GEOPHYSICAL RESEARCH LETTERS, VOL. 25, NO. 20, PAGES 3847-3850, OCTOBER 15, 1998

Stratospheric BrO profiles measured at different latitudes
and seasons: Instrument description, spectral analysis and

profile retrieval
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H. Osterkamp!, M. Schneider?, D. Perner®, U. Platt!, P. Vradelis!, and

K. Pfeilsticker!

Abstract. Measurements of stratospheric BrO profiles
are reported using a novel DOAS instrument (Differen-
tial Optical Absorption Spectrometry) operated on the
LPMA/DOAS balloon gondola (LPMA /Laboratoire de
Physique Moléculaire et Applications) during three
flights (Ledn, Nov.23,1996, Kiruna, Feb. 14,1997, and
Gap, June 20,1997). BrO was detected by its vibra-
tional bands (4-0 at 354.7nm; 5-0 at 348.8 nm) of the
A(?m)—X(%n) transition in direct sunlight spectra from
balloon ascent, descent and during solar occultation at
maximum (float) altitude. We show that our accuracy
is about +18% (1 ') during balloon ascent (solar zenith
angles, SZA < 88°), and about +25% for solar occul-
tation measurements. For altitudes above the balloon
float our observations indicate average BrO mixing rati-
os of (14.442.5)ppt, (15.6-£2.8)ppt, and (15.3+2.8)ppt
above 30.6km, 30.0km, and 39.8 km, respectively.

1. Introduction

Presently stratospheric bromine, estimated to amount
20 ppt [Schauffler et al., 1998], contributes ~25% to the
anthropogenic Oz depletion. The stratospheric key in-
organic bromine species is BrO at daytime [Lary et al.,
1996a,b]. Unfortunately, only few stratospheric BrO
measurements were conducted so far with a quite limi-
ted coverage of latitudes and seasons - and thus more
BrO measurements appear to be warrant. BrO measu-
rements rely on two techniques:

(1) In-situ observation of BrO (and ClO) by chemical
conversion /resonance fluorescence previously employed
in several aircraft (ER-2) and balloon-borne measure-
ments [e.g., Brune and Anderson, 1986]. While a strong
point of this technique is its capability of in-situ mea-
surements, its absolute calibration is difficult, limiting
its accuracy to ~30%.

(2) DOAS spectroscopy relies on the detection of vi-
brational absorption bands of the A(?z)—X(%x) UV
transitions of the BrO molecule. The method can be
employed by using zenith scattered Sun light or direct
moon light [Carroll et al., 1989; Solomon et al., 1989;

_and others]. A major advantage of spectroscopy is its
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specifity, but due to the weakness of the BrO absorpti-
on (observed optical densities are of the order ~0.1%)
and because of interference with tropospheric absorbers
(warm Os, NO,, CH,0, and otherss) and the necessary
radiative transfer modeling in remote scattered skylight
BrO measurements, the accuracy is also barely better
than +30% for the total vertical column.

Details on the measurement technique are reported he-
re, while the measured BrO profiles are described by
Harder et al. (this issue).

2. Measurements, Spectral Analysis
and Profile Retrieval

Three balloon flights were conducted using a novel
DOAS-instrument [Ferlemann et al., 1998]; (1) on
Nov. 23, 1996 from Leén/Spain (42.6° N,5.7° W), (2) on
Feb. 14, 1997 from Esrange/Sweden (67.9°N,21.1° E),
and on June 20, 1997 from Gap/France (44.0° N, 6.1° E)
accordingly denoted flight 1, 2, and 3).

he spectral retrieval of BrO was performed as pre-
viously described by e.g., Stutz and Platt, [1996] (Fig.
1 and Fig. 2) with a low air column “low” Sun spec-
trum (denoted FR) recorded at maximum altitude as
reference. The spectral retrieval also included two re-
ference spectra of Os at -20°C, and -80°C and NO, at
-70°C recorded in the laboratory using our instrument,
the O4 spectrum of Greenblatt et al. [1990], the BrO
spectrum (at T=223 K) of Wahner et al. [1988], and to
account for the spectrometer’s straylight a product of an
“inversed” measured spectrum with the spectrometer
straylight spectrum. The inclusion of a calculated Ring
spectrum was also tested [Fish and Jones, 1995] but
the amplitude of the Ring spectrum was found negli-
ible except for spectra recorded at low tangent points
< 20km) not reported here. In a first step the wa-
velength shift of BrO reference was determined from
measured spectra with a large BrO absorption (optical
density some 0.1%). For the final spectral retrievals the
whole set of reference spectra was allowed to shift and
squeeze simultaneously against the measured spectrum.
In all retrievals for all flights the shift never exceeded
0.014nm. Once the wavelength calibration was esta-
blished, the stability of the instrument permitted to
perform all the other retrievals for all flights without
wavelength recalibration of the reference spectra.
The amount of absorbing BrO in the FR was determi-
ned from the intercept of a regression of the measured
BrO slant column density (SCD) and the calculated to-
tal airmass (air-SCD) seen at float for SZAs ranging
from 86.4° to 89° (Fig. 3). It was found that the BrO-
SCD is a linear function of the air-SCD mainly because
there is only an insignificant photochemical change in
stratospheric BrO above the gondola for our photoche-
mical conditions (M. Chipperfield, priv. comm.).
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Figure 1. Retrieved trace gas absorptions (346 nm-
360nm ) in a spectrum measured during the ascent of
the Ledn flight on Nov. 23, 1996. (a) Direct Sun spec-
trum measured at 7.7km (SZA=74.8°) (thick line), and
FR spectrum measured at 30.74km (SZA=86.4°) (thin
line); (b) fitted laboratory ozone absorption (thick line)
and measured ozone absorption (thin line - fitted opti-
cal density plus residual o.d.); (¢) same as (b) but for
NOs,; (d) same as (b) but for O4; (e) same as (b) but
for BrO; (f) residual absorption.

The BrO profiles were derived from the measured BrO-
SCDs using (1) the well known inversion technique de-
scribed in Rodgers [1976], and (2) the so-called onion

peeling technique (see below). Corrections due to the
photochemistry of BrO at twilight were not applied. A
more detailed discussion of possible photochemical ef-
fect is subject of a further study.

3. Discussion of Errors

In the following error discussion a clear distinction is
made between statistical and systematic errors which
determine the measurement precision and accuracy.

Spectral retrieval errors: Recent findings by Aliwell
et al. [1997] indicate a potential sensitivity of the retrie-
ved BrO-SCD to smal{) wavelength alignment mismat-
ches of the individual reference spectra. Accordingly, a
similar test was performed by investigating the retrie-
ved BrO-SCD as a function of the relative wavelength
position of each individual reference spectrum with re-
spect to all other reference spectra. In agreement with
Aliwell et al. [1997] the largest sensitivity of the retrie-
ved BrO-SCDs is found to be due to misalignments of
the Og spectrum, but for our mode of observation the
sensitivity is smaller than that reported (for a 0.05nm

shift of Oz or NO; the BrO-SCDs changed by £16% or
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Figure 2. Residual optical density of the BrO fitting
region as a function of the observation geometry during
the Leo6n flight. -

+5%, respectively). Assuming a misalignment of less
than 0.01nm for the individual reference spectra, this

- effect should only cause a systematic error of £3%. The

residuals from the fitting process show systematic featu-
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Figure 3. Retrieved BrO-SCDs as a function of SZA
versus air-SCD for the measurements at balloon float
during the Leén flight. The slope of the regression line
(only the data marked as filled squares were fitted) indi-
cates the BrO mixing ratio above balloon float altitude
when assuming an uniform height distribution while the
intercept determines the amount of BrO in the FR.
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res, which appear to increase with the air-SCD (Fig. 2).
Whether these features are due to improper reference
spectra we tested other reference spectra than those ac-
tually taken for the BrO retrievals. For these tests the
retrieved BrO-SCDs were found to agree within +10%,
but the residual structures were foun& to increase. The-
refore, we ascribe to the remaining residual structures
a systematic spectral retrieval error (ASSPE) of +10%.
The SCDs of successively recorded spectra were found
to vary by £3% from a 10 point running mean, which
suggest a statistical error of (ARSPE=43%).

Cross section: The absolute BrO cross section (65,0)
was taken from Wahner et al. [1988], which for the 7-
0 vibrational transition was recently confirmed within
-5% by Laszlo et al. [1997]. Still more recently Gilles
et al. {1997] reported on an about 10% larger absolu-
te opro (=1.63x10717cm?) for T=298K and the same
spectral resolution (0.5 nm) as used by Wahner et al.
£1988]. Since the relative values of the differential o 5,0
or the different transitions are likely to scale accordin-
gly, the different reported results for the 7-0 transitions
may point to an uncertainty of £10% in op,0.

Since for our observation geometry stratospheric BrO is
observed for a range of temperatures (T) spanning ty-
pically 30 K, another uncertainty may arise from the T
dependence of the BrO cross section. When going from
223K to 298K Wahner et al. [1988] found a decrease
of the differential BrO absorption cross section of about
31% for the 4,0 transition. This effect was corrected
for by calculating an ’effective’ BrO T for observations
above float altitude and by applying a height dependent
factor for the retrieved profiles. The BrO cross section
for the 4,0 and 5,0 transitions were determined by linear
interpolation between the Ts for which Wahner et al.
reported their measurements. In conclusion, the uncer-
tainties in the linear interpolation of the T dependent

BrO cross section may introduce a systematic error of

2% (= ARCSE). .
Errors in our determination of the amount of BrO in
the FR (see above) may arise from (a) the uncertain-

ties in the air-SCDs, (b) from possible photochemical
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changes in the BrO-SCD, or (c¢) from the spectral re-
trieval.

(a) The uncertainty in the air-SCDs is primarily due to
the uncertainty in altitude, i.e., the instrumental errors
of the onboard pressure sensor and GPS receiver. We
estimate this error to £2.5% (= ARPE) for flights 1
and 2 and +8% for flight 3.

(b) The photochemical change of the BrO column abo-
ve the gondola for the range of SZA used in the re-
gression is still difficult to assess, mainly because of
the uncertainties in the stratospheric BrO chemistry at
twilight [Lary et al., 1996a,b; Fish et al., 1997]. Howe-
ver, SLIMCAT-model runs performed for our conditions
(Chipperfield, priv. comm.g) show that for our observa-
tion the change in BrO-SCD is likely smaller than 3%,
or 3x10'2/cm?.

gc) Since the amount of absorbing BrO in the FR is
etermined from measured spectra recorded during a
short period (15 min for flight 1) at balloon float, spec-
tral shifts due to possibly changing instrumental cha-
racteristics (e.g., the spectrometer optical adjustment
or the detector T) are insignificant. Spectral interfe-
rences from other - at lower altitudes - more abundant
absorbers (i.e., O3, NO3,..) should also be lower for
the measurements at balloon float (for the residual tra-
ces see Fig. 2 for SZA=86.4° and 89°). Finally, the
linear regression method relies on a set of independent
BrO measurements (typically 50, the filled squares in
Fig. 3), which further reduces the error. As a result
the statistical error of the amount of BrO in the FR is
estimated to ~0.7x10'2/cm?.

When adding all these errors then the amount of absor-
bing BrO in the FR can be determined to a precision of
+3.5x101%/cm?. Since the contribution of the BrO ab-
sorption in the FR to the total BrO absorption is height
dependent but usually low, this error (AFE) contribu-
tes about £3% to the total error.

Photochemical profile corrections: Photochemical
changes of the amount of absorbing BrO during the
measurement, in principle, have to be considered in the
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Figure 4. Sensitivity of how gaussian distributed random spectral retrieval errors propagate into the retrieved
BrO profile; Prescribed profile (full thick line), retrieved profiles assuming 1 ¢ SCDs errors of 1% (rhombs for the
matrix inversion, 'Inv.” and squares for the onion peeling, ’Diff.0.P’) and +4% (circles for the matrix inversion,
‘Inv.’ and triangle for the onion peeling, *Diff.0.P’), respectively. The statistical errors are not constant with
height but can reach +4% at most (see text). The deviations between retrieved and prescribed profile in the upper
troposphere and around the profile maximum originates from the ill-conditioned inversion problem. The total 1 ¢
errors are height dependent but roughly +18% or +25% for ascent/descent or solar occultation observations.
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profile retrieval. The photochemical model calculati-
ons [M. Chipperfield, priv. comm.] reveal insignificant
photochemical changes (<5%) of the BrO-SCD for our
ascent measurements. Also, our ground-based BrO ob-
servations at Kiruna suggest small photochemical chan-
ges of BrO for these con%htions, and consequently we did
not adopt any photochemical corrections to our profiles.
Accordingly, the photochemical changes in BrO - not
yet corrected for - are likely to cause a systematic error
(=APHCA) of -5% in the retrieved BrO for the ascents
of the flights 1 and 2. A much larger systematic error of
about £10% (=APHCO), however, is expected for the
occultation profile retrieval neglecting any photochemi-
cal corrections [Roscoe and Pyle, 1987].
In summary the retrieved BrO-SCD’s have a statisti-
cal error of ~4% (ARSPE=2%3%, and systematic errors
ARPE=+2.5%, ASSPE) = +£10% and ARCSE=42%),
excluding the systematic errors mainly from the abso-
lute BrO cross section of the order of £10%.
Profile retrieval error: The propagation of the BrO-
SCD errors into the errors of the retrieved profile was
investigated in a sensitivity test: A typical inversion
was simulated by prescribing a profile similar in shape
to the expected atmospheric Br8 profile. After the ap-
parent SCDs for a typical measurement were calculated
random errors of £1% (for a Og retrieval) and of +4%
1(]for a BrO retrieval) were added to the prescribed pro-
le. The deviations of the retrieved profile were taken
as a measure of how the random SCD error propagates
into the final profile (Fig. 4). For both inversion techni-
ques ((a) with our profile matrix inversion routine and
(b) with the onion peeling technique) from the prescri-
bed profile (~ £5% in the mid stratosphere) the overall
shape of the profile was well recovered, although both
techniques tend to smooth the vertical structures (see
cf. the dip in the prescribed profile around 18 km). Sin-
ce each of the inversion techniques has specific strenghts
and shortcomings [Rodgers, 1976], both retrieval tech-
niques are used further on.
In summary, our measured BrO profiles have a pre-
cision of about +5%. When the possible systematic
errors are simply added (ASSPE=+£10%, AFE=+3%,
and APHCA=+5% for the ascent and APHCO=+10%
for the occultation measurements), our ascent/descent
BrO measurements have an accuracy of about +18%
(or a 1o rms error of 13%), and the solar occultation
measurements have an accuray of about +25%. The
possible error in the differential opro is not included in
the accuracy values given above.

4. Conclusions

Clearly, the spectroscopic direct sun balloon observati-
ons offer several advantages over zenith/nadir sky obser-
vations of BrQ, e.g., profiles can be derived rather than
total columns, the observation geometry is well defined,
and due to larger BrO-SCDs and the larger photon flux
a better signal to noise ratio can be achieved. We have
shown that the remaining relative errors (1) for our
BrO profile measurements are about +18% (a rms error

of 13%) for ascent/descent and about +25% for solar
occultation observations. For altitudes above the bal-
loon float altitude, i.e., 30.6km, 30.0km, and 39.8 km,
our observations indicate average BrO mixing ratios of
(14.4+£2.5)ppt, (15.6+2.8)ppt, and (15.3+2.8)ppt, re-
spectively. Thus, the BrO mixing ratios above balloon
float appear to be consistent with the known stratos-
pheric bromine burden and photochemistry.
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