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[1] Spectroscopic measurements of BrO using direct sun and zenith sky viewing
geometries are combined in an optimal estimation retrieval algorithm to obtain
tropospheric and stratospheric columns of BrO. Twenty-two twilight periods are
investigated over Arrival Heights, Antarctica (77.8�S, 166.7�E) during the polar spring
period of 2002. This paper presents the first tropospheric and stratospheric BrO column
retrievals from UV-visible ground-based measurements for a polar location. A direct
comparison is made between stratospheric columns retrieved at 80�, 84�, and 88� solar
zenith angles (SZA) from the spectroscopic measurements and those calculated by the
SLIMCAT three-dimensional chemical transport model. The ground-based column BrO
observations are consistent with a SLIMCAT stratospheric Bry loading of 21.2 parts per
trillion at 20 km. SLIMCAT reproduces the observed sunrise column BrO increase but
does not match the sunset observations, which display less variation. The significant
warming of the Antarctic polar stratosphere in 2002 led to highly variable stratospheric
columns being observed. The observed column BrO decreased with the transition from
vortex to extravortex air on 21 September but did not change much following the return of
the vortex on 12 October. For the tropospheric column, an almost normal distribution
consistent with a ‘‘background’’ of 0.3 ± 0.3 � 1013 molecules cm�2 is observed from the
ground (80�, 84�, and 88� for both sunrise and sunset). A statistically significant ‘‘bromine
explosion’’ event (at the 2s level) was detected at the end of October with a tropospheric
column of 1.8 ± 0.1 � 1013 molecules cm�2. The measured tropospheric columns are
compared with the tropospheric Model of Atmospheric Transport and Chemistry–Max
Planck Institute for Chemistry version model. The tropospheric BrO sunrise column
observations can only be explained with an additional bromine source other than
decomposition of CH3Br and downward transport of long-lived bromine from the
stratosphere. A comparison with the spaceborne Global Ozone Monitoring Experiment
(GOME) found the total columns observed from the ground to be 16–25% smaller than
the total columns observed by GOME for SZAs between 80� and 88�.
Citation: Schofield, R., et al. (2006), Tropospheric and stratospheric BrO columns over Arrival Heights, Antarctica, 2002,
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1. Introduction

[2] In the stratosphere catalytic ozone destruction cycles
involving bromine are thought to account for �40% of the
ozone loss over Antarctica [Lee et al., 2002]. While this
ozone loss is limited by the heterogeneous release of
chlorine from its reservoir species on polar stratospheric
clouds (PSCs), bromine continues to destroy ozone in the
absence of PSCs via the hydrolysis of BrONO2 on cold
stratospheric aerosol [Solomon, 1999; Danilin et al., 1996;
Lee et al., 2002]. At midlatitudes between 30–60�S cata-
lytic ozone destruction involving bromine accounts for
about a quarter of the observed ozone losses during winter
and spring [Lee et al., 2002].
[3] The polar spring of 2002 in the Antarctic was an

unusual year with the polar vortex splitting in two and the
remaining vortex becoming weaker, resulting in reduced
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stratospheric ozone loss relative to previous years [Hoppel
et al., 2003; Allen et al., 2003]. The early polar vortex split
due to the unprecedented stratospheric warming provided a
unique opportunity to study air masses both inside and
outside the polar vortex from the ground at Arrival Heights
(77.8�S, 166.7�E) early in the polar spring.
[4] Long-lived bromine source gases account for a strato-

spheric bromine loading of �15 parts per trillion by volume
(pptv) [World Meteorological Organization (WMO), 2003].
Combined observational and chemical modeling studies
from 1995 to present indicate that the stratospheric bromine
loading is between 18 ± 3 and 21.5 ± 3 pptv [Fish et al.,
1995; Pfeilsticker et al., 2000; Sinnhuber et al., 2002, 2005;
Schofield et al., 2004b; Salawitch et al., 2005]. Transport of
short-lived tropospheric bromine species to the stratosphere
is required to be included within models to explain this
shortfall in the total stratospheric bromine budget.
[5] In the polar regions the role of BrO causing almost

complete boundary layer ozone loss has been well docu-
mented in the Arctic [Barrie et al., 1988; Bottenheim et al.,
1990; Solberg et al., 1996; Tuckermann et al., 1997; Miller
et al., 1997; Oltmans et al., 1998] and Antarctic [Kreher et
al., 1997; Frieß et al., 2005]. The linkage of these high-BrO
events and increased mercury deposition (thus increased
mercury levels in the polar biosphere) has major health
implications for the polar regions [Schroeder and Munthe,
1998]. The exact mechanism for the release of bromine is
currently not fully understood. Proposed mechanisms in-
clude the autocatalytic release of bromine from sea salt either
from accumulation on the snowpack over the polar winter
with subsequent snow processing [Tang and McConnell,
1996], or from sea salt aerosol processing [Simpson et al.,
2005]. There is increasing evidence for the involvement of
frost flowers [Kaleschke et al., 2004], however, the exact
role of open leads and frost flower involvement in the
process is unknown [Simpson et al., 2005].
[6] The ability to differentiate tropospheric and strato-

spheric trace gas species is vital because of the very
different processes that occur in these regions, and this is
especially true for BrO in the polar regions. The Umkehr
method of retrieving the vertical distribution of ozone from
ground-based spectroscopy was originally described by
Mateer and Duetsch [1964] and Ramanathan and Dave
[1957] and more recently applied in advanced retrievals
[e.g., Petropavlovskikh et al., 2005]. A similar technique
using observations at different sun angles for ground-based
stratospheric profiling was pioneered by Brewer et al.
[1973], Noxon [1975], and McKenzie et al. [1991] for
NO2. Recent work by Preston et al. [1997] and Hendrick
et al. [2004] have implemented the formal optimal estima-
tion method of Rodgers [2000] in stratospheric profile
retrievals of NO2 from ground-based zenith sky spectros-
copy. Tropospheric and stratospheric BrO column retrievals
have been performed by Schofield et al. [2004a] for the
midlatitude site of Lauder, New Zealand. BrO in the
boundary layer has been retrieved using MAXDOAS with
a geometric interpretation by Hönninger and Platt [2002].
The use of O4 to constrain the tropospheric path will enable
more accurate boundary layer profiling from MAXDOAS in
the future [Wagner et al., 2004; Sinreich et al., 2005]. This
paper presents the first tropospheric and stratospheric BrO

column retrieval from UV-visible ground-based measure-
ments for a polar location.

2. Ground-Based Spectroscopic Measurements

[7] Spectroscopic measurements are made at Arrival
Heights, Antarctica (77.8�S, 166.7�E) located at an altitude
of 185 m above the sea ice on Ross Island, at the edge of the
Ross Sea ice shelf. Arrival Heights is one of the primary
measurement sites that makes up the Network for the
Detection of Stratospheric Change (NDSC), now the Net-
work for the Detection of Atmospheric Composition
Change (NDACC).

2.1. Instrumentation

[8] Zenith sky measurements were made with an Acton
SpectraPro-500 spectrometer (a commercial Czerny Turner
monochromator), with a focal length of 500 mm, an
aperture ratio of f/6.9 and a field of view of 7�. The detector
was a photo diode array cooled to �50�C. The 1200
grooves mm�1 grating provides a wavelength coverage of
332–371 nm at a resolution of 0.58 nm and full width half
maximum (FWHM) of 15.5 pixels. A detailed description of
the spectrometer and nonlinear least squares differential
optical absorption spectroscopy (DOAS) method used to
derive the zenith sky differential slant column densities
(DSCDs) is given by Kreher et al. [1997]. Zenith sky
measurements were made up to 95� solar zenith angles
(SZA) because of the slow change in SZA at this polar
latitude. The resultant longer integration times increased the
signal to noise, and thus reduced the measurement errors.
[9] The direct sun viewing spectrometer was an Acton

275 (a commercial Czerny Turner spectrometer with spher-
ical mirrors). The detector was a Hamamatsu back thinned
charge coupled device (CCD) module with 1044 3.2 mm �
0.024 mm pixels. The detector was cooled to �20�C. The
1200 grooves mm�1 grating provides a wavelength cover-
age of 324–395 nm at a resolution of 0.5 nm and FWHM
sampling of about 7 pixels. A complete instrument descrip-
tion and DSCD DOAS derivation is given by Schofield et
al. [2004b]. The low horizon surrounding the Arrival
Heights site allowed direct sun measurements to be made
up to 89� SZA.

2.2. DOAS Analysis

[10] DSCD values from both direct sun and zenith sky
viewing spectroscopic measurements were evaluated using
the well-known DOAS technique (for a review of DOAS
see Platt [1994]). A ratio of twilight radiance spectra with
respect to a noon reference spectrum removes the compli-
cating Fraunhofer lines present in solar radiance measure-
ments. In both the direct sun and zenith sky geometries
noon reference spectra were chosen for each day (as close as
possible to the local noon, yet still under cloud-free con-
ditions). The range of SZAs sampled by the DSCDs differed
between measurement days because of clouds, solar eleva-
tion and the topography. The broadband absorption features
and the Rayleigh and Mie scattering features that make up
the spectral background baseline were removed by fitting
low-order polynomials (high-pass filter). A nonlinear least
squares fitting procedure was then employed to fit differ-
ential cross sections for each absorber, thus determining
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their respective absorptions [Aliwell et al., 2002]. The cross
sections of O4 [Greenblatt et al., 1990], O3 [Voigt et al.,
2001] (203 K and 280 K), NO2 [Harder et al., 1997], OClO
[Kromminga et al., 2003], BrO [Wilmouth et al., 1999],
Ring (measured) [Fish and Jones, 1995; Solomon et al.,
1987] and CH2O [Meller and Moortgat, 2000] were fitted to
the logarithm of the spectral ratio of the twilight to noon
radiances. For the zenith sky DSCDs a fitting window of
344.5–358.5 nm was used. The direct sun DSCDs used a
fitting window of 345.8–359.8 nm.

2.3. Measurement Covariance

[11] The covariance matrix of the uncertainties in the
measurements S� was constructed by placing the variance
arising from one standard deviation of the error from the
DOAS spectral fitting along the diagonal of the matrix.
The off-diagonal elements are assumed to be zero. The
measurement error covariance matrix derived from the
DOAS fitting is assumed to incorporate all the errors that
are present in determining the DSCDs.

2.4. Column Retrievals

[12] The methodology for retrieving tropospheric and
stratospheric columns at a number of SZAs by combining
direct sun and zenith sky measurements is described in
detail by Schofield et al. [2004a]. In brief: the direct sun
DSCDs and the zenith sky DSCDs are combined to create
the measurement vector y. A radiative transfer model
(forward model) calculates the DSCDs for a given series
of BrO profiles at different SZA; this is the state vector x.
Each element of the matrix of BrO profiles is perturbed and
the resultant change in the calculated DSCDs is used to
construct the Jacobian or weighting function matrix K.
Optimal estimation [Rodgers, 2000] is the technique used
to invert the measurements y to give the retrieved state x̂.
The prior knowledge of the state xa, its covariance Sa, the
measurements y and their covariance S� are all included in
the inversion to give the solution which is optimal given the
constraints of the measurements and a priori knowledge.
The equation that is solved for the linear problem is

x̂ ¼ xa þ SaK
T KSaK

T þ S�
� ��1

y�Kxað Þ ð1Þ

Stratospheric and tropospheric columns are then derived at
each SZA by integrating the appropriate altitude range of x̂.
2.4.1. Forward Model
[13] The calculation of the DSCDs for a given set of BrO

profiles is conducted by a radiative transfer algorithm. The
radiative transfer algorithm is defined with spherical coor-
dinates from 0 to 70 km in discrete atmospheric layers. The
effects of refraction, molecular absorption, Rayleigh and
Mie scattering were included. Only first-order scattering is
included, since multiple scattering is negligible for the
DSCDs of BrO for SZA < 92� [Sinnhuber et al., 2002;
Hendrick et al., 2006]. The radiative transfer model (for-
ward model) parameters of ozone, temperature and pressure
describing the climatology were provided by ozonesonde
measurements conducted at McMurdo (4 km from Arrival
Heights). The aerosol extinction profile was derived from
lidar measurements at McMurdo. For the troposphere, an
aerosol extinction profile from the winter climatology of
Lauder was assumed (J. B. Liley, personal communication,

2003), derived from backscatter sondes. The NO2 profile
was obtained from SAGE II measurements made on
7 October 2002 for Arrival Heights. The forward model
parameters were all found to produce negligible errors in the
final retrieved values [Schofield, 2003] (see also section
2.4.4). The date 7 October was chosen and these profiles
were held constant for all of the retrievals.
[14] A tropopause height of 8.8 km was used for all of the

polar column retrievals. This height was derived by con-
sidering all of the ozonesonde data (8 flights) available for
the spring period of 2002. The effect of different tropopause
heights is discussed in section 4.2.
2.4.2. State Vector, A Priori, and A Priori
Covariance
[15] The diurnal variation of the vertical distribution of

trace gas species of NO2 and BrO adds complication to the
retrieval problem. This has been addressed by Preston
[1995] and Hendrick et al. [2004] by incorporating a
photochemical model in the forward modeling of the
inversion problem. Schofield et al. [2004a, 2004b] simulta-
neously retrieve the diurnal change in the trace gas distri-
bution directly from the measurements.
[16] Similar to the tropospheric and stratospheric col-

umn retrievals performed for the midlatitude site, Lauder
[Schofield et al., 2004b], the state vector is composed of BrO
profiles at different diurnal stages to account for the strong
diurnal variation of BrO. The state vector is constructed
from the seven profiles at SZAs of 0�, 80�, 84�, 88�, 90�, 92�
and 97�, with each profile from 0 to 70 km in steps of 1 km,
thus x̂ is a vector of length 7 � 71 (with the profiles stacked
in ascending order of SZA).
[17] A stationary chemical box model was used to deter-

mine the stratospheric a priori set of profiles using SLIM-
CAT [Chipperfield, 1999] chemistry with the most recent
update of reaction rates [Sander et al., 2003]. Unlike the
midlatitude case where there is a clear decrease in the VCD
from 80� SZA, the slower rate of change of SZA in the
polar scenario means that seven profiles can be chosen to
describe the diurnal change (0�, 80�, 84�, 88�, 90�, 92� and
97� SZA) with the model predicting a decrease in the VCD
to occur after 90� for the sunset on 7 October. There is
almost no diurnal variation between the 80� and 90�
stratospheric profiles. There is however, a rapid decrease
in the BrO VCD from 90� to 92�, with almost no BrO
present at 97�. Figure 1 shows the a priori profile diurnal
variation for Arrival Heights in the spring used for the
column retrievals in this work. The a priori 0� tropospheric
profile used is based on a winter balloon BrO observation
made at Kiruna [Fitzenberger et al., 2000]. The a priori
noon profile is assumed to have a peak at �1 � 1013

molecules cm�3 at 3 km and decreasing to zero at the
tropopause. For the other tropospheric a priori profiles a
diurnal decrease similar to the diurnal decrease in the
stratosphere was assumed. These tropospheric a priori
assumptions are discussed in section 4.2.
[18] An a priori error of 30% of the peak value was

assumed in the construction of Sa. The a priori covariance
of the Lauder data set [Schofield et al., 2004b] was 50%.
The smaller a priori error (larger constraint) was required
because of the smaller SZA range of the Arrival Heights
measurements, especially at the beginning of the measure-
ment period. The 30% error was sufficient to provide a good
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fit for all of the Arrival Heights measurements without
overfitting them.
2.4.3. Characterization
[19] The averaging kernels are the rows of the averaging

kernel matrix and describe the smoothing of the true state
(x) by the retrieval of each point that makes up the retrieved
profile x̂. The averaging kernel matrix is evaluated with the
following equation.

A ¼ @x̂

@x
¼ KTS�1� K þ S�1a

� ��1
KTS�1� K ð2Þ

[20] The averaging kernels for the tropospheric and
stratospheric columns for each of the seven state profiles
were evaluated from A summing over the relevant altitudes
in the state to give tropospheric and stratospheric columns
for each of the seven state profiles. The averaging kernels
for the retrievals of the 80�, 84� and 88� columns are
provided in the auxiliary material.1

[21] The averaging kernels for the tropospheric and
stratospheric columns for the Arrival Heights retrievals
were influenced by the different SZA ranges of the measure-
ments. The tropospheric and stratospheric columns dis-
played good separation for all days. The stratospheric
column for the 88� profile was consistently the least well
described column, this being the cause of the large smooth-
ing error for this column. Examples of the column averag-
ing kernels for the DSCD measurements shown in Figure 2
are given in the auxiliary material, along with the retrieved
profiles (before being integrated to columns).
[22] The mean Shannon information content [Rodgers,

2000] and degrees of freedom for signal, quantities derived
from the averaging kernels for each of the columns are
displayed in Table 1. The information content describes the
reduction in the uncertainty in the state that results from
making the measurement. The degrees of freedom for signal

describes the number of useful independent pieces of
information in the retrieved quantity. Having less than one
degree of freedom for signal for the tropospheric columns
indicates that these are not as well described by the
measurements as the stratospheric columns, and hence have
more a priori dependence. The measurements contain the
least stratospheric column information for 88� and the most
information for 84�. The averaging kernels for the 84�
profile retrieval peak at the desired altitudes between
�18–40 km, whereas for the 88� profile retrieval the
averaging kernels have a focused peak at �20 km over
the same altitude range.
[23] The information content and degrees of freedom for

signal for each of the Arrival Heights retrievals was depen-
dent on the SZA range. Early in the measurement period the
retrievals had few or no independent pieces of information
about the 80� columns since the sun never reached this
SZA. The retrievals toward the end of the measurement
period had a much larger SZA range, and with the long
integration times, they contained much more information
about the 80�, and slightly less about the 88� columns.
Because of the longer integration times associated with the
polar latitude and the elevation of the Arrival Heights site
above the surrounding horizon it was possible to retrieve
88� columns (compared to Lauder where retrieving 87� only
was possible). The measurement errors are low because of
the longer integration times, and the ability to measure in
both geometries to high SZAs.

Figure 1. BrO profiles supplied as a priori information in
all of the retrievals performed for Arrival Heights.

1Auxiliary materials are available in the HTML. doi:10.1029/
2005JD007022.

Figure 2. (top) Differential slant column measurements
and retrieval fit for days with background (21 October) and
high (24 October) tropospheric BrO. (bottom) Residuals for
the model fit to the measurement. The high DSCDs in the
direct sun at �77� indicate a cloudy period.
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2.4.4. Retrieval Error Analysis
[24] An error analysis was conducted which applies to all

22 of the twilight measurements at Arrival Heights. The
total retrieval error is defined here as the sum of the retrieval
noise, smoothing error and forward model parameter error.
The forward model parameters of temperature, surface
pressure, ozone and aerosol extinction were investigated
for their contribution to the total retrieval errors. The
variability in these quantities all produced a negligible
contribution to the total retrieval error. The total retrieval
error and the error due to the temperature profile (largest
forward model parameter error) in the retrieved quantities
are also given in Table 1.
2.4.5. Retrieval Fit to the Measurements
[25] Figure 2 displays DSCD measurements (y) for a day

of background tropospheric BrO and a day of high tropo-
spheric BrO, with the retrieval fit (ŷ). The retrieval residuals
y � ŷ are also displayed. The mean residuals over the data
set allow systematic errors to be identified in either the
forward model, DSCD determination or in the measured
DSCDs. The direct sun residuals illustrate that some sys-
tematic errors were present in the direct sun viewing
geometry. A contributing factor to the higher direct sun
residuals could be the necessary filter changes and problems
in fitting O4 in the DSCD determination. O4 becomes
increasingly important with longer tropospheric paths at
high SZA. The systematic errors between 70� and 90�
represent about 10% of the absolute direct sun DSCDs.
[26] The mean residuals for the retrieval fit of the zenith

sky measurements indicated that the measurements were
systematically lower than the forward model for large SZA.
This possibly indicates that the forward model is no longer a
good approximation to the true atmospheric radiative trans-
fer at large SZA and that multiple scattering becomes
important at SZA greater than 92� for the calculation of
BrO zenith sky DSCDs [Sinnhuber et al., 2002; Hendrick et
al., 2006]. These errors in the highest SZA (>90�) for the
zenith sky DSCDs correspond to about 15%.

3. Chemical Model and Global Ozone
Monitoring Experiment (GOME) Descriptions

[27] The descriptions of the Model of Atmospheric
Transport and Chemistry–Max Planck Institute for Chem-
istry version (MATCH-MPIC) used to calculate tropospheric

BrO and the stratospheric BrO columns derived from three-
dimensional (3-D) SLIMCAT model are given in this
section. Measurements made by the Global Ozone Moni-
toring Experiment (GOME) satellite experiment are also
discussed within this section.

3.1. Stratospheric BrO Modeling: SLIMCAT

[28] In this study we have used output from a simulation
of the 3-D SLIMCAT off-line chemical transport model
(CTM) [Chipperfield, 1999]. The model has a detailed
treatment of gas phase and heterogeneous stratospheric
chemistry. The model temperatures and horizontal winds
are specified from meteorological analyses and the vertical
transport in the stratosphere is diagnosed from radiative
heating rates. In the stratosphere the model uses an isentro-
pic coordinate and this has recently been extended down to
the surface using hybrid s � q levels. The principal
advantage of this new version of SLIMCAT is that the
model boundary has been removed from the tropopause
region [Chipperfield, 2006].
[29] In the run used here the model was integrated with

a horizontal resolution of 7.5� � 7.5� and 24 levels
extending from the surface to about 55 km. The model
was forced by European Centre for Medium Range
Weather Forecasts (ECMWF) analyses and the simulation
started 1/1/1977. The model halogen loading was specified
(as a mixing ratio in the surface layer) from observed
tropospheric CH3Br and halon loadings [e.g., WMO, 2003]
with an additional 6 pptv contribution assumed from short-
lived bromine sources. Accordingly, the model stratospheric
bromine loading around 2002 was about 21.2 pptv. Output
was saved at 0 UT every 2 days and linearly interpolated
to the location of Arrival Heights from the nearest 4 grid
points at each model output time. A 1-D column model
(with the identical chemistry to the 3-D model) was then
used to reconstruct the diurnal cycle for comparison with
the observations.
[30] The tropopause was defined to be the lower altitude

of the layer for which the decrease in temperature with
altitude was less than 2�C per km above 500 hPa. The
SLIMCAT model layers in the run used here have a
thickness of about 4 km in the tropopause region thus the
tropopause was calculated to be about 8–9 km, ensuring
that part of the stratospheric BrO amount was not parti-
tioned into the tropospheric column.

Table 1. Retrieved Columns, Errors, Information Content, and Degrees of Freedom for Arrival Heights, 2002

Tropospheric Column Stratospheric Column

80� 84� 88� 80� 84� 88�

Sunrise (s)a,b 0.70 (0.63) 0.44 (0.21) 0.25 (0.17) 3.05 (0.59) 3.08 (0.45) 2.66 (0.27)
Sunset (s)a,b 0.15 (0.23) 0.24 (0.15) 0.32 (0.22) 2.52 (0.58) 2.43 (0.45) 2.51 (0.30)
High BrO (s)a,b 1.65 (0.12) 1.88 (0.12) 1.60 (0.12) 2.49 (0.59) 3.02 (0.66) 3.09 (0.35)
Total retrieval errorb 0.17 0.13 0.14 0.23 0.28 0.51
Temperature errorb 0.02 0.01 0.005 0.03 0.01 0.01
Information contentc 0.4 0.6 0.6 2.1 2.1 1.2
Degrees of freedomd 0.5 0.7 0.7 1.7 2.1 1.5

aThe column values are mean values over observation days for sunrise (8 twilight days (23 September to 20 October)), sunset (12 days (10 September to
21 October)), and high tropospheric BrO (2 days (24–25 October)), with the standard deviation given in parentheses.

bColumns and errors are in units of �1013 molecules cm�2.
cInformation content is in bit units (base 2).
dDegrees of freedom is the number of independent pieces of information.
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3.2. Tropospheric BrO Modeling: MATCH-MPIC

[31] Match Tropospheric BrO columns are calculated
using the off-line 3-D tropospheric chemical transport
model MATCH-MPIC [von Kuhlmann et al., 2003] which
has been extended to include bromine gas phase and
heterogeneous reactions on aerosol particles [von Glasow
et al., 2004]. It includes 66 species and 163 chemical
reactions. The model runs used here for comparison with
the observational data are described in detail by von Glasow
et al. [2004]. The global sources for reactive bromine for the
(free) troposphere include release of bromine from sea salt
aerosol and upward transport, breakdown of organic pre-
cursors, upward transport of bromine from polar boundary
layer ozone depletion events, downward transport of inor-
ganic bromine from the stratosphere, biomass burning, and
volcanoes, but they are still quantitatively ill constrained. In
order to cover several possible source scenarios, model runs
with a stronger source in high latitudes (case ‘‘high lat’’), or
the tropics (case ‘‘tropics’’), as well as only downward flux
of inorganic bromine (long-lived sources only, Bry� 15 ppt)
from the stratosphere and breakdown of CH3Br (case
‘‘strat’’) are used here for comparisons with the data. For
details of the different scenarios and the source strengths see
von Glasow et al. [2004]. As the purpose of the study by von
Glasow et al. [2004] was exploratory in nature, a coarse
spatial resolution of about 11.3� by 11.3� was used, the grid
cell encompassing Arrival Heights includes the region
76.2�S–90�S, 163.1�E–174.4�E. The model time step is
30 minutes and the model output is routinely saved as
weekly averages (7 days, 24 hours average value). The
tropopause is defined according to the standard WMO lapse
rate definition. The meteorology used to force the model for
this comparison is from 1998, thus the comparison is more of
a ‘‘climatological’’ estimate and not specific for 2002.

3.3. GOME

[32] GOME is one of the experiments on the ERS-2
satellite, which was launched in April 1995 [Burrows et
al., 1999]. GOME is a nadir viewing experiment with a
footprint of 40� 320 km2 and ERS-2 covers the whole Earth
in 3 days. The ERS-2 overpasses within 200 km of Arrival
Heights were used for this comparative work (10 September
to 21 October). At polar latitudes the overpass time for the
ERS-2 satellite coincides with large SZAs at the beginning
of the polar spring and overpasses within 200 km of Arrival
Heights are seen almost daily.
[33] The GOME BrO columns were retrieved using the

settings as described by Richter et al. [2002]. Briefly, the
fitting window 344.7–359 nm is used and BrO, ozone (221K
and a temperature dependence term), NO2, O4, Ring,
undersampling correction, offset and slope and a cubic
polynomial are included in the fit. BrO vertical columns are
retrieved using air mass factors calculated at 351.85 nm
using the radiative transfer model SCIATRAN including
maritime aerosol, with a ground albedo of 0.9 [Richter et al.,
1998]. The profile shape was assumed to be the same as
retrieved from the ground-based measurements with the
exception of the days with enhanced BrO in the boundary
layer, where background tropospheric values were assumed.
[34] While GOME observations are total column meas-

urements, the sensitivity to the stratosphere and troposphere
change over the time period studied here. On 17 September

(at 90� SZA), the measurements are nearly insensitive to the
boundary layer, while at the end of the time series at 75�
SZA, there is a factor of two difference in sensitivity
between the surface and 20 km altitude.

4. Results: Retrieved Columns for BrO Over
Arrival Heights

[35] Table 1 gives the variance-weighted mean columns
over all of the sunrise and sunset column retrievals exclud-
ing the high tropospheric BrO days of 24 and 25 October
for Arrival Heights. The values in parentheses are the
standard deviations of these means, indicating the atmo-
spheric variability in the retrieved columns. The two high
tropospheric BrO twilight retrievals are combined and
tabulated separately from the other days. The stratospheric
column retrievals for the background and high-BrO retriev-
als are within their respective errors. The variance-weighted
mean stratospheric BrO columns over Arrival Heights are
similar to the midlatitude 80� and 84� columns retrieved for
winter over the midlatitude site of Lauder [Schofield et al.,
2004b].

4.1. Stratospheric and Total Columns

[36] Over the measurement period, nine sunrise and
thirteen sunset clear-sky twilight periods were examined
(this being limited by the number of clear-sky twilights
available between 10 September and 25 October). Measure-
ments at the beginning and end of the measurement period
were the only ones made while Arrival Heights was under
the polar vortex.
[37] The stratospheric BrO columns retrieved from the

combined ground-based spectroscopic measurements over
the measurement period at Arrival Heights are displayed in
Figure 3 along with the SLIMCAT model results for 80�,
84� and 88� for sunrise and sunset. The shaded parts
indicate when Arrival Heights was under the stratospheric
polar vortex as determined from Total Ozone Mapping
Spectrometer measurements [Heath et al., 1975]. During
most years Arrival Heights would be under the polar vortex
for the entirety of the spring period. However, 2002 was an
exception and the vortex split meant that Arrival Heights
was outside the vortex between 22 September and 11
October. The retrieved and modeled stratospheric BrO
columns were highly variable because of the increased
dynamic activity in 2002, as well as the polar spring already
being a very changeable time with respect to photochemis-
try. The overall agreement between the observed columns
and the SLIMCAT model with �21.2 ppt Bry is good, with
the exception of the disturbed vortex conditions around 21
September.
[38] There is only a slight difference in the stratospheric

BrO columns (measured and modeled) when inside or
outside the vortex (compared with chlorine), consistent with
the partitioning of reactive bromine favoring the radical
species BrO in the gas phase (BrO/Bry ratios range between
0.3 and 0.6 for 10–20 km, similar to the bromine partition-
ing seen in the Arctic polar lower stratosphere by Avallone
and Toohey [2001]). Inside the vortex (7–20 September)
there was more Bry in the lower stratosphere (above 12 km)
consistent with increased downwelling compared to the
days outside the vortex after 21 September. For the vortex
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Figure 3. Stratospheric columns (molecules cm�2) of BrO measured at Arrival Heights (solid triangles)
and those calculated by SLIMCAT (solid black lines). The sunrise and sunset columns retrieved for 80�
are given by the top two plots, for 84� by the middle two plots, and for 88� by the bottom two plots. The
error bars given on the observations are the errors arising from the retrieval of the column (smoothing and
propagated DSCD error). The shaded portions indicate when Arrival Heights was under the polar vortex.
The dashed line gives the a priori column used for all the retrievals.
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to extravortex transition seen on 21 September the temper-
atures driving the SLIMCAT results changed from 196 to
230 K and the ozone increased from 1 ppm to 2 ppm at
15 km. The BrO/Bry partitioning at 15 km changed from
0.45 to 0.55. The days just after 21 September when the
vortex was highly disturbed is the period of the worst
agreement between observations and the model, most prob-
ably due to the low resolution of the model (7.5� � 7.5�)
compared to the localized Arrival Heights columns.
[39] The transition from extravortex to vortex air on

12 October was accompanied by a much less dramatic
change in SLIMCAT Bry (decrease of �1 ppt below 13 km
and increase of �1 ppt between 13 and 20 km), temperature
(220 K to 208 K at 15 km, though larger above) and ozone
(decrease by �0.5 ppm at 15–20 km, though the depletion
above�22 km was severe within the late spring vortex). The
result on the SLIMCAT modeled BrO columns was to shift
the BrO peak up slightly, but not really change the BrO
stratospheric column as significantly as predicted for the
21 September vortex transition. The ground-based measured
and the SLIMCAT modeled columns for the 12 October
transition are in very good agreement overall.
[40] The sunrise columns calculated by SLIMCAT and

those retrieved were larger than the sunset columns (refer to
Table 1 and also Figures 1 and 4 for this diurnal variation).
This is consistent with the enhanced release from the
morning BrCl reservoir and also the extended time spent
at each SZA at this high-latitude site [Fish et al., 1995].
However, the cause of this asymmetry can vary between in-
vortex air extravortex air. Inside the springtime polar vortex,
under conditions of chlorine activation, BrCl is produced
through a minor channel of the reaction of BrO + ClO. As
NOx levels are low, BrCl is the dominant nighttime reser-
voir. As ClO at night is in the reservoir form of Cl2O2,
which is slower to photolyze than BrCl, sunrise levels of

BrCl can be suppressed because there is less ClO for
reaction with BrO. Under extra vortex, midlatitude condi-
tions BrONO2 will be formed as a significant nighttime
reservoir. At night BrONO2 undergoes heterogeneous con-
version (hydrolysis) to HOBr, and at colder temperatures
typical of higher latitudes, HOBr further reacts via the
heterogeneous reaction with HCl to BrCl. BrCl is photo-
lyzed more rapidly than BrONO2 and HOBr leading to
enhanced sunrise BrO by this process. The observations are
therefore consistent with either or both of these processes
occurring, depending on the type of air mass sampled.
[41] Figure 4 displays the mean ground-based total col-

umns, the GOME total columns and the calculated SLIM-
CAT model total columns. Total columns where auxiliary
measurements indicated high surface BrO were excluded
from this comparison. SLIMCAT columns are representa-
tive mainly of the stratospheric column and these demon-
strate how variable the stratosphere was over this
measurement period. The diurnal variation of the observed
sunrise columns is modeled well, but the sunset column
variation modeled by SLIMCAT generally predicts higher
80� BrO columns with a faster loss of BrO into reservoir
species, than is observed. Both the vortex and extravortex
columns are combined to calculate the mean observed
columns for sunrise and sunset displayed in Figure 4. The
difference in temperature inside and outside of the polar
vortex leading to slightly different diurnal variation, as
supported by the very different SLIMCAT columns, can
explain some of this discrepancy. However, overall the
observed lack of change in the sunset columns is not
captured by the SLIMCAT model.
[42] The total columns observed by GOME over all days

are also displayed in Figure 4 (open circles). The solid
circles are the GOME measurements on clear-sky days
when a morning direct sun ground-based observation was

Figure 4. Diurnal variation (with SZA) of the total BrO column. The mean ground-based total columns
are displayed with the filled squares, with the error bars representing one standard deviation of the
retrieved columns (illustrating the range of retrieved columns consistent with atmospheric variability).
The GOME total columns are shown with open circles, and solid circles indicate a GOME measurement
when ground-based measurements were also made. The calculated total columns from SLIMCAT are
displayed for 17 September, 27 September, 7 October, and 17 October. The a priori total column is
displayed with the solid line.
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also made. It is important to note that the high-SZA GOME
measurements are for days early in the measurement period,
whereas the lower SZA GOME measurements represent
measurements made at the end of the measurement period.
The error bars on the GOME columns represent the esti-
mated error of 1 � 1013 molecules cm�2, a conservative
estimate of the error of the GOME column retrievals. The
total columns observed by GOME are generally higher than
the ground-based column amounts even when the SZAs are
comparable. While this difference is within the reported
errors of the two measured columns, the total columns
observed from the ground are systematically 16–25%
smaller than the total columns observed by GOME for
SZAs between 80� and 88�, the difference increasing with
decreasing SZA. Similar behavior is observed if only
measurements within a 50 km radius of Arrival Heights
are used, ruling out that horizontal inhomogeneities and the
large GOME pixel are the main reason for the observed
discrepancy. The equatorial offset of 4 � 1013 molecules cm�2

for the slant column used is an important factor in the total
column retrieval from GOME. Decreasing the offset will
decrease GOME BrO columns everywhere, but as it is
applied to the slant columns, the effect is largest at high
sun. The smallest air mass factor for the time series shown is
about 4 which implies that the maximum effect of the
equatorial offset is 1 � 1013 molecules cm�2. Thus even
the assumption of 0 � 1013 molecules cm�2 BrO over the
equator (which hardly is a sensible assumption) could only
explain 1 � 1013 molecules cm�2 of the observed difference
seen in Figure 4.
[43] The mean ground-based 80� sunrise stratospheric

column over all measurement days was 2.1 ± 0.5 � 1013

molecules cm�2 for the column integration above 15 km
and the mean sunrise 84� stratospheric column above 15 km
was 2.2 ± 0.4 � 1013 molecules cm�2. The SCIAMACHY
Limb BrO column above 15 km retrieved by Sinnhuber et
al. [2005] for Arrival Heights for 18–27 September 2002
(SZA 83–86�) was 1.9 ± 0.5 � 1013 molecules cm�2,
slightly lower, but still in agreement with the ground-based
stratospheric columns. Also using SCIAMACHY Limb
data, Sioris et al. [2006] retrieve a BrO column of 2.9 ±
0.3 � 1013 molecules cm�2 above 15 km. This value is the
mean stratospheric column above 15 km from overpasses
on 8 of the 9 sunrise measurement days (refer to Figure 3,
top plot) within 4� latitude and 12� longitude of Arrival
Heights (C. E. Sioris, personal communication, 2006). The

SZA of the SCIAMACHY overpasses used for this average
ranged from to 75� to 89�. The SCIAMACHY retrieval of
Sioris et al. [2006] is larger (at the 1s level) than the
ground-based stratospheric column observations at 80� and
84� above 15 km.

4.2. Tropospheric Columns

[44] The measured variance weighted mean background
tropospheric column over all days excluding the high
tropospheric BrO days was 0.3 ± 0.3� 1013 molecules cm�2.
This is equivalent to 0.2 ± 0.2 ppt if the BrO is assumed to
be well mixed throughout the troposphere. The retrieved
tropospheric column for the high-BrO case of 1.8 ± 0.1 �
1013 molecules cm�2 was almost a third of the total column.
If this tropospheric BrO is assumed to all be located and
well mixed in the lowermost 0.5 km boundary layer,
consistent with a ‘‘bromine explosion’’ event, it corresponds
to a mixing ratio of about 12 ppt.
[45] A mean tropopause height of 8.8 km from ozone-

sondes was used for the derivation of the tropospheric
columns. However, the tropopause was highly variable over
the measurement period because of the perturbed strato-
sphere ranging from 7 km to 10 km. The mean tropospheric
columns retrieved for 80� sunrise for tropopause heights of
7, 8.8 and 10 km as well as for 15 km (enabling comparison
with Sinnhuber et al. [2005]; see below) are given in
Table 2. The effect on the tropospheric column derived
for different tropopause heights 7–10 km is within the
variability of the observed columns. The column below
15 km at this polar latitude does include the lowermost
stratosphere thus is significantly higher.
[46] A more significant impact on the tropospheric

columns presented here is the influence of the a priori (as
Table 1 shows for the 80� tropospheric column 0.5 degrees
of freedom). Table 2 shows that doubling the a
priori everywhere increases the 80� columns by 0.2 �
1013 molecules cm�2, with the overall mean tropospheric
quantity increasing from 0.33 to 0.46� 1013 molecules cm�2

(for 80� sunrise the total column essentially increases by 0.16,
and the stratospheric column decreases by 0.05). The
80� tropospheric columns are most sensitive to the a priori,
thus Table 2 is illustrative of the maximal a priori impact.
Tripling the a priori column leads only to a 75% increase in
the mean tropospheric columns, and this is still within
their given uncertainties. This gives us confidence that
the choice of a priori used here does not lead us

Table 2. Mean Tropospheric Columns and Standard Deviation Retrieved for Different Tropopause Heights and A Priori

Assumptionsa

Tropopause,
km

80� Sunrise Trop. Col.,
�1013 molecules cm�2

80� A Priori Trop. Col.,
�1013 molecules cm�2

Mean Trop. Col.,
�1013 molecules cm�2

7.0 0.63 (0.57) 0.40
8.8 0.70 (0.63) 0.44 0.33 (0.32)
10.0 0.79 (0.73) 0.49
15.0 1.66 (0.89) 1.29
8.8 0.92 (0.63) 0.88 0.46 (0.35)
8.8 1.13 (0.63) 1.33 0.58 (0.41)

aTropopause heights of 7–10 km were tested as this represents the variability in the tropopause height over the measurement period.
Here 15 km is also calculated to enable comparison with the recent work of Sinnhuber et al. [2005]. The effect of doubling and tripling the a
priori tropospheric profiles (0–10 km) (Figure 1) is given in the bottom section of the table. The 80� column is most sensitive to the a priori
assumption (see Table 1, 0.5 degrees of freedom). The mean tropospheric column over all tropospheric column retrievals (80�, 84�, and 88�
sunrise and sunset) increases to 0.58 ± 0.41 � 1013 molecules cm�2 if a tropospheric profile three times that in Figure 1 is assumed a priori.
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to significantly underestimate the mean tropospheric
column (extending the upper uncertainty bound only to
+0.7 � 1013 molecules cm�2).
[47] The Arrival Heights sunrise tropospheric columns

are higher than the sunset columns. The diurnal variation of
the retrieved sunrise tropospheric columns is stronger than
the diurnal variation for retrieved sunset columns. The main
source of tropospheric BrO is the breakdown of organic
precursors and the photolysis of Br2 and BrCl (the reaction
of Br with O3 occurs almost instantaneously and all the
time) where the main sink is reaction with HO2, which is
only present later in the morning and gets weaker sooner
than BrO (due to absorbing at shorter wavelengths) result-
ing in BrO maxima in the morning and late afternoon and a
local minimum around noon [von Glasow et al., 2002]. If
high concentrations of NO2 are present, with its diurnal
variation a lot smaller than that of HO2, this becomes the
main sink for BrO and there is no midday dip. In the
southern hemisphere there is little NOx in the free tropo-
sphere. Therefore it is expected that BrO will have a
stronger morning and a weaker evening peak, which is
indeed the case in the MATCH-MPIC calculations and the
retrieved columns. The columns retrieved from the ground-
based measurements and the tropospheric columns calcu-
lated from different source scenarios from MATCH-MPIC
are displayed in Figure 5. The MATCH-MPIC sunlit weekly
average tropospheric columns are calculated for the differ-
ent scenarios representative of different potential sources of
tropospheric bromine (see section 3.2 above and von
Glasow et al. [2004] for details).
[48] Given the very different spatial and temporal cover-

ages between measurements and model, and with the
consideration that the reanalysis data used for the model

dynamics was from 1998, the comparison between the
ground-based spectral point measurements and the weekly
averaged model results can only be used as an indicator for
which source scenario is reproducing the observations best
in a semiquantitative way. This comparison shows that the
sunrise measurements made at Arrival Heights are often
consistent with the source scenarios ‘‘tropics’’ and ‘‘high
lat.’’ The scenario ‘‘strat’’ is usually lower than the sunrise
measurements, pointing to the need for sources other than
downward transport of inorganic bromine from the strato-
sphere (with Bry � 15 ppt) and decomposition of CH3Br to
explain the measured tropospheric sunrise BrO columns. In
contrast the sunset columns are lower and more consistent
with the scenario ‘‘strat.’’
[49] Figure 6 displays the distribution of all of the

tropospheric column retrievals (80�, 84� and 88� sunrise
and sunset). Despite the large variability seen in Figure 5,
the distribution is approximately normal about a mean
of 0.3 � 1013 molecules cm�2 and standard deviation of
0.3 � 1013 molecules cm�2 for all of the columns excluding
the high-BrO days. As Table 2 shows this number is
somewhat sensitive to the a priori assumption, however a
very high a priori tropospheric profile assumption with a
peak of 3 � 1013 molecules cm�2 (similar in magnitude to
the stratospheric BrO peak) results only in a slightly higher
mean value of 0.6 ± 0.4 � 1013 molecules cm�2 for the
background tropospheric BrO column. This background is
consistent with, but slightly higher than, the tropospheric
columns observed at Lauder of 0.2 ± 0.2 � 1013 molecules
cm�2 [Schofield et al., 2004a].
[50] The tropospheric columns for the high-BrO 24

October sunset and 25 October sunrise are displayed in
Figure 6 with a mean tropospheric column of 1.8 � 1013

Figure 5. Tropospheric column comparison between ground-based 80� sunrise (solid circles) and 80�
sunset (solid triangles) observations and MATCH-MPIC model daytime average calculated tropospheric
columns (solid lines). Three MATCH-MPIC scenarios are presented. The MATCH-MPIC ‘‘strat’’ case is
run with only downward transport of inorganic bromine from the stratosphere and decomposition of
CH3Br. The MATCH-MPIC ‘‘tropics’’ case (hourglasses) is run with an additional tropospheric bromine
source which decreases with latitude. The ‘‘high lat’’ case (triangles) allows for the additional transport of
air from ‘‘bromine explosion’’ events. For details on source scenarios, refer to von Glasow et al. [2004].
Also displayed (dashed line) is the tropospheric a priori column used for all 80� column retrievals.
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molecules cm�2 and standard deviation of 0.1 � 1013

molecules cm�2, statistically significantly different from
the background days. The boundary layer BrO enhancement
was also observed in GOME data on 24 October, where
BrO columns increased by 2.5 � 1013 molecules cm�2

compared to the previous day, in good temporal agreement
with the ground-based measurements. As the AMF used for
the GOME analysis does not include a boundary layer
enhancement, the BrO GOME column will be overesti-
mated here.
[51] Harder et al. [1998] intercompare balloons with

ground-based DOAS and GOME measurements for Kiruna
(67.9�N, 21.1�E) in spring. Their study concludes a ubiq-
uitous free tropospheric BrO amount of 1–2 ppt is required
to explain the differences seen between the total columns of
the ground-based and GOME observations and the strato-
spheric columns of the balloons. A similar intercomparison
of Van Roozendael et al. [2002] found a tropospheric
background of 1–3 � 1013 molecules cm�2 extending over
middle to high latitudes. Given the different locations and
times of these studies comparison with the Arrival Heights
study presented here is limited. Our high-BrO tropospheric
columns are consistent, but the ubiquitous background BrO
column that we observe is lower.
[52] Richter et al. [2002] performed a study involving

correlation with O4 SCDs to indicate tropospheric paths.
This study found the GOME BrO column to be consistent
with 0.5–2.0 ppt in the free troposphere over the remote
equatorial Pacific in line with the studies of Van Roozendael
et al. [2002] and Harder et al. [1998]. This is similar to

our high tropospheric BrO columns (24–25 October),
which have a mixing ratio of 1.1 ± 0.2 ppt if the column
is assumed to be ubiquitous throughout the troposphere
(tropopause of 8.8 km). However, our background mixing
ratio is much lower than this at 0.2 ± 0.2 ppt (0.4 ± 0.3 ppt
if 3� the a priori tropospheric profiles are assumed).

[53] The recent SCIAMACHY Nadir-Limb comparison
of Sinnhuber et al. [2005] for 18–27 September 2002 infers
a column below 15 km of �3 � 1013 molecules cm�2 for
high southern latitudes. The SZAs at Arrival Heights for
this period decrease from 82� to 78� for the 1030 local time
SCIAMACHY overpass. This is significantly higher than
the integrated column up to 15 km for sunrise 80� profiles
retrieved in this work of 1.7 ± 0.9 � 1013 molecules cm�2

(see Table 2). Even if the tropospheric a priori profiles 3�
that shown in Figure 1 are assumed then this value is only
1.9 ± 0.9 � 1013 molecules cm�2. The 80� column
integration above 15 km of 2.1 ± 0.5 � 1013 molecules
cm�2 for the ground-based observations is in good agree-
ment with the Limb column observed by Sinnhuber et al.
[2005] of 1.9 ± 0.5 � 1013 molecules cm�2. Thus the
discrepancy lies in the total column seen in the Nadir of
�5 � 1013 molecules cm�2 (in good agreement with the
GOME Nadir columns, see Figure 4) compared to the total
column observed here of 3.8 ± 1.0 � 1013 molecules cm�2

for 80� SZA.
[54] A recent modeling study by Yang et al. [2005]

describes the tropospheric BrO source from bromocarbons
and sea salt aerosols and removal by wet and dry deposition,
in contrast to the different source scenario cases examined
in the study of von Glasow et al. [2004] (shown in
Figure 5). The simulated monthly mean tropospheric
column of BrO near Arrival Heights for September and
October 2002 was 0.83 and 0.41 � 1013 molecules cm�2,
respectively, with corresponding tropopause heights of 7.8
and 6.8 km (X. Yang, personal communication, 2006). The
height of tropopause represents the averaged height of
2 PUVover Arrival Heights. Comparison with the retrieved
columns here is complicated by the temporal sampling of
the model (similar issues exist with the Match-MPIC
comparison). The modeled tropospheric column values
represent tropospheric column means between 0900 and

Figure 6. Distribution of all of the tropospheric column retrievals. The high tropospheric BrO events
(24 and 25 October) have a significantly different distribution (1.8 ± 0.1 � 1013 molecules cm�2)
compared to all the other tropospheric column retrievals (0.3 ± 0.3 � 1013 molecules cm�2).
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1500 horizontally interpolated to Arrival Heights, whereas
the observations reported here include times outside this
range (i.e., on 25 October 80� was at 0600 and 1900), and
do not sample noon. With this caveat, the variance
weighted mean tropospheric background columns over all
tropospheric column retrievals (80�, 84� and 88� sunrise and
sunset, tropopause heights consistent with those given
above) were 0.37 ± 0.21 � 1013 molecules cm�2 and
0.21 ± 0.30 � 1013 molecules cm�2 for September and
October, respectively. So while the mean decrease in
columns from September to October is seen in both the
observed and modeled tropospheric columns, the observed
columns are approximately half those simulated by the
modeling study of Yang et al. [2005]. A valuable future
extension to the tropospheric column comparisons pre-
sented here (Match-MPIC in Figure 5 and X. Yang, personal
communication, 2006) would be a comparison involving the
diurnal variation of the modeled and observed tropospheric
columns improving upon the temporal comparison.

5. Conclusions

[55] Tropospheric and stratospheric BrO columns were
derived in this work by combining direct sun and zenith sky
ground-based UV-visible spectroscopic measurements. The
stratosphere over Arrival Heights, Antarctica in 2002 was
highly variable because of the unprecedented southern
hemispheric stratospheric warming resulting in a polar
vortex split and reduced ozone loss relative to recent years.
[56] The ground-based measured stratospheric BrO col-

umns were compared with SLIMCAT model columns. The
BrO column observations from the ground are consistent
with a SLIMCAT stratospheric Bry loading of 21.2 ppt at
20 km. This is in line with recent estimates [Sinnhuber et al.,
2002; Salawitch et al., 2005] but at the higher limit of
18.0 ± 3.0 ppt of Sinnhuber et al. [2005]. As such our
stratospheric column observations are consistent with an
additional 6 ± 3 ppt Bry from short-lived sources included
within the SLIMCAT simulations (the uncertainty given
here is based on the observation-model agreement). As this
comparison is conducted with CH3Br as a surrogate for all
bromine source gases within SLIMCAT, including the short-
lived species, this should be viewed as a high limit (short-
lived bromine species will result in less Bry being required to
agree with the BrO observations). The SLIMCAT model
does not capture the observed decrease in the stratospheric
BrO column for the vortex split on 21 September
probably because of the coarser model resolution relative
to the localized ground-based measurements. The return
of the vortex air on 12 October resulted in little change
in the stratospheric BrO columns, with both observations
and SLIMCAT model results in good agreement for this
extravortex to vortex air mass transition.
[57] The diurnal variation of the stratospheric BrO col-

umns from 80� to 84� to 88� was retrieved from the ground-
based observations. The increase in the stratospheric BrO
column at sunrise from 88� to 80� seen in the observed
columns is in good agreement with the diurnal change
predicted by SLIMCAT. The sunset BrO stratospheric
column observations showed little decrease from 80� to
88�, whereas the SLIMCAT model predicted a decrease
symmetric to the increase seen at sunrise. The observed

sunrise stratospheric columns are larger than the sunset
columns (3.1 ± 0.6 � 1013 molecules cm�2 compared to
2.6 ± 0.4 � 1013 molecules cm�2 for sunrise and sunset at
80�, respectively). The SLIMCAT model sunrise columns
were also larger than the sunset columns, consistent with
enhanced release of bromine from the nighttime reservoir
BrCl (relative to HOBr) at colder temperatures.
[58] The tropospheric columns observed from the ground

were compared with those calculated by the MATCH-
MPIC model. The observed tropospheric sunrise columns
were higher than the sunset columns, consistent with a
strong diurnal variation in a clean remote site with low
NOx. The sunrise tropospheric BrO columns require an
additional tropospheric source other than downward trans-
port of inorganic bromine from the stratosphere and
decomposition of CH3Br to be explained. There is high
variability in the retrieved tropospheric column retrievals;
excluding the high-BrO days these columns are consistent
with 0.3 ± 0.3 � 1013 molecules cm�2 (0.2 ± 0.2 ppt for a
well-mixed troposphere). This low tropospheric ‘‘back-
ground’’ column is consistent with the column of 0.2 ±
0.3 ppt observed at Lauder, (45�S, 170�E) [Schofield et al.,
2004b], but at the lower end of the �0.5–2.0 ppt estimates
that have been inferred from ground-based observations,
balloon observations, space observations and chemical
model intercomparisons [Harderet al., 1998;VanRoozendael
et al., 2002; Richter et al., 2002; Sinnhuber et al., 2005].
This discrepancy is consistent with the differences in the
total BrO column observations, the cause of which remains
unresolved. A statistically significantly high tropospheric
‘‘BrO explosion’’ event was observed with a tropospheric
BrO column of 1.8 ± 0.1 � 1013 molecules cm�2, this is
equivalent to 12 ppt if it is assumed to be contained within
a well-mixed 0.5 km boundary layer, consistent with BrO
concentrations previously observed from the ground in the
Arctic and Antarctic [Tuckermann et al., 1997; Kreher et
al., 1997].
[59] The total BrO columns observed at the ground

were compared with the GOME overpass measurements.
This comparison was complicated by the differing SZAs
and days of the respective measurements. The total BrO
columns seen from the ground were consistently 16–25%
lower than the GOME columns for SZAs between 80�
and 88�.
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