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Abstract. From January to March 2005, the Atmospheric by heterogeneous reactions into active chlorine molecules
Chemistry Experiment high resolution Fourier transform (ClOx=CIO+2ChLO,+2Cl) that drive catalytic ozone de-
spectrometer (ACE-FTS) on SCISAT-1 measured many ofstruction. In the Arctic, the peak of the CIO volume mixing
the changes occurring in the Arctic (50-280) lower strato-  ratio profile is at about 20—21 km and the chlorine activation
sphere under very cold winter conditions. Here we focustypically extends up te-25km (Santee et al., 2003). In the
on the partitioning between the inorganic chlorine reservoirspresence of gaseous nitric acid (which allows the formation
HCI and CIONQ and their activation into ClO. The simul- of NOy from the photolysis of HN@ and also from the re-
taneous measurement of these species by the ACE-FTS praction with OH) and modest levels of ozone (which allows
vides the data needed to follow chlorine activation during thethe formation of CIO via CI+@), typical of the Arctic, CIQ
Arctic winter and the recovery of the Cl-reservoir species deactivation proceeds by the formation of CIONBY the
CIONO, and HCI. The time evolution of HCI, CIONO three body reaction of CIO and NO The reformation of
and CIO as well as the partitioning between the two reserHCI via the reaction of Cl and CHis slower than the for-
voir molecules agrees well with previous observations andmation of CIONG. The strong denitrification, or at least the
with our current understanding of chlorine activation during lack of gaseous HN§) and the lack of @ in the Antarctic
Arctic winter. The results of a chemical box model are also prevents the rapid recovery of CIONOThe buildup of HCI
compared with the ACE-FTS measurements and are genethus occurs later in the Arctic spring by the slow conversion
ally consistent with the measurements. of CIONGO, into HCI (Douglass et al., 1995; Mier et al.,
1994; Santee et al., 1996; Chipperfield at al., 1996).

The time evolution of inorganic chlorine species during
the polar winter and the early spring and their partitioning
have been studied in both hemispheres from ground-based
(Solomon et al., 2000; Mellgvist et al., 2002), airborne (Web-
ster et al., 1993), balloon-borne (Payan et al., 1998; Stachnik
et al., 1999), shuttle-borne (Rinsland et al., 1995; Michelsen

t al., 1996), and satellite-borne (Dessler et al., 1995, Dou-
rglass et al., 1995; Santee et al., 199@pkher et al., 2004)
Instruments. However, few instruments are able to measure
HCl and CIONQ simultaneously. Ground-based FTIR spec-
trometers measure HCIl and CION©olumns continuously
during winter and spring but sample one location (Blumen-
stock et al., 1997). Simultaneous vertical profiles of HCl and
Correspondence ta. Dufour CIONO, have been reported (Payan et al., 1998; Stimpfle et
(gaelle.dufour@Imd.polytechnique.fr) al., 1999; Bonne et al., 2000) but for a limited time span and a

1 Introduction

The key role of chlorine species in the depletion of ozone
occurring during cold Arctic winters and under high chlo-
rine loading is now well demonstrated (WMO, 2003). A
schematic description of the winter conversion of chlorine
reservoir molecules to photochemically active species an
of the subsequent reformation of the reservoir species i
the spring is given by Michelsen et al. (1999, Plate 8).
When the temperatures are sufficiently low to allow the
formation of polar stratospheric clouds (PSCs), the chlo-
rine reservoir species HCI and CIONGre transformed
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Table 1. Error budget for HCI for a vortex occultation (sr7687)

Altitude km  vmr  Meas. noise  Spectr. DBta Pointind T4 ILS® Interferer§ Total erroP
16.5 0.814 0.028 0.013 0.015 0.016 0.005 0.015 0.041 (5)
18.5 0.944 0.031 0.020 0.034 0.015 0.002 0.033 0.062 (7)
20.5 0.918 0.032 0.022 0.005 0.012 0.002 0.005 0.041 (4)
22.5 1.43 0.048 0.035 0.008 0.015 0.011 0.007 0.063 (4)
24.5 2.15 0.059 0.047 0.043 0.027 0.030 0.043 0.105 (5)
26.5 2.44 0.078 0.053 0.064 0.027 0.04 0.064 0.139 (6)
28.5 2.52 0.082 0.039 0.079 0.038 0.065 0.08 0.163 (6)

@ HCl vmr values and the errors are in ppbv.

b Based on spectroscopic uncertainty of 2% as given in the HITRAN 2004 database.

€ Based on a tangent height uncertainty of 150 m.

d Based on a temperature uncertainty of 2 K.

€ Since the ILS is parameterized, uncertainty in the ILS is induced by perturbing the field of view by 5%.
f H»0, based on early validation results (10%) (McHugh et al., 2005).

9 Relative total error (%) is given in parentheses.

limited area. As far as we know, ACE-FTS is the first remote absorption lines are fitted in selected microwindows to de-
sounding instrument capable of measuring vertical profilestermine temperature and volume mixing ratio profiles. A
of HCl and CIONGQ (and CIO) simultaneously, of sampling set of microwindows is determined for each target species
many locations within the vortex and of following the chemi- and is optimized to reduce the impact of interferers and to
cal evolution of various species during most of the winter andretrieve the vertical profile over the broadest possible alti-
spring. The ACE-FTS is the first space-borne instrument catude range. HCI is retrieved between 8 and 57 km from a
pable of measuring HCI, CION§and CIO simultaneously. set of 22 microwindows with a maximum width of 0.5¢cfn
We report on the time series of the two reservoir moleculesin the 2700-3000 cm' spectral range. The main interfer-
during the 2004/2005 Arctic winter and their partitioning as ers are ClH and & and they are retrieved simultaneously
well as the evolution of chlorine monoxide. We compare thewith the target species. 4 also contributes weakly and its
results to previous observations and to the calculations fronvolume mixing ratio (vmr) is fixed to values retrieved in a
a chemical box model. first step. McHugh et al. (2005) showed in an initial com-
parison using version 1.0 (using only 13 microwindows for
HCI and a reduced altitude range) that ACE HCI abundances
2  ACE-FTS measurements are 10 to 20% larger than those of HALOE. More recently,
Froidevaux et al. (2006) have found that the MLS HCl values

The Atmospheric Chemistry Experiment (ACE), also known are within~5% of the ACE values (version 2.1, a near-real-
as SCISAT-1, was launched on 12 August 2003 into a circulime version of version 2.2) in the stratosphere up to about
lar 7# inclination low-earth orbit at 650 km. It has global 1 hPa. For CION@, two microwindows are used (779.85—
coverage from approximately 88l to 85 S with a ma- 780.45cm! and 1291.8-1293.4cm) to retrieve the pro-
jority of measurements over the Arctic and the Antarctic file between 12 and 35km. The main interferers, BNOs,
(Bernath et al., 2005). ACE makes solar occultation mea-N20, and CH are also fitted simultaneously, including 3 ad-
surements and can observe up to 15 sunsets and 15 sugliional microwindows (1104.78-1105.08cf 1202.61-
rises per day. The primary ACE instrument is a high res-1203.11cm*, and 1728.03-1728.53 cth) to constrain bet-
olution (0.02 cnt) Fourier transform spectrometer (ACE- ter the interferers. As for the HCl retrieval .8 also has a
FTS) operating between 750 and 4400¢m Vertical pro- ~ Weak contribution to the spectrum in the microwindows se-
files of temperature, pressure and various atmospheric corlected and is fixed to previously retrieved values. Only a very
stituents are retrieved with a vertical resolution of 3—4 km preliminary validation of ACE-FTS version 1.0 CION®@as
from the ACE-FTS spectra recorded at a series of tangenf€en made using ground-based FTS instruments (Mahieu
heights using a global fit approach based on a Levenberget al., 2005). For the few cases of close co-incidence, the
Marquardt non-linear least squares method (Boone et al.2agreement between ACE-FTS and ground-based CKONO
2005). The fitting routine does not impose any constraintscolumns is within a few percent. Finally, the CIO retrieval is
based on a priori information. The results presented hereiarried out between 11 and 30 km using the 821 to 846'cm
correspond to version 2.2 of the retrieval algorithm using thespectral window.. This window is similar to the one used by
HITRAN 2004 linelist (Rothman et al., 2005). Molecular Glatthor et al. (2004) to retrieve CIO from MIPAS spectra.
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Table 2. Error budget for CIONG for a vortex occultation (sr765%)

Altitude km  vmr  Meas. noise  Spectr. DBta Pointingd T9 ILS® Interferer§ Total erroP

16.5 357 56 18 22 15 17 17 69 (19)
185 528 51 26 22 8 14 14 66 (12)
20.5 762 27 38 32 48 28 28 84 (11)
22.5 1010 35 51 53 68 40 41 120 (12)
245 1240 31 62 66 65 32 33 124 (10)
26.5 1190 42 60 81 71 38 39 141 (12)
28.5 970 44 49 66 70 42 43 131 (13)

@ CIONO, vmrr values and the errors are in pptv.

b Based on spectroscopic uncertainty of 5%.

€ Based on a tangent height uncertainty of 150 m.

d Based on a temperature uncertainty of 2 K.

€ Since the ILS is parameterized, uncertainty in the ILS is induced by perturbing the field of view by 5%.
f H»0, based on early validation results (10%) (McHugh et al., 2005).

9 Relative total error (%) is given in parentheses.

Table 3. Error budget for CIO for a vortex occultation (sr7687)

Altitude km  vmr  Meas. noise  Spectr. DBta Pointind T9 ILS® Interferer§ Total erroP

18.5 426 434 79 52 9 2 3 444 (104)
19.5 876 452 117 65 20 11 17 473 (54)
20.5 1310 454 143 38 55 30 46 483 (37)
215 1080 569 116 70 49 26 a1 588 (54)
225 572 569 54 102 38 23 40 583 (102)

& ClO vmr values and the errors are in pptv.

b Based on spectroscopic uncertainty of 15% as given in the HITRAN 2004 database.

¢ Based on a tangent height uncertainty of 150 m.

d Based ona temperature uncertainty of 2 K.

€ Since the ILS is parameterized, uncertainty in the ILS is induced by perturbing the field of view by 5%.
f H,0 (10%), CQ (1%), O3 (5%).

9 Relative total error (%) is given in parentheses.

CFC-11 and HCFC-22, which contribute to the spectrum invalidation results (Froidevaux et al., 2006). CIONiOtal er-
this spectral region, are simultaneously fitted with CIO. ror is about 11% in the altitude range of interest (19—-25 km).
CIO total error is about 35% at the maximum of the profile
A sensitivity study of the retrieval of these three speciesand is reliable from 19 to 22 km. The main contribution to the
with respect to parameter uncertainties has been performegd|O error budget is measurement noise error. This is mainly
by perturbing each parameter by Iof its assumed uncer- due to ice contamination of the detector for this time period,
tainty for a vortex occultation. Error sources accounting for reducing the signal-to-noise ratio in the CIO microwindow

uncertainties in temperature, tangent altitude pointing, specregion. Averaging CIO profiles is recommended to reduce
troscopic data, instrumental line shape (ILS), and mixingerrors (see Sect. 4.4).

ratios of the main interfering species are considered. The

effects of uncertainties in the baseline of the spectra, spec-

tral shifts and molecules simultaneously retrieved are notin-3  Synoptic view of the winter 2005 during the observa-
cluded in this sensitivity study because these parameters are tion period

fitted and so their errors are included in the btatistical

error (also called the measurement noise error). Results ar€o describe the temperature conditions in the Arctic polar
summarized in Tables 1, 2, and 3 for HCI, ClIOpland CIO, stratosphere we have used the National Center for Envi-
respectively. For the altitude range of our study (15-30 km),ronmental Predication/National Center for Atmospheric Re-
the total error budget for HCl is about 5%, in agreement with search Reanalysis data (hereinafter “NCEP data”) (Kistler et
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Fig. 1. Polar latitudes sounded by the ACE-FTS and the corresponding equivalent latitudes (upper panels) and time series of HEZI, CIONO
and their ratio at 20.5 km (lower panels) during the Arctic winter 2005.

al., 2001). The region of interest for processing Gllargely  ter vapor mixing ratios, it is likely that ice and STS PSCs
from 70 hPa and 30 hPa. However, the lowest temperatureorm during late January and late February when tempera-
are found at 50 hPa (not shown) so we have described thaures fall below 187 K.

evolution at this pressure level. Any bias in the NCEP assimilated temperature data is

In mid-January, on the 50 hPa surface there is a cold poo‘ik_QIy to be towards higher values (Manney et al., 2003) so

with temperatures less than 191K over northern Canad |,t is probable that temperatures even less than 186 K were

poleward of 78N which shifts eastward over Scandinavia present in early 2005. The spatial extent of the regions with

and intensifies towards the end of the month. On 25 Januar§pmperatures low enough for PSC formation is sufficient for

the temperature minimum is less than 186 K at M7and gsignificant portion of the vqrtex—confingd air mass to expe-

8 E. By early February the lowest temperatures, less thariience heterogeneous chemical processing during its slow de-
189K, are over Greenland and located at aboGtN/5By sc_en_t through the 50 hPa surface (e.g._ Kléet al., 2_005).

20 February the cold pool is found over the north Atlantic Itis likely that heterogeneous processing occurred in a larger

with the temperature minimum under 187 K. A strong warm- volume of vortex air than indicated by the NCEP data.

ing occurs by the end of February and lasts into March so

that temperatures conducive to polar stratospheric cloud for- . .
. 4 Results and discussion

mation are no longer present.

For most of January and February a significant region ofFor this study we focus on measurements obtained over the
the Arctic stratosphere has temperatures below 192 K and irctic (from 50° N to 8% N) between 1 January 2005 and
is likely that nitric acid trihydrate (NAT) and supercooled 26 March 2005. The upper panels of Fig. 1 show the latitudes
ternary solution (STS) PSCs developed (e.g. Kléhietal.,  sounded during the observation time period and the corre-
2005; Jin et al., private communication, 2005, have also seesponding equivalent latitudes (the latitude that would enclose
denitrification using the ACE data). Given the observed wa-the same area between it and the pole as a given potential
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vorticity (PV) contour) at 20.5km. Each occultation was 3.0e-9 . . . .
classified as inside, on the edge or outside the vortex, de-
pending on the position of its reference latitude and longi-
tude relative to the vortex edge. The classification method
used here is a slightly modified version of the method de-
scribed by Nassar et al. (2005). The occultations were clas- ~ 2:0e9
sified based on the 15-25 km altitude range that includes the g
altitude of maximum chlorine activation and of the recovery < 1 5e-9
near 20km. The edge classification includes both occulta- ©
tions that truly cross the edge of the vortex, as well as those ™
with a mixture of vortex and extravortex characteristics be-
tween 15 and 25 km due to the highly variable vortex of the
2005 Arctic winter. The results obtained were also verified 5.0e-10-
by visual inspection of PV maps at 490 K{8-19 km) from
GEOS-4 (Goddard Earth Observing System, Version 4.03) 4,
analyses (Bloom etal., 2005), 0.0 4.0e-7 8.0e-7 1.2e-6 1.6e-6 2.0e-6
The three lowest panels of Fig. 1 show the time series of CHy (vmr)
the volume mixing ratios (vmrs) of HCl and CIONGnd
their ratio at 20.5 km from 1 January 2005 to 26 March 2005Fig. 2. Correlation plot of measured HCl versus measured Gét
for the occultations inside, on the edge and outside the voriween 350K and 700K (approximately 12-26 km). Gray circles are
tex. For occultations defined as extravortex, the HCI vmr val-0PServations outside the vortex at 3 January—26 March 2005; red
. dots are observations in the vortex for 1-25 January 2005; green
322 Ztrsoégggg 8r$5a§sg\t,l\;\itﬁp:\é;\1v£gfég? gtlt%h?;;gtt circles are observations in the vprtex for 26 January-25 Febru-
) L ‘ L ary 2005; black are observations in the vortex for 26 February—24
0.5 (lowest panel). This ratio value is characteristic of un-y,=.-1, 2005
processed air masses and consistent with previous observa-
tions (Rinsland et al., 1995) although somewhat lower than
that given by the box model (see below). In the case of OChumber of measured spectra per occultation increases sub-
cultations on the vortex edge, the trends of HCI, CIGNO o ntiajy which leads to unstable retrievals. Relatively few
and th_e|r ratio during the polar winter are more difficult to grofiles are available as shown in Fig. 1.
establish due to the smaller number of measurements near
the vortex edge and the greater uncertainty in classification i .
of measurements there. However, their behavior is generall)fl'1 Evolution of HCl inside the vortex
quite similar to the behavior of occultations inside the vortex
and the recovery of CIONgseems to occur first on the edge For HCI, the start of the decrease is observed at the begin-
as described by Chipperfield et al. (1997). It is worth noting Ning of January and becomes more pronounced after 20 Jan-
that these results have to be interpreted carefully and mayary 2005 (Fig. 1). The minimum value of the HCI vmr
be due to a sampling issue as well as to uncertainty in thd~0.2ppbv) is reached around 25 January and low values
classification of an occultation as on the vortex edge. Furersist until 25 February. After this period of very low levels
thermore, air masses sounded on the vortex edge may hawf HCI, a slow recovery occurs from the end of February until
also experienced less processing than some vortex measuréle end of our measurement period, when HCl reaches values
ments. On the Contrary, in the case of vortex Occu|tationS,Close to those characteristic of Unprocessed air masses.
the large number of measurements permits us to follow all The correlation plot of HCI versus GHbetween potential
stages from chlorine activation to reservoir molecule recov-temperatures of 350K and 700 K (approximately 12—26 km)
ery. However, it is worth noting that the sampling of air in Fig. 2 shows another view of the evolution of HCI inside
masses within the vortex is poor at the beginning of the ob-the vortex which also allows for descent. Gray circles, corre-
servation period (Fig. 1, second panel) but increases duringponding to measurements outside the vortex, are used as a
the winter and becomes rather good during the late wintereference for unprocessed air masses. Similar conclusions to
and the early spring (reservoir recovery period). We alsothose discussed for the level at 20.5km can be drawn: from
note that the occultations measured during most of Februthe variation it can be seen that HCI is processed progres-
ary correspond to an observation period with very high betasively and sporadically throughout January. It is also clear
angles £55° between 7 February and 21 February 2005).from this figure that the HCl is quite variable throughout the
The beta angle is the angle between the orbital plane angortex. The maximum of HCI processing occurs between
the earth-sun vector. At high beta angles, the latitudes an@5 January and mid-February and this is followed by a slow
longitudes sounded during an occultation vary significantlyrecovery of HCI during March. We note that HCI is not com-
between the highest and the lowest tangent heights, and thaetely recovered at the end of our measurement period inside

2.5e-9

1.0e-9
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Fig. 4. Time series of average CIO profiles measured by ACE-FTS

Fig. 3. Correlation plot of measured CION@ersus measured GH ~ Petween 14 and 25km during the Arctic winter of 2005. Upper
between 350 K and 700 K (approximately 12—26 km). Gray circlesPanel: measurements corresponding to processed air masses. Lower
are observations outside the vortex for 1 January—26 March 2005panel: measurements corresponding to unprocessed air masses (see
color symbols are observation in the vortex: red circles, 3 January-ext for details).
15 February 2005; green circles, 16—28 February 2005; blue trian-
gles, 2-9 March 2005; purple triangles, 11-24 March 2005.
and this gets stronger in late February. The higher values of
CIONGO, (up to 2.2 ppbv), much larger than those typical of
air masses remaining from vortex air (the vortex is breakingunprocessed air masses (gray Circles in F|g 3) Suggest that
down during March). the air parcels have been highly processed and the CIO con-
verted back to CION@

At the 20.5km level the maximum of CIONOvmr oc-
i curs between 2 and 10 March, with values between 2 and
In early January, the CIONOvmr in the vortex at 20.5km 5 g0, consistent with observations made by Payan et
is quite variable and the higher values suggest that some pray (1998) during March 1995. After 10 March, CIONO
cessing has already taken place (Fig. 1). From 20 to 30 JaBecreases as it is slowly converted into HCI. However, as

uary the CIONQ_varies from less than_ 01 ppby to OVET' avidenced from the correlation plot (Fig. 3) ClION®mMrs
1.5 ppbv suggesting that the ACE-FTS is sampling air thatr main high until 24 March at other levels.
has recently undergone processing so there has not been su?—

ficient time to convert the CIO to CIONfQwhile the higher
values suggest that either the CIO resulting from earlier pro#4-3  Evolution of the inorganic chlorine partitioning
cessing has been converted to CIONQOhis is also sug-
gested by the CIO plot in Fig. 4 which shows that the CIO Concerning the partitioning between HCIl and CION@eir
has decreased during this period.) or the air masses sampledtio (CIONGy/HCI) is about 0.5 on average (Fig. 1) dur-
were not processed (due to the variability in the vortex posi-ing the first stage of chlorine activation (i.e., when both HCI
tion with respect to ACE observations). and CIONQ decrease). When HCI and CIOM@re both

The CIONG variability within the vortex is also clearly at their lowest levels (25 January—3 February), the ratio in-
shown by the correlation of CIONQand CH, in Fig. 3 for creases and varies between 0 and 4 with a significant number
the period 1-25 January (red circles). From 18 February tof values higher than 1. During this time period, CIONS,
the beginning of March CION®Is also quite variable. The in general, higher than HCI because of its re-formation from
lowest values are not as low as those in January and indicat€lO and NQ from photolysis of HNQ as noted above. The
less extensive processing or mixing of non-vortex air. Werecovery begins after 4 February and the CIQGNLI ra-
note that the NO-CH, correlations inside and outside the tio reaches values as high as 8 between 18 and 28 February.
vortex indicate that there has not been much mixing of non-As HCI begins to recover at the end of February, the ratio
vortex air during this period (Jin et al., 2006). However, it is decreases progressively until 26 March. The ratio value is
worth pointing out that Manney et al. (2006) show evidencebetween 2.5 and 3 for the first 10 days of March as observed
of mixing into and within the vortex throughout the winter, by Payan et al. (1998) during March 1995.

4.2 Evolution of CIONQ inside the vortex

Atmos. Chem. Phys., 6, 2358366 2006 www.atmos-chem-phys.net/6/2355/2006/
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4.4 Evolution of ClO inside the vortex 20 km during the period of 15-19 February. This maximum
value is smaller than the climatological values derived by
CIO profiles are also retrieved from ACE-FTS spectra. DueSantee et al. (2003, Fig. 2) from MLS/UARS data recorded
to ice contamination on the detector during the measuremerttetween 1991 and 1998. These values are between 1.20
period, individual profiles of CIO are not completely reliable and 1.35 ppbv for an equivalent latitude o™ (that corre-
and require averaging. We have done this in the followingsponds to the mean equivalent latitude of ACE-FTS measure-
fashion. The occultations were divided into 2 groups in or- ments inside the vortex for the time period 15-19 February).
der to average profiles corresponding to similar air massedt is worth noting that only data with a solar zenith angle,
Measurements within the vortex or on the edge were chose®ZA<88 (daylight) have been considered by Santee et al.,
based on HCI vmrs at 19.5km and 20.5 km. If these valueswhile ACE-FTS data are given at 9@ue to the measure-
are lower than 1 ppbv, then the occultations can be averagemhent geometry. The ACE-FTS CIO vmrs are consequently
together. The reliability of this criterion was checked by av- smaller. The maximum CIO value derived from ACE-FTS
eraging ClO profiles corresponding to HCl values higher thanmeasurements is also much smaller than values regularly ob-
1ppbv at 19.5 and 20.5km for periods of 5 days betweenserved in Antarctic £2 ppbv) (Glatthor et al., 2004; Santee
1 January and 26 March. The time series obtained is preet al., 2003). The mean value of CIO during the activation
sented in the lower panel of Fig. 4. CIO vmrs are less thanperiod is about 0.6—0.7 ppbv corresponding to moderate acti-
0.4 ppbv and negligible for all altitudes, within one standard vation.
deviation.
We average CIO profiles with the following criteria: oc-
cultations have to be within 5 days and the difference in lat-5 Comparison with a chemical box model
itude should not exceed 2Profiles that have unphysical os-
cillations for the entire altitude range (11-30km) are also Three-dimensional trajectories were produced using NCEP
rejected. This is particularly the case for occultations with Wind and temperature data. Multiple trajectories were initial-
beta angles higher than 5@B-19 February). For this special ized from the January and February ACE occultation loca-
case, only occultations after 15 February have realistic Clotions at different altitudes and evolved for 60 days. Only tra-
profiles. The criterion based on latitude’)2s relaxed and ~ jectories that stay confined to the polar region are considered.
the ClO profiles between 15 and 19 February are averageahus although this is not a domain-filling method it should,
together. The upper panel of Fig. 4 shows the time serieiowever, allow a reasonable representation of the type of pro-
obtained. Sampling is an issue for the reliability of the aver-cessing that the ACE measurement locations should have en-
ages. The average profiles between 20 January and 10 Mardpuntered. It should also give a reasonable idea of the vari-
are based on more than 10 individual profiles and are thus redtion of species within the vortex, again as viewed by the
liable. Outside this time period, the profiles just give the gen-ACE-FTS instrument. Of course, it is not expected that par-
eral trend of the time evolution of CIO. Although MLS data Cel identity can persist this long in reality, but these trajecto-
show that Cl-activation is significant by the end of December'ies give an indication of the chemical environment present
and quite substantial in the first 10 days of January (Sante@pside the vortex. Some fraction of vortex air will experience
etal., 2006), the activation is apparent in the ACE data only Multiple heterogeneous chemical processing events while
from 10 January to the beginning of March. Note that PSCssome fraction will not be affected by processing. Mixing
are also observed in some ACE-FTS spectra during this tim&Vill smear out the sharp differences between the air parcels
period (M. Eremenko, private communication). The occur- found in the trajectory modeling.
rence of PSCs took place from 24 January to 2 February and The photochemical calculations have been done with a box
from 17 February to 23 February, corresponding well with model (Chartrand and McConnell, 1998) with updated rate
the observed CIO activation. The beginning of chlorine acti-data including heterogeneous chemistry on ice and STS po-
vation corresponds well to the decrease in HCl and CIQNO lar stratospheric clouds. STS is assumed to grow on sulfate
levels and the end of activation to the maximum recovery ofa€erosols, which have a fixed climatological distribution. The
CIONO, (2-10 March). Occultations before mid-February STS parameterization is based on Carslaw et al. (1995). The
correspond to sunrise measurements and occultations aft&TS surface area is related to the volume following the ex-
mid-February to sunset measurements. The amounts of Cl@ression of Massie et al. (1998). Below the ice point the
are then larger during sunsets than for sunrises when th&action of water vapour above the equilibrium vapor pres-
dimer CbO; is still present in significant amounts. The max- sure (from the expression of Marti and Mauersberger, 1993),

imum vmr value for CIO (about 1.07 ppbv) is reached nearWith a supersaturation ratio of 1.4, is assumed to formice and
the associated surface area is determined assuming a mean

lsantee, M. L., MacKenzie, I. A., Manney, G. L., et al.: A study radius of 10 microns. PSCs in our model are determined at
of stratospheric chlorine partitioning in the winter polar vortices €Very time step based on ambient conditions but there is no
based on new satellite measurements and modeling, in preparatiot;acking of particle growth or decay. A NAT parameteriza-
2006. tion is not included since it is felt that a good understanding
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,oloor 20000 01 oo02 19002 0103 evident from the plot in Fig. 6 taking into account the vari-
] ability in the HCI which shows that HCI varies from very
Ty | ﬂﬂ”@ small values indicating rather complete processing to larger
‘ values which indicate little processing. Variability of mea-
sured HCI at 20.5km is about 1.5 ppmv at the peak of the
processing, similar to model variability at least for trajecto-
ries starting at 22.5 and 23.5 km. Similar results are observed
for CIONO,. However, the variability of the model is slightly
larger than those of observations at 20.5 km (Fig. 1) in March
because lower altitudes are considered by the model for this
period. Figure 7 shows evolution of HCI, CION@nd their
ratio inside the vortex between 12 and 30 km: variability of
ol et HCl is effectively larger for altitudes below 20 km in March.
0-0‘1‘0“”““ “’““2‘;”‘“““‘“"““30 m B — The larger variability of the model values may also result
Day of Year from the loss of identity of air parcels through mixing on
a 60-day timescale (scale used for trajectory calculations).
Fig. 5. HCI (black), CIONG (blue) and CIQ (loosely defined as  \where processing does occur, the depletion of CIQNO
ClO+2Ch0y) (red) vmrs for a 3-D trajectory launched from an ganerally greater than that for HCI. The processing is clus-
?Eicn'i;bs;;\(’)%“gg dl?gﬁgvc\)/gczl(ittl;lér?di?satug%O?\ngl\z/g (;’;ag -, fered around late January and late February when the Arctic
nitial an ditions see text. yS, g " " “cold pool reaches its lowest temperatures as described above.
Mean modeled values of HCl are about 1.5 ppbv until 25 Jan-
uary 2005 and show less processing than observed at 20.5 km
. ) i . . (Fig. 1). This can be explained by the fact that the box model
.Of. NAT formauon and NAT. rock” growth is lacking. The lacks representation of PSC types that occur in the first half
initial chemical concentrations were taken from the ACE- of January. Modeled and observed HCI processing are simi-

FTS r(r;easurte-rrl:ent]c SUIt(ter;1 th(?l\s/li\ :/IpECIgsIWhICh dwe(rse f}%‘ Otiér: values close to zero, reflecting complete processing, are
Served were taken from the model (e.g., de Gragdpr modeled even if the mean would show underestimation of

etal., 2000). processing in the model. The recovery of HCI during March
Figure 5 shows one particular trajectory in this suite |eads to values¥1 ppmv) lower to those observed at 20.5 km
launched from an ACE measurement location on 9 JanuaryFig. 1). Air sampled on the 50 hPa surface will capture
2005. For this trajectory the HCI is not completely pro- parcels affected by heterogeneous chemistry during the peak
cessed while the CION@irtually disappears. Of the total processing period but at later stages will see unprocessed
amount of G, 2.1 ppbv, (and 60% HCI) about 1.9 ppbv is parcels from higher altitudes. Moreover, for this time period,
converted to CIQ (CIO and C4O2). The CIQ, disappears  the model is more representative of lower altitudes and thus
with a time constant of about 2 weeks and the main reservoikg smaller values of HCI (Fig. 7). As discussed in Sect. 4,
species formed is CION HCl is much slower to reform.  c|ONO; is highly variable during the pre-processing and the
By the end of February, the trajectory CIOMEICl ratio is  processing period. However, CION@ends to be overesti-
about 4.3, somewhat higher than that for the measuremenig ated by the model during these periods. The modeled re-
at that period. However, this ratio is trajectory (and also tem-covery starts after 20 February, while first signs of recovery
perature) dependent. Other trajectories indicate the graduglere observed almost 10 days before by ACE. CION@-
processing of vortex air through the cold pool. ues reached during March (recovery phase) are in both cases
Figure 6 presents a composite of CION®ICI and their ~ (model and measurements) in good agreement, larger than
ratio from the set of vortex trapped trajectories initialized 2 ppbv. The recovery of modeled HCI and CIOp&tarts
from 22.5, 23.5 and 24.5km at the time of ACE occulta- simultaneously. On the contrary, a delay of almost 10 days
tions. For presentation, the values at each time have beeis observed for HCI recovery from ACE measurements. The
averaged and at selected times the variance of the values hameodeled CIONG/HCI ratio tends then to be smaller than the
been plotted. The averaged values correspond to air parcetsbserved one until the beginning of March. After then, the
in a range of altitudes between 16 and 24.5km, with val-ratio corresponds to altitudes lower than 20 km, where it is
ues at later stages of the evolution tending to be at lowetarger in both model and measurements. However, it is still
altitudes. The variability reflects the various situations thatslightly overestimated by the model.
could have been measured by ACE-FTS and also the insta- The lowest panel in Fig. 6 shows the CIO that results from
bility of the vortex, especially after mid February. The de- the processing. Bearing in mind the variability shown, the
tailed trajectories indicate that not all encountered tempervalues are comparable with those of the measurements dis-
atures low enough for significant heterogeneous processinglayed in Fig. 5. However, we have not reproduced the CIO
while others encountered extensive processing. This is alséeature that is measured at about day 15. The box model
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Fig. 6. Mean concentrations versus day of year for HCI (first panel), Cl@Kgacond panel), HCI/CION®ratio (third panel) and CIO
(fourth panel) from vortex trapped trajectories. Colours represent different altitudes from which trajectories were initialized: 22.5 km (red),
23.5km (blue) and 24.5 km (green). Error bars based on variance are shown at select times.

lacks representation of polar stratospheric cloud types thatvell as the partitioning between the two reservoir molecules
are not either ice or STS and temperatures below 191 K coveagrees well with previous observations and confirms our cur-
a large region in the first half of January 2005. The signifi- rent understanding of chlorine activation during Arctic win-
cant CIO values observed indicate that NAT processing wader (Michelsen et al., 1999). Figure 7 presents a summary
present. of the evolution of HCI, CIONQ@ and of their ratio inside
the Arctic vortex 2005. In early January the measurements
(CIO in particular) indicate processing of the vortex air. The
decrease in HCI and CIONGbegins after 10 January. HCI

vmrs stay very low until the end of February and HCI recov-

We have presented the first time series from space of the,g gjowly until 26 March. The first recovery of CIONO
processing and recovery of the primary chlorine reservoirs,..;rs between 9 February and the end of February and
HCI and CIONQ in the Arctic polar vortex for the period

: ) ] reaches a maximum between 2 and 10 March. Moreover,
January to March 2005 using the high resolution ACE-FTS.gj e the ACE-FTS samples a range of vortex latitudes dur-

We also present average measurements for CIO during thig,g g period it also samples to what extent the vortex air
period. The time evolution of HCI, CIONOand CIO as

6 Summary and conclusions
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Fig. 7. Time series of the HCI (top), CIONfXmiddle) and CION®/HCI (bottom) profiles measured by ACE-FTS between 10 and 31 km ob-
served from 1 January 2005 to 26 March 2005 for measurements inside the vortex. Crosses on the top panel represent the actual measureme
time. White areas correspond to missing data.
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