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Abstract. The polar stratospheric ozone loss during thel Introduction

Arctic winters 2004/2005-2009/2010 is investigated by us-

ing high resolution simulations from the chemical trans- Unlike in the Antarctic winter stratosphere, the chemical
port model Mimosa-Chim and observations from Aura Mi- ozone loss in the Arctic is highly variable. This variability
crowave Limb Sounder (MLS), by applying the passive is primarily caused by the variations in Arctic meteorology.
tracer technique. The winter 2004/2005 shows the coldesThat is, the Arctic stratosphere is often disturbed by plane-
temperatures, highest area of polar stratospheric clouds an@dry wave forcing triggered by mountain orography that dis-
strongest chlorine activation in 2004/2005-2009/2010. Therupts the unstable polar vortex in most winters. Therefore,
ozone loss diagnosed from both simulations and measurethe Arctic experiences high extreme cold as well as sudden
ments inside the polar vortex at 475 K ranges from 0.7 ppmvstratospheric warmings (SSWs) at times. As a result the de-
in the warm winter 2005/2006 to 1.5-1.7 ppmv in the cold gree of ozone loss is mostly controlled by the strength of
winter 2004/2005. Halogenated (chlorine and bromine) catthe vortex and magnitude of air temperature within. For in-
alytic cycles contribute to 75-90% of the ozone loss at thisstance, the winters 1995, 1996, 2000, and 2005 were very
level. At 675K the lowest loss of 0.3-0.5 ppmv is computed cold and the cumulative total ozone loss was as high2&-

in 2008/2009, and the highest loss of 1.3 ppmv is estimate®5% Rex et al, 2006 WMO, 2007 Goutail et al,2005. On

in 2006/2007 by the model and in 2004/2005 by MLS. Most the other-hand, the winters 1997, 1998, 1999, 2001, 2002,
of the ozone loss (60-75%) at this level results from nitro- 2006, and 2009 were relatively warm and the loss was mini-
gen catalytic cycles rather than halogen cycles. At both 475mal, about 10-15%, while the winters 2003, 2007, and 2008
and 675K levels the simulated ozone and ozone loss evoluwere moderately cold and hence, the loss was in an average
tion inside the vortex is in reasonably good agreement withscale of about 15-209%\(MO, 2007 Goutail et al, 2010.

the MLS observations. The ozone partial -Column loss in S|gn|f|cant improvements have been made in understand-
350-850 K deduced from the model calculations at the MLS|ng the Chemistry of ozone loss in the p0|ar lower strato-

sampling locations inside the polar vortex ranges betweersphere in the last decade. Studies suggest that very low
43DU in 2005/2006 and 109 DU in 2004/2005, while those temperatures<£195 K) initiate the formation of Polar Strato-
derived from the MLS observations range between 26 DUgpheric Clouds (PSCs), and chlorine activation on these PSCs
and 115 DU for the same winters. The partial column ozonetriggers the ozone depletion when the sun returns over the
depletion derived in that vertical range is larger than that esti-actic in spring. The halogen cycles CIO-CIO and BrO-
mated in 350-550 K by 187 DU on average, mainly due to  C|O contribute about 80-90% of ozone loss in this region
NOx chemistry. The column ozone loss estimates from bOththrough the above-said processegMO, 2007). However,
Mimosa-Chim and MLS in 350-850 K are generally in good ozone loss at higher altitudes is driven by different chemical
agreement with those derived from ground-based uItravioIet-CyC|es than those discussed in the lower stratosphere. A de-
visible spectrometer total ozone observations for the respecgjled study on the ozone loss process at higher altitudes is
tive winters, except in 2010. still lacking. The available studies deal with specific issues
of mid-winter warming and concomitant mid-latitude ozone
loss (for e.gGrool3 et al.2005a Vogel et al, 2008. None of

Correspondence tal. Kuttippurath these studies perform a detailed analysis of the winter strato-
BY

(jayan@aero.jussieu.fr) sphere in different conditions to diagnose the contribution
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of relevant cycles to the ozone loss in a concluding manner
Although the study bKonopka et al(2007) deal with more

x 107 Km?

than one winter, it is limited to a box model rather than a full- 1.8

chemistry three dimensional model. Therefore, a compre-

hensive study is warranted on the subject to characterise th 16

contribution of various chemical cycles in the polar strato-

sphere in different meteorological conditions. The recent six

winters were entirely different in this regard, which provide a 14

perfect platform to perform such a study. So in this paper, we

examine the ozone loss and its driving chemical cycles (up tc< H1.2

850K isentropic level) for the recent winters 2005-2010 and o

assess the variability of ozone loss in a quantitative perspec = L1

tive using simulations and measurements. Calculations usin &

a high resolution chemical transport model (CTM) together &

with satellite observations are exploited for this purpose. = o8
The article is organised as follows: After Introduction, 'g

the model, measurements and meteorological situation of th & 0.6

studied winters are presented in Sect. 2—4. The simulation &

of ozone, ozone loss, chlorine monoxide (CIO) and their 0.4

comparison with observations for the recent winters are de:

scribed in Sect. 5. The simulated ozone loss and productiol 02

rates, contribution of different chemical cycles to the ozone
loss and the ozone column loss during the winters are anal
ysed in Sect. 6. Section 7 briefs the conclusion of the study.

-30 0 30 60 90
2 The simulations with Mimosa-Chim CTM Day of year

The Mimosa-Chim CTM has been successfully used for the

rath et al, 2009 Tripathi et al, 2007, 200§ and is described inferred from the ECMWF temperature data for the Arctic winters

in detail in Tripathi et al.(200§. The model combines the 2005—2910. PSCs are assumed to form at the NAT frost point. The
. . . dotted line represents the 475K and the topmost boundary stands

Mimosa advection codéHauchecorne et al2002 with the for 675 K potential temperature level

REPROBUS chemistry schemkefevre et al,. 1994. The '

model has a horizontal resolution ofx{1°. It has isen-

tropic vertical coordinates on 25 levels, resolved by 5K in g water-ice particles. The composition of liquid aerosols is
the lower stratosphere. Winds and temperatures are takegyg|culated analyticallyLuo et al, 1995. The ice particles
from the European Centre for Medium Range Weather Forexre assumed to incorporate HN@ the form of NAT de-
casts (ECMWF) operational analyses. The diabatic transporgqriped by a bimodal size distributioD4vies et al.2002).
through the isentropes is f:omputed frqm the he.ating rate caIC|y and By, are explicitly calculated from their long-lived
culations by MIDRAD Ghing 1987), driven by climatolog-  sources at the surface and are therefore time dependent. An
ical H0, CQ, and by the @ fields calculated by Mimosa-  aqditional 6 pptv of bromine in the form of GiBr; is added
Chim. to Bry to represent the contribution of brominated short lived
The model includes a comprehensive description of stratospecies reaching the stratosph&é O, 2007).
spheric chemistry. Absorption cross-sections and kinetics ' For each Arctic winter considered here, the model was run
data are based ddander et ak200§. The absorption cross-  from 1 December to 31 March. Initialisation of ozone on 1
sections of GIO2 are taken fromBurkholder et al(199Q  pecember was provided by the ECMWF operational anal-
and are extrapolated to 450 nm. They are in very good agregyses. Other species in Mimosa-Chim were initialised from
ment with the most recent &ID; spectrum measurements by 3 |ong-term simulation of the REPROBUS CTM driven by

Papanastasiou et §2009. Monthly varying S0, fields  ECMWF meteorological analyses.
leading to the formation of liquid aerosols in the CTM are

computed from the outputs of a 2-D-model long-term sim-
ulation, which considers the impacts of volcanic eruptions.
The heterogeneous chemistry contains reactions on binary
and ternary liquid aerosols, nitric acid trinydrate (NAT), and

Atmos. Chem. Phys., 10, 9919930 2010 www.atmos-chem-phys.net/10/9915/2010/
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Fig. 2. Temporal evolution of the vertical distribution (350-850 K) of vortex average8b{ EqL) ozone (ppmv) for the Arctic winters
2005-2010. Left: Mimosa-Chim calculations, Middle: MLS measurements, and Right: The difference between modelled and measured
ozone. The model fields are sampled at location of the MLS observations. Due to early vortex dissipation caused by major warmings, the
analysis does not extend beyond 10 February in 2006 and 2009. Both data are smoothed for seven days. The white dotted lines represent tt
study altitudes 475 and 675 K.

3 Measurements: Aura MLS 4 Temperature and PSCs during the winters

Ozone and CIlO observations (version 2.2) from the Mi- _.
. Figure 1 shows the area covered by PSCs (Apsc) cal-

crowave Limb Sounder (MLS) aboard Aura are used to com-
. . ) ! ! culated from the ECMWF temperature and pressure data

pare with the simulations. The retrieved ozone profiles hav

. : VSor the last six winters. PSCs are assumed here to form
a vertical range of 215-0.02hPa and a vertical resolution . )

? . X .. at the NAT frost point according télanson and Mauers-
of ~3km, while the horizontal resolution of a profile is

~200km. The vertical range of CIO is 100-0.1 hPa and theberger(1988 and are calculated using climatological val-

. o : ues of HN@ and HO (e.g. Tripathi et al, 2007). Win-
vertical resolution is 3—3.5 km, whereas the horizontal resq ter 2005 shows the largest PSC area with a maximum of

lution ranges from 350 to 500 km. The estimated accuracy IS 2 107 k2 in late-January. Considerable area of PSC is

5-10% for ozone and 10-20% for CIO depending on altitude : . .
(Froidevaux et al.2006 Santee et a12008. also found in December—January 2008, with a maximum

value of 1.4<10” km? in mid-January. Due to a vortex split
occurrence in mid-December at 475K and a major warm-
ing in February 2010, Apsc during the winter is reduced and
it shows a maximum of 1210’ km? in mid-January. The

www.atmos-chem-phys.net/10/9915/2010/ Atmos. Chem. Phys., 10, 993G-2010
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CHEMICAL
OZONE LOSS

Fig. 3. Maps of passive tracer, ozone, and chemical ozone loss (passive tracer-ozone) calculated by Mimosa-Chim at 475K on 15 March
2005-2010.

warm winters 2006 and 2009 show much smaller PSC areaand 2009 as the final warming), the data beyond the events
limited in late-December/early-January with a peak value ofare not considered in this study.
about 0.810” km?. In winter 2007, the largest area of PSCs,  Both simulations and measurements show similar maxi-
1.0x10” km?, is observed in late-December. mum and exhibit a rather good agreement, with differences
within £0.5 ppmv depending on isentropic level and time. In
general, the comparison yields good agreement in the lower
5 Results stratosphere, below 500K in particular. The calculations
are in good agreement with the observations in the winters
We look into the details of ozone loss process of the recenpp07, 2008 and 2009. The model captures well the ozone
winters in this section. Before starting the discussion on theenhancement during the SSWs, specifically at higher alti-
loss, we first examine the ozone simulations. Since the pastudes, in January—February 2006 and 2009. The simulated
sive method used for the loss diagnosis depends on tracgniddle stratospheric ozone levels during these periods are
simulations, the quality of the model simulations has to behigher than those of other winters in accordance with the ob-
checked against measurements. Therefore, we compare th@rvations. In February 2010, the higher ozone values due
ozone calculations with MLS observations, as the instrumento meridional transport of ozone rich air masses from lower
provides measurements of a number of compounds linkegatitudes, associated with a major SSW, can also be seen in
to polar ozone loss since its launch in 2004. It is followed both data sets. Inter-annual variability in the evolution of
by a discussion of the ozone loss estimated from the simulagzone with altitude is apparent in the figure. For instance,
tions. The temporal evolution of vortex averaged ozone losghe winter 2005 shows low ozone values in the lower strato-
in Mimosa-Chim and MLS are diagnosed afterwards. Thesphere up to 600 K. Further, the ozone maximum in the win-
ozone loss features are interpreted using modelled and meger 2007 is comparatively smaller than that of other winters.
sured chlorine activation in terms of CIO data. We later focusNevertheless, as displayed in the right panel of Rigthe

on the ozone loss analyses at two representative altitudes isimulations systematically overestimate (up to 0.7 ppmv) the

the lower (475K) and middle stratosphere (675 K). observations in early-December and March above 600K in
_ ' . _ all winters, due to differences in subsidence. This differ-
5.1 Ozone: simulation and comparison with MLS ence is found to be largest in March 2005, and in December

) ) ) o ) and March 2010. In 2006, the model shows higher values
Figure 2 displays the vertical distribution of the Mimosa- of around 0.25 ppmv from December to February at 500—
Chim and MLS ozone together with their difference, sam-goo k. On the other hand, the calculations underestimate (up
pled at the same time and location of the satellite observay, o 5 ppmv) the measurements in January—February below
tions. The results are averaged inside the polar vortex dez5o Kk and above 675 K in most winters. Among the winters

fined as the area enclosed insidé BEof equivalent latitude  the smallest differences are found in 2008 and the largest dif-
(EqL) (seeMlller et al, 2008for further discussions on ade- ferences in 2010.

guate definition of polar vortex). Due to early final warming
(since there was no strong or well-defined polar vortex, we
take the major warming in late-January/early-February 2006

Atmos. Chem. Phys., 10, 9919930 2010 www.atmos-chem-phys.net/10/9915/2010/
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Fig. 4. Temporal evolution of the vertical distribution (350-850K) of vortex average®b{ EqL) ozone loss (ppmv) estimated for the

Arctic winters 2005-2010. Left: the ozone loss derived from the difference between the passive tracer and the chemically integrated ozone
by Mimosa-Chim. Right: the ozone loss derived from the difference between the Mimosa-Chim passive tracer and the ozone measured by
MLS. The model fields are sampled at location of the MLS observations. Due to early vortex dissipation caused by the major warmings, the
analysis does not extend beyond 10 February in 2006 and 2009. The ozone loss analysis in March 2010 are not included here because ¢
very weak vortex and due to the tracer uncertainties after the major warming. Both data are smoothed for seven days. The white dotted lines
represent the study altitudes 475 and 675 K.

5.2 Ozone loss tained and high ozone depletion during the winter. Though
_ _ not as large as observed in 2005, a significant area of low
5.2.1 Simulations ozone levels off the pole is visible in 2008. Due to a strong

) ) ) SSW around mid-January, there was no vortex afterwards
The ozone chemical loss is computed from the difference bez 4 hence high ozone is simulated in 2006 and 2009. In
tween a passive tracer initialised identically to ozone at th92007, the vortex was seemingly smaller and therefore the
beginning of the simulation and the chemically integrated ;4ne depletion is reduced. In 2010, even though there was a
ozone (i.e., Ozone lossTracer-Ozone). As an example, maior SSW in late-January due to a planetary wave 1 event,
Fig. 3 shows the passive tracer, ozone, and the differenceng yortex split and merged again later. Therefore, a small
(chemical ozone loss) calculated at 475K on 15 March forgissinated vortex, displaced into the mid-latitude, with mod-
each winter. In the figure, polar vortices with high 0zone g51e gz0ne loss is simulated in that period. The maps dis-
mixing ratios of around 4.5ppmv corresponding to warm y|aved in Fig 3 clearly illustrate the strong inter-annual vari-
winters and reduced mixing ratios of around 3 ppmv corre-gpijity in the meteorology and chemical ozone loss in the
sponding to cold winters, are clearly shown. Arctic, with large losses (2 ppmv) diagnosed inside the polar

Since the winter 2005 was one of the coldest, a vast vorteX,q e in 2005 and 2008, more limited loss in 2007 and 2010
and large reduction in ozone is simulated, suggesting sus-

www.atmos-chem-phys.net/10/9915/2010/ Atmos. Chem. Phys., 10, 993G-2010
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Fig. 5. Temporal evolution of the vertical distribution (350-850 K) of vortex averageib{ EqL) CIO (ppbv) for the Arctic winters 2005—

2010. Left: Mimosa-Chim calculations and Right: MLS measurements. The Model and MLS CIO coincident profiles are selected for solar
zenith angles<8% and local time between 10 h and 16 h. Both data are smoothed for three days. MLS CIO values are corrected for the
negative bias identified bgantee et a(2008.

(0.8-1 ppmv), and the absence of vortex, as of 15 March, ir600 K. Comparatively large losses are also found in the cold
2006 and 2009. Thus, as discussed in Se¢he mostrecent  winters 2007 and 2008. In 2007, the ozone loss shows a
Arctic winters show a wide variety of polar processing, quite double peak feature with a maximum of 1.3 ppmv at 675 K.

in line with previous northern winters. In 2008, the ozone loss is delimited between 450 and 600 K
with a peak loss of 1.4 ppmv around 475 K. Little loss is com-
5.2.2 Comparison with MLS: vertical features puted above the 650K level in this winter. Due to ma.jor

warmings, the winters 2006 and 2009 show limited ozone

Figure4 (left panel) displays the vertical structure of the ac- loss, not excgeding 0.8'ppmv. 'The winter 2009 present.s the
cumulated chemical ozone loss computed from the Simula_smallest vertical extent in the dl_agnoged ozone loss, which is
tions for the winters 2005-2010. The vortex averaged ozondnainly centred below 650 K until the final warming. In 2010,
loss computed from the model grids and at the MLS sam-2 wide spread loss of around 0.9 ppmv from mid-January to
February at 450-800 K with a peak loss of about 1.1 ppmv

pling points show rather small differences. Therefore, we . ; ) S .
present the ozone loss computed at the MLS footprints inat 600K is estimated. Ozone loss analysis for this winter is

side the vortex for each winter for comparison purpose restricted until February due to problems in tracer descent

Among the winters, 2005 exhibits the largest ozone Iossafter the warming, as identified from the modellegtNiso-

. . . pleths. Additionally, there was no activated chlorine to in-
YZZZ iz tsnpar)e(zlgc]ju\r;;r(t)it:;l.lz/ %%Txegnhﬂgz)cgna(;%%%dfi?aghzgg duce a sustained loss afterwards in March. Stud@buytail
i ; “etal.(2010 al how that th | h h
February, reaching 1.5 ppmv above 600K in I(:lte-Februrclry.eta (2019 also show that the ozone loss has stopped by the

In March, most of the loss is confined between 400 andend of February.

Atmos. Chem. Phys., 10, 9918930 2010 www.atmos-chem-phys.net/10/9915/2010/
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Figure4 (right panel) describes the temporal evolution of are observed in MLS extending up to mid-March. This dis-
the vertical distribution of vortex averaged ozone loss de-crepancy explains the stronger ozone loss derived from the
rived from the observations. Ozone loss from the measureebservations at 500—-600K in March (see Hy. In 2007,
ments is computed in a similar way as for the simulation (theMimosa-Chim clearly underestimates the observed chlorine
difference between the passive ozone tracer sampled at eaelttivation. The vortex averaged CIO in Mimosa-Chim is
measurement point and observed ozone). In agreement witlower by about 0.4 ppbv, which explains the underestimation
the calculations, comparatively large losses are estimatedf ozone loss in the simulations for that year. In other win-
from the measurements in 2005 and 2008, reaching 1.5 antkrs, the simulations show generally a good agreement with
1.4 ppmv respectively. The simulations reproduce quite wellthe observations at most altitudes. A closer examination of
the gross features of observed ozone loss in each winter, e.the ozone loss in the lower and middle stratosphere at two
its onset in the course of the winter, the altitude of its maxi- representative isentropic levels, 475 and 675K, is presented
mum and its vertical distribution. The agreement between then the following sections.
model and MLS is particularly good in 2006, 2007, 2008 and
2009, where the differences are mostly withi®.2 ppmv.  5.2.4 Comparison: lower stratosphere
As shown in Fig.2, the modelled ozone in March is com-
paratively higher and therefore, the maximum ozone loss isAs shown by Fig4, the simulated ozone loss until January is
slightly lower in the model depending on altitude. In 2010, generally within 0.2 ppmv and it varies in January—March for
the computed loss from MLS is about 0.5 ppmv larger thaneach year at 475 K. The maximum ozone loss derived from
that of Mimosa-Chim. This difference is due to relatively the simulations is, respectively, 1.7, 0.7, 1.1, 1.3, 0.9 and
higher values (0.5-0.8 ppmv) in simulated ozone throughou©.9 ppmv in 2005, 2006, 2007, 2008, 2009 and 2010. The
the winter at 500-700K and also because of larger passiveorresponding observed losses are in turn 1.5, 0.7, 1.2, 1.4,
tracer values calculated after the warming, as compared t0.8 and 0.9 ppmv, and are in very good agreement with the
previous winters. However, in 2005 the model does simulatesimulated ones, with differences withir0.2 ppmv.
the second ozone loss maximum observed around 600K, al- The ozone loss obtained from our study is in general good
beit with a lesser amplitude. In both cases, the results shovagreement with that obtained from other techniques for the
a large ozone loss in the middle stratosphere, as compared twinter 2005 (WMO, 2007, 2006 Manney et al.2007) and
other winters followed by its strong decrease in March. In2007 Rosevall et al.2008. Tablel presents the compar-
addition, both the simulations and observations provide théson of ozone loss derived from various measurements and
highest ozone loss above 500K in 2007. To further investi-model calculations for the winter 2005. The maximum loss
gate the causes of differences in the estimated ozone loss, vemulated at 475K is about 1.7 ppmv (1.5 ppmv from MLS)
analyse the measured chlorine activation and its representan 2005, which compares well with that Grool3 and Miller

tion in the model in the next section. (2007). Our loss estimations are also in very good agreement
with those ofJackson and Orsolin2008; Rosevall et al.
5.2.3 Comparison: CIO and Chlorine activation (2007); Singleton et al(2007) andTsvetkova et al(2007), as

we estimate comparable values in respective periods. It must
Figure 5 compares the temporal evolution of vertical dis- be noted that the ozone loss computed from MLS observa-
tribution of vortex averaged CIlO extracted from MLS ob- tions byManney et al(200§ andAmraoui et al(2008 also
servations and Mimosa-Chim simulations for various win- show the same maximum of 1.5 ppmv, which greatly support
ters. As expected from large areas of PSCs, the observasur ozone loss computation technique. However, the peak
tions show high chlorine activation in 2005, 2008, and 20100zone loss altitude shown by some works are generally about
with enhanced CIO values in the lower stratosphere up ta25 K lower than in our analysis. Such a discrepancy among
about 600K. In these winters, vortex averaged CIO reachvarious techniques was also noted Gyool} et al.(20053
1.2-1.5ppbv around 550K in January. Chlorine activationfor the winter 2003. The only diagnosis that departs consid-
usually starts in December above 475K (in late-Decembererably from all other evaluation Rosevall et al(2007), with
during the first two winters and a little earlier in the later Submillimeter Radiometer (SMR) data. This could be due to
ones) and then extends lower down in the course of the winthe peculiarity of their method, which is prone to more mix-
ter. Both simulated and measured CIO occupy a larger vertiing and dilution in the vortex air. The vertical motion was not
cal stretch and exhibit higher values in January 2010 as comrepresented explicitly but was calculated frosmeasure-
pared to other winters, consistent with higher ozone loss esments for their analyses. Other details regarding the method
timated in that period. The simulations generally reproducecan be found fromlackson and Orsoli2008, who pro-
the observed CIO and its variability throughout the winter vide a brief comparison of most ozone loss estimation tech-
quite well, although some differences are seen. In 2005 anaiques. In agreement with the measured and simulated ozone
2010, a stronger chlorine activation extending up to 650 Kloss and Apsc, the chlorine activation is predominant in 2005
is simulated in late-December as compared to the observaand 2008, moderate in 2010, and weak in 2007 at 475K.
tions. In 2005, later during the winter, higher CIO values The winters 2006 and 2009 started off with low temperatures

www.atmos-chem-phys.net/10/9915/2010/ Atmos. Chem. Phys., 10, 993G-2010
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Table 1. The vortex averaged-(65° EqL) ozone loss estimated in volume mixing ratio (ppmv) from Mimosa-Chim and MLS data, compared

to different studies for the Arctic winter 2005. The initial offset in tracer and Mimosa-Chim ozone is corrected with respect to MLS ozone

to avoid any bias in ozone loss computations. The passive tracer method is denoted by PT and the vortex averaged/profile descent method |
denoted by VAO. The ozone loss analyses based on assimilated data are indicated by

Study Method Loss/ppmv  Peak altitude Period Measurements

This study PT 15 475K Dec/Mar MLS

Manney et al(2006 VAO 15 450K Jan/10 Mar MLS

Amraoui et al.(2008 VAO 15 425K 10 Jan/10 Mar MLS

Singleton et al(2007) PT 1.8 450K Jan/Mar MLS

Jin et al.(2009 Various 1.8-2.3 475-550K  1-7 Jan/mid-Mar ACE/FTS

Rex et al.(2009 Match 13-21 450-475K  Jan/25 Mar Ozonesondes

Tsvetkova et al(2007) VAO 1.7 450K Jan/25 Mar SAGE IlI

Rosevall et al(2007) VAO 1.3 450K Jan/14 Mar MLS

Jackson and Orsolirf2008 VAO 1.2 450K early-Jan/early-Mar ~ MLS/SBUV2

Rosevall et al(2007) VAO 0.6-0.9 450K Jan/14 Mar SMR/Odin
Simulation

This study PT 17 475K Dec/Mar Mimosa-Chim

Grool3 and Miller (2007 PT 1.4:0.3 475K Jan/Mar CLAMS

Singleton et al(2007) PT 2.4/2.3 450/475K  Jan/Mar SLIMCAT

and therefore, were subjected to early chlorine activation and Discussion

ozone loss as compared to other winters. It has to be re-

called that a similar range of ozone loss values, from 0.7 to6-1 Ozone loss and production rates
2.3 ppmv, was also computed for the cold Arctic winter 2000

by various methods\ewman et a].2002. To gain further insights into the inter-annual variability of

ozone in the Arctic vortex, we have calculated the ozone loss
and production rates for the winters 2005-2010. The fol-
lowing equation was applied to compute the vortex averaged
As evident in Fig.4, the simulated ozone loss at 675K is ozone loss and production rates from the model output.
around 0.2 ppmv in early-January in most winters. The max-

imum loss reaches 1.1, 0.7, 1.2, 0.8, 0.3, and 0.9 ppmv in *eq=90

2005, 2006, 2007, 2008, 2009, and 2010, respectively. The Y 303(8, j,heq) X SN, j, heq)

loss derived from observations show successively 1.2, O.GW (ppbv/sh) = *eq=65

5.2.5 Comparison: middle stratosphere

0.8, 0.7, 0.5, and 0.7 ppmv for the corresponding winters. Aeq=90
The simulated ozone depletion shows good agreement with Z sh@, j, Aeg)
that of observations, withia-0.2 ppmv. The large loss cal- req=65

culated around 675K in January—February 2005 is also con-

firmed by other estimationgi et al, 2006 Rex et al, 2006 ~ Where,303(6, j) is the ozone loss or production averaged
Groof and Miller, 2007 Tsvetkova et a 2007 Jackson and ~ Within EqL (1eg) >65° for each model isentropé) and day
Orsolini, 2008. The high ozone depletion simulated at 675K (/). §03(6. j, Aeq) is the instantaneous ozone loss or produc-
is in good agreement with that Groof? and Niller (2007, tion calculated by the model for each grid point defined by
who estimate a similar loss at this altitude. This double peaKatitude ¢) and longitude ¢) for eacht and;. sh@., j, 1eq)
structure is not pronounced in the analysiSafgleton etal.  is the sunlit hour calculated with respect to solar zenith angle
(2007 and thus, the measured and simulated ozone loss irc93" that varies between 0 and 1 for complete darkness to
their study are considerably smaller (about 0.7 ppmv) tharfull illumination. The ieq is computed for each model grid
our estimates. There is only a little amount of active chlorine(¢.¢.¥) and for each day using potential vorticity (PV) data.
present at 675 K, as most of it is found below 600 K. There- Figure6 shows the vortex averaged instantaneous ozone
fore, key factors driving ozone loss at 675 K will be discussed!0ss and production rates in ppbv per sunlit hour (ppbv/sh) at
in the succeeding sections. 475 (top panel) and 675K (bottom panel).
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Fig. 6. Vortex averagedx65° EqL) chemical ozone loss and production rates at 475 and 675 K, expressed in ppbv per sunlit hour (ppbv/sh),
for the Arctic winters 2005—-2010. The data are exempted from temporal smoothing to explicitly show the effect of daily movement of vortex
and its impact on ozone production and loss rates.

6.1.1 Lower stratosphere 2010, elevated loss rates of 4—9 ppbv/sh are simulated in mid-

February/mid-March. A similar evolution of production rates
At 475K, the winter 2005 shows the largest loss rate ofis also calculated during these two winters, in which the lat-
around 5ppbv/sh in February. In 2010, loss rates of 3-ter shows a massive production of 5-19 ppbv/sh. The large
5 ppbv/sh are calculated in mid-January/mid-February, whileloss of 2—6 ppbv/sh is masked by enhanced production of
relatively lower depletion rates are found in 2008 and 20072—14 ppbv/sh in mid-March 2005. The loss rates dominate
during these months. The warm winters 2009 and 2006 shovgver production rates in 2007 except in late-February, which
loss rates up to 3—4 ppbv/sh in December and mid-Januaris consistent with the highest ozone loss found at 675K in
respectively, which are higher than those of the cold wintersMarch. The warm winter 2006 records the largest loss and
during the same period. There is hardly any ozone producproduction rates in December—January in line with the high
tion at this isentropic level. chlorine activation and ozone loss during the period.

For the winters discussed here, there are no other stud- Figure7 shows the PV maps on 15 March of each year at
ies with which to compare our simulated ozone loss rates675K. Since ozone production depends solely on sunlight,
Therefore, we compare the results of previous Arctic win-the movement of vortex over illuminated regions causes its
ters fromFrieler et al.(2009. They derive ozone loss rates variation. As can be seen from the figure, the displacement of
(seven/ten day averages) of 5-10 ppbv/sh at 490K in 1995the vortex to the mid-latitudes explains the reasons for higher
5-8 ppbv/sh at 475K in 1996, 6-7 ppbv/sh at 500 K in 2000, production rates in 2005, 2008 and 2010 as compared to
4.5-8.5 ppbv/sh at 475K in 2001 and 4-5 ppbv/sh at 475 Kother winters. This is also clearly seen in late-January/early-
in 2003 in January. Since calculationffieler et al.(2006 February in 2006 and 2009, and late-February/early-March
is based on a box model, the figures are not directly compa2010, during which the polar vortices were displaced off the
rable. However, our results are generally in good agreemenpole by major SSW eventsAanney et al.200§ Flury et al,
with their analyses. For instance, (i) both observations and2009 Kuttippurath et al.2010. Further, it is evident from
our simulations show higher loss rates in late-January/earlyFig. 6 that the production rate in March increases with time,
February, (ii) the loss rates in warm winters rarely extendwhich is well anticipated as the final warming approaches.
beyond January, but are higher than those for most cold win©n the other hand, a pole centred vortex and hence, compar-
ters for the same period, and (jii) cold winters with sustainedatively diminished production rates are found in 2007.
loss show higher simulated loss rates in January/mid-March,
consistent with the measured rates. 6.2 Ozone loss and chemical cycles

6.1.2 Middle stratosphere In order to better understand the prime chemical cycles driv-

ing the ozone loss inside the vortex in the lower and mid-
At 675K, ozone loss and production rates tend to increaselle stratosphere, we have evaluated contribution of various
with time until February. The largest loss rates of our studychemical cycles as a function of time at 475 and 675 K for the
are found in February—March 2008, around 12 ppbv/sh. Inwinters discussed here. Contribution of each cycle is givenin
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9924 J. Kuttippurath et al.: Arctic ozone loss variability and chemical cycles

pvu subjected to a major SSW and subsequent split. Therefore,
300 in early-February the CIO-CIO contribution fell dramatically

and contribution from other cycles (H@Gnd BrO-CIO cy-

cles in particular) dominated later during the winter for the

250 reasons stated above. Contribution from H@minates
during warming periods, and is demonstrated by its rela-

200 tively higher contribution in the vortex dissipation (mid/late-
March) or major SSW periods (late-January 2006 and 2009,

150 and mid-February 2010). Since increase in mixing ratios of
H>O and HNQ@ during warmings are expected (efgjury

100 et al, 2009 and are the sources of HOcontribution from

this cycle outweighs others (egarchand et a).2005.
The maximum contribution of the CIO-CIO cycle to the

Fig. 7. Maps of potential vorticity (1PV units total loss varies from~50% in cold winters to~40% in
(pvu))=10"%km?kg—1s~1) calculated from ECMWF data warm winters. In contrast, contribution from CIO-BrO
on 15 March 2005-2010 at 675K. The maps also display theequals that of CIO-CIO in warm winters and decreases to
strength and position of polar vortex on 15 March in each winter.  ~25_-30% in cold winters. The larger difference in the

contribution of both cycles, during the period of sustained

ozone loss, is found in the winter 2008 from January to late-
percent of the total contribution from all cycles. This contri- Fepruary.
bution is shown in Fig8 left panel for the lower stratosphere oy results on the contribution of halogens to the total loss
(475K) and right panel for the middle stratosphere (675K). are consistent with those foundFmieler et al(2006. Using

a photochemical box model, they also show a contribution of
6.2.1 Lower stratosphere 50% from the CIO dimer;-27-48% from BrO—CIO and 5-

10% from CIO-0 to the total loss in the Arctic winters 1995,
The importance of halogen cycles in ozone destroying pro-1996, 2000, and 2001, and in the Antarctic winter 2003 in
cess in the polar lower stratosphere is relatively well knownthe |ower stratosphere. They also find that the efficiency of
(e.9.WMO, 2007) and this study too finds similar results. At the BrO—CIO cycle increases with faster photolysis rate of
475K, the CIO-CIO and CIO-BrO cycles represent 80-90%c|0 dimer. Studies using UARS MLS measurements for the
of the total loss (e.drieler et al, 2006 Woyke etal, 1999.  Antarctic winters 1992-1994 also point out that these two
The CIO-O cycle contributes 10% to the loss throughout thecycles account nearly for 90% of the total loss in the lower
winter at this level, consistent with a previous study at 465 KstratosphereWu and Dessler2001). Therefore, our study
based on UARS MLS (Upper Atmosphere Research Satelgonfirms the fact that the odd oxygen loss in the polar winter
lite MLS) measurements in the Arctic and Antarctic winter |gwer stratosphere is dominated by the CIO dimer and CIO—
of 1993 MacKenzie et al.199. The CIO dimer cycle is  BrO catalytic cycles, which is quite in line with our current

prominent in January/mid-March (since the ozone loss betheoretical understanding and is consistent with the findings
fore January is very small, the contribution before the pe-of previous studies.

riod is not shown), with a maximum contribution 60% in
mid-January/mid-February. Because of its quadratic depens.2.2 Middle stratosphere
dence on CIO, the efficiency of the CIO—CIO cycle to destroy
ozone falls very rapidly when active chlorine returns to reser-In contrast to what is found at 475K, the halogen catalysed
voir forms at the end of the winter. This is not the case for cycles play comparatively a small role in the Arctic ozone
the contribution of BrO-CIO, which decreases not as rapidlydepletion at 675K, as demonstrated in Fg(right panel).
in these conditions, and therefore becomes larger than that oft this level, the ozone loss is essentially due to the NO-
the CIO-CIO cycle in early-March. When the CIO dimer cy- NO, cycle, which represents 50-75% of the total depletion
cle becomes less important, the contribution from CIO-BrOin February—March, complemented by the CIO-O cycle that
enhances. A similar result was also observedbyz et al.  contributes about 10-20% to the total loss during the period.
(2007 in the Arctic winter 1999 from balloon-borne mea- The CIO-O contribution is found to be as large as 20-55%
surements. From early-March onwards, as there are no PSGs January. However, ozone loss at this altitude during the
and chlorine activation the contribution of the kl@nd NG period is very small (0-0.3 ppmv). The contribution of 1O
cycles grow quickly and become the active ozone depletingcycle, which is about 10-20% in January, increases during
cycles in the second half of the month. the course of the winter to become equal or larger than that
Another interesting feature to note is the contribution of of CIO-O in late winter. The rate limiting step in all these
the cycles in 2010. During this winter temperatures were rel-cycles is the combination of the oxygen atom with a specific
atively high and as emphasised previously, the vortex wasnolecule (for e.g. H@+O for HO, and CIO+O for CIQ).
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Fig. 8. Vortex averagedx65° EqL) relative contribution of selected ozone depleting chemical cycles to the total chemical ozone loss at 475
(left panel) and 675K (right panel) in the Arctic winters 2005-2010. The data are smoothed for ten-days. The dotted lines represent 50%
and the top lines of each plot represent 100% contribution.

Therefore, the availability of O-atoms mainly determines thecycles to the total loss above 650 K. Moreover, the available
efficiency and duration of these cycles and thus, the accumustudies on previous winters address contribution of the cy-
lated ozone loss at 675 K. cles in some specific issues such as ozone loss due to addi-
tional NO loading during solar proton events or warming
events GrooR et al.2005a Vogel et al, 2008. For instance,

and NO-NQ cycles, markedly in January. The variability of .
ClO-0 contribution is linked to the formation of PSCs. The bo_x _model calculations bitonopka et al(2007 noted the
NO—NO; cycle contributes 10—20% in 2010, 2009, 2008 and Siciency of NQ, HO, CIO-CIO and Bro-CIO cycles as

' ' 76, 12.5, 3.5 and 1% respectively at 600-900 K during the

—A4504 i i i-
2006, but 30-45% in 2005 and 2007 in January. The maxi varm Arctic winter 2003. Interestingly, large loss of ozone

mum ozone depletion simulated around 675K in 2007 is Nat higher altitudes with a double peak structure (as found in

agr_eement V.V'th the relat|vely_ h|_gh contrl_butl_on of N.O_N o 2005) was simulated in this winter toG(ool} et al.20053.
during the winter. However, similar contribution of this cycle _. : .
Simulated ozone loss for the winter is comparable to that

in other winters is compensated by large ozone producnonbf 2005, with a maximum of around 1.4 ppmv at 475 and

as discussed in Se@.1 675K. They also linked the higher loss above 600K to the
Unlike for lower stratosphere, only a few studies are per-exposure of vortex air to sunlight that began early during this
formed on the aspects of contribution of different chemical

The inter-annual variability is relatively strong for CIO-O
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dynamically dls_,turbed winter, in tune with their analyses for Table 2. The vortex averaged65° EqL) accumulated ozone par-

the §outhern Wlnter.ZOOE(rooB et. al.2005h. Thesg results tial column loss (DU) estimated in 350-850 and 350-550K from
are in agreement with our analysis for the warm winters, dur-the MLS sampling inside the vortex and corresponding Mimosa-
ing which the contribution from NQis larger than that of  chim simulations interpolated to the observed points for each win-
the cold winters, inducing higher ozone loss above 600 K.ter (121 Days from December to March). The SAOZ total column
Therefore, in PSC-free polar stratosphere in 600-850 K, thdoss computations for the winters are compared to Mimosa-Chim

NO-NGQ; cycle plays a major role in ozone depletion. and MLS loss estimates in 350—-850K. The calculations for the
warm winters 2006 and 2009 are performed for 72 days (from 1
6.3 Partial column ozone loss December to 10 February), and 2010 for 90 days (from 1 December

to end of February). The maximum loss is found (shown below)

To complement our ozone depletion analysis based on mixaround 23-25 March in cold winters. The initial offset between
racer and MLS/Mimosa-Chim ozone is corrected with respect to

Ing ratio, we have Comp.uted the qzong CO'“T“” loss for eac LS ozone to account for any biases in ozone loss computations.
winter frqm both the _I\/Ilmosa_-Chlm simulations and MLS The column loss is computed from the the daily average of ozone
observations. For the integration, the model ozone and tracel, tracer column found inside the vortex.

profiles were interpolated to the MLS sampling points inside

the vortex &£65°EqL). The MLS profiles were then interpo- 350 _g50K 2005 2006 2007 2008 2009 2010
lated to the vertical levels of the model in order to have the— .
same column computation procedure for both data sets. MostMimosa-Chim

studies concentrate the ozone column loss in the lower strato- SAO7 11253 25% 2‘; 111125 3586 fgo
sphere, and therefore we have calculated the loss in the 350=
550K column range. In order to analyse the contribution 350-550K

from middle stratosphere by cycles like NCas discussed " \;n0sa-chim 91 27 57 80 43 55
in the previous section, we have computed the column loss ;. g 81 14 62 90 28 42
for the whole 350-850K range. Except for the warm win-
ters 2006, 2009 and 2010, the accumulated column loss are

estimated from December through the end of March. Calcu—Ch. IMLS | be due to diff inth ;
lations for the warm winters are restricted to 10 February for m 0zOne loss can be due fo difierences in the vortex

2006 and 2009, and 28 February for 2010, consistent wittjImit criteria and sampling. Thatis, the ground-based estima-
our previous analysis. The daily average ozone and '[raceﬁJons d_epend on seven stat|or_ns in the vortex, wh|Ie_ the MLS
data are used for these column loss calculations. The regampllng covers relatively quite well the polar region. Ad-

sulting column losses in 350-550 K and 350-850K for ealchd't'(t)nally.’t the grOI(erltr:i]—basled analysis uses stllg:tly dtn‘ferenlt
winter are given in Table. vortex criterion and the column measurements do not sample

For the 350850 K partial column, the largest loss is foundvorte).( air at all aIt!tudes, whereas only vortex air is consid-
in 2005 and the lowest loss in 2006, in agreement with ourered in our analysis.
' The ozone loss in the lower stratosphere, in 350-550K,

previous discussion on the vertical distribution of ozone loss. o ) .
In 2005 and 2008, the column loss simulated by the modeFhOWS similar features as noted in the 350-850K column

is respectively 109 and 98 DU while that derived from the :ﬁ\/r;?e.hiN:en:e;)r/], d(?o(\;\?(;crj g;gn\gaég:umgt%res i;?c')?]lt Eﬁ)s P{ﬁg_
MLS observations amounts to respectively 112 and 115 DU. y hig P X

In the warm winters 2006 and 2009 a limited loss reachingozone loss estimated from MLS is larger than that from the

53DU (i 2009) s simulated. The most recent warm win- 1022, S02 (R B 200 0 P o e measured
ter 2010 is characterised by a moderate loss of 79 DU by the gerby

epletion in warm winters.
end of February. The column loss calculated by the modefj P : .
. . : In a study using Match ozonesonde measurements in the
overestimates the measured loss in all three warm W|nter§\r

(2006, 2009 and 2010) by 16-19 DU. These figures from ctic, Harris et al.(2010 derive an accumulated ozone col-

. . . umn depletion of 72 DU in 2007 and 65 DU in 2008 in 380—
Mimosa-Chim and MLS compare reasonably well with those ) : e

. . 550 K. Both Mimosa-Chim and MLS loss estimations under-

derived from the ground-based total column observations

o .~ “estimate the Match results in 2007 by 10-15 DU and overes-
from UV-visible SAOZ (Systeme d’Analyse par Observation _ .
Zenithale) network in the ArcticGoutail et al, 2005 2010. timate them in 2008 by 15-25 DU. In contrast to the Match

As shown by the simulations, large loss in cold and relativel results, our estimations provide comparatively larger ozone

Y atons, farg Yloss in the cold winter 2008. The simulated loss in 2006 is

small loss in warm winters are computed from the SAOZ . .
o . in good agreement with that éfeng et al(2007), who cal-

measurements. The SAOZ estimations are generally in goo@ulate aloss of about 32 DU in earlv-February in 380-550 K

agreement with those of Mimosa-Chim/MLS, with devia- Y y y

tions within 20 DU. In 2010, the difference is much larger, The comparison of ozone column loss estimates for the Arc-

reaching 40 and 60 DU with the simulations and MLS obser-tic winter 2005 is presented in a separate section as there are

vations respectively. The offset between SAOZ and Mimosa—several published results available for a discussion.

109 42 80 98 53 79
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Table 3. The vortex averaged~65° EqL) ozone partial column loss (DU) computed from Mimosa-Chim and MLS data in 350-550 K and
350-675 K are compared to various results for the Arctic winter 2005. Individual vortex definition is used by each study. The error estimation
provided by the respective studies are given together with the ozone loss values. Here, the column title “Period” represents the time line of
individual studies and “Max. Loss” indicates the day on which the maximum ozone depletion is estimated. The column length used for the
ozone loss computations are relatively small for the estimates givialias.

Study Data Column Period Max. Loss Loss (DU)
This study MLS 350-675K December—March March end 109
- MLS 350-550K December—March March end 81
Singleton et al(2007) Satellites 400-550K January/March March end 9a5
Tsvetkova et al(2007) SAGE Il 350-625K January/25 March 25 March HMB0
Jin et al.(2009 ACE-FTS 375-650K  1-7 January/mid-March 15 March 116
Rex et al (2006 Match 350-550K January/25 March 25 March 71
von Hobe et al(2006 in-situ 344-460K 7 March 7 March 62:%
Simulations
This study Mimosa-Chim  350-675K December—March March end 107
- Mimosa-Chim  350-550K December—March March end 91
GroofR3 and Miller (2009 CLAMS 380-580K January—March 23 March 520
Feng et al(2007) SLIMCAT 380-550K December—March March end ~140

The difference between the partial column loss estimatedier than in other studies (around 25 March) and there was
in 350-550K and 350-850K (i.eA Loss=Loss50-g50k— a strong vortex and sustained loss afterwards. Also, the loss
Losss0-550Kk) averaged over the studied winters is equal was estimated only up to 460 K, which is much lower than
to 18.0t5.2 and 19.#8.6 DU for the MLS observations the column upper limit considered in other studies. Such a
and Mimosa-Chim simulations respectively. Such a differ- discrepancy in the altitude range used for the analyses is one
ence, mainly due to the effect of N@hemistry in the mid-  of the reasons for the spread in the results. Another possi-
dle stratosphere, has to be taken into account when conble reason for the difference is that most works use their own
paring polar ozone loss computed from total ozone ob-vortex criterion for the ozone column loss estimation.
servations with that derived from ozone profile measure- Regarding the ozone loss derived from various model re-

ments/simulations. sults, the simulations bg&rool3 and Niller (2007 provide
the lowest estimate. This offset can be due to a different
6.3.1 Partial column loss in 2005 sampling of the vortex by the model grid, as compared to

the satellite observations. In order to check this, we aver-
Since the winter 2005 was one of the coldest in the decadeaged the simulated loss over all the model grid points (not
a number of ozone loss estimations based on measuremengsly at the footprint of MLS observations) using the same
and simulations have been published. Tebompiles the  vortex criterion ofGrooRR and Miller (2007 and obtained a
vortex averaged ozone column loss calculated from variousoss of 73 DU in 350-550 K (our model vertical levels are
data sets. For a better comparison with other results we haveifferent). This estimate is in very good agreement with the
also estimated the loss in 350-675K from both Mimosa-calculation ofGroo and Miller (2007. Another important
Chim simulations and MLS observations. As shown by thefact to note is the sampling of the vortex by the MLS sensor,
table the loss estimated by different studies generate differwhich is limited to 82. In contrast, the model grid spans to
ent results. The Mimosa-Chim analysis shows a good agreethe full 9¢° including the pole. Therefore, the average cal-
ment withSingleton et al(2007), who also compute a sim- culated from the models can cover the area inside the vortex
ilar loss from MLS observations. The Mimosa-Chim/MLS from this additional latitude region ofgi.e., 83-90 N) too,
ozone loss in 350-675 K show a good agreement with thosend hence, this average can differ from the mean loss esti-
from Jin et al.(2009 andTsvetkova et al(2007). The larger  mated at the satellite footprints. In short, the differences in
loss simulated ifFeng et al(2007) is due to the higher vor-  vortex sampling, altitude range, time period and vortex def-
tex descent and accompanied increase in chlorine loading iinition of the analyses have to be taken into account when
the lower stratosphere of their model. The ozone loss comeomparing different ozone loss estimations.
putation fromvon Hobe et al(2006 shows the lowest value
among these analyses while thatRéx et al.(2006 pro-
vides the largest estimate. The accumulated lossirHobe
et al. (2006 was estimated on 7 March, which is much ear-
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