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Abstract. The total stratospheric organic chlorine and present in the form of BrO, Br, HOBr, BrONCand HBr.
bromine burden was derived from balloon-borne measureThese species and the corresponding chlorine species (in-
ments in the tropics (Teresina, Brazil(®8l'S, 4252 W) cluding BrCl and CJO») are responsible for the catalytic de-

in 2005. Whole air samples were collected cryogenically struction of ozone (e.g. Solomon, 1999). Although the abun-
at altitudes between 15 and 34km. For the first time, wedance of the summed-up chlorine and bromine from longer-
report measurements of a set of 28 chlorinated and bromilived organic gases in the stratosphere has decreased since
nated substances in the tropical upper troposphere and strattie late 1990s (e.g. Engel et al., 2002; Montzka and Fraser,
sphere including ten substances with an atmospheric lifetim@003) the impact of very short-lived substances (VSLS) on
of less than half a year. The substances were quantifiethat total remains unsure. Bromine has, on average and on a
using pre-concentration techniques followed by Gas Chroper atom basis, a 60 times higher efficiency to destroy ozone
matography with Mass Spectrometric detection. In the trop-than chlorine (WMO, 2007). Thus, even very low mixing ra-
ical tropopause layer at altitudes between 15 and 17 km weios of brominated substances of less than 0.1 part per trillion
found 1.1-1.4% of the chlorine and 6—8% of the bromine (ppt) are of importance for stratospheric ozone depletion. Es-
to be present in the form of very short-lived organic com- pecially the brominated VSLS are suspected “to make a sig-
pounds. By combining the data with tropospheric referencenificant contribution to total stratospheric bromine and its ef-
data and age of air observations the abundances of inorganfect on stratospheric ozone” (Law and Sturges, 2007).
chlorine and bromine (Gland By) were derived. At an al-

titude of 34 km we calculated 3062 ppt of,Cind 17.5 ppt The uncertainty in the amounts of VSLS reaching the
of Bry from the decomposition of both long- and short-lived stratosphere is due to the short atmospheric lifetimes of
organic source gases. Furthermore we present indications féhese substances (less than half a year) compared to atmo-
the presence of additional organic brominated substances ifpheric transport times which leads to a highly variable tro-

the tropica| upper troposphere and Stratosphere_ pospheric distribution in time and space (LaW and Sturges,
2007). Additionally there are very few measurements in the

main stratospheric entrance region, the tropical tropopause
layer (TTL) or above in the tropical lower stratosphere. Pub-
lished observations of organic VSLS in the inner tropics
The potential of chlorinated and brominated organic sub-200ve 15km are presented in Schauffler et al. (1998, 1999),
stances to enhance the catalytic destruction of ozone in theinnhuber and Folkins (2006) and Law and Sturges (2007).
stratosphere is well known. Once in the stratosphere, the sup2chauffler et al. performed measurements of nine bromi-
stances are destroyed by photolysis and reactions with activBated substances up to about 21km while Sinnhuber and
oxygen (GD) and OH radicals. Inorganic bromine is mainly Folkins only used bromoform data from three campaigns

in 1996, 1999 and 2004 for comparison with models. Law
and Sturges (2007) used available data at altitudes between

Correspondence tal. C. Laube 10 and 17.5km from six measurement campaigns that were
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assess the amount of chlorine and bromine from VSLS that i4o detect amounts of a few parts per quadrillion (ppq) of es-
present in the tropical upper troposphere. Also several modgbecially brominated organic substances (Buser, 1986; Wor-
studies were performed to quantify in particular the influ- ton et al., 2008). Bromine anions are formed via dissocia-
ence of brominated VSLS to ozone depletion (Dvortsov ettive electron capture from thermal electrons provided by an
al., 1999; Nielsen et al., 2001; Levine et al., 2007). Currentionised reactant gas (here: methane). The masses 79 and 81
estimates of the World Meteorological Organisation for thein a ratio of 1:1 are typical for bromine in the atmosphere,
upper tropical troposphere range from 52 to 60 ppt for chlo-consisting of a nearly 50:50 mixture of these two isotopes.
rine and 3.1 to 4.0 ppt for bromine from VSLS, but measure-Chlorine can also be detected in a similar way by measur-
ments show a much higher variability and uncertainty (seeing on the relevant chlorine masses. However, if substances
e.g. the data set presented in Law and Sturges, 2007). co-elute no quantification is possible with this method. The

NICI detection also allows no certain identification of the de-

tected compounds in the chromatogram and is based on the
2 Analytical procedures compounds retention times which must be known.

2.1 Sampling techniques 2.3 Air mass origin

We present results from the flight Bl 42 of the whole-air- Quasi-isentropic trajectories were calculated by the Free

sampler BONBON launched from Teresina, Brazii(8 S, University Be_rlin (FUB) using a mode_l (Langema_tz et
42252 W) inside the inter tropical convergence zone on 8a|" 1987; Reimer and Kal%pp* 1997) with a resolution of
June 2005 with a balloon operated by the French spac&'ZSXLZs) and 59_ potential temperatgre I(_avels and op-
agency CNES (Centre National d'Etudes Spatiales). Thigrational ECMWEF fields as meteorological input. Above
flight was part of a campaign for the validation of the EN- 380K heating rates were calculated using the radiative trans-

VISAT satellite. Between 15.2 and 34 km altitude 15 samplese! Scheme of the SLIMCAT 3-D chemical transport model
were collected by pumping air cryogenically into electropol- (Chipperfield, 1999). SLIMCAT_ hea’qng raftes are not avail-
ished stainless steel containers (for details see Schmidt et aP!€ below 380K. Therefore, diabatic motions below 380 K
1987; Engel et al., 1997). Three samples could not be analVere derived based on climatological heating rates and a
ysed due to technical failure during sampling and one sampld\eWtonian cooling approach. This yields to an ascent of the

showed contamination from the balloon exhaust. No sample&ir masses from +0.3 K/day around 356 K of up to 0.8 K/day
are available below 15 km for technical reasons. around 400K. In Fig. 1 ten-day backward trajectories are

shown. They were initialised at 5.28 and 44.99W which
is the mean geographical location of the samples taken at
15.2 and 16.4 km altitude. The trajectories show, that the air

The whole air samples were analysed in December 2005 ug2round 15km was most probably coming from North-West

ing Gas Chromatography with Electron Impact Mass Spec_whilethe air around 16.5 km travelled over South-West South

trometric detection (GC-EI-MS; Siemens Sil GC with Agi- America. Other backward trajectories were initialised®2.5

lent 5975 MS) at the University of Frankfurt and in February NOrth, east, south and west from this place and showed simi-
2006 with GC-Negative lon Chemical lonisation-MS (GC- lar results. We conclgde that the air sampled in the TTL h_as
NICI-MS; Agilent 6890/5973, see also Worton et al. (2008) most probably.been influenced from air masses originating
for further analytical details) at the University of East Anglia T0m Poth hemispheres.

(UEA). Trace gases in the air samples were enriched cryo-

genica!ly by cooling the sa}mple Ioop with liquid nitrogen g Quality assurance

and using about 300 ml of air (UEA: 2 litres pre-concentrated

on two bed adsorbent trap containing Carbograph-TD and.1  Concentration drift and blank correction

Carboxen-1000 at-10°C using a Peltier cooler). Separa-

tion took place on a micro-packed PorasilC/n-octane columnit is a known problem that many organic trace gases drift in
(UEA: Restek 502.2 capillary column). The MS was oper- concentrations if stored in metal containers for longer time
ated in EI-SIM (Selected lon Monitoring) mode measuring periods. These changes depend e.g. on the nature, past use,
three ions at a time (UEA: NICI-SIM monitoring ions with and pre-treatment of the container surface, the compound,
m/z35, 37, 79 and 81 throughout the chromatogram). Thethe container pressure, the storage temperature, the ozone
Frankfurt analytical system provides high precisions and de<ontent and the water vapour content (Finlayson-Pitts and
tection limits in the lower and sub-ppt range. In EI mode the Pitts, 2000). They can be caused by adsorption or chemi-
substances are broken into characteristic cations using a higtal reactions e.g. on active spots of the container walls (Pate
energy electron beam. This often allows quantification everet al., 1992; Apel et al., 1994). Surface passivations via fluo-
if several substances elute at the same time. The UEA systemnation or electro-polishing are common techniques to avoid
uses NICI — a very sensitive and substance-specific methodall reactions (e.g. Blake et al., 1994) but this is not sufficient

2.2 Measurement techniques
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— CH,Cl,, CHCI3, CH3CCl3, C,Cly and CHBr — showed
changes but these were non-systematic and/or did not occur
in all reanalysed samples. For these substances the maxi-
mum extrapolated difference (at masd.6% per month) was
added to the error bars as a systematic error (see below). The
substances measured at the UEA could not be rechecked ex-
cept for the CHBr, content of one sample which was the
same within the measurement uncertainties. Moreover, low
mixing ratios of up to 2.7 ppt of CyCl, were detected in
some samples collected above 19km. As,CH should

be completely depleted at these altitudes we suggest non-
systematic processes in the containers (such as out gassing

trojectories: start altitude and theto from container valves or production reactions) as an explana-
—©— 14.6 km 356 K 16.5 km 374 K 1 1 H 1
VIR o tion and included these blank values in our error callculatlon.
~E 149 km 388 K 16.8 km 380 K For the other VSLS we found rather uniform container and
o e system blanks, which were below 0.02 ppt for all species and
~&- 15.2 km 361 K 17.2 km 389 K corrected for them.
= 15.3 km 362 K 17.3 km 392 K
== 15.6 km 365 K 17.4 km 395 K

19:9 km 268 K 17:5 km 395 K 3.2 Intercomparison with ground-based observations

~A= 16.2 km 371 K 17.6 km 401 K

initialisation ot 5.28°S 44.99°W 08.06.05 16:00 UT

Most of the longer-lived compounds are measured regularly

Fig. 1. Quasi-isentropic ten-day backward trajectories calculateda.t Tem"te sampling locations by the Global Monitoring Di-

with a resolution of 1.25x 1.254 on 59 potential temperature lev- vision (GMD) which belongs to-the Earth System Researf:h
els. They were initialised at 5.2& and 44.99W within the TTL Laboratory (ESRL) of the National Oceanic Atmospheric

on 8 June 2005. The trajectories show, that the sampled air waddministration (NOAA), USA. Longer-lived trace gases
coming from both hemispheres. show rather uniform concentrations in the global background
and upper troposphere because their atmospheric lifetimes
are high compared with the corresponding transport times. In
in all cases. Positive changes with time have also been oberder to check the quality of our measurements we compared
served in containers. They can originate from uptake into ahe mixing ratios in the sample collected at 15.2 km with the
film of water on the container surface which can be reversedjlobally averaged mixing ratios derived from NOAA-ESRL
if pressure is reduced as samples are removed from the comround-based observations in June 2005. These mixing ra-
tainer (Finlayson-Pitts and Pitts, 2000). tios are publicly available and can be accessed as anony-
To assure the quality of the data, three of the sample conmous ftp data undehttp://www.esrl.noaa.gov/gmd/ The
tainers were measured again in August 2007 at the Universityneasurements of F12, F11, F113, F22, F142b, F141k,,CCI
of Frankfurt. A list of the quantified compounds, their source CH3CClz and H1211 agreed within 3%. In combination with
of calibration and detection limits can be found in Table 1. the observed low VSLS mixing ratios (see below) this indi-
The chlorofluorocarbons (CFCs), hydro-chlorofluorocarbonscates that a well mixed air mass with little influence from
(HCFCs) and halons proved to be stable, whereas th®dCH local deep convection was sampled (VSLS would be super-
CH2CI—-CH,CI and CC} mixing ratios had drifted system- elevated in the case of convective influence). Moreover it
atically in the containers. If changes occurred in all con- provides evidence, that the samples were not contaminated
tainers that contained the substance they were assumed to lbgg. by balloon exhaust. However, three of the longer-lived
systematic if the mean percentage change exceeded the peubstances showed higher differences. The first is H1301
centage & standard deviation of the samples concentrationwhich we found to be 8.8% higher than the NOAA-ESRL
changes. This means that the variability of the concentratiomeference but still within the 2 measurement uncertainties.
changes did not exceed the changes itself. A wall reactiorThe second is CgBr which was 14.7% (1.14 ppt) lower
follows the first-order rate law and can be approximated aghan the NOAA-ESRL reference. This discrepancy could be
a linear process with respect to time if it is slow. Assum- caused by a decrease of mixing ratio with altitude in the tro-
ing that such a process is responsible for the observed drifbosphere as reported by Blake et al. (1997), by its latitudi-
we calculated an increase of 0.73% (22.4 ppt) per month fonal gradient or by a decrease due to instability within this
CHasCl, of 2.90% (0.01 ppt) for CLICICH,Cl and a decrease particular sample container. The third substance showing a
of 1.57% (4.06 ppt) per month for C&telative to their ini-  difference to NOAA-ESRL values was GBI. We found
tially measured values. The mixing ratios of these substance601 ppt of CHCI at 15 km while the globally averaged mix-
in the air samples were corrected by linear extrapolation ofing ratio at ground levels in June 2005 was 538 ppt (source:
the calculated trends to the flight date. Five other substancelsttp://www.esrl.noaa.gov/gmd/ One possible explanation
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Table 1. Measured compounds grouped by substance classes with source of calibration and detection limits. All NOAA calibrations originate
from a calibrated container obtained from NOAA-ESRL and were transferred to an internal secondary calibration container used for sample
measurements. The years indicate the revision of the calibration scale. The University of East Anglia (UEA), UK calibrations originate from

a direct cross-comparison of that secondary container with an internal secondary UEA calibration contaipeiCigrand GCly. Four
substances were calibrated using air samples from UEA which were measured twice at both institutes: F115, F114, F114a and H2402. The
remaining substances — 1,2-dichloroethane and F124 — were quantified via a cross-comparison with a container calibrated by E. Atlas of the
University of Miami, USA which is owned by the Max-Planck-Institute for Chemistry in Mainz, GER.

Substance group  Formula (name) Calibration source  Detection
limit [ppt]
CFCs CRCICR; (F115) UEA 0.4
CRCl (F12) NOAA-2001 0.3
CR,CICRCI (F114) UEA 0.2
CFChCR; (F114a) UEA 0.1
CFCh (F11) NOAA-1993 0.1
CFChCRCI (F113) NOAA-2002 0.1
Halons CRBr (H1301) NOAA-2006 0.4
CRCIBr (H1211) NOAA-2006 0.6
CF,BrCF,Br (H2402) UEA 0.2
CF,Bry (H1202) UEA 0.002
HCFCs CHRCI (F22) NOAA-2006 0.5
CHFCICR; (F124) U. Miami 0.4
CH3CRCI (F142b) NOAA-1994 0.3
CH3CFCh (F141b) NOAA-1994 0.3
Longer-lived CHCI NOAA-2003 19
chloro- and cd NOAA-2002 0.2
bromocarbons ChHCCl3 NOAA-2003 0.3
CH3Br NOAA-2003 0.4
VSLS CHCl» NOAA-1992 0.8
CHCl3 NOAA-1992 0.4
CH,CICH,CI U. Miami 0.1
CoHCl3 UEA 1.8
CyCly UEA 0.7
CH,BrCI* UEA 0.01
CHBrCI; UEA 0.0008
CHBr,CI* UEA 0.001
CHzBr3 UEA 0.001
CHBr3 UEA 0.001

* measured at the University of East Anglia (UEA)

could be that our correction of the drift in the containers 3.3 Error bar calculations

was insufficient. However, the tropics are a source region of

CHsCl. For instance Khalil and Rasmussen (1999) reportedT he error bars of the measured organic chlorine and bromine
elevated surface mixing ratios in tropical regions and Geb-Xorg (Se€ Sect. 4.1) include the Imeasurement uncertainties
hardt et al. (2008) found levels around 600 ppt for4CHin and the sample instability errors as calculated using Eq. (1)
air samples taken at altitudes around 10 km above Surinam iand weighting with the number of chlorine or bromine atoms
October 2005. As CgLCl is longer-lived in the atmosphere contained in the respective substance.

the observed elevated mixing ratio could e.g. originate from

the rainforest without being influenced from local convec-
tion. ’ Xorg =+ Zeﬂ!i + /Z(Uszm,i +05.) 1)
1 1

The sample instability erroks; (if observed) are systematic
errors. For that reason they were summed up separately. Due
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Fig. 2a. Total mixing ratios of chlorine from organic source gases Fig. 2b. The same as Fig. 2a but for bromine.
(Clorg) and contributions of substance subgroups to that total in the

different altitudes. The data for chlorocarbons include VSLS and

non-fluorinated longer-lived chlorocarbons (see Tables). Chlorine4 Results and discussion

from H1211 is only included in the gy. The error bars are less
than the size of the symbols and include theuhcertainties of the

) - g 4.1 Organic chlorine and bromine
measurements and the sample instability errors if observed.

During the balloon flight the cold-point tropopause was
located at 16.8km (385K potential temperature). The
two lowest samples were collected at 15.2 km (359 K) and
16.36 km (371 K) within the TTL. For all further discus-
to the limited amount of air available from the containers thesjons, we will use the TTL definition given by Gettelman
samples where measured only twice. Thys is the stan-  and Forster (2002). According to this definition the TTL ex-
dard deviation of the calibration standard on the measuringends from the minimum potential temperature lapse rate to
day. We used a secondary standard for the measurementsie cold point. Air parcels reaching the level of zero radia-
Thereforeo,, is the standard deviation from the calibration tive heating, which is located at 8.5 km and 360K, are
of that standard. As;,, ando,, are statistic errors the square expected to be transported to the stratosphere (Gettelman et
root of the sum of the squares can be taken. Calibration unal., 2004). We will assume that the signatures of both sam-
certainties are not included in the error bars. ples originating from the TTL are very likely to be injected
into the stratosphere. However, due to the high variability of
The error of the estimated total chlorine/bromjnga (see  VSLS in the troposphere and since many processes influence
Sect. 4.2) was derived as the sum of the measurement unceihe composition of the tropical region around 15 km (see e.g.
tainties of CHCI, F115, F114, F114a, F124, H1202, H2402 Tuck et al., 2004) we do not claim global significance for
and the VSLS according to Eq. (1) apfloaa —the standard  the mixing ratios found in the lowest altitude sample. On
deviations of the global mixing ratios for all other substancesthe other hand the air sampled at 16.4 km was located very
averaged over 2001 as provided by NOAA-ESRL (source:close to the upper limit of the TTL and thus its chemical com-
http://www.esrl.noaa.gov/gmid/Both errors were calculated position should be more representative for the inner tropics
with respect to the number of chlorine/bromine atoms. The(Gettelman and Forster, 2002).
error of the inorganic chlorine/broming, is the sum ofyorg The total halogen mixing ratios and the contribution of the
and ynoaa- Please note that the influence of our measure-source gas subgroups at the different altitudes are shown in
ments on G, Bry and the corresponding error bars decreased-ig. 2a for chlorine and 2b for bromine. Please note, that the
with altitude. Changes in ¢/Bry due to mean age of air samples at 28 and 32 km altitude could not be measured at
calculations carried out with $Fmixing ratios+20 of the the UEA due to insufficient amount of air remaining in the
measured values were also calculated and ranged #6m containers. Thus, the values for total organic bromine and
to +2 ppt for C|, and from—0.03 to +0.03 ppt for Br. We chlorine in these samples do not include the mixing ratios of
also estimated GIBry changes derived from different width H1202, CHBrCl, CHBrCl, CH;Br2, CHBr.Cl and CHBg
parameterisations of the age distribution function. Thg Cl (see Tables 3 and 4). Table 2 shows the total halogen mixing
changes ranged from8 to +7 ppt while By varied between  ratios corresponding to the values shown in Fig. 2a and b
—0.04 and +0.12 ppt. We conclude that both uncertaintiesand the altitude range, over which the air has been sampled
have little influence on the derived {@Bry. Uncertainties into each container during the slow descent of the balloon.
which could originate from hemispheric mixing ratio gradi- Longer-lived halocarbon data from the flight are shown in
ents were not estimated. Table 3 while in Table 4 the mixing ratios of the VSLS for the

www.atmos-chem-phys.net/8/7325/2008/ Atmos. Chem. Phys., 8, 7338-2008
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Table 2. The measured total organic halogen mixing ratios withmleasurement and sample instability uncertainties in ppt. All samples
where taken during balloon descent and represent altitude ranges@nikitee potential temperature. Also shown are the derived inorganic

mixing ratios in ppt. Their errors include our measurement uncertainties as well as the uncertainties from NOAA-ESRL ground-based
measurements.

Altitude Range O [K] Clorg Clorg Brorg Brorg Cly C|y Bry Bl’y
[km] [km] error error error error
34.00 1.5 1036.7 452 10 0.0 0.2 3062 11 175 0.4
31.94 1.1 907.8 937 12 0.0 0.2 2558 13 175 0.4
30.01 0.7 819.7 1257 12 0.7 0.2 2228 13 16.7 0.4
28.17 0.5 751.1 1422 12 1.0 0.3 2063 14 164 0.5
24.95 0.7 636.5 1771 14 2.4 0.4 1703 15 15.0 0.6
23.37 0.9 577.8 2221 16 2.3 0.3 1244 18 15.0 0.5
21.64 0.6 521.2 2447 18 5.7 0.5 1008 19 11.6 0.6
18.72 0.4 437.7 2996 24 12.5 0.9 444 26 4.6 1.1
17.37 0.3 402.5 3099 22 135 0.9 340 24 3.6 1.1
16.36 0.6 371.1 3377 29 15.3 1.0 556 30 1.8 1.2
15.20 0.5 359.2 3431 30 16.2 1.1-0.2 31 0.9 1.2

* Not measured at the University of East Anglia — several substances are not included (see Table 1).

Table 3. Observed mixing ratios of CFCs, HCFCs and longer-lived non-fluorinated chloro- and bromocarbons in ppt (n.d. — not detected;
n.m. — not measured). The mixing ratios of §& and CC}, were shifted due to drifts in the sample containers.

Altitude [km]/Mixing ratio [ppt]

Substance 1520 16.36 17.37 18.72 21.64 23.37 24.95 2817 30.01 31.94 34.00
CRCl, (F12) 538.7 537.8 5304 5238 4928 4658 4355 3750 3534 252.1 103.9
CFCh (F11) 254.8 2521 243.9 2337 187.9 143.6 8754 2804 1432 155 nd.
CRCICFChL (F113)  80.90 80.89 78.05 70.76 72.49 68.90 4357 49.87 43.85 2721 7.84
CRCICKCI(F114)  16.65 16.66 1658 16.36 16.39 16.12 15.06 155 1535 14.92 13.28
C,FsCl (F115) 882 897 876 894 873 848 848 838 829 814 7.82
CF3CFCh, (F114a) 205 201 194 169 170 158 148 125 119 nd. nd.
CHR,CI (F22) 164.0 1603 1526 151.1 1422 1386 1251 1305 130.8 1212 102.9
CH3CFCh (F141b) 18.05 17.35 16.65 1501 14.62 13.17 876 873 7.45 398 0.87
CH3CRyCl (F142b) 1527 15.04 1439 1431 1366 13.18 11.69 1214 1202 11.26 9.65
CHFCICFR; (F124) 168 1.64 155 140 138 113 069 073 069 072 043
CH3Cl 600.9 570.8 459.8 427.3 1829 254.6 241.4 2240 1710 164.8 71.84
CCly 9350 93.70 7552 77.47 5854 3758 1251 163 nd. nd. nd
CH3CClg 19.22 1950 18.08 16.11 996 7.98 482 nd. 061 nd.  nd.
CH3Br 668 6.05 528 466 113 nd. 054 nd. nd. nd nd
CR,CIBr (H1211) 417 413 39 389 193 nd. nd. nd nd nd nd
CF3Br (H1301) 319 318 325 301 255 224 184 1.00 071 nd. nd
CRBICFBr(H2402) 043 046 035 030 nd. nd nd nd nd nd nd
CF,yBr; (H1202) 0.034 0.035 0.029 0031 0018 0.010 0.002 nm. nd. nm  nd.

four lowest altitude samples can be founc:GL; (1.02 ppt)

and CHBg (0.016 ppt) could only be detected in the sample 30.1% and H1211 0.1%.

collected at 15.2km and are therefore not listed. CH&IBr
and GHCI3 were below detection limit (see Table 1) for all

samples.

In the TTL at 15.2km we found 343430 ppt of chlo-

rine from organic substances.
rine is present in the form of CFCs, while HCFCs con-

Atmos. Chem. Phys., 8, 7325334 2008
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The estimated tropical

tributed 6.3%, longer-lived non-fluorinated chlorocarbons
Only 1.4% (4%5.7 ppt) of
chlorine came from VSLS, whereby the main contribution
was from CHCI>(22.4+1.8 ppt).
upper tropospheric mixing ratio in Table 2-2 of Law and
Sturges (2007) is 55 ppt (range: 52—-60 ppt) for total chlorine
from VSLS including 1.5 ppt from chloroethane which is the
only source gas mentioned by Law and Sturges (2007) that
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Table 4. Observed mixing ratios of VSLS in ppt.oCl, (1.0 ppt) and CHBg (0.016 ppt) were only detected at 15.2 km and are not listed.
CHCIBr, and GHCI3 were below detection limit (n.d. — not detected). The mixing ratios 0 CI&H,Cl were shifted due to drifts in the
sample containers.

Altitude CHCl, CHCIl3 CHyCICHo,CI CHoBrCl CHBrCl, CHoBro

[km] [ppt] (ppt]  [ppt] [ppt] [ppt] [ppt]

1872 1.9 n.d. n.d. 0.020 n.d. 0.139
17.37 23 n.d. n.d. 0.030 n.d. 0.147
16.36 9.8 1.9 5.6 0.090 0.010 0.439
1520 112 2.7 6.2 0.087 0.017 0.549

was not quantified in our study. Taking this into account, Law4.2 Inorganic chlorine and bromine
and Sturges (2007) derived an average of 53.5ppt (range:

~51-58 ppt) for the remaining chlorinated VSLS in the trop-
ical upper troposphere. This agrees with our findings within
the given error bars. At 16.4km we found 33730 ppt of
organic chlorine with 1.1% (36:465.1 ppt) from VSLS. As
described above the air mass sampled is very likely to hav
been transported into the stratosphere because of its loc

tion above the level of zero radiative heating. Above the . .
gbove the entry mixing ratio needs to be corrected for tropo-

tropopause the total organic chlorine decreases with altitud heric time trend d how the ai ived on thei
due to conversion into inorganic species. At the highe:stflightSp eric time frends and how the air masses are mixed on their

altitude (34 km) all short lived source gases were depleted t(%Lansport up;w?rds.hW(? usetd a pro'cedurte. fordthe cilmélitlog of
values below our detection limits and the remaining organic € mean stralospheric entry mixing ratios described by En-

chlorine was 45210 ppt. This corresponds to about 13% of gel et al. (2002). First for every sample the mean age of air
the amount observed in the TTL was derived from measured &ixing ratios. The mean age

Organic bromine at 15.2 km was 16:2.1 ppt with 51% of air is a measure of the stratospheric residence time of an
present in the form of halllons 41% in the form of ¢BH air parcel. According to Hall and Plumb, 1994 every strato-

and 8% (1.25:0.08 ppt) originating from the five brominated spheric air parcel consists of a large number of irreversibly
VSLS listed in Table 4. In 16.4km we found a mixing ra- mixed parcels and its age can be described with a distribution

tio of bromine from VSLS of about 0.980.08 ppt (6%). function. The mean age of air is the centre of this function.

Both VSLS contributions are substantially lower than the As V‘;e can ong/ calg(;;tlr?te the mtea.n attge from %L.” mteaéure—l
global tropical upper tropospheric mixing ratio of 3.5 ppt ments we used a width parameterisation according o Enge

(range: 3.1-4.0ppt) estimated by Law and Sturges (2007)et al. (2002) to derive the distribution function. Using this
in par'éicu.lar \'Ne found ChBr, with a mixing ratio of function and global tropospheric time trends we calculated
0.55+0.001 ppt at 15.2km to i)e the dominant very short- the amount of trace gas that would be present without chem-

lived source das while the CHBmixing ratio was ver ical degradlation i.e. the mean entrance mixing ratio. Global
low (0.01&09005 ppt) in this fample? Sinnhuber an tropospheric trend data was taken from NOAA-ESRL. For

Folkins (2006) presented higher CHEixing ratios of up substances without these trend functions available a simpli-
to about 0.2 ppt above 15km in the tropics. This is not in fied procedure was applied. First we assumed that our sample
contrast with our findings as the VSLS have a high atmo-&t 15.2 km is reflecting the mean stratospheric entrance mix-
spheric variability. Moreover the mixing ratios agree with Ing ratio. .For C.H’C.l’. H2402 and the VSLS which show no
previous observations of Schauffler et al. (1998), who foundSYSFemat".: or significant global trend we took Fhe observ_ed
about 0.5 ppt of CLBr> in the inner tropics at 15 km alti- 'm|xmg'rat|o in that sample as the stratospheric entry mix-
tude while CHBg was near or below detection limit. Alsoin "9 ratio for all other samples. We assumed the same for

agreement with Schauffler et al. (1998) we observed&bH F115, F114, l_=114a, F124_and H1202 but additionally cor-
and CHCl, up to 18.7km. In common with chlorine, the rected for their tropospheric trend to reconstruct the tropo-

organic bromine mixing ratio decreased with altitude in the tspherlcztcl)lglsse segezsogjckwards (te>étr.ap_<r) Ie;)tledlhrZ]eafr (t:r|e ng be-
stratosphere, but in contrast to chlorine no brominated or-Ween an as reported In fable 1-2 Of Llerbaux

ganic substances were detected in both samples coIIectei?pd annold, 2007).‘ The denved}mnd By and the corre- :

above 30 km. sponding total chlorine and bromine from the entrance mix-
ing ratios are depicted in Fig. 3. Please note, that the con-
tribution from a product gas injection as derived by Law and

Inorganic chlorine (GJ) and bromine (By) can be calculated

as the difference between the total amount of halogen which
initially entered the stratosphere and the total measured halo-
gen amount from organic substances. The stratospheric entry
Egpixing ratio for each substance must be known for this cal-
culation. As the air is ascending very slowly in the TTL and
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Fig. 3. The derived inorganic chlorine (g)land bromine (B) and ¢y 4 The chromatogram of the air sample collected at 15.2 km

the corresponding total Cl a_nd Br for the different altltude_s. The Liitude as analysed with GC-NICI-MS at the University of East

error bars are th(? same as in Table 2 and less than the size of ”}@nglia. The displayed ions with a mass/charge ratio of 79 and

symbols for chiorine. 81 in a ratio of 1:1 are specific for bromine containing species
which indicates that at least eight additional brominated substances
are present in the tropical tropopause region. The peaks at about

Sturges (2007) (40-50 ppt of chlorine) was not considered in4.5, 17, 20 and 26.5 min retention time are suggested to belong

our Cl, calculation. For comparison with the measurementsto C,HsBr (bromoethane), GFCHCIBr (halothane), gH7Br (n-

Cly and By, are also shown in Table 2. propyl bromide) and CbBrCH,Br (1,2-dibromoethane) but four

The derived GJ at 15.2km is zero within the error bars further unidentified brominated compounds remain.

(—0.2+31 ppt) and proves the good agreement with most

global tropospheric mixing ratio observations by NOAA-

ESRL. Notable is the sharp increase to 22@ ppt just

above the tropopause, which is mostly due to the rapid deggpecially bromoform was found to be higher in other stud-
composition of CHCl and CCl. ies (Sinnhuber and Folkins, 2006; Law and Sturges, 2007).
For Bry low mixing ratios of 1.8&1.2ppt at 16.4km and \we could assume that the 3.5 ppt of bromine from VSLS
3.6+1.1ppt at 17.4km were inferred. At 34km, where all jn the upper tropical troposphere as estimated by Law and
organic bromine is destroyed we derived H®4ppt of  Sturges (2007) are more representative for air entering the
Bry based on the organic bromine from ground-based NOAAstratosphere. If we calculateBusing this VSLS amount we
observations and our measurements in the TTL. During anfind 19.75 ppt of By which agrees with the 21482.5 ppt de-

other balloon flight on the 17 June 2005 BrO was measuregived from BrO (Dorf, 2005; Dorf et al., 2008) even without
by the University of Heidelberg using Differential Optical deriving error bars.

Absorption Spectroscopy (DOAS). By using a photochemi-

cal model and correcting for the BrO/Bratio they derived A direct product gas injection as proposed by Ko et
21.5£2.5 ppt of By at 33 km (Dorf, 2005; Dorf et al., 2008). al. (1997) could also cause the difference i By bring-
Thus, both calculations differ by 4.0 ppt but the significant ing inorganic bromine species contained in the upper tropo-
uncertainty range at2.9 ppt should be noted. A difference spheric aerosol (Murphy and Thompson, 2000) or in gaseous
was also found in earlier studies (e.g. Salawitch et al., 2005form into the stratosphere. Another option is the presence
Feng et al., 2006; Law and Sturges, 2007) and a number obf additional brominated organic substances. As shown in
causes could account for it. Our observations and calculaFig. 4 we have found substances showing signals at ions
tions are mainly based on the NOAA calibration scale. Forwith m/z79 and 81 (the two stable isotopes of bromine) in
instance the other large global monitoring network AGAGE the NICI chromatogram of the sample taken at 15.2 km alti-
found 0.72 ppt higher bromine from H1211 and H1301 in tude. We suggest four of these signals to belongAd4Br
2004 (seenttp://agage.eas.gatech.edu/Table 1-2 in Cler-  (bromoethane), GEHCIBr (halothane), gH7Br (n-propy!
baux and Cunnold, 2007) probably reflecting differences inbromide) and CHBrCH,Br (1,2-dibromoethane) but at least
absolute calibration scales. This could explain a part of thefour further unidentified signals remain. Please note, that in
difference in the derived Brvalues. Another possibility is NICI mode the size of a peak is not indicative for its con-
that the observed TTL region did not represent global VSLScentration. For instance, in Fig. 4 GBr appears as a small
mean entrance mixing ratios to the stratosphere. An injectiorpeak, but is more abundant than H1211. Some of the peaks
of higher amounts of source gases at different seasons, latiwere also present in samples taken at higher altitudes. These
tudes or longitudes due to the local influence of convectionare strong indications for a further contribution from organic
might have lead to higher Bi(see e.g. Levine et al., 2007). source gases to stratospheric bromine.
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5 Conclusions Pacific basin during PEM-West A and PEM-West B, J. Geophys.
Res., 102, 28 315-28 331, 1997.

Our study adds to the very few data available on VSLS inBuser, H. R.: Selective detection of brominated aromatic com-

the tropical upper troposphere and lower stratosphere. From Pounds using Gas Chromatography/Negative Chemical loniza-

our measurements of 28 chloro- and bromocarbons includin% tion Mass Spectrometry, Anal. Chem., 58, 2913-2919, 1986.

ten very short-lived substances we derived a VSLS contripuCMiPPerfield, M. P Multiannual simulations with a three-

. . - dimensional chemical transport model, J. Geophys. Res., 104,
—Q0, —
tion of 6—-8% (0.98-1.25 ppt) to total organic bromine and 1781-1805, 1999.

1.1-1.4% (36.6-47.1ppt) to _to,tal organic chlorine e,n_teringCIerbaux, C., Cunnold, D. M., Anderson, J., et al.: Halogenated
the stratosphere above Brazil in June 2005. In addition we Long-lived Compounds, Scientific assessment of ozone deple-

have _found strong indi(_:atio_ns for the presence of additional ton: 2006, Global Ozone Research and Monitoring Project —
bromine source gases in this region. Identification and quan- Report No. 50, Chapter 1, World Meteorological Organization,
tification of these substances is crucial for future estimates Geneva, 2007.

of stratospheric bromine. We derived,Gind By, values  Dorf, M.: Investigation of inorganic stratospheric bromine using
based on ground-based observations from NOAA-ESRL and balloon-borne DOAS measurements and model simulations, Dis-
our measurements. Bwas calculated to be 1789.4 ppt sertation, University of Heidelberg, Germany, 2005. _

in 34 km altitude which is in disagreement withyBterived ~ DPorf: M., Butz, A, Camy-Peyret, C., Chipperfield, M. P., Kritten,
from quasi-simultaneous observations of BrO (Dorf, 2005; L., and Pfeilsticker, K.: Bromine in the tropical troposphere and
Dorf et al., 2008). An additional source of stratos'pheric' stratosphere as derived from balloon-borne BrO observations,

b L likel | i . der t leuB Atmos. Chem. Phys. Discuss., 8, 12999-13 015, 2008,
romine 1S a likely explanation in order 10 reconciiéy br http://www.atmos-chem-phys-discuss.net/8/12999/2008/

derived from organic substances with,Berived from the  py ooy, v. L., Geller, M. A., Solomon, S., Schauffler, S. M., Atlas,
measurements of BrO. However, if calibration uncertainties g | and Blake, D. R.: Rethinking reactive halogen budgets in
and the atmospheric variability of VSLS are taken into ac-  the midlatitude lower stratosphere, Geophys. Res. Lett., 26(12),
count the derived Brvalues could agree within their error 1699-1702, 1999.

bars. Further studies with higher spatial and temporal coverEngel, A., Schmidt, U., and Stachnik, R. A.: Partitioning between
age and also a wider range of substances are needed to quanchlorine reservoir species deduced from observations in the Arc-
tify the global influence of very short-lived brominated and _ tic winter stratosphere, J. Atmos. Chem, 27, 107-126, 1997.
chlorinated organic substances on stratospheric ozone. DifENg€! A., Strunk, M., Miller, M., Haase, H.-P., Poss, C., Levin,

ferences in absolute calibration scales need to be resolved. - @nd Schmidt, U.. Temporal development of total chlorine in
the high-latitude stratosphere based on reference distributions

. of mean age derived from CQOand SF6, J. Geophys. Res.,
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