February and for the-8% N lati- correlations based on ILAS-II observations determined in the
tude range (red line). The letters E and W indicate the eaststudy ofTilmes et al.(2006 (Fig. 8) during the period from
erly/westerly phase of the QBO (e.@®aldwin et al, 200%; mid-August to mid-October 2003 amount to about 2.0, 1.3
Labitzke and Kunzg2009. This depiction now suggests — and 0.5 ppmv for the 430 K-470 K, 520 K-560 K and 580 K—
with the exception of the unusual winter 2008/200Q2{- 620K isentropic ranges, respectively. Our analysis resulted
itzke and Kunzg2009 — a dependence of the relative mag- in accumulated ozone losses of about 2.3, 1.8 and 0.8 ppmv
nitude of both the chemical ozone loss and the PSC occurfor the same isentrope ranges and over the same period.
rence rate on the phase of the QBO. The QBO westerlyTilmes et al.(2006 also mentioned the insignificant inter-
phase appears to be associated with large PSC occurrenemnual variability in ozone losses above 550 K which is in
and ozone losses, and the easterly phase with lower PSC ogood agreement with the results presented here. Furthermore,
currence rates. This is consistent with the Holton-Tan mechit is also worth mentioning that there is no indication for a
anism Holton and Tan1980 that relates the westerly phase double peak structure in ozone losses with a second peak
of the QBO with a more stable and colder Arctic vortex, sub- near 600K potential temperature — in contrast to the Arc-
sequently leading to higher PSC occurrence and larger chentic winters. The second peak near 600 K might be missing
ical ozone destruction. in the Antarctic winters, because of the larger vertical extent

According toLabitzke (1987 andLabitzke and van Loon of PSC induced ozone loss (see Fid), reaching altitudes

(1988, the dependence of the stability of the vortex and thewhere NG chemistry becomes important in spring.
temperatures in the lower polar stratosphere is more obvi- Rosevall et al.(20070 derived vortex averaged chemi-
ous during solar minimum conditions. The declining phasecal ozone losses at the 475K level from 1 August to mid-
of solar cycle 23 was characterized by an unusually extende@®ctober, 2003 in the range of 70-90% and 50-70%, us-
solar minimum lasting from 2005—-2009, and even in 2004ing ozone profile measurements by the Envisat/MIPAS and
solar activity proxies show that solar activity was already Odin/SMR satellite instruments, respectively. The ozone
quite low. Therefore, the alternating pattern of cold and warmlosses derived in this study are in good agreement with the
Arctic winters observed in Figlé mainly coincides with so-  Envisat/MIPAS results, but are larger than the Odin/SMR
lar minimum conditions, making the QBO signature consis-losses presented IRdsevall et al(20078.
tent with the works by, e.gl,abitzke (1987, Labitzke and
van Loon (1988 and Camp and Tundg2007) — if the win-
ter 2008/2009 is ignored. The exceptional winter 2008/20096 Conclusions
contradicts the expectation, because solar activity was still
low and the QBO was in its westerly phase. As described inin this study a polar vortex average technique was used for
Labitzke and Kunz€2009), this behavior is anomalous and estimating ozone losses due to catalytic ozone destruction in
is attributed to yet unexplained internal variability of the at- the Arctic and Antarctic polar vortices using SCIAMACHY

mosphere. ozone profile observations between 2002 and 2009. The de-
duced polar ozone losses show distinct interhemispheric dif-
5.2 Antarctic winters ferences. The losses in the Arctic polar vortex vary strongly

from year to year, while the (absolute inppmv as well as
The chemical ozone losses during Antarctic winters haverelative) losses inside the Antarctic vortex were similar for
been discussed in many previous studies. In general, théhe different years, even in the anomalous year 2002 charac-
ozone losses in the Antarctic polar vortex do not exhibit theterized by the unusually early major stratospheric warming
strong inter-annual variability typical for the Arctic winters. causing the well-documented split vortex. Large ozone losses
Ozone depletion in the Antarctic vortex typically starts be- in the Arctic lower stratosphere were only found to occur dur-
tween early July and mid-August and slows down during theing the cold winters 2004/2005 and 2006/2007. The longest
last week of September (e.@ilmes et al, 2006 Kuttippu- depletion period occurred in the 2006/2007 winter. The high-
rath et al, 20108. The decrease in the ozone loss rates is duesst seasonally averaged depletion rate at the 475 K isentropic
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level of about 24 ppbv per day occurred in the 2004/2005Thailand, for the funding support. The authors thank S. Tilmes,
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