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Abstract. We present Multi AXis-Differential Optical Ab- BrO than satellite observations. In contrast to satellite ob-
sorption Spectroscopy (MAX-DOAS) observations of tropo- servations the MAX-DOAS sensitivity hardly decreases for
spheric BrO carried out on board the German research vessérge solar zenith angles and is almost independent from the
Polarstern during the Antarctic winter 2006. Polarstern en-ground albedo. Thus this technique is very well suited for ob-
tered the area of first year sea ice around Antarctica on 24ervations in polar regions close to the solar terminator. For
June 2006 and stayed within this area until 15 August 2006large periods of our measurements the solar elevation was
For the period when the ship cruised inside the first year seaery low or even below the horizon. For such conditions,
ice belt, enhanced BrO concentrations were almost continumost reactive Br-compounds might exist ag Bnolecules
ously observed. Outside the first year sea ice belt, typicallyand ozone destruction and the removal of reactive bromine
low BrO concentrations were found. Based on back trajec-compounds might be substantially reduced.

tory calculations we find a positive correlation between the
observed BrO differential slant column densitigsSCDs)
and the duration for which the air masses had been in contact
with the sea ice surface prior to the measurement. While we

can not completely rule out that in several cases the highestyring the 1980's it was discovered that in the polar spring’s
BrO concentrations might be located close to the ground, ouroposphere the ozone concentrations occasionally drop be-
observations indicate that the maximum BrO concentrationgow the detection limit (Bottenheim et al., 1986; Oltmans and
might typically exist in a (possibly extended) layer around Komhyr, 1986; Solberg et al., 1996). Typically, low ozone
the upper edge of the boundary layer. Besides the effect of §ajues were observed for periods of several hours to several
decreasing pH of sea salt aerosol with altitude and thereforgays and the phenomenon was termed ‘troposheric ozone
an increase of BrO with he|ght, this f|nd|ng m|ght be also re- hole’. On'y a few years |ater, Barrie et al. (1988) discov-
lated to vertical mixing of air from the free troposphere with ered that enhanced concentrations of tropospheric bromine
the boundary layer, probably caused by convection over thegompounds are very likely the cause for the very efficient
warm ocean surface at polynyas and cracks in the ice. Strongzone destruction. Later on, it was shown by several groups
vertical gradients of BrO and4Xould also explain why we  that in particular enhanced BrO concentrations are present
found enhanced BrO levels almost Continuously for the Ob'during SUCh episodes Of tropospheric ozone dep'etion (Haus_
servations within the sea ice. Based on our estimated BrQnann and Platt, 1994; Platt and Lehrer, 1996: Kreher et al.,
profiles we derive BrO mixing ratios of several ten ppt, which 1997: Tuckermann et al., 19979Hninger and Platt, 2002).

is slightly higher than many existing observations. Our ob- A short summary of the relevant chemical reactions is given
servations indicate that enhanced BrO concentrations aroung sect. 2.

Antarctica exist about one month earlier than observed by After the launch of the Global Ozone Monitoring Experi-
satellite instruments. From detailed radiative transfer sim-ment (GOME) aboard the European research satellite ERS-
ulations we find that MAX-DOAS observations are up t0 2, it became possible for the first time to search the whole
about one order of magnitude more sensitive to near—surfacgk)be for enhanced tropospheric BrO concentrations and it
was found that enhanced boundary layer BrO concentrations
Correspondence to: T. Wagner were indeed present over large areas in both polar regions
(thomas.wagner@mpch-mainz.mpg.de) during spring (Wagner and Platt, 1998; Richter et al., 1998,
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2002; Wagner et al., 2001; Hollwedel et al., 2003; Jacobi etgradients on scales with smaller dimension than the ground
al., 2006). From these satellite observations also indicationpixel size of satellite observations. Another limitation of the
were found for a strong relation to the presence of first yearsatellite observations is that in many cases enhanced BrO
seaice (Wagner et al., 2001) and to areas potentially coveredoncentrations might be at least partly shielded by clouds.
by so called frost flowers (Kaleschke et al., 2004). Today, Thus, in some situations, when no enhanced BrO concentra-
still uncertainties exist on the detailed release mechanisms dfons are observed by satellite, it remains unclear if actually
the reactive bromine compounds (see e.g. Sander et al., 2006p enhanced BrO concentrations exist or if they are simply
and references therein; Simpson et al., 2007a). In particulashielded by clouds.
also the importance of different potential sources enriched in
bromide is unclear: such sources could be provided e.g. by
frost flowers, snow flakes fallen into enriched brine; aerosols _. L . .
. . . . Finally, it is not clear, how far the air masses with en-
enriched in bromide can be created by wind gusts on thes?nanced BrO concentrations can be transported away from
surfaces, on the brine itself (Sander et al., 2006) or by othe;1

processes (Domine et al., 2004; Simpson et al., 2005, 2007b _he|r Source regions. Strongly enhanced Bro copcentratlons
i ; ; ave so far mainly been observed over areas of first year sea
Besides the satellite observations, only few ground based

measurements have so far been carried out in regions whe Ice or very close to them (e.g. Wagner et al,, 2001; Frief et

. %., 2004; Kaleschke et al., 2004). In particular, it is unclear
the enhanced boundary layer BrO concentrations actually apﬁow far air masses of enhanced BrO concentrations might be

pear, e.g. at Barrow, Alert, Hudson Bay in Canada, or Nytrans orted over the open ocean. From satellite observations
Alesund at Spitsbergen (Hausmann and Platt, 1994; Tuck- P P :

ermann et al., 1997; éhninger and Platt, 2002; dtninger over the open ocean typically no enhapced BrO concentra-
tions are detected (with very few exceptions). Because of the

etal, 2_004a, b; S|r_np_son etal, 2.005’ 2007b).' Especially "ow surface albedo of the ocean surface the sensitivity of the
Antarctica and/or within areas of first year sea ice such obser- : . .
atellite observations is strongly reduced compared to obser-

vations are sparse (e.g. Kreher etal., 1997; Frie3 etal., 2004?;.

S ! ations over snow and ice (see Sect. 4.2). Thus, especially
Thus, and because of several limitations of the satellite ob- . . .
for observations over oceanic regions close to the edge of the

servations, still many open questions remain, not only onthe """~ ; .
yopenq y ea ice it remains unclear if actually no enhanced BrO con-

details of the related chemistry (see e.g. Sander et al., 200b§ : : . . ; » X
L2 entrations exist or if they are just not “seen” by the satellite
but also on the characteristic circumstances necessary for the

occurrence of enhanced BrO concentrations (see Simpson & strument.
al., 2007b, for an overview of our current knowledge).

In particular, it is unclear when and under which condi-
tions the enhanced boundary layer BrO concentrations first Here we present Multi AXis-Differential Optical Absorp-
appear in polar spring. From satellite observations the firstion Spectroscopy (MAX-DOAS) observations made on the
events are typically found in mid January (Arctic) and at the research vessel Polarstern during austral winter 2006 (details
end of July (Antarctica) (Wagner et al., 2001). However, on the cruise can be found at the Polarstern web-page of the
satellite observations of boundary layer BrO are only possi-Alfred-Wegener Institute: http://www.awi-bremerhaven.de/
ble if the sun is clearly above the horizon. For measurement$olar/polarstern.html). From these observations new infor-
at solar zenith angles (SZA) larger than about,&e sensi-  mation on the above mentioned open questions could be de-
tivity towards boundary layer BrO strongly decreases whilerived. The main advantage of these measurements is that
that for stratospheric BrO strongly increases (Wagner et al.they were performed on board of an ice breaker, which di-
2001) (see also Sect. 4.2). This dependence on the solaectly crossed the areas of first year sea ice. MAX-DOAS
elevation prevents the unambiguous detection of enhancedbservations are performed in various slant viewing direc-
boundary layer BrO concentrations for the period directly af-tions, which make them especially sensitive to tropospheric
ter the end of the polar night. trace gases (Leser et al., 2003; Van Roozendael et al., 2003;

Another important question concerns the spatial homo-Wittrock et al., 2003; lnninger et al., 2004a, b; Wagner et
geneity and extension of the air masses of enhanced Br@l., 2004; Sinreich et al., 2005; Heckel et al., 2005; Friel3
concentrations. The areas of enhanced BrO concentrationst al., 2006; Wagner et al., 2007). One specific advantage
can have dimensions of up to thousands of kilometres whictof MAX-DOAS observations is that they remain sensitive to
can well be observed by satellite instruments. However, theboundary layer BrO concentrations even for large SZA (see
ground pixel size of satellite observations is still too large Sect. 4.2), thus enabling measurements directly after the end
to resolve gradients on scales of only kilometres. Thus airof the polar night. Finally, the sensitivity of MAX-DOAS
masses of enhanced BrO concentrations with smaller dimenebservations is very similar over areas of high albedo (snow
sions are difficult to observe. Similarly, also small air massesand ice) and low albedo (ocean). Thus, in contrast to satel-
without enhanced BrO concentrations in regions with oth-lite observations, low BraSCDs measured by MAXDOAS
erwise enhanced BrO might be overlooked. In general, itunambiguously indicate low boundary layer BrO concentra-
is not possible to directly retrieve information about spatial tions over the open ocean.
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2 Bromine chemistry during polar winter
gas phase
The mostimportant reaction paths for Br chemistry under po-
lar conditions are summarised in Fig. 1. Ozone destruction
occurs via the following sequence: reaction of Br withtQ
BrO, (typical time constant about 1 s), BrO is converted back DMS hv
to Br via various path ways e.g. BrO self reaction, closing hv HO, <

the catalytic ozone destruction cycle (note that BrO photoly- » HO, BrO hv CH.ONL T~ 100s
sis does not lead to£estruction). Removal of reactive Br- 2

compounds occurs via reaction with HGICHO and olefins 'HOBr|
Br

with a typical time constant of the order of 100s. Efficient ¢ ¢
ozone destruction only occurs, if recycling mechanisms com-
pensate this loss of reactive Br-compounds. Such recycling
can occur via heterogeneous reactions (of e.g. HOBr with | ;0,7 phase
Br—) on ice or snow covered surfaces enriched in sea salt
and/or on aerosol particles containingBle.g. sea salt).

Under conditions of high sun (sun elevatigr10°) dur-
ing polar spring, photolysis of BrO shifts the partitioning be-
tween BrO and Br towards Br (Br/Br€0.01). For high BrO
concentrations, the BrO self reaction strengthens this shift
towards Br.

Under conditions of low sun, in pa_rticular for sun eleyation gersonal communication).
angles close or even below the horizon, the photolysis rate ) - .
substantially decrease. As a consequence, Br levels drop. During the whole path within the sea ice belt, the solar

At elevated BrO concentrations-(few ppt), BrO can still ze_n?th angle was rather large. At the beginning, the daily
be converted to Br via its self reaction. However, since theMinimum values were around gdrom 3 July 2006 to 7 July

product yield is about 20% for Brand 80% for 2 Br, Bs 2006 they stayed-90°; after 14 Aggust 2006 they reached
molecules will accumulate. This conversion of BrO intg Br values<70". Even on the days with large SZA, SUCC?SSM
can also occur via reaction with H@nto HOBr and subse- MAX-DOAS measurements of enhanced troposphenc Bro
quent heterogeneous reaction teBie conclude that un-  Vere possible (except for five days at the beginning of July).
der conditions with low sun elevation (and low DMS con- ~ The MAX-DOAS instrument consists of an indoor and an
centrations as to be expected over areas of sea ice), mo8titdoor set-up. Both are connected via electric cables and
reactive Br-compounds will exist as Bmolecules. As a quartzfibres. The telescope is mounted in a small heated box,
consequence, ozone destruction and the removal of reactiwhich is moved by a stepper motor to allow elevation an-
compounds due to reaction of BrO with HOHCHO and ~ 9les &) between 0 (pointing to the horizon) and 9qpoint-
olefins will be substantially reduced. Note that these considiNgd to the zenith); the sequence of elevation angles’js 1
erations indicate only the general dependencies; the actua > 6°, 10°, 30°, 90°. The telescope box itself is mounted
partitioning for a given situation (characterised by a specificOn & large gimbal-mounted damped pendulum with a heavy
solar zenith angle and specific change of solar zenith angléead weight, to minimise the influence of the ship movement.

with time) requires more detailed modelling studies. From the geometry of the telescope and the quartz fibre, the
field of view is determined as about 1.1 degree. The adjust-

ment of the elevation angles is performed using a water level;
3 Ship cruise and instrumental set-up the accuracy is estimated to be about 0.5 degree. It should be

noted that due to possible ice layers on the telescope and/or
The MAX-DOAS instrument was installed on board the re- the ship movement, the actual field of view might be sub-
search vessel Polarstern in October 2005 and since theptantially larger for individual observations. Unfortunately,
continuously performed automatic measurements during th&0 far it was not possible to quantify and monitor these ef-
entire cruise (See also cruise information at: http://WWW. fects in detail. Nevertheless, it is important to note that from
awi-bremerhaven.de/Polar/polarstern.html). In austral win-the measured radiances angl &sorptions we found no in-
ter 2006, Polarstern penetrated into the first year sea ice aredcations for a substantial and continuous deviation from the
which surrounds the Antarctic continent; the first contactstated values of the field of view and the elevation angle. In
was on 24 June 2006 at 595, 5.0 E. On its way back, Particular there is no evidence that the field of view for the
Polarstern left the sea ice belt on 15 August 2006 at aboutowest elevation angle hits the ground.
55.5 S, 3 E. The seaice in the area which Polarstern crossed The light is fed into an Ocean Optics USB 2000 spec-
was almost exclusively first year sea ice, containing crackstrograph that disperses the light with a grating and maps it

Fig. 1. Overview on the most important reaction paths for Br-
chemistry under polar conditions. The liquid phase represents snow
and ice covered surfaces enriched in sea ice and/or aerosol particles.

polynyas and areas with Nilas and young ice (L. Kaleschke,
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onto a one dimensional CCD array with 2048 elements. Thehe tropospheric concentration. For the detailed interpreta-
wavelength range reaches from 290 nm to 430 nm, thus ention of the retrievedASCD radiative transfer modelling has
abling the analysis of various trace gases including esg. O to be applied.
NO,, BrO, OCIO, HCHO, and S& The spectral resolution
is about 0.9 nm (full width at half maximum). 4.2 Radiative transfer modelling

The spectrometer is mounted into a modified hermetic De—In this section we present results of radiative trans-
war vessel. In order to avoid ambient air from penetrating ) . P o i
into the protective vessel it had been evacuated and filled uéer modr(]elmg usmg our Monte Ca.rlo model TRT‘CY'Z
with gaseous Argon up to 1.2 bar prior to the expedition. Sta- Dhgurt]sc Lnanp and Wagner, 2C|)O6| Wagner_ et al, dZC:COﬁ),
ble measurement conditions and low detector noise could b& ' takes into account multiple scattering, and fu

: : Sphericity. From our model results we can estimate the sen-
achieved by cooling the spectrograph down to appro 0 itivity of the MAX-DOAS observations for boundary layer

by a two-stage Peltier cooling unit. Spectra are taken abou’Ero under different measurement conditions. Usually the
every 2 minutes between sunrise and sunset. During the nig . : j y the
results of radiative transfer modelling are expressed as air

for SZA>97 matic m rements of off n rk . .
(for SZA>97") automatic measurements of offset and da mass factors (AMF), which represent the ratio between the

current are taken. The correct time (UTC) and position 0fslant column density (SCD) and the vertical column density
the ship is provided from the on board computer system. (VCD) (Noxon et al.. 1979; Solomon et al., 1987; Marquard

et al., 2000).
4 Data analysis AMF = SCD/VCD Q)
| ieval The AMF can be seen as an indicator for the sensitivity of
4.1 Spectral retrieva the observation. The AMF of MAX-DOAS observations

of tropospheric species can reach especially large values

The measured spectra are analysed using the DOAS meth MF=>30). Since the results of the MAX-DOAS observa-

(Platt, 1994). To the (logarithm of the) measured sDectrumtions are expressed asSCD, we also calculate so called

several trace gas cross sections as well as a Ring SpeCtrumaifferential AMF" ( AAMF(a)=AMF(a)—AMF(90°)) by

(G(rjalngelr and R'lngf’ll%dz)’ a Fraun?gfzrl;eference sfpe?truEubtracting the modelled AMF for the zenith direction (el-
and a polynomial otiow degree are Titted by means of a leasy, g, anglex =90 °) from the modelled AMFs for the low

squares fitting routine (Stutz and Platt, 1996). To extract theelevation anglesal). The VCDs can then be derived by di-

tropospheric absorptions from the measured spectra (taken ﬂding the measured SCD by the appropriata AMF
low elevation angles), the Fraunhofer spectrum was always )

taken from the directly preceding zenith observation. Forycp — ASCD _ SCD(e) — SCD(90") )
the BrO analysis, the wavelength range 335.3—-358.9 nm was AAMF  AMF (o) — AMF (90°)
used and the cross sections of ozone (223 and 243 K, Bogut should be noted that the AMF for the zenith direction is
mil et al., 2003), NQ (220K, Vandaele et al., 1997), BrO usually close to unity; thus especially for the large AMFs at
(Wilmouth et al., 1999), and the oxygen dimeg (Green-  low elevation angles tha AMF can be approximated by the
blatt et al., 1990) were included. The Ring spectrum wasAMF.
calculated from a measured spectrum. For theaBaly- The sensitivity (theAAMF) of MAX-DOAS observation
sis the wavelength range 345.0-364.5nm was used and thstrongly depends on the atmospheric visibility (Wagner et al.,
cross sections of ozone (223 K), NBrO, and Q were in- 2004, 2007; Heckel et al., 2005; Friel et al., 2006). In the
cluded. The wavelength calibration was performed by fitting presence of aerosols or clouds, the sensitivity can be strongly
the measured spectra to a high resolution solar spectrum (Kueduced. Especially in the case of fog, the atmospheric ab-
rucz et al., 1984). From the spectral analysis the so calledorption paths for all viewing directions (including the zenith
slant column density (SCD) is retrieved, which is the inte- direction) can become very similar; consequently for such
grated trace gas concentration along the light path througltases the\SCDs andAAMFs become zero.
the atmosphere. To estimate the atmospheric visibility we investigated the
Because the Fraunhofer spectrum also contains atmosimultaneously observed absorptions of Gince the oxy-
spheric absorption structures of the atmospheric trace gasegen content of the atmosphere varies only slightly (due to
the result of the DOAS analysis represents the difference ofemperature and pressure variations), the variations of the ob-
the SCDs of the measured spectrum and of the Fraunhofeserved QASCD can be used as an indicator for variations of
spectrum. In the following we will refer to them as dif- the atmospheric radiative transfer. Especially situations with
ferential slant column densitieA SCD=SCDQeas— SCDref). a poor visibility, e.g. due to fog, can be identified by low O
Since the Fraunhofer spectrum was measured in zenith diASCDs.
rection, the respective tropospheric absorptions are typically In the following examples we investigate the sensitivity
very weak compared to those measured at low elevation anef MAX-DOAS observations to surface near BrO concentra-
gles. Thus the measuresiSCD is roughly proportional to tions and the @ absorption. Our particular interest is the
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dependence of the sensitivity on the atmospheric visibilitybetween 200 and 1200 m altitude. While the AAMFs

and the surface albedo. are very small, those for the BrO profiles are still substan-
In our first modelling case study we simulate the atmo-tially larger than zero. Especially for the assumed BrO layer

spheric radiative transfer at 350 nm for the different eleva-between the surface and 200m (BrO-1), the Bk®MFs

tion angles (g, 3°, 6°, 10°, 30°, 9C°) for various atmospheric are similar to the clear sky case (Fig. 2a). These re-

aerosol loads. We calculateAMFs for different height pro-  sults are important for the understanding of measurements,

files assuming a surface albedo of 80%. Here it should bevhere enhanced Br@SCDs are accompanied by very small

noted that the albedo of snow can vary substantially, dependo,ASCDs (see Sect. 5.1).

ing especially on its age. In particular for fresh snow the |t g interesting to compare th& AMFs for MAX-DOAS
albedo can even be higher than 80% (Warren, 1982). Nevppservations with the AMFs for satellite viewing geome-
ertheless, for high values of the surface albedo the reIatinry (Fig. 2e, f). For satellite observations, usually a Fraun-
influence of changes of the albedo are much smaller than fopgter reference spectrum without tropospheric BrO absorp-
low surface albedos. Thus the AMFs calculated for an albedqjons (e.g. an extraterrestrial solar spectrum) is used:; thus the
of 80% can be regarded as representative for a wide range ggsylt of the spectral analysis represents the total atmospheric
snow covered surfaces. o slant column density and the appropriate result of radiative
For the calculation onAMF we assumed five different  {ansfer modelling is an AMF (instead ofAMF). For most
profile shapes. While in reality the vertical distribution of ases theA AMFs for MAX-DOAS observations are much
the BrO concentration might have a more complex shape, th@arger (10-40) than the satellite AMFs {-3) indicating the
selected profiles can give insight in the overall dependency Oﬁigh sensitivity of the MAX-DOAS measurements. It might
the sensitivity on altitude. be inetersting to note that over bright surfaces, the satellite
The first four profiles describe constant BrO concentra-apmE does not strongly depend on the altitude of the Bro

tions within different height layers: BrO-1: 0-200m, BrO- |ayer which makes the satellite measurements a good esti-
t_hat very similar results are obtajned i constant. mixing ra- Another interesting finding is that the satellite AMFs for
tios are assum.ed). Thg fifth proﬂ!e has the relative S.h ape 064 are almost independent of the aerosol optical density, and
the atmospheric Pprofile (proportional to the quadratic,O

concentration, see e.g. Greenblatt et al., 1990). For clear skalso the AMFs for the BrO profiles stay still clearly above

. . . . Yero (although they decrease substantially with increasing
(F|g. 2a) theAAMFs _strongly increase with decregsmg ele- optical density). If the layer of enhanced BrO concentrations
vation angle. Especially for the surface-near profile (BrO-1). "~ . . S . .
the AAMF can become very high (up to about 40) indicat- is within the cloud (Fig. 2e) the shielding effect is typically
ing the hiah sensitivity of MXX-I?)OAS?observationS' for the weaker than for cases where the cloud is above the BrO layer

9 g Y . A (Fig. 2f). Our results indicate that over bright surfaces even
other profiles theAAMF are systematically smaller; the sen-

o o . ; T in the case of fog or clouds, satellite observations are still
sitivity decreases with increasing altitude. This difference . o
; . sensitive to trace gases close to the ground, indicating that a
is caused by the fact that most photons are scattered intg.” .. : ;
. . . _Significant fraction of the photons which have penetrated the
the instrument from rather low altitudes. For observations
: X aerosol or cloud layer and have traversed the layer below can
at low elevation angles the absorption paths for trace gases,’ o
. .o~~~ §till reach the satellite instrument.
close to the surface are long while those for zenith direction . i
are small. Accordingly, the\AMF for trace gases located N @ second study, we investigatedAMFs for MAX-
close to the surface are rather large. For trace gases locatddQAS observations for various SZA and surface albedos.
at higher altitudes, the differences in the absorption paths fof Or these calculations we only considered the elevation an-
the various elevation angles becomes smaller, because pae Of I°, since it exhibits the highest sensitivity for trace
of the photons is scattered below the trace gas layer, and thugases located close to the surface. We also did not include
the AAMF decreases. In the presence of additional aerosofcattering by aerosols and clouds; thus our results represent
scattering, this effect further increases and especially the aenly upper limits of the respectiva AMFs (Wagner etal, .
sorption paths along the line of sight for low elevation angles2004). However, such upper limits are important to esti-
become shorter. Thus tReAMF becomes smaller compared Mate the corresponding lower limits for the tropospheric BrO
to an atmosphere without aerosol scattering. If in cases ol/CD (and the respective boundary layer BrO concentrations)
strong aerosol scattering the visibility becomes shorter thar{S€€ EQ. 2).
the vertical extension of the trace gas layer (e.g. in the pres- The AAMFs for the different trace gas profiles are shown
ence of fog), the trace gas absorption becomes independent Fig. 3a. TheAAMFs only slightly depend on the SZA
on the elevation angle and theAMF become zero for all and the surface albedo, making MAX-DOAS observations
elevation angles (Fig. 2b, c). very sensitive to tropospheric trace gases even at high SZA
We also investigated one very interesting situation: theand low albedo. This advantage becomes especially obvious
case that the aerosol (or fog) layer does not reach down tavhen theAAMFs are compared to the AMFs for satellite
the surface. Figure 2d showsAMFs for an aerosol layer observations (Fig. 3b). In contrast to the MAX-DOAS ob-
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Fig. 2. Modelled sensitivity of MAX-DOAS observation@—d) and satellite observatior{s, f) for different atmospheric conditions over

bright surfaces (albedo = 80%). The model results for the MAX-DOAS observations are expreassilis, which are the differences of

the AMFs for the low elevation angles and the AMFs fof ®@lescope elevation. TheAMFs (and also satellite AMFs) are calculated for
different height profiles and for different aerosol profiles (altitude range and total optical density indicated in the figures). Our results show
that for clear skies the sensitivity of MAX-DOAS observations is about one order of magnitude larger than that of satellite observations. If
aerosols are present, the sensitivity for surface-near BrO is substantially reduced (except for the case that the aerosol layer does not reac
the ground, see part d). For satellite observations over high ground albedo, even in the case of high aerosol optical density, the sensitivity for
surface near trace gases is still clearly above zero. In part (a) also typicalB6IDs are shown.

servations, the AMFs for satellite viewing geometry strongly poldatquery.html) are shown. Please note that the visibil-
decrease with increasing SZA and decreasing albedo. ity is measured from the backscattered light of a xenon flash
light in the visible spectral range (Videograph 11l manufac-
tured by Impulsphysik); and the sensed volume is restricted
5 Results to a distance<13 m from the instrument. In some cases the
visibilities measured by this instrument might not be fully

In Fig. 4 typical results for selected days of the ship cruise, presentative for those which control the MAX-DOAS ob-

;r%prAeSsgrged. IFortthhe d_etalllted mterﬁ)ret%tlon of lthe Cot[))serve ervations. The MAX-DOAS observations typically sense a
r S aiso the simuftaneously observe S much larger volume, especially also higher altitudes. In addi-

are presented. Furthermore, observations of the horizon- . :
L - : : tion, especially for fine aerosols, the wavelength dependence
tal atmospheric visibility and the ceiling height derived P y 9 b

from the on board monitoring system of the ship (avail- ;;f;eéc:jslsspc:é:?;:r;gr:glght lead to slightly shorter visibilities
able via: http://www.awi-bremerhaven.de/MET/Polarstern/ '
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Fig. 3. AAMFs for MAX-DOAS observations atlelevation angle (left) and AMFs for satellite observations (right) for various values of

the surface albedo and different height profiles. While the sensitivity of the satellite observations strongly depends on the surface albedo and
the solar zenith angle, th&eAMFs for the MAX-DOAS observations are almost not affected. For the surface near profile the sensitivity of

the MAX-DOAS observations is about one order of magnitude larger compared to the satellite observations.
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Fig. 4. MeasuredASCDs of @ and BrO for selected days during the ship cruise. Also shown are the horizontal visibility and the ceiling
height derived from the on board instrumentation. For cloud ceilings above about 1k, éle@ption is mainly limited by the atmospheric
visibility. For lower clouds the ceiling height itself becomes also important. High B8ZDs are observed for almost all observations when
the ship was inside the area of first year sea ice (ptotf, for details see text).
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For cloud ceilings above about 1 km, the &sorption is  observation during the whole campaign, we found that strong
mainly limited by the atmospheric visibility (for an elevation increase of the BrASCD for decreasing elevation angle. It
angle of © the geometrical light path between the telescopeis important to note that for individual observations, several
and the cloud base would be 1 km/sit)}t57 km, which is  effects (or also their combination) might cause a strongly re-
much larger than the visibility at 350 nm for a clear atmo- duced dependence of the BIESCD on elevation angle. If
sphere). e.g. aerosols are present, they can reduce the photon paths

In Fig. 4a results for a day before Polarstern reached thelong the lines of sight, and thus the difference of the BrO
sea ice area (18 June 2006) are presented. T#eSGDs  ASCDs at low elevation angles. In addition, also ice layers
are high and show a clearly repeating cycle corresponding t@t the telescope and/or the ship movement might cause an
the sequence of telescope elevation angles. Such a temporiakcrease of the field of view of the telescope, which would
pattern is obtained if the £absorptions at the different eleva- also cause a reduced difference of the BKSCDs at low
tion angles are systematically different, which is a strong in-elevation angles. Thus we would understand if for individ-
dication for a high atmospheric visibility (in good agreement ual measurement sequences, the observed dependence of the
with the measurements of the on board instrumentation). FoBrO ASCDs on elevation angle could be reduced (while high
the clear sky period of this day the maximumABCDs  BrO concentrations were still present close to the ground).
are about 6.80*3 moled/cn (e.g. between about 09:00 and Nevertheless, during the whole campaign we found no single
12:00) which is in good agreement with the model results forobservation sequence (not even for days with high visibility,

a clear day (for an 9VCD of about 1.310*3 molec/cn? high ceiling height, and also high observed &bsorption),

they correspond to aAMF of about 5). Also the onboard for which the increase of the BraSCD for low elevation
measurements of the ceiling height show an almost clear skpngles was in agreement with the model results for a BrO
for this period. In contrast to the /A SCDs, on this day layer close to the ground (a typical example for the measured
the BrO ASCDs show no enhanced values indicating thatsequence of BrASCDs is shown in Fig. 2a). From these

no enhanced boundary layer BrO concentration was presentindings we conclude that the major fraction of the BrO con-

All other results shown in Fig. 4b to f are derived on days centrations is typically not located close to the surface but at
when the ship was inside the area of first year sea ice. Oihigher altitudes.

these days typically high Brd SCDs are observed. There
are two interesting exceptions: on 8 August 2006 (Fig. 4d)
the BrO ASCDs during the first half of the day are close to X LoV
zero. Since the QASCDs of this day are high (also the vis- °PServations of polar boundary layer BrO (e.grtinger
ibility is relatively high), this indicates that the surface near 2Nd Platt, 2002; Binninger et al., 2004) were not sensitive
BrO concentrations are actually very low. It should be notedenough to y|eld. similar height m_formatlon, because of the
that similar results of very low BrO concentrations were only 12Ck 0f observations at low elevation angles.

very rarely found during the whole period the ship was inside

the area of first year sea ice (from 24 June 2006-15 August another way to estimate the vertical distribution of the
2006). Low BrO concentrations were only f(_)Uﬂd at the endgo concentration is to investigate the influence of clouds
of 24.07.2006; at tr_\e end 0f_3 August 2006; in t_he afternoongyp, the measurements. On some days (e.g. 25 July 2006 and
of 7 August. 2006; in the main part pf the morning of 8 Au- g August 2006, see Fig. 4b, €) high BE&BCDs, but rather
gust 2006; in the morning and evening of 14 August 2006. oy 0,ASCDs are observed. Especially on 9 August 2006

Also in the first half of 10 August 2006 (Fig. 4f) low BrO  the cloud ceiling (between about 100 and 200 m) and the vis-
ASCDs are measured. However, in this case they do veryyjjity were very low. The enhanced BraSCDs indicate

likely not indicate low BrO concentrations, but rather low at- that high BrO concentrations have been mainly present be-
mospheric visibility (as also indicated by the on board mea-|gy the cloud.

surements and the lowsA SCDs).

It is interesting to note here that previous MAX-DOAS

5.1 Information on the BrO profile from MAX-DOAS ob- Combining the two findings we conclude that during the

servations period when the ship was within the sea ice, typically the

BrO concentrations increased from the surface with increas-

Information on the vertical profile of the BrO concentrations ing altitude. The maximum concentrations are probably lo-
can be derived in different ways from our observations. Onecated around the upper edge of the boundary layer, possibly
possibility is to study the dependence of the measured BrQeaching partly into the free troposphere. Depending on the
ASCDs on the elevation angle (see Fig. 2). If e.g. the maxi-vertical extension of the boundary layer, the thickness of the
mum concentration was located close to the surface, the ddayer with maximum BrO concentrations might be several
pendence of the BrASCDs on elevation angle should be hundred metres. Occasional occurrence of BrO layers ele-
rather strong; in particular the Br@SCDs at ? elevation  vated from the ground were also reported byniHinger et
should be much larger than those at Surprisingly, for no  al. (2004b).
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) ) ) . of the National Centers for Environmental Prediction (NCEP) and
Fig. 5. Daily maximum BrOASCDs for T elevation angle(d). the Marine Modelling and Analysis Branch (MMAB) (http://polar.

Also shown are the latitude of the ship and_ the ice e@ethe ncep.noaa.gov/seaice/). Between these dates the ship was inside the
temperatures of.a|r. and wat) as well as da||y.maX|mum values area of first year sea ice. Bottom: daily maximum B&SCDs for

of the global radiation and the sun elt_ev:_:\t(cm High BrO.ASCDs 1° elevation angle. High values are almost exclusively found for
are only found for measurements within the area of first year S€q, easurements within the area of first year sea ice

ice (indicated also by the water temperatut@°C). For low sun '

elevation £—2.8) also no enhanced Br@SCDs were found.

ASCDs were observed. It should, however, be noted that for
52 Overview on the whole cruise and relation of the ob- Measurements with sun elevatie@° the measurement error
can become very large and the respective BI®CDs might
only be seen as an indicator for the true BASCDs. For

In Figs. 5 and 6 the daily maximum Br@aSCDs are pre- such.conditions., from the §pectroscopic rgsults alone it_is not
sented from 17 June 2006 until 21 August 2006. In addition,P0ssible to derive unamblgupus conclusions on Fhe signifi-
also the latitude of the ship and that of the ice edge, the daily*ance of the results. Days with such large errors include the
maximum global radiation (from the on board instrumenta-6 July 2006, 7 July 2006, 11 July 2006, and 13 July 2006
tion), the daily maximum sun elevation angle as well as thehen the optical density of the residual was up to 3%. For
temperatures of the air and the water are shown. The periog€veral other days during low sun elevation, the residual was
when the ship was inside the sea ice can be clearly dete€Ven larger and no meaningful retrievals were possible at all.
mined from the latitude plot and the time when the water Our measurements indicate that enhanced boundary layer
temperatures were below zero. Outside the first year sea icBrO concentrations almost continuously exist over the sea
belt, only small BrOASCDs were observed. Enhanced BrO ice for the whole period the ship was present there. After the
ASCDs are almost entirely found during the period whenship left the area of first year sea ice, again only low BrO
the ship was within the area of first year sea ice. One in-ASCDs were found indicating a short lifetime of the acti-
teresting exception appeared on 7 July 2006. On this dayated bromine compounds. Another important finding is that
the sun elevation was very low:(-2.8°) possibly indicating ~ €vents of enhanced BrO concentrations are observed by the
that the photolysis of Brmight have been too slow to pro- MAX-DOAS observations about one month earlier than from
vide sufficient amounts of Br radicals that can react with O satellite observations (Wagner et al., 2001).

to BrO. On the previous day (6 July 2006) the sun elevation To further investigate the variation of the daily maximum
reached a maximum value ef1.5° and still enhanced BrO BrO ASCDs we performed trajectory analyses using the the

served BrOASCDs to the duration of sea ice contact
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HYSPLIT model (HYbrid Single-Particle Lagrangian Inte- 12 )= 12007+ 21250
grated Trajectory Model, access via NOAA ARL READY R?= 03207 ¢
Website (http://www.arl.noaa.gov/ready/hysplitd.html, see
Draxler and Hess, 1998). For every day (at noon) we calcu-
lated back trajectories and estimated the duration for which
the air masses have been in contact to the sea ice surface du
ing the preceding days. We correlated the daily maximum
BrO ASCDs with the estimated duration of sea ice contact.
Our results (Fig. 7) show a weak correlation, similar to those = ;|
found by Friess et al. (2004), Simpson et al. (2007b). Part

of the scatter might be caused by simplifications of the tra- °
jectory analysis (only one trajectory per day, analysis done
“by eye”) and also by variations of the meteorological con-
ditions. Especially changes of the visibility and boundary Fig. 7. Correlation of the daily maximum Br@SCDs with the
layer height would significantly affect the sensitivity of the duration of the air masses with the sea ice surface prior to the

S
.

®

Bro DSCD [10" molec/cm?]
o

05 1 1.5 2 25 3 3.5 4 45

Duration of ice contact [days]

MAX-DOAS observations (see Sect. 4). measurements. The duration of sea ice contact was estimated
from back trajectories calculations using the HYSPLIT model (http:
5.3 Estimation of the BrO mixing ratios /Iwww.arl.noaa.gov/ready/hysplit4.html). For the measurements on

7 July 2006 low BrOASCDs were found although the air masses

Using the modelledAAMF we can convert the measured have had extended contact to sea ice.

ASCDs into BrO concentrations and BrO mixing ratios. We

apply this conversion for the telescope elevation°cddd we

consider again the BrO profiles described in Sect. 4.2. Wehe Antarctic winter 2006. The Polarstern entered the area

also assume clear sky conditions, thus our conversion repreof first year sea ice around Antarctica on 24 June 2006 and

sents a lower limit for the true BrO concentrations. stayed within this area until 15 August 2006. For the period
In Table 1 the results of the derived BrO mixing ratios inside the area of first year sea ice, enhanced BrO concentra-

are presented, which strongly depend on the assumed aflons were almost continuously observed. Before and after

titude profile. They increase with increasing altitude of the period inside the first year sea ice, typically low BrO con-
the BrO |ayer (effect of decreasingAMF) and decrease centrations are observed. The small BrO concentrations over

with increasing vertical extension of the layer. The val- the open ocean indicate that either the observed air masses

ues shown in Table 1 are calculated for typical measuredlid not originate from the areas of first year sae ice or that
BrO ASCDs (0.5105molec/cn?) and maximum values the atmospheric lifetime of activated bromine compounds is
(105 molec/cn?). to short to maintain high BrO concentrations after the contact
The derived mixing ratios cover a wide range. Low values 0 areas of first year sea ice. Based on back trajectory calcula-
are calculated for cases with a vertically extended boundaryions we found a positive correlation between the magnitude

layer. Very high values are calculated assuming a shallow?! the observed BrASCDs and the duration for which the
layer at high altitudes. air masses have been in contact with the sea ice surface prior

Assuming profiles with increasing concentrations with al- 0 the measurement.
titude leads to values in the order of several ten ppt. These From the MAX-DOAS measurements and meteorologi-
values are rather high, but in overall agreement with othercal observations, it was possible to retrieve information on
measurements (e.g. Tuckermann et al., 1997; Wagner anthe vertical distribution of the BrO concentration. For days
Platt, 1998; Hnninger and Platt, 2002; dtininger et al.,  with very low cloud ceiling (e.g. between 100 and 200 m),
20044, b). If, as concluded from our observations, the maxstill enhanced BrOASCDs were observed (in contrast to
imum BrO concentration is not located directly above thethose of Q) indicating that enhanced BrO concentrations are
ground, this could explain the rather high mixing ratios com- present mainly below the clouds. Additional information on
pared to ground based observations or satellite observationghe shape of the BrO concentration profile was derived from
It might be also interesting to note that in contrast to thesethe dependence of the Br@SCDs on the elevation angle.
measurements, almost all other observations were made iWhile we can not completely rule out that the maximum BrO
the northern hemisphere. concentrations are located close to the ground, this depen-
dence indicates that the highest BrO concentrations might be
typically located at higher altitudes. From both findings we
6 Discussion and conclusions conclude that the BrO concentration profile should have a
maximum close to the upper edge of the boundary layer with
We performed MAX-DOAS observations of tropospheric decreasing concentrations towards the surface. Depending
BrO on board the German research vessel Polarstern duringn the vertical extension of the boundary layer, the thickness
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Table 1. Estimated BrO mixing ratios for different assumed profiles and BSIDs.

BrO concentration profile AMF  Mixing ratio (in ppt) Mixing ratio (in ppt)
for maximum BrOASCD for typical BrOASCD
(10 molec/cn?, see Fig. 5)  (0.510° molec/cn?, see Fig. 5)

constant from 0—200 m 39 50 25

constant from 200—-400 m 22 88.5 44

constant from 400-600 m 13 150 75

constant from 600-800 m 8 243 121

constant from 800-1000 m 4 487 243

constant from 0—1000 m 15 26 13

linear increase from 0-200 m, 28 46* 23*

constant from 200—-400 m

linear increase from 0—400m, 15 65* 32*

constant from 400-600 m

* mixing ratios for the upper part of the profiles.

of the layer with maximum BrO concentrations might be sev- processes and vertical gradients of &d BrO might play
eral hundred metres. an important role. Unfortunately, during this ship cruise no
Such profiles are in good agreement with the studies ofozone data from in-situ measurements or ozone sondes are
von Glasow and Sander (2001) and von Glasow et al. (2002)available to compare with our BrO observations.
who found decreasing sea salt pH and increasing BrO con- The measured Br\SCDs can be converted into mix-
centrations with increasing altitude. It is interesting to noteing ratios assuming a vertical profile for the BrO concen-
that according to the studies of Lehrer et al. (2004) and Piot etration. For BrO concentration profile with linearly increas-
al. (2007), recycling of active bromine on aerosols can alsang concentrations from the surface to 200m (400 m) and
play an important in maintaining high BrO concentrations constant concentrations between 200 m and 400 m (400 and
apart from recycling at the surface. 600 m), typical BrO mixing ratios in the order of several
An additional reason for the maximum BrO concentra- ten ppt are derived from our measurements (see Table 1).
tion around the upper edge of the boundary layer mightThese values are rather high compared with other measure-
be related to vertical transport processes: while on the onénents (e.g. Tuckermann et al., 1997; Wagner and Platt, 1998;
hand the temperature profiles of the radio sonde observaHonninger and Platt, 2002;d#ininger et al., 20044, b). The
tions made at Polarstern (from upper air soundings, httpdifferences might be mainly related to our findings on the
IIwww.awi-bremerhaven.de/MET/Polarstern/raso.html) typ-vertical profile shape. Itis especially interesting to note here
ically indicate very stable inversion layers, it is on the other that previous MAX-DOAS observations of polar boundary
hand very probable that often rapid changes of these inverlayer BrO (e.g. lnninger and Platt, 2002;d#ninger et al.,
sion layers might occur, e.g. when the variation between2004a, b) were not sensitive enough to yield similar height
warm ocean and cold the sea ice surfaces lead to strongformation, because of the lack of observations at low ele-
temperature gradients. The resulting convective vertical aivation angles.
motion and related mixing might cause effective transport For large parts of our measurements the solar elevation
of ozone-rich air masses from the free troposphere into thavas very low or even below the horizon. For such conditions,
boundary layer and transport of air masses with activatedhe atmospheric photolysis rates decrease, Br levels drop and
bromine compounds from the boundary layer into the freemost reactive Br-compounds will exist as;Bnolecules. As
troposphere. Assuming such transport processes should leg&iconsequence, ozone destruction and the removal of reac-
to a maximum BrO concentration around the upper edge otive compounds due to reaction of BrO with HCHCHO
the boundary layer. and olefins will be substantially reduced. On one day (7 July
The existence of strong vertical gradients of BrO ang O 2006) with very low sun elevation (maximum elevation an-
might also have an additional important implication: the ob- 9le <—2.8°) we indeed found BrCASCDs close to zero,
servation of an almost continuously enhanced BxSCDs although the air masses have had extended contact (about 4
during the whole ship cruise within the sea ice would be dif- days) with the sea ice surface. These measurements might be
ficult to explain under the assumption of a continuously sta-an indication for the decreasing concentration of Br atoms
ble inversion layer. In this case one would expect that after or low light conditions. However, our observations should
few days all Q should be destroyed and accordingly also no be seen only as a hint since the measurement uncertainties
BrO could be formed any more. The observation of contin-are very high for this day.
uously enhanced Br@ SCDs indicates that vertical mixing
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Our MAX-DOAS observations found enhanced BrO con- Domine, F., Sparapani, R., lanniello, A., and Beine, H. J.: The ori-
centrations about one month earlier than analysed from satel- gin of sea salt in snow on Arctic sea ice and in coastal regions,
lite observations (Wagner et al., 2001). From detailed radia- Atmos. Chem. Phys., 4, 2259-2271, 2004,
tive transfer simulations we find that MAX-DOAS observa- _ http://www.atmos-chem-phys.net/4/2259/2004/. _
tions are typically (except situations with strongly reduced Praxler, R. R.and Hess, G. D.: An Overview of the HyspliMod-
visibility, .g. caused by fog) about one order of magnitude eling System for Trajectories, Dispersion, and Deposition, Aust.

P . . Met. Mag., 47, 295-308,1998.
more sensitive compared to satellite observations. In contrast

llite ob : hei itivity d hardly d SA Publication Division (SP-1182): GOME, Global Ozone Mon-
to satellite observations their sensitivity does hardly decrease itoring Experiment, users manual, edited by: Bednarz, F., Euro-

for large solar zenith angles and low albedo. Thus they are pean space Research and Technology Centre (ESTEC), Frascati,

very well suited for observations in polar regions close to the  jtaly, 1995.

solar terminator. FrieR, U., Hollwedel, J., Koenig-Langlo, G., Wagner, T., Platt,
U.: Dynamics and chemistry of tropospheric bromine explo-
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