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Abstract. We report on time-dependentsONO, and BrO  bring estimates of Brinferred from organic source gas mea-
profiles measured by limb observations of scattered skylighsurements (e.g. Gi8r, the halons, CkBry, CHBr3, etc.)

in the stratosphere over Kiruna (6719, 22.°E)on 7 and 8 into closer agreement with estimates based on BrO obser-
September 2009 during the autumn circulation turn-over. Thevations (inorganic method). The consequences for strato-
observations are complemented by simultaneous direct sespheric ozone due to the revise®IONO,)/ kero+No, ra-

lar occultation measurements around sunset and sunrise peie are small (maximum-0.89%), since at high NQ (for
formed aboard the same stratospheric balloon payload. Supvhich most By assessments are made) the enhanced ozone
porting radiative transfer and photochemical modelling indi- loss by overestimating Bris compensated for by the sup-
cate that the measurements can be used to constrain the rapoessed ozone loss due to the underestimation of/Brp
J(BrONGy)/ kgro+No,, for which atT =220+ 5K an over-  with a smaller JBrONQO,)/ kgro+No, ratio.

all 1.7(+0.4—0.2) larger ratio is found than recommended
by the most recent Jet Propulsion Laboratory (JPL) compila-

tion (Sander et a).2011). Sensitivity studies reveal the ma- 1 |ntroduction

jor reasons are likely to be (1) a larger BrOp@bsorption

cross-sectiowsrono,, Primarily for wavelengths larger than  The effect reactive bromine has on stratospheric ozone is
300nm, and (2) a smalldisro+no, at 220K than given by  largely dominated by the Reactions (1), (2a), and (2b)
Sander et al(2011). Other factors, e.g. the actinic flux and (Spencer and Rowland977:

quantum vyield for the dissociation of BrONQCcan be ruled

out. BrO+NO2 +M — BrONO; + M (R1)

The observations also have consequences for total in:
organic stratospheric bromine (Brestimated from strato- BIONGz +/-v — BrO+NO, (0.1 (R2a)
spheric BrO measurements at high Nidadings, since the  grONQ, + /- v —» Br+NO3 (0.85). (R2b)
ratio XBrONO»)/kero+No, largely determines the strato-
spheric BrQBry ratio during daylight. Using the revised The brackets give the recommended quantum yidider
JBrONO,)/ kerosNo, ratio, total stratospheric Biis likely A > 300 nm. They determine the amount of reactive bromine
to be 1.4ppt smaller than previously estimated from BrO(BrO) and thus the bromine-mediated ozone loss in almost
profile measurements at high NQoadings. This would the whole global lower stratosphere during daytime, except
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in the chlorine-activated polar ozone hole regio8ander on 8 September 2009 (SZA94°). However, the scanning

et al. (2017 report for the termolecular Reaction (1) & 1 motor of the limb observation spectrometer malfunctioned,
uncertainty factor of 1.47 (at 220K) and for the BrONO and only spectra recorded after 03:50 UT (SZ86°) are
absorption cross-section(BrONO,) (Reactions 2a and 2b) used for analysis. They lasted until 06:00 UT (SZA5°),

and hence forBrONOy) an overall uncertainty factor of at when the payload was separated from the balloon. Due to
least 1.4 (e.g. taken from Table 4.2 in JPL-2011). The formerthe low stratospheric winds at high latitudes during sum-
uncertainty factor mostly arises from the extrapolation of themer/winter circulation turn-over, the balloon payload gently
laboratory measurementsio+no, from high to low tem-  drifted from Kiruna to the Finnish—Russian border (at around
peratures. The uncertainty 8{BrONGOy) is due to its large 350 km distance) within the 16 h long flight. Accordingly,
decrease by 3.5 orders of magnitude with wavelength, whemue to the low shear winds the azimuth stabilisation of the
going from the extreme UVA(=200nm) tox > 300nm, balloon gondola, and therefore the sun and limb pointing,
where the actinic fluxes, and thus the spectral contributionwvas extremely stable as compared to previous balloon flights

to XBrONQy), strongly increase. (e.g. see Table 1 iDorf et al, 20063 Kritten et al, 2010.
BrONO, can also be destroyed by the reacti@ol{er Further, the ambient temperatuf@e £ 220 K) did not change
et al, 2002 by more thant5K within the altitude range from 11.5 to
31km.
3
BrONO, + O(°P) —> BrO+NOs. (R3) Here we primarily report on the DOAS data obtained from

Nevertheless, Reaction (3) has a negligible effect on the Iife—the limb obsgrvatlons dun_ng sunsgt and sunrise and data
time of BrONG, below about 25 kmSinnhuber et a) 2005 recorded during sunset using the direct sunlight spectrom-

; ; ter.
where the bulk of BrON@resides during our measurements. © . : :
@ g For both instruments the spectral retrieval is based on the

DOAS method Platt and Stutz2008. Since in previous
2  Methods studies the spectral retrieval has been described at length (e.g.
Weidner et al.2005 Dorf et al, 2006a Butz et al, 2006
We report on spectroscopic measurements taken during a bakritten et al, 2010, here only those details are described
loon flight of the LPMA/DOAS (Limb Profile Monitor of the  which depart from our previous work. The retrieval of,0
Atmosphere/Differential Optical Absorption Spectroscopy) NO,, and BrO from the solar occultation and the mini-DOAS
payload at Kiruna, Sweden (67.8, 22.°E), on 7 and 8 measurements is performed along the parameters as given
September 2009. The payload accommodated three spe@ Butz et al.(2006 andAliwell et al. (2002, with updates
trometers: (a) a near-IR (LPMA) spectrometer that is suit-as recently described iDorf et al. (2008 andKritten et al.
able for the detection of £ NOy, CHg, NoO, HNOgz, and (2010. Also, since the errors and uncertainties of the DOAS
other trace-gases (e @amy-Peyret et gl1995 Payan etal.  retrievals have already been discussed in length in previous
1998; (b) a UV/vis spectrometer for the high-precision de- studies (e.gHarder et al. 1998 Aliwell et al., 2002 Wei-
tection of G, NOy, BrO, 10, Oy, etc. in direct sunlight (e.g. dner et al. 2005 Dorf et al, 20063 Butz et al, 2006, they
Harder et al.1998 Ferlemann et al2000; and (c) a UV/vis  are only referred to when necessary. The results of the DOAS
mini-DOAS instrument primarily for the detection of30  analysis are differential slant column densities (dSCDs) with
NO,, and BrO in limb-scattered skylight (e \gleidner et al. respect to a reference spectrum, typically recorded directly
2005 Kritten et al, 2010. after reaching balloon float altitude at low SZA (see Hig.
While spectrometers (a) and (b) measured direct sunlighiThese values are then corrected for the amount of the targeted
during balloon ascent, solar occultation at sunset and suntrace gas in the reference spectrum resulting in absolute slant
rise, the mini-DOAS instrument recorded the atmosphere incolumn densities (SCDs).
limb geometry, with the azimuth angle being clockwise per- The limb radiances are modelled using version 2.1 of
pendicular ¢ = 9C°) to the sun’s azimuth direction. Viewing the Monte Carlo radiative transfer (RT) model McArtim
elevation angles were held constaft)(05°) during balloon  (Deutschmann et al.2011). The model’s input is cho-

ascent but subsequently changed fref6° to —4.88° el- sen according to measured atmospheric temperatures and
evation angle in steps of 8 for the limb observations at pressures, including a climatological high-latitude summer
balloon float altitude. aerosol profile inferred from SAGE Ilh{tps://eosweb.larc.

The balloon was launched at 14:50 UT at a solar zenithnasa.gov/project/sage3/sage3_tphled confirmed with the

angle (SZA) of 78 on 7 September 2009, and balloon direct sun measurement of spectrometer Bur(it et al,

float altitude & 33.5km) was reached around 16:45UT 2005, the balloon altitude and the geolocation, SZAs as
(SZA=86°). Please note that here and in the following encountered during each measurement, the azimuth and el-
all SZAs refer to local SZA (i.e. for the balloon gon- evation angles, as well as the field of view (FOV) of the
dola position). On 7 September 2009 the solar occultatiormini-DOAS telescopes. Since the mini-DOAS spectrometer
and limb observations during sunset lasted until 18:15 UTis not absolutely radio-metrically calibrated, all simulations
(SZA=94), and were resumed at 02:30 UT during sunriseare performed relative to the first limb spectrum (elevation
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Fig. 1. Measured differential slant column densities of @pper panel), N@ (middle panel), and BrO (lower panel) in limb geometry

during the balloon flight from Kiruna on 7 and 8 September 2009. During balloon ascent from 14:50 UT until 17:10 UT, the limb radiation
was observed for an elevation angle dd®. During dusk (17:10 to 18:30 UT), 3.5limb scans were performed at 33 km altitude. During
early dawn, the scanning telescope of the limb spectrometer malfunctioned (the reddish area), and the limb scans (in total 7.25) started a
03:50 UT and continued until 06:00 UT, when the balloon was floating at 31 km altitude. Each limb scan consists of limb observations from
+0.6° elevation angle down te-4.88° in steps of BB.

angle+0.6°) of each limb sequence. It is noteworthy that the time resolution is too coarse to be used for comparisons
radiometric calibration does not change between the individ-with measurements. On the other hand using a 1-D pho-
ual limb sequences, except for very high SZA93°, when  tochemical model for the model versus measurement inter-
spectrometer stray light becomes important. This finding iscomparison appears justified, since during the balloon flight
in agreement with the small mismatch between measuredtratospheric winds were low, and thus very likely the same
and modelled limb radiances also found Bgutschmann air masses were probed throughout our observations. How-
et al.(2011) (see Figures 5 and 6 therein). Fig@@ndicates  ever, both photochemical models use the most recent version
how well the modelled and measured relative radiances aref the Jet Propulsion Laboratory (JPL) kinetics and thermo-
reproduced for the limb observations jat= 350, 450, and chemical data for all relevant gas-phase and heterogeneous
495 nm, where BrO, N@and Q3 are evaluated, respectively. reactions $ander et a).201]). Finally, the Labmos simula-
The good agreement indicates that both the relevant obsetions are constrained to the measuregONand CH, from
vation parameters (e.g. balloon altitude, SZA, elevation andspectrometer (a) to correct for small mismatches in the pro-
azimuth angles, FOV) and the atmospheric paramelgrg,(  files of the source gases due to a small bias in the diabatic
aerosol concentration, and their optical properties, as well afeating rate of SLIMCAT. Total stratospheric bromine(Br
the low level cloud cover (about/8)) are well represented is set to 20.3 ppt, and the Bmixing ratio profile is accord-
in the RT model. ingly vertically shifted (about 2 km) until the modelled and

For the interpretation of the direct sun observations, ourmeasured DO and CH, profiles match. For this flight [Bi
group’s ray-tracing model (DAMF) is used that was exten- was(20.3+2.5) ppt (presumably in 5 yr-old air), which is de-
sively tested in the profile retrievals of past balloon flights termined from the direct sun measurements at balloon float
(e.g.Harder et al.200Q see Figure 1 therein). using the so-called Langley method (elprf et al, 2006h

For the photochemical modelling, the output from the 2008. Also note that, for the assessment of, Bising Lan-
most recent simulations of the 3-D CTM SLIMCATip- gley’s method, stratospheric BrO is probed above balloon
perfield 1999 at Kiruna for 6 September 2009 is used to float, where the Br@Bry partitioning is mostly due to Br
initialise our 1-D facsimile code Labmos (eB6sch et al. atoms and BrO, and thus is insensitive (BIDNO,) and/or
2003. This approach is necessary here since the output frontsro4+Nno,. The initialisation is further constrained tz@nd
a global SLIMCAT run is only available every 48 h. This
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Fig. 2. Inter-comparison of measured (black) and modelled (red) relative radianees 860, 450, and 495 nm for the limb scans as
described in the legend of Fifj. The RT simulations are normalised for the balloon ascent to the observations at 17:00 UT, and for each limb
scan to the observation for the largest elevation ang&®)0.e. for the lowest radiances.

NO; obtained from the direct sun observations of spectrom-at night. This is mostly because (a) Reaction (4) is much
eter (b) (see Figd). slower than Reaction (1) in the volcanically quiet strato-
As an example of the simulations, Fgshows the simu- sphere, and (b) the photolysis of HOBr is similarly rapid
lated 2-D fields of BrO, BrON@ and HOBr over Kirunafor  as for BrONG (Erle et al, 1999 (see also Fig3). There-
7 and 8 September 2009. Here, the simulation indicates thabre, HOBr does not interfere with our measurements, except
balloon soundings are well suited to study the Reactions (1)for the solar occultation measurements during early sunrise,
(2a), and (2b) at northern high latitudes during the summer tovhich are not considered any further here. They will be dis-
winter circulation turn-over, mostly because N€ncentra-  cussed in a separate study addressing the stratospheric HOBr
tions are large and the profiles of both targeted gases(NO photochemistry.
and BrO) nicely overlap as well, thus providing a good sen- In order to support an inter-comparison of measured and
sitivity for Reaction (1) during sunset. modelled SCDs of @ NO; and BrO, the simulated pho-
At early dawn, unlike at dusk the Bpartitioning (the pe-  tochemical fields are fed into the RT models McArtim and
riod of the red dashed lines in Fig), is largely given by the  DAMF, where path integrals through the simulated photo-
efficiency of the heterogenous reaction of chemical fields are calculated and then compared with the
measured SCDs.
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Fig. 3. Standard simulation of the key stratospheric bromine species for 7 September 2009 using the Labmos photochemical model: diurnal
variation of BrO (upper panel), BrONQOmiddle panel), and HOBr (lower panel). The red lines indicate the periods of the limb measure-
ments (local SZA at the balloon gondcta86-75 at a.m. and 85-95at p.m.) and the dashed red lines the period of the direct sunlight
measurements (local SZA 95-90 at a.m., and SZA= 90-9% at p.m.). Solar zenith angles shown in the middle panel refer to the SZA at

the balloon location, and the colour coding indicates the respective concentrations in unftsnaflé@cn 3.

3 Results the same time the effectively probed air masses (i.e. tangent
points) move more and more away from the payload (up to
Figure4 displays the inter-comparison of the measured and1200 km), towards the northwest during sunset.
modelled limb SCDs of @ NO, and BrO. While for Q and Noteworthy in the comparison of measured and mod-
NO; the agreement is naturally close to perfect for all eleva-elled BrO SCDs is the kink observed in the measurements
tion angles due to the scaling of the profiles, measured limgor SZAs> 92.5°, or tangent heights lower than 25.5km.
BrO is in general larger than obtained from the simulationslt is suspected that this kink is due to a dynamically dif-
for the standard run (i.¢Bry] = 20.3ppt, o (BrONO,) and ferent lowermost stratosphere close to and distant to the
ksro+No, from JPL-2011). This is in particular true for the balloon sounding, rather than due to deficits in modelling
large BrO SCDs, which are obtained for large negative elevathe photochemistry of BrO. Two pieces of evidence sup-
tion angles (tangent heights down to 14 km), where the bulkport this hypothesis. First, a similar kink for the same
of BrO and BrONQ resides. In short, our observations in- SZA occurs in the measuredsGCDs (see Fig5, lower
dicate that during dusk BrO tends to react later (or at largepanel), which requires the inferred profiles of Close to
SZAs) into its major night-time reservoir gas BrOM@vhile and distant to the sounding to be distinctly different for
at dawn (SZA< 86°) limb BrO tends to appear more rapidly tangent heights lower than 25.5km (see the insets in the
than the standard simulation suggests. lower panel of Fig.5). Accordingly, since in the lower-

A similar finding is obtained from the solar occultation most stratosphere at high latitudes the profile shape;a$ O
measurements during sunset (see Bjgupper panel) using mostly due to dynamical processes (i.e. quasi-isentropic ex-
the direct sun instrument (bFérlemann et 812000 even  change of air masses with mid-latitudes, or the height of the
though they are less sensitive to Reactions (2a) and (2b)ropopause), it is also suspected that the profile shapeyof Br
This is mostly since the tangent height is by definition atand hence BrO is distinctly different close to and distant to
SZA =90 where most of the absorption signal comes from. the sounding. Furthermore, an inspection of the assimilation
Hence, our solar occultation observations mostly probe thenaps of the MIMOSA model'sH(tp:/ether.ipsl.jussieu.fr/
atmosphere for a more-or-less consta@r®ONO,), but at  ether/pubipsl/mimosa_2009_uk Jgpotential vorticity (PV)

www.atmos-chem-phys.net/13/6263/2013/ Atmos. Chem. Phys., 13, 68234 2013
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20 measurements during dusk for SZA92.5° are disregarded
for the following discussion.
] Accordingly, the findings inferred from the comparisons of
154 the limb and solar occultation measurements with the photo-
. chemical modelling can be taken as evidence that either the
1.0— ratio YJBrONO»)/ ksro+No, is larger than indicated by the
i JPL-2011 compilations, or that Bis incorrectly assumed in
the model. These possibilities are investigated in the follow-
0.5 ing section.
] 0, SCDs [10%° molec/cm?]
0.0 1 I 1 I 1 I 1
0.0 0.5 1.0 15 2.0
25 4 Discussion
- O sunset
00 — @ sunrise In order to investigate potential causes for the deviation of
- . the measured versus modelled BrO SCDs, a sensitivity test
O 15— for the magnitude of the parameteIJONOy), kBro+NO,,
? - and By, is performed for limb and solar occultation mea-
$ 1.0 — surements (Figs6 and 7). In both cases the best agree-
= . ment between measurements and simulations is found by in-
05 — creasing BrONOy) and decreasinggro+No,, When forc-
= NO, SCDs [10"” molec/cm’] ing the regression line of measured versus modelled BrO
0.0 LI B B B I SCDs through 0. Figure illustrates the situation when
00 05 10 15 20 25 varying JBrONO,) and kgro+No, for both the limb (dusk
and dawn) and the solar occultation measurements (dusk),
4 — / whereby the colour coding denotes the slope of the regres-
4 sion of measured versus modelled BrO SCDs. The figure in-
3 / , dicates that for the limb measurement the best combination
1 é” P 7 of J(BrONOy), andkgro+No, is obtained when increasing
/Y J(BrONOy) to a range of 1.1 to 1.4 and decreaskighno,
27 /O/ to a range of 0.65 to 0.80. RT calculations show that the
T limb samples are taken 30—70 km on the right-hand side of
17 // the payload, while the probed air masses of the solar occul-
1 % &0 scos [10* molec/on?] tation measurements move further and further away (up to
0 LI N N B B 1200 km) as the sun sets.
0 1 2 3 4 The best agreement for the limb observations is found
Modelled for a ratio JBrONQ,)/ksro+No,lobs= 1.7(+0.4—0.2) x

J(BrONGy)/ kero+No, |apL, for both the sunset and sunrise
Fig. 4. Inter-comparison of limb measured versus modelled slantmeasurements.
column concentrations of £(upper panel), N@ (middle panel) For the solar occultation observations, the comparison be-
and BrO (lower panel) for the standard JPL-2011 kinetics in units assween measured and modelled SCDs fully supports this con-
given in the panels. Due to the scaling the slant column densities ot|ysion, however, only for SZA 92.5°. For the solar occul-
]93 gng N% etxci:lerétly agrtlee, but O?ly f"’}" ;grcleement is ??rt]aig:i?_ tation observations, the best agreement is obtained for a ra-
orBrOwi s_an ard model parameters. In the o_vve_r pang e 1i0 of (BrONOy) / kgro-Now lobs = 1.7(+0.2—0.1). Here the
2011 uncertainty of the(BrONG)/kgro+No, ratio is indicated 1o tainties are smaJIrIer i:ompared to the limb observations,
(dashed lines). . S

when varying the BrONOy)/ kgro+No, ratio within the er-

rors of the slope due to the higher accuracy of calculating the

RT. However, since the direct sunlight observations are less
indicates a negligible PV gradient at the upper level (950 K),sensitive to Reactions (2a) and (2b), these results are only
and a small west/east PV gradient at the lower levels (aused to confirm the results of the limb observations.
475K and 550K), again indicative of different origins of  Sensitivity runs for [By] within the given uncertainty
the air masses close to and distant to the balloon soundingange (corresponding te-2.5ppt of Bg) are also per-
Therefore, it is rather likely that the kink of the measured formed (not shown). Proportionally increasing/decreasing
BrO SCD at around SZA:-925° is not due to photochem- the modelled BrO SCDs by12.5 % (+£2.5 ppt) slightly de-
istry, but due to transport. Therefore, the solar occultationcreases/increases the slope of the data, but not far enough to
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Fig. 5. Inter-comparison of measured versus modelled slant column densities of BrO (upper pane])(loveeOpanel) for the sunset solar
occultation measurements on 7 September 2009. The data points shown with filled black dots are included, while the data points with open
dots are disregarded in the analysis. The coloured lines in the upper panel show simulations for different (@i@N®g) andkgroiNo,

as indicated by the legend. Local solar zenith angles (e.®0, 92.5, and 94) of some measurements are also indicated. The lower
panel shows the measured GCDs in solar occultation, and the lines in red and light blue show the mode}l&0ODs for the two ozone

profiles shown in the inset, respectively. The ozone profile (red line) is inferred from direct sunlight measurements in the visible spectral
range during the balloon ascent (i.e. close to balloon sounding) and the ozone profile in light blue is a tuned profile to fit BeS€ihs O

for SZA > 92.5°.

obtain a 1. 1 agreement between the modelled and measure@e.g. see Figure 2 ilBdsch et al. 2001 and Figure 5 in
BrO SCDs (Figs6 and7). Deutschmann et al2011). Also the largely dominant contri-
Next, we address potential causes for the uncertainty irbution of the direct solar irradiance to the actinic flux seems
the JBrONOy)/ kero+No, ratio. Incorrectly modelled actinic  to be well understood (e.@gosch et al. 2001, Gurlit et al,
fluxes by the required amount are rather unlikely, since our2005. Moreover, since our measurement is insensitive to
RT model nicely explains the measured limb radiances athe quantum yields®) of Reactions (2a) and (2b) (the Br
different wavelengths, different elevation angles and SZAsatoms formed in Reaction (2b) would readily react with O
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6270 S. Kreycy et al.: In situ test of the JBrONO ) / kgro +No, ratio

4.0 4.0
3.5 kmod/ kJF‘L =0.65 3'5_- kmod/ k.1PL =0.70
_ ® | ®
309 J /3 =11 3.0-_ 3. =12
251 | 2.5 t 20
de ] Co_se
NE 2.04 [} 2.0- o
(\OJ 1.5 1.54
@ ]
o 104 1.0
IS ]
:rb 051 s = (0.996 = 0.043) 0.5 s = (1.011 + 0.040)
:. OO T T T T T T T T T T T T T T T 00 T T T T T T T T T T T T T T T
n 00 05 1.0 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
0
4.0 4.0
0 k Ik, =075 1 =
O 354 ‘med L T 254 Kool Ko =0.80
S
m @ ) ®
8 3049 J I =13 3.0-_ Jood o =14
5 254 . [ 2 2.5 [ 40
7 e . e
S 204 o 2.0 .
z 1.5 1.5
] o sunset
1.04 1.0 ® sunrise
0.51 0_5_-
s =(0.990 £ 0.044) | s =(1.003 + 0.041)
00fF———T——T 7T T T T T 00 fF———FT—"—T7T——T T T T T
00 05 10 15 20 25 3.0 35 40 00 05 10 15 20 25 3.0 35 40

Modelled BrO SCDs [10" molec/cm?]

Fig. 6. Inter-comparison of limb measured versus modelled slant column densities of BrO for different scaling factBrOdfG}) and
kero4+NO, as indicated in the individual panels. The open dots are for sunset and the full dots for sunrise observatiovalLigtiadicates
the slope and its uncertainty between modelled and measured BrO SCDs.

to form BrO), an incorrect BrONQOy) points to an incor-  bars for each parameter, both parameters need to be changed
recto (BrONO»). For YBrONOy) JPL-2011 states an over- from recommended values at low temperatures.
all uncertainty factor of 1.4 (Table 4.2) most likely due to  The finding has also implications for total stratospheric
uncertainties ob (BrONO,) in the UV-A and visible, and  bromine. Using the inorganic method to assess stratospheric
its temperature dependence. Sincé at 298 Ko (BrONOy) Bry relies on a photochemical correction: yBis calcu-
agrees fairly well among the different studies, one may spectated from measured BrO according Bry]=[BrO] - (1+
ulate whether the recommended temperature correction fokgro4+No,-[NO2]-[M1/Jsrono, - ..) Where . .” indicates con-
T = 220K at which our measurements are made is in facttributions from minor bromine species in the stratosphere
too strong. Furthermore, JPL-2011 statescauhcertainty  (e.g. HOBr, Br, BrCl, and HBr). In our case, taking the
factor of 1.47 forkgro+No, at 220 K. Here, the major uncer- revised JBrONO,)/kgro+No, ratio (i.e. 17(4+0.4—0.2)),
tainty arises from th& dependence of the high pressure limit stratospheric Brmay decrease by as much as 1.4 ppt. In fact,
of the reaction, which is found to be rather large=£ 2.9). a smaller By assessed using the inorganic method would
Attempts to fit the data with the JPL master equation weretend to close the existing gap to total stratospheric bromine
found to be insufficient at low pressuré&apder et al2017). assessed using measurements of organic source gases. Also
Therefore, one may again speculate as to whetkey no, the potential contribution of so-called very short-lived sub-
at 220 K is somewhat lower than recommended by JPL-2011stances (VSLSSs) to stratospheric bromine would accordingly
We note while our finding requires thalBrONOy) is larger  decrease. For example, while our assessment pfddr4.5
andkgro+No, is lower than recommended by JPL-2011, suchyear old air probed over Brazil in 2005 indicated a VSLS
that JBrONG;)/ kgro+Nno,=1.7(+0.4—0.2), we cannotindi-  contribution of [VSLS]inorg = (5.24+2.5) ppt (Dorf et al,
vidually assess the magnitude of each of the involved param2008, the organic method resulted in on[{SLS]og =
eters. However, it is likely that, with respect to the given error (1.254+0.08) ppt (Laube et al.2008. A more recent compar-
ison indicated[VSLSJinorg = (3.5 2.5) ppt (inferred from
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Fig. 7. Inter-comparison of solar occultation measured versus modelled slant column densities of BrO for different scaling factors of
J(BrONOy) andkgro+No, as indicated in the individual panels. The closed dots are for S22.5° and the open dots for SZA 92.5°,

the latter being disregarded in the analysis (see text) s Madue indicates the slope and its uncertainty between modelled and measured BrO
SCDs.

our own BrO measurement using the Langley method) and

rLs 130 about[VSLS]org = 2.25 ppt Brinckmann et al.2012), for
14 125 the air masses jointly probed by both methods over Brazil in
1.3 120 T 2008.
5 The implications of our finding for stratospheric ozone
R § loss are small or even negligible, since the ozone loss by
11§ 110 s the BrONQ photolysis has a small contribution to the to-
N o 105 7%: tal ozone loss by bromine (dominated by the reaction 8rO
J‘ oo CIO), which is presently assessed to amount to about 30—
L : 35% on a global averag&innhuber et a).2009. Further-
08 0.95 more, even though BrONgmostly photolyses into BFNO3
—_—— 090 (Reaction 2b), only about 12 % of the produced JN@ho-
06 07 08 09 ;nid /li-:L tz 13 14 18 tolyses into the channel N® Oy, which in fact may cause

some ozone loss (via reformation of BrO and Nahd the
Fig. 8. Regression of BrONOy) versustg,o o, for the limb and consumption of two ozone molecules). A possibly larger im-
solar occultation BrO measurements together with the uncertaintpact would be through the altered partitioning of bromine
range for both parameters as indicated by the JPL-2011 compilabetween BrO and its reservoir BrONQas BrO participates
tion. The colour coding indicates the resulting slopes of the mod-in a number of ozone loss cycles.

elled versus measured BrO SCD regression of the limb and solar To quantify the impact of our findings, two runs with
occultation observations, when forcing the regression line throughthe SLIMCAT off-line 3-D CTM are performed (e.€hip-
zero. The best agreement (BA) is given for a slope of 1. The resu“ﬁaerfield 2006 Feng et al. 2007. The runs are initialised
shown in Figs6 and7 are represented by the black dots. in November 2008 from an existing SLIMCAT run and
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03 change(%): (NEW—JPL)/JPL 5 Conclusions

We performed an atmospheric test of théBrDNO,)/
kesro+No, ratio assisted by photochemical and radiative
transfer modelling. It is found that, under stratospheric
conditions " =220+5K and p ~65mbar), the ratio
J(BrONGy)/ kgro+No, i 1.7(4+0.4—0.2) larger than given

in the JPL-2011 compilation. Our sensitivity study indicates
that very likely botho (BrONO,) andkgrotno, differ from

the JPL-2011 recommendation.

The major consequences of our study are threefold. (1) Re-
cent assessments of total stratospheric bromine using the in-
organic method during high stratospheric Nidadings may
have overestimated the necessary correction for the BrO to
Bry ratio. As a consequence, stratosphericy[Bshould be
1.4 ppt lower, which amounts to 6.8% of the total strato-
spheric bromine. (2) A larger(BrONOy)/ kgro+No, ratio
. may also cause a small increase (maximut8 %) in the
T bromine-mediated ozone loss in the stratosphere, because
e R R W L Ak S o W T ozone loss by BrON®and its products is anyhow small.

2009

TSI SNE ST 12 ST 08 06 04 207 0 Also an overestimated stratosphericyBlue to an incor-
Fig. 9. Difference in 0zone from a simulation of the SLIMCAT 3- r€cCt ‘IBrONOZ)/.ka(HNOz ratio would be. Compen;atgd n
D CTM with scaled JBrONOy) (x1.27) andkg,oNo, (x 0.75) the photochemlcal .models', when reactive bromine is cal-
compared to a run with standard JPL kineti(®. Difference (%)  culated using the inorganic method. (3) In the cold tro-
in annually and zonally averaged ozone ghjidifference (%) in  posphere, a diminished formation of BrON@here high
zonal mean ozone at 18 km as a function of time. Note the differentNOy meets reactive bromine released from the degradation
colour scales in the two panels. of organic bromine compounds, or bromine being hetero-

geneously released from salty aerosols or salt lakes, may

) ) lead to a longer lifetime of ozone-destroying BrO. In conse-
integrated for 14 mon.ths using ECMWF meteorology. Thequence, the revised BrONO,)/ kgr04No, ratio may cause
model run has a horizontal resolution 0f82x 2.8° and e ozone destruction and a more efficient degradation of
included a detailed stratospheric chemistry sche@iR-  ,rganic molecules by their reaction with Br atoms on the one
perfield 1999. One model run is performed with standard pang. On the other hand, it may hinder the activation of re-
JPL kinetics. In the other runBrONGQ) is scaled by 1.27  4¢tive bromine tied to the aerosol or in bulk salt at low tem-
and kgro+No, is scaled by 0.75, thereby scaling the ratio peratures (e.gron Glasow et al2004 Salawitch 2006). Ac-
J(BrONGy)/ kro+No, by 1.7. Figured shows the percentage  cqrdingly, the consequences of our finding for ozone, and the

ozone difference between these runs for 2009 as an annuglidqation capacity, in the troposphere may largely depend on
and zqnal mean and asa zpnal mean at 18 km alt|tud_e. Ovefpe specific conditions.
all the impact of these kinetic changes on stratospheric ozone
is small and confined to altitudes below about 30 km where
BrONO;, is a reservoir for bromine. The largest decrease inAcknowledgementsThis study was funded by the German
ozone is around 0.8 % at the edge of the Antarctic ozone reMinistry of Economy (BMWi) (50EE0840), the European
gion in September/October. The kinetics changes lead to les; %a(lfeuﬁsgcilcyFo(rifrﬁ EEJSSZ'GN%;”C’S'CQEQ/DSEGZO(Z‘Z ?;é "S'F‘)S;Lg L
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mediated ozone loss in the stratosphere. NERC National Centre for Atmospheric Science (NCAS), UK. We
thank the CNES equipe nacelles pointées and the balloon team from
Aire sur I'’Adour/France without which the balloon flight would not
have been possible. We also thank our colleagues from the LPMA
balloon team (P. Jeseck, |. Pepin and Y. Té) for the successful

[
Latitude

03 change(%)@18km: (NEW—JPL)/JPL
90N

Latitude
g 3 &

8

Atmos. Chem. Phys., 13, 6263274 2013 www.atmos-chem-phys.net/13/6263/2013/



S. Kreycy et al.: In situ test of the XBrONO )/ kgro+No, ratio

cooperation. Finally we are grateful for the hospitality and support
given by the personnel of Esrange/Kiruna to successfully perform
the balloon flight.

6273

Balloon-borne stratospheric BrO measurements: comparison
with Envisat/SCIAMACHY BrO limb profiles, Atmos. Chem.
Phys., 6, 2483-2501, d@D.5194/acp-6-2483-2008006a.

Dorf, M., Butler, J., Butz, A., Camy-Peyret, C., Chipperfield, M.,

Edited by: W. T. Sturges

References

Kritten, L., Montzka, S., Simmes, B., Weidner, F., and Pfeil-
sticker, K.: Long-term observations of stratospheric bromine re-
veal slow down in growth, Geophys. Res. Lett, 33, L24803,
d0i:10.1029/2006GL027712006b.

Dorf, M., Butz, A., Camy-Peyret, C., Chipperfield, M. P., Krit-

Aliwell, S., Van Roozendael, M., Johnston, P., Richter, A.,
Wagner, T., Arlander, D., Burrows, J., Fish, D., Jones, R.,
Tornkvist, K., Lambert, J.-C., Pfeisticker, K., and Pundt, I|.: Anal-
ysis for BrO in zenith-sky spectra: an intercomparison exer-

ten, L., and Pfeilsticker, K.: Bromine in the tropical troposphere
and stratosphere as derived from balloon-borne BrO observa-
tions, Atmos. Chem. Phys., 8, 7265-7271, #0i5194/acp-8-
7265-20082008.

cise for analysis improvement, J. Geophys. Res., 107, 4199Erle, F., Grendel A., Perner D., Platt, U., and Pfeilsticker, K.: Evi-

doi:10.1029/2001JD000322002.
Bosch, H., Camy-Peyret, C., Chipperfield, M. P., Fitzenberger, R.,

dence of heterogeneous bromine chemistry on cold stratospheric
sulphate aerosols, Geophys. Res. Lett., 25, 23, 4329-4332, 1998.

Harder, H., Schiller, C., Schneider, M., Trautmann, T., and Pfeil- Feng, W., Chipperfield, M., Davies, S., von der Gathen, S., Kyro, E.,
sticker, K.: Comparison of measured and modeled startospheric \olk, C., Ulanovsky, A., and Belyaev, G.: Large chemical ozone

UV/visible actinic fluxes at large solar zenith angles, Geophys.
Res. Lett., 28, 1179-1182, 2001.

loss in 2004/05 Arctic Winter/Spring, Geophys. Res. Lett., 34,
L09803, doi10.1029/2006GL029092007.

Bosch, H., Camy-Peyret, C., Chipperfield, M. P., Fitzenberger, R.,Ferlemann, F., Bauer, N., Fitzenberger, R., Harder, H., Os-

Harder, H., Platt, U., and Pfeilsticker, K.: Upper limits of strato-
spheric 10 and OIO inferred from center-to-limb-darkening-
corrected balloon-borne solar occultation visible spectra: impli-

cations for total gaseous iodine and stratospheric ozone, J. Geo-

phys. Res., 108, 4458pi:10.1029/2002JD003073003.
Brinckmann, S., Engel, A., Bonisch, H., Quack, B., and At-
las, E.: Short-lived brominated hydrocarbons — observations in
the source regions and the tropical tropopause layer, Atmos.
Chem. Phys., 12, 1213-1228, ddi:5194/acp-12-1213-20]12
2012.
Butz, A., Bosch, H., Camy-Peyret, C., Chipperfield, M., Dorf, M.,

terkamp, H., Perner, D., Platt, U., Scheider, M., Vradelis, P., and
Pfeilsticker, K.: Differential optical absorption spectroscopy in-
strument for stratospheric balloon-borne trace gas studies, Appl.
Opt., 39, 2377-2386, 2000.

Gurlit, W., Bésch, H., Bovensmann, H., Burrows, J. P., Butz, A.,

Camy-Peyret, C., Dorf, M., Gerilowski, K., Lindner, A., Noél, S.,
Platt, U., Weidner, F., and Pfeilsticker, K.: The UV-A and vis-
ible solar irradiance spectrum: inter-comparison of absolutely
calibrated, spectrally medium resolution solar irradiance spectra
from balloon- and satellite-borne measurements, Atmos. Chem.
Phys., 5, 1879-1890, d&D.5194/acp-5-1879-2002005.

Dufour, G., Grunow, K., Jeseck, P, Kiihl, S., Payan, S., Pepin, |..Harder, H., Camy-Peyret, C., Ferlemann, F., Fitzenberger, R.,

Pukite, J., Rozanov, A., von Savigny, C., Sioris, C., Wagner, T.,
Weidner, F., and Pfeilsticker, K.: Inter-comparison of strato-
spheric @ and NG abundances retrieved from balloon borne di-
rect sun observations and Envisat/SCIAMACHY limb measure-
ments, Atmos. Chem. Phys., 6, 1293-1314, hB194/acp-6-
1293-20062006.

Hawat, T., Osterkamp, H., Schneider, M., Perner, D., Platt, U.,
Vradelis, P., and Pfeilsticker, K.: Stratospheric BrO profiles mea-
sured at different latitudes and seasons: atmospheric observa-
tions, Geophys. Res. Lett., 25, 3843-3846, 1998.

Harder, H., Bosch, H., Camy-Peyret, C., Chipperfield, M., Fitzen-

berger, R., Payan, S., Perner, D., Platt, U., Sinnhuber, B.-M., and

Camy-Peyret, C., Jeseck, P., Payan, S., Hawat, T., Durry, G., and Pfeilsticker, K.: Comparison of measured and modeled Strato-

Flaud, J.-M.: Comparison of GHand NO profiles at high
and mid-latitudes using the LPMA balloon borne Fourier Trans-

spheric BrO: implications for the total amount of stratospheric
bromine, Geophys. Res. Lett., 27, 3695-3698, 2000.

form instrument, in: Air Pollution Research Report, Polar Strato- Kritten, L., Butz, A., Dorf, M., Deutschmann, T., Kiihl, S., Prados-

spheric Ozone Symposium, Schliersee, 1995.

Chipperfield, M. P.: Multiannual simulations with a three-
dimensional chemical transport model, J. Geophys. Res., 104,
1781-1805, 1999.

Chipperfield, M. P.: New version of the TOMCAT/SLIMCAT off-

Roman, C., Puke, J., Rozanov, A., Schofield, R., and Pfeil-
sticker, K.: Time dependent profile retrieval of UV/vis absorbing
radicals from balloon-borne limb measurements — a case study on
NO, and G3, Atmos. Meas. Tech., 3, 933-946, dd):5194/amt-
3-933-20102010.

line chemical transport model: intercomparison of stratosphericlLaube, J. C., Engel, A., Bonisch, H., Mébius, T., Worton, D. R.,

tracer experiments, Q. J. Roy. Meteorol. Soc., 132, 1179-1203,
2006.

Deutschmann, T., Beirle, S., Frie3, U., Grzegorski, M., Kern, C.,
Kritten, L., Platt, U., PuKe, J., Wagner, T., Werner, B., and

Sturges, W. T., Grunow, K., and Schmidt, U.: Contribution of
very short-lived organic substances to stratospheric chlorine and
bromine in the tropics — a case study, Atmos. Chem. Phys., 8,
7325-7334, doi0.5194/acp-8-7325-2003008.

Pfeilsticker, K.: The Monte Carlo atmospheric radiative transfer Payan, S., Camy-Peyret, C., Jeseck, P., Hawat, T., Durry, G., and

model McArtim: introduction and validation of Jacobians and 3D
features, J. Quant. Spectrosc. Ra., 112, 1119-1137, 2011.
Dorf, M., Bosch, H., Butz, A., Camy-Peyret, C., Chipper-

Lefevre, F.: First direct simultaneous HCI and CION@xofile
measurements in the artic vortex, Geophys. Res. Lett., 25, 2663—
2666, 1998.

field, M. P., Engel, A., Goutail, F., Grunow, K., Hendrick, F., Platt, U. and Stutz, J.: Differential Optical Absorption Spec-

Hrechanyy, S., Naujokat, B., Pommereau, J. P., Van Roozen-
dael, M., Sioris, C., Stroh, F., Weidner, F., and Pfeilsticker, K.:

www.atmos-chem-phys.net/13/6263/2013/

troscopy (DOAS), Principle and Applications, ISBN 3-340-

Atmos. Chem. Phys., 13, 68234 2013


http://dx.doi.org/10.1029/2001JD000329
http://dx.doi.org/10.1029/2002JD003078
http://dx.doi.org/10.5194/acp-12-1213-2012
http://dx.doi.org/10.5194/acp-6-1293-2006
http://dx.doi.org/10.5194/acp-6-1293-2006
http://dx.doi.org/10.5194/acp-6-2483-2006
http://dx.doi.org/10.1029/2006GL027714
http://dx.doi.org/10.5194/acp-8-7265-2008
http://dx.doi.org/10.5194/acp-8-7265-2008
http://dx.doi.org/10.1029/2006GL029098
http://dx.doi.org/10.5194/acp-5-1879-2005
http://dx.doi.org/10.5194/amt-3-933-2010
http://dx.doi.org/10.5194/amt-3-933-2010
http://dx.doi.org/10.5194/acp-8-7325-2008

6274 S. Kreycy et al.: In situ test of the JBrONO ) / kgro +No, ratio

21193-4, Springer Verlag, Heidelberg, 2008. Soller, R., Nicovich, J., and Wine, P.: Bromine nitrate photochem-
Salawitch, R.: Atmospheric chemistry: biogenic bromine, Nature, istry: quantum yields for O, Br, and BrO over the wavelength
439, 275-277, 2006. range 248-355nm, J. Phys. Chem. A, 106, 8378-8385, 2002.

Sander, S., Friedl, R. R., Barkern, J., Golden, D., Kurylo, M., Spencer, J. E. and Rowland, F. S.: Bromine nitrate and its strato-
Wine, P., Abbat, J., Burkholder, J., Moortgart, C., Huie, R., and  spheric significance, J. Phys. Chem., 82, 7-10, 1977.
Orkin, R. E.: Chemical kinetics and photochemical data for usevon Glasow, R., von Kuhlmann, R., Lawrence, M. G., Platt, U., and
in atmospheric studies, Technical Report, NASA/JPL Publica- Crutzen, P. J.: Impact of reactive bromine chemistry in the tropo-
tion, 17, 2011. sphere, Atmos. Chem. Phys., 4, 2481-2497,1d05194/acp-4-
Sinnhuber, B.-M., Rozanov, A., Sheode, N., Afe, O. T., Richter, A., 2481-20042004.
Sinnhuber, M., Wittrock, F., Burrows, J. P., Stiller, G. P., von Weidner, F., Bosch, H., Bovensmann, H., Burrows, J. P., Butz, A.,
Clarmann, T., and Linden, A.: Global observations of strato- Camy-Peyret, C., Dorf, M., Gerilowski, K., Gurlit, W., Platt, U.,
spheric bromine monoxide from SCIAMACHY, Geophys. Res.  von Friedeburg, C., Wagner, T., and Pfeilsticker, K.: Balloon-
Lett., 32, 1-5, 2005. borne limb profiling of UV/vis skylight radiances, D NOo,
Sinnhuber, B.-M., Sheode, N., Sinnhuber, M., Chipperfield, M. P., and BrO: technical set-up and validation of the method, At-
and Feng, W.: The contribution of anthropogenic bromine emis- mos. Chem. Phys., 5, 1409-1422, d6i5194/acp-5-1409-2005
sions to past stratospheric ozone trends: a modelling study, At- 2005.
mos. Chem. Phys., 9, 2863-2871, d6i5194/acp-9-2863-2009
20009.

Atmos. Chem. Phys., 13, 6263274 2013 www.atmos-chem-phys.net/13/6263/2013/


http://dx.doi.org/10.5194/acp-9-2863-2009
http://dx.doi.org/10.5194/acp-4-2481-2004
http://dx.doi.org/10.5194/acp-4-2481-2004
http://dx.doi.org/10.5194/acp-5-1409-2005

