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Abstract. The first measurements of stratospheric bromineHOBr and HNQ (Hanson et a).1996 Lary et al, 1996 Tie

nitrate (BrONQ) are reported. Bromine nitrate has been and Brasseurl996, and by the reaction of BrONQOwith O

clearly identified in atmospheric infrared emission spectraatoms that has been proposed as additional sink for bromine

recorded with the Michelson Interferometer for Passive At- nitrate Soller et al, 2007).

mospheric Sounding (MIPAS) aboard the European Envisat Until now, the only inorganic bromine species that has

satellite, and stratospheric concentration profiles have beeheen measured extensively in the stratosphere is BrO, us-

determined for different conditions (day and night, differ- ing either its electronic bands in the near ultraviolEish

ent latitudes). The BrONg®concentrations show strong et al, 1995 Aliwell et al., 1997 Harder et al.200Q Pundt

day/night variations, with much lower concentrations during et al, 2002 Sinnhuber et al2005 Sheode et al2006 Sioris

the day. Maximum volume mixing ratios observed during et al, 2006), its rotational lines in the microwave regiokd-

night are 20 to 25 pptv. The observed concentration profilessalenko et al. 2007, or in-situ by resonance fluorescence

are in agreement with estimations from photochemical mod-spectroscopyAvallone and Toohey2001). There are also

els and show that the current understanding of stratospherisome measurements of HBr and HOBYr in the far-infrared re-

bromine chemistry is generally correct. 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 BrObGnd 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 (Br= Br + 2xBr, + BrO +

HBr + HOBr + BrONQ, + BrCl) in the stratosphere and

its partitioning can be derived (e.gish et al, 1997 Harder

1 Introduction

Bromine nitrate, BrON@, is an important species in strato-
spheric bromine chemistrySpencer and Rowlandl978
Lary, 1996 Daniel et al, 1999 and it is closely linked to

the chemical cycles of stratospheri depletieniel o .
€ chemica cycles Ot Stratosphieric ozone dep'e (e et al, 200Q Pfeilsticker et al.200Q Sinnhuber et al2002.

et al, 1999 Salawitch et al.2005. In particular it is the Th f total i ic bromine i timated to 18
most important reservoir species for inorganic stratospheric € range of total inorganic bromine 1S estimated 10 16—

bromine. During the day, BrONDis photolysed within a 25 pptvy WMO’ 2009. Recently_, a slow decline (about 1%.
few minutes Burkholder et al. 1995 Deters et al. 1998 per year in the 2001-2005 period) of the totz_il stratospheric
Soller et al, 2002, but at the same time it is also produced bromine was reported based on BrO observatiDusf(et al,

continuously by the termolecular reaction between BrO;NO 2002 I—t|endr||ck etﬂ?"' ZOSQ. fIIBrONOZ cor;cgrtrau@on; de-
and another collision partner, leading to quasi stationary conP€Nd strongly on the actinic Tiux, on available N and on
centrations that are mainly determined by the actinic flux, by"jlerOSOIS like polar stratos_phenc clouds. It 'S _est_lmated that
the BrO and the N@concentrations and by the air density BrONO; contributes a major part to the partitioning ofyBr

(Lary, 1996. BrONO;, can also be destroyed by heteroge- during night (although in.the lower stratosphere, asgproduct
neous reactions with #0 on stratospheric aerosol forming of heterogeneous chemistry, HOBr can also be an important

night-time reservoir of active bromine) while during day its
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BY (michael.hoepfner@imk.fzk.de)

concentration can vary strongly.
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In this context, measurements of stratospheric bromine ni-  zo0 ‘ ‘ i
trate are interesting to validate photochemical models and, o
thus, the current understanding of stratospheric brommeg
chemistry. Such measurements also provide an addltlonal“

,u\\u\\uu\uu\uu\uu

independent set of observations that would be useful as mélm Wf M |
put for model calculations concerning the inorganic bromine gwow\ f ‘{ M
budget and the bromine partitioning in the stratosphere. £ - A\ m U M\ ! H | | h
In this paper we present the first detection of BrON® H?JJLW‘W‘“W Muw uw J IH M h \\‘ M UU
the stratosphere by use of MIPAS/Envisat measurements, and — 7s™ o 1 soo so; o 520
discuss the results in the context of previous studies, in par- Heveme e
ticular concerning stratospheric BrO and the total inorganic ™ NO2
bromine. = Clono:

Radiance [nW/(cm* st cm™)]
=
&
3

2 MIPAS
100 |
The MIPAS instrument is a Fourier transform spectrometer * [ " ]
sounding the mid-infrared emission of the atmospheric trace ;| \M » b s Y b et
gases between 685 and 2410¢dn(14.6—4.15um) in limb 785 790 795 o umber [ 810 ats a0

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 Brednd
its diurnal variation. Such measurements of the diurnal vari-
ation of BrONQ are particularly interesting since for most
conditions, higher concentrations are expected during the
night, as also observed for chlorine nitrafiolinson et al. jil
1996, and they also provide an additional opportunity to mnumw[éﬁ]
compare the results with photochemical models.

For the present investigation we have used MIPAS nom-
inal mode measurements taken in September 2002 an

.2003 where the maximum optl_cal .path difference of t.hedlances of each gas calculated independently of the other species.

interferometer was 20.cm resultln_g 'r_‘ a Spectral I’GSOIUt'()nCalculations were made for a tangent altitude of 21 km using mid-

(FWHM) of 0.048 cn1* after apodisation with the Norton-  |aitude night standard vmr-profileRémedios et 812007 and us-

Beer “strong” function Klorton and Begrl976. The field-  ing the retrieved concentration of BrONGrom the 15 N-40° N

of-view of the instrument at the tangent points is about 3 kmnight range (see Tabteand Fig.2). Mind that from top to bottom

in the vertical and 30 km in the horizontal. Each limb scan the y-axis is zoomed.

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(2008 adapted for use at stratospheric temperatures as de-

of approximately 550 km. The raw signals were processedscribed in Sect3.4.1 below. Figurel shows an exam-

by the European Space Agency (ESA) to produce calibratedple of the contributing spectral signatures of various trace

geolocated limb emission spectra, labelled level 1b dégdt(  gases over the range of the BrON@s-band for a tan-

et al, 1999. For this study, level 1b data of version 4.61/62 gent altitude of 21km. By far the most intense lines are

have been used. those by CQ@ and & with radiance contributions of more
than 1000 nW(cn?srcnml) directly followed by a few
H>O lines with radiances of up to 800 p\én? srent ).

HNO3

Radiance [nW/(cm’ st cm")]

810 820

ﬁlg 1. Contributing trace gas signatures within the spectral range
used for retrieval of BrONO2. The contributions are shown as ra-

3 Data analysis and results Trace gases with radiance signatures between about 100
and 300nW(cn?srcenml) are CIONQ, NO,, CFC-22,
3.1 Retrieval strategy for BrONO and HNQ and those between 1 and 30 pi? srcnT 1)

are BrONQ, COF,, HNOj3, CIO (during day, increasing at
To retrieve BrONQ from MIPAS observations the spec- higher altitudes), CGl CFC-113, and PAN.
tral range of thess fundamental band around 803 tfnhas Since the spectral noise of single MIPAS measurements
been chosen using the spectroscopic datas€rppal et al.  is about 20 nW(cr? srcenT 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 (0) vortex conditions for which averaged spectra have
been calculated. In/out vortex conditions are only relevant for the latitude rafg®-4@ 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 noisk angle P]
1-20 Sep 2002:
90-40 S, d, i 1026 0.44 74°7S 81.9
90-40 S, n,i 852 0.48 720S 111.7
90-40' S, d, 0 502 0.62 51°1S 60.8
90-40 S, n, 0 456 0.65 50%85 129.6
40-15S,d, 0 750 0.51 2871S 42.3
40-18S,n, 0 740 0.51 26°85 147.8
15°S-15 N, d, o 1265 0.39 194s 28.8
15°S-1% N, n, 0 952 0.45 1.5S 153.8
15-40 N, d, o 1060 0.43 26°IN 33.6
15-40 N, n, o 1230 0.40 289N 138.6
40-65 N, d, 0 1067 0.43 509N 51.3
40-65% N, n, 0 1041 0.43 56°IN 115.9
65-9C N, d, o 1625 0.35 78N 77.9
65-90 N, n, 0 335 0.76 725N 102.0
1-30 Sep 2003:
90-40 S, d, i 1913 0.32 743S 79.5
90-40 S, n,i 1434 0.37 705S 1115
90-40 S, d, 0 688 0.53 4825 56.3
90-40 S, n, 0 623 0.56 4755 130.5
40-1%S,d, 0 1459 0.37 285 40.9
40-18S,n,0 1396 0.37 27°65 146.2
15°S-1% N, d, 0o 1939 0.32 14s 28.2
15°S-1% N, n, 0 1686 0.34 05N 153.6
15-40 N, d, o 1614 0.35 26°IN 34.7
15-40 N, n, 0o 1727 0.34 30°IN 139.6
40-65 N, d, 0 1610 0.35 509N 52.9
40-65 N, n, 0 1596 0.35 56°IN 117.8
65-9C0 N, d, o 2304 0.29 78BN 78.8
65-9C N, n, 0 674 0.54 74°N 103.0

aUnits: [nW/(cn? srenm 1]

it exceeds the maximum signal of BrONM®y a factor of 2  tion is given in Tablel: the typical reduction of the noise
and more. Thus, the strategy adopted in this study for argained by averaging the spectra is about a factor of 50.
unambiguous identification of stratospheric BrON® to
use average MIPAS spectra over the time period of about Due to a problem in the offset-calibration of the ESA-level
one month for selected latitude bands, in- and out-vortexlb processing chain (A. Kleinert, personal communication)
air-masses and day/night conditions. Additionally, to obtainthe averaged spectra had to be corrected before being used in
independent datasets of different years we selected MIPAShe retrieval. Contrary t&tiller et al.(2008 who corrected
observations from September 2002 and 2003. For averaghe retrieved trace gas distributions, we have corrected the
ing we selected only spectra which were not influenced byspectral radiances prior to the retrieval. The correction pro-
tropospheric or polar stratospheric clouds. For that purpos€edure is based on the fact that in the ESA processing the
the cloud-index (Cl) method b$pang et al(2004 has been  spectrally low-resolved deep space spectrum used for offset
used applying a strict limit of CI=4.5 which means that even calibration has not been updated each fourth limb-scan, as
spectra affected by optically very thin polar stratosphericintended, but instead a reference offset which was updated
clouds are sorted out. Detailed information about the seleconly once a week has been used. In this work, for correction
of the average spectra we have subtracted a residual offset

www.atmos-chem-phys.net/9/1735/2009/ Atmos. Chem. Phys., 9, 1735-2009
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spectrum. This offset spectrum has been determined fronThe regularization strength was chosen such to avoid oscil-

the uncorrected average spectra of the highest tangent altlatory structures in the retrieved profiles of all atmospheric

tude (about 68 km) from which remaining small €€igna-  parameters.

tures have been removed by fit of a simulatecbG@ectrum.

Beside the spectral noise, the influence of the interfering3.2 Results

species is the main problem in determination of BrGQNO

from MIPAS measurements. To obtain a best possible fitFigure 2 shows the retrieved BrONOprofiles between 20

of the simulations to the measured spectra we simultaneand 40km altitude for the various sets of averaged spectra

ously retrieve all trace gases mentioned above, with the exbelonging to different years, latitude bands and in/out vortex

ception of CQ, which, due to its known atmospheric con- conditions (Tablel). Estimated errors indicated in the plots

centration, was used to retrieve temperature profiles. Ad-are those due to spectral noise (bars) and the combination

ditionally, in order to account for instrumental artefacts, a Of spectral noise and systematic errors (dotted). The trace

height-independent tangent altitude offset, a spectral shifof the averaging kernel matrix reveals about four degrees of

and a spectrally constant radiance contribution has beeffeedom of the retrieved profiles between 20 and 40 km alti-

determined. Atmospheric and instrumental parameters artude. The vertical resolution derived from the reciprocal of

combined in the vectae, which is determined in a Newto- the averaging kernel diagonal valu&ofigers2000 ranges

nian iteration processRpdgers 200Q von Clarmann et al.  from around 3-5km at lower to 6-10 km at higher altitudes.

2003: 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 Taldle The

Xit1=X; + (KTsy—lK +R)? fact that BrONQ vmr values obtained during night are al-
Fel ways larger than those during day is in agreement with its
X [K S; " (Ymeas— y(xi)) — R(x; — xa)] - (1) photolytic destruction during sunlit conditions. Additionally,

there is a general consistency of the results between the two
YmeasiS the vector of selected measured spectral radiances ofears with maximum nighttime values of BrON®etween
all tangent altitudes under investigation, &hds the related  20.8 and 24.5 pptv at altitudes of 25-31 km. The altitude of
noise covariance matrix.y(x;) contains the spectral radi- the daytime maximum is lower at high latitudes (23—-24 km)
ances calculated with the radiative transfer model KOPRAcompared to equatorial regions (27—29 km). The highest day-
(Stiller, 2000 using the best guess atmospheric state paramtime values (12.4 and 13.4 pptv) are found at 659t
etersx; of iteration numbei. K is the Jacobian matrix, i.e. 23km altitude during both years. The maximum daytime
the partial derivative®y(x;)/dx; calculated also with the volume mixing ratios at all other latitudes range between 5.6
radiative transfer modelR is the regularization matrix and and 8.4 pptv.

x, the a-priori information. Small negative values are sometimes obtained in mid-
We have chosen the spectral interval from 801-820%cm latitude daytime profiles in 2003 but are mostly within the
for the following reasons: (a) to avoid the @@-branch  estimated total error bars. Only the equatorial daytime values

at around 791 cm' for which very exact modelling of line-  above 33 km altitude reach negative4 pptv) values where
mixing effects would have been needed, (b) to exclude somghe maximum total errors miss zero by 1-2 pptv. This indi-
of the O lines below 800 cm! which cause — presumably cates an effect of systematic nature affecting those profiles
due to inconsistent spectroscopic data — systematic spectrathich might be due to errors caused by retrievals from mean
residuals, and (c) to minimize the influence of the simultane-spectra becoming the dominant error contribution at those
ously fitted gases Cgland PAN. This reduced wavenumber altitudes for daytime retrievals as shown in Fig(called
range still contains enough information to obtain sufficiently “nlin”) and discussed in Sect3.4 below. This suggests
small errors due to spectral noise in combination with a goodclearly that daytime BrON® concentrations above about
vertical resolution. 30-35km are in general too low to be detected.

The retrieval was performed on a 1km grid using a
first-order smoothing constrai=y L’ L with the altitude- 3.3 Spectral evidence for BrONO
independent but species-dependent regularisation parameters
y. L is a first order finite differences operatdrikhonoy, Beyond the plausible and coherent BrON@Ilume mixing
1963. Itis important to emphasize that for the target speciesratio profiles obtained from the MIPAS retrievals including
of the present study, BrONQ the initial guess and the a- their day-night variation and the comparison between two
priori profiles,xg andx,, have been set equal to zero, while different years, we now demonstrate its detection in the spec-
for all other trace gases climatological values have been usedral domain.
The initial guess and a-priori values of temperature have been In Fig. 3 the residual spectra resulting from the MI-
determined as the mean profiles from the ECMWEF analysiPAS BrONG retrieval (i.e. the difference between mea-
at the location and time of the single MIPAS measurementssurement and simulation using the results of the retrieval,

Atmos. Chem. Phys., 9, 1735446 2009 www.atmos-chem-phys.net/9/1735/2009/
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Fig. 2. Retrieved altitude profiles of BrONfmixing 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 Tapl®ed 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 ;145ect.

Smes—Sg','TﬂretA")) in red are compared with the resulting at the position of the BrON®vs Q-branch (803—-804 crt)

residual when no BrON@but all other gases are fitted in the black curve when no BrONgChas been included in

(Smes—SIoPT"et9B% in black. Very clearly, for nighttime ob-  the fit. This residual is totally absent when BrON® in-

servations (right column) there remains a residual structuretluded in the retrievals. During daytime, this feature is much
smaller indicating low BrON@concentrations. The fact that

www.atmos-chem-phys.net/9/1735/2009/ Atmos. Chem. Phys., 9, 1735-2009



1740 M. Hpfner et al.: Stratospheric BrON®@bserved by MIPAS

Sep 2003 invortex_day 90S - 40S Sep 2003 invortex_night 90S - 40S
805 810 815 820 805 810 815 820
Wavenumber [cm”] Wavenumber [cm”]
Sep 2003 outvortex_day 90S - 40S Sep 2003 outvortex_night 90S - 40S
10 El 10
5 E
0 ;
10 prestieny mrererd
15 El ]
805 810 815 820 805 810 815 820
Wavenumber [cm”] Wavenumber [cm”]
Sep 2003 outvortex_day 40S - 15S Sep 2003 outvortex_night 40S - 15S
10 El
5
0 ]
5 é
-10 _-.,—\__r—-—--—- — ~-————-———--—§
_15E 3 |
805 810 815 820 805 810 815 820
Wavenumber [cm?] Wavenumber [cm”]
Sep 2003 outvortex_day 15S - 15N Sep 2003 outvortex_night 15S - 15N

-5

i E
-10 E.V\/ \\"J‘—w\‘-&v‘«—‘_.“_' 4 M-i
-15 E|

Radiance [nW/(cm® sr cm™)]
oo o o um

10 et —
15k
805 810 815 820 805 810 815 820
Wavenumber [cm”] Wavenumber [cm”]
Sep 2003 outvortex_day 15N - 40N Sep 2003 outvortex_night 15N - 40N
10 0
5
0 q
5
10E e i v__‘_.._._.___;
805 810 81 820
Wavenumber [cm”] Wavenumber [cm”]
Sep 2003 outvortex_day 40N - 65N Sep 2003 outvortex_night 40N - 65N
10 10 ]
5 5 E
-5 —i -5 iy é
10 P - i 40?\,\/\&"‘”‘\1""“——__,*' -A;
-15 3 -15 3
805 810 815 820 805 810 815 820
Wavenumber [cm™] Wavenumber [cm™]
Sep 2003 outvortex_day 65N - 90N Sep 2003 outvortex_night 65N - 90N

S
]
T I

805 810 815 810 815 820
Wavenumber [cm?] Wavenumber [cm”]

©
N
o
o]
o
a

Fig. 3. Residual spectra (measurement-simulation) at around 24 km tangent altitude for retrievals Witth(rsp,ﬁ\LQSSIrlﬁrem"): red)

and without BrONQ (Smes—SQi‘rfr(remOBD: 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 Br@N@ profiles of all resulting trace gases from

the retrieval including BrON@(Sglr'gem")—Sgiﬁ?r(rem")) and the blue curve showsz"(rem")—S”OBr(ret”OB')). In orange the difference

m sim
between green and bluﬁxfr(remom)—Sgi%Br(retA")) is shown. For better discrimination, the green, blue and orange curves are all offset by
—10nW/(cn?srent 1.

Atmos. Chem. Phys., 9, 1735746 2009 www.atmos-chem-phys.net/9/1735/2009/



M. Hopfner et al.: Stratospheric BrON®@bserved by MIPAS 1741

the residual is becoming visible, even when a new fit with all 20
known spectrally interfering trace gases except for BrQNO 40
is performed, clearly proves the detection of BrONBy

these observations.

Three additional curves in Fi@ are plotted to indicate 35¢
to what extent the spectral feature of BrONEan 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 BrONQ in the calculations), when all
other parameters are fixed to the ones resulting from the
original BrONG; retrieval (216D _ gnoBIretAlly \yhije the 251

sim sim
blue curve iss2l A _ gNoBIrenoB)  he gifference be-

sim
tween green and blugsor""®"0B _ gNoBIeADy i orange 20 ‘ 20

thus shows which feature of the BrOM®ignature (green) 0 5Bré%é§[ pzr?w]% 30 -10 '5Dif?ereicel&)]l5 20
can be compensated for by any of the other parameters si-

multaneously fitted in the retrieval. In the observed region

this is mainly thevs R-branch. Thus, the unique information Fig. 4. Comparison of retrievals for latitude range 65280in

about BrONQ in our measurements stems to a large extendSePtember 2003 using original BroN@ross-sections b@rphal
from its Q-branch structure et al. (2008 (dotted) and results for temperature-adjusted cross-

sections (solid) as described in Seg#.1 Daytime observations

90N

03 lat: 65N -
“\““\"“\““\““ 40‘ WAL RN AR

35¢

30 30

Altitude [km]

25¢

3.4 Error estimation are in red while nighttime measurements are in black. (Relative dif-
ferences on the right panel are defined as (dotted-solid)/solid data
3.4.1 Spectroscopic data of BrONO from the left panel.)

Infrared absorption cross-sections of bromine nitrate have _
been measured first in 1998Byrkholder et al. 1995 fo- of BrONO, would have been by about 5-20% higher had the
cusing on thevs fundamental band around 803cfand original 296 K cross-sections ar)d not the tem.perature—scaled
more recently covering also other infrared bands in the 500-0nes been used. Although this procedure is less accurate
2000 cnt? region Orphal et al, 2008. In particular it is than an experlmental determlnathn of the BrOj\th)sor.p— '
important that the second dataset (that was used as referen@n Cross-sections at stratospheric temperatures (which is a
absorption cross-sections for the present study) was SCa|e%pn5|_derable effort), the systematic error is certainly reduced
to the first one using the integrated intensity of the 803tm by this approach.
band (which is the band used here for the infrared retrievals). In addition, another systematic uncertainty is due to the in-
The infrared measurements Byrkholder et al.were made tegrated band intensity. In the recent papeChphal et al.
quasi simultaneously with measurements of the ultravioletthe integrated band strengths of several fundamental bands
absorption cross-sections of BrON@hich have also been of BrONO, were compared to those of CION®hich are
determined by other authors in the paSpéncer and Row- also very well established3pldman et al.1998 Birk and
land 1978 Deters et al.1998 and show good agreement.  Wagner 2003, and significant differences were observed.
In order to take into account the variation of the absorp-In particular, from ab-initio calculation®gtkovig 2007 we
tion cross-sections of thes band of BrONQ as a function  expect to observe similar integrated band strengths for both
of temperature, we have performed a simulation of the tem-molecules. However, the infrared band strengths of BroNO
perature effect on the band shape using a standard asynibased on the work oBurkholder et al. are systematically
metric top Hamiltonian based on the rotational constants ofower by about 30% than those of CIOMO It is there-
BrONO,, estimated from its structural parameters and usingfore possible that the infrared band strengths of BrQN©
the vibrational dependence of the rotational constants detemsed in this study are too low by up to 30% (thus leading to
mined for CIONQ (Flaud et al, 2002. The observed tem- BrONO, concentrations that might be up to 30% high). On
perature variation is very similar to that observed in the the other hand, there is very good agreement between three
band of CIONQ (Orphal et al.1994), i.e. a narrowing of the  independent measurements of the BrQNDsorption cross-
band, in particular of th®- andR-branches, and a sharpen- sections in the ultraviolet-visible regiosgencer and Row-
ing of theQ-branch. Using this calculation, the experimental land 1978 Burkholder et al. 1995 Deters et al.1998 so
absorption cross-sections at room temperature were scaldtiat it seems rather unlikely that the infrared band strength
to reproduce the modelled effect of the band contour at lowof Burkholder et al.(that was determined quasi simultane-
temperatures. ously with the ultraviolet-visible cross-sections) is wrong by
The effect of the adaptation of the cross-sections to 218 K30%. New laboratory measurements of the infrared absorp-
is shown in Fig4: for most altitudes the resulting vmr values tion cross-sections of BrONgare required to solve this issue
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and also to provide accurate reference data at stratospheric Night
temperatures. 40
For estimation of systematic errors of the retrieval we have

assumed an overall 20% uncertainty of the BrQNPoss- .
sections comprising the error of the 296 K laboratory dataset 3|
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 thes
lines named “spe®r” 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. 25}

w

0l

all

nlin — — —
Spec_hw «wooooeennne
spec_int - - - -
ils = memem

3.4.2 Retrieval from co-added limb-emission spectra

40 60 80 100

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 40X ymmmmmmmmmmT
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 35 :
magnitude we have first simulated as many single MIPAS
measurements as those used in the averaging of the real reE
trieval (Tablel) 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 2s|
deviation Remedios et al2007), (c) the originally resulting
BrONO; profiles as in Fig2 disturbed with a standard de-
viation of 50%, and (d) a line-of-sight uncertainty of 150m 20l il e
at the tangent pointsy¢n Clarmann et al2003. The sim- Error [p;w] M o [oef] 80 10
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 estimateqtig_ 5. Budget of systematic errors for mean day and nighttime
as mean differences between the retrieved and the “trueprofiles of BrONG. Errors due to retrieval from mean radiance
mean profile of BrONQ separately for day and nighttime spectra: nlin; due to uncertainties in the spectroscopic data (line
observations and are shown in Fig.indicated as “nlin”:  half-width and intensity) of the major interfering species, GO,
over the whole altitude range during night and below 30 kmand FO: spechw and spednt; due to knowledge of the in the
during day errors range between 0.1 and 1.3 pptv (1_10%}nstrumental line shape of MIPAS: ils; and due to the spectroscopy

while above 30 km during day errors up to 2 pptv (120%) areof BrONO,: specBr. The Gaussian combination of all errors is
reached indicated by the solid lines.

Day

30

Altitude

3.4.3 Interfering species and instrumental line-shape The knowledge of the instrumental line shape, which has

The infl ¢ q h f th been estimated to within 3% (F. Hase, personal communica-
e influence of errors due to the spectroscopy of the Mation:; Hopfner et al.2007), is a further parameter influencing

jor interfering species C£ O and HO has been estimated the quality of the fit between simulated and observed mean

by perturbing (a) the line intensities by 5% and, (b) the ectra. Resulting errors range from 0.5 to 1.4 pptv and are
pressure-broadening half-widths by 10% and, on basis ofp ' g g ' PP

: : ) . ndicated as “ils” in Fig5.
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 (“spednt” 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% (“splew” in Fig. 5).
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4 Comparison with a photochemical model

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

k1[NO>][BrO
[BrONO,j= 222 B0 (RD)

J1+J2

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

ki : BrO+ NOz +M — BrONO; + M (R2)

and its value was determined using the rate constants recom-
mended bySander et al(200§. The photolysis frequencies

j1: BIONO; + hv — BrO + NO, (R3)
j2 : BIONO; + hv — Br 4+ NO3 (R4)

were calculated with the interactive TUV model version 4.4
(Madronich and Flocke1998, (http://cprm.acd.ucar.edu/
Models/TUV/InteractiveTUV). The NG concentrations
were obtained from the NfOvolume mixing ratios of the re-
lated latitude band retrieved directly from the MIPAS spectra
along with BrONQ. 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 BrONS3O(3P) (Soller et al, 2001)
using Q®P) concentration profiles from the model Barcia
(1983.

The modelled BrON@ concentrations based on observed
NO, and BrO vmr profiles are compared to the MIPAS day-
time measurements in Fi§. We have restricted these com-
parisons to latitudes north of 48 in order to avoid po-
lar vortex airmasses influenced by heterogeneous chemistry
at polar stratospheric clouds. The measured and modelled
BrONO; concentrations agree well within the estimated un-
certainty range in most cases. Only in the latitude region 65—
9(° N the modelled BrON@ concentrations at altitudes of
21-24km 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 65-90N “model 1" fits better in the
rest of the latitude ranges.
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Fig. 6. Comparison between MIPAS daytime measurements of

A potential sink for BrONQ not considered by the equi- BrONO, outside the polar vortex for September 2002 and photo-
librium calculations could be the hydrolysis of BrON@t  chemical equilibrium model results for BrON@‘model 1”: with-
stratospheric background aerosolary et al. (1996 es-  out, “model 2”: with reaction BrON@ + O(3P) (Soller et al,
timated the influence on the BrONMrOy diurnal cycle 2001) based on SCIAMACHY BrO observations during the same
at 37.9 N, 66.9hPa for an aerosol surface area density ofnonth Sinnhuber et a/2003.

6 u? cm—3.  Around noon this resulted in a reduction of
BrONO, by about 25%. However, this aerosol surface areais
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valid for enhanced volcanic situations while background lev-predicted behaviour of stratospheric BrON@s bromine
els in 2002 were about a factor of 10 lower (el(pomason  reservoir. Second, the night-time BrON®ixing ratio pro-
and Peter2006. Thus, the effect on our comparison would files show a maximum in the 25—-31 km region, which is again
be a reduction of the modelled BrON®f only a few per-  in good agreement with photochemical models, although the
cent, which is too low to explain the overestimated values atmaximum seems to be slightly broader (which can be partly
lower altitudes. due to the limited vertical resolution of the MIPAS observa-
The consistency of the infrared and the ultraviolet absorp-tions). The daytime profiles show different structure and a
tion cross-sections of BrONCemployed here is an impor- clear latitudinal dependence of the maximum. Third, the ob-
tant point when comparing the observed BrONncentra-  served BrONQ vertical profiles are rather similar for 2002
tions with the predictions of the photochemical model: anyand 2003. Maximum values of the BrOM@olume mix-
systematic bias of the infrared cross-sections would also béng ratios during night are always in the range 20-25 pptv
present in the ultraviolet absorption cross-sections, leadingvhich is in agreement with estimates of total inorganic strato-
to a rather robust comparison (i.e. insensitive of the absospheric bromine of 18-25 ppt¥\(MO, 2007). Finally, first
lute cross-section values). For example, higher infrared abeomparisons of MIPAS daytime BrON(rofiles with pho-
sorption cross-sections will not only lead to smaller BrGNO tochemical equilibrium calculations based on SCIAMACHY
concentrations retrieved from the infrared spectra, but also tdrO observations show reasonable agreement within the es-
higher BrONQ photolysis rates (through the higher ultra- timated errors.
violet absorption cross-sections), so that the BrQMNON- MIPAS measurements of stratospheric BrON@Ilume
centrations predicted from the photochemical model wouldmixing ratios are in good general agreement with the cur-
also be smaller. Therefore the most important issue for theently established picture of stratospheric bromine chemistry
comparison of observed BrON@oncentrations with those concerning the total amount of inorganic bromine and the
predicted from a photochemical model (and based on the obpartitioning of stratospheric bromine, including the diurnal
served BrO concentrations) is the consistency of the infraredrariation of BrONQ. Future work will focus on the de-
and the ultraviolet absorption cross-sections of BrQNO tailed quantitative analysis of the MIPAS data. New labo-
which has been established by the laboratory measurementatory measurements of BrONQo reduce the systematic
of Burkholder et al(1995. errors will be carried out. It is also expected that detailed
These calculations confirm the general consistency of theanalysis of simultaneous observations of other species — in
measured BrON@concentration profiles from MIPAS and particular BrO and N@— will provide additional insight into
of the BrO concentrations from SCIAMACHY mostly within  stratospheric bromine chemistry.
the estimated measurement errors. It will be important in
the future to improve the accuracy of the measured BroNO AcknowledgementsThe authors wish to thank C. Keim (LISA,

concentrations for a more quantitative analysis of simultaneUniversie de Paris-Est, @teil, France) for helpful discussions
ous measurements of BrON(Bro and NG. and S. Madronich (NCAR, Boulder, USA) for maintenance of and

advice with respect to the interactive TUV model.

5 Conclusions Edited by: M. Dameris

We have presented the first measurements of stratospher
BrONO; and its global distribution. From the analysis pre-
sented abov_e it _is evident that stratospheric Brokan be Aliwell, S. R., Jones, R. L., and Fish, D. J.: Mid-latitude obser-
detected using Infrareq spectroscopy. The MIPAS spectra. ations of the seasonal variation of BrO. 1. Zenith-sky measure-
have been carefully calibrated and the methodology for data ments, Geophys. Res. Lett., 24, 1195-1198, 1997.

analysis has been successfully applied to many other atmoavallone, L. M. and Toohey, D. W.: Tests of halogen photochem-
spheric trace species in the past. In particular, inspection of istry using in situ measurements of CIO and BrO in the lower
the spectral residuals clearly shows the presence of BEONO polar stratosphere, J. Geophys. Res. D, 106, 10411-10421, 2001.
in the MIPAS spectra. It is therefore expected that other in-Birk, M. and Wagner, G.: New infrared spectroscopic database for
frared experiments (including spectra recorded with balloon-  chlorine nitrate, J. Quant. Spectrosc. Rad. Transf., 82, 443-460,
borne and ground-based instruments, and also using solar oc- 2003. _

cultation) will provide BrONQ concentrations in the future, Burkholder, J. B., Ravishankara, A. R., and Solomon, S.

. . . . UV/Visible and IR absorption cross sections of BrONO. Geo-
The following observations can be made using the first phys. Res. D, 100, 16793-16800, 1995.

measurements of stratospheric BrONfrofiles presented Carlotti, M., Ade, P. A. R., Carli, B., Ciarpallini, P., Cortesi, U.,
here. First, as expected from photochemical models of strato- yifin, M. J., Lepri, G., Mencaraglia, F., Murray, A. G., Nolt,

spheric bromine chemistry, there is a very clear diurnal vari- | .. park, J. H., and Radostitz, J. V.: Measurement of strato-
ation of the BrONQ concentrations, with much higher con-  spheric HBr using high resolution far infrared spectroscopy, Geo-
centrations during the night, and this clearly confirms the phys. Res. Lett., 22, 3207-3210, 1995.
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