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Short title: OZONE LOSS IN ARCTIC WINTER 2004/05



Abstract. We present simulations of stratospheric ozone depletidhanArctic
winter 2004/05 by the Chemical Lagrangian Model of the $sphere (CLaMS). This
winter is among the coldest on record with large observedt®zosses. It is also different
from previously analyzed winters, as ozone mixing ratiothimithe polar vortex were not
homogeneously distributed. The reason for the untypicaheaistribution is a second
transport barrier that existed at the time of vortex formati The simulations agree well
with ozone measurements by the Fourier Transform Spectesr(&CE-FTS). The simulated
vortex average column ozone loss between 380 and 550 K padtesthperature{10) was
69+21 Dobson Units on 23 March. The simulated ozone loss is incequpate agreement
with some published estimates, but is significantly lowantbthers. A possible reason for
this difference is the inhomogeneous ozone distributighiwithe vortex which makes it more

complicated to estimate of ozone loss.



I ntroduction

Chemical ozone depletion in the polar stratosphere is agrhenon that has been
investigated for about two decades. It is now well accepted polar ozone depletion is
caused by anthropogenic halogen emissions and that itselgltinked to low stratospheric
temperatures [e.¥MO, 2003]. Here we investigate the Arctic stratospheric wi@04/05,
which is among the coldest Arctic winters on recdreik et al. 2006] using simulations of the
Chemical Lagrangian Model of the Stratosphere (CLaM#&HKenna et al.2002a, b]. Ozone
loss in this winter was previously estimated by using a waé methods and data sources. In
the following, we compare our simulation with those estiesat

Rex et al[2006] use ozone sonde observations to diagnose ozoneidks Bo-called
vortex average method. They report significant ozone lespatticular, the ozone loss below
400K is significantly larger than in previous yeaiManney et al[2006] diagnose ozone
loss from EOS-MLS and POAM data. They show formation of a lawre vortex core and
evidence of mixing at the vortex edge from®l data.Jin et al.[2006] present estimates of
ozone loss between early January to mid-March from ACE-Fai8 dsing various methods:
the tracer correlation method with GHhe tracer correlation method with an artificial tracer,
and the vortex average method.

Both Manney et al[2006] andJin et al.[2006] highlight the difficulty in diagnosing
ozone loss, especially in winter 2004/05, due to mixing i ¥brtex edge region and the
inhomogeneous ozone distribution within the vortex whichyrincrease the uncertainty of the

deduced ozone loss. They state the need for detailed siongddb interpret the ozone loss in



this winter. Singleton et al[2006] estimate chemical ozone loss from the differencevben
passive ozone simulated by the SLIMCAT chemical transpodehand ozone measured by
various instruments (POAM llI, SAGE lll, MLS, ACE-FTS, MAHRO).

Moreover,Dufour et al.[2006] report strong chlorine activation until early March
the basis of ACE-FTS data/on Hobe et al[2006] show in-situ observations of almost full
chlorine activation on March 7. They also show that the olz@ns are comparable with
the simulation presented here and estimate column ozosdédothe location of the flight in
the vortex core. Here we present CLaMS simulations that airepgroduce both mixing and

chemical ozone loss in detail for the challenging condgiohthis winter.

CLaM S Simulation

The Chemical Lagrangian Model of the Stratosphere (CLaM$) Lagrangian
3-dimensional chemical transport model which is descriélsdwhere JicKenna et al.
2002a, bKonopka et al.2004;Grool3 et al, 2005]. Here we present CLaMS simulations for
the Northern hemisphere with a horizontal resolution of BO0 km north/south of 40\,
respectively. As the air parcels are distributed irreduler space, the resolution is defined
by the mean distance of neighboring air parcels. The vétmardinate is the potential
temperature with 32 levels between 320 and 900 K correspgrtdia vertical resolution of
about 0.4 km. Vertical motion is calculated as the time deiie of the potential temperature
using a radiation schem#lprcrette 1991]. Mixing is simulated at those locations where
strong wind shear occurs using the Lagrangian mixing dlgoriMcKenna et al.2002a;

Konopka et al.2004]. Heterogeneous chemistry on water ice, nitric adiydrate (NAT),



and liquid ternary HO/HNO;/H, SO, solution (STS) particles is included. The nucleation of
NAT from STS requires a supersaturation of HN@er NAT of 30 and is therefore strongly
hindered. The four particle types may coexist in the stegate sFurther details are presented
by McKenna et al[2002b]. Sedimentation of NAT particles was calculatedra§iool3
et al.[2005] using a globally constant nucleation rate df@°®cm—3h~! in regions where
temperatures are below the NAT equilibrium temperatuggrT

The initialization of chemical species on 20 November 20@4 derived from AURA-
MLS Os; and N,O data (version 1.51Manney et al.2006] and ACE-FTS @data (version
2.2 update)\\alker et al, 2005]. Using the CLaMS trajectory module, all MLS obseimas
between 18 and 23 November were mapped to the synoptic tinno28mber 12:00 UT
onto a regular 2x6° grid using a cosine-square distance weighting. An offsevéen
AURA-MLS and ACE-FTS Q data was found, as also reported®ingleton et al[2006].
The G initialization was therefore corrected by the following@nical fit derived from ACE

data between 20 November and 5 December and an MLS-ingth{tz aMS simulation:

0% = O™ 4 0.6734 — 0.001528 - 0,

where Q is given in ppmv and the potential temperature is in the ré8¥feK< 0 < 775K.

The initialization is then consistent with the ACE-FTS dafde other chemical tracers

and families CH, Cl,, and B, were initialized using the NO/CH,, CH,/Cl, and CH/Br,
relations as for the 2002/03 wintggfool} et al, 2005]. The remaining chemical species were

taken from the Mainz 2-D mode(Jidel et al, 1983;Grool} 1996] mapped to equivalent



latitude @.). Reaction rate constants and absorption cross sectiamstalen from standard
recommendationsSander et a].2003].

The boundary conditions prescribed at the upper model kroy@00 K) were derived
by the same method as for the initialization. MLS data and @x@lel output and the
above-mentioned correlations were combined in the samedavagvery half month. As the
predominant vertical velocity in the vortex is downwards tbwer boundary (320 K) was not
forced to any external value. Ozone loss and denitrificatidhe simulation are calculated
by taking the difference between simulations@d NQ with passive tracers ¥0° and NQ
that are advected and mixed but undergo no chemical charggseTpassive tracers were

initialized on 20 November 2004 as;@nd NQ,, respectively.

Results

The first results of this CLaMS simulation were presentedoimgarison with in-situ
observations byon Hobe et al[2006]. They show observations of strong chlorine actosati
on 7 March 2005 in agreement with the CLaMS simulation thataaly be explained if a
significant denitrification (about 70%) has also been sitedlaThe maximum denitrification
averaged over the vortex (poleward of @fguivalent latitude) is 8.1 ppbv (corresponding to
50% of NQ}), which is reached on the 485K level on 27 January. Deniatifin is stronger in
the vortex coreGrool} et al[2005] have shown that the effect of denitrification on oztwss
is moderate (7% of the column ozone loss between 380 and 55@803).

The focus of this study is the CLaMS simulation of ozone andzwine loss. Figure 1

shows the simulated ozone mixing ratio on the 475K potertdialperature level averaged



over 40 equivalent latitude bins betweer? 4bid 90N, where each bin contains an equal area
(bin size 0.78 at ,=65"). The black line corresponds to the vortex edge dftash et al.
[1996]. Unlike in earlier winters, ozone within the polarrtex is obviously not distributed
homogeneously from the beginning of the winter onwardss Tithiomogeneity is noticeable
in observations by EOS-ML3Vanney et al.2006;von Hobe et a].2006] and ozone sondes
[Rex et al, 2006].

In order to validate the simulated ozone mixing ratios, w&t flompare them with
satellite observations of ACE-FTS (version 2.2 updailker et al, 2005]. To this end,
the CLaMS results were interpolated to the exact obsemvébication and time, where the
displacement between 12:00 UT (CLaMS output time) and tiseation time was taken
into account by trajectory calculations. Figure 2 shows tdamparison for 3 different time
intervals, one in early winter (1 to 14 January) before sigaint ozone depletion has occurred,
and two at the end of the winter (1 to 8 March and 12 to 25 Marchgguivalent latitudes
®, poleward of 68. All points lie close to the 1:1 line. The largest deviatimtsur for
low equivalent latitudes, that means for locations closth&ovortex edge. All the time
intervals shown contain observations at equivalent ldéisubetween 65and 87. The average
difference (10 standard deviation) between observations and simulatibns> 65°N,
CLaMS-FTS) are 0.080.33 ppmv, 0.08:0.30 ppmv and-0.04+0.32 ppmv, respectively, for
these three time intervals. Thus the simulation is in ero¢hgreement with the observations,
which means that the model reproduces the observed inhoraitgef the ozone distribution
within the vortex. This implies that the simulation shoulsleallow ozone loss to be estimated

with high accuracy.



The reason for this untypical ozone distribution is a sedoalsport barrier during the
formation of the polar vortex. The vortex edge determinezbeding to the method dflash
et al.[1996] (black line in Figure 1) frequently switches betwesaund 65 and around 75
during December because the two transport barriers arendlbsistrength at this time. To
illustrate this point, Figure 3 shows the development oftthe transport barriers in winter
2004/05. These are determined as d(P¥)/&tom ECMWF analyses in°k 1° resolution.

A significant transport barrier at about°7équivalent latitude already develops in October
and hinders the poleward flow of ozone-rich mid-latitudedairing the formation period of
the vortex. Similar double transport barriers have beeortef for the southern hemisphere
[Lee et al, 2001;Tilmes et al, 2006]. Such double transport barriers for the formatiomoge
of the polar vortex have not been reported hitherto for Aratinters. From late December
throughout mid-March, the outer transport barrier is sgerand therefore identified as the
vortex edge by the method blash et al[1996]. However, from early February to mid-March,
the inner transport barrier corresponds most of the timeatoes ofdPV/d®. above 0.5
PVU/degree, corresponding to a moderate isolation of tiieexa@ore air masses from the
vortex edge region.

In the following, the simulated ozone loss is presented mitleFigure 4a shows the
vortex average (equivalent latitude >65°N) accumulated ozone loss versus time and
potential temperature. This was determined as the difteréetween simulated ozone and the
passive ozone tracer;°. The simulated average ozone losd § variability) maximizes at
1.44+0.3 ppmv on the 475K level on March 19 (corresponding to 38%%5f). Also visible

is the ozone depletion above about 550K that is caused blytateycles involving NQ



similar to the situation in earlier winter&fool3 et al, 2005;Konopka et al.2006]. Figure 4b
shows the ozone loss on the 475K level averaged over egoivatéude bins (corresponding
to Figure 1). The peak ozone loss in this view is 1.6 ppmv betw& and 90 equivalent
latitude on March 25. Figure 4c shows the column ozone losgd®sn 380 and 550 K potential
temperature. Unlike ozone itself, the chemical ozone logsdhot show a strong correlation
with equivalent latitude. Here, the column was calculatgdifst calculating vortex average
ozone loss on the different theta levels and then performingrtical integrating using vortex
average temperature profiles. Due to the availability ofighty the ozone loss in January
is slightly stronger towards the vortex edge. Because ohitjeer chlorine activation in the
vortex core, in March more ozone loss is simulated towards/tntex core. The simulated
partial column ozone loss between potential temperatur@88®and 550 K averaged over
the area poleward cb.=65 (+10 variability) reaches its largest value of-691 DU on 23
March. In the vortex cored{. >75°) the maximum partial column ozone loss ist7I5 DU.
The ozone depletion reported here is lower than most othielighed ozone loss
estimates for this wintedin et al.[2006] calculate the vortex ozone loss using differentdrac
correlations for ACE-FTS data and estimate between 1.83pfnv at 475-500 K depending
on the method. The corresponding column ozone loss rangesXi6 to 127 DU. At least
part of the discrepancy between their estimates and our Imesldts is caused by the fact
that they do not take into account the varying latitudinalerage of ACE-FTS. They chose a
reference period from 1 to 7 January and compare this witergatons from 8 to 15 March.
While the latitude of the reference observations is clogbdo/ortex edge (average equivalent

latitude+10 of 70.5+5°), the March observations are located further towards thexeore
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(74+5°). Due to the inhomogeneous ozone distribution (see Figyrealculating the ozone
loss as the ozone difference of these two regions shouldt irsan overestimation of ozone
depletion.

The CLaMS ozone loss estimate is closer to thafioigleton et al[2006], who show
the difference between various data sets and a passive sizouktion. The vortex average
ozone loss partial column between 400 and 575K using the RC&-data is about 100 DU
in mid-March (Figure 8 fronSingleton et al[2006]). From this value, the initial ozone offset
of about 10-20 DU must be subtracted resulting in about 85 Béihtdcal ozone loss. The
corresponding CLaMS ozone loss between 400 and 575 K in nactis 69, 74, and 76 DU
poleward of 65, 70°, and 75 equivalent latitude, respectively.

The estimated ozone depletion reported here is also significlower than the estimates
of Rex et al[2006] (1.7 ppmv at 425K, 121420 DU partial column 380-550 K). The reason
for the significantly larger ozone loss estimates comparedis study (6221 DU) is unclear
at present.

Von Hobe et al[2006] estimate column ozone loss to be'§2DU between 344 and
460K in the vortex core. There are larger uncertainties efttacer correlation in the lowest
part of the observed profile and also the model results closieetlower model boundary
may be somewhat more uncertain. For comparison with CLaMSthearefore re-evaluate
the ozone column loss from the Geophysica measurementsdosetrtical range between
380 and 460K to be 3%, DU. The corresponding CLaMS ozone column evaluated at the
flight location is 27 DU. Most of the difference (10 DU) is dwethe difference in passive

ozone. About 2 DU of the difference is due to a slight oveneate of observed ozone by the
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simulation. As in the comparison withn et al.[2006], the observed air masses do rather
show the vortex core characteristic and therefore the l@stmate ofvon Hobe et al[2006],
which is derived from the vortex core reference relatiomee realistic.

The simulated ozone depletion is comparable with the etitmaof Manney et al.
[2006], who diagnose a vortex average ozone loss of 1.2ghitvbetween 450 and 500 K
on March 10 from EOS-MLS data. This is in agreement with CLaMBich has a vortex
average ozone loss peak of 1.37 ppm 9ppmv) at 475 K potential temperatutgdanney
et al. [2006] also suggest significantly larger ozone loss of uppprav in the vortex edge
region that is not confirmed by CLaMS, but they also menti@ndifficulty introduced by the

mixing of air into the polar vortex.

Conclusions

The Chemical Lagrangian Model of the Stratosphere (CLaMiS¢essfully simulated
ozone loss in the winter 2004/05. The simulated ozone miratig in the polar vortex is in
excellent agreement with the observations of ACE-FTS. Tik&ibution of ozone mixing
ratios within the polar vortex in this winter is rather inhogeneous with lower ozone mixing
ratios in the vortex core throughout the winter. This is dua second transport barrier at
about 78 equivalent latitude during the setup phase of the polaexor® moderate inner
transport barrier is also present from early February to-kh&ich. The simulation suggests
the column ozone depletion (380-550 K) averaged over ther poltex (equivalent latitudes
®, >65°) reaches its maximum of @21 DU on 23 March.

Published ozone loss estimates for this winter vary sicanitiy because some of the
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methods assume that the ozone distribution within the xasttomogeneous. The error
estimates accompanying these previous results would gerldrthe inhomogeneity of the
ozone distribution were considered. The simulated vortexage ozone loss presented here
is comparable with the estimates Mfanney et al[2006] andSingleton et al[2006] and
lower than the estimates &ex et al[2006], Jin et al.[2006] andvon Hobe et al[2006].

At least part of the differences from the latter studies magkplained by the exceptionally

inhomogeneous ozone distribution within the polar vortex.
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Figure Captions

Figure 1. Simulated development of ozone mixing ratio on the 475 K pioaé temperature
level as averages over equivalent latitude bins. The biaekdorresponds to the vortex edge

afterNash et al[1996]. It is not continuous in December as explained in &x. t

Figure 2. Comparison of simulated ozone mixing ratio with observatiof ACE-FTS. All
observations with equivalent latitude > 65°N between 350 and 800 K potential temperature
are shown. Each panel corresponds to a different time iaterdicated in the title. The color
of the symbols corresponds to the equivalent latitude obbservation. The equivalent latitude

covered in each time interval spans at leastt63B 7 N.

Figure 3. Development of transport barriers on the 475K potentialperature level. The
slope d(PV)/@. is shown as function of equivalent latitude and time. Theklies cor-
respond to the relative maximum for equivalent latitudeleward/equatorward of 7Qeter-
mined after the algorithm dflash et al[1996] which also considers the wind speed. The lines
are 3-day running means, and the linestyle indicates thagn of the transport barrier: dotted

and solid lines correspond to d(PV¥/dlarger than 0.3 and 0.5 PVU/degree, respectively.

Figure 4. Development of simulated ozone loss in different repredents. The top panel
shows the vortex average ozone lo$s ¢ 65°N) versus time and potential temperature, the
middle panel a horizontal cut at 475K, and the bottom pareettrresponding column ozone
loss between 380 and 550 K potential temperature. The biaekn the middle and bottom

panels corresponds to the vortex edge at 475K &ftesh et al[1996] as in Figure 1.
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