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Abstract. This paper introduces a new inversion algorithm than chlorine on a per atom basis (e.8innhuber et al.
for retrievals of stratospheric BrO from the Aura Microwave 2009 makes this budget an issue of great importance.
Limb Sounder. This version is based on the algorithm de- Stratospheric inorganic bromine (Br sources can
scribed by Livesey et al. (2006a) but uses a more realishbe classified as (e.gWamsley et al. 1998 Montzka
tic atmospheric state to constrain the retrieval. A descrip-et al, 2003 natural and anthropogenic methyl bro-
tion of the methodology and an error analysis are presentednide (CHsBr), manufactured long-lived halons (such as
Single daily profile precision uncertainty, when taking the CBrCIk, and CBpF2) and a variety of predominantly
ascending-descending (day-night) difference, was found taatural very short lived substances (VSLS) containing
be up to 40 pptv while systematic error biases were estioromine (such as CHBy CHzBr,, CH>CIBr). These com-
mated to be less than about 3 pptv. Monthly mean comparpounds, when transported to the upper troposphere and
isons show broad agreement with other measurements adratosphere, are converted into inorganic bromine forms
well as with state-of-the-art numerical models. We infer a (Bry =Br+BrO + BrONG, + HOBr + BrCl + HBr) by photol-
2005 yearly total inorganic Biusing the measured MLS BrO ysis or reactions with OH radicals (e.dqRundt et al.2002.
to be 203+ 4.5 pptv, which implies a contribution from very Part of the reason why the stratospheric bromine bud-
short lived substances to the stratospheric bromine budget afet is not well understood is that, despite many studies,
54 4.5 pptv. the exact contribution of VSLS to the stratospherig Br
still uncertain; current estimates for theyBioading from
VSLS (BiyS-5) derived from measurements of stratospheric
bromine vary from 3 to 8 pptWMO (World Meteorological
1 Introduction Organization201Q Chapt. 1). Furthermor&alawitch et al.
(2005 andFeng et al(2007) have shown that even only a
Stratospheric @destruction has been a great concern sincefgy pptv of additional bromine increases @epletion, espe-
1985 when massive Ploss over the Antarctic spring, cially during times of elevated stratospheric aerosol loading
the now famous “@ hole”, was reportedRarman et aJ.  gue to volcanic activities.
1989. Extensive research, both theoretical and observa- | this paper we introduce a new dataset of global obser-
tional, showed that this £xepletion was caused by complex yations of stratospheric BrO from the Aura Microwave Limb
chemical processes involving radicals containing chlorineggynder (MLS) instrument. BrO is the most abundant Br
and less abundant bromine. By contrast with chlorine, thespecies during daytime and it has been used to estimate the

fact that it depletes stratospherig @uch more efficiently
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this new dataset with previous MLS BrO products, with ex- 650 GHz spectral band 625 GHz spectral band
pectations, and with other datasets. In addition, we infer 7 ' 1 ' ' ! '

a new estimate for the S loading. Night o,

2 MLS BrO observations

radiance [K]

Aura was launched into a polar sun synchronous orbit in
July 2004. As part of its payload, the MLS instrument mea-
sures thermal limb emission in the millimeter and submil-
limeter wavelength range. MLS scans the Earth’s limb from g
the surface to about 95 km roughly 3500 times per day. Itob- 0.4
serves between 8% and 82N providing daily near-global 03
coverage. In general, most measurements are made at abo= 92
01:45 or 13:45 local solar time (LST); the exceptions are the 8:8 ‘ .
measurements near the poles where the observation trans 50 0 50 50 0 50
tion changes between daytime and nighttime conditions or frequency from BrO line center frequency frof, Br) fine center
vice versa. A detailed description of the Aura MLS instru-
ment is given byVaters et al(1999 andWaters et al(2006. Fig. 1. Top: average MLS radiance as detected in the 650 and
MLS collects the atmospheric radiation with a 1.6 m an- 625 Ghz spectral bands sorted into day (blue) and night (green) time
tenna and directs it onto four heterodyne radiometers covermeasurements. Average is from°&5and 55 N and for limb tan-
ing spectral regions near 118 GHz, 191 GHz, 240 GHz angeents fr_om 10t0 4.6 hPa_ for 200_5. Bottom: differ_ence_s between the
640 GHz (a fifth radiometer located at 2.5 THz is fed by 2Scending and descending (mainly day and mainly night) measure-
a separate antenna). The outputs of the GHz radiometers apéents (black) reveals t_he BrO spectra_ll signature. The red lines rep-
. .. résent the spectrum simulated by using the new averaged BrO re-
analyzed by 22 filter bank§ and 4 digital autocorrelator Spe,c'trieved value introduced here. The dashed gray line is 1/10 of the
trometers (DACS). Each fllter bank targets one mol_ecule iNexpected single scan noise.
particular, although MLS is a double sideband receiver that
reports a combined signal from two separate spectral regions;

where possible, the overlapping regions were chosen with ng . . . .
strong lines consecutive scans covering overlapping regions of the atmo-

. : ... sphere along the sub-orbital track. In the current version of
MLS observes two sets of BrO emission lines within this approach (version 3.3), the BrO abundances are retrieved
the 640 GHz radiometer with two filter banks, one around PP o

650 GHz and the other around 625 GHz. Figliighows ob- Z'g“'ﬁg’g”i{b"gw S:,‘\’gsal gge;r?;o'ce;‘gﬁsu(sﬂo’a'ﬁﬁé ©
servations from these filter banks. In both cases<be? K 2 ' ! ! 9

. . . . available radiances in the 640 GHz radiometer. The tempera-

BrO signal overlaps with a~ 2K Oj3 signal. Taking the o . . .
! . : ; ture, pressure, and pointing information are retrieved in a pre-
ascending-descending (day-night) difference removes the O . .
- . . . - Vious processing stage.
signal, which does not have a diurnal variation at these alti- e .
: : The second approach, performed “off-line” (MLS OL1), is
tudes, revealing the strongly diurnal nature of BrO. Further- : . . .
to create daily zonal mean radiances from which vertical BrO

more, the~ 0.2K BrO signal is well below the individual . ) .
. L abundances can then be retrieved. This approach was imple-
measurement precision of about 4 K, hence, significant aver-

i LN X . . mented byLivesey et al(20063. In short, limb scans from a
aging (as in Figl) is required to obtain a useful BrO signal. particular day are collocated intoL@titude average bins di-

viding them into ascending (mostly daytime) and descending
3 Retrieval methodology (mostly nighttime) halves of the orbit. Radiances are binned

onto a vertical grid of 6 surfaces per decade change in pres-
To date, two different approaches to do the required aversure ¢~ 3 km) using the limb tangent pressure from the stan-
aging and inversion have been implemented. The standardard production data. Then, this second approach retrieval
production approach (MLS L2) is simply to retrieve the uses a one-dimensional optimal estimation technique pro-
BrO abundances for every limb sequence, as is done for alllucing a pair of zonal mean abundances for each day (one
MLS products, and then average the individual BrO profilesascending and one descending) giving & tnthly zonal
(seeKovalenko et al. 2007). This approach produces ap- mean precision of- 3.5 pptv. This algorithm retrieves BrO,
proximately 3500 profiles daily with a 20monthly zonal  temperature and some overlapping species simultaneously
mean precision of- 4 pptv. These retrieval algorithms are from only the 650 GHz and 625 GHZz filter banks.
described in detail biivesey et al(20068. In summary, the For this study, a new “off-line” algorithm has been de-
well known optimal estimation techniqu&®¢dgers 2000 veloped (MLS OL2). It is similar to the one described by
is used employing a two-dimensional approach that usedivesey et al(2006g with the following differences: (1) this
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Fig. 2. Monthly zonal mean for January 2005 of MLS BrO obser- Fig. 3. Averaging kernels for the retrieval of BrO mixing ratio at
vations for the three versions discussed in the text for ascendinghe equator (those at other latitudes are very similar). The black
(mainly daytime) and descending (mainly nighttime) phases of theline is the integrated area under each kernel: values near unity indi-
orbit. The dataset MLS L2 is the standard production algorithm de-cate that most information was provided by the measurements while
scribed byKovalenko et al(2007), MLS OL1 is the “off-line” al- lower values indicate that the retrieval was influenced by the a pri-
gorithm described by.ivesey et al. (20063 and MLS OL2 is the  ori. The dashed gray line is a measure of the vertical resolution of
dataset introduced here. The region between the white dashed lineke retrieved profile (derived from the full width at half maximum
indicates where the MLS ascending-descending difference are suitFWHM) of the averaging kernels approximately scaled into kilo-
able for scientific use. meters).

retrieved abundances at these pressure levels indicate biases

retrieval assumes averaged temperatugea@d HNG data  caused by improperly modeled systematic errors. These sys-
from the standard production algorithm to give the most re-tematic errors are expected to be constant irrespective of the
alistic atmospheric representation available; (2) minor over-solar illumination, hence, taking an ascending-descending
lapping species are retrieved independently for each band tgrO difference significantly reduces them. This difference
avoid inconsistencies due to different systematic errors; angs therefore a better estimate of the daytime BrO than taking
(3) the channels used in each BrO spectral band were morpyst the face values of the ascending set. Unfortunately, this
carefully selected. This selection was performed by searchrestricts the usable data of any of the MLS BrO products to
ing for consistency in the BrO abundances retrieved frompetween 50S and 50 N, which ensures that the LST is ei-
each band. ther day or night for the ascending and descending part of the

As for the MLS L2 and MLS OL1, the optimal estimation orbit, and with a minimum usable pressure of 4.6 hPa, which
approach Rodgers 2000 is used. In this study, the a priori  ensures that the nighttime BrO is negligible. As pointed out
mixing ratio for BrO daytime is- 11 pptv from 10to 4.6 hPa, by Kovalenko et al(2007%), it may be possible to character-
decreasing monotonically with pressure up to a value ofize these systematic errors in order to reduce the biases in
~4pptv at 1 hPa; the a priori mixing ratio for BrO nighttime the polar regions and extend the coverage of the MLS data,

is around~1 pptv from 10 hPa to 4.6 hPa increasing mono- however this is outside the scope of this study.
tonically with pressure up to a value of 5 pptv at 1 hPa.

The uncertainties in these a priori are assumed to be 200 ppt8.1 Vertical resolution
allowing the information to arise mostly from the measure-
ments. In addition to this constraint, a Twomey-Tikhonov Typical averaging kernels for the MLS OL2 retrieval of BrO
regularization was used to reduce noise and smooth the prare shown in Fig3. They describe how the true state of the at-
file at the expense of some vertical resolution. mosphere has been distorted by the retrieval at each pressure
For comparison, Fig2 shows monthly zonal means for the level. The half width of each kernel provides a measure of the
three versions previously discussed. MLS L2 exhibits a largevertical resolution of the retrieval, and its area (the integrated
negative offset for pressures larger than 10 hPa. The two “offkernel) indicates the dependence on the a priori. As shown,
line” algorithms display similar behavior to each other. the new BrO product has a vertical resolution of about 5km
As previously discussed hyivesey et al(20063 andKo- and the retrieval was not significantly influenced by the a pri-
valenko et al.(2007), negligible BrO abundances are ex- ori between 10 and 1hPa. For pressure levels greater than
pected at mid and equatorial latitudes for pressures larget0hPa, the retrieval is vastly influenced by the a priori and
than~ 4 hPa during night, hence non-zero descending BrOhence not recommended for scientific use.
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3.2 Error assessment FOV / Transmission

ect Contaminant species errors
The total error in the retrieved product arises from the sum Pointing
of the random and systematic errors. The random errors (the

‘o : . :Fig. 5. Estimated impact of various families of systematic errors on
expected precision) are determined by the random noise ify"? . ;
P P ) y rti\e MLS OL2 BrO observations. Cyan lines correspond to uncer-

the radiance measurements propagated through the retrieval” =~ = . . Qo
. . . ainties in the MLS radiometric and spectral calibration. Magenta
system _Wh'le the systemath errors arse from forward m(_)de ines denote uncertainties associated with the MLS FOV and an-
uncertainties, instrumental issues, and retrieval approximagenna transmission efficiency. Green lines denote errors in the spec-
tions. troscopic databases and due to the forward model approximations.
Figure 4 displays the expected precision for daily, The impact of the uncertainties in the MLS pointing are depicted
monthly, and yearly profiles over a 1(atitude bin. The as- by the red lines. The yellow lines corresponds to errors in the re-
cending and descending precisions are very similar. Ovetrieved MLS temperature, while the blue lines show the impact of
a pressure range between 10 and 4.6 hPa, the daily precibe retrieved errors in contaminant species. Errors due to retrieval
sion for a 10 latitude bin either ascending or descending formulation are shown in gray. The top panel corresponds to the as-
is around 25 pptv, dropping to 5pptv and 1.8 pptv for cending part of the orbit while the lower panel cprresponds to the
monthly and yearly averages, respectively. The precision irﬂescendmg part. The left _p'anel shows the possible biases and'the
. . . . .. right panel shows the additional scatter introduced by each family
the ascending-descending difference is up to 40 pptv daily .
. - of systematic errors.
while the monthly and yearly precisions drop to7 and
~ 2.5 pptv. Although significant averaging, such as months
or even years, is needed to be able to get a usable BrO esti-
mate, this retrieval uses daily zonal mean radiances instead @fid and then run through the “off-line” retrieval algorithm as
weekly or monthly to give the user the flexibility to average normal. Each of the retrieved results is compared to the re-
different combination of days as needed. trieved BrO from an unperturbed run, as a measure of the
Figure5 summarizes the impact of the dominant system-impact of a given systematic error source. Each perturbation
atic uncertainties for the BrO MLS OL2 measurements. Twocorresponds to either® estimates of uncertainties in the rel-
methods have been used to quantify the impact of the sysevant parameter or an estimate of their maximum reasonable
tematic errors. In the first method, the errors are estimateerror based on instrument knowledge. Furthermore, the dif-
by an end-to-end simulation of the retrieval algorithm. First, ference between the unperturbed run and the “true” model
for each systematic error, a perturbed set of radiance simuatmosphere estimates the errors due to the retrieval itself (i.e.
lations is generated for a whole day 8500 profiles) using  “retrieval numerics”).
a model atmosphere (a complete list and more detailed dis- A second method is used for the, typically small, error
cussion of the systematic errors is givenfgad et a.2007, sources that are difficult to quantify in an end-to-end exer-
Appendix A). These simulated radiances were binned f 10 cise. Examples of these error sources include, but are not lim-
latitude bins and gridded onto a 6 surface per decade pressuited to, errors due to the filter position uncertainties, errors

Atmos. Meas. Tech., 5, 17411751, 2012 www.atmos-meas-tech.net/5/1741/2012/



L. Mill an et al.: MLS observations of BrO 1745

BIAS Scatter Ascending Descending Asc - Des
— e " [SLiMcaT | 20

0.1

1
1.0f WACCM

pressure [hPa]
[pptv]

pressure [hPa]

10.0}

Ascending - Descending data

‘ :
! T Al
1 Loiusadio| 1 ’ H
1 2 3 4 0 v | V) s

[pptv] [pptv] || 0

-50 0 50 -50 0 50 -50 0 50
latitude latitude latitude

FOV / Transmission

Contaminant species errors , .
Pointing Fig. 7. Monthly zonal mean of MLS BrO observations for ascend-

ing and descending phases of the orbits as well as the SLIMCAT
Fig. 6. Estimated impact of various families of systematic errors and WACCM models for January 2005. To alleviate biases in the
for ascending-descending MLS OL2 BrO observations. The leftMLS BrO data, the ascending-descending differences are used as
panel shows the possible biases (the difference of the ascending measure of daytime BrO for pressure greater than 4.6 hPa where
descending biases in Fif) and the right panel shows the additional the nighttime BrO is expected to be zero. The region between the
scatter introduced by each family of systematic errors (the root sunhite dashed lines indicates where the MLS ascending-descending
squares of the scatter in Fif). The black lines are the root sum difference are suitable for scientific use.
squares of all the biases or the scatters shown.

systematic errors between the 10 to 4.6 hPa region vary from

_ . 15 to 30 pptv, when using daily zonal mean radiances sys-
due to the spectrometer nonlinearity and errors due to th@,matic errors are always less tharg pptv

interaction of spectrometers sharing the same power sup-

ply, etc.). Their impact is quantified with a simple analytical

model of the MLS measurement systeRe@d et al.2007, 4 Comparisons with numerical models
Auxiliary material).

Throughout most of the profile (either for the ascending Figures7 and8 show monthly mean comparisons between
or the descending case), the main source of systematic bid§e MLS OL2 data and two state-of-the-art numerical mod-
arises from retrieval numerics. While unsatisfactory, this is€ls: SLIMCAT and WACCM. Two months were compared,
somewhat expected due to strong overlapping s@nals January and July 2005, in order to compare BrO at two points
in contrast to the small BrO signature, in addition to the in the seasonal cycle.
smoothing inherent in the retrieval algorithm. Note that the SLIMCAT (Chipperfield 1999 2006 is an off-line chem-
contaminant species errors do not quantify the effect of thécal transport model (CTM). For this analysis it was run
overlapping species per se but rather the uncertainty in theiglriven by the European Centre for Medium-Range Weather
mixing ratio. Forecasts (ECMWF) winds and temperature fields with a

As already mentioned, the effects of the systematic biase§orizontal resolution of 2:8x 2.8> and a vertical coordinate
can be diminished by subtracting the nighttime retrieved val-that, in the stratosphere, is essentially based on isentropic
ues from the daytime (taking advantage of the pronouncedurfaces with a spacing of approximately 1.2 km. The model
BrO diurnal variation below~ 4 hPa where negligible BrO results were sampled at the same location and time as the
is expected during mght) Figuﬁgsummarizes the impact of MLS individual profiles. Reaction rates were taken from the
several systematic uncertainties for the MLS OL2 BrO mea-JPL 2002 recommendationSgnder et a).2003 with the
surements when the ascending-descending differences agslded reactionSoller et al, 200])
used as an indicator of daytime BrO. Observe that the ad;
ditional noise-induced scatter introduced by the ascendingPrONoz+o_> BrO+NOs. (R1)
descending differences will average down, since averages The Whole Atmosphere Community Climate Model
over several days are needed to obtain a useful BrO signal. (WACCM), Version 4 is a fully interactive chemistry cli-

The advantage of using daily zonal mean radiances can bmate model, where the radiatively active gases affect heat-
appreciated by comparing the systematic error estimates préng and cooling rates and therefore dynamiGsi(cia et al.
sented here against the estimates performe#&dalenko  2007). For this analysis the model was run with a horizon-
et al. (2007; while in the standard approach, the aggregatetal resolution of 1.9 x 2.5 in latitude and longitude using

www.atmos-meas-tech.net/5/1741/2012/ Atmos. Meas. Tech., 5, 17144, 2012
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Fig. 8. Same as Fig7, except that the data correspond to July in- Fig- 9. Photochemical box model simulation of BrO at different
stead of January 2005. pressure levels in the equatorial region computed for mid-January.

meteorological fields derived from the Goddard Earth Ob-|ook-up tables are given as function of latitude in°2ricre-
serving System 5 (GEOS-5) analyzes, and a vertical coordiments, every 1st, 11th and 21st of a given month, in a pres-
nate purely isobaric in the stratosphere with a variable spacsure grid with 8 surfaces per decade from the surface up to
ing of 1.1 to 1.75km. This new capability of this model is 0.0177 hPa interpolated from 25 altitude levels from 10 to
described byLamarque et al(2012 and allows WACCM 58 km, and with up to 34 SZA/LST points per table.
to perform as a chemical transport module facilitating the The scaling was performed using
comparisons with observations. The chemical module of
WACCM is based on the 3-D chemical transport Model of BrO™% (s, p)
Ozone and Related Tracers, Versiorkihfison etal, 2007.  BrO®S(nws, p) = BrO®(zops, p) (T)
Reactions rates were taken from the JPL 2006 recommenda- BrO™ (tobs. p)
tions (Sander et a].2006 which includes reactioR1. For NOY™S (tws. p)
the most part, the only relevant difference between the JPL m
2006 and the JPL 2002 recommendations is that the uncer- y ’
tainties of the reactions were reduced in many cases, partic-
ularly at low temperatures. There are no noteworthy change¥here BrOs and Br0"™ are the BrO volume mixing ra-
for the key reactions involved in these model runs in the latestio of the observations and the photochemical model at a
JPL recommendation$éander et a)2011). given local timer, and at a particular pressure leyelwhere

As shown in Figs7 and 8, MLS OL2 data display the NOJ'-S is the NG, volume mixing ratio derived from the
distinct BrO~ 10 hPa diurnal variation not only at mid and N20 MLS measurements using the relationships described
equatorial latitudes but also at the poles with negligible BrobY Sugita et al(1998 and NG'*dis the volume mixing ratio
abundances around the polar winter regions (where there igsed in the photochemical model. In Ed),(the BrO ratio
constant nighttime) and higher BrO values in the polar sum-4s used to map the measurements to the MLS local time, and

mer regions (where there is constant daytime). the NG, ratio is used to constrain the NGhrough the NQ
concentration. This last ratio is needed because, as discussed

in Sioris et al.(2006, accurate knowledge of the N@on-

@

5 Comparisons with other datasets centration is needed for computation of scientifically useful
photochemical scaling factors of BrO.
5.1 Diurnal variation Uncertainties in the scaling factors were estimated by per-

forming a sensitivity analysis, individually varying the abun-
Due to the diurnal nature of the BrO abundances (seedances of @, temperature and NOThe overall uncertain-
Fig. 9), comparisons between measurements with differenties, over the pressure range where the MLS OL2 data is
local times must be made with caution. In this study, theconsidered scientifically useful, are about 20%. This error
datasets used were scaled from its local time to that of themainly reflects the uncertainty in a 1honthly zonal mean
MLS scene using the tabulated output from a photochemiN>O MLS concentration (random and systematic errors in-
cal box model Prathey 1992 McLinden et al, 2000. This cluded). In this paper, whenever the data is scaled to another
model was driven by climatological temperature and The local time, this modeling error is added to the total error.

Atmos. Meas. Tech., 5, 17411751, 2012 www.atmos-meas-tech.net/5/1741/2012/
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and SAOZ-BrO data from 24 August 2004 at®32 The SAOZ-  Fig. 11. Comparison between MLS (AseDes), OSIRIS and
BrO data have been scaled to the local time of the MLS observa-sciAMACHY BrO observations at 10 hPa, for 2005. The OSIRIS
tions_. Note that the peak around 10hPa is a consequence of thigng SCIAMACHY means have been scaled to the local time of
scaling. The MLS data corresponds to the average of the 19th to thghe MLS observations. The MLS errors represents a combination
29th of August from 2004 to 2011 for the A Gatitude bin centered ¢ precision and accuracy, the OSIRIS and SCIAMACHY error
at 50" N. The MLS errors (gray shaded region) represents a com~epresent precision (solid) and precision plus scaling uncertainty
bination of precision and accuracy, the SAOZ error bars indicate(dashed)_ The large SCIAMACHY error bars in December are due

precision (solid) and precision plus the scaling uncertainty (dashed)q the few number of days available for this particular month.
The region between the black dashed lines indicates where the MLS

ascending-descending difference are suitable for scientific use.

(0.2nm-1.5nm) either in nadir, solar/lunar occultation or
5.2 Comparison with balloon flights limb viewing modes. These viewing modes are used during

each orbit to retrieve tropospheric, stratospheric and meso-
Through the years there have been a number of balloon-borngpheric compositionrBovensmann et gl1999. In this study
measurements of stratospheric BrO, Pendt et al(2002 we used the stratospheric BrO retrievals from [UP Bremen
andDorf et al.(2006); unfortunately, only one of the flights (Rozanov et a).2011), in particular version 3.2. These mea-
having publicly available data coincides with the latitudinal surements have a LST of 10:00 and a vertical resolution of
and vertical range of the MLS OL2 measurements. Figdre about 3km.
compares BrO MLS OL2 with data by the SAOZ-BrO (Sys- OSIRIS is on board the ODIN satellite launched in Febru-
teme dAnalyse par Observations Zenithales) balloon-bornéry 2001. From launch to April 2007, the Odin satellite was
instrument Pundt et al. 2002, a UV-visible spectrometer a multipurpose mission which alternated between astronomi-
designed for the measurement of BrO by solar occultationcal and atmospheric measurements in one day bawgllyn
in the 320400 nm spectral range. This profile was taken oret al, 2004. Since April 2007, Odin has been a full-time at-
24 August 2004 in Vascoy, Canada {3%9). Overall, inside ~ mospheric satellite. OSIRIS measures spectra across the visi-
the vertical range over which the scientifically useful MLS ble range from 274 nm to 810 nm every 0.3 nm using diffrac-
ascending-descending difference measurement overlaps wition gratings. It scans the atmosphere from around 7 to 65
the SAOZ-BrO data, the BrO estimates agree within their un-or 90 km, depending on the observing mode with an irregu-

certainties. lar vertical resolution. These measurements have LST of ei-
ther 06:00 or 18:00. In this study we used the stratospheric
5.3 Satellite intercomparison BrO retrievals described hyicLinden et al (2010, this BrO

product has a vertical resolution varying from 3 to 5km.

Comparison of monthly means were made with those of the Unfortunately, these three datasets only overlap at one
Scanning Imaging Absorption spectrometer for Atmosphericpressure level, hence Figl show a BrO comparison be-
Cartography (SCIAMACHY) and the Optical Spectrograph tween MLS OL2, OSIRIS AM and SCIAMACHY for 2005
and Infrared Imaging System (OSIRIS) instruments. only at 10hPa. In general, MLS seems to have a positive

SCIAMACHY, on board the ENVISAT satellite launched bias, however, these three datasets still agree most of the time
in March 2002, is a spectrometer measuring solar radiatiorwithin their uncertainties. The apparent latitudinal structure
in the ultraviolet, the visible and the near infrared spec-with a minimum in the tropics in the SCIAMACHY and
tral regions (240-2380 nm) at a moderate spectral resolutio®SIRIS AM datasets, is a consequence of the photochemical
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Sinhuber et al. (2002
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Fig. 12. Average By inferred from MLS data using the SLIMCAT Salawitch et al. (2010) | : |
erage is for the year 2005. The error bars reflect a combination of MLS OL2 - : ® 8
the measurement errors, the systematic errors and the kinetics er ol L
rors. For comparison, the dashed lines show the SLIMCAT (green) 0 2 4 6 8 10 12
and WACCM (blue) modeled values. The region between the black BryVSLS [pptv]
dashed lines indicates where the MLS ascending-descending differ-
ence are suitable for scientific use. Fig. 13. Estimates of By from VSLS (By/>-S) contribution to

stratospheric bromine derived from BrO measurements as discussed

_ _ _ _ . in chapter 1 oWWMO (2010 (gray lines) plus the BfS-S estimate
scaling factor; in particular due to the N@orrection. With-  made in this study (black line).

out this correction, the SCIAMACHY and OSIRIS dataset

does not show any latitudinal gradient settling around 12 and

15 pptv, respectively, just between the values predicted by

the WACCM and SLIMCAT models (see Figéand8). Bry of 20+ 4.5 pptv and 206 + 4.5 pptv (calculated over the
pressure surfaces from 10 to 4.6 hPa) for the data derived
with the WACCM and the SLIMCAT model, respectively.

6 Implications for total Br y Since the two estimates are similar we assume tijt- Bfi-
) nal estimate to be 28+ 4.5 pptv.

proximately from chemical models using the expression  petween 10 and 4.6 hPa for 2005, and the correlation be-
MODEL tween NO and mean age described Bygel et al(2002),

BrMLS=grOMLS < Bry ) ) We estimated the age of this air to be-b years. Accord-

y BrOMODEL ing to Montzka et al (2003, tropospheric ChBr and long-

lived halons, the other two Brsources besides VSLS, con-

Figure 12 shows average Brprofiles obtained using the tributed 15.6 pptv to the total bromine at that time. This im-
WACCM and the SLIMCAT models. The error bars shown plies that the new MLS OL2 retrievals suggest & 8.5
represent a combination of the uncertainty due to the meaVSLS contribution to By. In theMontzka et al (2003 total
sured BrO (precision plus systematic errors) and the uncerbromine estimate, to account for the 0-15 %sBHsurface-
tainty in the kinetics used to compute the scaling factor. Thisto-tropopause vertical gradierS¢hauffler et a).1999, the
last uncertainty was assumed to b€l8 %, as derived by surface mixing ratio was multiplied by 0.93; the rest of the
Sioris et al.(200§ and Hendrick et al.(2008. In addition,  possible errors induced by this estimate of the tropospheric
it also shows the WACCM and SLIMCAT Bifor compari-  CHzBr and long-lived halons were neglected, but are ex-
son. These profiles are an average over$and 50 N for pected to be small compared to the MLS error contribution.
the year 2005. Part of the difference between these profiles is Figure 13 shows estimates of Brfrom VSLS (BQ/’S'-S)
that WACCM By, loading only includes the sum of GBr contribution to stratospheric bromine derived from BrO mea-
and long-lived halons while SLIMCAT includes those two surements as discussed in chapter WdAO (2010 as well
sources plus VSLS. As can be seen, the twy'LEresti- as the estimate from this study. As shown, the new MLS es-
mates are in excellent agreement. These two yearly profile§mate of VSLS contribution to Bragrees within the respec-
of Br{}’”—s correspond to column estimates of stratospherictive uncertainties with all the previous estimates. It also falls
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between the two previous MLS estimates-8.5 (Livesey  have been provided by the SCIAMACHY team of the Institute of
et al, 20063 and 65+ 5.5pptv (Kovalenko et al. 2007). Environmental Physics, University of Bremen. The provision of
Furthermore, the new MLS estimate of VSLS contribution data and support is gratefully acknowledged. The SAOZ-balloon
to Bry is in agreement with the model studieslbgng et al. data was provided by F. Goutail from CNRS, France. We sincerely

(2010 andHossaini et al(2012 which estimate a supply of thanks C. A. McLinden for providing the photochemical box model
. . output. The authors acknowledge four anonymous reviewers for
Bry from VSLS of 5 and 4.9-5.2 pptv, respectively. their helpful comments,

. Edited by: P. K. Bhartia
7 Summary and conclusions y

MLS zonal mean §pec'tra divided into ascending (daytime)geferences

and descending (nighttime) were computed for each day and

inverted to produce daily zonal mean BrO profiles from 10 Bovensmann, H., Burrows, J. P., Buchwitz, M., Frerick, J., Noel, S.,
to 4.6 hPa. Due to the sharp BrO diurnal variation, the MLS and Rozanov, V. V.: SCIAMACHY: mission objectives and mea-
non-zero descending BrO abundances were used as a mea-surement modes, J. Atmos. Sci., 56, 127-150, 1999.

sure of systematic biases in the retrievals. Assuming thafhipperfield, M. P.: Multiannual simulations with a three-
these biases are constant throughout day and night, we useddimensional chemical transport model, J. Geophys. Res., 104,
the difference between ascending and descending BrO as 1781-1805, 199.9' _

a mote acurate measur of dayime Br0. T estits g 021, e el of e TOMGATSLINCAT o
usable data to 505 to 50 N, avoiding the polar regions '

. . ) .. tracer experiments, Q. J. Roy. Meteor. Soc., 132, 1179-1203,
where in some seasons both ascending and descending orbits, 6. P Q Y

are either day (summer) or night (winter). Dorf, M., Bosch, H., Butz, A., Camy-Peyret, C., Chipperfield,
The vertical resolution of this dataset in the 10 to 4.6hPa M. p,, Engel, A., Goutail, F., Grunow, K., Hendrick, F.,
region was found to be approximately 5km (derived from  Hrechanyy, S., Naujokat, B., Pommereau, J.-P., Van Roozen-
the full width at half maximum, FWHM, of the averaging dael, M., Sioris, C., Stroh, F., Weidner, F., and Pfeilsticker,
kernels scaled into km). For this pressure range, single daily K.: Balloon-borne stratospheric BrO measurements: comparison
ascending-descending profile precision for & tHfitude bin with Envisat/SCIAMACHY BrO limb profiles, Atmos. Chem.
was found to be up to 40 pptv dropping to 7 and 2 pptv for _ Phys., 6, 2483-2501i0i:10.5194/acp-6-2483-200B006.
monthly and yearly averages, respectively. The ascendingEn9e! A. Strunck, M., Miller, M., Hasse, H.-P., Poss, C., Levin, I.,

descending systematic error biases were estimated to be Iessand .SChm'qt' U.: Temporal development of total .Chl.or'r?e n
than~ 3 pptv. the high-latitude stratosphere based on reference distributions of

. . . mean age derived from CQand Sk, J. Geophys. Res., 107,
Comparisons with a SAOZ-BrO balloon flight, the SCIA- 4136 do?:10.1029/20013Dg§)58a0%2. phy

MACHY and OSIRIS datasets, as well as with the SLIM- rarman, J. C., Gardiner B. G., and Shanklin, J. D.: Large losses of
CAT and WACCM models were found to agree both in  total ozone in Antartica reveal seasonal @Oy interaction,
structure and in BrO magnitude, within their uncertainties. Nature, 315, 2007-2010, 1985.

This dataset will be made publicly available for download in Feng, W., Chipperfield, M. P., Dorf, M., Pfeilsticker, K., and Ri-

a daily based NetCDF format. caud, P.: Mid-latitude ozone changes: studies with a 3-D CTM
Using the WACCM and SLIMCAT By/BrO modeled ra- forced by ERA-40 analyses, Atmos. Chem. Phys., 7, 2357—2369,
tios we infer an estimate of stratospheric, Bif 20.3 pptv doi:10.5194/acp-7-2357-2002007.

Garcia, R. R., Marsh, D., Kinninson, D. E., Boville, B., and

with an error due to the MLS precision, systematics errors ) ) ) : i
Sassi, F.: Simulations of secular trends in the middle atmosphere,

and kinetic errors of 4.5 pptv. Assuming that the contribu- .

tion of CHzBr and halons to this Brbudget was 15.6 pptv ‘;'O;e()phys' Res., 112, D0930d0i:10.1029/2006)D007485
(Montzka et al.2003, we derive a VSLS contribution to the Hendric.k F., Johnston, P. V., De Mazé, M., Fayt, C., Hermans, C.
total Br, of 54 4.5. This BY/SS estimate is well within the Kreher, K., Theys, N., Thomas, A., and Van Roozendael, M.:

expected range found in WMO (2010, chapter 1). One-decade trend analysis of stratospheric BrO over Harestua
(60° N) and Lauder (45S) reveals a decline, Geophys. Res.
Lett., 35, L14801d0i:10.1029/2008GL034152008.
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