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Abstract. The INDian Ocean EXperiment (INDOEX) was to the BrO budget, probably located in the free troposphere
an international, multi-platform field campaign to measureand present over long periods of the year. The amounts of
long-range transport of air masses from South and SouthBrO have been investigated by the comparison of satellite
East-(SE) Asia towards the Indian Ocean. During the drypixels influenced by high and low cloud conditions based
monsoon season between January and March 1999, localh GOME data which allows the determination of the detec-
measurements were carried out from ground based platformgon limit of 3.8x 10*¥molecules cm? of tropospheric BrO
and were compared with satellite based data. The objeceolumns.

tive of this study was to characterise stratospheric and tro-
pospheric trace gas amounts in the equatorial region, and
to investigate the impact of air pollution at this remote ;
site. For the characterisation of the chemical composition

of the outflow from the S-SE-Asian region, we performed The INDOEX project was an international scientific exper-
ground based dual-axis-DOAS (Differential Optical Absorp- jment with the main objective to study natural and anthro-
tion Spectroscopy) measurements at the KCO (Kaashidhogogenic climate forcing by aerosols and feedbacks on re-
Climate Observatory) in the Maldives (5, 73.5 E) The giona| and g|0ba| C”mateF(amanathan et a|200_’]) IN-
measurements were conducted using two different observepoEX field studies were carried out over the tropical In-
tion modes (off-axis and zenith-sky). This technique allows gian Ocean, which provides a unique natural laboratory for
the separation of the tropospheric and stratospheric columngerosol studies at the crossing point of pristine air masses
for different trace gases like£oand NG. These dual-axis  from the southern Indian Ocean including Antarctica and
DOAS data were compared withs&onde measurements ather polluted air masses from the Indian subcontinent. Re-
performed at KCO and satellite based GOME (Global Ozonegiona| consequences of global warming likely depend on
Measuring Experiment) data during the intensive measurthe potentially large cooling effect of aerosols. Therefore,
ing phase of the INDOEX campaign in February and Marchduring the intensive field campaign of INDOEX, data were
1999. From GOME observations, tropospheric and stratogollected from airborne, ship-borne, ground - and satellite
spheric columns for @and NG were retrieved. In addi- pased instruments to analyse aerosol composition, atmo-
tion, the analySiS of the @Sonde measurements allowed the Spheric trace gaseS, and the |0ng range transport of air po'_
determination of the tropospherig@mount. The compari-  |ytion from SE Asia towards the Indian Ocean during the
son shows that the results of all three measurement systemgy monsoon I(elieved et al. 2001). The KCO, established
agree within their error limits. During the INDOEX cam- py the Maldives government and the Scripps Institution of
paign, mainly background conditions were observed, but inoceanography is located in the tropics (51, 73.5 E).

a single case an increase of tropospheriQring a short  The KCO played a central role in the INDOEX campaign
pollution event was observed from the ground and the impaCKRamanathan et a00J). At KCO measurements with£

on the vertical columns was calculated. GOME measurexgndes and in-situ measurements af Garbon monoxide
ments showed evidence for small tropospheric contributionS(CO) carbon dioxide (C§), methane (Chj, CFCs, other
chlorinated gases, nitrous oxide®) and sulfur hexafluo-
Correspondence toA. Ladstter-Weilienmayer ride (Sk) were carried out alongside meteorological mea-
(lad@iup.physik.uni-bremen.de) surements of wind speed and direction, dry air temperature,
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2 Experimental Set-up

Zenith-sky-mode
2.1 Ground based DOAS measurements

|
i | halogen- HgCd- During the intensive INDOEX campaign, DOAS measure-
| lamp lamp ments were carried out at KCO using two selected viewing
| -- - it I e geometries (dual technique: zenith and off-axis) (seeBig.
beam- The dual-axis-DOAS-instrument is comprised off a Czerny
splittel_’r ' | ' i Turner spectrometer (ARC 500, Acton Research Coporation)
L and a custom made telescope. High temporal resolution was
o achieved by switching between zenith-sky afidaBove the
lens =——+ horizon direction within a short time interval (typically a few
\ I minutes). We can therefore assume essentially no change in
! Lo - L - - - the vertical column amount between the two recordings. For
-7 Off-axis-mode the observations at the elevation angle dfahgle between
mOVeab’@ _____ e the horizontal direction and the viewing direction of the tele-
mirrow” & +-______\| ____ scope) the light path through the boundary layer is extended
lens and therefore the sensitivity to the lower atmosphere en-
[ hanced compared to the observation of zenith scattered sun-
) ) light (90°), which has a comparatively short path through the
light-fiber troposphere. These measurements were carried out each day
between sunrise (average over the morning measurements =

Fig. 1. Experimental setup of the DOAS telescope used in Kaashid-2-M--value) and sunset (average over the evening measure-

hoo from 14 February to 16 March 1999 during the INDOEX cam- Ments = p.m.-value) in the wavelength region of 327-492 nm
paign. with a spectral resolution of 0.5 nm. For this study, spec-

tra in the wavelength region of 435-481 nm were analysed
applying the DOAS techniquéP(att 1994, (Wittrock et al,
relative humidity, atmospheric pressure and rain amount dur2004), (Heckel et al. 2005 to obtain the differential slant
ing the intensive INDOEX campaign. During INDOEX, the column (DSC). The DSC is the difference between the col-
Institute of Environmental Physics and Remote Sensing ofumn amount of the absorber integrated along the light path
the University of Bremen, Germany, performed remote sensthrough the atmosphere at the time of measurement (SC) and
ing measurements using the technique of dual-axis-DOAShe absorber amount in the background spectruny).Sebr
(off-axis and zenith-sky mode) at KCO. This instrument wasthe background spectrum, a zenith measurement at high sun
a precursor of the multi-axis DOAS instrument described intaken on the same day was used for both zenith-sky and off-
(Wittrock et al, 2004 and Heckel et al. 2005. Similar axis observations. The absorber amount in the background
set-ups have been developed by other grotfme(ninger et spectrum (Sg) is derived by assuming the mean value of the
al,, 2009, (Roozendael et gl2003. Simultaneous measure- a.m. and the p.m. values for the vertical columns. A fifth
ments of zenith-sky and off-axis scattered sunlight allow toorder polynomial was fitted to the spectrum and absorptions
distinguish stratospheric and tropospheric amounts of atmoby Oz (Burrows et al. 1999, NO, (Burrows et al. 1998,
spheric gases. In this case the total and tropospheric columthe oxygen dimer @(Greenblatt et 2| 1990 as well as HO
amounts of ozone (£§), nitrogen dioxide (N@), as well as  (Rothman et aJ.1992 were taken into account. The effect
tropospheric amounts of BrO above KCO have been investi-of Raman scattering3rainger and Ringl962 was compen-
gated. The results of our£&nd NG measurements were to  sated by fitting a synthetic Ring spectrum as an additional
be compared with those from GOME (Global Ozone Mon- absorber Yountas et al.1999. Total vertical columns of
itoring Experiment) Burrows et al. 1999. The subject of the trace gases£and NG for the location Kaashidhoo can
this contribution is the validation of remotely sensed GOME be derived by the division of the slant columns of the zenith
data with ground based and;@onde measurements above measurements by the air mass factor (AMF). The AMF de-
the Indian Ocean during INDOEX and also the synergisticscribes the light path through the atmosphere and is calcu-
use of all these measurements to exploit the advantages dhted with GOMETRAN/SCIATRAN Rozanov et a.1997).
the different methods (such as their different spatial and temError analysis revealed a maximum relative error of 5% for
poral resolution) to allow the best possible interpretation.  the total amount for either trace gas retrieval, taking into ac-
count the radiative transfer in the atmosphere for the AMF
calculation including the assumed shape of the vertical pro-
file of the absorber, the surface albedo, and the aerosol load-

ing.
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The total vertical column of the trace gases consists of
a tropospheric as well as a stratospheric part. Using both Zenith
observation modes and appropriate AMF calculations, tro- Wind direction
pospheric vertical columns and/or profiles can be deduced @
from the measurement$iéckel et al. 2005, (Wittrock et
al.,, 2004, as carried out in this study for the trace gag O
The analysis of the tropospheric amount of N®based on
the results of dual-axis-DOAS measurements combined with
model assumptions. The following simplifying assumptions s |
were made for the calculation of tropospheric N(a) a DA e T Off axis
polluted and well mixed air mass (air masses with higher A Telescope '
amounts of NQ than in the surroundings air) follows the . a
wind from north to south, (b) this air parcel passes both
observing modes without any exchange with the environ-

ment and (c) the air mass is box shaped with homogenousl}éig- 2. The conceptual model used for describing a plume with

high amounts (.)f NQ (se_e FIg.Z). W.Ith these ass_umptlons_ high NO, amounts as observed with zenith and off axis geometry.
the analysed air parcel is passing first the off-axis observing

mode and then the zenith observing direction (seeBig.

Vv

NO,-cloud

TEM is based on the assumption that the columns of strato-
2.2 GOME and @-sonde measurements spheric trace gases such as N&hd Q are approximately

) _ constant at a given longitude. This is a large over simplifi-
GOME was launched in April 1995 onboard the Europeancaiion but appears to work well for tropical and sub tropical

satellite ERS-2 in a sun-synchronous near polar orbit at g nqitions for @ and NG and to higher latitudes mainly
mean altitude of 795 km for measuring the sunlight scat-¢,, NO,. A number of studies have been published fo-
tered from the Earth’s atmosphere and/or reflected by the SUleusing on the retrieval of tropospheric N@Leue et al,

face in nadir mode in a wavelength region of 240 to 790 NM2007), (Richter and Burrow2002), (Martin et al, 2002 and
with a spectral resolution of 0.2—0.4nm. The local equatoro3 (Ladsttter-WeiRenmayer et a2004 from GOME data.
crossing time is 10:30 a.m. With 14 orbits per day, global the error on the resultant tropospherigi®estimated to be 4

coverage at thg equator _is reached after three days fqr Bu (Ladstitter-WeiRenmayer et ak004 and on the tropo-
960 km swath width (the size of one GOME ground pixel is spheric columns of N@approximately 1.5 105 molecules

40x320kn?) (Burrows et al. 1999. For this study GOME ;-2 (Richter and Burrows2002 based on GOME data.
data reprocessed with WFDOAS (Weighting Function Dif- During the INDOEX campaign in January to March 1999,
ferential Optical Absorption Spectroscopy) VersiorCbld- in addition to the Vaisala radio sonde€fmhyr et al, 1995
ewey et al, 2009 and (Weber et al. 2009 were extracted g glectrochemical cell (ECC) ozone soundingskfert et

with @ maximum distance of 300 km away from the loca- 4 2002 and (Thompson et a] 2003 were launched about
tion of interest to obtain vertical columns oOThe anal-  jhce per day at approximately 14:00 local time (09:00 Uni-
ysis to derive slant columns of N(Richter and Burrows yersa| Time (UT)) at the KCO by the Scripps Institution of
2007 in the 425-450 nm and of BrO in the 344-359NM Gceanography. In order to obtain the tropospheric vertical

wavelength regionRichter et al, 2002 was carried Out us-  ¢olymns of @, the sonde data were summed up to the height
ing the IUP Bremen DOAS algorithm. The retrieval method ot he tropopause defined in this case study to be at 4 PV (po-
is similar to that used for ground-based zenith-sky measuregoniig vorticity) Units.

ments. For the comparisons with ground based DOAS mea-

surements, only GOME Iv1l-spectra with a maximum dis-

tance of 300 km around Kaashidhoo were extracted. GOME3 Results and Discussion

observes both, the troposphere and the stratosplBene (

rows et al, 1999, and in cloudy conditions it is impossi- 3.1 Total column amounts of£and NG

ble for GOME to detect the exact trace gases amount below

the cloud layer. For the comparison of the tropospheric col-The ground based DOAS measurements were used to deter-
umn amounts from GOME with ground based DOAS mea-mine a.m.-, and p.m.-, values fos@nd NQ total columns.
surements, only GOME-pixels under cloud free conditionsThe latter were determined from the observations at SZA be-
(using measurements with a cloud fraction of less than 0.2ween 83 and 90in the morning and afternoon. The analysis
as determined by the FRESCO algorithm (Koelemeijer, etof the zenith-sky ground based measurementszdtidwed

al., 2001)) were included in the analysis. The troposphericalmost no difference between a.m. and p.m. values @ap.
trace gas columns were derived by applying the tropospheri¢ndicating that there was no detectable diurnal variation
excess method (TEM) or reference sector approach. Théor the vertical columns of @during the whole INDOEX
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——T——— T the tropics compared to mid-latitudes where the factor is typ-

2804 ] ically 1.4 (Solomon et a].1987 for ground based measure-
_ ments. An average N{Odaytime increase of:110Mcm~2/h
3 ] ] can be calculated from our ground based measurements. A
£ 2704 o3 . I [ 4 ¢ § similar result is obtained comparing ground based measure-
2 ] HQ “ l ¢ % H ments carried out in the morning and GOME data. The
% 260_‘3 ? Jl 0{ 1o foe Rz retrieved a.m. columns of NOshow roughly 25% lower
£ < *ee T Ll N values compared to the GOME results. In comparison to
% T J%. 1 the ground based measurements, the total columns of NO
£ 2501 * GOMEVCO, i from GOME are 4« 10*cm~2 (mean value) higher because
o) # Groundbased measurements am VC O, | of its later overpass time of 10:30 a.m. at KCO compared
” ¢ Groundbased measurements pm VC O to the ground based measurements carried out 4 h earlier.

This increase of £10“cm~2/h compared to the output of
a photochemical modeS{nnhuber et a]2005 based on the
chemistry scheme from the SLIMCAT modé&lltipperfield

T T T T T T T T T T T T
Feb-18 Feb-23 Feb-28 Mar-05 Mar-10 Mar-15

= 30400 ’ . “ o R ] 1999, with reaction rate constants taken from the JPL-2002

£ 0%0 o 00%5,° | recommendationsS@ander et a).2002 (see Fig.3c) which

E o oo predicts an increase o68.03cm~2/h. This increase, which

g 25 I © is almost linear during the times of ground based and GOME

ﬁS . 100%"l£ "; I. I I . measuremenj[s (as can be seen from Fig. 3c), is in a good
= i o% L1 Q.Qi I o] agreement with the result calculated from the ground based
£ 2,04 1 0M4erm2 . . B

E ¢« . e o eee JT ] measurements {10-*cm~</h). The interpolation of the re

S "* GOh/TE v:: NO et ., ¢ o o] trieved a.m. and p.m. columns of N@om ground based

S 15 o Groundbased measurements am \’/é T\IE) o | measurements to the overpass time of GOME, depicted in
g & Groundbased measurements pm VC NO 1 blue in Fig. 3b, shows differences of around 3% compared to

o # Groundbased measurements VC,_NO , ? 1 the GOME results. In summary, botlg@nd NG columns

P
o

derived from GOME measurements agree well with the val-
ues obtained from the ground based measurements within
their error bars. While for @no diurnal variation could be
observed, N@ significantly increases over the day in good
agreement with results from a photochemical box model.

T T T T T T T T T T T
Feb-18 Feb-23 Feb-28 Mar-05 Mar-10 Mar-15

Fig. 3. Total columns of @ (a) and NGQ (b) measured by the
ground based DOAS system and with GOME during the INDOEX
campaign from 14 February to 16 March 1999.;4@s the ground-
based vertical column of Nfinterpolated to the GOME overpass
time.(c) Model calculation of the diurnal cycle of N@r 20 March 3.2 Tropospheric column amounts of O
1999 including the measuring time of ground based a.m. and p.m.

Ilas th ti f GOME. T . .
asweflas e overpass ime 0 The second scientific aim of this study was to determine

the influence of pollution events on the tropospheric column
amounts of @ and NG.

campaign. A mean value of 263 DU (Dobson Units) was de- Figure4 shows the comparison between the tropospheric
termined using both a.m. and p.m. data. Deviations of upcolumn of & determined as described above from GOME
to 10 DU from the mean value which can be attributed to thedata and that derived from the ozone sonde measurements.
transport of different air masses, are observed. Comparisoiihe results of tropospheric amounts of foom both instru-

of these data with the results of satellite based GOME meaments are in the range of background conditions because the
surements shows agreement within 3% for the total columnstropical Indian Ocean is dominantly influenced by pristine air
This value is smaller than the combined errors of the groundmasses from the southern Indian Ocean including Antarctica
based measurements and the satellite based measurementslafing this time of the year. The following comparison shows
5%. Figure3b shows the a.m. and p.m. values for NO the results of two selected case studies, for which the at-
vertical columns (given in molecules cf) from the ground  mospheric circumstances were especially favourable for the
based DOAS measurements compared to the GOME resultOAS technique. They are depicted in red in Fig. 4 and
The difference between the a.m. (around 6:30 a.m.) and thehow lower tropospheric ozone columns for the ground based
p.m. (around 17:30 p.m.) values of the ground based meabOAS data compared to the results of either GOME ( 40%)
surements was significant for NO The p.m. values were or ozone sonde measurements ( 33%) on these two days. The
almost a factor of 1.7 higher than the a.m. values. This bedifferences between the sonde data and the remotely sensed
havior is attributed to the photolysis of,Ns in the strato-  satellite data are within a range of 4% (1.2 DU). Taking into
sphere. The influence of the diurnal cycle is more intense imraccount the error bars of both thes-@ondes and satellite
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based data, during this episode the two instruments agreed 45— — —(—
within their error limits (see Figd). 1 1
The reason for the differences in the values between 40'_»" ]
ground based, satellite, and ozone sonde measurements iS 35 .
likely a combination of limitations arising from the DOAS a 20 "
ground based measurements. One of the main error sources~
is poorly known type and amount of aerosol. Following from
the high amount of aerosol over the Indian Ocean, the use
of the dual-axis-DOAS instrument, in contrast to the MAX
(multi axis)-DOAS instrumentsWittrock et al, 2009, as
used presently, can introduce large errors. The calculation of

25

GOME O, ]
- sdev Sonde O, * -
- sdev Sonde O, :

. . . . ‘ Ground based measurementsO =
the tropospheric AMFs taking into account only two differ- ] A Sonde O (4-PV) i
3

Tropospheric Q¥
= N
(6] o
1 " 1
*
—
*

.
o

1 "
L 4

ent observing modes (zenith-sky and off-axis) consequently 5
leads to an overall uncertainty of the analysis with estimated

errors on the order of 10 DU, a value usually expected for _
this type of study. Thus, within the combined error limits, Fi9- 4. Tropospheric columns of §measured by the ground based

: OAS system compared with theg&ondes and with GOME data
the ground based measurements agree with the GOME re= : . .
sultsg 9 or the time period of 14 February to 16 March 1999 during the

INDOEX campaign.

T T T T T T T T T T
Feb-18 Feb-23 Feb-28 Mar-05 Mar-10 Mar-15

3.3 Tropospheric column amounts of NO

In this study, in addition to the analysis of tropospheric tion of 1.2x 10**molecules cm?3, a tropospheric vertical col-
Os, the influence of tropospheric pollution with respect to Umn amount for N@ of 7.1x 10**molecules cm? was de-
NO, was determined. Using the high temporal resolution oftermined. Therefore, on this day an increase by a factor of
ground based data, a localised tropospherie NiOme could 4 occurred over Kaashidhoo during this brief pollution event
be observed on 15 March 1999; on most of the days the tro{see Fig5b) for the total column amount of NO
pospheric NQ amounts did not significantly rise above the ~ Comparing this result with the tropospheric amount of
detection limit. An increase of the slant column of pN@ue NO, measured with GOME for the same day, a difference
to polluted air masses was observed in the off-axis mode firstof 6.1x 10> molecules cm? can be observed (see Fi&p).
The same polluted air mass was later transported through th€his case study shows that a local increase of tropospheric
zenith-sky telescope’s field of view, and the slant columns ofNO, up to 7.1x18° molecules cm? could be observed with
the zenith-sky measurements increased as well. After the aiground based DOAS measurements in the afternoon whereas
mass has passed the telescope, the slant columns of both otBOME measured 210*®molecules cm? at 10:30 over this
serving modes were then decreasing back to the stratospheriegion. The difference between the two results is best ex-
background value. Based on the measurements of both olplained by the strongly localised nature of the enhancement
serving modes, the increase and the following decrease of thebserved, both in space and time. For the large GOME pixel
NO; slant columns can be determined as a function of timesize, such a local event does not lead to a significant en-
(see Fig5ha). Using the wind speed in off axis direction(® hancement in tropospheric column. The different vertical
5 ms!), as measured at KCO), the elevation angle of the offsensitivity of the two measurement setups might also con-
axis viewing moded=2°), the assumed vertical height of the tribute, but given the good visibility on that day, the dilu-
plume (h=sctan)=262 m) with s= 7500 m (the horizontal tion effect alone can explain the results. Locally observed
distance of the plume from the measuring point), its horizon-high values for tropospheric NCcan be caused by differ-
tal extension in the viewing direction (I=(time of decrease of ent sources like combustion processes of anthropogenic or
SC of both viewing modes - time of the first increase of SC natural origin, such as biomass burning, and lightning dis-
of zenith dataxv = 900 m) and its horizontal distance from charge WWayne 1991). In this particular case, the increase
the measuring point at a defined time (see B)ghe tropo-  of NO, was probably caused by nitrogen oxide (NONO
spheric NQ amount during a short pollution event can be + NO,) emissions from shipd.@wrence et a).1999, (Ka-
obtained. sibhatla et a].2000, (Richter et al. 2004, (Wittrock et al,
Dual-axis-DOAS reveals for the 15 March 1999 a max- 2004. From GOME measurements the mean background
imum concentration of 1:210" molecules cm® (5 ppb)  tropospheric amount of NOwas determined to be>dl 0™
of NO, based on the model assumption for a well mixed molecules cm?, while the mean total column amount of
air mass over the Maldives (see FEp). On this day the NO, during the INDOEX campaign was 1x210°molecules
observed total vertical column amount from ground basedcm~?2 (both values for the above mentioned region of 300 km
measurements was k&0"molecules cm? (a.m. value, around KCO). That means an average tropospheric fraction
(see Fig.3b). This means using the maximum concentra- of 24% under clean air background conditions was observed.

www.atmos-chem-phys.net/7/283/2007/ Atmos. Chem. Phys., 728832007



288 A. Ladsatter-WeiRenmayer: £and NQ over Kaashidhoo

12

6 T T T T T T
—_— —— Groundlbased measurlements NO, Sll’:, zenith sky I ' ' - ' _ ' ' '
'é 104 —O— Ground based measurements NO, SC, off,axis 1 . 1 * GOMEBrO
3 | T £ 54 .
2 Q
L % 8
) \ 7 2 44 -
2 N g4 * 4k
= oo . go 1
g * 7 = 3 *
S 4 Q7] I i
(&] o ]
€ / \ o1 o
8 2 * \ TIPS = 2 I
» - ood WY 9 2 N -
o, L TIPS IE 00 . J I - 1
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19,0 19',2 19',4 19I,6 19I,8 zol,o 2(;,2 20',4 20I,6 2(;,8 21,0 S 14 I J J -
Time [GMT] F | J ]
T T T T T T T T T T T T
12 -— Feb-18 Feb-23 Feb-28 Mar-05 Mar-10 Mar-15
10+ - Fig. 6. Free tropospheric columns of BrO calculated from GOME
1 . data for the time period of February to March 1999 during the IN-
8 F DOEX campaign using the difference between “low cloud” and

“high cloud” observations.

1 * GOMENO, :
¢ Ground based measurements NO , -

BrO is also observed globally in GOME datdédgels et al.
1998, (Richter et al. 2002. This has tentatively been at-

Tropospheric NO , [10* mnolec/cm?]
N
1

2 L1, %I . %I I I I tributed to a significant background concentration of BrO
oft FF T T i T IT ogo ¢ in the free troposphere of several ppt, and direct evidence
: . for BrO in the free troposphere was found Bit¢enberger
' Feb-18 Feb-23 Feb-28 Mar05 Mar-10 Mar-15 et al, 2000. Here, this assumption has been tested in the

tropics by analysing ground-based DOAS measurements and
Fig. 5. Tropospheric slant columns of NO@) measured by Satellite-based GOME data during the INDOEX campaign in
ground based (GB) DOAS system (off-axis and zenith-sky-data) forthe wavelength region 344-359 nm where BrO shows strong
March 15, 1999. Tropospheric columns of Bi(b) measured by  absorption features. Since several power failures have had an
ground based DOAS system and compared with tropospheric eximpact on the stability of the ground based instrument, only a
cess columns of GOME (GOME is only measuring at 10:30 a.m.detection limit of 3« 101molecules cm?, was achieved for
and therefore not able to observe an enhancement of localised NOBrO from our ground based dual-axis-DOAS measurements.
in the afternoon) for the time period of February 14 to March 16 ysing the difference of the slant columns of BrO retrieved
1999 during the INDOEX campaign. at low (at 900-1013 mbar) and high cloud (at 0-600 mbar)
situations during the INDOEX campaign an upper limit for
the free tropospheric column of BrO of k803 molecules
cm~2 from GOME (see Fig6) can be determined. Assum-
. . ing a 4 km atmospheric layer at 1000 hPa, 4 ppt of BrO can
Tropospheric BrO has been positively detected over long P€he calculated for this time period. The value calculated in

riods of the year especially in polar spring in both hemi- _ - . .
spheres. These events have already been studied and cort'rq-IS study for the amount of tropospheric BrO during the

: : ampaign is representative for background conditions as es-
pared with model output, balloon-borne observations an paig P 9

ground based measurements in previous publicatidfag){ égqc?]ge%zsé?i Zt[szdcl)?)?(zngi[tezreentbiI}sg??t’ é\gggge(rgis_l'

ner and Plaft1998, (Richter et al. 1998, (Wagner et al. erson et al.1999, (Roozendael et al2002)

2001, (Roozendael et al2002. They are attributed to ' ' '

boundary layer effects, in which photochemically produced

active bromine can temporarily accumulate to high abun-4 Conclusions

dances in a shallow surface layer, consuming ozone while

not being sequestered in chemically more stable brominéDuring the INDOEX campaign in February and March 1999
species. The source of BrO has not been identified beyondn Kaashidhoo, ground based dual-axis DOAS measure-
doubt but active bromine species are presumed to be rements (zenith and off-axis-measurements) were performed
leased either from sea salt, especially in the form of frost-in the equatorial region. This method provides information
flowers, or from biogenic organo-bromine species. In addi-on total column as well as on tropospheric column amounts
tion to the large values observed in polar spring, enhanceadf O3 and NG and can distinguish between background

3.4 Tropospheric column amounts of BrO
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! ' L . L of Maldives. Discussions with R. v. Kuhlmann, M. G. Lawrence
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atively large errors in the ground based data are related to

the assumed homogeneity of the tropical air masses encouregited by: N. Mihalopoulos
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surements can result from the temporal variability of the
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time period of the INDOEX campaign. Pollution events 1781-1805, 1999.

. Coldewey-Egbers, M., Weber, M., Lamsal, L. N., de Beek, R.,
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