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Abstract. The first measurements of stratospheric bromine
nitrate (BrONO2) are reported. Bromine nitrate has been
clearly identified in atmospheric infrared emission spectra
recorded with the Michelson Interferometer for Passive At-
mospheric Sounding (MIPAS) aboard the European Envisat
satellite, and stratospheric concentration profiles have been
determined for different conditions (day and night, differ-
ent latitudes). The BrONO2 concentrations show strong
day/night variations, with much lower concentrations during
the day. Maximum volume mixing ratios observed during
night are 20 to 25 pptv. The observed concentration profiles
are in agreement with estimations from photochemical mod-
els and show that the current understanding of stratospheric
bromine chemistry is generally correct.

1 Introduction

Bromine nitrate, BrONO2, is an important species in strato-
spheric bromine chemistry (Spencer and Rowland, 1978;
Lary, 1996; Daniel et al., 1999) and it is closely linked to
the chemical cycles of stratospheric ozone depletion (Daniel
et al., 1999; Salawitch et al., 2005). In particular it is the
most important reservoir species for inorganic stratospheric
bromine. During the day, BrONO2 is photolysed within a
few minutes (Burkholder et al., 1995; Deters et al., 1998;
Soller et al., 2002), but at the same time it is also produced
continuously by the termolecular reaction between BrO, NO2
and another collision partner, leading to quasi stationary con-
centrations that are mainly determined by the actinic flux, by
the BrO and the NO2 concentrations and by the air density
(Lary, 1996). BrONO2 can also be destroyed by heteroge-
neous reactions with H2O on stratospheric aerosol forming
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HOBr and HNO3 (Hanson et al., 1996; Lary et al., 1996; Tie
and Brasseur, 1996), and by the reaction of BrONO2 with O
atoms that has been proposed as additional sink for bromine
nitrate (Soller et al., 2001).

Until now, the only inorganic bromine species that has
been measured extensively in the stratosphere is BrO, us-
ing either its electronic bands in the near ultraviolet (Fish
et al., 1995; Aliwell et al., 1997; Harder et al., 2000; Pundt
et al., 2002; Sinnhuber et al., 2005; Sheode et al., 2006; Sioris
et al., 2006), its rotational lines in the microwave region (Ko-
valenko et al., 2007), or in-situ by resonance fluorescence
spectroscopy (Avallone and Toohey, 2001). There are also
some measurements of HBr and HOBr in the far-infrared re-
gion (Johnson et al., 1995; Carlotti et al., 1995; Nolt et al.,
1997), however the concentrations of HBr and HOBr are gen-
erally much lower than those of BrO and BrONO2, and for
HOBr only an upper concentration limit was determined.

From these observations, together with measurements of
organic bromine species and with photochemical models,
the total inorganic bromine (Bry = Br + 2×Br2 + BrO +
HBr + HOBr + BrONO2 + BrCl) in the stratosphere and
its partitioning can be derived (e.g.Fish et al., 1997; Harder
et al., 2000; Pfeilsticker et al., 2000; Sinnhuber et al., 2002).
The range of total inorganic bromine is estimated to 18–
25 pptv (WMO, 2007). Recently, a slow decline (about 1%
per year in the 2001–2005 period) of the total stratospheric
bromine was reported based on BrO observations (Dorf et al.,
2006; Hendrick et al., 2008). BrONO2 concentrations de-
pend strongly on the actinic flux, on available NO2, and on
aerosols like polar stratospheric clouds. It is estimated that
BrONO2 contributes a major part to the partitioning of Bry
during night (although in the lower stratosphere, as a product
of heterogeneous chemistry, HOBr can also be an important
night-time reservoir of active bromine) while during day its
concentration can vary strongly.
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In this context, measurements of stratospheric bromine ni-
trate are interesting to validate photochemical models and,
thus, the current understanding of stratospheric bromine
chemistry. Such measurements also provide an additional
independent set of observations that would be useful as in-
put for model calculations concerning the inorganic bromine
budget and the bromine partitioning in the stratosphere.

In this paper we present the first detection of BrONO2 in
the stratosphere by use of MIPAS/Envisat measurements, and
discuss the results in the context of previous studies, in par-
ticular concerning stratospheric BrO and the total inorganic
bromine.

2 MIPAS

The MIPAS instrument is a Fourier transform spectrometer
sounding the mid-infrared emission of the atmospheric trace
gases between 685 and 2410 cm−1 (14.6–4.15 µm) in limb
geometry from the sun-synchronous polar orbiting satellite
Envisat (Fischer et al., 2008). Due to its ability to perform
global observations independently of sunlight MIPAS is able
to measure during day and night (including polar night) and
can thus provide measurements of stratospheric BrONO2 and
its diurnal variation. Such measurements of the diurnal vari-
ation of BrONO2 are particularly interesting since for most
conditions, higher concentrations are expected during the
night, as also observed for chlorine nitrate (Johnson et al.,
1996), and they also provide an additional opportunity to
compare the results with photochemical models.

For the present investigation we have used MIPAS nom-
inal mode measurements taken in September 2002 and
2003 where the maximum optical path difference of the
interferometer was 20 cm resulting in a spectral resolution
(FWHM) of 0.048 cm−1 after apodisation with the Norton-
Beer “strong” function (Norton and Beer, 1976). The field-
of-view of the instrument at the tangent points is about 3 km
in the vertical and 30 km in the horizontal. Each limb scan
consisted of 17 spectra with nominal tangent altitudes of 6, 9,
12,..., 39, 42, 47, 52, 60, and 68 km. About 1000 limb scans
were recorded during one day with an along track sampling
of approximately 550 km. The raw signals were processed
by the European Space Agency (ESA) to produce calibrated
geolocated limb emission spectra, labelled level 1b data (Nett
et al., 1999). For this study, level 1b data of version 4.61/62
have been used.

3 Data analysis and results

3.1 Retrieval strategy for BrONO2

To retrieve BrONO2 from MIPAS observations the spec-
tral range of theν3 fundamental band around 803 cm−1 has
been chosen using the spectroscopic dataset byOrphal et al.
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Fig. 1. Contributing trace gas signatures within the spectral range used for retrieval of BrONO2. The contributions are shown as radiances
of each gas calculated independently of the other species. Calculations were made for a tangent altitude of 21 km using midlatitude night
standard vmr-profiles (Remedios et al., 2007) and using the retrieved concentration of BrONO2 from the 15◦N – 40◦N night range (see Tab.
1 and Fig. 2). Mind that from top to bottom the y-axis is zoomed.

Fig. 1. Contributing trace gas signatures within the spectral range
used for retrieval of BrONO2. The contributions are shown as ra-
diances of each gas calculated independently of the other species.
Calculations were made for a tangent altitude of 21 km using mid-
latitude night standard vmr-profiles (Remedios et al., 2007) and us-
ing the retrieved concentration of BrONO2 from the 15◦ N–40◦ N
night range (see Table1 and Fig.2). Mind that from top to bottom
the y-axis is zoomed.

(2008) adapted for use at stratospheric temperatures as de-
scribed in Sect.3.4.1 below. Figure1 shows an exam-
ple of the contributing spectral signatures of various trace
gases over the range of the BrONO2 ν3-band for a tan-
gent altitude of 21 km. By far the most intense lines are
those by CO2 and O3 with radiance contributions of more
than 1000 nW/(cm2 sr cm−1) directly followed by a few
H2O lines with radiances of up to 800 nW/(cm2 sr cm−1).
Trace gases with radiance signatures between about 100
and 300 nW/(cm2 sr cm−1) are ClONO2, NO2, CFC−22,
and HNO4 and those between 1 and 30 nW/(cm2 sr cm−1)

are BrONO2, COF2, HNO3, ClO (during day, increasing at
higher altitudes), CCl4, CFC−113, and PAN.

Since the spectral noise of single MIPAS measurements
is about 20 nW/(cm2 sr cm−1) in the relevant spectral range,
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Table 1. Selected time periods, latitude ranges, day (d) and night (n), in (i) and out (o) vortex conditions for which averaged spectra have
been calculated. In/out vortex conditions are only relevant for the latitude range 90◦ S–40◦ S. The number of averaged single spectra, the
estimated noise of the mean spectra, the mean latitudes and the mean solar zenith angles are given.

Number of Mean Mean Mean solar
averaged spectral latitude zenith
spectra noisea angle [◦]

1–20 Sep 2002:

90–40◦ S, d, i 1026 0.44 74.7◦ S 81.9
90–40◦ S, n, i 852 0.48 72.0◦ S 111.7
90–40◦ S, d, o 502 0.62 51.1◦ S 60.8
90–40◦ S, n, o 456 0.65 50.8◦ S 129.6
40–15◦ S, d, o 750 0.51 28.1◦ S 42.3
40–15◦ S, n, o 740 0.51 26.9◦ S 147.8
15◦ S–15◦ N, d, o 1265 0.39 1.4◦ S 28.8
15◦ S–15◦ N, n, o 952 0.45 1.5◦ S 153.8
15–40◦ N, d, o 1060 0.43 26.1◦ N 33.6
15–40◦ N, n, o 1230 0.40 28.9◦ N 138.6
40–65◦ N, d, o 1067 0.43 50.9◦ N 51.3
40–65◦ N, n, o 1041 0.43 56.1◦ N 115.9
65–90◦ N, d, o 1625 0.35 78.7◦ N 77.9
65–90◦ N, n, o 335 0.76 72.6◦ N 102.0

1–30 Sep 2003:

90–40◦ S, d, i 1913 0.32 74.3◦ S 79.5
90–40◦ S, n, i 1434 0.37 70.5◦ S 111.5
90–40◦ S, d, o 688 0.53 48.2◦ S 56.3
90–40◦ S, n, o 623 0.56 47.5◦ S 130.5
40–15◦ S, d, o 1459 0.37 28.5◦ S 40.9
40–15◦ S, n, o 1396 0.37 27.6◦ S 146.2
15◦ S–15◦ N, d, o 1939 0.32 1.4◦ S 28.2
15◦ S–15◦ N, n, o 1686 0.34 0.5◦ N 153.6
15–40◦ N, d, o 1614 0.35 26.1◦ N 34.7
15–40◦ N, n, o 1727 0.34 30.1◦ N 139.6
40–65◦ N, d, o 1610 0.35 50.9◦ N 52.9
40–65◦ N, n, o 1596 0.35 56.1◦ N 117.8
65–90◦ N, d, o 2304 0.29 78.6◦ N 78.8
65–90◦ N, n, o 674 0.54 74.1◦ N 103.0

a Units: [nW/(cm2 sr cm−1)]

it exceeds the maximum signal of BrONO2 by a factor of 2
and more. Thus, the strategy adopted in this study for an
unambiguous identification of stratospheric BrONO2 is to
use average MIPAS spectra over the time period of about
one month for selected latitude bands, in- and out-vortex
air-masses and day/night conditions. Additionally, to obtain
independent datasets of different years we selected MIPAS
observations from September 2002 and 2003. For averag-
ing we selected only spectra which were not influenced by
tropospheric or polar stratospheric clouds. For that purpose
the cloud-index (CI) method bySpang et al.(2004) has been
used applying a strict limit of CI=4.5 which means that even
spectra affected by optically very thin polar stratospheric
clouds are sorted out. Detailed information about the selec-

tion is given in Table1: the typical reduction of the noise
gained by averaging the spectra is about a factor of 50.

Due to a problem in the offset-calibration of the ESA-level
1b processing chain (A. Kleinert, personal communication)
the averaged spectra had to be corrected before being used in
the retrieval. Contrary toStiller et al.(2008) who corrected
the retrieved trace gas distributions, we have corrected the
spectral radiances prior to the retrieval. The correction pro-
cedure is based on the fact that in the ESA processing the
spectrally low-resolved deep space spectrum used for offset
calibration has not been updated each fourth limb-scan, as
intended, but instead a reference offset which was updated
only once a week has been used. In this work, for correction
of the average spectra we have subtracted a residual offset
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spectrum. This offset spectrum has been determined from
the uncorrected average spectra of the highest tangent alti-
tude (about 68 km) from which remaining small CO2 signa-
tures have been removed by fit of a simulated CO2 spectrum.

Beside the spectral noise, the influence of the interfering
species is the main problem in determination of BrONO2
from MIPAS measurements. To obtain a best possible fit
of the simulations to the measured spectra we simultane-
ously retrieve all trace gases mentioned above, with the ex-
ception of CO2, which, due to its known atmospheric con-
centration, was used to retrieve temperature profiles. Ad-
ditionally, in order to account for instrumental artefacts, a
height-independent tangent altitude offset, a spectral shift
and a spectrally constant radiance contribution has been
determined. Atmospheric and instrumental parameters are
combined in the vectorx, which is determined in a Newto-
nian iteration process (Rodgers, 2000; von Clarmann et al.,
2003):

xi+1 = xi + (KT S−1
y K + R)−1

×

[
KT S−1

y (ymeas− y(xi)) − R(xi − xa)
]
. (1)

ymeasis the vector of selected measured spectral radiances of
all tangent altitudes under investigation, andSy is the related
noise covariance matrix.y(xi) contains the spectral radi-
ances calculated with the radiative transfer model KOPRA
(Stiller, 2000) using the best guess atmospheric state param-
etersxi of iteration numberi. K is the Jacobian matrix, i.e.
the partial derivatives∂y(xi)/∂xi calculated also with the
radiative transfer model.R is the regularization matrix and
xa the a-priori information.

We have chosen the spectral interval from 801–820 cm−1

for the following reasons: (a) to avoid the CO2 Q-branch
at around 791 cm−1 for which very exact modelling of line-
mixing effects would have been needed, (b) to exclude some
of the O3 lines below 800 cm−1 which cause – presumably
due to inconsistent spectroscopic data – systematic spectral
residuals, and (c) to minimize the influence of the simultane-
ously fitted gases CCl4 and PAN. This reduced wavenumber
range still contains enough information to obtain sufficiently
small errors due to spectral noise in combination with a good
vertical resolution.

The retrieval was performed on a 1 km grid using a
first-order smoothing constraintR=γ LT L with the altitude-
independent but species-dependent regularisation parameters
γ . L is a first order finite differences operator (Tikhonov,
1963). It is important to emphasize that for the target species
of the present study, BrONO2, the initial guess and the a-
priori profiles,x0 andxa , have been set equal to zero, while
for all other trace gases climatological values have been used.
The initial guess and a-priori values of temperature have been
determined as the mean profiles from the ECMWF analysis
at the location and time of the single MIPAS measurements.

The regularization strength was chosen such to avoid oscil-
latory structures in the retrieved profiles of all atmospheric
parameters.

3.2 Results

Figure 2 shows the retrieved BrONO2 profiles between 20
and 40 km altitude for the various sets of averaged spectra
belonging to different years, latitude bands and in/out vortex
conditions (Table1). Estimated errors indicated in the plots
are those due to spectral noise (bars) and the combination
of spectral noise and systematic errors (dotted). The trace
of the averaging kernel matrix reveals about four degrees of
freedom of the retrieved profiles between 20 and 40 km alti-
tude. The vertical resolution derived from the reciprocal of
the averaging kernel diagonal values (Rodgers, 2000) ranges
from around 3–5 km at lower to 6–10 km at higher altitudes.

In each plot, black curves indicate MIPAS nighttime ob-
servations while daytime measurements are plotted in red
with the mean solar zenith angle given in Table1. The
fact that BrONO2 vmr values obtained during night are al-
ways larger than those during day is in agreement with its
photolytic destruction during sunlit conditions. Additionally,
there is a general consistency of the results between the two
years with maximum nighttime values of BrONO2 between
20.8 and 24.5 pptv at altitudes of 25–31 km. The altitude of
the daytime maximum is lower at high latitudes (23–24 km)
compared to equatorial regions (27–29 km). The highest day-
time values (12.4 and 13.4 pptv) are found at 65–90◦ N at
23 km altitude during both years. The maximum daytime
volume mixing ratios at all other latitudes range between 5.6
and 8.4 pptv.

Small negative values are sometimes obtained in mid-
latitude daytime profiles in 2003 but are mostly within the
estimated total error bars. Only the equatorial daytime values
above 33 km altitude reach negative (−4 pptv) values where
the maximum total errors miss zero by 1–2 pptv. This indi-
cates an effect of systematic nature affecting those profiles
which might be due to errors caused by retrievals from mean
spectra becoming the dominant error contribution at those
altitudes for daytime retrievals as shown in Fig.5 (called
“nlin”) and discussed in Sect.3.4 below. This suggests
clearly that daytime BrONO2 concentrations above about
30–35 km are in general too low to be detected.

3.3 Spectral evidence for BrONO2

Beyond the plausible and coherent BrONO2 volume mixing
ratio profiles obtained from the MIPAS retrievals including
their day-night variation and the comparison between two
different years, we now demonstrate its detection in the spec-
tral domain.

In Fig. 3 the residual spectra resulting from the MI-
PAS BrONO2 retrieval (i.e. the difference between mea-
surement and simulation using the results of the retrieval,
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Fig. 2. Retrieved altitude profiles of BrONO2 mixing ratios for September 2002 (left) and 2003 (right) for different latitude ranges and in/out
vortex conditions as indicated by (i) and (o) in the title (see Tab. 1). Red lines indicate daytime while black lines are nighttime observations.
Horizontal bars indicate errors due to spectral noise while dotted lines show the range of total uncertainties calculated as the square root of
the squared noise errors plus the squared systematic errors described in Sect. 3.4.

Fig. 2. Retrieved altitude profiles of BrONO2 mixing ratios for September 2002 (left) and 2003 (right) for different latitude ranges and in/out
vortex conditions as indicated by (i) and (o) in the title (see Table1). Red lines indicate daytime while black lines are nighttime observations.
Horizontal bars indicate errors due to spectral noise while dotted lines show the range of total uncertainties calculated as the square root of
the squared noise errors plus the squared systematic errors described in Sect.3.4.

Smes−S
all(retAll)
sim ) in red are compared with the resulting

residual when no BrONO2 but all other gases are fitted
(Smes−S

noBr(retnoBr)
sim ) in black. Very clearly, for nighttime ob-

servations (right column) there remains a residual structure

at the position of the BrONO2 ν3 Q-branch (803–804 cm−1)
in the black curve when no BrONO2 has been included in
the fit. This residual is totally absent when BrONO2 is in-
cluded in the retrievals. During daytime, this feature is much
smaller indicating low BrONO2 concentrations. The fact that
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Fig. 3. Residual spectra (measurement - simulation) at around 24 km tangent altitude for retrievals with BrONO2 (Smes −S
all(retAll)
sim : red)

and without BrONO2 (Smes − S
noBr(retnoBr)
sim : black) included as a fit-parameter. The left column are daytime while the right column

shows nighttime measurements for September 2003. The latitude range and the relative position with respect to the Antarctic polar vortex is
given in the title of each plot. Green curves are differences between calculations with-without BrONO2 using profiles of all resulting trace
gases from the retrieval including BrONO2 (Sall(retAll)

sim − S
noBr(retAll)
sim ) and the blue curve shows (Sall(retAll)

sim − S
noBr(retnoBr)
sim ). In

orange the difference between green and blue (SnoBr(retnoBr)
sim − S

noBr(retAll)
sim ) is shown. For better discrimination, the green, blue and

orange curves are all offset by -10 nW/(cm2 sr cm−1).

Fig. 3. Residual spectra (measurement-simulation) at around 24 km tangent altitude for retrievals with BrONO2 (Smes−S
all(retAll)
sim : red)

and without BrONO2 (Smes−S
noBr(retnoBr)
sim : black) included as a fit-parameter. The left column are daytime while the right column shows

nighttime measurements for September 2003. The latitude range and the relative position with respect to the Antarctic polar vortex is given in
the title of each plot. Green curves are differences between calculations with-without BrONO2 using profiles of all resulting trace gases from

the retrieval including BrONO2 (Sall(retAll)
sim −S

noBr(retAll)
sim ) and the blue curve shows (S

all(retAll)
sim −S

noBr(retnoBr)
sim ). In orange the difference

between green and blue (S
noBr(retnoBr)
sim −S

noBr(retAll)
sim ) is shown. For better discrimination, the green, blue and orange curves are all offset by

−10 nW/(cm2 sr cm−1).
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the residual is becoming visible, even when a new fit with all
known spectrally interfering trace gases except for BrONO2
is performed, clearly proves the detection of BrONO2 by
these observations.

Three additional curves in Fig.3 are plotted to indicate
to what extent the spectral feature of BrONO2 can be com-
pensated for by the other trace gases in this spectral region.
The green line is the difference of two forward simulations
(with and without BrONO2 in the calculations), when all
other parameters are fixed to the ones resulting from the
original BrONO2 retrieval (Sall(retAll)

sim −S
noBr(retAll)
sim ) while the

blue curve isSall(retAll)
sim −S

noBr(retnoBr)
sim . The difference be-

tween green and blue (S
noBr(retnoBr)
sim −S

noBr(retAll)
sim ) in orange

thus shows which feature of the BrONO2-signature (green)
can be compensated for by any of the other parameters si-
multaneously fitted in the retrieval. In the observed region
this is mainly theν3 R-branch. Thus, the unique information
about BrONO2 in our measurements stems to a large extend
from itsQ-branch structure.

3.4 Error estimation

3.4.1 Spectroscopic data of BrONO2

Infrared absorption cross-sections of bromine nitrate have
been measured first in 1995 (Burkholder et al., 1995) fo-
cusing on theν3 fundamental band around 803 cm−1 and
more recently covering also other infrared bands in the 500–
2000 cm−1 region (Orphal et al., 2008). In particular it is
important that the second dataset (that was used as reference
absorption cross-sections for the present study) was scaled
to the first one using the integrated intensity of the 803 cm−1

band (which is the band used here for the infrared retrievals).
The infrared measurements byBurkholder et al.were made
quasi simultaneously with measurements of the ultraviolet
absorption cross-sections of BrONO2 which have also been
determined by other authors in the past (Spencer and Row-
land, 1978; Deters et al., 1998) and show good agreement.

In order to take into account the variation of the absorp-
tion cross-sections of theν3 band of BrONO2 as a function
of temperature, we have performed a simulation of the tem-
perature effect on the band shape using a standard asym-
metric top Hamiltonian based on the rotational constants of
BrONO2, estimated from its structural parameters and using
the vibrational dependence of the rotational constants deter-
mined for ClONO2 (Flaud et al., 2002). The observed tem-
perature variation is very similar to that observed in theν2
band of ClONO2 (Orphal et al., 1994), i.e. a narrowing of the
band, in particular of theP- andR-branches, and a sharpen-
ing of theQ-branch. Using this calculation, the experimental
absorption cross-sections at room temperature were scaled
to reproduce the modelled effect of the band contour at low
temperatures.

The effect of the adaptation of the cross-sections to 218 K
is shown in Fig.4: for most altitudes the resulting vmr values

M. Höpfner et al.: Stratospheric BrONO2 observed by MIPAS 13

2003 lat:  65N -  90N

0 5 10 15 20 25 30
BrONO2 [pptv]

20

25

30

35

40

A
lt

it
u

d
e 

[k
m

]

-10 -5 0 5 10 15 20
Difference [%]

20

25

30

35

40
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Fig. 4. Comparison of retrievals for latitude range 65–90◦ N in
September 2003 using original BrONO2 cross-sections byOrphal
et al. (2008) (dotted) and results for temperature-adjusted cross-
sections (solid) as described in Sect.3.4.1. Daytime observations
are in red while nighttime measurements are in black. (Relative dif-
ferences on the right panel are defined as (dotted-solid)/solid data
from the left panel.)

of BrONO2 would have been by about 5–20% higher had the
original 296 K cross-sections and not the temperature-scaled
ones been used. Although this procedure is less accurate
than an experimental determination of the BrONO2 absorp-
tion cross-sections at stratospheric temperatures (which is a
considerable effort), the systematic error is certainly reduced
by this approach.

In addition, another systematic uncertainty is due to the in-
tegrated band intensity. In the recent paper byOrphal et al.,
the integrated band strengths of several fundamental bands
of BrONO2 were compared to those of ClONO2 which are
also very well established (Goldman et al., 1998; Birk and
Wagner, 2003), and significant differences were observed.
In particular, from ab-initio calculations (Petkovic, 2007) we
expect to observe similar integrated band strengths for both
molecules. However, the infrared band strengths of BrONO2
based on the work ofBurkholder et al. are systematically
lower by about 30% than those of ClONO2. It is there-
fore possible that the infrared band strengths of BrONO2 as
used in this study are too low by up to 30% (thus leading to
BrONO2 concentrations that might be up to 30% high). On
the other hand, there is very good agreement between three
independent measurements of the BrONO2 absorption cross-
sections in the ultraviolet-visible region (Spencer and Row-
land, 1978; Burkholder et al., 1995; Deters et al., 1998) so
that it seems rather unlikely that the infrared band strength
of Burkholder et al.(that was determined quasi simultane-
ously with the ultraviolet-visible cross-sections) is wrong by
30%. New laboratory measurements of the infrared absorp-
tion cross-sections of BrONO2 are required to solve this issue
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and also to provide accurate reference data at stratospheric
temperatures.

For estimation of systematic errors of the retrieval we have
assumed an overall 20% uncertainty of the BrONO2 cross-
sections comprising the error of the 296 K laboratory dataset
and the error of the downscaling to stratospheric tempera-
tures. We have calculated its effect by repeating the retrievals
with an 20% scaled cross-section dataset. As indicated by the
lines named “specBr” in Fig. 5 this results at nearly all alti-
tudes in a 20% bias. Vmrs during daytime are affected by up
to nearly 60% only at altitudes above about 33 km.

3.4.2 Retrieval from co-added limb-emission spectra

Due to non-linearity of the radiative transfer, especially in
case of mid-infrared emission measurements, retrievals from
averaged spectra will generally provide different results than
calculating the average profile from single retrievals. Here
we treat this effect as an additional error term including un-
certainties in the instrumental line-of-sight. To estimate its
magnitude we have first simulated as many single MIPAS
measurements as those used in the averaging of the real re-
trieval (Table1) on basis of (a) ECMWF analyses for pres-
sure and temperature at the original MIPAS locations and
times, (b) volume mixing ratio profiles of all interfering trace
gases randomly disturbed by their climatological standard
deviation (Remedios et al., 2007), (c) the originally resulting
BrONO2 profiles as in Fig.2 disturbed with a standard de-
viation of 50%, and (d) a line-of-sight uncertainty of 150 m
at the tangent points (von Clarmann et al., 2003). The sim-
ulated single spectra have been averaged and retrievals have
then been performed in the same way as has been done with
the original MIPAS observations. Errors have been estimated
as mean differences between the retrieved and the “true”
mean profile of BrONO2 separately for day and nighttime
observations and are shown in Fig.5 indicated as “nlin”:
over the whole altitude range during night and below 30 km
during day errors range between 0.1 and 1.3 pptv (1–10%)
while above 30 km during day errors up to 2 pptv (120%) are
reached.

3.4.3 Interfering species and instrumental line-shape

The influence of errors due to the spectroscopy of the ma-
jor interfering species CO2, O3 and H2O has been estimated
by perturbing (a) the line intensities by 5% and, (b) the
pressure-broadening half-widths by 10% and, on basis of
those, performing new retrievals. Resulting differences are
in case of line-intensity around 1–3% (0.1–0.2 pptv) which
is smaller than the assumed intensity errors due to compen-
sational effects with the trace gas concentrations and temper-
ature (“specint” in Fig. 5). Half-width induced errors range
between 5 and 20% (0.5–2.2 pptv) for all altitudes during
night and below 30 km during day while above 30 km dur-
ing day maximum errors reach 80% (“spechw” in Fig. 5).

14 M. Höpfner et al.: Stratospheric BrONO2 observed by MIPAS

                                                           Night

0 1 2 3 4 5
Error [pptv]

20

25

30

35

40

A
lt

it
u

d
e 

[k
m

]

0 20 40 60 80 100
Error [%]

20

25

30

35

40

spec_Br
ils

spec_int
spec_hw

nlin
all

                                                            Day

0 1 2 3 4 5
Error [pptv]

20

25

30

35

40

A
lt

it
u

d
e 

[k
m

]

0 20 40 60 80 100
Error [%]

20

25

30

35

40

Fig. 5. Budget of systematic errors for mean day and nighttime profiles of BrONO2. Errors due to retrieval from mean radiance spectra: nlin;
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Fig. 5. Budget of systematic errors for mean day and nighttime
profiles of BrONO2. Errors due to retrieval from mean radiance
spectra: nlin; due to uncertainties in the spectroscopic data (line
half-width and intensity) of the major interfering species O3, CO2
and H2O: spechw and specint; due to knowledge of the in the
instrumental line shape of MIPAS: ils; and due to the spectroscopy
of BrONO2: specBr. The Gaussian combination of all errors is
indicated by the solid lines.

The knowledge of the instrumental line shape, which has
been estimated to within 3% (F. Hase, personal communica-
tion; Höpfner et al., 2007), is a further parameter influencing
the quality of the fit between simulated and observed mean
spectra. Resulting errors range from 0.5 to 1.4 pptv and are
indicated as “ils” in Fig.5.
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4 Comparison with a photochemical model

Using a simple photochemical model, daytime BrONO2
concentrations have been calculated for the various latitude
bands as

[BrONO2]=
k1[NO2][BrO]

j1 + j2
(R1)

where k1 is the reaction rate of the termolecular reaction
(Thorn et al., 1993)

k1 : BrO + NO2 + M → BrONO2 + M (R2)

and its value was determined using the rate constants recom-
mended bySander et al.(2006). The photolysis frequencies

j1 : BrONO2 + hν → BrO + NO2 (R3)

j2 : BrONO2 + hν → Br + NO3 (R4)

were calculated with the interactive TUV model version 4.4
(Madronich and Flocke, 1998), (http://cprm.acd.ucar.edu/
Models/TUV/InteractiveTUV). The NO2 concentrations
were obtained from the NO2 volume mixing ratios of the re-
lated latitude band retrieved directly from the MIPAS spectra
along with BrONO2. The BrO concentrations were taken
from the paper bySinnhuber et al.(2005) who reported ob-
servations during September 2002 by the SCIAMACHY in-
strument, that is also installed aboard the Envisat satellite and
performs stratospheric BrO measurements in limb geometry.
In addition to this baseline “model 1” runs, in “model 2” we
included the reaction BrONO2+O(3P) (Soller et al., 2001)
using O(3P) concentration profiles from the model byGarcia
(1983).

The modelled BrONO2 concentrations based on observed
NO2 and BrO vmr profiles are compared to the MIPAS day-
time measurements in Fig.6. We have restricted these com-
parisons to latitudes north of 40◦ S in order to avoid po-
lar vortex airmasses influenced by heterogeneous chemistry
at polar stratospheric clouds. The measured and modelled
BrONO2 concentrations agree well within the estimated un-
certainty range in most cases. Only in the latitude region 65–
90◦ N the modelled BrONO2 concentrations at altitudes of
21–24 km are in case of “model 1” clearly and with “model
2” still slightly overestimated. In general, however, it is diffi-
cult to decide whether “model 1” or “model 2” obtains better
results: while “model 2” agrees better with the observations
within the latitude bin 65–90◦ N “model 1” fits better in the
rest of the latitude ranges.

A potential sink for BrONO2 not considered by the equi-
librium calculations could be the hydrolysis of BrONO2 at
stratospheric background aerosol.Lary et al. (1996) es-
timated the influence on the BrONO2/BrOy diurnal cycle
at 37.9◦ N, 66.9 hPa for an aerosol surface area density of
6 µm2 cm−3. Around noon this resulted in a reduction of
BrONO2 by about 25%. However, this aerosol surface area is
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Fig. 6. Comparison between MIPAS daytime measurements of
BrONO2 outside the polar vortex for September 2002 and photo-
chemical equilibrium model results for BrONO2 (‘model 1’: with-
out, ‘model 2’: with reaction BrONO2 + O(3P) (Soller et al.,
2001)) based on SCIAMACHY BrO observations during the same
month (Sinnhuber et al., 2005).

Fig. 6. Comparison between MIPAS daytime measurements of
BrONO2 outside the polar vortex for September 2002 and photo-
chemical equilibrium model results for BrONO2 (“model 1”: with-
out, “model 2”: with reaction BrONO2 + O(3P) (Soller et al.,
2001)) based on SCIAMACHY BrO observations during the same
month (Sinnhuber et al., 2005).
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valid for enhanced volcanic situations while background lev-
els in 2002 were about a factor of 10 lower (e.g.Thomason
and Peter, 2006). Thus, the effect on our comparison would
be a reduction of the modelled BrONO2 of only a few per-
cent, which is too low to explain the overestimated values at
lower altitudes.

The consistency of the infrared and the ultraviolet absorp-
tion cross-sections of BrONO2 employed here is an impor-
tant point when comparing the observed BrONO2 concentra-
tions with the predictions of the photochemical model: any
systematic bias of the infrared cross-sections would also be
present in the ultraviolet absorption cross-sections, leading
to a rather robust comparison (i.e. insensitive of the abso-
lute cross-section values). For example, higher infrared ab-
sorption cross-sections will not only lead to smaller BrONO2
concentrations retrieved from the infrared spectra, but also to
higher BrONO2 photolysis rates (through the higher ultra-
violet absorption cross-sections), so that the BrONO2 con-
centrations predicted from the photochemical model would
also be smaller. Therefore the most important issue for the
comparison of observed BrONO2 concentrations with those
predicted from a photochemical model (and based on the ob-
served BrO concentrations) is the consistency of the infrared
and the ultraviolet absorption cross-sections of BrONO2,
which has been established by the laboratory measurements
of Burkholder et al.(1995).

These calculations confirm the general consistency of the
measured BrONO2 concentration profiles from MIPAS and
of the BrO concentrations from SCIAMACHY mostly within
the estimated measurement errors. It will be important in
the future to improve the accuracy of the measured BrONO2
concentrations for a more quantitative analysis of simultane-
ous measurements of BrONO2, BrO and NO2.

5 Conclusions

We have presented the first measurements of stratospheric
BrONO2 and its global distribution. From the analysis pre-
sented above it is evident that stratospheric BrONO2 can be
detected using infrared spectroscopy. The MIPAS spectra
have been carefully calibrated and the methodology for data
analysis has been successfully applied to many other atmo-
spheric trace species in the past. In particular, inspection of
the spectral residuals clearly shows the presence of BrONO2
in the MIPAS spectra. It is therefore expected that other in-
frared experiments (including spectra recorded with balloon-
borne and ground-based instruments, and also using solar oc-
cultation) will provide BrONO2 concentrations in the future.

The following observations can be made using the first
measurements of stratospheric BrONO2 profiles presented
here. First, as expected from photochemical models of strato-
spheric bromine chemistry, there is a very clear diurnal vari-
ation of the BrONO2 concentrations, with much higher con-
centrations during the night, and this clearly confirms the

predicted behaviour of stratospheric BrONO2 as bromine
reservoir. Second, the night-time BrONO2 mixing ratio pro-
files show a maximum in the 25–31 km region, which is again
in good agreement with photochemical models, although the
maximum seems to be slightly broader (which can be partly
due to the limited vertical resolution of the MIPAS observa-
tions). The daytime profiles show different structure and a
clear latitudinal dependence of the maximum. Third, the ob-
served BrONO2 vertical profiles are rather similar for 2002
and 2003. Maximum values of the BrONO2 volume mix-
ing ratios during night are always in the range 20–25 pptv
which is in agreement with estimates of total inorganic strato-
spheric bromine of 18–25 pptv (WMO, 2007). Finally, first
comparisons of MIPAS daytime BrONO2 profiles with pho-
tochemical equilibrium calculations based on SCIAMACHY
BrO observations show reasonable agreement within the es-
timated errors.

MIPAS measurements of stratospheric BrONO2 volume
mixing ratios are in good general agreement with the cur-
rently established picture of stratospheric bromine chemistry
concerning the total amount of inorganic bromine and the
partitioning of stratospheric bromine, including the diurnal
variation of BrONO2. Future work will focus on the de-
tailed quantitative analysis of the MIPAS data. New labo-
ratory measurements of BrONO2 to reduce the systematic
errors will be carried out. It is also expected that detailed
analysis of simultaneous observations of other species – in
particular BrO and NO2 – will provide additional insight into
stratospheric bromine chemistry.
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