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Abstract. We report upper limits of 10 and OIO in the 1 Introduction

tropical upper troposphere and stratosphere inferred from so-

lar occultation spectra recorded by the LPMA/DOAS (Limb Inorganic iodine species have been suggested as efficient
Profile Monitor of the Atmosphere/Differential Optical Ab- catalysts for ozone (§) destruction in the troposphere and
sorption Spectroscopy) payload during two stratospheridn the stratosphere (e.§olomon et al. 1994 Davis et al,
balloon flights from a station in Northern Brazil (8.3, 1996. Photochemical processing of iodine-bearing source
42.9 W). In the tropical upper troposphere and lower strato-gases yields atomic iodine (I) which readily reacts with O
sphere, upper limits for both, 10 and OIO, are below 0.1 ppt.forming iodine monoxide (I0) radicals. The latter further
Photochemical modelling is used to estimate the compati+eact with other halogen oxides (XO with X =1, Br, Cl), hy-
ble upper limits for the total gaseous inorganic iodine bur-droxyl radicals or nitrogen oxides. Eventually, atomic iodine
den (},) amounting to 0.09 to 0.16{0.10/0.04) ppt in the s recovered and ozone is catalytically removed from the at-
tropical lower stratosphere (21.0km to 16.5km) and 0.17mosphere. Thereby, iodine is — on a per atom basis — a few
to 0.35(0.20/~0.08) ppt in the tropical upper troposphere hundred times more efficient at destroying ozone than chlo-
(16.5km to 13.5km). In the middle stratosphere, upper lim-rine (Law et al.(2009 referred to as WMO-2006 in the fol-

its increase with altitude as sampling sensitivity decreaseslowing).

Our findings imply that the amount of gaseous iodine trans- All source gases of reactive iodine (©10+1) are
ported into the stratosphere through the tropical tropopaus&ery short-lived (lifetime<6 months) iodinated compounds.
layer is small. Thus, iodine-mediated ozone loss plays a mi-Among the organic source gases, methyl iodide{[Jis the

nor role for contemporary stratospheric photochemistry butgenerally most abundant one due to its comparatively long at-
might become significant in the future if source gas emis-mospheric lifetime of~7 days and due to sizable emissions
sions or injection efficiency into the upper atmosphere arefrom algae and oceanic surface waters (WMO-2006). Mea-
enhanced. However, photochemical modelling uncertaintiesurements in marine boundary layer air indicate that back-
are large and iodine might be transported into the strato-ground CHl concentrations range between 0.1 ppt and 2 ppt
sphere in particulate form. (Butler et al, 2007 Yokouchi et al, 2008 with higher val-

ues reported from North Atlantic coastal source regions (e.qg.
Peters et a).2005. Following emission by certain types of
algae, molecular iodine {) has been identified as an inor-
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ley and Saltzman2008. Reactive iodine itself has been
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observed regularly in the form of 10 radicals in the lower
troposphere with concentrations of several ppt (€xgel
et al, 2003, Peters et a]2005 Zingler and Platt2005 Saiz-
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Lopez et al. 2006 2007h Read et a].2008. Only recently, A ﬁﬁi il J/J\ s
space-borne observations confirmed enhanced levels of IG™ ] _ J/
near coastal Antarctic&giz-Lopez et al2007a Sctbnhardt 1212012004 12:00 12/30/2004 00:00  12/30/2004 1200 12/31/2004 00:00 _ 1213112004 12:00
etal, 2008. Removal of iodine-bearing compounds from the Time / UT

gas-phase can occur through uptake by aerosols and through

nucleation of new particles initiated by polymerization of io- _. ) ) .
dine oxides (e.gPechtl et al.2006 2007 Gilfedder et al. I'?]Iq[hi n:';:ﬁ]segfjnggr(; Ir:;;s:;}ree;ba;ogr%;?zgn S?kf: fs\c;)rj path
200_& o o ) Brazil. The left abscissa shows inferred 10 volume mixing ra-
Since iodine-containing source gases and their breakio (boxes with error bars). The right abscissa correlates the local
down products released into the boundary layer are veryides (blue line). The detection limit of the experiment is estimated
short-lived, their importance for the upper troposphere and.3 ppt (dotted black line). Nighttime is shaded grey.
stratosphere strongly depends on the location and timing
of sources with respect to atmospheric transport patterns
that can potentially uplift air masses into the upper tropo-or their breakdown products. Yet, transport timescales to the
sphere on short timescalééfo et al, 2003. Recently, evi-  lower stratosphere allow for horizontal mixing of air masses
dence has been accumulated that short-lived bromine speci€#id for photochemical processing of iodine source gases.
contribute significantly to the stratospheric bromine budgetThus, observations of reactive iodine species in the tropi-
(e.g Dorf et al, 2006 2008 suggesting a similar role of cal UT/LS should be well suited to constrain the budget of
short-lived iodine sources. WMO-2006 estimate 0.02 ppt togaseous iodine transported into the stratosphere and available
0.18 ppt CHI in the tropical upper troposphere amhvis for further transport to high and mid-latitudes.
et al.(1996 report 0.1 ppt to 1 ppt Ckl in the tropical and Our study reports on the attempt to measure 10 and OIO
subtropical free troposphere. Deep convective events coul@bundances in the tropical UT/LS. The approach is based
also transport iodine-containing particles into the dry upperon balloon-borne solar absorption spectroscopy as presented
troposphere where the particles can survive wash-out, climpy Bosch et al.(2003. The observations were conducted
into the stratosphere and eventually evaporate at higher altiby the LPMA/DOAS (Limb Profile Monitor of the Atmo-
tudes. Murphy et al.(1999, Murphy and Thomsoii2000), sphere/Differential Optical Absorption Spectroscopy) strato-
andMurphy et al.(2007) indeed found iodine in upper tro- Spheric balloon payload. Launched from a site in North-
pospheric and lower stratospheric particles. Most studies inern Brazil (Teresina, 571S, 42.9 W), LPMA/DOAS per-
vestigating the abundances of inorganic iodine species (Idormed solar occultation measurements during sunset/sunrise
and/or OlO) in the stratosphere conclude undetectably lown June 2005 and June 2008. Six months before the first bal-
amounts \Vennberg et a).1997 Pundt et al. 1998 Bosch  loon flight, we conducted ground-based measurements at the
et al, 2003 Berthet et al. 2003. To date, the lowest es- Brazilian coast (Alantara, 2.4S, 44.4 W) approximately
timate for the upper limit of the total gaseous inorganic io- 350km to the north-east of the balloon launch site. From

dine () burden in the high- and mid-latitude lower strato- spectra recorded in the visible spectral range by a long-path
sphere is~0.1ppt Bodsch et al. 2003. The only study DOAS setup comparable to the one describelleters et al.
claiming detectable amounts of 10 in the high-latitude winter (2009, we infer 10 abundances along a 29 km absorption
stratosphere isVittrock et al.(2000 based on ground-based path in the marine boundary layer between the mainland and
zenith-sky observations (see discussion in WMO-2006). ~ an island in the bay of Sao Marcos. 10 concentrations up
So far, little is known about the iodine budget in the tropi- to (0.82+0.31) ppt (Fig.1) suggest that our larger sampling
cal upper troposphere/lower stratosphere (UT/LS). The troparea is a source region of iodinated compounds.
ical UT/LS is the region in the Earth’s atmosphere where Here, we first analyze the collected balloon-borne spec-
tropospheric air masses are efficiently transported into thdra for absorption of 10 and OIO in the visible spectral range
stratosphere and where the stratosphere is supplied wittsee Sect for the methods and Se@for the results). Then,
halogen-bearing compounds. Typically, air mass transportve adopt a photochemical model (SeBtthat simulates the
into the lower part of the tropical tropopause layer (TTL, partitioning among gaseous inorganic iodine species in order
~14 km to~18km) is very fast through convective events. to estimate | in the tropical upper troposphere and strato-
Further upward transport into the stratosphere occurs orsphere compatible with the inferred abundances of 10 and
timescales of weeks to months through the large scale dyOlO (Sect.5). Finally we discuss (Sec€) and summarize
namics of the Brewer-Dobson circulatioRark et al. 2007 our findings (Sect?).
Schoeberl et al.2008 Fueglistaler et a).2009. Hence,
the tropical UT/LS is dynamically linked to the lower tro-
posphere allowing for rapid uplift of halogen source gases
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2 10 and OIO retrieval from LPMA/DOAS observa- sorption along the light path according to Beer-Lambert’s
tions law, for broadband extinction by molecules and particles,
and for instrumental effects. Molecular absorption is con-
The LPMA/DOAS stratospheric balloon payload consists of sidered by fitting molecular absorption cross sections with
two UV/visible grating (DOAS) Eerlemann et 3l2000 and  the SCDs as retrieval parameters. Broadband extinction pro-
a Fourier Transform infrared spectrometer (LPM&gafny-  cesses are fitted by a polynomial. In addition, the retrieval
Peyret et a.1999. The spectrometers simultaneously mea- corrects for instrumental straylight by allowing for a closure
sure direct solar spectra during balloon ascent/descent angolynomial that is subtracted from the raw spectra. The rel-
in solar occultation viewing geometry during sunset/sunrise.ative wavelength alignment of the background spectrum, the
An automated heliostat collects direct sunlight and feeds itretrieval spectrum and the absorption cross sections is deter-
into the spectrometer optics such that the instruments samplgined by various test runs. For the final retrieval, the relative
virtually the same air masses along the lines-of-sight fromwavelength alignment of the absorption cross sections and
the balloon to the Sun. the background spectrum is fixed and only the retrieval spec-
Here, we use retrievals from solar occultation measuretrum is allowed to shift and stretch.
ments of the DOAS spectrometer sensitive to the visible The spectral retrieval of 10 follows the recommendations
spectral range. Spectrometer design is described in detail bgf Bosch et al(2003 with minor modifications owing to the
Ferlemann et a(2000 and with emphasis on 10 and OlO re- improved spectral coverage of the spectrometer. The spec-
trievals byBosch et al(2003. Recently, the instrument has tral range for 10 retrieval is extended to [416 nm, 465 nm]
been optimized for IO retrievals by shifting the covered spec-(compared to [425 nm, 465 nm] BBosch et al(2003) cov-
tral range to shorter wavelengths [400.2 nm, 653.0 nm] suclering six strong (5-0, 4<-0, 3<-0, 2<-0, 1«0, 0<-0) vi-
that an additional vibrational excitation band«(®) of the  brational bands of the 10 ATz« X2I13,, electronic tran-
10 ground state transition to the first electronically excited sition. We use the 10 absorption cross section measured by
state (K&T13/,<X?I13/2) centered around 419.5nm can be Honninger(1999, scaled toBloss et al.(2001), spectrally
used for 10 retrievals. Further, for the most recent balloonaligned to the N@ absorption cross section bfarder et al.
flight in June 2008, light throughput has been increased by(1997), and convolved to our spectral resolutidtonninger
enlarging the light intake telescope by a factor 2 in accep-(1999 recorded the IO absorption cross section at a spectral
tance area and replacing a degraded glass fibre bundle. Thesolution of 0.09 nm (full width at half maximum (FWHM))
typical sampling rate for solar occultation measurements isand found a peak cross section of 817 cn? of the 40
0.2Hz. vibrational band at 427.2 nm. Recent studies at a compara-
The recorded solar occultation spectra are analyzed foble spectral resolution indicate that the 10 absorption cross
absorption of the target species by inferring absorber consection at 427.2nm is as large as 31® 17 cn? (Gomez
centrations integrated along the lines-of-sight (Slant ColumnMartin et al, 2005 Spietz et al.2005 Dillon et al., 2005.
Densities — SCD) using the Differential Optical Absorption In order to sustain consistency with the studyBiysch et al.
Spectroscopy (DOAS) metho®latt and Stutz2006. By (2003, we prefer the 10 absorption cross section measured
ray-tracing the path of the incoming light from the Sun to by Honninger(1999 over the more recent measurements
the balloon-borne detector for each spectrum, we estimatevhich would produce somewhat lower SCDs and lower up-
absorber concentrations from the inferred SCDs under theer limits (factor~0.75).
assumption that the absorber volume mixing ratio is constant In the 1O retrieval range, ozone ¢Pand nitrogen diox-
along individual lines-of-sight. This yields an approximate ide (NO,) are major absorbers with optical densities up to
estimate of the absorber concentration at the respective targ.05. In the view of expected 10 optical density less than
gent height since, for our solar occultation viewing geometry,10-3, it is evident that @ and NG absorption features have
the lightpath through the tangent layer dominates the entireo be carefully accounted for in order to avoid contamina-
lightpath. Thereby, the ray-tracing model assumes a spherition of the 10 retrieval with artefacts due to misrepresen-
cal, refractive, horizontally homogeneous, non-scattering atiation of Q; or NO,. Therefore, we simultaneously fit ab-
mosphere where ambient pressure and temperature are prserption cross sections ofs@nd NG recorded by the flight
vided by the meteorological support of the balloon flight.  instrument in our lab-owned absorption cell setup at temper-
The DOAS approach relies on least-squares fitting the log-atures7 =200K and7 =244 K for O; and 7 =200K and
arithmic ratio In//Iy to a model function with the spec- T =238K for NG, (Dorf, 2009. Using absorption cross sec-
trum under investigatiod and a background spectrurg. tions measured by the actual flight instrument circumvents
Here, background spectra are recorded at solar zenith arerrors due to convolution of literature reference cross sec-
gles between 8%and 90 while the balloon floats at approx- tions by the instrument function. Further, M@bsorption
imately constant altitude shortly before sunset or shortly af-cross sections are corrected for the so-called shla&ffect
ter sunrise. Thereby, we implicitly assume that the back-(Aliwell et al., 2002. Absorption of the oxygen collisional
ground spectra contain only negligible absorption by the tar-pair Oy is considered through the absorption cross section of
get species. The model function accounts for molecular abHermans et al1999. Broadband extinction is accounted for
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(a) Teresina, June 17, 2005  (b) Teresina, June 27, 2008 (c) Teresina, June 27, 2008 (a) Teresina, June 17,2005  (b) Teresina, June 27, 2008 (c) Teresina, June 27, 2008

S'unseL Sl.'mrise. S'unsel L 'Sunslt éunris'e- 'Sunse'l L

35+ e 1t 35 35 1F 1t 35
€ —~
< 304 E 1 F 30 30 =4 F 4 F 30 o
= ® € =
z 5 X Q
k= Q = e
2 g 5 z
= 254 B H4F 257 ‘s 254 4 F 4 F 253
) < q
o @, = Q
c «Q [=4 z
S = 5 =
-~ = =
20 1 B 1r 20 = © 204 4 F 4 F 203

3 [
‘o T
154 == 4t L 15 154 = 1t 1t L15
= s
T T
05 00 05 -05 00 05 -05 00 0.5 0.5 0.0 05 -05 0.0 05 -0.5 0.0 0.5
10 SCD / (10" molecules/cm® = 1.44 10° O.D. @ 427 nm) 0Il0 SCD/ (10™ molecules/cm® = 1.02 10° O.D. @ 549 nm)

Fig. 2. 10 (left panel) and OIO SCDs (right panel) as a function of tangent height for solar occultation measurements during sunset on
17 June 200%a), during sunrise on 27 June 20(8), and during sunset on 27 June 20@% The error bars correspond to the statistical

2-¢ fitting errors of the DOAS retrieval. Optical density (O.D.) units are given for the peak of the IO absorption cross section at 427 nm (left
panel) and for the peak of the OIO absorption cross section at 549 nm (right panel). The horizontal grey line tentatively marks the tropopause.

by a fourth-order polynomial, instrumental straylight through tional band at 549 nm with 1.13nm (FWHM) spectral res-
a first-order closure polynomial. olution. This is in reasonable agreement with the more re-
Bosch et al.(2003 pointed out that a correction of the cent studies byGomez Marin et al. (2009, Spietz et al.
Sun’s center-to-limb darkening (CLD) is of major impor- (2009, Joseph et al2009, andTucceri et al(2009. Ing-
tance for IO retrievals from direct Sun spectra. The inten-ham et al(200Q inferred a significantly higher cross section
sity of the solar disk shows a pronounced decrease from thelp to 3.5<10~"cn?. The scaling used here comforms with
center to the limb which goes along with a decrease of thethe study ofBosch et al(2003 and is at the lower limit of
observed optical density of the Fraunhofer lines. Our specthe reported range.
trograph measures solar disk average spectra of sunlight that Interfering absorption due toONO, and Q is treated as
passed through the Earth’s atmosphere and hence, is sensitifer the retrieval of 10. Additionally, HO absorption is con-
to effects that affect the observed solar disk average. Such asidered through a convolved absorption cross section gener-
effect occurs in solar occultation viewing geometry. Due to ated from HITRAN Rothman et a).2005 line parameters
extinction in the Earth’s atmosphere, light coming from the for T =213 K andp =80 mbar. Broadband extinction and
lower edge of the Sun is attenuated stronger than light comstraylight correction are represented by a fourth and a first-
ing from the upper edge. Thus, the upper part of the solaorder polynomial, respectively. The CLD effect is found neg-
disk contributes relatively more to the observed solar disk avdigible for the chosen OIO retrieval range.
erage the deeper the lines-of-sight penetrate into the Earth’s
atmosphere. When ratioing solar occultation spectra by the
background spectrum as in our DOAS retrieval, the CLD ef-3  Upper limits of IO and OlO
fect is detectable through a change of the optical density of
the Fraunhofer lines. Neglecting the CLD effect can resultinThe LPMA/DOAS gondola was launched from the tropi-
spurious detection of IO absorption. Thus, we adopt the corcal site Teresina (5°1S, 42.9 W) in Northern Brazil on
rection method suggested Bysch et al(2003. The model 17 June 2005, and on 27 June 2008. In 2005, the payload
function is supplemented by an additional tartd;—1.)/I;  conducted sunset solar occultation measurements from about
wherel; and/. are solar spectra averaged over the solar disk33 km balloon float altitude between 20:47 UT and 21:08 UT
and taken from the disk center, respectively.and /. are  covering tangent heights (lowest altitude layer crossed by the
generated from measurementsBrault and Necke(1987  line-of-sight) between 33km and 13km. In 2008, the pay-
by convolution to our spectral resolution. The parametsr  load was launched during night. Sunrise solar occultation
an additional fitting parameter. measurements from 38 km balloon float altitude were con-
Again following Bosch et al.(2003, OIO is retrieved ducted continuously between 08:45UT and 09:08 UT from
in the [530nm, 570 nm] spectral range using the absorptangent heights around 15km up to 38km. During the
tion cross section reported lyox et al.(1999 who mea-  day the balloon slowly descended to 21.5 km altitude in or-
sured a value of 1.0810 17 cn? at the peak of the vibra- der to improve sampling sensitivity in the UT/LS. Sunset
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Table 1. 10 and OIO upper limits (in pp®at several tangent heights (in km) inferred from LPMA/DOAS solar occultation observations
conducted at Teresina (5.8, 42.9 W), Brazil.

Date Geophysical 10 upper limit/ppt OIO upper limit/ppt
condition 30km 24km 20km 16.5km 13.5km 30km 24km 20km 16.5km 13.5km
17 June 2005  tropics, sunset 0.57 0.19 0.12 0.19 0.14 0.61 0.30 0.14 0.07 0.05
27 June 2008 tropics, sunrise 0.31 0.14 0.09 0.08 — 0.52 0.40 0.21 0.10 -
27 June 2008  tropics, sunset - - 0.04 0.09 0.07 — — 0.06 0.05 0.06

a Absorber volume mixing ratios are estimated from slant column densities under the assumption that the absorber volume mixing ratio is constant along individual lines-of-sight.

spectra were collected from 20:47 UT to 21:06 UT for tan-  Although performing various sensitivity runs and test re-
gent heights between 21.5km and 13.2km. For both flightdrievals, we failed in removing the systematic features from
the tropopause was located around 16.5 km. the retrieval residuals. Inaccurate removal of &d NG

For the three solar occultation events, Fiyshows IO  absorption features is an obvious candidate that could pro-
and OIO SCDs retrieved according to the DOAS methodduce the observed pattern. Unaccounted temperature or pres-
described in SecR. The attributed error bars are thes2- sure dependence of thg @nd NG absorption cross sections
statistical retrieval errors calculated by the least-squares fitcould contribute. Further, any change of the instrument char-
ting routine. In DOAS applications, the®+etrieval error is ~ acteristics between the time whery @nd NG absorption
commonly considered as the detection linStytz and Plajt ~ cross sections were recorded and the actual atmospheric mea-
1996 Bosch et al.2003. Within their 2o retrieval errors, ~ Surement can cause systematic residuals. Monitoring of the
the inferred 10 and OlO SCDs are compatible or almost com-instrumental line shape by monochromatic emission lamps
patible with zero. In particular, this is true for all OIO SCDs, (Hg, Cd) reveals only negligible changes of the shape of
and the 10 SCDs above 18 km tangent height. For the sunsdhe instrument function. By the time of the balloon flight in
data below 18 km tangent height, |0 SCDs exceed the 2- 2005, however, we detect a shift of the wavelength-detector-
error limit slightly but systematically. In the following, we Pixel mapping by roughly one detector pixel. This shift is
discuss upper limits for both species where upper limits refedargely compensated by the spectral alignment parameters in
to the retrieved SCDs whenever they exceed ther@trieval ~ the retrieval model function but interpolation errors may oc-
error and to the 2 retrieval error otherwise. cur.

Following this approach, Tablt lists 10 and OIO upper Bosch et al(2003 speculated on deficiencies of the CLD
limits in mixing ratio units for selected tangent heights. In correction term which is generated from convolving high res-
the UT/LS up to 20 km tangent height, upper limits for both, olution measurements of the solar disk average and solar disk
10 and OIO, are smaller than 0.1 ppt. Higher up, upper lim-center intensity. Convolution is carried out by an instru-
its increase due to decreased sampling sensitivity for bothment function derived from emission lamp (Hg, Cd) spec-
species. These findings are consistent with 10 and OIO uptra, but the spectral dependence of the instrument function
per limits found byBosch et al(2003 for the lower strato-  is neglected. Further, the correction term itself is an em-
sphere at high and mid-latitudes. Tallessentially extends pirical approach which might not be able to catch the entire
previous records by tropical observations. CLD signal in our spectra, in particular since a CLD signal

For the sunset measurements in 2005 and 2008, 10 SCD%an be generated by any extinction process that modifies the
exceed the statistical detection limit in the UT/LS. Whether cOmMposite solar disk average observed by the DOAS spec-
this finding implies unambiguous detection of 10 requires trograph. Lately, there has been evidence that particles are
further discussion. Figur8 compares the residual optical frequently presentin the tropical upper troposphégavson
density of the DOAS retrievals with the optical density of €t al, 2008 Jensen et a12008. Extinction by particulate
the retrieved 10 absorption at several tangent heights in thédyers could cause a complex pattern of the observed CLD
UT/LS. For illustration, simulated 10 optical density is also €ffect on our spectra and bias the |0 retrieval if the applied
shown assuming 0.5 ppt (2005) and 0.25 ppt (2008) 10 alond=LD correction fails to fully account for it.
the lines-of-sight. Arguably, the retrieved IO optical density It is worth noting that the inferred IO SCDs systemat-
cannot be identified as true absorption when inspectingdig. ically exceed the 2= error limit only for spectra where a
by eye while the simulated 10 absorption features are clearlypart of the collected light traversed the troposphere. The ef-
identifiable. The residual optical density is dominated by afective field-of-view of the DOAS spectrometer is given by
systematic pattern. Such systematic features can bias the réie size of the solar disk (0.58 Neglecting refraction, a
trieval of 10 and cause spurious detection as, for examplerough calculation shows that at a tropopause tangent height
shown byBdsch et al(2003 when neglecting the CLD ef- of 16.5km the apparent diameter of the solar disk at the tan-
fect. gent point is approximately 4.3 km or 2.3 km for an observer
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Teresina (5.1°S, 42.9° W), sunset, on June 17, 2005 Teresina (5.1°S, 42.9° W), sunset, on June 27, 2008
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Fig. 3. Residual optical density (black thin solid), retrieved 10 optical density (red bold solid), and theoretical 10 optical density (blue
dash-dotted) in the IO retrieval window for sunset on 17 June 2005, (left panel) and sunset, on 27 June 2008, (right panel) at the indicated
tangent heights (TH) for subpanels a to d. The theoretical 10 optical density is calculated assuming 0.5 ppt (left panel) and 0.25 ppt (right
panel) 10 along the lines-of-sight. The tropopause is at roughly 16.5 km.

at 33km or 21.5km, respectively. Hence, tropospheric airUse in Atmospheric StudiesSénder et al.200§. Photo-
masses contribute to the observed spectra for tangent heighthemical reactions among the considered inorganic iodine
below 18.5km and 17.5 km for the sunset records from 2005species |, 10, OlO, HOI, HI, ION@ are implemented ac-
and 2008, respectively. Unaccounted tropospheric absorbersording to Table 2 irBosch et al (2003 unless stated oth-
such as water vapor could contribute to the observed residuerwise. Photolysis rates are calculated by a module adapted
als. Including a HO absorption cross section generated from from the SLIMCAT 3-dimensional chemical transport model
HITRAN (Rothman et a).2005 in the DOAS model func-  (Chipperfield 1999 2006§. For the bulk of considered
tion, though, does not improve the fit. species, the 1-dimensional model is initialized by SLIMCAT
Since the statistical detection limit does not consider theoutput (run-id 336) for 00:05UT on 17 June 2005, interpo-
effect of systematic residual features, we conclude that neitated to the launch site of the balloon. For our purposes, we
ther 10 nor OIO is unambiguously detectable from our tropi- assume that this initialization is also valid for the flight on
cal observations although retrieved 10 SCDs exceed the 2- 27 June 2008. @and NG abundances are constrained by
error occasionally. However, our approach to estimate |10 upmeasurements of the DOAS instrumeBuf{z et al, 2007,
per limits accounts for the possibility that 10 abundances inDorf et al, 2008. lodine species are initialized assuming
the UT/LS are as high as suggested by the DOAS retrievals 0.2 ppt |, with a first guess partitioning. Test runs with
0.1 ppt, 0.4 ppt, and 1.0 pp§ Ehow that for the considered
range of iodine abundances thegartitioning has a linear
4 Modelling inorganic iodine chemistry dependence oyl The 1-dimensional model is run on 19 po-
tential temperature levels over 10 days to allow for spin up of
We are interested in the total gaseous inorganic iodigle (I the iodine partitioning. All model data shown here are taken
burden which is compatible with our estimates for IO and from the 10th day of the respective model runs. Although
OIlO. Thus, we adopt an updated version of the photochemthe photochemical model has been designed to model photo-
ical model of Bdsch et al.(2003 that calculates the parti- chemistry in the stratosphere, we consider it applicable to the
tioning among inorganic iodine species in the tropical middletropical upper troposphere (abové 3 km) since all gaseous
atmosphere. and surface reactions relevant to our study are incorporated.
The employed photochemical model is a 1-dimensionalHowever, reactions in the aqueous phase important for the
model that simulates the temporal evolution of chemicallower troposphere (e.dRechtl et al.2006 2007 are not in-
species given a set of gas-phase, heterogeneous and phguded.
tolytic reactions. Photochemical reactions of all relevant We define the total gaseous inorganic iodine burden
oxygen, nitrogen, hydrogen, chlorine, and bromine speciedy =1+10 + OIO + HOI + HI + IONO,, where the sum refers
are considered as recommended by the JPL-2006 conto volume mixing ratio or number concentration. Our main
pendium on Chemical Kinetics and Photochemical Data forinterest is to model the partitioning IQ/&nd OIO/|, in order
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to infer upper limits for | given measured upper limits of IO and b+O,. Thermal stability of $O; is subject of current
and OIO. The major production mechanism of 10 is the re-debate (e.gKaltsoyannis and Plan@008. Sink processes

action of atomic iodine | with ozone{) for OlO are reactions with NO, OH,
| + O3 — 10 + Oo. (R1) OIO + NO — 10 + NOy (R14)
Removal of 10 occurs via photolysis and reaction with 0|0 + OH — HOI + O, (R15)

NO, NO,, and HQ,
and possibly photolysis,

IO+ hv—>14+0 (R2)
OO+ hv—- 10+ 0O (R16)
IO + NO— | + NO (R3) 40 (R17)
10 + NOz + M — IONO; + M (R4) Joseph et a[2005 andTucceri et al(2006 conclude that
IO + HO, — HOI + O». (R5) absorption of radiation by OlIO most likely does not result

in OIO bond dissociation but rather production of excited

reservoirs HOI and ION@through photolysis. out dissociation of OlO. Both studies report upper limits for
the OIO photolysis yield which are in good agreement with

HOIl + hv — | + OH (R6) an upper limit fractional yield of 0.007 for ReactioR16)
and an upper limit fractional yield of 0.15 for Reactidl(7)

IONO, + hv — 10 + NOs. (R7)  found byIngham et al(2000. If OIO photolysis occurs at

these upper limits (or possibly fast€epmez Marin et al,
, . 2008, OIO cannot contribute significantly to thg parti-
as well as for ReactiorRd) are updated fronBosch et al.  gning in the tropical upper troposphere and stratosphere.
(2003 through the JPL-2006 recommendation. ION®IO-  pance, we limit further discussion of thg partitioning to
tolysis (ReactiorR7) has been subject of a recent study by {he photochemical scenario where OIO photolysis does not

Joseph et a(2007) implying that IONG photolysis can be  qecyr at all. However, we consider efficient OIO photolysis
an order of magnitude slower than currently recommended; the error budget of modelled 10 (see below).

by the study ofMdssinger et al(2002 merged into JPL-
2006. FurtherKaltsoyannis and Plan@2008 suggest that

The kinetics for the photolytic ReactionRZ), and R6),

Figure4 shows the modelled partitioning among the con-

’ e | | sidered iodine species under tropical conditions. The left
IONO could rapidly react with I implying a reduction of the 46| of Fig 4 corresponds to model runs for the case study
IONO; lifetime. _ _ _ in June 2005 where we found low N@bundances in the
Interhalogen reactions play a key role in the production of 1/ 5 The right panel of Figd shows the | partitioning
IO, modelled for our sunrise observations in June 2008 where
IO + ClO — OIO + Cl (Rg) NO2 concentrations in the UT/LS were enhanced. In gen-
eral, processing of | to 10 through ReactidR]] is slow in

— products (R9) the tropical UT/LS since ®@abundances are low. Depend-
ing on the availability of @, | and 10 compete for being the
most abundant iodine species during the day when 10 photol-

|10 4+ BrO — OIO + Br (R10) ysis through ReactiorR2) is fast. During twilight, when our

s products (R11) solar occultation measur'ements (SZA0°) are conducte.d,

IO abundances peak, since 10 loss through photolysis de-
creases. Depending on the availability of N@nd HO,
IONO2 and HOI are competing reservoirs formed through
IO + 10 - OIO + | (R12)  ReactionsR4) and R5). For the flight in June 2005, HOI is
— products (R13)  the mostimportant reservoir in the UT/LS while for the flight

in June 2008, ION@is formed efficiently during twilight.
where the OIO product yield from ReactioRg) is small, Higher up in the atmosphere, concentrations gfa@d NGQ
but ranges between 0.65 and 1 for ReactiBi@). Reac- increase. |10 becomes the most abundant daytime species at
tion (R12 has recently been investigated Bgseph et al. the expense of I, and IONCbecomes the most important
(2005 and Gobmez Marin et al. (2007 who estimate nighttime reservoir and a daytime buffer for removal of 10
the branching ratio for OlO production to 0:80.10 and into HOI. For OIO, production via the interhalogen Reac-
0.45+0.10, respectively, which is in good agreement with tions R8), (R10), and R12), is slow in the tropical UT/LS
the range adopted yosch et al(2003. Other products of due to low halogen abundances. At higher altitudes in the
the 10 self reaction are0, and with a small yield 240, stratosphere, BrO abundances incred3erf( et al, 2009
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Teresina, June 17, 2005 Teresina, June 27, 2008
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Fig. 4. Iy partitioning among the indicated iodine species modelled for the flight in June 2005 (sunset) with joeohg@ntrations in the

UT/LS (left panel) and for the flight in June 2008 (sunrise) with enhanced aliiindances in the UT/LS (right panel). All model runs
assume that OlO photolysis does not occur. Several potential tempergtieeg|s ranging from the upper troposphere (lower subpanels)

up to the mid-stratosphere (upper subpanels) are shown. The colour-coded lines depict the relative contribution of the respective species t
total gaseous inorganic ioding through the left ordinate on a logarithmic scale. lllumination conditions are indicated by the solar zenith
angle (grey line and shading) via the right ordinate. LPMA/DOAS observations are conducted at twilight @Z)»during sunset and/or

sunrise.

and OIO produced via ReactioR10) becomes the second does not occur or does occur according to the upper limits
most abundant daytimeg component around-20 km. At given bylngham et al(2000. Given these uncertainty es-
night, OIO is a reservoir which loses importance as IQNO timates, ReactionR1) through ReactionR15 are individ-
gains importance with altitude. ually tuned to their respective error limits with the goal to

The employed photochemical scheme suffers from uncermaximize/minimize the abundance of 10 and OIO in the at-

tainties of the adopted reaction kinetics. Therefore, we derive[EOSphere' .The error sgnghwt;:)of;noﬁglled 0 anc:]OIO (th |
a photochemical modelling error. The uncertainties of thelN€ respective reaction is given by the difierence to the mode

bi- and termolecular reactions among Reactiaf)through base run. The overaI_I photochemical modelling error js thgn
Reaction R15) are taken from Table 2 @6sch et al(2003 calculated V|a_G_a_u_JSS|an error propagation among the individ-
(or from the JPL-2006 recommendation if applicable). The Ul €17Or sensitivities.

uncertainty of the photolysis rate of HOI is assumed 50% Under twilight conditions, the photochemical modelling
while photolysis of 10 is assumed uncertain by 30% as sug-error for 10 is dominated by the uncertainty of OIO and
gested byBosch et al(2003 from combining uncertainties IONO, photolysis and by the uncertainty of 10 production
of absorption cross sections and actinic fluxes. For photolthrough | and @ (ReactionR1). If the model allows for OIO
ysis of IONQ,, we adopt 50% uncertainty for being faster photolysis, modelled 10 is enhanced since 10 is readily re-
than the JPL-2006 recommendation and the rate suggestembvered from OIO. If IONQ photolysis is slow, modelled 10
by Joseph et al(2007) for being slower. Further, we con- is significantly reduced because 10 tends to remain bound by
sider for the 10 modelling error whether OIO photolysis its reservoir. In the UT/LS, uncertainty of HOI formation and
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(a) Teresina, June 17,2005 (b) Teresina, June 27, 2008 (c) Teresina, June 27, 2008 (a) Teresina, June 17, 2005 (b) Teresina, June 27, 2008 (c) Teresina, June 27, 2008
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Fig. 5. Measured (red boxes) upper limits of 10 (left panel) and OIO (right panel) and corresponding modelled (black lines) SCDs as a
function of tangent height for sunset on 17 June 2@05for sunrise on 27 June 20@B), and for sunset on 27 June 20@3. Modelled

IO and OIO SCDs are shown for integer multiples of 0.1 ppt total gaseous inorganic igdine. the lowest black line corresponds to
modelled 10 or OIO SCDs ifyl is 0.1 ppt, the second to lowest black line corresponds to modelled 10 or OIO SGpPis 0.2 ppt and so

forth. The intersection of measured 10 and OIO upper limits with modelled SCDs yields the estimate of the respapipez limit. The
photochemical modelling uncertainty is shown as error of the measured SCD upper limits (blue dotted lines). Model runs are performed
under the assumption that OIO photolysis does not occur. The horizontal grey line tentatively marks the tropopause.

HOI photolysis through Reaction®9) and R6) also map  balloon flight in June, 2008, provide an illustrative example
into significant errors for modelled 10 in particular if NO for the employed approach (Fi§, left panel, subpanel c).
abundances are low and HOIl is the dominating reservoir. Th&8etween~21 km and~17 km tangent height the |0 SCD
photochemical modelling error for OIO is governed by the upper limits closely follow the modelled 10 SCDs for 0.1 ppt
uncertainty of reaction of 10 with BrO (Reactid?l0), and ly in the atmosphere (lowest black line). Thus, the estimate
to a lesser extent by the uncertainty of OlO loss through re-of the correspondingylupper limit is 0.1 ppt. The photo-
action with NO (ReactiorR14). Further, modelled OIO is chemical modelling error is taken into account by attributing
reduced if the model assumes that ION@hotolysis is slow it to the measured 10 and OIO upper limits (blue dotted lines
implying that less IO is available to form OIO. in Fig. 5).

For our observations, 10 measurements generally put
tighter constraints on the compatiblelurden than OIO ex-
cept for the flight from June 2005 for upper tropospheric tan-
gent heights. In the latter casg,Upper limits derived from
OIO are slightly lower than those inferred from 10. However,

: . ; ~ this is only true if OlO photolysis is omitted in the model
modelled for different loadings of; Ito the respective mea runs. If OIO photolysis is efficient, 10 provides the by far

sured upper limits. Modelled SCDs are calculated by inte- X : -
better constraint orylin all cases. Lowest lupper limits are

grating the modelled gas concentration along the observa- . .
tional lines-of-sight given as a function of height and solar deduced from |0 measurements in 2008 where instrument

zenith angle (e.gButz et al, 2007 Dorf et al, 2008. Mod- performance and flight planning was optimized for our pur-
elled SCDs for different loadings of are readily computed poses. In .th(.a upper troposphere (16.5km to 13.5 km) the best
by scaling the model run for 0.2 ppt.| ly upper limit is Q.17 to 0.3540.20~0.08) ppt. Sampling

Figure 5 compares the modelled SCDs to the measureosens't'v!ty peaks in the lower stratosphere (21 kmto 16.5 km)
upper limits of 10 and OIO derived in Sec®. Modelled constr.alnlng)} to at most 0.09 to 0.1640.10/-0.04) ppt. In
SCDs are shown for differeny amounts (integer multiples the m'ddl.e ;tratosphere (30km to 21 km), best_ estlma_tes for
of 0.1ppt). The intersections of the measured upper Iim—Iy upper limits are 0.36 to 0.18.0.10/-0.08) ppt increasing

its with the underlying grid of modelled SCDs yield upper fo_r higher altit_ud_es due o decreasing Samp"”g sen_sitivity.
limits of I, compatible with our measurements under the aS_leen uncertainties refer to the photochemical modelling er-
sumption that theyl volume mixing ratio is constant along
individual lines-of-sight. Suchylupper limits for all mea-

surements are shown in Fi§. Sunset observations from the

5 Upper limits of total gaseous inorganic iodine

Given measured upper limits of 10 and OIO and the pho-
tochemical model described in Sedt.we compare SCDs
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(a) Teresina, June 17,2005  (5) Trosina, June 27, 2008 _(c) Teresina, June 27, 2008 I0 abundances in the tropical UT/LS, which then could be

| Sunset p Sunrise Sunset as high as our upper limits. It might be interesting to note

- -35 that the 10 signal only exceeds the statistical detection limit
for the two solar occultation events during sunset. The spec-
tra recorded during the considered sunrise event do not show
any sign of 10 in the UT/LS although the spectral retrieval
faces the same problems as for the sunset spectra. Thus, it is
tempting to speculate that |10 is actually detected for some of
the sunset spectra and that the diurnal variation oftpei-
titioning due to unknown photochemistry does not allow for
detection during the sunrise event. Since we cannot finally
decide on this issue, our approach to treat upper limits of 1O
conservatively covers all discussed possibilities.

Our balloon-borne payload intrinsically provides only
snapshot-like observations. One might argue that the in-
ferred upper limits for the upper tropospheric and strato-
Fig. 6. ly upper limits derived from 10 (black boxes) and Ol0 Spheric iodine content are not generally valid for tropical
(red boxes) SCDs as a function of tangent height for sunset orlatitudes. Moreover, the introduction emphasizes that trans-
17 June 200%a), for sunrise on 27 June 2048), and for sun-  port of iodine-bearing compounds into the tropical UT/LS
set on 27 June 200@). Dotted lines indicate photochemical mod- potentially is most efficient for convective events which can
elling uncertainties. The horizontal grey line tentatively marks the yplift boundary layer air masses on the hourly timescale.
tropopause. Hence, we might simply have missed probing iodine-rich air

masses. Fast convective motion is assumed to dominate air

mass transport into the lower part of the tropical tropopause
6 Discussion layer (TTL) (~14 km to~18 km), but convective events only

rarely penetrate the lower stratospheFaidglistaler et al.
Neither 10 nor OIO can be detected unambiguously by our2009. Upward transport of air masses from the TTL into
observational approach in the tropical upper troposphere anghe tropical stratosphere is controlled by the large-scale dy-
stratosphere. We find upper limits for the concentrations ofnamics of the Brewer-Dobson circulation implying compara-
both gases which put the strongest constraints on their aburiively slow ascent that leaves time for horizontal mixing and
dance at the region in the Earth’s atmosphere where tropofor processing of organic source gases to inorganic product
spheric air enters the stratosphere to date. Our findings argases. Ascent velocities in the tropical lower stratosphere
consistent with previous studies that conclude undetectablyre estimated to a few tenths of a mm/s implying that the
low amounts of IO and OIO in the high- and mid-latitude mean time since air masses around 20 kw75 K) entered
stratosphere (e.@ennberg et al.1997 Pundt et al. 1998  the stratosphere is several monts@rews et al. 2001,
Bosch et al.2003 Berthet et al.2003. We point out that  Schoeberl et 31.2008. We concede that our observations
the inferred upper limits for 10 depend on the absorptionin the tropical tropopause layer might be affected by local
cross section used for the spectral retrieval. RecéBiilylez  variability of air masses. However, local effects become less
Martin et al. (2009, Spietz et al(2009, andDillon et al.  important the further up air masses ascend into the strato-
(2009 showed that the absorption cross section used hergphere. Thus, we consider our observations in the tropical
might be too small implying that our IO upper limits would |ower stratosphere, in particular a few kilometers above the
be lower by a factor-0.75 when using the absorption cross tropopause where our sampling sensitivity peaks, representa-
section ofSpietz et al(2005 convolved to our spectral res- tive for the lower stratospheric environment on a larger spa-
olution. Upper limits of total gaseous inorganic iodine | tial scale. Our findings complement the evidence accumu-
(deduced from 10) would be lower by the same factor. This|ated previously for high and mid-latitudes that gaseous inor-
rationale also applies to our precursor studyBijsch et al.  ganic iodine abundances in the lower stratosphere are low on
(2003 who used the same IO absorption cross section as ema global scale.
ployed here. The employed method allows for investigation of the in-

Our findings for IO are somewhat ambiguous since theorganic gaseous iodine budget by combining observations of
spectral retrieval suggests a non-zero IO absorption signdiO and OIO with a photochemical model of the gaseous io-
in the UT/LS for two out of three solar occultation events. dine partitioning. However, our method cannot assess if and
For reasons outlined above, we do not consider this signal asow much iodine exists in physical or chemical forms other
definitely true absorption but as an upper limit for the abun-than accessible directly through our measurements or indi-
dance of 10. However, we cannot totally exclude that the sig-rectly through the adopted photochemical scheme. The lat-
nal detected by the spectral retrieval comes from non-zerder entails considerable uncertainties which are accounted for
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by the photochemical modelling error to the best of the cur-a null cycle for ozone loss and the product channel ©2
rent knowledge. This error can amount to a factor of 2 in (ReactionR17) yields catalytic ozone destruction. A model,
our estimates ofyl A major error contribution, for exam- that uses different recommendations for the kinetics of these
ple, comes from the findings dbseph et al2007) suggest-  reactions, shows that the fractional contribution of 0.1 ppt io-
ing that IONG photolysis could be an order of magnitude dine to ozone loss in the lowermost mid-latitude stratosphere
slower than previously assumed. Further, the question reean range between 1% and 10% depending on the adopted
mains to be answered if OlO photolysis occurs and what thekinetics. From a 2-dimensional latitude-height model based
product channels are. Higher iodine oxides such,&s,| on the chemical reactions outlined in Se¢t.Bdsch et al.
1204, 1205, which might form in the marine boundary layer (2003 inferred that 0.1 pptyl cause at most 0.8% decrease
(e.g.Kaltsoyannis and Plan008, are not considered by of the zonal mean @in the lower tropical stratosphere. For
our photochemical scheme. We assume thatdncentra-  the high- and mid-latitude lower stratosphere, zonal mean
tions of a few tenths of a ppt discussed here, are too low tdO3 was decreased by at mostl%. The impact of iodine
produce these species. on ozone in the upper and mid-stratosphere was found less

There is evidence that iodine can be found in lower strato-important. The photochemical scheme adopted here and in
spheric aerosol (e.g. Fig. 3 Murphy et al, 2007 which Bosch et al(2003, tends to maximize the impact of iodine
might be upward transported from the lower troposphere.on ozone. Overall, the inferred upper limits for total gaseous
It is subject of current debate how iodine forms aerosolsinorganic iodine in the tropical UT/LS allow for a minor con-
through polymerization and to what extent inorganic or or- tribution of iodine to catalytic loss of ozone. It is unclear to
ganic iodine compounds can be taken up by aerosols (e.gvhat extent reactive iodine has contributed to the observed
Pechtl et al.2006 2007 Gilfedder et al.2008. If consider-  declining trend of lower stratospheric ozone which is esti-
able amounts of iodine are bound by aerosols or ice particlesnated roughly—3% between 1979 and 2004 (WMO-2006).
in the upper tropical troposphere and lower stratosphere, refhereby, reactive iodine could amplify the effect of reactive
lease of iodine species to the gas-phase would probably oczhlorine and bromine through coupled catalytic cycles. In a
cur through evaporation in the middle to upper stratospherduture climate, emission of iodine-bearing source gases and
where our measurements are less sensitive. On the othéransport efficiency into the upper atmosphere might increase
hand, a light-dependent pathway of ghproduction from  or other iodine-containing gases such aglq€onsidered for
the open ocean has been suggested Richter and Wal-  replacement of halons in aircraft) might be directly injected
lace 2004). If applicable to CHI bound by aerosols, such into the upper atmosphergi(et al. (2006, WMO-2006).
a mechanism could potentially release gaseous iodine fronThus, monitoring of reactive iodine abundances in the lower
aerosols into the UT/LS. stratosphere seems warranted.

Implications for stratospheric ozone have been discussed
in detail by Bosch et al.(2003, WMO-2006, andLi et al.
(2006. As briefly outlined by the introduction, reactive io-
dine can undergo several catalytic ozone loss cycles eith
self-catalytically (Reaction®1 and R13) or through cou-
pling with reactive hydrogen (Reacti®tb), reactive nitrogen
(ReactionR4), reactive chlorine (ReactioR9) or bromine

7 Conclusions

Sur study reports on the to date lowest upper limits of 10 and
OIO in the tropical upper troposphere and stratosphere. Nei-
ther 10 nor OIO absorption can be unambiguously detected
(ReactionR11). Based on a photochemical scheme that in_in solar ogcultation spectra_record_ed during two stratospheric
volves these cycled, et al. (2008 found that the ozone de- balloon flights conducted in tropical Brazil. Upper limits
for 10 are 0.04 ppt, 0.08 ppt, and 0.07 ppt at 20 km, 16.5 km,

pletion efficiency of inorganic iodine in the tropical lower
stratosphere is up to 500 times greater than the one for in‘:’lnd 13.5km, and for OIO 0.06 ppt, 0.05ppt, and 0.05 ppt at

. . . : . 20km, 16.5km, and 13.5km, respectively. A photochemi-
organic chlorine owing to the large fraction gf being re- . : L :
A, : L cal model of the partitioning among inorganic iodine species
active iodine (see also Fig). The relative importance of . : - .
. . ields corresponding upper limits for the total gaseous in-
the iodine-involving ozone loss cycles strongly depends o L X
oo ) i . organic iodine burden of 0.17 to 0.35 (+0.2@.08) ppt in
the availability of the respective reaction partnets.et al. .
i ) . . the tropical upper troposphere (16.5 km to 13.5km) and 0.09
(2006 inferred that in the mid-latitude UT/LS all cycles con- t0 0.16 (+0.10/-0.04) ppt in the tropical lower stratosphere
tribute with 10 + HGQ, being most important in the upper tro- : ) )PP P P

posphere and the interhalogen and selfcatalytic cycles bein 21.0kmto 16.5 km) where the errors refer to uncertainties of

dominant in the lower stratosphere. WMO-2006 point out e photochemical model. Uppgr limits Increase in t_he mid-
L i S . . ._dle stratosphere due to decreasing sampling sensitivity. How-
that uncertainties in the reaction kinetics might jeopardize

findings on the importance of iodine for the lower strato- ever, photochemical modelling of iodine photochemistry is

spheric ozone budget. Particular importance is attributed tohlndered by sizable uncertainties of the involved reaction ki-

reaction of 10 with BrO (ReactioR10), reaction of 10 with Qteut(ljcscsauncrr\]oiJl Zstzssps)hho(:\?vlﬁhsc;laitsjir?:: Ientersdthil(s)t.rzg(gjsr here
HO, (ReactionR5), and photolysis of OIO. Concerning the y P

latter, the product channel IO+0O (ReactiB6) constitutes in particulate form.
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Given the current understanding of iodine photochemistry,Brault, J. and Neckel, H.: Solar spectra. Provided by Hamburger
our study suggests that the amount of gaseous iodine-bearing Sternwarte, distributed throughttp://www.hs.uni-hamburg.de/
compounds transported into the tropical lower stratosphere DE/Oef/Inf/Einbl/Sospec/sonnspec.htrh87.
is low. The inferred upper limits allow for a minor contribu- Butler, J. H., King, D. B., Lobert, J. M., Montzka, S. A., Yvon-
tion of iodine-involving catalytic cycles to total ozone loss, ~ -&wis. S A., Hall, B. D., Warwick, N. J., Mondeel, D. J., Ay-

. . P : din, M., and Elkins, J. W.: Oceanic distributions and emissions
but it remains unclear whether reactive iodine contributes — of short-lived halocarbons, Global Biogeochem. Cy., 21, B1023,

possibly through coupling with chlorine or bromine — to the d0i:10.1029/2006GB002732. 2007
observed trend of. declining ozone i.n the Iovyer stratosphereButZ, -A.,-Bbsch, H.. Camy-Peyr,et, C.,. Dorf, M., Engel, A., Payan,
In the future, the importance of iodine-mediated ozone 10Ss 5 and Preilsticker, K.: Observational constraints on the kinetics
could grow if source gas emissions or transport efficiency of the CIO-BrO and CIO-CIO ozone loss cycles in the Arctic
to the upper atmosphere increase or if iodine-bearing gases winter stratosphere, Geophys. Res. Lett., 34, 5801, doi:10.1029/
such as CHl are directly injected into the lower stratosphere.  2006GL028718, 2007.
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