JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 107, NO. D19, 4398, doi:10.1029/2001JD000940, 2002

Comparison of measurements and model calculations of stratospheric
bromine monoxide

B.-M. Sinnhuber,"!° D. W. Arlander,” H. Bovensmann,® J. P. Burrows,’

M. P. Chipperfield,! C.-F. Enell,* U. FrieB,> F. Hendrick,® P. V. Johnston,” R. L. Jones,®
K. Kreher,” N. Mohamed-Tahrin,8 R. Mijlller,3 K. Pfeilsticker,” U. Platt,’

J.-P. Pommereau,’ I. Pundt,™ A. Richter,> A. M. South,® K. K. Ternkvist,’

M. Van Roozendael.® T. Wagner,5 and F. Wittrock®

Received 11 June 2001; revised 25 February 2002; accepted 9 May 2002; published 12 October 2002.

[11 Ground-based zenith sky UV —visible measurements of stratospheric bromine
monoxide (BrO) slant column densities are compared with simulations from the
SLIMCAT three-dimensional chemical transport model. The observations have been
obtained from a network of 11 sites, covering high and midlatitudes of both hemispheres.
This data set gives for the first time a near-global picture of the distribution of
stratospheric BrO from ground-based observations and is used to test our current
understanding of stratospheric bromine chemistry. In order to allow a direct comparison
between observations and model calculations, a radiative transfer model has been
coupled to the chemical model to calculate simulated slant column densities. The model
reproduces the observations in general very well. The absolute amount of the BrO slant

columns is consistent with a total stratospheric bromine loading of 20 = 4 ppt for the
period 1998-2000, in agreement with previous estimates. The seasonal and latitudinal
variations of BrO are well reproduced by the model. In particular, the good agreement
between the observed and modeled diurnal variation provides strong evidence that the
BrO-related bromine chemistry is correctly modeled. A discrepancy between observed and
modeled BrO at high latitudes during events of chlorine activation can be resolved by
increasing the rate constant for the reaction BrO + ClO — BrCl + O, to the upper limit of
current recommendations. However, other possible causes of the discrepancy at high

latitudes cannot be ruled out.
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atmosphere—composition and chemistry; 0394 Atmospheric Composition and Structure: Instruments and

techniques
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1. Introduction

[2] Bromine compounds are believed to play an impor-
tant role in the destruction of stratospheric ozone, both at
high and midlatitudes [e.g., World Meteorological Organ-
ization (WMO), 1999 and references therein; Daniel et al.,
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1999]. Model calculations show that bromine reactions may
contribute more than 50% to the seasonal Arctic ozone
depletion [Chipperfield and Pyle, 1998]. Also in the mid-
latitude lower stratosphere, catalytic bromine reactions
account for a large fraction of the halogen induced ozone
loss [Wennberg et al., 1994].

[3] The origin of atmospheric bromine is both natural and
anthropogenic. However, due to the emission of anthropo-
genic compounds there has been a large increase of the
atmospheric bromine loading from about 10 parts per 10>
by volume (ppt) in the 1970s to about 20 ppt in 2000
[Fraser et al., 1999; Sturges et al., 2001]. The major sources
of stratospheric bromine are methyl bromide (CH3Br),
halons, especially Halon-1211 (CBrCIF,), Halon-1301
(CBrF3) and Halon-2402 (CBrF,CBrF,), as well as bromo-
chloromethane (CH,BrCl) and dibromomethane (CH,Br)
[Fraser et al, 1999; WMO, 1999, chapter 1], with methyl
bromide being the most abundant bromine source gas,
accounting for about 50% of the current atmospheric
sources. In addition it has recently been proposed [e.g.,
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Ko et al., 1997; Dvortsov et al., 1999; Schauffler et al.,
1999; Pfeilsticker et al., 2000; Sturges et al., 2000] that
there could be a significant contribution of short-lived
organic (e.g., bromoform, CHBr;) and inorganic tropo-
spheric sources to the total bromine loading of the strato-
sphere. This would then lead to a higher total bromine
loading of the stratosphere than deduced from measure-
ments of the organic source gases alone.

[4] Despite its importance for stratospheric ozone chem-
istry, there are few measurements of inorganic bromine
compounds in the stratosphere. Except for BrO, there exist
no measurements of the major inorganic bromine species; in
particular BrONO, and BrCl have never been observed in
the stratosphere. For HOBr there exist only measurements
of upper limits [Johnson et al., 1995].

[5s] Stratospheric BrO has been measured by ground-based
zenith sky UV—visible spectroscopy [Carroll et al., 1989;
Arpag et al., 1994; Fish et al., 1995; Aliwell et al., 1997;
Eisinger et al., 1997; Kreher et al., 1997; Otten et al., 1998;
Frief3 et al., 1999; Richter et al., 1999], balloon-borne UV —
visible spectroscopy [e.g., Harder et al., 1998; Pundt et al.,
1999b; Fitzenberger et al., 2000; Harder et al., 2000] and in-
situ resonance fluorescence spectroscopy both from aircraft
[e.g., Brune et al., 1988, 1989; Toohey et al., 1990; Avallone
et al., 1995] and balloon [McKinney et al., 1997].

[6] The recent balloon borne UV —visible measurements
of BrO [e.g., Harder et al., 1998; Pundt et al., 1999b;
Harder et al., 2000] showed relatively good agreement with
model calculations. This is in contrast to in-situ BrO
observations from the ER-2 aircraft [Avallone et al.,
1995], which indicated a BrO/Br, ratio in the lower strato-
sphere of about 40%, compared to about 60% calculated by
photochemical models.

[7]1 Renard et al. [1998] showed evidence from balloon-
borne spectroscopic measurements that OBrO could be
present in significant amounts in the stratosphere and could
even be a major nighttime bromine reservoir. However, the
formation of significant amounts of OBrO in the strato-
sphere cannot be explained with our current understanding
of the atmospheric bromine chemistry [Chipperfield et al.,
1998]. Moreover, Erle et al. [2000] reported measurements
of upper limits of OBrO which argue against OBrO being a
significant nighttime bromine reservoir.

[8] Here we compare ground-based UV -—visible meas-
urements of BrO from a network of observing stations with
calculations from the SLIMCAT global 3D chemical trans-
port model (CTM) [Chipperfield, 1999]. The measurements
have been performed from a network of sites ranging from
the Arctic, over northern and southern hemisphere midlati-
tudes to Antarctica, most of them part of the Network for
the Detection of Stratospheric Change (NDSC). We focus
on a period of two and a half years from January 1998 until
June 2000, allowing us to investigate the seasonal, and to
some extent the inter-annual, variation of BrO. Previous
studies [e.g., Fish et al., 1995, 1997; Fries et al., 1999]
have been limited to short periods and individual locations.

[o] The interpretation of the zenith sky UV-—visible
measurements is complicated, as the primary quantity
measured is the BrO slant column density (SCD) along
the slant path traversed by the scattered sunlight. This is
even further complicated by the fact that BrO can vary
strongly with solar zenith angle (SZA) along the slant path.

SINNHUBER ET AL.: STRATOSPHERIC BROMINE MONOXIDE

To allow a direct comparison between observed and mod-
eled BrO, we simulate the measurement geometry by
coupling a radiative transfer model to the chemical model
to calculate simulated BrO slant column densities.

[10] In section 2 we briefly review our current under-
standing of stratospheric bromine chemistry. Sections 3 and
4 then describe the measurements and the model, respec-
tively. The comparison between measurements and model is
presented in section 5. In section 6 we present some
sensitivity studies to investigate the impact of different
processes on the modeled slant column densities. A dis-
cussion of the results and our conclusions are given in
sections 7 and 8.

2. Stratospheric Bromine Chemistry

[11] Unlike chlorine, a large fraction of the lower strato-
spheric inorganic bromine during daytime is present in
reactive form as BrO. The following reactions

BrO + NO, + M — BrONO, + M, (1)
BrO + HO, — HOBr + O,, (2)
and
BrO + CIO — BrCl + O, (3a)
— Br + CIOO (3b)
— Br+ 0CIO (3c)

convert BrO into the main bromine reservoirs bromine nitrate
(BrONO,), HOBr and BrCl. During daytime BrO is quickly
released from the reservoir species by photolysis or by the
reaction of HOBr with O(®°P). Recent laboratory measure-
ments by Soller et al. [2001] indicate that the reaction
BrONO,+ OC’P) could be an important source of BrO (see
section 6.4). Bromine nitrate is believed to be the major
bromine reservoir species, accounting for roughly half of the
inorganic bromine in the lower stratosphere, except for
periods of high chlorine activation. Despite its important role
in stratospheric bromine chemistry, bromine nitrate has never
been measured in the stratosphere.

[12] Bromine nitrate can be converted heterogencously
by hydrolysis on sulfate aerosols into HOBr [Hanson and
Ravishankara, 1995; Hanson et al., 1996]:

BrONO, + H,0(aq) — HOBr + HNO;. (4)

As a result of the hydrolysis of BrONO,, we expect HOBr
to be a major bromine reservoir before sunrise in the lower
stratosphere. The hydrolysis of BrONO, is also of general
importance, as it influences the HO, and NO, abundances,
which has significant direct and indirect effects on the lower
stratospheric ozone depletion [Hanson et al., 1996; Lary et
al., 1996]. Lary et al. [1996] showed that reaction (4) is
consistent with the rapid increase of HO, at sunrise due to
the photolysis of HOBr, as observed by Salawitch et al.
[1994]. Observational evidence for the importance of
reaction (4) on cold stratospheric aerosols for halogen
activation has been presented by Erle et al. [1998]. Slusser
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Diurnal cycle of the relative contribution of the most abundant bromine species BrO,

BrONO,, HBr and BrCl in the lower stratosphere (480 K isentropic level, 58 hPa), calculated by the
photochemical model described in the text. This example for Bremen (53°N) for 1 March 1999 shows the

typical bromine partitioning at midlatitudes.

et al. [1997] presented observational evidence that reaction
(4) had a significant impact in reducing stratospheric NOy in
the presence of Pinatubo aerosols.

[13] At higher altitudes between about 25—35 km, HOBr
becomes less important. Here inorganic bromine is predom-
inantly partitioned between BrO and BrONO,.

[14] As an example, Figure 1 shows the modeled diurnal
cycle of bromine partitioning in the lower stratosphere,
calculated by the model described in section 4 below. This
example for Bremen (53°N) for 1 March 1999 shows the
typical behavior at midlatitudes in the lower stratosphere:
BrO is about 60% of the available inorganic bromine during
daytime, with bromine nitrate the most important bromine
reservoir. Bromine nitrate is heterogeneously converted into
HOBTr during nighttime (reaction 4), which is then the major
bromine reservoir at sunrise.

[15] In contrast, Figure 2 shows the situation for high
chlorine activation for Harestua (60°N) for 29 January
2000. The concentrations of BrONO, and HOBr are very
low and the inorganic bromine is almost exclusively parti-
tioned between BrO and BrCl.

3. Measurements

[16] The measurements reported in this study were
obtained by zenith sky UV —visible spectroscopy, performed
at 11 stations. The measurement sites range from northern
high latitudes (Ny-Alesund, Andeya, Kiruna), over northern
midlatitudes (Harestua, Bremen, Cambridge, Observatoire
de Haute-Provence, OHP, Huelva), southern midlatitudes
(Lauder) to southern high latitudes (Neumayer, Arrival
Heights), see Table 1.

[17] This work relies on a network of UV—visible spec-
trometers set up to observe the zenith scattered sunlight in
the spectral region between 346 and 359 nm, where BrO
can be measured by the method of differential optical
absorption spectroscopy (DOAS) [e.g., Platt, 1994]. The
instruments share the same general design, based on the use
of thermally stabilized grating spectrometers equipped with
low-noise cooled array detectors, optimized for the detec-
tion of weak atmospheric absorbers in the UV-—visible
region. All spectrometers are largely oversampled with
resolutions in the range from 0.6 to 0.9 nm, which provide
a good compromise between resolution and light throughput
resulting in optimal sensitivity to the vibrational absorption
structures of BrO.

[18] At all sites the DOAS analysis for BrO is performed
according to the precise guidelines developed and exten-
sively described by Aliwell et al. [2002], based on the
results of the BrO intercomparison campaign held at
Observatoire de Haute Provence in June 1996. These guide-
lines include recommendations on the wavelength range to
be used (346—359 nm) as well as the number and nature of
absorption cross-sections to be included in the DOAS
analysis. Note that all groups involved in the present study
also took part in this former exercise, which resulted in the
cross-validation of the different analysis software tools used
at the various institutes and, in general, significantly con-
tributed to the improvement of the consistency of the BrO
data set used in the present work. The precision of the BrO
observations reported here is about 15% (lo), as derived
from the spectral fits. The absolute accuracy is limited by
the uncertainty in the temperature-dependent BrO absorp-
tion cross-sections as well as by more subtle spectral
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Figure 2. As Figure 1 but for Harestua (60°N) for 29 January 2000 (480 K isentropic level, 40 hPa).

This example shows the bromine partitioning for a

interference effects known to produce offsets in the data
retrieval depending on the analysis settings adopted [Aliwell
et al., 2002]. The uncertainty of the BrO cross-sections is
about +10% at 223 K, but could be larger at cold temper-
atures [e.g., Harder et al., 2000]. As a result of the temper-
ature dependence of the BrO cross-sections, it is likely that
the retrievals overestimate the true BrO slant columns by up
to 20% at low polar temperatures. We thus estimate the
overall accuracy of the measurements to be better than 23%
for all cases except cold polar conditions, and better than
30% for cold polar conditions (1o).

[19] This study compares observations and model simu-
lations of the difference in BrO slant column between 90° and
80° SZA. Differential slant columns are the natural product of
the zenith sky DOAS observations and have generally been

situation of high chlorine activation.

reported as such in previous studies on BrO because of the
significant uncertainties that would affect the conversion to
vertical column amounts without accounting properly for the
strong diurnal change of BrO [Fish et al., 1995]. The choice
of the 90—80° SZA range was done primarily to optimize the
signal-to-noise ratio of the differential BrO absorption.
However, this choice also presents the advantage of max-
imizing the sensitivity of the observation to the stratospheric
part of the BrO profile, due to the strong geometrical
enhancement of the optical path in the stratosphere at twilight
[e.g., Solomon et al., 1987] and the comparatively small
variation of the tropospheric air mass factor.

[20] We focus here on a period of two and a half years
from January 1998 to June 2000. This period was chosen to
have maximum overlap between the BrO time series from

Table 1. Geographic Locations of the BrO Measurement Sites

Station Latitude Longitude Institution Reference
R Arctic
Ny-Alesund, Spitsbergen 79°N 12°E U. Bremen Eisinger et al. [1997]
Andoya, Norway 69°N 16°E NILU Tornkvist et al. [2002]
Kiruna, Sweden 68°N 21°E U. Heidelberg/IRF Kiruna Otten et al. [1998]

Northern Midlatitude

Harestua, Norway 60°N 10°E IASB-BIRA Van Roozendael et al. [1999a]
Bremen, Germany 53°N 9°E U. Bremen Eisinger et al. [1997]
Cambridge, United Kingdom 52°N 0°E U. Cambridge Fish et al. [1995]
Observatoire de Haute-Provence, OHP, France 44°N 6°E IASB-BIRA Van Roozendael et al. [1999a]
Huelva, Spain 37°N 7°W U. Cambridge South et al. [1999]

Southern Midlatitude

Lauder, New Zealand 45°S 167°E NIWA Kreher et al. [1997]
Antarctic

Neumayer Station, Antarctica 70°S 8°W U. Heidelberg Frief3 et al. [2001]

Arrival Heights, Antarctica 78°S 167°E NIWA Kreher et al. [1997]
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the different stations. In addition, we included winter and
spring 2000 to allow a comparison between the relatively
warm stratospheric conditions during the Arctic winters
1997/1998 and 1998/1999 and the cold stratospheric con-
ditions during winter 1999/2000.

4. Model

[21] The model used in this study is the SLIMCAT global
3D chemical transport model (CTM), described in detail by
Chipperfield [1999]. The model is forced by temperature and
horizontal wind fields from UKMO analyses [Swinbank and
O’Neill, 1994]. It was initialized in October 1991 from a 2D
(latitude-height) model and then integrated at 5° x 7.5°
horizontal resolution. The model as used in this study has 12
isentropic levels, ranging from 335 to 2700 K, correspond-
ing to an altitude range of approximately 10 to 55 km.
Vertical transport across isentropic levels is calculated from
interactively computed diabatic heating rates. At the lower
boundary mixing ratios from 2D model results are prescribed
to account for trace gas fluxes into the model domain from
below. Liquid aerosol is calculated from the H,SO,4 loading,
specified month-by-month from detailed two-dimensional
(latitude-height) time-dependent calculations [Bekki and
Pyle, 1994] and advected as a passive tracer by the CTM.

4.1. Chemistry

[22] The model calculations shown here used photochem-
ical reaction rate constants and photolysis cross-sections
from the JPL 1997 reaction rate recommendations [DeMore
et al., 1997] with a few exceptions: Reaction rate constants
for NO, + OH — HNO; and HNO; + OH — NO; + H,O
were taken from Brown et al. [1999a] and Brown et al.
[1999b], respectively. These rates have a significant impact
on the NO,/NO, ratio and thus on the BrO concentrations.
We find that the use of these updated reaction rates decreases
the BrO concentrations by approximately 10% in the mid-
latitude lower stratosphere, compared to JPL 1997 reaction
rates. The decrease in BrO is smaller than the increase in
BrONO, (approximately 20%), since part of the increase in
BrONO, is compensated by a decrease in HOBr. Another
exception from JPL 1997 is that we use the HOBr photolysis
cross-sections from Ingham et al. [1998], which clearly
shows a third absorption band centered at 457 nm, resulting
in a faster HOBr photolysis compared to JPL 1997 recom-
mendations. All changes from JPL 1997 kinetics described
so far are now also included in the recent JPL 2000 reaction
rate recommendations [Sander et al., 2000]. In addition, the
branching ratio of the BrONO, photolysis has recently been
measured by Harwood et al. [1998]. Their result shows a
quantum yield of close to unity for the production of NO; in
the relevant wavelength range. This is in clear contrast to the
JPL 1997 recommendations. In the present study we thus
assume that the production of Br + NOs is the only channel.

[23] The model calculations assume a total bromine
loading of 20 ppt, which is in agreement with observations
of organic bromine compounds of 18 ppt for 1994 and 20
ppt for 1996 by Wamsley et al. [1998] and Schauffler et al.
[1999], respectively, and an inferred total bromine loading
from balloon borne BrO measurements of 20 ppt for 1996
and 21.5 ppt for 1998/1999 by Harder et al. [2000] and
Pfeilsticker et al. [2000], respectively. The only bromine
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source gas in the model is methyl bromide, CH;Br, which is
scaled to produce a realistic total organic bromine loading.
This approach leads to a reasonable approximation of the
total inorganic bromine (Bry) profile, since (a) the rate of
release of bromine is similar for most of the different
organic source gases [Wamsley et al., 1998, Table 4] and
(b) CH3Br is by far the most important bromine source gas
anyway, accounting for more than 50% of the organic
bromine loading. A more detailed estimation shows, that
the use of CH3Br as the only bromine source gas will
underestimate the inorganic bromine loading in the lower-
most stratosphere by less than about 1 ppt (or about 25%),
based on the empirical correlation of the different bromine
source gases with CFCl; (CFC-11) from Wamsley et al.
[1998]. Pundt et al. [1999b] found good agreement between
vertical profiles of Br, derived empirically from in-situ
measurements of CFC-11 and modeled Br, profiles from
the SLIMCAT CTM for Arctic and midlatitude conditions.
More fundamental is probably the neglection in the model
of any short-lived organic and inorganic bromine sources.

[24] The global output from the 3D CTM is saved only
every second day at 12UT. The diurnal cycle of BrO at the
stations is then calculated by a 1D column model (stacked
box model) with identical chemistry as in the 3D CTM,
initialized with the 3D model.

4.2. Calculation of Slant Columns

[25] To calculate BrO slant column densities from the
modeled BrO, we have coupled a radiative transfer model to
the chemistry model. The model takes into account single
scattering by the so-called intensity weighting approach, as
described by Solomon et al. [1987]. The model uses full
spherical geometry and explicitly takes into account the
variation of BrO with SZA along the slant path. Compar-
isons with two other radiative transfer models showed good
agreement (F. Hendrick, unpublished manuscript) [see also
Hendrick et al., 1999]. Figure 3 shows the intensity-
weighted air mass factor, that is the effective path length
for a given SZA averaged over all possible scattering
heights according to their contribution to the total intensity
received at the ground. The BrO slant column density is
similarly obtained by averaging the integrals of the BrO
number density along the slant paths for all possible
scattering heights, weighted by the total intensity received.
The calculations were performed for a wavelength of 352
nm—corresponding to the center of the BrO fit window of the
measurements—with the Rayleigh scattering cross-section
taken from Bates [1984]. Note that the air mass factor
approaches unity in the troposphere for large SZA. This is
because at large SZA most of the scattering takes place in the
stratosphere and the underlying tropospheric levels are trav-
ersed vertically. This means that any BrO amount below
about 13 km effectively decreases the BrO 90—80° differ-
ential slant columns, as can be seen from Figure 3. A more
detailed analysis shows that under typical midlatitude con-
ditions the largest contribution to the 90°—~80° DSCD comes
from a layer ~10 km thick centered at about 22 km altitude.
At high latitudes under conditions of enhanced chlorine
activation the largest contribution comes from slightly lower
altitudes, centered at about 18 km altitude.

[26] The calculations include only Rayleigh scattering
and do not take into account the effect of refraction. In
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section 6.2 we investigate the effect of aerosol scattering on
the calculated BrO slant column densities.

[27] An example of calculated BrO slant columns for 1
March 1999 for Bremen is shown in Figure 4. The treatment
of the variation of BrO along the slant path has a very large
impact on the slant column densities at large SZA, as BrO
changes very rapidly around 90° SZA. This is shown in
Figure 4 by comparing the calculated slant columns with the
variation of BrO along the slant path taken into account
(labeled “2D’’) and a calculation where BrO is constant along
the slant path (labeled “1D”). It is essentially this variation of
BrO along the slant path which makes a full multiple scatter-
ing calculation of BrO slant column densities difficult. In
section 6.1 we show some comparisons of calculated BrO
slant columns using this single scattering model with a novel
multiple scattering calculation. However, since the multiple
scattering calculations are very time consuming, we use the
single scattering model for the comparison of measured and
modeled BrO differential slant columns.

5. Comparison of Measured and Modeled Slant
Columns

[28] Figure 5 shows the measured BrO 90-80° differ-
ential slant columns together with the model calculation for
the different stations. The model reproduces the observa-

tions generally very well. The mean differences between
measured and modeled BrO DSCD, calculated on a point-
by-point basis, are shown in Table 2. For most of the stations
measured DSCD are higher than modeled DSCD by about
10%. The scatter of the difference is about 20% for most of
the stations. The differences, as well as the scatter, are
generally about the same for sunrise (AM) and sunset
(PM) observations. The fact that the mean discrepancies
between measurements and model are similar for most of the
stations, in particular for stations that are close to each other
e.g., Kiruna and Andeya, demonstrates the good internal
consistency of the observational network.

. [29] However, two stations clearly stand out: For Ny-
Alesund (79°N) and Neumayer (70°S) the measurements
are much lower than the model with a large scatter in the
differences. As both stations are frequently located at
the edge of the sea ice, it is likely that at least part of the
discrepancy and scatter results from enhanced tropospheric
boundary layer BrO events. Such events, which are
observed both over the Arctic and Antarctic in spring
[e.g., Kreher et al., 1997; Richter et al., 1998; Wagner
and Platt, 1998; Wagner et al., 2001], are likely related to
processes when the sea ice breaks up in spring. Kreher et al.
[1997] showed that these events lead to a decrease of the
90—80° BrO DSCD, basically due to the different air mass
factors for tropospheric and stratospheric absorbers (see
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Figure 4. Calculated BrO slant column densities for the example case for Bremen, 1 March 1999 shown
in Figure 1. The line marked “2D” shows the result from the calculation including the variation of BrO
with solar zenith angle along the slant path. This is compared to a calculation with constant BrO along the

slant path (marked “1D”).

Figure 3). For Arrival Heights, however, the differences
between measurements and model are more in line with the
other (midlatitude) stations. This is consistent with the fact,
that events of enhanced tropospheric BrO are not often
observed at this station.

[30] At Arrival Heights the difference between observed
and modeled BrO DSCD is significantly larger during
spring than during the rest of the year. During spring, the
model overestimates the observations (for both, AM and
PM) by about 20%. A similar discrepancy of about 20% can
also be seen, for example, at Kiruna and Andoya in early
March 2000 and at Harestua under the influence of polar
vortex air masses. It is thus likely related to situations of
enhanced chlorine activation, where BrCl becomes the main
bromine reservoir. The temperature dependence of the BrO
absorption cross-section is most likely to be of the opposite
sense, with the cross-section likely being larger by about
12% at 195 K compared to 223 K. As this is not taken into
account in the BrO retrievals in this study, it is likely that
the difference under cold polar conditions is even larger.

[31] The seasonal and latitudinal variations of the
observed BrO DSCD are generally well reproduced by
the model. The seasonal and latitudinal variations are
basically due to the combined effect of variations of the
Br, column due to transport and variations of the bromine
partitioning due to chemistry. The Br, column shows a
seasonal variation similar to total ozone, with a maximum
in late winter and spring and a minimum in late fall. The
BrO/Bry ratio on the other hand shows a seasonal cycle
with a maximum in winter of about 70% and a minimum in
summer of about 50% at midlatitudes, as it is driven mainly
by the seasonal cycle of NO, in the lower stratosphere.
While the day-to-day variability in the BrO column at a
given location is largely a result of changes in the Br,

column, the seasonal cycle of BrO is dominated by changes
in bromine partitioning.

[32] For a number of cases there are events of enhanced
BrO DSCD observed at midlatitudes, most clearly seen at
Harestua and Bremen. These events are associated with the
advection of polar vortex air masses and are, in many cases,
also reproduced by the model.

[33] The model also reproduces the diurnal cycle gener-
ally very well, with PM BrO DSCD generally larger than
AM DSCD. This diurnal cycle is most clearly seen at the
midlatitude sites of OHP and Lauder (44°N and 45°S,
respectively), with a maximum in winter and a minimum
in summer. At higher latitudes the AM/PM variation is
much smaller and also well reproduced by the model. At
polar latitudes, during events of large chlorine activation in
spring, the model shows a reversed AM/PM ratio, with BrO
DSCD higher at AM than PM, in agreement with the
observations [see also Tornkvist et al., 2002].

[34] To allow a better comparison of the diurnal variation,
Figure 6 shows the difference of the PM-AM BrO differ-
ential slant columns for OHP and Lauder. The diurnal cycle
is most clearly seen at these stations, thus providing a good
test for the model’s chemistry. The error bars in Figure 6
represent monthly averages and their standard deviation. In
the case of the measurements the errors thus represent the
precision of the measurements plus the atmospheric varia-
bility, while in the case of the model they represent only the
atmospheric variability. For both stations the agreement
between the observed and modeled diurnal variation is very
good. The model agrees well with the observations within
their standard deviation. Both the absolute amount, as well
as the seasonal variation of the AM/PM variation are well
reproduced. The AM/PM variation in the model is not
influenced by any dynamical or radiative transfer effects,
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but only by the diurnal cycle of the chemistry. This
comparison thus provides a critical test for the model’s
stratospheric bromine chemistry. Note that the modeled
AM/PM variation changed between 1998 and 1999/2000,
being in better agreement with the observations at OHP
during the latter years. It is caused by a decrease in NO, in
the model during this period, possibly as a result of changes
in transport, linked to changes in the analyzed winds used to
force the model.

[35] Although the measurements reported here cover a
wide range of latitudes over both hemispheres, measure-
ments of BrO in the tropics are notably missing. They
would be needed to achieve a truly “global” picture of the
stratospheric bromine chemistry. In Figure 7 we show the
modeled BrO DSCD for a tropical site. The calculation has
been performed for Kaashidhoo, Maldives (5°N, 73°E),
where some of us (Richter and coworkers) performed BrO
zenith sky measurements during February and March of
1999. Due to technical problems experienced during the
campaign, BrO slant columns are still under evaluation. It is
planned to continue UV —visible zenith sky measurements
at Kaashidhoo in the near future. In addition, another group
(Johnston and coworkers) started BrO zenith sky measure-
ments at Hawaii (20°N) in December 1999.

6. Sensitivity Studies

[36] To investigate the impact of different processes on the
calculation of the modeled BrO DSCD, a number of sensi-
tivity calculations have been performed. In this section we
discuss the impact of multiple scattering, aerosol scattering
and a possible tropospheric BrO background on the modeled
BrO DSCD. In addition we show the impact of uncertainties
in the rate constants for the most important reactions.

6.1. Multiple Scattering

[37] To test the impact of the single scattering approx-
imation on the calculated BrO slant column densities, we
did comparisons with a full multiple scattering model which
included the variation of BrO along the slant path [Miiller et
al., 2002; Rozanov et al., 2001]. Figure 8 shows the BrO
slant column densities for single- and multiple scattering
calculations. The single scattering approximation leads to an
underestimation of the absolute BrO slant column density of
about 2 x 10" molecules/cm?, about 10—15%. However,
the impact on the differential slant column densities is much
smaller. In fact, we found that the single scattering approx-
imation can both underestimate or overestimate the BrO
DSCD, depending on the BrO profile. In any case, the
impact of the single scattering approximation on the differ-
ential slant column densities seems to be small. However, it
may not be justified to ignore the effect of multiple scatter-
ing if one compares absolute slant column densities.

6.2. Aerosol Scattering

[38] Stratospheric aerosol can have an impact on the air
mass factor [e.g., Sarkissian et al., 1995], influencing the
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measured BrO slant columns. To test the sensitivity of the
calculated BrO slant columns due to aerosol scattering, we
performed calculations with a standard aerosol extinction
profile, representative for stratospheric background condi-
tions (Figure 9). This assumed extinction profile is generally
consistent with observations by the Polar Ozone and Aero-
sol Measurement III (POAM III) satellite instrument at
353.4 nm (Karl Hoppel, personal communication, 2000).
The calculations assumed a Henyey-Greenstein phase func-
tion [e.g., Liou, 1992], using an asymmetry parameter of
0.7. Figure 10 shows the calculated impact of the assumed
aerosol extinction profile on the BrO slant columns for a
given day. For the case shown here, aerosol scattering leads
to a reduction of the BrO slant column density of about 5%
at 90° SZA. The calculations shown here also include a
tropospheric aerosol extinction profile. However, it was
found that tropospheric aerosols have only a small impact
on the BrO slant column. We found that the relative impact
of stratospheric aerosol scattering on the BrO DSCD for the
same aerosol extinction profile is largest during winter and
smallest during summer, which is essentially due to the
different shape of the BrO profile. In any case we found that
the inclusion of aerosol scattering for a stratospheric back-
ground aerosol profile leads to a reduction in the BrO
DSCD of not more than about 10%. However, polar strato-
spheric clouds may have a substantial impact on the differ-
ential slant columns.

6.3. Tropospheric BrO Background

[39] To test the impact of a possible tropospheric BrO
background on the calculated DSCD, a sensitivity calcu-
lation was performed with an assumed additional constant
BrO mixing ratio of 1 ppt between the ground and the
lowest stratospheric model level. This assumed tropospheric
BrO background is similar to the inferred tropospheric BrO
values of Frief3 et al. [1999], Pundt et al. [1999a], Van
Roozendael et al. [1999Db], and the recently observed tropo-
spheric BrO profile by Fitzenberger et al. [2000]. The result
of this calculation is shown in Figure 11. The additional
tropospheric BrO contribution leads to an increase in the
absolute slant column densities of 1.7 to 2.9 x 10"
molecules/cm?, with the smaller increase at larger SZA.
Note that no diurnal variation of this assumed tropospheric
BrO background has been considered. A constant tropo-
spheric BrO contribution (or one which decreases with
increasing SZA) will thus lead to a small decrease of the
BrO slant column densities for 90—80°, as the absolute slant
column contribution from the assumed tropospheric BrO
background is higher for the reference at 80° than for 90°.

[40] Table 3 summarizes the results of the sensitivity
calculations. The calculations in Table 3 have been per-
formed for the midlatitude site of Bremen. Calculations for
OHP for different seasons (for comparison with Figure 6)
lead to basically the same results.

[41] As a result of these sensitivity studies, we see that
differential slant columns are generally less affected than
absolute slant columns. In particular multiple scattering and

Figure 5.

(opposite) Comparison of observed and modeled BrO differential slant column densities. Shown are differential

slant columns between solar zenith angles of 90° and 80°. In some cases, when 80° were not reached at high latitudes, the
local noon values were used as reference instead (shaded periods). For technical reasons DSCD for Bremen are given

between 89° and 80°.
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Table 2. Mean Difference Between Observed and Modeled BrO
DSCD at Different Stations

Mean Difference
(Measured — Modeled),
in 10" molecules/cm

AM PM
Ny-Alesund —33+46 —22+42
Andoya —0.1£29 09+24
Kiruna 04+24 0.6+24
Harestua 1.0 +£27 23+£21
Bremen 1.9+27 32+3.0
Cambridge 22+33 24+25
OHP 1.7+14 22+1.6
Huelva® 28+3.0 22+22
Lauder 1.7+23 0.7+24
Neumayer —38+5.1 —29+53
Arrival Heights®
Spring —3.6+2.6 —42+2.6
Rest of year —0.1+2.1 —02+2.1

The uncertainties given are the standard deviations of the differences (10).

*For Huelva, only December 1998 and January 1999 were considered
when both AM and PM observations were available.

" For Arrival Heights, “spring” (defined here as September 17 to October
17) and the rest of the year were considered separately. The differences for
the whole period are (—1.5 + 2.8) x 10'® molecules/cm® for AM and (—1.8
+3.0) x 10" molecules/cm? for PM.

a tropospheric BrO contribution can have a significant
impact on the absolute slant columns but appear to be only
second order effects for the differential slant columns. The
situation is a somewhat different for aerosol scattering,
however, although we found that the impact of stratospheric
background aerosol is likely to be small. It is interesting to
note that basically all of the effects considered here lead to a
decrease of the 90-80° BrO DSCD, compared to our
standard calculations used in the comparisons in the pre-
vious section.

6.4. Uncertainties of Reaction Rates

[42] The BrO concentrations are, to a large extent, con-
trolled by the NO, concentration through reaction (1).
Reducing the reaction rate constant to the JPL 2000 lower
limit increases the BrO DSCD at sunrise by about 5% and
the BrO DSCD at sunset by about 17% for typical mid-
latitude conditions. Consequently, this increases the differ-
ence of the PM-AM BrO DSCD by more than 50%. (Note
that the recommendation for the rate constant of reaction (1)
did not change between JPL 1997 and JPL 2000, but the
estimated uncertainty was decreased.)

[43] The new JPL 2000 reaction rate recommendations
[Sander et al., 2000] give a faster rate constant for the
reaction BrO + CIO — BrCl + O,, resulting in an increase
in BrCl and a decrease in BrO for situations of activated
chlorine. However, the difference between the JPL 1997 and
the JPL 2000 reaction rate constants is still well within the
estimated uncertainty of the reaction rate constant [Sander et
al., 2000]. Increasing the rate constant to the JPL 2000 upper
limit decreases the calculated BrO DSCD by about 15% for
situations where BrCl is the major bromine reservoir.

[44] Table 4 summarizes the calculated impact of the
uncertainties of reaction rate constants on the BrO DSCD
for the most important reactions. These are the formation
and the (photolytic) loss reactions for the reservoir species

SINNHUBER ET AL.: STRATOSPHERIC BROMINE MONOXIDE

BrONO,, HOBr and, under situations of high chlorine
activation, BrCl. For the gas phase reactions (i.e., BrO +
NO,, BrO + HO,, and BrO + ClO) the estimated uncer-
tainties given by the JPL 2000 recommendations have been
used. The photolytic loss reactions have been changed
rather arbitrarily to match the uncertainty of the correspond-
ing gas phase production rates for comparison. They do not
necessarily reflect the estimated uncertainties for these
reactions. As can be seen, changing the gas phase produc-
tion rates or changing the photolytic loss rates leads to a
different impact on the BrO DSCD, since the bromine
partitioning is not in photochemical steady state at sunrise
and sunset.

[45] As a rough estimate for the combined uncertainty of
the -y value for reaction (4) and of the modeled background
aerosol surface area, we have performed a sensitivity
calculation where the bromine nitrate hydrolysis has been
reduced by 50%.
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Figure 6. Comparison of the measured and modeled
difference between the evening and morning BrO DSCD for
Observatoire de Haute-Provence (OHP, 44°N) and Lauder
(45°S). The error bars represent monthly averages and their
standard deviation (10).
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Figure 7. Modeled BrO DSCD for a tropical site (Kaashidhoo, Maldives, 5°N).

[46] Recently Soller et al. [2001] found that the reaction
of BrONO, with OCP) could be an important loss for
bromine nitrate, increasing daytime BrO concentrations.
The impact of this reaction on BrO is relatively small in
the lower stratosphere, due to the low concentrations of
O(’P), but increases rapidly above about 20 km altitude. We
have performed a number of sensitivity calculations were
we assume that the products of the reaction BrONO, +
OCP) are BrO and NOs. Including this reaction in the
model increases BrO DSCD for typical midlatitude con-
ditions by about 2 x 10'* molecules/cm® with larger
increases at sunrise than at sunset. Table 4 shows the result
for Bremen during March, which is typical for midlatitude
situations, with an increase of 21% at sunrise and 13% at
sunset. This will lead to a decrease of the PM-AM differ-
ence by —0.5 x 10" molecules/cm?, corresponding to a
decrease of 17%. At high latitudes during periods of

enhanced chlorine activation, however, this reactions has
only a minor impact on the BrO DSCD (Table 4).

7. Discussion

[47] As shown in section 5, the model calculation repro-
duces the observed BrO differential slant columns generally
very well. The seasonal and latitudinal variations, as well as
the diurnal variations are well captured by the model. For
most of the measurement sites observed BrO DSCD are on
average 10% higher than the model which assumes a total
bromine loading of 20 ppt. This discrepancy could largely
be reduced by including the reaction BrONO, + O(*P) —
BrO + NOj [Soller et al., 2001]. Taking into account the
estimated accuracy of the measurements of about 20% as
well as the uncertainties in the model (estimated by the
sensitivity studies), the observed BrO DSCD are consistent
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with a stratospheric bromine loading of about 20 + 4 ppt.
This agrees well with the estimated inorganic bromine
loading of 21.5 £ 3.0 ppt, as derived for air of 5.6 years
mean age for winter 1998/1999 by Pfeilsticker et al. [2000].

[48] The good agreement between the observed and
modeled AM/PM variation provides strong evidence that
the model correctly reproduces the BrO-related bromine
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chemistry. The sensitivity studies show that uncertainties in
the production rate of BrONO,—either due to uncertainties
in the rate constant or due to uncertainties of the NO,
concentration—will have a large impact on the PM-AM
difference of the BrO DSCD. Any changes in the modeled
NO, concentration alone would thus lead to a discrepancy
between observed and modeled PM-AM difference. The
situation is different, however, if one takes into account the
coupling between individual effects. One of the largest
uncertainties for the modeled NO, concentrations is the
aerosol loading in the model. In fact, there is evidence that
for the period considered here the model overestimates the
aerosol surface area and thus underestimates the NO,/NO,
ratio in the lower stratosphere. Reducing the aerosol loading
will increase the NO,/NOj, ratio and will thus decrease BrO
by increasing BrONO,. However, the NO, increase will
lead to a HO, decrease and—even more important here—
the decrease of the aerosol loading will reduce the hetero-
geneous conversion of BrONO, into HOBr. As a result of
these combined effects we find that reducing the aerosol
loading in the model reduces the BrO DSCD, but leaves the
PM-AM difference largely unchanged.

[49] Including the reaction BrONO, + OCP) [Soller et
al., 2001] decreases the PM-AM difference at midlatitudes
by about 0.5 to 1.0 x 10'* molecules/cm?. This will lead to
a better agreement with the Lauder measurements and a
slightly worse agreement with the OHP measurements. The
main features of the PM-AM differences, however, are not
affected by this reaction.

[s0] Neglecting the heterogeneous conversion of
BrONO, to HOBr reduces AM BrO DSCD by about 2 x
10" molecules/cm? for typical midlatitude situations, while
the PM DSCD are practically unchanged (see also Table 4).
The inclusion of the heterogeneous conversion of BrONO,
to HOBr in the model thus clearly results in a better
agreement of the modeled BrO AM/PM ratio with obser-

--- pure Rayleigh scattering
— with aerosol scattering
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Figure 10. The impact of aerosol scattering on the calculated BrO slant column, based on the assumed

aerosol profile shown in Figure 9.
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The impact of an assumed tropospheric BrO background on the calculated BrO slant

column. The calculations assumed an additional uniform BrO contribution of 1 ppt between the ground

and the lowest model level at 330 K.

vations. So although the BrO observations presented here
do not prove that HOBr is the major bromine reservoir
before sunrise, the good agreement between model and
observations for the AM/PM ratio provides strong evidence
that HOBr is indeed the major bromine reservoir before
sunrise. In addition the rapid increase of HO, at sunrise,
observed during the SPADE campaign [Salawitch et al.,
1994] is consistent with the heterogeneous conversion of
BrONO, to HOBr [see also Lary et al., 1996]. It thus seems
very unlikely that OBrO is a significant nighttime bromine
reservoir, as suggested by Renard et al. [1998].

[s1] The discrepancy between observed and modeled
BrO DSCD at high latitude spring for situations of high
chlorine activation can be explained most easily by the
given uncertainty of the reaction BrO + ClIO — BrCl + O,
or the photolysis of BrCl. Increasing the rate constant for
the reaction BrO +ClO — BrCl + O, to the upper limit of
the JPL 2000 recommendation brings the model in good
agreement with the observations during periods of high
chlorine activation. For all other situations, and especially
high latitude fall, the BrO DSCD remain unaffected by
changing this rate constant. As the production of BrCl is the

Table 3. Impact of Different Processes on the Calculated BrO
90—80° Differential Slant Column Densities”

Change of BrO DSCD, %

AM PM PM-AM
“Multiple scattering” -2 +3 +18
“Aerosol” -9 -7 -2
“tropospheric BrO” —13 —10 0

“Multiple scattering” is the change between a calculation with multiple
scattering and a calculation with single scattering. “Aerosol” is the change
between a calculation with additional aerosol scattering and a calculation
with Rayleigh scattering only. “Tropospheric BrO” is the change for a
calculation with an additional 1 ppt BrO in the troposphere.

?Calculations have been performed for Bremen, 1 March 1999.

rate limiting step for one channel of the BrO/CIO ozone loss
cycle, increasing the rate constant would have an impact on
the calculated ozone loss, both at high and midlatitudes.
This would be even more important if also the other

Table 4. Impact of Reaction Rate Uncertainties on the Calculated
BrO 90-80° Differential Slant Column Densities®

Change of BrO
DSCD, %

AM PM PM-AM

Reaction Change of Rate

Constant, %

Midlatitude
BrO + NO, + M — BrONO, + M —25° +5 +17 454
BrONO, + hv — Br + NO; +25° +7 49 +13
BrO + HO, — HOBr + O, —50° +4 2 -5
HOBr + hv — Br + OH +100° 23 2 =70
BrONO, + H,O(aq) — —50¢ -8 —0.5 426
HOBr + HNO;
BrONO, + O(*P) — products included” 421 +13  —17
Polar
BrO + CIO — BrCl + O, +115° —12 18  +61
BrCl + hv — Br + Cl —50°  —12-15 425
BrONO, + O(’P) — products included’ +3 43 +2

?Calculations have been performed for Bremen, 1 March 1999
(midlatitude case, in which very similar results are obtained for different
scenarios), and Harestua, 29 January 2000 (polar case).

®The change in rate constant refers to a stratospheric temperature of 210 K
in the midlatitude case and 193 K in the polar case. They correspond to the
estimated uncertainty of the rate constants given by the JPL 2000
recommendations [Sander et al., 2000].

“Photolysis rates have been scaled to match the change in the
corresponding gas phase reactions for comparison. They do not necessarily
reflect estimated uncertainties for these reactions.

4The 50% reduction corresponds roughly to the estimated uncertainty in
the modeled background aerosol surface area.

“The 115% increase corresponds to the difference between the upper limit
of the JPL 2000 recommendations and the value of the JPL 1997
recommendations, used for the calculations in Figure 5. The estimated
uncertainty for the reaction rate is about £65% at 193K [Sander et al., 2000].

fReaction rate according to Soller et al. [2001]. Here, we assume that the
products are BrO + NO;.
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channels of the BrO + ClO reaction were to be increased, as
might be suggested by the fact that laboratory measure-
ments showed a fairly constant branching ratio of about 8%
for the BrCl producing channel over a wide range of
temperatures [Atkinson et al., 2000, and references therein].

[52] However, there may also be other reasons for the
discrepancy between measured and modeled BrO DSCD
during late winter and spring at high latitudes, such as
events of enhanced tropospheric BrO. Such events can
clearly be identified for individual days in the BrO measure-
ments at all polar sites (Ny-Alesund, Neumayer, and Arrival
Heights). Therefore, we may speculate that, in addition, less
clearly identifiable events of enhanced tropospheric BrO
may lead to a general decrease of the observed BrO DSCD
at polar sites during spring.

[53] Recently, Avallone and Toohey [2001] suggested that
the adduct BrOOCI may form a significant bromine reser-
voir under cold conditions with high chlorine activation.
While this could possibly explain our observed BrO dis-
crepancy qualitatively, a quantitative analysis has to await
further studies of the reaction kinetics of the BrOOCI
adduct.

8. Conclusions

[s4] We have presented ground-based UV —visible meas-
urements of BrO slant column densities from a near-global
network. These measurements allow us to draw a picture of
the global distribution of stratospheric BrO, especially its
seasonal and latitudinal variations. Comparison with calcu-
lated BrO slant columns from the SLIMCAT three-dimen-
sional chemical transport model generally show a very good
agreement. Moreover, the observational data set itself shows
a remarkable internal consistency. In fact, the comparison
with the model can help to assess the internal consistency of
the BrO time series at one station and the consistency
between the BrO measurements at different stations. This
study shows that the analysis of the ground-based UV-—
visible BrO measurements has reached a level where the
overall accuracy is to a large extent limited by uncertainties
in the BrO absorption cross-section.

[s55] The model reproduces the seasonal and latitudinal
variations of the BrO DSCD well, indicating that our
understanding of the basic features controlling stratospheric
BrO is correct. A discrepancy between observed and mod-
eled BrO DSCD of about 10% on average could largely be
resolved by including the reaction BrtONO, + O(CP) [Soller
et al., 2001]. Taking this into account, the observations are
consistent with a current stratospheric bromine loading of
about 20 = 4 ppt, in excellent agreement with previous
estimates.

[s6] In particular the comparison between observed and
modeled AM/PM variation of BrO is a critical test for our
understanding of stratospheric bromine chemistry. The good
agreement provides strong evidence that the model correctly
reproduces stratospheric bromine chemistry.

[57] For high latitude spring under situations of chlorine
activation, the model overestimates the BrO differential
slant column densities. We showed that this discrepancy is
within the estimated uncertainty of the rate constant for the
reaction BrO + ClIO — BrCl + O,. Increasing the rate
constant to the JPL 2000 upper limit brings the model in
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good agreement with the observations. As this would have
implications for the calculated ozone loss, it deserves
further attention. However, other processes, such as possible
tropospheric BrO contributions could in principle also lead
to a reduction of the BrO DSCD at high latitudes in spring,
and cannot be ruled out at this stage.

[s8] The good agreement between the model and the
observations gives us confidence that we have correctly
identified the relevant mechanisms controlling the global
distribution of stratospheric BrO and we can use the model
to estimate the impact of bromine on stratospheric ozone
depletion.
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