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Abstract. The water soluble inorganic part of the sub- 1 Introduction

micrometer aerosol was measured from two research ves-

sels over the Indian Ocean during the winter monsoon seaferosols have been found to have a large influence on the
son (February and March) as part of the INDOEX project in radiative properties of the Earth’s atmosphere both by the
1998 and 1999. Additional measurements were made of gadirect scattering of the incoming solar radiation (Charlson
phase S@from one of the vessels in 1999. All samples col- €t al., 1992) and indirectly by changing the properties of
lected north of the Inter Tropical Convergence Zone, ITCZ,clouds present in the atmosphere (Twomey, 1974; IPCC,
were clearly affected by continental, anthropogenic sources2001). Anthropogenic activities have substantially increased
A sharp transition occurred across the ITCZ with concentra-the amount of aerosols present in the atmosphere and the
tions of nss-S@‘, NH; and nss-K being lower by a factor climate effects of the anthropogenic aerosols have received
of 7-15,> 20 and> 40, respectively, on the southern side of large attention due the magnitude and large uncertainties
the ITCZ. The contribution from DMS to the sub-micrometer Of their climatic effects (IPCC, 2001). In order to reduce
nss-S@* was estimated to be up to 40% in clean air north of these uncertainties, measurements of the aerosol physical
the ITCZ but less than 10% in polluted air originating from and chemical properties are needed to trace the nature, loca-
India. South of the ITCZ virtually all nss-ﬁo was likely  tionand strength of the sources as well as to understand their
to be derived from oxidation of DMS. The concentration of Physical and chemical transformation processes occurring in
SO, decreased rapidly with distance from the Indian coastthe atmosphere.

the molar ratio Sgnss_S@_ reaching values below 5% af- The Indian Ocean during January to March is a suitable
ter 35 h travel time over the ocean. Surprisingly, MSA, which location to investigate the effects of continental and anthro-
is derived from DMS, also showed higher concentrations inPogenic aerosol against a background marine aerosol. Large
the sub-micrometer aerosol north of the ITCZ than south ofémissions of aerosols and aerosol precursors from fossil fuel
it. This could be explained by the larger sub-micrometer sur-combustion (Arndt et al., 1997), biomass burning (Galanter
face area available north of the ITCZ for the condensation ofét al., 2000) as well as soil dust (Tegen and Fung, 1994) take
MSA. South of the ITCZ a major part of the MSA was found Place over India and neighbouring countries. These aerosol
on the super-micrometer particles. An analysis based on thearticles and gases are transported with the northeasterly
air trajectories showed that systematic variation in the ob-trade winds, mainly in the lower troposphere, out over the In-
served concentrations was associated with variations in thélian Ocean. In addition there are large emissions of soil dust
transport from source regions. For example, differences irffom the continental areas north and northwest of the Ara-

time since air parcels left the Arabian or Indian coasts wasPian Sea (Tegen and Fung, 1994), which are subsequently
shown to be an important factor for explaining the substan-2dvected out over the Arabian sea. These two major airflows

tial differences in absolute concentrations. converge over the Indian Ocean and continue southwards. At
the ITCZ (usually located between the equator antslat
the time of the year, Landsberg, 1984), the polluted air will
meet pristine marine air containing aerosols mainly from nat-
ural marine sources, including sea spray and dimethyl sulfide
(DMS).
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Table 1. Sampling periods and start and stop positions for the three cruises included in this study. Coordinates are Male, Mdldives, 4.1
73.3 E; Port Louise, Mauritius, 20°2S, 57.5 E; Panjim, India, 15.7N, 73.9 E; Goa, India, 18.2N, 73.#

Start date Start position  stop date stop position

Sagar Kanya 1998 Legl 1Mar,DOY60 Male 12 Mar., DOY 71 Port Louise
(SK 1998) Leg2 15Mar., DOY 74 Port Louise 30 Mar., DOY 89 Goa
Sagar Kanya 1999 Legl 21Jan,DOY 21 Panjim 10 Feb., DOY 41  Port Louise
(SK 1999) Leg2 18Feb.,DOY 49 PortLouise 10 Mar., DOY 69  Panjim
Ronald HBrown 1999 Legl 22Feb., DOY 53 Port Louise 28 Feb., DOY59 Male
(RB 1999) Leg2 4Mar,DOY63 Male 23 Mar., DOY 82 Male

Leg3 26 Mar.,DOY 85 Male 30 Mar., DOY 89 Male

The Indian Ocean experiment, INDOEX, was performed and the Ronald H. Brown 1999 (RB 1999) consisting of three
over the Indian Ocean during the Asian winter monsoon seategs. Table 1 shows the sampling periods together with the
son January—March. Two of the main objectives were tostart and end locations of each Leg. Figure 1 shows the cruise
asses the role of the ITCZ in the transport of aerosols andracks for the cruises.
gases and to study the importance of sulfate and other conti-
nental aerosol components for the radiative forcing over the2.2 Sampling
Indian Ocean (Ramanathan et al., 1996). The INDOEX cam-
paign began with ship and land based observations in 19952.2.1 Particulate phase
1997 and was intensified during a First Field Phase (FFP)
during 1998 (Mitra, 1999) and culminated with the Intensive The collection of particulate mass on board Ronald H. Brown
Field Phase (IFP) during 1999 which included a large varietywas made from an intake located at the top of a 6 m mast in
of platforms and measurements (Ramanathan et al., 2001front of the bridge. The height of the collection point was
References to several detailed studies carried out as part df8 m above sea level.

INDOEX are given in Sect. 3. Ambient sub-micron aerosol mass (here referred to as

In this study we present results from ship based measurefpm) was determined using a filter pack set (flow rate
ments of the concentration and relative chemical compositiorp0 dnT> min~1) mounted on a sliding tray next to the en-
of the water soluble inorganic fraction of the aerosol in thetrance of the mast. The set held three units: two of them
Marine boundary layer (MBL). The measurements were per-collected samples and one served as a sampling and an ana-
formed over the Indian Ocean during the FFP in 1998 andytical blank. The size of the sampled particles (aerodynamic
the IFP 1999. In addition, measurements of gas phase suHiameter, EAD,< 0.9um ) was determined by using a cy-
fur dioxide (SQ) were performed during the IFP 1999. Our clone in front of each filter unit (Quinn and Bates, 1989).
specific goals were (i) to study the role of the ITCZ in the Each of the units consisted of one 47 mm Millipore Teflon
transport of marine boundary layer aerosol ang @r the  aerosol particle filter with 1.2m pore size held in a polyac-
Indian Ocean, (ii) to investigate the variation in concentrationetal (Deldrir®) filter holder. More details are given in Leck
and relative chemical composition of the aerosol in relationand Persson (1996). Each sample prolonged for about 6 h.
to the air mass origin (iii) and to investigate the interannual In order to limit the sampling to periods of clean air, the
difference of the aerosol between the 1998 and 1999. pumps to the aerosol sampling systems were controlled by

the ship’s pollution sensor (Quinn et al., 2001). The sam-
ple air was considered to be free of ship contamination or

2 Method influence from other ships in the surroundings when the rel-
ative wind speed was greater than 3thand forward of the
2.1 Cruise track and observing periods beam and with no rapid increase in number concentration of

particles greater than 15 nm in diameter. The particle number
The measurements were performed on board the US researdimit was set manually to a few hundred per cubic centimeter
vessel Ronald H. Brown during the IFP 1999 and on boardabove the ambient particle concentration. The pumps were
the Indian research vessel Sagar Kanya during both the FFBwitched off due to pollution for less than 5% of the total
1998 and the IFP 1999. In total three cruises were performedsampling time.
the Sagar Kanya 1998 (SK 1998) consisting of two Legs, the The same setup for ambient sub-micron aerosol was used
Sagar Kanya 1999 (SK 1999) also consisting of two Legson board the Sagar Kanya, but the control system for
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Fig. 1. Cruise tracks for the Ronald H. Brown 1999 cruise and the Sagar Kanya 1998 and 1999 cruises. The arrows along the cruise tracks
show the traveling direction of the ship.

avoiding contamination was limited to wind speed and wind After exposure all filters and substrates were extracted (in-

direction only. side the glove box) by wetting with 0.5 énmethanol and
4.5cn? deionized water (Millipore Alpha-Q, 18 ®cm).
2.2.2 Gas phase SO The extracts were then analyzed for major cations, ma-

jor anions and methane sulfonate (6300, MSA) us-
The measurements of $@as performed with an automated ing chemically suppressed IC. The analysis of cations used
real-time modified Saltzman et al. (1993) technique involv- Dionex CG12A/CS12A column and a CRSR-l auto sup-
ing high pressure liquid chromatography with fluorescencepressor. Strong anions were analyzed with a DIONEX
detection. The air was sampled (flow rate 6dnin—1) from  AG4A/AS4A column and a CSRS-1 membrane suppressor.
a heated sampling line with a total flow rate of 50%tmin—. MSA was analyzed with a Dionex AG4/AS4 column using
The 0.9um EAD inlet used the same type of cyclone as for a stepwise elution. A Dionex ATC-1 column was used prior
the fpm sampling. The inlet was placed next to the aerosoto the injection valve in order to retain ionic contaminants in
inlets and with a teflon tubing running parallel to the aerosolthe eluent during the run. More details are given in Quinn et
sampling line. To further reduce potential surface particleal. (1998).
losses the air was dried by a Nafion dryer and subsequently The average blank concentrations in the extracts were zero
drawn through a filter to remove particles. Calibration wasfqor MSA and sulfate (SQ), 0.22-£0.44 ueq dnr 3 (given as
performed with gas phase calibration using a permeation dege ;) for nitrate (NQY), 1.740.94 for chloride (CT), 2.6+

vice with known emission at a specific temperature. Thel.2 for sodium (N&), 0.34 + 0.27 for ammonium (Na),

gas Waf dti]uted V_Y_':]h C(;)'ltrol!ed fl!owt of zeré) gats to .<tjri]fferent 0.244 0.12 for potassium (K), 0.24 & 0.25 for magnesium
concentrations. e detection limit was 5 pptv with accu- (Mg?) and 099 + 0.61 for calcium (C&*).

racy of 20% and examples of observed reproducibility were .
y ° P b y The average blank to sample fractions were5% for

432 £ 2.5pptv (5.7%) and 21 + 0.9 pptv (4.5%). NH, < 10% for NG; and K*, < 15% for M@* and
4 1 )
< 30% for Na", CI~ and C&*. The average blank concen-

trations were subtracted from all samples. Duplicate samples
Al filter substrate, samples and blanks were carefully han-2greed on average, within 25%.
dled in a glove box (free from particles and gases such as Non-sea-salt (nss) concentrations ofsSSOK+ and C&*
ammonia (NH) and SQ) both prior to and after collection. were calculated using molar ratios to Nar Mg?+ (when

2.3 Analysis of particulate matter
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Fig. 2. Cruise tracks and trajectories during the four ITCZ passa@@<sSagar Kanya 1998 southwards during Leg 1 (SK 1998 so(tih),

Sagar Kanya 1998 northwards during Leg 2 (SK 1998 no(th)Sagar Kanya 1999 northwards during Leg 2 (SK 1999 no(t))Ronald

H. Brown 1999 northwards during Leg 1 (RB 1999 north). The ITCZ was identified both by trajectories and meteorological observations on
board the ships and the ITCZ is marked with double solid lines in each figure.

no Na~ data were available) in sea water taken from Wil- A comparison between the two trajectory models showed
son (1975). All concentrations for the particulate matter andthat the difference was smalk(500 km) for the first 100 h
gas phase have been converted to standard atmosphere tebackwards in time and that the mean difference never ex-
perature and pressure (STP, temperat@r€dlsius and pres- ceeded 1000 km for the whole 7 days calculated period.

sure 1013.2 hPa) by using observed temperature and pressureror each trajectory the time since last contact with land

such that 1 nmol m® equals 22.4 pptv. areas (IndiaTing), land areas around the Arabian S&ap)
] ) ] ) and any land arealfang)) was estimated by following the
2.4 Trajectories and supporting meteorological data trajectories backwards from the position of the ship until they

. . reached the coastline.
2.4.1 Trajectories

Air mass back trajectories were calculated for the Ronalg2-4-2 Supporting data

H. Brown cruise during IFP 1999 for the arrival height of

500 m at the ship position every six hours. The trajectoriesMeteorological parameters including surface temperature,
were calculated with the hybrid single-particle Langrangianrelative humidity (RH), wind speed and wind direction (both
integrated model HY-SPLIT 4 based on global wind fields relative and absolute), pressure and short wave radiation
(Draxler, 1992). Trajectories for the Sagar Kanya cruiseswere measured on board both Ronald H. Brown and Sagar
1998 and 1999 were calculated for the arrival height of 950Kanya. The height of the well mixed MBL from the RB 1999
hPa (~500m) and at the ship position for the center time cruise was defined from soundings as the top of the lowest
for each filterpack sample. The trajectories were calculatectloud layer, or at cloud free conditions, the level where the
with the McGrath (1989) model at the European Center ofrelative humidity rapidly decreased. The MBL height usu-
Medium-range Weather Forecasts (ECMWF) using their an-ally ranged between 800 and 2000 m which ensured that the
alyzed wind and pressure fields. All trajectories were calcu-arrival height of the trajectories were in the MBL. During pe-
lated for a time period of seven days backward in time. riods with strong vertical mixing, like within the ITCZ during
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leg 1 and within a thunder storm during leg 3, the soundings A somewhat striking result was the high concentration of
showed the atmosphere to be humid up to 6 km. fpm MSA observed in the samples collected north of the
ITCZ, Fig. 4a. Total analyzed MSA (fom (this study) +
coarse particulate mass, cpm, (Quinn et al., 2002), Fig. 4c,
3 Influence of the ITCZ on the Indian Ocean MBL  showed MSA south of the ITCZ to be about half of those
aerosol and SQ observed north of ITCZ. Cpm MSA was found to be below
_ detection limit north of the ITCZ, Fig. 4b. The only source
To assess the role of ITCZ in the transport of trace con-gf particulate MSA is the oxidation from DMS in the atmo-
stituents and pollutants over the Indian Ocean, this StUdysphere (Saltzman et al., 1983). However, when comparing
included four separate cross ITCZ transects: Sagar Kanygith the observed DMS concentrations, both in air and in sea
1998 southwards during Leg 1 (SK 1998 south), Sagar Kanygyater (only available for Ronald H. Brown cruise), no indica-
1998 northwards during Leg 2 (SK 1998 north), Sagar Kanyajon, of higher concentrations north of the ITCZ was recorded
1999 northwards during Leg 2 (SK 1999 north) and Ronald(gates 2002, unpublished data). Variation in the DMS con-
H. Brown 1999 northwards during Leg 1 (RB 1999 north). centration could therefore be ruled out as the cause of the
Figure 2 shows the cruise tracks. Also shown are the calopserved gradient in the MSA across the ITCZ. According to
culated trajectories for each transect and the position of they et al. (1990), formaldehyde (HCHO) and ozones(@re
ITCZ. The location of the ITCZ was identified both by the jmportant oxidants in the DMS oxidation scheme and thus
trajectories and meteorological observations like wind d'rec‘important for the production of MSA. Substantially higher
tion, wind speed, cloud observations and the soundings. Theyncentrations of HCHO (Wagner et al., 2001) andStehr
concentrations of fpm for selected water-soluble componentsg,; al., 2002) were observed on board the RB 1999 north of
as a function of latitude relative to the ITCZ are presented inihe |TCZ. This would have lead to an increased production of
Fig. 3. The concentrations were normalized such that theyaticulate MSA in the polluted air independent of the parti-
median concentrations north of the ITCZ were set equal (e size. However, as this was not the case the higher oxidant
one for each transect. Figure 3a shows that the sum of thg.ye|s observed north of ITCZ were suggested not to be the
analyzed fpm had a marked change in concentration at theajor cause of the elevated levels of fpom MSA found. Ker-
position of the ITCZ. This applied to all four passages, al- minen and Leck (2001) calculated that the condensation of
though the median concentration ratio between north of thegas phase MSA will favor the aerosol size range with the
ITCZ and south of the ITCZ varied between 6 and 14. As|argest available surface area. During the RB 1999 north
seen in Figs. 3b—d a similar sharp concentration increase wagansect the aerosol area size distributions were dominated
o_bserved for constituents with typ|cal anthrop_ogenlc Or CON-hy the coarse mode in samples collected south of the ITCZ
tinental sources like nss-§O mainly from fossil fuel com-  \yhile the sub-micrometer aerosol dominated in the air origi-
bustion, NH; from agriculture and nss-K from biomass  nating from India (Bates et al., 2002). The available aerosol
burning. The fom N@ was only observed in concentrations surface might then explain not only the higher fom MSA ob-
close to the detection limit and will not be further discussed.served north of ITCZ, but also the higher com MSA observed
The north/south ratios for nss-Q NH; and nss-K range  in the clean air south of ITCZ.
between 6-16, 20-80 times and above 40, respectively. The During the INDOEX IFP 1999 several additional measure-
relative larger concentration differences observed for nss-K ments of aerosol and gaseous components were performed.
and NI—Qr are consistent with their relatively weaker natural For a direct comparison with this study one ITCZ cross
sources over the ocean (Quinn et al., 1992; Saxena, 1983}ansect is available (RB 1999 north). Ball et al. (2003)
compared to that of nss-3O (Ayers et al., 1996). The and Quinn et al. (2002) reported results of the fpm water-
fpm soil dust influence, here represented by ns&tCalso  soluble ionic composition in good agreement with the present
showed slightly enhanced concentration north of the ITCZ.study. This is reassuring since different sampling and analyt-
However, Fig. 3e shows that the variation was high and thedcal techniques were applied. A similar south/north gradient
south-north difference was not significant. No significant was also found for fopm organic carbon and elemental car-
south-north trend was observed in the sea salt componentbon across the ITCZ (Neiss et al., 2002). Measurements
derived from chloride plus sodium to sea salt mass ratio inof cloud condensation nuclei during FFP 1998 (Cantrell at
sea water using Wilson (1975) ratios, see Fig. 3f. No signifi-al., 2000) also showed a similar marked north/south gradient
cant important gradients in any of the meteorological param-indicating the climatic relevance of these results.
eters (including MBL height, RH, wind speed, temperature Measurements of gases with anthropogenic origin, like
and precipitation frequency) were observed. This suggestsarbon monoxide (CO) andzQalso showed substantially
that the observed south north gradient for constituents of anhigher concentrations north of the ITCZ on board the
thropogenic origin not was primarily caused by differencesRonald H. Brown during IFP 1999, as observed by Stehr
in meteorological factors. We conclude that the different ori- et al. (2002). The difference was smaller for gases than for
gin of the air north respectively south of the ITCZ was the aerosols. In contrast to the parameters discussed above, mea-
reason for the observed differences. surements of S@during the RB 1999 north, Fig. 5, did not
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Fig. 3. The mass concentration of the fpm aerosol during the cross ITCZ passages as a function of latitude relative to the ITCZ. The
concentrations are normalized to the median concentration north of the ITCZ for each passage. SK = Sagar Kanya and RB = Ronald H.
Brown.
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Table 2. The fpm 25, 50 and 75 percentile concentrations and molar ratios for the different trajectory groups from the Ronald H. Brown
cruise in 1999. The North ITCZ group includes all trajectories in the cleanN, Arab, sind and lind groups. The time since last contact with
land refers to any land (J,,4) for cleanN, cleanS and North ITCZ, to India;;;) for sind and lind and to other land than Indias(T,;) for

Arab. Sea salt was calculated as chloride plus sodium total sea salt mass ratio in sea water using Wilson (1975) ratios

MSA CI~ NO; NAt NHf Mg?" nss-SG~ nss-CA" nss-kt
nmol nmol nmol nmol nmol nmol nmol nmol nmol
m3 m3 m3 m3 m3 m3 m3 m—3 m—3
cleanS 25prc 0.07 068 <DL 1.2 0.4 0.05 2.3 0.15 <DL
50prc 009 12 <DL 13 1.1 0.17 4.1 0.33 0.04
75prc 012 25 0.08 25 2.3 0.43 4.8 0.87 0.08
North 25prc 0.14 <DL 0.07 09 226 0.10 12.9 0.19 1.4
ITCZ 50prc 021 025 027 16 356 0.26 23.6 0.50 3.7
75prc 026 052 047 23 53.0 0.37 39.5 0.88 6.5
cleanN 25prc 0.14 024 <DL 05 6.8 0.07 6.1 0.08 0.48
50prc 021 060 0.09 11 226 0.10 115 0.15 1.4
75prc 026 1.1 019 17 32.7 019 16.5 0.20 3.1
Arab 25prc 013 <DL 019 11 235 0.17 13.1 0.39 1.2
50prc 018 0.3 041 1.8 355 0.35 23.6 0.63 3.2
75prc 023 05 061 26 482 044 30.9 1.0 43
sind 25prc 014 001 <DL 0.8 200 <DL 136 0.25 2.0
50prc 022 018 010 16 34.7 0.8 22.6 0.32 4.3
75prc 027 041 030 20 526 0.27 40.9 0.40 6.5
lInd 25prc 020 <DL 014 14 49.6 0.22 344 0.63 4.8
50prc 021 013 037 19 69.1 0.29 54.9 0.97 8.3
75prc 025 055 048 22 926 0.30 60.8 11 9.3
Sea Sum Ct/  MSA/ NH/ Caét/ SOJ SO, Number Time since
salt pgm=3  Nat nss-S(i‘ nss-SCﬁ‘ Nat Sof; nmol  of last contact
ug m-3 molar  molar molar molar  molar ™ samples  with land
ratio ratio  ratio ratio ratio (h)
cleanS 25prc  0.060 0.4 0.67 0.023 0.2 0.11 036 13 14 170
50prc  0.081 05 0.97  0.029 0.3 0.12 044 16 >170
75prc  0.162 0.6 1.03  0.034 0.5 0.59 056 21 >170
North  25prc  0.036 17 0.00  0.006 13 0.22 002 07 92 76
ITCZ 50prc 0.059 32 0.13  0.008 14 0.34 005 11 120
75prc  0.085 5.0 0.33 0.012 1.7 0.51 008 15 >170
cleanN 25prc  0.030 1.0 040 0.012 11 0.08 005 07 18 170
50prc  0.054 1.6 0.58 0.019 15 0.16 010 0.9 >170
75prc  0.094 23 0.77  0.028 2.0 0.25 033 15 >170
Arab  25prc  0.033 19 <DL  0.006 1.4 0.27 002 07 43 87
50prc  0.065 31 0.13  0.008 15 0.34 005 11 120
75prc  0.095 41 0.23  0.009 2.3 0.53 008 14 >170
sind 25prc  0.035 18 0.04  0.006 11 0.20 003 05 18 72
50prc  0.053 30 0.13  0.008 13 0.26 004 06 165
75prc  0.069 5.4 035 0.012 15 0.42 008 1.0 >170
lind 25prc  0.049 45 <DL  0.003 11 0.37 002 11 13 35
50prc  0.056 7.6 0.06  0.004 15 0.49 002 15 52
75prc  0.067 8.0 0.14  0.007 16 0.58 005 22 92
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show any south to north concentration increase. Instead a — Small Indian influence (sind)Trajectories that origi-

~50% decrease was recorded. These noticeable results will
be further discussed in Sect. 4.1 and 5.1.

All ship based particulate and gaseous measurements
(SO, not included) were supported by aircraft measurements
within the MBL (Reiner et al., 2001; Sprung et al., 2001;
Wisthaler et al., 2002). The aircraft measurements showed

marked differences in both gas and particulate phase con- —

stituents across the ITCZ in the MBL. However the differ-
ences in the free troposphere were smaller than in the MBL
(Sprung et al., 2001; Reiner et al., 2001). The reason might

be that there was a more efficient cross ITCZ transportin the —

free troposphere than in the MBL, as also indicated by trajec-
tory analysis by Verver et al. (2001). Measurements showed
that major parts of the pollution over the Indian Ocean was
transported from southern and southeast Asia at altitudes
above the MBL with a sea breeze circulation underneath it

(Lelieveld et al., 2001; Reiner et al., 2001; de Reus et al., —

2001; Leon et al., 2001; Welton et al., 2002). These pollu-
tion layers above the MBL might to a small extent have the
potential to cross the ITCZ.

As seen in Fig. 2 the geographical position of the ITCZ
varied substantially, between8 to I° N, between the four
cross ITCZ transects performed during this study. Figure 3
shows that there were no, or only small, cross ITCZ exchang(?
of fpm aerosols in the MBL since the concentrations of conti-
nental fpm aerosol components were not elevated in the sa
ples collected just south of the ITCZ. We conclude that the
ITCZ should be looked upon as an effective barrier for trans-
port of MBL fpm aerosols during the winter monsoon season
over the Indian Ocean. Irrespective of the latitudinal position
of the ITCZ, the air north of the ITCZ was influenced by an-

nated, or passed over, densely populated or industrial-
ized places in the Indian subcontinent with more than
5 days of transport time since last contact with India,
or trajectories that only passed a short distance over the
Indian subcontinent. Fig. 6b.

Arabian sea (Arah) Trajectories from the Arabian Sea
and the surrounding land areas but with no Indian sub-
continent contact. Fig. 6c¢.

Clean air north of the ITCZ (cleanNYrajectories with
origin over the northern Indian Ocean but with no indi-
cation of contact with land during the last seven days.
The prevailing arrival direction at the ships was from
the north, Fig. 6d.

Clean air south of the ITCZ (cleanSlrajectories with
origin over the southern Indian Ocean with no contact
with land. The prevailing arrival direction at the ships
were from the south, Fig. 6e.

4.1 Anthropogenic components

This discussion will focus on samples collected north of the
TCZ according to the conclusion in Sect. 3 where no indi-
mc_ation of anthropogenic components were observed south of
the ITCZ. Table 2 shows that the samples with trajectories
originating over India, (sInd and lind) showed the highest
concentrations of the anthropogenically derived constituents,
nss-SCﬁ_, NHI, nss-K", as well as for the sum of total ana-

lyzed fpm mass with nss—ﬁo and NI—[‘F as the major com-

thropogenic and continental sources whereas the air south ¢fonents. Overall, the concentrations in the sind group were

the ITCZ showed no such influence.

In the following sections an effort is made to seek caused®Nt With source estimations
for the observed variation in the particulate absolute concen@! 2000), S@ (Arndt et al.,

about half of those in the lind group. Our results were consis-

for biomass burning (Galanter et
1997) and NH (Bouwman et

tration north respective south of the ITCZ. The analysis will & 1997) which indicate large sources in India.

be based on the data set that was collected during the Ronald Among the samples collected north of the ITCZ, the sam-

H. Brown 1999 cruise, since this cruise contains the largesP!€S representing the cleanN group showed the lowest con-
number of samples. centrations of anthropogenic constituents, as well as the low-

est median total sum.

The observed difference in the anthropogenic constituents
between the lind, sind and cleanN groups was related to the
time since last contact with Indidigg) or with any continen-
The RB 1999 particulate and gas samples were classified intt?! area {iand), cf. Table 2. The highest concentrations were
different groups according to the appearance of the trajectoassociated with a mediafing = 52 h (lind) and the lowest
ries. This classification was made independent of the posiwith a medianiang > 170 h (cleanN). We attribute the dif-

tion and date of sampling. Five major groups were identified.ference to increasing influence of dry deposition losses with
increasing time of transport over the Indian Ocean. The in-

— Large Indian influence (lind) Trajectories that origi- fluence of wet deposition was probably of marginal influence
nated, or passed over, densely populated or industrialbecause large-scale subsidence suppress precipitation during
ized areas in the Indian subcontinent with less than 5the winter monsoon season over the Indian ocean. Only eight
days of transport time since last contact with India or precipitation events were encountered during the Ronald H.
samples with less than 2 days of transport time sinceBrown cruise in 1999 (Granat et al., 2002), of which four
last contact with India. Fig. 6a. were associated with the ITCZ or south of the ITCZ.

4 Variations in the Indian Ocean MBL aerosol
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Fig. 6. Trajectories for the Ronald H. Brown 1999 cruise, sorted into different groups according to origin of {aglaarge Indian influence
(lind), (b) Small Indian influence (sIndj¢) Arabian sea or surrounding land areas (Aréth) Clean air north of the ITCZ with no indication
of contact with land (cleanNJg) Clean air south of the ITCZ (cleanS).

The higher concentration of $Osouth of the ITCZ, SO, relative to nss—SﬁT was probably due to its higher dry
(Fig. 5), seems surprising in view of the strong Indian sourcesdeposition rate together with gas to particulate phase oxida-
of SO (Arndt et al., 1997). However, when sorting the tion (Langner and Rodhe, 1991). Over the Indian Ocean, as
SO, data according to trajectory groups a consistent patterrshown in Fig. 7b and Table 2, the levels of S®ere at the
evolved, Table 2, with the most polluted cases (lind) show-most 10% of the recorded fpm nss-ﬁ(loncentrations. The
ing the highest median S@oncentrations. Figure 7a shows observed variability in fom nss-SO over the Indian Ocean
that the SQ@ concentration decreased substantially well be-north of the ITCZ could therefore not be explained by the
fore Ting equals to 60h. By comparing the Concentra-  observed levels of S© We have found no explanation for
tion with the nss-S€ levels, Fig. 7b, a more rapid decrease the SQ gradient across the ITCZ with highest concentration

was observed for S£xhan for nss—SﬁT. The larger loss for  on the southern side.
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Fig. 7. (a) The SQ concentration as medians over the aerosol sampling tinéeh{ as a function of transport time from India during the
Ronald H. Brown cruise in 1999. The box includes data between the 25 and 75 percentiles and the vertical bars represent the 10 and 9C

percentiles(b) The SQ/(fpm nss-S(ﬁ_) molar ratio, as a function of transport time from India during the Ronald H. Brown cruise in 1999.

This analysis shows that the high concentrations of manycompared to the time since last contact with land around the
particulate constituents over the northern Indian Ocean werdrabian sea (mediafiarap = 120h) and hence larger in-
caused by long range transport from sources on the Indiafiuence by deposition during the transport to the ship in the
continent. latter group.

4.2 Soil dust 4.3 DMS derived components

The samples with trajectories originating from the Arabian 1he observed fpm MSA/nss-§O molar ratio in the air _
Sea or from the surrounding land areas, Arab, had similaSuth of the ITCZ (cleanS) was on average around 3%. This
absolute fom sum as the sind group. However the formerS N agreement with other measurements performed in un-
were more enriched by nss-&a This was also seen in the polluted air over tropical waters (Bates et al., 1992; Bates et
cpm record (Quinn et al., 2002). The estimated large sourc&!-» 2001; Leck et al., 2002a), and also supported by model
area for dust (Tegen and Fung, 1994) in the land areas arourfeR/culations (Ayers et al., 1996) at similar temperatures and
the Arabian sea caused the relatively elevated concentratiorglitudes as this study. We conclude consistent with Sect. 3
of nss-C&* compared to the other aerosol constituents. Thethat there was no, or only marginal, influence of continental
Ca*+/Na* molar ratio can be used to indicate the influence of ©F @nthropogenic sulfur sources south of the ITCZ and that
transport of dust from continental sources relative to the locath® observed fpm nss-§Ooriginated from the oxidation of
sea salt sources. The observed median fpAT @™ molar . _ _ .

ratio in the Arab was higher (0.34) than in the sind (0.26), A major fraction (-75%) of the total particulate MSA in
indicating a larger soil dust influence in the Arab group. Onthe cleanS samples was associated with the cpm (comparison
the other hand, the results relative to the lind group showedvith data from Quinn et al., 2002). As discussed in Sect. 3,
opposite values with both nss-&alevels and C&/Nat ra- the condensation of MSA seemed to have favored the largest
tio exceeding those of the Arab group. This feature was everavailable aerosol surface.

more clear in the cpm record (Quinn et al., 2002, personal We suggest that the observed variation ingsmss-scﬁ_
communication). This is likely to be due to the more lim- and MSA concentrations south of the ITCZ was related to
ited time since last contact with India (medi@iRg = 52 h) variations in the DMS source, while north of the ITCZ the
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concentrations were also suggested to be dependent on th 1
available aerosol surface areas (as discussed in Sect. 3).
Assuming the nss—Si) south of ITCZ to be representa-

tive for biogenic S@‘ sources over the Indian Ocean, the 0.81

contribution north of the ITCZ from biogenic sources of the

total fpm nss-S~ could be calculated, using the nssiSO  +

from the cleanS group. This calculation indicated that up to P
|
@)

40% of the nss-SﬁT in the cleanN group< 20% in Arab
and sind groups, while only a small fractioa (L0%) in the
most polluted cases (lind group) potentially originated from
biogenic sulfur. The same comparison for;bowed that a 02} 00
major fraction of the S@over the Indian Ocean north of the o
ITCZ originated form a biogenic source. The only exception © 00 o O o
was for samples witffj,q less than 60 h. 00 5 1'0 1% © 2'0 o5
The observed variation in N;['—Hn the cleanS samples was

. . -3
larger than for nss-SP causing the observed variation in anion-cation (nmol m ~)

the NI—Q/nss—SCﬁ‘ molar ratio (Table 2). The median fpm
Fig. 8. The fpm CI-/Nat molar ratio as a function of the difference

NHj{/nss-S(j‘ molar ratio was 0.3 (Table 2) substantially b o vsed cati d ani forred it} §
lower than the value around 1 typically reported elsewhere etween the analysed cations and anions (referred to as acidity) for

(Covertetal., 1988; Leck and Persson, 1996) in clean marin%?;nvs:}e;:ﬂi?nlng‘;nd sind trajectory groups during the Ronald H.
areas. Measurements by Huebert et al. (1996) showed a de- '

creasing Nlj‘/nss—SCﬁ* molar ratio with increasing particle

size. The volume size distribution observed simultaneouslyange of wind speed (6 + 2.8 m s°1) experienced during
with our measurements by Bates et al. (2002) showed thgypoEX.

sub-micrometer volume to be shifted towardsrt diameter, In the air influenced by anthropogenic sources north of the

suggesting a low molar ratio. However, the observed valuestcz no significant covariation/€ < 0.2) with the local

were still lower than those reported by Huebert et al. indi-\ying speed was observed, neither for fom or the cpm. A
cating either a lack of available Nfg) or a chemical com- g affected by anthropogenic or continental sources has
position of the preexisting particles that preventedstd}l  peen reported to contain a modified sea salt distribution. El-
uptake. evated concentrations of Cland Na have been found in

particulate and precipitation samples from the Indian con-
tinent (Kulshrestha et al., 1995; Norman et al., 2001) indi-

Studies in marine areas have observed the logarithm of th&2ting other potential sources than the ocean, probably soil
sea salt concentrations in the atmosphere (both number arfd/St: This is consistent with this study, showing that the
mass) to be in linear relation to the local wind speed due toPM Na" concentrations were slightly elevated in the sam-
wave action on the sea surface (O’ Dowd et al., 1997; Quinrples with short time since last contact with land (Arab and
et al., 2000; Nilsson et al., 2001; Leck et al., 2002b). Thesd!nd), cf. Table'2. Similar results were observed fpr the cpm
relationships were observed for a wide range of particle size$€2 salt by Quinn et al. (2002, personal communication).
including sub-micrometer sizes. In this study the average The acidity of the particles also affects the sea salt con-
wind speed during the aerosol sampling periods was comgentration by a loss of Clincreasing towards low pH. The
pared with the observed sea salt mass in the samples. In sarfed /Na" molar ratio of sea salt particles has been observed
ples that were not influenced by continental sources (cleanSy decrease with increasing particle acidity from the molar ra-
the fpm sea salt varied according the local wind speed. tio of pure sea water sodium chloride (NaCl) of 1.17 (Keene
3 1 et al., 1998). To investigate the importance of an increased
logyolfpm, seasalugm™] = 0.049x U, ms™"| = 1.3 (1)  acidity for the CI* depletion, we used the calculated differ-
This shows that the local wind speed could explain a majorence between the sum of equivalent concentration of ana-
part of the variation in the fpm sea salf(= 0.6). The com  lyzed anions and cations as an indication for level of “acid-
sea salt measured by Quinn et al. (2002, personal community” in the samples. In Fig. 8 it is shown that, for the fom
cation) showed a similar correlation with the wind speed butsamples collected north of the ITCZ, an increasing “acid-
with smaller covariation/¢ = 0.4). ity” resulted in more depletion of chloride, with molar ra-
tios below 0.2 for samples with highest "acidity”. Also the
median ratio for the different trajectory groups varied in this
The lower covariation (both for fpm and cpm) compared to way with CI-/Na* molar ratios of around 0.6 in the cleanN
other studies could be related to the relatively low and narrongroup and then decreasing to 0.13 in the sind and to 0.06 in

©)

4.4 Seasalt

log;olcpm, seasaliug m—3] = 0.043x |U, ms 1| + 0.23(2)
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the lind. This in agreement with the increasing level of pol- However, there were several distinct differences in the
lution. The absence of anthropogenic influence f(S)On absolute concentrations between the data sets. In general,
the cleanS samples strongly reduced the particle acidity antligher concentrations of all constituents occurred during RB
the median fpm Ci/Na* molar ratio was 1.0 in the cleanS 1999, in all trajectory groups, than during SK 1998. For
group, showing only small depletion of ClIn general only =~ some constituents (total sum and 1§I)—lhis also applied for
marginal depletion (ClI/Na™ molar ratio above 1) was ob- SK 1999 in comparison to SK 1998. However, large differ-
served in the cpm, probably due to an absence of “acididity”ences in absolute concentrations were also observed between
on the larger sizes. the RB 1999 and SK 1999 cruises. In order to seek causes

We conclude that the variation in the observed levels offor the interannual variation as well as the variation between
sea salt components (fpm+cpm) south of the ITCZ was dethe two 1999 cruises, we investigated the variation in source
pendent on the local wind speed, while the observed sea sa#nd sink strength, the location of the source area and time
concentration north of the ITCZ was found to be influencedthe air spent over the Indian Ocean since last contact with
by contribution from continental sources and also to the dethe Arabian and Indian coast.

pletion of CI~ (fpm). The absolute concentrations of the anthropogenic and con-
tinental constituents were observed to be substantially higher
4.5 Relative chemical composition (2—4 times) in the lind and sInd groups during the RB 1999

cruise compared to the SK 1998. In the case of lind, the me-

The relative chemical composition collected during the RB dian time of transport since last contact with India was found
1999 cruise north of the ITCZ (Fig. 9a and Table 2) was re-t0 be longer {ing = 110h) during the SK 1998 cruise com-
markable constant despite the differences in absolute concefared to the 1999 cruisegifs = 50 and 60 h for RB 1999
tration. The relative chemical composition was dominated byand SK 1999, respectively). The shorter transport times in
NHT and nss-SﬁT with a slightly larger contribution from 1999 were associated with strong northeasterly flow over the
1 ihUt Indian continent in February and March 1999 (Verver et al
NH,. The contributions from nss-Kand the sum of the "

sea salt components were small with the remaining compo2001; Rasch etal., 2001). The potentially larger deposition
nents negligible. In general, the relative chemical composi-'osses in 1998 are likely to have contributed to the lower con-

tion south of the ITCZ showed larger variation than north of centrations during the SK 1998 cruise.
the ITCZ (Fig. 9b and Table 2). The relative chemical com-  The concentration of soil dust (nss&a was found to be
position south of the ITCZ was dominated by nss2S@ith ~ More than twice as high in the Arab samples during the RB

the sum of the sea salt components andj{l\ﬁs other major 1999 cruise than during the SK 1999 and SK 1998 cruises.
components. The RB 1999 Arab samples were collected during March

1999 and during that month unusually strong outflow from
the dry areas around the northern Arabian Sea was observed
(Verver et al., 2001). Model studies of the soil dust over the
Arabian Sea by Rasch et al. (2001) also showed elevated con-
centrations during March 1999 in contrast to both February

, 1999 (mainly the sampling period for Arab during SK 1999)
The measurements of fom during both INDOEX FFP 1998 5,4 Mmarch 1998 (sampling period for SK 1998). This could

and IFP 1999 gave us a possibility to compare not only they, ;s possibly explain the higher nss&aoncentrations in
variation between 1998 and 1999 but also two separate efgqo Arab group during RB 1999.
forts during 1999 (spatial and temporal variation). Although the data showed some differences, both between
The relative chemical composition from the Sagar Kanyajggg and 1999 and between the two 1999 cruises, which we
cruises (1998 and 1999) agreed with that from the RB 1999ere not able to explain, we believe that the conclusions in
within 10% for the major components. In general, the rela-gsect. 4 are valid for each data set. We conclude that vari-
tive chemical composition south of the ITCZ showed larger aions in source strength, source area and time of transport
variation than north of the ITCZ during all cruises, but with gyer the Indian Ocean are important contributions to the vari-
the same major components. ations in concentration.
A comparison of absolute concentrations during the three
cruises, divided into the trajectory groups cleanS, Arab, sind
and lind, is shown in Fig. 10. The variation between the6 Conclusions
trajectory groups for the Sagar Kanya cruises exhibited the
same general pattern as for the RB 1999 data set. This indifhe water soluble inorganic part of the sub-micrometer
cates that the same processes causing the variation in concemerosol was measured from two research vessels over the
tration and chemical composition within the RB 1999 data Indian Ocean during the winter monsoon season (February
set, as presented in Sect. 4, also apply for both the SK 199& March) within the frames of the INDOEX project during
and the SK 1999 data sets. 1998 and 1999. Additional measurements of the gas phase

5 Interannual variation in the Indian Ocean MBL sub-
micrometer aerosol
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Fig. 9. The median molar and mass fractions (thick horizontal line) of the analysed components for the Ronald H. Brown 1998)cruise,
north of the ITCZ, median 3.29 m~3 total analysed masgh) south of the ITCZ, median 0/ m~3 total analysed mass. The box includes
data between the 25 and 75 percentiles and the vertical bars represent the 10 and 90 percentiles.

SO, were performed from one research vessel during the IN-  The observed concentrations of S®ere observed to be
DOEX IFP 1999. higher south of the ITCZ. Only samples with time since last
One of the main goals of this study was to investigatecontact with India less than 60h showed a noticeable an-
the role of the ITCZ for the transport of MBL aerosol and thropogenic influence. The S@oncentrations made up for
S0O,. We found the ITCZ to be an effective barrier for at the most 10% of the observed sub-micrometer ns%‘—SO
sub-micrometer particles in the MBL with no indication of north of the ITCZ. We conclude that the observed variation
transport across the ITCZ. Irrespective of the latitudinal po-in fpm nss-S@* over the Indian Ocean north of the ITCZ
sition of the ITCZ all samples collected north of the ITCZ could not be explained by the locally observed levels 05.SO
were found to be influenced by anthropogenic and continen- The sea salt concentration in aerosols south of the ITCZ
tal sources with 6-16, 20—80 and40 times higher concen- was found to be somewhat dependent on the local wind
trations than south of the ITCZ for nss-$0 NHjlr and nss-  speed. However, north of the ITCZ the variation was mainly
K™, respectively. There was no, or only marginal, influencerelated to the depletion of chloride in correlation with calcu-
of continental or anthropogenic nss—$050uth ofthe ITCZ lated particle acidity, but also with some indication of contri-
and the variation in concentration was attributed to variationbution from continental sources.
in the marine biogenic sources. The contribution from ma- The variation in total analyzed sub micrometer concentra-
rine biogenic sources to the fpm nss—}“@north ofthe ITCZ tions north of the ITCZ was interpreted in terms of variations
was estimated to be up to 40% in clean air but less than 10%n source region, source strength and time of transport over
in polluted air originating from India. the Indian Ocean. One of the main reasons for the observed
MSA showed surprisingly a similar variation with higher differences in anthropogenic constituents, seemed to be the
absolute fpm concentration in the polluted air north of the variation in deposition losses due to different time of trans-
ITCZ as the anthropogenic constituents. South of the ITCZport over the Indian Ocean. The highest concentrations were
~75% of the total MSA was associated with the cpm aerosol,associated with the shortest time since last contact with India.
while north of the ITCZ the MSA almost completely was  The soil dust concentration was enriched in samples with
found on the fpm particles. The distribution of the aerosoltrajectories originating over land areas around the Arabian
surface area available for the condensation of gaseous MS&ea. Highest concentrations were observed in March 1999
into particulate phase was suggested to be the reason for thituring a period with observed unusual strong outflow from
variation. land areas north of the Arabian Sea.
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