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Abstract. Spectral measurements of BrO using zenith-1 Introduction
sky and off-axis viewing geometries are combined in a lin-
ear multiple regression retrieval algorithm to provide strato-Inorganic bromine (B=Br, BrO, BrONG, HBr, HOBr,
spheric and tropospheric BrO vertical columns. One yearBrCl) is the second most important halogen that affects
of measurement data are investigated over Reunion-Islangtratospheric ozone. Although much less abundant than chlo-
(20.9 S, 55.8 E), from August 2004 to June 2005. A com- rine, stratospheric bromine presently contributes to the global
parison between the stratospheric columns retrieved gt 45 ozone loss by about 25%, owing to its much larger ozone de-
80, 85, 87.5 and 92.8 solar zenith angles and photo- pletion potential relative to chlorine (e.g. WMO, 2003, and
chemical simulations initialized by chemical fields from the references therein). During daytime the most abundant inor-
3-D-CTM SLIMCAT and further constrained by observed ganic bromine species is BrO, which represents 30 to 70%
NO, profiles shows a good agreement only by consider-of total Bry. BrO is also the only compound within the Br
ing a contribution from the very short-lived organic bromine family to be measured routinely (e.g. Wagner et al., 1998;
substances to the stratospheric inorganic bromine budgeRichter et al., 1998; Van Roozendael et al., 1999; Haus-
of 6 to 8 pptv. Furthermore, stratospheric BrO profiles re-mann et al., 1994; Schofield et al., 2004a; Pundt et al., 2002;
trieved from late twilight zenith-sky observations are con- Dorf et al., 2006a, Sinnhuber et al., 2002, 2005; Sioris et
sistent with a total inorganic bromine (Brloading of ap-  al., 2006). The sources of inorganic bromine in the strato-
proximately 23 pptv. This represents 6 to 7 pptv more thansphere originate from naturally and anthropogenically emit-
can be supplied by long-lived organic bromine sources, anded bromine-containing organic gases. Long-lived organic
therefore supports an added contribution from very short-species are transported into the stratosphere with a time de-
lived organic bromine substances as recently suggested ilay of approximately 3 to 4 years, before being converted into
several other studies. Moreover strong evidences are pranorganic forms by photolysis or reaction with OH radicals.
sented for the existence of a substantial amount of BrO in theJntil recently, the By mixing ratio was generally assumed
tropical free-troposphere, around 6 km altitude, possibly supto be negligibly small below and at the tropopause while
plied by the decomposition of short-lived biogenic bromine rapidly increasing with altitude up to about 25km where
organic compounds. Tropospheric BrO vertical columns offull conversion into inorganic forms is achieved. Based on a
1.14-0.45x 103 molec/cn? are derived for the entire obser- budget of the long-lived natural (G3Br) and anthropogenic
vation period. Comparisons between ground-based BrO ver(CHzBr, CBrCIF,, CBrks, CBrRCBrF, CBRF,) organic
tical columns and total BrO columns derived from SCIA- bromine source gases observed over the last decade (Wams-
MACHY (onboard the ENVISAT satellite) nadir observa- ley et al., 1998), the stratosphericyBoading is currently
tions in a latitudinal band centered around Slpresent a estimated to be about 16-17 pptv. However, several recent
good level of consistency, which further strengthens the constudies (Pundt et al., 2002; Salawitch et al., 2005; Sioris
clusions of our study. et al., 2006; Sinnhuber et al., 2002, 2005; Schofield et al.,
2004a; Dorf et al., 2006a, b) have suggested that an addi-
tional contribution of about 562 pptv must be considered,
Correspondence to: N. Theys due to bromine release from short-lived biogenic organic
(theys@aeronomie.be) compounds (such as CHBrCHyBr,, CHBrCl, CHBrCI,
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CHBIrCl,, CH2BrCHBr) or even the direct intrusion of inor-  (Salawitch 2006; Carpenter et al., 2000; Yang et al., 2005;
ganic bromine from tropospheric origin into the lower strato- Sinnhuber et al., 2005).

sphere. Inorganic bromine compounds may be produced The paper is organized in four parts. After a short descrip-
and sustained in the free troposphere due to the decompdion of the instrumental setup in Sect. 2, the methodology
sition of short-lived organic bromine compounds under theapplied to retrieve stratospheric and tropospheric BrO verti-
action of heterogeneous and/or gas-phase photochemical real columns is detailed in Sect. 3. This section also includes
actions. This is supported by recent observations from spaca quantitative discussion of the information content of the
(Pundt et al., 2000; Van Roozendael et al., 2002; Richter etetrieval according to Rodgers (2000) as well as a compre-
al., 2002), the ground (Hendrick et al., 2007) and balloonshensive error budget. This is followed in Sect. 4 by a pre-
(Fitzenberger et al., 2000), all suggesting although with largesentation of the results and their discussion in the light of
uncertainties the widespread presence of BrO in the tropoeur current understanding of bromine photochemistry in the
sphere, with mixing ratios in the range from 0.5 to 2 pptv atmosphere. Conclusions are given in Sect. 5.

if uniformly mixed. Elaborating on these observations, re-
cent modeling results (von Glasow et al., 2004; Lary, 2005;
Yang et al., 2005) have highlighted the possible role of tro-

pospheric halogens (in particular bromine) as an additiona‘\/leasurements have been performed using a multi-axis

;mk for ozone, a Process so far largely |gn.ored. These Stl.JdDOAS (MAXDOAS) spectrometer designed and assembled
ies suggest that bromine might be responsible for a reduction

in the zonal mean @mixing ratio of up to 18% and locally at IASB-BIRA. This instrument was continuously operated

. - . on the roof of the LPA (Laboratory of Atmospheric Physics)
0, -
even up to 40%. In Polar Regions, additional amounts of m.building of the University of Saint-Denis, La &Rnion

organic bromine are seasonally released in large quantities i
the boundary layer during spring due to the so-called Polar-&o'g) S, 55.5 E) from August 2004 to June 2005, except

bromine explosion phenomenon (Hausmann and Platt, 1991{'rom 25 March to 28 April when the container had to be

Kreher et al., 1997; Bnninger and Platt, 2002; Friel3 et al., dismantled dug to a strong tropical storm event. The in-

o . strument consists of a grating spectrometer from Acton Re-
2004). These emissions are responsible of complete OZONEoarch Corporation (ARC SpectraPro 275) installed inside
depletion events (ODES) in the polar boundary layer. A com- P b

. . : L a watertight thermoregulated case and connected through a
prehensive review of the role of bromine species in the polar,

ODEs can be found in Simpson et al. (2007). Although inflber. optic bundle_to an entrance telescope having a .ﬂeld
- e of view of approximately 1 full angle. The telescope is

smaller quantities, boundary layer BrO emissions have alsq : ) : o

itself connected to a rotating mirror allowing viewing ele-

been identified over salt lakes (Hebestreit et al., 1999), as ation angles to be scanned frorh 8bove the horizon up

yveII asin the marine boundary layer (Leser et al., 2003) an({lo the vertical at zenith. The optical head faces the sea to-
in volcanic plumes (Bobrowski et al., 2003).

: . wards the North direction. The control of the acquisition cy-
Here we present an advanced retrieval method enabling the, . : oo o . :
. L . cle including the positioning of the pointing mirror, the opti-
simultaneous determination of both tropospheric and Strato?nization of the exposure time to ensure adequate photon fill-
spheric BrO vertical columns, based on multi-axis DOAS . P q P

(MAXDOAS) U\V-visible observations. By combining in a ing of the CCD detector and the spectral acqplsmon is fully
. . automated, one complete scan of all elevation anglés (3
retrieval scheme measurements of the scattered sky light a

quired from noon to twilight in different viewing elevations _ ' 10°, 18", zenith) requiring approximately 15 min. The

. ) . spectrometer has a focal length of 275 mm and is mounted
(from the horizon to the zenith) and making use of the change . . !
) o . . : with a ruled grating of 600 grooves/mm covering a spec-
in sensitivities associated to the different observations ge-

: . A - ~tral window from 300 nm to 450 nm. It is equipped with a
ometries, the vertical distribution of the BrO concentration . . ;
. . L : 1340x 400 back-illuminated CCD detector from Roper Sci-
can be inferred. The analysis explicitly takes into accountentific (NTE/CCD-400EB), cooled to-4C°C using a triple
the effect of the BrO photochemical variations, in particular ' 9 P

for the simulation of the radiative transfer at twilight when stage Pelletier system. Recorded scattered light spectra have

X . . a resolution of 0.75nm FWHM and a sampling ratio of 7
photochemical gradients along the slant stratospheric pho- ixels/ EWHM. At twiliaht. the instrument switches from
ton path are important. The retrieval algorithm has been ap-p V. AL WG, . .
plied to observations performed from August 2004 to Junethe full multi-axis viewing mode to a dedicated stratospheric

2005 at Reunion Island (20.9, 55.8 E, Indian Ocean), a mode Wher? only zeth-sky measu_rements are take_n. In this
. : ) mode, the time sampling and the signal to noise ratio of the
latitude where currently available BrO observations are very

. . - “twilight zenith-sky observations are optimized in view of the
sparse. It has been recently argued that biogenic short-live . . . )
. . iversion of stratospheric columns and profiles (see Hendrick
organic compounds (e.g. CHBrthat are mainly released by

oceans could be rapidly transported in the UT/LS region un-et al., 2004).

der the action of the strong tropical convection. This high-
lights the importance of tropics in determining the strato-
spheric bromine budget as pointed out by several authors

2 Instrument
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3 Data analysis Kurucz et al. (1984), according to the procedure described
in Van Roozendael et al. (1999). To correct for the Ring ef-
The data analysis involves two main steps. First, the totaffect (Grainger and Ring, 1962) a pseudo absorption cross-
slant column amount of BrO is determined for each viewing section generated after Vountas et al. (1998) using the SCI-
direction according to the DOAS technique. Second, modelATRAN radiative transfer model (Rozanov et al., 2001) is
simulations of the BrO slant column obtained from coupledincluded in the fit. Similar settings are used for the retrieval
radiative transfer and photochemical model calculations aref O, DSCDs except for the fitting interval, which is slightly
adjusted to the observations until a consistent stratospherishifted towards longer wavelengths (338.5-364.5nm) in or-
and tropospheric BrO vertical column solution is obtainedder to capture the strongsCabsorption band centered at

that matches all viewing directions. 360 nm.
Due to the faintness of the BrO differential absorption fea-
3.1 DOAS slant column retrieval tures (typically smaller than 0.1% of absorbance) and the

presence of much stronger interfering absorption bands from
The measured spectra are analysed using the Differential Omzone in the same wavelength region, the retrieval of BrO
tical Absorption Spectroscopy technique (Platt, 1994). ThisDSCDs is generally difficult and requires careful treatment.
method relies on the assumption that one effective photorMain sources of uncertainties including those related to in-
path can be defined, which represents in average over thstrumental parameters (wavelength calibration, spectral stray
fitting interval the complex path of scattered photons in thelight, slit function, etc.), the temperature dependence of the
atmosphere. For optically thin conditions in the UV-visible ozone absorption cross-sections or the impact of the sgplar |
region this assumption is largely verified, which implies that effect have been addressed in the literature leading to a set
the absorption by atmospheric trace gases along the effectivef recommended BrO retrieval settings (see e.g. Arpag et al.,
slant path of measured photons can be treated in a simple walQ94; Richter et al., 1999; Aliwell et al., 2002). In the present
using the Beer-Lambert law. In practice, atmospheric ab-work, the problem of the optimization of the wavelength in-
sorbers (in particular BrO) are separated using the characteterval used for BrO retrieval has been revisited. As already
istic differential structures of their absorption cross-sectionsmentioned the fitting interval is usually determined empiri-
determined from laboratory measurements. Since in mostally in an attempt to maximize the sensitivity to the target
cases several absorbers display absorption structures in tlgas and at the same time minimize interferences with other
same wavelength interval, the inversion process requires thatbsorbers. In the case of BrO, the main difficulty comes from
all relevant interfering absorption features be taken into acthe unavoidable presence of strong interfering ozone absorp-
count. In the case of BrO, the spectral interval that optimizegtion bands. At twilight, the ozone absorption becomes so
the sensitivity to the target differential absorption structureslarge that the optically thin approximation used in the DOAS
while minimizing interferences with other absorbers is in technique may not be fully satisfied, leading to systematic
the range from 345 to 359 nm. Further details on the opti-misfit effects that may introduce biases in the retrieved BrO
mization of this fitting interval are given below. The spec- DSCDs.
tral evaluation consists in a least-squares fit procedure where In order to assess the importance of such effects, simu-
cross-sections of BrO (228 K) (Wilmouth et al., 1999), ozonelations of the zenith-sky radiance have been performed us-
(223K and 243 K) (Bogumil et al., 2003), N@220K) (Van-  ing the SCIATRAN model (Rozanov et al., 2001) and used
daele et al., 1997), HCHO (293K) (Meller and Moortgat, to test different choices of fitting intervals. Radiative trans-
2000), and the collision pair of oxygen molecules(Green-  fer calculations were performed in the 340-360 nm interval
blatt et al., 1990) are adjusted to the log-ratio of a measuredor a range of solar zenith angle values (50-92 degrees) and
and a reference spectrum usually taken at noon in zenitheonsidering absorption by all relevant trace gases. Rotational
sky geometry. The quantity retrieved with this method is aRaman scattering by molecular oxygen and nitrogen (i.e. the
so-called differential slant column density (DSCD), which is main source of the Ring effect) was also explicitly included
the difference of the column amount of the absorber along(Vountas et al., 1998). In order to simulate the impact of the
the light path and the absorber amount in the reference spesolar b effect, calculations were realized at the resolution
trum. The residual broadband features due to Rayleigh andf 0.1 nm, further convolved to the instrumental bandpass
Mie scattering are removed using a third order closure poly-(0.7 nm FWHM) and finally resampled on the wavelength
nomial. To match the spectral resolution of the instrument,grid of the field instrument. Based on this set of synthetic
the laboratory absorption cross-sections are convolved usspectra, test retrievals were conducted in various wavelength
ing the measured slit function at 346.6 nm. In the case ofintervals and the resulting BrO DSCDs were compared to
the strongest absorbers ozone andN&®correction for the the reference DSCDs calculated from the radiative transfer
so-called solarg effect (Aliwell et al., 2002; P. V. John- model at the wavelength of 352 nm (reference wavelength
ston, unpublished results) is further applied. The wave-used for BrO air mass factor calculations, see Sect. 3.2). Re-
length calibration of the measured spectra is accurately desults from these sensitivity tests are displayed in Fig. 1a for
termined by reference to the high-resolution solar atlas ofthree typical intervals recommended in the literature. As can
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S X o used in vertical profiling studies (e.g. Preston et al., 1997;
e 345.350 nm (a) 345359 nm (b) Schofield et al., 2004a, b; Hendrick et al., 2004). Second
3 - True DSCD at 352 nm L I MAXDOAS observations performed af336°, 10° and 18

of elevation above the horizon are combined with zenith-sky
measurements to infer additional information on the tropo-
spheric part of the BrO profile. The geometrical light path
enhancement at low viewing angle elevation is such that the
sensitivity to trace gas absorptions occurring in the atmo-
spheric boundary layer can be increased by an order of mag-

= N
3] N o

BrO differential slant column [x1dAmoIec/cn'F]

o 05 nitude (see e.g. Wagner et al., 2004; Wittrock et al., 2004).
' The inversion method applied here is based on an analy-
e ) = . sis of the diurnal evolution of the measured BrO differential
sza [deg] sza [deg] slant column, which is assumed to be well represented by the

following equation:
Fig. 1. BrO differential slant columns (DSCDs) retrieved in dif-
ferent wavelength intervals fro@) simulated radiances generated DSCDX0 (), ¢(), ¢) + RSCD
using the SCIATRAN model, an¢b) actual zenith-sky observa- = VCDstratd @ (1)) AMF stratd 0 (1), ¢ (1))
tions performed at Reunion Island. Reference DSCDs calculated at
P +VCDiropo(8 (1) AMFropo(0(1), (1), §) (1)

352 nm from the model are plotted with a thick black line.

Where VCD is the vertical column, AMF the air mass factor,

6 the solar zenith angle (SZAy, the relative azimuth angle
be seen, differences as small as a few tenths of a nmin the S@etween the sun and the viewing direction a@ntthe viewing
lection of the shorter wavelength of the interval (where ozoneg|eyation angle. RSCD represents the residual slant column
absorption is strongest) can have a very significantimpact ojjensity in the reference spectrum, derived as explained in
the BrO DSCD. Our simulations strongly suggest that thesect, 4.2. As a result of the photochemically induced diurnal
345-359 nm interval efficiently minimizes the bias on the re-yariation of BrO, the stratospheric and tropospheric VCDs
trieved BrO columns in the full range of solar zenith angles. depend on the SZA, while the AMFs depend on both viewing
This interval has therefore been selected as a baseline fofnq solar zenith angles. Note that the stratospheric AMF can
the present study. As an additional verification, the test fit-pe considered with a good level of approximation as inde-
ting windows have also been applied to actual BrO measurependent of the viewing angle. Photochemical effects, mostly
ments (see Fig. 1b). Although the shape of the observed BrQmportant at twilight, are explicitly treated in the inversion
DSCD variation cannot be precisely captured by the SimU'process, as further explained below.
lations due to the non-inclusion of BrO photochemical ef- The air mass factomMF tropo aNAAMF syrarorepresent the
fects in the SCIATRAN version used here (version 1.2), on€gnnancement of the absorption along the light path with re-
can see that both synthetic and actual retrievals display SimSpect to the vertical path, in the troposphere and the strato-
ilar dependences on the fitting interval, which reinforces OUrgphere respectively. In the present analysis, a tropopause
confidence in the reliability of the simulations. height of 16 km characteristic of tropical regions has been

considered, in agreement with temperature profiles from
3.2 Inversion of stratospheric and tropospheric columns  the European Centre for Medium-Range Weather Forecasts

(ECMWF). The AMFs can be determined through appropri-
As already mentioned, the quantity retrieved by the DOASate calculation of the transfer of the solar radiation in a mul-
technique is the differential slant column density, which cor-tiple scattering atmosphere. In addition photochemical ef-
responds to the trace gas concentration integrated along tHects that introduce spatial and temporal gradients in the BrO
effective light path of scattered photons. Since the light thatconcentration field must be taken into account, especially for
reaches the instrument travels through the entire atmosphetilight conditions. In this work, forward model calculations
from top to bottom, the measured BrO DSCD will contain of the BrO absolute slant columns (SCD) and correspond-
absorption originating from both stratospheric and tropo-ing AMFs have been obtained using the pseudo-spherical ra-
spheric altitudes (provided of course that sizeable amountsliative transfer model (RTM) UVSpec/DISORT (Mayer and
of BrO do exist in both regions). In order to separate theKylling, 2005) coupled to the stacked photochemical box
stratospheric and tropospheric contributions, it is necessarynodel PSCBOX (Errera and Fonteyn, 2001; Hendrick et al.,
to combine observations displaying different sensitivities t02004). The PSCBOX model includes 48 variable species,
the various atmospheric layers. In this work, we first ex- 141 gas-phase photochemical reactions and is initialized at
ploit the geometrical path enhancement characteristic of scat20 independent altitude levels with 00:00 UT pressure, tem-
tered light measurements at twilight to get information on theperature and chemical species profiles from the 3-D chemi-
stratospheric part of the BrO profile in a way similar to that cal transport model (CTM) SLIMCAT (Chipperfield, 1999,
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2006; see also Sect. 4.3). A stratospheric inorganic bromine 12
total loading of 21.2 pptv, accounting for long-lived sources n
(CH3Br and halons, WMO 2003) and an additional contribu-
tion of 6 pptv from short-lived bromine compounds, has been : : : ;
assumed within the SLIMCAT model. Updated kineticand € o o
photochemical data are taken from the JPL 2006 compilation§ g oo fon
(Sander et al., 2006). As investigated in Fietkau etal. (2007),% -t . . . /. ]
the reaction BrON@+O(P) can play an important role in
the tropical stratosphere and has thus, been included in th
model simulations. The results of the photochemical model
are given at chemical time steps of 6 min. _ :
Model BrO profiles are supplied to the RTM code, and abo
used to compute the AMFs. The UVSpec/DISORT model
has the capability to ingest two-dimensional arrays (altitude , , , , , ,
and SZA) of BrO concentration fields so that the impact of 50 65 70 75 80 &5
photochemical changes along the incident light path can be Solar Zenith Angle (°)
accounted for in the calculations (see e.g. Fish et al., 1995).
This particular feature of the model has been recently vali-Fig. 2. Stratospheric and tropospheric BrO air mass factors calcu-
dated as part of a dedicated RTM intercomparison (HendricKated at 352 nm in the zenith-sky viewing geometry. The enhance-
et al., 2006). As already mentioned, BrO AMFs have beenment of the sensitivity to stratospheric BrO at twilight is obvious.
calculated at the wavelength of 352 nm (center wavelength of
the applied DOAS fitting interval), for a fixed albedo of 6% ) ) o
which has been found to be typical for sea-surface condition$?, 85°, 87.5 and 92.5) meaning that the diurnal variation
(Koelemeijer et al., 2003). of the stratospheric BrO column is actually retrieved from
Following Schofield et al. (2004a, b) and in order to limit the observations and not forced a priori from photochemi-
the number of retrieval parameters, we have assumed that sial model calculations. Note that photochemical calculations
profiles given, respectively, at 4580°, 85, 87.5 and 92.5 arg_in fact only used to ensure proper calc_ulation of the late
of SZA describe adequately the diurnal variation of BrO in tWilight AMFs when two-dimensional gradients of the BrO
the stratosphere. The stratospheric VCDs can be determineggPncentration are important.
at other SZAs using simple linear interpolations. The ver- Since the introduction of an extra retrieval parameter for
tical distribution of BrO being largely unknown in the tro- the slant column in the reference spectr®$CDin Eq. 1)
posphere, our baseline for the retrieval has been to assunfén lead to unwanted uncertainties and retrieval instabili-
a free-tropospheric profile consistent with the observed prolies, RSCD has been determined prior to the inversion as
file of Fitzenberger et al. (2000). This assumption will be described in more details in Sect. 4.2.
further tested in Sect. 4.4, where attempts to derive the ver- .
tical distribution of BrO in the troposphere from multi-axis -3 Averaging kemels

DOAS observations are presented. Since no measuremenfrs] this section the capacity of the inversion method to sep-
of the diurnal variation of BrO in the troposphere are cur- pacity P

. . .arate adequately the stratospheric and tropospheric signals
rently available, we have adopted the approach introduced "ﬁom the ocg)serv;ltions i addr%ssed based F())n tF;le concgpt of
Schofield et al. (20044a, b). This consists in assuming a tro- : .

) ! - . the averaging kernels as developed in (Rodgers, 2000). The
pospheric BrO diurnal variation similar to the one modeled

in the lowest levels of the stratosphere. It will be shown later2Vraging kernel represents the sensitivity of the retrieval to

that inversion results are weakly dependent on this assumpt-he true state:

tion. A ox 9
The inversion for the stratospheric and tropospheric BrO™ — 3 @

VCDs is obtained by fitting Eq. (1) to a set of measurements .. ) _ .
recorded from noon to twilight at various elevation view- wherex is the retrieved state vector (i.e. here the tropospheric

ing angles and solar zenith angles. Morning and afternoorﬁa‘nd stratospheric VCDs) andrepresents the true BrO verti-

measurements are treated separately. For the stratosphef@@ Profiles. Equation (2) can also be written:
troposphere separation, the technique takes benefit of the dif-  5¢ 5 9
. . . X 0y y
ferent evolution of the stratospheric and tropospheric AMFsA = ar Ga (3
as a function of SZA. This is illustrated in Fig. 2 for typ- Y
ical conditions in the zenith-sky geometry. In the inver- wherey is the measurement vector, aodis the contribu-
sion process, the stratospheric BrO VCDs are simultaneouslyion matrix expressing the sensitivity of the retrieval to the
(and independently) retrieved at five values of the SZR (45 measurement. The derivative of the measurement vector (the

—— Stratosphere | T
ob ] ——Troposphere |. ... ......i.....i.....i.....]]

Air mass %ctor

NG
&
alb. L}
S S
x
o
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50

the results for zenith-sky observations are displayed in Ta-

: : : —IS h 80° . . . :
b b\ T Seaeeheresse | ble 1 for typical low, medium and high solar zenith an-

, , , —— Stratosphere 87.5° gles (respectively 7Q 85° and 90 SZA). The scatter of
a0k i N | —— Troposphere

the measured DSCDs has been found to be relatively con-
stant from month to month. Hence average values of 1.2, 1.9
and 3.4<10¥ molec/cnt have been attributed to random er-
ror sources, respectively, for the three representative SZAs.
These values are also consistent with the one-sigma uncer-
L SIS tainties derived from the DOAS fitting procedure. DSCDs
AL o s systematic errors are mainly introduced by uncertainties on
5 the absorption cross-sections of the molecules included in the
analysis, leading to mutually correlated DOAS results.
In order to estimate the errors due to absorption cross-
, ; ; ; ; ; sections and their cross-correlations, one approach is to con-
-0.5 0 05 1 15 2 25 sider the cross-sections as forward model parameters of the
Averaging Kernels DOAS retrieval. Following the formalism introduced by
Rodgers (2000), the forward model parameter error of the
Fig. 3. Typical examples of ground-based averaging kemnels for etrieval can be derived from the quoted uncertainties on the
stratospheric BrO columns (at 8085° and 87.5 SZA) and for - osq sections used in the DOAS analysis. Based on liter-
tropospheric BrO columns (see text). ature data and sensitivity tests using various data sources,
the following uncertainty figures have been adopted for BrO:

slant column densities) with respect to the BrO vertical pro-8%: NO: 3%, G5t 3%, Qu: 5%, HCHO: 5% and Ring ef-

files have been determined by a perturbation method usinée‘:t interferences: 5%. In addition to cross-sections, other
the radiative transfer model. sources of systematic errors can be identified, like the errors
Figure 3 shows the tropospheric and stratospheric VCngkgd to calibration or cher add!tlonal instrumental uncer-
averaging kernels (AK) calculated according to Eq. (3) for tainties. As al_read_y pomted_out in Sect. 3.1, the use of the
three representative values of the SZAY8B5° and 87.5).  DOAS approximation by which slant columns are assumed
The AK values represent the way the retrieval smooths the rel© P& constant within the spectral fitting window, can also be
spective partial column profiles (for a 1 km layer around the® significant source of systematic uncertainty. Using the op-

altitude given in the y'aXiS). It can be deduced from Flg 3t|ma| flttlng window derived in Sect. 3.1, SenSitiVity studies

that the inverted tropospheric columns are largely indepen_suggest that these sources of uncertainties do not contribute

dent from the simultaneously inverted stratospheric columnsMere than 5% to the total SCD error. Considering absolute

The high value of the tropospheric AK nearby the surfaceslant columns (i.e. corrected for the BrO residual amount in
the reference spectrum), a constant additional errat@b

is related to the enhanced sensitivity of the off-axis observa- 013 2 ] ) )
tions in this altitude region. On the contrary, the stratosphericl0 ~ molec/cnt has been introduced, following estimates de-

averaging kernels peak in the stratosphere around the maxgCfiPedin Sect. 4.2. From Table 1, it must be emphasized that
mum of BrO concentration profiles. SCDs errors are largely dominated at twilight by systematic

biases mainly introduced by uncertainties on the absorption
3.4 Error analysis cross-sections.
In addition to the error analysis described above, an alter-
The contributions to the total retrieval uncertainty are divided native study has been performed to estimate systematic errors
into three categories: (1) random errors caused by measurelue to absorption cross-sections uncertainties. It consisted
ment noise and BrO variability (2) errors affecting the slantin running test retrievals using different sources of cross-
column density in a systematic way, and (3) errors due to resections available from the literature and investigating the
maining uncertainties in the modeling and representation ofesulting variability of the retrieved BrO slant columns. Un-
the atmosphere, affecting the air mass factors. certainties empirically estimated in this way were found to
We investigate the errors affecting the SCDs and thebe in good agreement with the values (see Table 1) deduced
AMFs. A careful estimate of the uncertainties is especially from the approach based on the Rodgers (2000) formalism.
crucial at high SZA. Indeed, a large part of the informa- Once the total uncertainties on the measurements has been
tion used to separate the stratospheric and tropospheric Br@stimated for each elevation angle and for all solar zenith
columns comes from measurements at high SZA. The uncerangles, the resulting uncertainties on the retrieved strato-
tainties affecting the SCDs (random and systematic errors) aspheric and tropospheric BrO vertical columns are given by
well as the AMFs are largest at low sun. simple error propagation (see Table 2). The next step is to
Measurement and modeling uncertainties have been esvaluate the errors on the AMFs. For small SZAS5°),
timated by means of sensitivity studies. As an example the stratospheric AMF can be satisfactorily approached by a

Altitude [km]
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Table 1. Summary error budget for BrO slant column densities (random, systematic and RSCD error sources) and air mass factors in
zenith-sky geometry, for three representative solar zenith angles.

Solar zenith angle
Slant column density errosx10t3molec/cn?)  70° 85  90°

Random 12 19 34
Systematic bias 0.7 4 6.8
Residual slant column density (RSCD) 05 05 05
Total (x 1013 molec/cn?) 15 45 76
Total (%) 13 23 24
Solar zenith angle
Air mass factor error (%) 70 8% 9
Stratosphere: AM 15 15 35
Stratosphere: PM 15 15 25
Troposphere 5 15 5

geometrical calculation. The error on the stratospheric AMFtration was mainly located in the free-troposphere (justified
is therefore negligible. In contrast at high SZA, the strato-in Sect. 4.4).

spheric AMF.iS highly depepdent on the Bro conce.ntration A rough estimate of the tropospheric AMF error has
_at the_bulk altitude for Raylelg_h scattering, the latter InCreas-y . optained by varying input BrO profiles in the RTM
ing with the SZA (see e.g. Smnhube_r et f?'-' 2002). HenCe“calculations. Gaussian profiles of various heights [5-
accurate modeling of the photochemistry is needed to evalz

t tlv the stratospheric AMEs. T | ¢ t8km] and widths [1-4 km] have been used to this purpose.
uate correctly the stratospheric AMES. 10 a 1arge exten ‘Corresponding tropospheric BrO AMFs show a root mean
the stratospheric BrO concentration is controlled by,NO

th h the t lecul tion BrO+ In order t square deviation of less than 15% as indicated in Table 1. For
rough the termolecuiar reaction br b In order to the diurnal variation, we assume that the known photochem-
minimize errors due to the interplay between BrO and,NO

. . : : ._istry of BrO in the lower stratosphere constitutes a reason-
the photochemical simulations have been constrained using, < proxi for the free troposphere (Schofield et al., 2004a
NO, profiles derived from simultaneous zenith-sky observa-b . . ! '
: . g . , . In reality, one may expect the tropospheric BrO amount
tions in the visible region (Hendrick et al., 2004). Never- ) Y y exp Posp

L N to vary in response to e.g. emissions from the oceans, me-
theless remaining uncertainties in other aspects of the phom{eorological conditions, changes in photolysis rates (e.g. due

chetrglcal mﬁdeIHcalculatlons_tm_zj:y hta\(/f a iubstak\)ntlal |mp§c{ clouds), and other physical and chemical processes. It is
on the results. - Hence sensitivity studies have been carmeigq it 1o comprehensively account for all these effects in

OUt. n Ord‘?r to estimate the |mpacF of the uncertainties N3 realistic way. However, in order to roughly estimate the
main reaction rate constants, following the work presented in

. : order of magnitude of errors related to diurnal variation ef-
Sinnhuber et al. (2002). The stratospheric AMF errors hav g

b timated by the standard deviati fth bl effcts, we have considered two extreme cases: (1) the baseline
een estimated by the standard deviation of the ensemple q opospheric BrO diurnal variation, where basically the BrO

AMFs generated by varying independently the reaction rateC

. . : . oncentration drops to zero from noon to late twilight and
constants. Results from this analysis are summarized in Ta(—z) the case where tropospheric BrO has no diurnal varia-
ble 1.

tion at all (which is very unlikely). We assume that in reality
The estimation of the errors on the tropospheric AMFsthetropospherlc BrO diurnal var|§1t|on lies so_mev_vhere in be-
tween these two cases. Test retrievals considering these two

is difficult, mainly due to the following two reasons: (1) . N . .
the treatment of the radiative transfer down to the surface>CNaros resulted in minor differences on the inverted BrO

strongly depends on the aerosol loading as well as the (un(_:olumns (approximately:410'2 molec/cn®).

known) BrO vertical distribution, and (2) the diurnal vari-  The main sources of uncertainties on the inverted BrO
ation of the tropospheric BrO content might have to beVCDs (obtained by propagation of the error discussed above)
taken into account. Since substantial uncertainties accomare summarized in Table 2 for morning conditions. Although
pany these parameters, several hypotheses have been maute reported here, similar results have been derived for after-
here. Some of these will be justified later on in the dis- noon observations. As can be seen, stratospheric VCDs have
cussion (see Sect. 4). As a baseline for our retrievals, wédargest uncertainties{30%) at low sun and at very high sun,
have assumed that the aerosol content was small (justified iavhile errors are kept in the range of 20% for intermediate
Sect. 4.1) and that the bulk of the tropospheric BrO concenvalues of the SZA. The absolute error on the tropospheric
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Table 2. Summary error budget for morning stratospheric BrO and tropospheric BrO columns.

Stratospheric VCD error(10'3molec/cn?)  Tropospheric

Solar zenith angle®) VCD error
Error source 45 80 85 87.5 92.5
Slant column densities 0.5 0.3 0.3 0.3 0.1 0.3
Stratospheric AMFs <0.1 <01 <01 <01 <0.1 <0.1
Tropospheric AMFs 0.6 0.4 0.3 0.2 0.1 0.4
Total VCD error (<1013molec/cn?) 0.8 05 04 0.4 0.1 0.5
Total VCD error (%) 30 21 17 17 33 46

BrO VCD, mainly dominated by uncertainties on the tropo- all these days, @absorptions were found to follow the same
spheric AMFs and on the measured SCDs, is estimated to bemooth diurnal evolution, indicating similar aerosols scenar-
about 45%. ios. In Fig. 4., the @ DSCDs averaged on the selected days
(and on a 2.5 SZA bin grid) are represented as a function
of SZA for morning and afternoon observations. In order to
4 Results and discussion reproduce the Qobservations, a set of AMFs were com-
o ) ] i ) ) puted for each elevation angle and for different aerosol ex-
To simplify the discussion, we first restrict the analysis 10 tinction profiles. Radiative transfer calculations were initial-
clear-sky measurement days when the transfer of the scafzeq using vertical profiles of § pressure, temperature and
tered radiation can be simulated with best accuracy. We fog, characteristic of tropical regions, according to the AFGL
cus on the determination of three key parameters that controjymospheric constituent profiles data base (Anderson et al.,
the accuracy of the target BrO VCD products; namely the1ggg). The aerosol extinction profile was then varied until
aerosol extinction, the residual BrO slant column density inggqqg agreement was found for tha @erticals columns de-
the reference spectrum and the shape of the tropospheric Br?%\/ed from all viewing elevations. This procedure is similar
profile. Results are then discussed with regard to our currenfy the one proposed and applied in Heckel et al. (2005). As
understanding of the bromine chemistry in both the strato-gemonstrated in Fig. 5, the optimal aerosol extinction pro-
sphere and the troposphere. In a second step, a simplifiefie corresponds to an aerosol visibility (Middleton, 1952) of
version of the inversion algorithm is applied to the whole gg km with an enhanced maritime aerosol load (extinction
series of measurements from from August 2004 until June_q 2 knm 1) introduced into a 100 m thick layer above the
2005, and the consistency of the retrieved BrO columns issyrface. Q VCDs retrieved assuming an aerosol visibility of
investigated in comparison with coincident satellite observa-40 km are also shown for comparison purpose.
tions from SCIAMACHY.

41 Determination of the aerosol settings 4.2 Determination of the residual slant column density

The light path of photons scattered in the lower atmosphere in this work, the zenith-sky and off-axis measurements have
strongly dependent on the aerosol loading, especially nearbpeen processed using a fixed zenith reference spectrum se-
the surface. A good estimate of the aerosol extinction profilelected at minimum solar zenith angle (28.8ZA) on 2

is thus needed for the calculation of the tropospheric BroSeptember 2004. As mentioned earlier, the introduction of an
AMFs. This is especially true for small elevation angles, extra flttlng parameter for the residual slant column (RSCD
which in principle have the longest light paths. As suggestedn EQ. 1) can be a source of uncertainty for the retrieved
by Wagner et al. (2004) and FrieR? et al. (2006), multi-axis ob-stratospheric and tropospheric BrO VCDs. In order to mini-
servations of the oxygen dimmer®@an be used to deduce mize this error and stabilize the retrieval process, the residual
the aerosol extinction profile. The analysis of aerosol prop-slant column density is therefore determined prior to the in-
erties has to be limited to measurements without significant/ersion process so that absolute slant columns (rather than
cloud influence, since £absorptions are greatly affected by differential SCDs) can be fitted.

clouds. Out of the complete 2004 data set (i.e. approximately The residual slant column density has been estimated
six months of measurements), seven days could be selectdtbm an average of clear days measurements (selected in
as fully clear sky days (day numbers 242, 246, 253, 271Sect. 4.1), assuming that the BrO field is stable enough
272, 326, 346), based on an analysis of the diurnal variatiorto allow meaningful interpretation of the resulting averaged
of the measured Pabsorptions at all elevation angles. For SCDs. This assumption will be further verified in Sect. 4.5.

Atmos. Chem. Phys., 7, 4733-4749, 2007 www.atmos-chem-phys.net/7/4733/2007/



N. Theys et al.: Stratospheric and tropospheric BrO at Reunion Island 4741

7000

| —=— 3° Elevation

1| —v— 6° Elevation : :

| ——10° Elevation |~y

: 18° Elevation : g :
- | —*— Zenith : . : :

N
o
o
(=]
T

6000 5+ p g5

5000 < R

1500 - %

4000f e T

2000 i

8000 o —l- 3° Elevation
6° Elevation
10° Elevation

18°Elevation | ... LG

O4 slant column [10 40 molec 2/cms]
(o))
o
o

0, vertical column [10 “° molec %cm?]

: : : : : : ) —k— Zenith
1000F =g P v ~ : :
ol— ; ; ; ; ; ; ; ; ; ol— ) ) ) ) ) ) ) ) )
90 80 70 60 50 40 50 60 70 80 90 45 50 55 60 65 70 75 80 85 90 95
Solar Zenith Angle (°) Solar Zenith Angle (°)

Fig. 4. Differential slant columns of @measured for different el-  Fig. 5. Vertical columns of Q calculated for all viewing directions
evation angles as a function of the SZA. Morning and afternoonbased on AMFs for two aerosols scenarios, as a function of SZA:
measurements are displayed together. TheDSCDs have been aerosol extinction profiles corresponding#) a visibility of 40 km
averaged from a selection of 7 clear-sky days and binned on a griéind(b) a visibility of 80 km with a higher aerosol load (extinction:
of 2.5° SZA. ~0.2km1) added in a thin layer close to the surface (0~100 m).

Based on Eg. (1), the RSCD is treated as an additional paing that BrO would only be present in the stratosphere clearly
rameter in the BrO VCDs retrieval. In order to minimize the demonstrates the need to include both a stratospheric and a
impact of uncertainties related to the diurnal variation, sys-tropospheric BrO contribution in the inversion process. The
tematic measurement errors or AMFs modeling errors (alllevel of agreement between the elevation directions observa-
becoming important at twilight), only the measurements cor-tions strongly depends on the hypothesis made for the tro-
responding to solar zenith angles lower thafi 8t consid-  pospheric BrO profile as part of the tropospheric AMFs cal-
ered. This also reduces the number of fitted parameters anculations. This will be addressed in the next section, where
therefore stabilizes the inversion for the RSCD. Using thisthe relevance of using a free-tropospheric profile as derived
approach, residual slant column densities of 6.4@'° and  in Fitzenberger et al. (2000) is tested and discussed.

6.37x 103 molec/cnt are retrieved, respectively from morn-  The retrieved BrO vertical columns and their respective
ing and afternoon measurements. The (small) differences imetrieval uncertainties (based on the error analysis developed
the retrieved RSCDs can be attributed to a large extend to thih Sect. 3.4) are displayed in Fig. 8, for both morning and
propagation of the measurement errors into the BrO VCDsafternoon conditions.

retrieval. An error analysis according to Sect. 3.3., leads to

a best estimate of 640.5x 103 molec/cn?. Furthermore, 4.3.1 Tropospheric BrO

this value is found to be consistent with the re-calculated

RSCD based on the retrieved VCDs evaluated at the timelropospheric BrO vertical columns (at86f SZA) of about

of the reference spectrum. 1.1 and 1.x10%molec/cn? are retrieved independently
from morning and afternoon measurements separately, with
4.3 Clear-sky results a mean uncertainty of about 6<&0'3 molec/cn?. This rep-

resents approximately one third of the total BrO column re-
The inversion technique described in Sect. 3.2 has been agrieved at the same SZA and therefore supports the existence
plied to the restricted data set of clear sky measurements, alsef significant sources of inorganic bromine in the tropical tro-
used for the aerosol and residual BrO column determinationposphere.
The resulting retrieval fit results are displayed in Fig. 6. For Such results are roughly consistent with mid-latitude tro-
the sake of clarity, only afternoon results are represented fopospheric BrO background values of 2<B0'®molec/cn?
a limited number of viewing directions. As can be seen, theobtained from GOME, ground-based and balloon measure-
modeled SCDs are consistent with the observations, for alments (e.g. Van Roozendael et al., 2002). Similarly GOME
SZA and viewing angles. In Fig. 7, the differences betweenmeasurements over the equatorial pacific using a technique
the measured and the modeled slant column densities areontrasting cloudy and clear-sky scenes conclude to a back-
shown as a function of the SZA, for the various elevation an-ground tropospheric BrO column of 1403 molec/cn?
gles. A comparison with the results of the algorithm assum-(Richter et al., 2002). The combined use of SCIAMACHY
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Flg 6. Measured and modeled afternoon BrO slant column denSi-Fig_ 8. Morning and afternoon stra’[ospheric and tropospheric
ties, as a function of the SZA for 3 elevation viewing angle (3  BrO vertical columns retrieved from averaged clear-sky data. The
18° and zenith). dashed lines correspond to stratospheric columns obtained from
photochemical model simulations initialized with SLIMCAT fields
having different contributions from the very short-lived bromine
species (VSLS): (black) 6 pptv, (cyan) 6 pptv and (blue) 8 pptv di-
rectly injected at the tropopause. The shaded area corresponds to
the range of uncertainties associated to reaction rate constants.
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—l— 3°Elevation
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: : : : : : : : 18" Elevation . ] ) -
BT e e = 5 = 8‘5‘“9; - §tud|es. More recently at Na_|r0b|, measurements sim-
ilar to those reported here (Fietkau et al., 2007) con-
2 e clude to tropospheric BrO columns in the range from 4 to

7.5x 102 molecules/crf in closer agreement with Reunion
Island results although still slightly smaller. The difference
could possibly be explained by the fact that the profile inver-
sion used at Nairobi loses sensitivity above 6 km of altitude,
O while the different stratosphere-troposphere approach used
e e o o B o s in our study maintain better sensitivity higher up in the tro-
Solar Zenith Angle (*) posphere (see averaging kernels in Fig. 3). Beyond retrieval
issues, the possibility of an added tropospheric BrO content
Fig. 7. Retrieval residuals for averaged clear-sky data (see text), aét Reunion Island due to influx from sea salt aerosol might
a function of the SZA. The modeled SCDs are subtracted from the2lSo be considered (Fietkau et al., 2007).
measured SCDs, for all viewing directions. Two different assump-
tions are made for the BrO vertical repartitio@) BrO is present ~ 4.3.2  Stratospheric BrO
in both stratosphere and troposphét®,BrO is entirely located in
the stratosphere. The retrieved stratospheric BrO vertical columns and their
respective error estimates (at the chosen SZAs of 89,
85°, 87.5 and 92.8) are displayed in Fig. 8. A strong diur-
(onboard the ENVISAT satellite) nadir and limb observations nal variation is observed as a result of the photochemically
also suggests an average global tropospheric BrO column beevolving interplay between BrO and its nighttime reservoirs
low 15km of about 2—% 10'3molec/cn? (Sinnhuber et al.,  (HOBr, BrONOy) (e.g. Lary et al., 1996a, b). From Fig. 8.,
2005). On the other hand, significantly smaller tropospherichigher stratospheric BrO columns are found at sunrise than
BrO columns in the range of 0420.4x 103 molec/cnt are  at sunset, for the reference SZAs of&nd 83. The rapid
derived from the combined use of direct sun and zenith skyincrease of BrO at sunrise is due to the fast photolysis of
measurements at the Southern mid-latitude site of LaudeHOBT, which is produced during the night due to heteroge-
(Schofield et al., 2004a). neous conversion of bromine nitrate by hydrolysis on sulfate
More specifically, BrO measurements in the tropical tro- aerosols. The decrease of BrO during the day is related to
posphere have been very sparse and in fact limited to fewhe increase of stratospheric NQwhich in turn influences

Measured — Modeled SCDs [10 3 molec/cm 2]
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the bromine partitioning through the termolecular reaction 32

32 A
BrO+NGy+M. . _ . , % 1
The stratospheric column results of the photochemical
model (initialized with the chemical fields from the SLIM- 28 / 28
CAT model) are also shown in Fig. 8 (black dashed line). The ¢ 26 26
/

diurnal evolution of the measured columns is properly cap- & 04 ot
=}
p=}

tured by the model, providing strong evidence that the strato- .

=1

spheric bromine photochemistry is well understood and rep- < 22 22

resented. It can also be seen however that modeled vertica 20

20

. . /| = G-B profiling
columns are substantially smaller than the retrieved strato- i —+— SAOZ balloon 11/97
. . 18 —+— SAOZ balloon 01/04 18 ~ A = G-B profiling
spheric columns. The shaded region around the modelec SAOZ balloon 02104
vertical columns indicates the impact (at the level) of the % 10 20 30 B 1 20 =0
uncertainties of the rate constants for the most important re- BrO [ppq] Bry ppt

actions. One possible explanation for the underestimation

of the BrO columns by the model run can be found in the Fig. 9. Retrieved stratc_;spheric BroO profi_le compared to tropical
way bromine sources (including the short-lived species) have>AOZ balloon BrO prof!les (left plot). Profile of Brinferred from
been treated in the relatively old SLIMCAT version used for glrg:?2;3?559,\?0'\3/;%Erec;fi‘;g?r(?i‘;ﬁe;;g the SAOZ balloopiBo-
the present work (run D in Feng et al., 2007). These are ' '

represented using a single effective source ofBHwith a

mixing' ratio of 21.2 pptv at the surface). Since in reality the cation). Since SAOZ balloon measurements are performed
short-lived source gases are decomposed faster than methyl,ing evening twilight in ascent mode (typically around 86—
bromide, the By mixing ratio could be substantially under- g7 sz7a) the ground-based BrO profile was retrieved from
estimated by the model, especially in the lower stratosphereyfiernoon observations at the appropriate SZA. Although sig-
which might have an importantimpact on the integrated BrOpjficant changes can be observed in the stratosphere from one
vertical column. In order to investigate this effect, we con- qignt to another a reasonable agreement is found between
sidered the extreme case where the short-lived species ag,nd-based and balloon profiles at the same latitude. This
totally co_nverte_d in By at the tropopause. This was ach|_eved is especially true for the flight in November 1997.

by applying a simple offset to the SLIMCAT @mixing ratio From the stratospheric BrO profile, it is also possible to
profile (scaled for the contribution of the long-lived bromine yerive a stratospheric inorganic bromine profile based on
sources only). The stratospheric BrO columns resulting fromggtimates of the BrO/Biratio given by the photochemical
this test scenario are displayed in Fig. 8 for contributions 5 qel. Figure 9b shows the Bprofile deduced from our

of 6 pptv (cyan dashed line) and 8 pptv (blue dashed lin€)etrieved tropical BrO profile. A good agreement is found
from the decomposition of the short—llved bromlne_spemes.with the Br, vertical distribution derived by Salawitch et
The value of 8 pptv can be considered as a plausible uppeg; (2005) based on SAOZ observations.

limit for the contribution of the bromine short-lived species,  From these results, one concludes to a total inorganic
in agreement with recent studies (Pfeilsticker et al., 20005yomine content of about 23 pptv, which suggests a con-
Salawitch et al., 2005; Schofield et al., 2006; Dorf et al., y1ih,tion from several short-lived organic bromine sources
20064, b; Sioris et al.,, 2006). This also confirms the find-j the stratospheric inorganic bromine budget, in agreement

ings of Feng et al. (2007), who have tested different methods, it sydies from Pfeilsticker et al. (2000) and Salawitch et
of implementing the bromine source gases in the SLIMCAT 5 (o005

model and found that the agreement between model and bal-
loon data is significantly improved when having explicitly 4.4 Determination of the tropospheric BrO vertical distri-
the short-lived source gases. bution

In order to gain better insight into the consistency between
our retrieved stratospheric BrO content and data from the lit-Since the light path through the troposphere strongly depends
erature, the stratospheric BrO profiling algorithm of Hen- on both SZA and viewing elevation angle, only an appro-
drick et al. (2004, 2007) based on the optimal estimationpriate tropospheric BrO vertical profile in the AMFs calcu-
technique (Rodgers, 2000), has been applied to the zenitHation will lead to a good agreement between the modeled
sky clear-sky observations performed at Reunion Island. FigSCDs and the measured SCDs, for all viewing angles. An
ure 9a displays a comparison of the resulting BrO profile withillustration of the sensitivity of the multi-axis DOAS obser-
those obtained from the balloon-borne SAOZ instrument dur-vations for an absorber located at different altitudes is given
ing the late afternoon ascent of the balloon &t-8° SZA in Fig. 10, in the form of air mass factor (AMF) curves rep-
at the same latitude (22.8, 49 W) in Brazil in November  resented for two different values of the SZA {6énd 80).
1997 (Pundt et al., 2002), and January—February 2004 durin®y comparing Figs. 6 and 10, it can be easily deduced that
the Hibiscus campaign (F. Goutail et al., personal communi-our observations do not show evidence for large amounts
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20 Kiruna, Sweden. In contrast MAXDOAS profile inversion
results recently obtained above Nairobi, Kenya (Fietkau et
al., 2007) suggest a bulk tropospheric BrO layer located be-
tween 2 and 3 km altitude, hence slightly lower than found at
Reunion Island.

This apparent discrepancy might be related to the fact that

L0 e Mmoo

60° Solar Zenith Angjle

E the inversion technique used in the Fietkau et al. (2007) study
£ 2 B o Elevaton was essentially limited to the lowest 6.5km. In addition,
2 Y O T | — 6°Elevation || Nairobi is a continental station located at relatively high al-
| —ig E:eva:?on titude (1600 m) likely not influenced by bromine emission
B B B B B evation . ..
10 i b —Zenith sy f from oceanic origin.
80"73 I : ith VI ..
51 T R A 4.5 Seasonal variation
% 6 Py fo 1'2 1;, 1;6 Since clear-sky observations do not show evidence for size-
Air Mass Factor able amounts of BrO being present in the lowest troposphere,

one can safely expect that slant column measurements will
Fig. 10. Height dependence of the sensitivity to BrO for the dif- generally be weakly affected by the presence of low altitude
ferent viewing directions at 60SZA (upper plot) and at 80SZA  clouds and/or particles. Hence we decided to apply our inver-
(lower plot). The value on the x-axis is the air mass factor for a sion technique on a daily basis in order to derive information
1km layer positioned around the height given on the y-axis. of the seasonal cycle of the retrieved stratospheric and tropo-
spheric BrO vertical columns.

In order to somehow stabilize the inversion and allow
of BrO in the boundary layer. Indeed this would require aits application to day-to-day observations inherently nois-
systematic and pronounced increase of the measured Br@r than averages considered so far, the algorithm has been
SCDs towards low elevation angles, which is definitely notslightly simplified with respect to the scheme presented in
observed. Based on the error budget of the retrieved BrGsect. 3.2. Instead of retrieving the diurnal variation of
slant column densities (summarized in Table 1), one canthe stratospheric VCD for each day, it was decided to fix
not exclude a possible enhancement in the range of approxihis variation based on the clear-sky analysis obtained in
mately Ix 10" molec/cn?, which translate to an upper limit  Sect. 4.3. Accordingly a single stratospheric BrO vertical
of 0.5pptv for BrO being possibly present in the oceanic column is derived from the inversion process, for a given
boundary layer at Reunion Island. reference SZA (80was selected here), together with the tro-

If one assumes a BrO profile peaking higher up in the tro-pospheric BrO column. This approach applied separately to
posphere around 6—7 km, Fig. 10 indicates that at low SZAmorning and evening observations was found to represent the
(60°) the AMF is almost the same aPf Zlevation and at best compromise between information content and retrieval
zenith, a sizeable enhancement of the sensitivity being onlyioise on a daily basis.
obtained at 18of elevation. On the contrary at larger SZA  The resulting time-series of stratospheric and tropospheric
(80°), larger AMF values are found at botti and 18 ele- BrO columns (hence retrieved at“88ZA at both sunrise
vation. This characteristic behavior of the elevation anglesand sunset) are displayed in Fig. 11, for the entire observa-
sensitivities for a free-tropospheric profile is consistently ob-tion period. Only vertical columns corresponding to retrieval
served in the measured slant columns in Fig. 6. In order taesiduals lower than 2103 molec/cnt were considered in
gain information on the vertical distribution of BrO in the this analysis. This threshold has been chosen in order to re-
troposphere, sensitivity tests have been made on the averagect unrealistic measurements, contaminated by thick clouds
of the 7 clear days of measurements (selected in Sect. 4.3)r affected by spectral artifact due e.g. to anomalously large
and have consisted in varying bulk altitudes and full widths O, absorption. The retrieved stratospheric and tropospheric
at half maximum (FWHM) of Gaussian tropospheric pro- BrO columns are on average in excellent agreement with
files used to calculate tropospheric AMFs. The best residuthe values derived from the averaged clear-sky observations
als were obtained for a concentration profile peaking at 6 km(Sect. 4.3) and show no noticeable seasonal variation. This
altitude with a FWHM of 2km, for both morning and af- result is somewhat in contradiction with expectations based
ternoon observations. A maximum of 2 to 5pptv in the on photochemical considerations valid for tropical latitudes.
free troposphere is deduced from our estimate of the troModel simulations of the noon or near twilight (SZ80°)
pospheric BrO column (1:40.5x 10 molec/cn?). These  stratospheric BrO column at Reunion-Island indeed show a
results are roughly in agreement with the tropospheric BrOsmall seasonality, with an amplitude smaller than 10%. Such
profile measurements reported in Fitzenberger et al. (2000)an effect however lies within the uncertainties of our re-
based on balloon borne DOAS observations performed atrieved stratospheric BrO columns, which moreover do not
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Fig. 11. Time-series of stratospheric (top) and tropospheric (bot-Fi9- 12. Total BrO columns retrieved from ground-based DOAS

tom) BrO columns retrieved for 8G5ZA, displayed separately for obser\_/ations at Reun_ion-lsland and from SCIAMACHY nadir ob-
sunrise (squares) and sunset (triangles). servations averaged in a zonal band of 10 degrees centered at the

latitude of the ground-based station.

cover a complete annual cycle. Longer observational timecolumn measurements to be obtained with this instrument,
series would certainly help characterizing better the seasondherefore making it unsuitable for an assessment of the trop-
variations. ical BrO content (e.g. Richter et al., 2002). To overcome this
The seasonal photochemical response of stratospheric Broroblem, SCIAMACHY was equipped with a quasi-volume
to changes in N@ concentration can in fact be studied diffuser plate on the back of its azimuth scan mirror (ASM)
with larger sensitivity when considering twilight observa- with the aim to provide irradiance measurements suitable for
tions above 80 SZA. To this aim, comparisons of modeled Minor trace gases retrievals. SCIAMACHY BrO columns
and measured BrO 90-8a@lifferential slant columns were Uused in this work were analysed using daily sun irradiance
performed. Under these conditions, results show that botdrom the ASM diffuser plate, according to retrieval settings
simulations and measurements present a significant seasorfiscribed in Van Roozendael et al. (2004). To optimize the
cycle which follows the expected anti-correlation with O  consistency with ground-based retrieval, SCIAMACHY BrO
i.e. a minimum in summer and a maximum in winter. The Vvertical columns were evaluated using AMFs calculated ac-
observations also reproduces the diurnal cycle well, withcording to the BrO vertical distribution retrieved at Reunion
PM values larger than AM ones, as reported in other studlsland.
ies (Sinnhuber et al., 2002; Fietkau et al., 2007). Figure 12 presents the comparison between SCIA-
MACHY BrO vertical columns extracted from daily fields in
4.6 Comparison with SCIAMACHY total column BrO ob- @ latitude zone of + 5 degrees around Reunion Island and
servations the ground-based BrO total vertical columns, photochemi-
cally adjusted at the time of the satellite overpass using the

Onboard the ENVISAT platform, the SCanning Imaging BrO diurnal variation determined in Sect. 4.3. Consider-
Absorption spectroMeter for Atmospheric CHartographY ing the uncertainties on both satellite_ and grognd-basgd E_SrO
(SCIAMACHY) measures the sunlight reflected, backscat-Measurements, the agreement obtained is highly satisfying.
tered or transmitted by the Earth's atmosphere in the ultravi->INc€ the ground-based and satellite total column analysis
olet, visible and near-infrared spectral regions (Bovensmanit'€ €ssentially independent from each other (the dependency
et al., 1999). Among other geophysical data products, theof the satellite nadir AMF on the shape of the BrO profile be-
vertical column of BrO can be derived from SCIAMACHY Ng in practice very small), these results consolidate our con-
nadir measurements, using DOAS algorithms similar to thosd!dence in both ground-based and satellite estimates of the
applied to ground-based measurements reported here. PrigiPPical BrO column. They also indirectly consolidate our
to SCIAMACHY, BrO columns were also measured by the estimate of the tropospheric BrO column, which as already

GOME instrument onboard ERS-2. However the diffuserStated represents a significant part (one third) of the total BrO

plate used for irradiance measurements on the GOME instruS0IUMN-

ment exhibits a time dependent interference pattern, which
correlates with BrO and prevents reliable independent BrO
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