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Abstract. We present the first nighttime measurements ofspheric chemical processes that lead to ozone depletion in
OCIO from a limb-viewing satellite instrument in the Arc- both Arctic and Antarctic polar regions. The inert reservoir
tic polar vortex. The relationship between OCIO, N@nd  species (like CION@or HCI) are converted into active chlo-
Os slant column densities in the Arctic polar vortex are an-rine (ClO, CbO2) by heterogeneous reactions, which occur
alyzed from the GOMOS measurements. The retrieval pro-on the surface of polar stratospheric clouds (PSCs) formed
cess is based on a differential optical absorption spectroscopgiuring the polar nightolomon et al.198§ if stratospheric
(DOAS) method applied on the weighted median GOMOStemperatures are below 195 Kpsc at 50 hPa) . These ac-
transmittances. A study of the longitudinal distributions of tive species strongly contribute to catalytic cycles that de-
OCIO, NG, and & above 68 north in January 2008 is pre- stroy ozone. A consequence of the halogen activation is the
sented. It shows a strong halogen activation in the lowermproduction of OCIO via one of the three reactions between
stratosphere and a strong denoxification in the entire strato€lO and BrO:

sphere inside the Arctic polar vortex. Time series of tem-

peratures and OCIO, NOand @ slant column densities ClO -+ BrO — OCIO+ Br (R1)
for the winters 2002/2003 to 2007/2008 are also presentedC

- ) IO+ BrO — BrCl+ O R2
They highlight the correlation between temperature, OCIO + - +02 (R2)
and NQ. The GOMOS instrument appears to be a very suit-C|O + BrO — Br + Cl + Oy (R3)
able instrument for the monitoring of OCIO, N@nd G in
the stratosphere during nighttime. The study done b$essler et a[1995 shows that OCIO is

a good qualitative indicator of chlorine activation and a good
guantitative indicator of BrO. This study highlights also that
OCIO is a poor quantitative indicator of ClIO presence. The
monitoring of OCIO appears to be crucial to better under-

. . . . stand the chemistry of the halogen species in the stratosphere.
Since the discovery of stratospheric ozone depletiofdy The only significant sink of OCIO is its rapid photolysis by

man et al(1983, several studies have been performed to bet'solar radiation in the UV wavelength range. Consequently
ter understand this recurrent phenomenon (a historical rEVievbCIO is almost constant during the night

OLIth'.S researgh can bel found'SDIontmr)t 19?9} I?r:)rgatnli Nitrogen species NO(NO+NGQ,) also play an important
chiorine species (§) play an important role in the strato- role by reforming the halogen reservoir species:

Correspondence toC. Tétard ClO + NOz — CIONG;, (R4)
BY (cedric.tetard@aeronomie.be) BrO + NO» — BrONO, (R5)

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Reactions R4) and R5) limit the formation of OCIO.  measurements during the Arctic winters from 2003 to 2008.
Nevertheless, in the polar vortex, M@ removed via the After a brief summary of the GOMOS instrument, the re-
formation of HNG; on the surface of PSCs. This is the well- trieval algorithm is described. Then, we present the spatial
known denoxification of the polar vortex. This denoxifica- distributions of OCIO, N@ and @3 measured in the Arctic
tion causes a delay in chlorine deactivation and a more profegion in January 2008. Finally, we analyze time series of
longed period of ozone loss. these species in the Arctic regions for the winter 2002/2003

The first measurements of OCIO in the stratosphere werd¢o 2007/2008.
performed in Antarctica bysolomon et al.(198% from a
ground-based station. Since then, other measurements have )
been performed by using ground-basatiler et al, 1999, 2 The GOMOS instrument
balloon-borne Canty et al. 2005 Pommereau and Piquard
1994 Renard et a). 1997 Riviere et al, 2003 or satel-
lite measurementKtecl et al, 2006 Wagner et al.2002.
However, the measurements performed using ground-bas

GOMOS is one of the ten instruments onboard ESAs
ENVISAT satellite launched on 1 March 2002 in a sun-
s&mchronous orbit at an altitude of 800km. It is a stellar
e . . )
. . . o occultation spectrometer dedicated to the stratospheric and
instruments do not allow the retrieval of vertical distribu- . - -
. . mesospheric remote sounding of the Earth. Operating in the
tions. Furthermore, like balloon-borne measurements, the)(J o
are localised and do not give a global coverage. Some V, visible and NIR wavelength range (from 245 to 942 nm),

: it allows the retrieval of vertical profiles of ) H,O, NOy,

of these satellite instruments used a nadir geometry to re; : .
trieve the total vertical column densities of OCIO: this is the NOg, Oy, aerosols and temperature. OCIO is not a species

case for Global Ozone Monitoring Experiment (GOME) on retrieved systematically from the GOMOS operational algo-

ERS-2 Burrows et al, 1999, SCanning Imaging Absorp- rithm becaus_e its slant optl(_:al thlckne_ss is s_mall with re-
. : spect to the instrumental signal-to-noise ratio. Neverthe-
tion spectroMeter for Atmospheric CHartograph¥ (SCIA- less, a global determination of the stratospheric OCIO distri-
MACHY) onboard ENVISAT Bovensmann et gl1999 and a9 P

o bution is possible if several GOMOS measurements are co-
Ozone Monitoring Instrument (OMI) on EOS-Aurhgvelt .
et al, 2006. The instrument Optical Spectrograph and In- added (see Sed.and Fussen et 31200§. GOMOS is also

fraRed Imager System (OSIRIS) onboard the Odin Satelliteequped with two fast photometers used to correct for star

(Llewellyn et al, 2004 uses the limb scattering technique scintillation and to retm_eve temperature profiles. .
. . . ; GOMOS measures light from several stars that are setting
to retrieve vertical profiles of concentrations of OCKYécl

et al, 200§. Moreover, SCIAMACHY has a limb-viewing b.ehm.d the Earth horizon. The trans_rmttance a}lqn_g the line of
] . ) sight is obtained at each tangent altitude by dividing the stel-
mode and can also retrieve such vertical profiles. All thes

satellite perform daytime measurements. However, no re-o spectrum measured through the atmosphere by the refer-

sults have been published for the moment. Note that h&nee stellar spectrum measured outside the atmosphere. This

Stratospheric Aerosol and Gas Experiment Il (SAGE Ill) method is self-calibrated and offers the advantage of a large

on the Meteor-3M satelliteMcCormick et al, 1997 could number of occultations per day (30 to 50 measurements per

. . orbit compared to only 2 occultations for the solar occulta-
also perform lunar occultations and limb-scatter measure-; : ; . .

. : : B tion method). The wide variety of stars used combined with
ments in order to retrieve OCIO vertical distributions but,

for the moment, no results concerning this have been IoubEhe sun-synchroneous orbit allows a global coverage in about

lished. The Global Ozone Monitoring by Occultation of 3 days_. Never';heless, th“? Iight_intensity of stars is weak, in-
. fluencing the signal-to-noise ratio of GOMOS measurements

Stars (GOMOS) instrument on ENVISAT (see eBgertaux that depends on the star used
et al, 1991 Kyrola et al, 20049 is designed to retrieve the '
vertical concentrations of trace gases, including nighttime
OCIO. The stellar occultation technique used by GOMOS al-3  OCIO retrieval
lows the measurements of OCIO during nighttime. GOMOS
is the only satellite instrument able to perform such nighttimeThe method used here to retrieve OCIO is the same as those
measurements in the stratosphere. Preliminary results foused byFussen et al2006. We summarize below the main
the year 2003 have suggested the presence of a maximum Bteps of this method. Due to the difficulties in the detection
the OCIO concentration in the equatorial upper stratospheref OCIO in a single GOMOS spectrum, we co-add transmit-
(Fussen et a12006. For the moment, the OCIO product ob- tances (interpolated on a common altitude grid) in latitude
tained from the GOMOS spectra has not been validated withhins of 10 degrees with a temporal resolution of one month.
data from other instruments. Even if these OCIO measureThe transmittances used are already corrected for scintilla-
ments are not validated, this article highlights the capabilitiestion and dilution effects@alaudier et al.2001). The con-
of GOMOS to ensure a global monitoring of OCIO and NO sistency of each data set is checked by using statistical nor-
during nighttime. mality tests after which we calculate for each consistent bin

We report in this paper the distributions of OCIO, NO a weighted median spectrum and the associated variances.
and G slant column densities (SCD) retrieved from GOMOS A differential optical absorption spectroscopy (DOABIatt

Atmos. Chem. Phys., 9, 7857866 2009 www.atmos-chem-phys.net/9/7857/2009/
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et al, 1979 technique is then applied to each weighted me-
dian spectrum in the [355-390 nm] wavelength region. In
this spectral window, the main contributions to the total ex- 3
tinction are the molecular scattering, the aerosol extinction ;|
and the absorptions by OCIO and WOEven though the

ozone absorption in this wavelength range is weak, we take
it into account in order to obtain a better accuracy for the =%
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retrieval. For the sake of an optimal signal-to-noise ra- 1;‘30 i %30
tio, we use measurements from the star Sirius (Tempera-2 2
ture =11 000 K, Magnitude=1.44) in this study. R < 2
The key principle of the DOAS method is to separate the | 25l ,
total transmittanced” (A) into two components, one vary-
ing slowly with the wavelengthl(; (1)) and the other rapidly = MEERTS
varying (noteddT (1) and named experimental differential 2t 2t
transmittance). The slowly varying transmittances are cal- | ] = <>

culated using a second order polynomial. It corresponds L
to the molecular scattering, the aerosol extinction and the NG, SCD fern] Relative Difference [%]
slowly varying components of the gaseous absorptions. In

the same way, we separate the absorption cross sectigns (

of each species into a slowly varying component (calculatedrig. 1. On the left: vertical profiles of N@slant column densities
also with a second order polynomial) and a high frequencyfor August 2003 in the [68-65 S] latitudinal band. The dashed
component. The differential cross sectidas are then cal-  line corresponds to the profile retrieved from the GOMOS opera-
culated as the differences between the absorption cross settonal algorithm and the solid line to the profile retrieved in this
tions and the smoothed ones. Thus, the modelled differentia$tudy. On the right: vertical profile of the relative differences.
transmittanceV (1) can be written as:

IS
5]

rithms are consistent and that our DOAS algorithm works
M () = T, (1—exp[— (Nos 8005 + Nno,dono, (1) Well. Furthermore, in a previous articleussen et a(2006
shows a comparisons between OCIO obtained from GOMOS
measurements and calculated from the Belgian Assimilation
whereN; are the slant column densities (SCD). TNeare  System of Chemical Observations of ENVISAT (BASCOE)

then obtained by a nonlinear least-squares minimization ofnodel Errera and Fonteyr2007) for the year 2003. A good
the difference betweeM (1) andd T (1) weighted by the ex- ~agreement results from this comparison. Thus, we can be
perimental errors. In the minimization procedure, the wave-confident with the OCIO product obtained from the DOAS
length is eventually shifted bypi. The estimated retrieval @pproach used in this study.

error is extracted from the jacobian. Note that the cross sec-

tions used in the retrieval are the same regardless of the tem-

perature. The cross-sections used for ozone are provided by Spatial distribution of OCIO, NO 2 and Oz in the Arc-
Orphal(2002), those for NQ by Merienne et al(1995 and tic vortex in January 2008

those for OCIO byWahner et al(1987).

Unfortunately, for the moment, no direct validation of the According to Kuttippurath et al.(2009, the stratosphere
OCIO SCD obtained can be achieved. In the future, a validain the winter 2007/2008 was very cold. The temperature
tion exercise will be done with the OSIRIS, SCIAMACHY, started to decrease in November and remained low until a
OMI and GOME results. Nonetheless, we can compare thénajor stratospheric warming in late February. Inside the po-
NO, SCD obtained from our DOAS procedure and from lar vortex, the temperatures were below the PSC tempera-
the GOMOS operational algorithrE(ropean Space Agency ture threshold until the end of February. Indeed, PSCs were
(ESA), 2007). Figurel shows a typical comparison for Au- observed from different Arctic stations, a possible sign of a
gust 2003 for the [60-655] latitudinal band. The N@®  strong chlorine activation.

SCDs of each measurement in this bin, retrieved from the In January 2008, the polar vortex was not centered on the
GOMOS operational algorithm are combined to obtain thegeographical north pole. It gradually moved towards Europe.
weighted median SCD observed in the left panel (dashedrigure2 shows a potential vorticity map obtained from the
line). The relative differences between these two profilesMIMOSA model Hauchecorne et al2002 at 675K (about
are mostly lower than 10% (in absolute value) and this re-27 km) on 10 January 2008. It highlights that the polar vortex
sult holds for the other latitudinal bands. We can there-extends from the North pole down to 6N latitudes above
fore conclude that the NOSCDs retrieved from both algo- the regions whose longitude lies betweefi W0and 135 E.

+ Nociodoocio)])
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Ether /P roduction

Fig. 2. Potential vorticity map calculated by the MIMOSA high-resolution advection model at 12:00 UT on 10 January 2008 at 675 K (about
27 km). The white circle at 72N represents the geolocation of the tangent points of the GOMOS Sirius occultations in January 2008.

Consequently, a 5 degree latitudinal band in the northerrowest altitudes. At 29 km, the shape of the distribution is
hemisphere was not homogeneous for the highest latitude. Iflatter (around 5e14 cnf). The isopleths longitude-altitude
January 2008, only the latitudinal band neat ®2s sounded for OCIO, NGOy, O3 SCDs and for the temperature provided
by GOMOS (Sirius occultations). In Fig, the white circle by the European Center for Medium-Range Weather Fore-
represents the spatial distribution of these GOMOS Sirius occasts (ECMWF) are presented in Fig. The NG and G
cultations. They are distributed along the entire longitudinal SCDs represented in this Figure are from the operational al-
range: some of them were performed inside the polar vorgorithm. The activated vortex region is marked by a strong
tex and the others outside. Hence, we cannot bin together alDCIO SCD in the lower stratosphere and by low N&CDs.
these measurements. Figshows that the distribution of This is in a good agreement with our current knowledge of
the transmittances at 385 nm and at 30 km for the GOMOSstratospheric chemistrB¢asseur and Solomp2005. Ac-
measurements in this latitudinal band are bimodal. Note thatording toSessler et a1995, OCIO presence is an indica-
for other altitudes and wavelengths, this bimodality of the tor of halogen activation. The presence of CIO in the lower
transmittances is also observed. One expects that high transtratosphere in the polar vortex is confirmed by the instru-
mittances correspond to measurements inside the polar voment Microwave Limb Sounder (MLS) instrument onboard
tex. Indeed, because of the denoxification of the polar vortexEOS Aura (Earth Observing Syste8ghoeberl et a12008:
the NG absorption is weak. in Fig. 6, a maximum of CIO volume mixing ratio in the
lower stratosphere is located in the Arctic polar vortex (at
To take into account the specificity of the position of the high equivalent latitudeSantee et al2008. Figure5 shows
polar vortex in January 2008, we have divided the latitudi- also the longitudinal and vertical distribution of 0zone SCD.
nal band into 10 longitudinal boxes. In each box, we check |t shows a slow decreasing of ozone inside the polar vor-
the consistency of the measurements (statistical test) and wex. This is in a good agreement with the halogen activation
calculate the weighted median transmittance spectra. Themnd with the denoxification observed. Nonetheless, the role
we use the DOAS technique to retrieve OCIO, N&hd G of dynamics in this observing ozone decreasing can not be
SCDs in each box. The results concerning OCIO are prehighlighted by our study. One may also notice the low tem-
sented in Fig4. It represents the longitudinal variations of peratures (lower than 200 K) encountered in the areas where
OCIO SCD for three different altitudes: 17, 24 and 29 km. It the halogen activation and the denoxification are observed, a
appears clearly that maxima of OCIO SCD occur in the ac-condition for the presence of PSCs.
tivated polar vortex (between 70V and 135 E) at the two

Atmos. Chem. Phys., 9, 7857866 2009 www.atmos-chem-phys.net/9/7857/2009/
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Fig. 4. OCIO slant column densities as a function of longitude with
] ) ) the spectral inversion error bars for January 2008 in the Arctic polar
Fig. 3. Histogram of transmittances at 30km and at 386 nm from yegion. The solid line is the result of an error-weighted fit by a sim-
the GOMOS Sirius occultations in January 2008 in the 7045 pjq |orentzian function. The dashed lines represent the associated
latitudinal range. confidence interval at &-

5 Temporal evolution of OCIO, NO, and Os in Arctic with a two day resolution. One should keep in mind that this

winters can cause the averaging of inconsistent GOMOS measure-
ments (like for the winter 2007/2008, cf. Se¢}introducing

In this section, we study the temporal evolution of the OCIO, some uncertainty in our temporal study.

NO2 and G SCDs in the Arctic regions during winter from  Figure 8 shows the minimum temperature reached in the

2002/2003 to 2007/2008. Figureshows the geolocation of  stratosphere (panels A) and thg (panels B), NQ (panels

the Sirius occultations in the northern hemisphere (latitudeC) and OCIO (panels D) SCDs (with the error bars) at the

greater than 69. All these measurements occurred during altitude of 19 km as a function of time. This level has been

polar nights. This study was performed with a temporal res-chosen because at this altitude both denoxification and halo-

olution of two days. Bins with less than 4 measurements areyen activation are clearly observable. The winter 2006/2007

not considered as statistically significant and are not takeras not studied due to the lack of data. In the next para-

into account. This restriction eliminates only 11 bins amonggraphs, we will describe the results obtained for each winter.

a total of 200 bins. The same method is then applied on each

set: the weighted median is calculated and the DOAS re5.1 The Arctic winter 2002/2003

trieval is applied. Thus, we retrieve the OCIO SCD, theo2NO

SCD and the @SCD as a function of time in the Arctic win-  During this winter, stratospheric minimum temperatures re-

ter. Note that, for this study, we do not take into accounttrieved using the GOMOS photometers were below the tem-

the position of measurements relative to the polar vortex. Inperature of formation of PSC from mid November to mid

other terms, no longitudinal separation (like in the previousJanuary (panel A). Then, temperatures were higher after

section) has been done because the number of measurementgd January, almost always abo¥esc Consequently, the

available is not sufficient to perform spatio-temporal binning halogen activation must be more important during this cold

www.atmos-chem-phys.net/9/7857/2009/ Atmos. Chem. Phys., 9, 7868-2009
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Fig. 5. Isopleths (longitude-altitude) of the OCIO SCD retrieved from the DOAS procedurg aN@®G; SCDs retrieved from the operational
algorithm, and the temperature provided by the ECMWF in January 2008 in the 7R-4&6tudinal range.
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Fig. 7. Geolocation of the tangent points of all the GOMOS Sirius
occultations above 65\ between September 2002 and May 2008.
Fig. 6. Isopleth (equivalent latitude-altitude) of the CIO volume
mixing ratios on January 2008 from MLS measurements (courtesy .
of G. Manney). The white lines represent iso-PV and the black linesslightly. For NG, itis the reverse: we observed a decrease of
represent iso-temperature from 180 to 200K with a 5K incrementthe NG SCDs during the cold period and then an increase.
(from GEOS-5). Concerning ozone, the SCDs are very noisy. This is mainly
because ozone is a weak absorber in the wavelength region
used in the retrieval.

period: we observed a slow increase of OCIO SCDs all along
this period (reaching 2.0e15 crh at the end of December)
and then, after mid January, OCIO SCDs began to decrease

Atmos. Chem. Phys., 9, 7857866 2009 www.atmos-chem-phys.net/9/7857/2009/
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Fig. 8. Time series of the winters 2002/2003 to 2007/2008 (except 2006/2007) of the minimal temperature in the strappineref
O3 (B), NOy (C) and OCIO SCDgD) at 19 km with the spectral inversion error bars, all retrieved from GOMOS measurements at the
geolocations of Fig7. The dashed lines on the figur@s) correspond to psc

5.2 The Arctic winter 2003/2004 Consequently, lots of PSCs have been observed during the
entire winter. The minimum GOMOS temperatures are in

This winter is also characterized by two periods: a cold oneagreement with this situation. They are bel@asc from

(from mid November to late December when the minimum |ate November to late January. OCIO SCDs strongly in-

temperatures are belo¥ysc) followed by a warming. Dur-  creased fom late November to mid December, reaching ap-

ing the cold period, OCIO SCDs are increasing, Néhd  proximately 2.5e15 cr?. In the same time, NOSCDs de-

O3 SCDs are hoth decreasing. When the temperatures getgeased strongly. From mid December, OCIO and, N&

higher, NG SCDs are increasing and OCIO SCDs are de-mained roughly constant. Ozone SCDs are weak all along

creasing. However, ozone SCDs remain approximately conthis period. During this exceptionally cold and stable win-

stant. For this winter, a strong contrast (for OCIO and2NO ter, GOMOS has observed strong and long halogen activation

SCDs) is observed between the cold and the warm periodand denoxification.

For this winter the period of high halogen activation corre-

sponds to the period with the highest denoxification. This is5.4 The Arctic winter 2005/2006

in a good agreement with our current knowledge in strato-

spheric chemistry. For this winter, GOMOS has recorded measurements only
during January. The minimum temperatures retrieved from
5.3 The Arctic winter 2004/2005 the GOMOS photometers are not very low. They are below

Tpsconly for a few days in mid January (during the GOMOS
According toKleinbohl et al. (2009, the temperatures in  measurements period). Then the miminum temperatures in
the stratosphere were the lowest since 50 years. They rahe stratosphere increased. Consequently, we observed an
mained belowZpsc from late November to late February. increase of the NOSCDs (from 2.5e15 ci? in mid January

www.atmos-chem-phys.net/9/7857/2009/ Atmos. Chem. Phys., 9, 7868-2009
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to 6e16cnt? in early February). Nevertheless, we cannot bution using limb-viewing satellite measurements performed
observe a diminution of the OCIO SCDs as expected. For amduring night in the Arctic regions.

unclear reason, the temporal evolution of OCIO SCDs is first  The next step in the use of the GOMOS measurements
decreasing and then increasing. Concerning ozone, nothinfpr the OCIO retrieval is to validate this product. The ac-

can be deduced by studying the temporal evolution. curacy and reliability of our OCIO products will be estab-
lished through comparison with other measurements made
5.5 The Arctic winter 2007/2008 by other instruments. For this aim, we need correlative

measurements from other satellite instruments (like OSIRIS,
The GOMOS measurements for this winter occurred only in SCIAMACHY, GOME or OMI). Nevertheless, these instru-

January 2008. The minimum temperatures are often equal t8'€Nts perform daytime measurements so it will be neces-
Trsc during the whole GOMOS measurement period. Nev-Sary to model the diurnal variations of OCIO. Direct compar-
ertheless, we can distinguish neither denoxification nor halo!SOns will be possible only with the profiles retrieved from
gen activation. This is probably because no longitudinal dis-t,he SALOMON (Spectroscopie d’Absorption Lunaire pour
crimination is carried out for this temporal study. Indeed, 'Observation des Minoritaires et NORenard et &).1997)

the polar vortex is not centered on the geographical pole anf@!loon-borne instrument (lunar occultation method). In a
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