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[1] Ambient aerosol samples were collected over the Arabian Sea during the month

of March 1997, aboard the German R/V Sonne, as part of the German JGOFS project
(Joint Global Ocean Flux Study). This is the third study in a series of analogous
measurements taken over the Arabian Sea during different seasons of the monsoon.
Dichotomous high volume collector samples were analyzed for anions and cations upon
return to the laboratory. Anthropogenic pollutant concentrations were larger during the
first part of the cruise, when air masses originated over the Indian subcontinent. Total
NSS-SO3 ™ concentrations amounted to 2.94 + 1.06 pg m > of which 92.1 + 4.5% was
present in the fine fraction. NSS-SOj;~ source apportionment analysis with multivariate
linear regression models revealed that in the coarse fraction half is biogenically and
half anthropogenically derived, while in the fine fraction only 6% seemed of biogenic
origin and 84% anthropogenic and 10% crustal in nature. Chloride deficits up to 99.1%
in the fine fraction were observed. The average Cl™ deficit in the fine fraction was 89.0 £
9.4%, potentially related to NSS-SO3 ~ acid displacement and CI reactive species
formation, while in the coarse fraction it was 25.6 + 21.3%, with NO3 being the preferred

species for acid displacement.

INDEX TERMS: 0305 Atmospheric Composition and Structure:
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1. Introduction

[2] The present study is part of a larger set of field
observations collected over the Arabian Sea to determine
the chemical composition of atmospheric aerosol particles
during different seasons of the monsoon [Johansen and
Hoffmann, 2003; Johansen et al., 1999; Siefert et al.,
1999].

[3] The northern Indian Ocean is subject to a strong
biannual reversal pattern in the low-level winds associated
with the Indian monsoon [Ackerman and Cox, 1989;
Findlater, 1969, 1971; Middleton, 1986a, 1986b]. The
monsoon flow pattern, which is largely driven by the
heat gradient between the Indian subcontinent and
the ocean, is typified by SW winds during the northern
hemisphere summer and NE winds during the northern
hemisphere winter. The intermonsoon is classified as the
period between the NE- and the SW-monsoons when no
predominant wind pattern exists. Two previous studies of
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the SW- and intermonsoons showed that the direction of
the airflow over the Arabian Sea affects both the abun-
dance and composition of the aerosols [Johansen et al.,
1999; Siefert et al., 1999]. These studies found that during
the SW-monsoon the air is mainly marine derived origi-
nating from the southwestern Indian Ocean, while during
the intermonsoon the air masses contain a considerable
amount of crustal and anthropogenic material originating
mainly from the Arabian Peninsula and other parts of the
Middle East. Aerosol trace metal composition from the
current cruise was presented in Johansen and Hoffmann
[Johansen and Hoffinann, 2003], and revealed that during
the NE-monsoon an appreciable amount of anthropogenic
material is advected over the Arabian Sea. In the present
study anion and cation concentrations in both coarse and
fine fractions were analyzed and interpreted in the context
of the trace metal data.

[4] The recent extensive study of the chemical and
physical properties of the atmosphere over the Arabian
Sea during the NE-monsoons of 1998 and 1999, Indian
Ocean Experiment (INDOEX), provides vast information in
this geographic region. A large number of studies on the
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chemical composition of aerosols during INDOEX have
been published recently [Ball et al., 2003; Chand et al.,
2003; Clarke et al., 2002; Eldering et al., 2002; Gabriel
et al., 2002; Nair et al., 2001; Norman et al., 2003; Rao
et al., 2001; Reddy and Venkataraman, 2002a, 2002b;
Venkataraman et al., 2002, 2001]. Up until then, there were
very few measurements of trace chemical species from the
Indian Ocean. Tindale and Pease [1999] provide an over-
view of dust transport pathways and concentrations over the
Arabian Sea, revealing that the input of dust to the region is
highly dependent on season and location. Savoie et al.
[1987] sampled nitrate, non-sea-salt-sulfate (NSS-SO3 ")
and mineral aerosol during the NE- and spring intermon-
soon of 1979 and found a strong gradient in the concen-
trations of the measured species, decreasing toward the
south. They also detected large concentrations of NSS-Ca
in the form of gypsum and suggested that the most likely
sources are gypsiferous soils which are known to exist in
some regions of the Thar, the Indian and the Arabian
deserts. Photographs taken suggest that dust can be trans-
ported simultaneously from all these areas over the Arabian
Sea. Large concentrations of NSS-Ca were also observed by
Naik et al. [1991], Johansen et al. [1999], and Savoie et al.
[1987], who determined it to be of crustal origin. Johansen
et al. [1999] and Savoie et al. [1987] attributed it to
gypsum.

[5s] In the present study, we are interested in the chemical
interactions between marine and continental aerosols. Of
specific interest is to determine the relative contributions of
anthropogenic and biogenic sources to NSS-SO3 , and to
monitor the acid displacement reaction that leads to vola-
tilization of sea salt derived Cl in the presence of NO3 and
NSS-SOZ~. The interest in NSS-SO3~ particles in the
submicrometer size range stems from their influence on
the radiation balance of the atmosphere [Charison et al.,
1987] in the form of cloud condensation nuclei (CCN).
Since NSS-SO;~ may be of anthropogenic or biogenic
origin, latter produced from the OH® and NOs® radical
oxidation of dimethyl sulfide (DMS) [Berresheim et al.,
1995; Hynes et al., 1986; Turnipseed and Ravishankara,
1993; Yin et al, 1990], it is essential that the relative
contributions of these two sources be quantified. However,
not all of this NSS-SO3~ may be directly affecting the
albedo as sea-salt particles may act as seeds for the uptake
and oxidation of sulfur gases and deposition of condensable
sulfate vapors [Keene et al., 1998; Mclnnes et al., 1994],
and thus contributing to the removal of gaseous sulfur
species that may have otherwise have formed CCN [Vogt
et al., 1996]. This would result in a reduction of feedback
between greenhouse warming, oceanic DMS emissions and
increased could albedo.

[6] The interest in characterizing the sea-salt component
is partly due to its ability to strongly influence the
oxidative properties of aerosol particles in the marine
boundary layer through the production of halogen radicals
[Fan and Jacob, 1992; Finlayson-Pitts et al., 1989;
Graedel and Keene, 1995; Keene et al., 1996; Pszenny
et al., 1993; Sander and Crutzen, 1996; Vogt et al., 1996].
Reactive Cl can initiate photochemical reactions in an
analogous manner to OH® and have major consequences
for the oxidation of hydrocarbons and DMS [Keene et al.,
1996, 1990; Langer et al., 1996; Pszenny et al., 1993;

JOHANSEN AND HOFFMANN: ANIONS AND CATIONS OVER THE ARABIAN SEA

D05305

Sander and Crutzen, 1996; Stickel et al., 1992; Vogt et
al., 1996], and in turn have an effect on greenhouse
warming by modifying the atmospheric sulfur chemistry.
Finally, the determination of anions is of direct impor-
tance in the discussion of atmospheric iron redox chem-
istry, which was presented in Johansen and Hoffimann
[2003].

2. Experiment
2.1. Sampling Location and Period

[7] Atmospheric aerosol samples were collected over the
Arabian Sea during the month of March of 1997. Sam-
pling took place on board the German Research Vessel
“Sonne”, which sailed as part of the German Joint Global
Ocean Flux Study (JGOFS) project. The cruise track, from
Cochin/India to Muscat/Oman, is delineated in the plots in
Figure 1. Back trajectory calculations were obtained from
the German Weather Service in Hamburg, Germany, based
on their isentropic Global-Modell (GME) with a resolution
of 190 km [Kottmeier and Fay, 1998]. In order to get a
sense of the vertical motion of the atmosphere each plot
traces five different trajectories which correspond to dif-
ferent initial pressures (i.e., elevations) at the initial posi-
tion. The highest trajectory, at 850 hPa, represents an
altitude of about 1.5 km. The first part of the cruise was
predominated by northeasterly winds, as expected, how-
ever, later in the cruise wind patterns changed such that
the typical air mass originated over the Saudi Arabian
peninsula and the Middle East, much like conditions
encountered during the intermonsoon of 1995 [Johansen
et al., 1999; Siefert et al., 1999]. This shift in atmospheric
conditions is consistent with what scientists observed
during the Indian Ocean Experiment (INDOEX) of 1999
and before [Ball et al., 2003; Clarke et al., 2002; Rao et
al., 2001; Tindale and Pease, 1999].

2.2. Aerosol Collection

[8] Ambient aerosol samples were collected with two
different collectors. A high volume dichotomous virtual
impactor (HVDVI) was used for the collection of trace
metals in two discrete size fractions (Dpso = 3.0 pm)
[Johansen et al., 1999, 2000; Siefert et al., 1999], whereby
particles of diameter <3 pm will presently be defined as the
fine particles and particles >3 pm in diameter will be
denoted as the coarse particles. The HVDVI collector was
constructed with polycarbonate using nylon screws in order
to minimize trace metal contamination. The total flow rate
was determined to 335 + 15 | min~'. The fine and coarse
sample fractions were collected on two 90 millimeter
diameter Teflon filters (Gelman Zefluor, 1 um pore size).
Total elemental composition, Fe(II) concentrations, and
anion and cation abundances were determined for both fine
and coarse filter samples.

[¢] Two low volume collectors, which were operated at
flow rates of 27 1 min~ !, were used for collection of total
aerosol mass. Inverted high density polyethylene bottles
(2 L) served as rain shields for the Nucleopore polycarbon-
ate 47 mm diameter filter holders which were loaded with
acid-cleaned Gelman Zefluor filters (1 pm pore size).

[10] The aerosol collectors and lab equipment were
acid-cleaned before use by following similar procedures
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b) March 5, 1997; 14:51 UTC; Sample 1097-05
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d) March 12 1997; 15:44 UTC; Sample I097 12
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Figure 1. Five-day air mass back calculations at five different final elevations (based on pressure above

sea level for (a) March 2, 1997; (b) March 5, 1997; (c) March 8, 1997; (d) March 12, 1997; (e) March 18,
1997; (f) March 20, 1997; (g) March 23, 1997; and (h) March 27, 1997.

as outlined by Patterson and Settle [1976] employing
ultrapure acids from Seastar Chemicals (Sidney, B.C.,
Canada) and 18.2 MQ-cm Milli-Q UV water. After
Fe(Il) analysis [Johansen and Hoffmann, 2003], the
remainder of the filters were stored in acid-cleaned
polystyrene petri dishes taped shut with Teflon tape,
placed inside 2 plastic bags inside of a tupperware
container and stored in a refrigerator during the cruise.
After the cruise, the filters were sent back to Caltech
(via air-freight, on dry ice) and stored in a freezer until
analysis.

[11] A sector sampling system (by Campbell Scientific)
controlled the operation of all collector pumps, thereby

stopping collection of the aerosol collectors simulta-
neously when wind speed or wind direction were out
of the defined sector. The data logger (CR10, Campbell
Scientific) was programmed to shut the pumps off when
the wind speed was <0.2 m s~' and when the relative
wind direction was more than +60° off of the bow of
the ship. In general, collected samples represent daily
averages.

2.3. Chemical Analyses
2.3.1. Ion Analysis

[12] For the ion analyses, a small section of the high
volume filter was first wetted with approximately 0.1 ml
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f) March 20, 1997; 17:53 UTC; Sample 1097-20
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Figure 1. (continued)

ethanol then extracted overnight in 10 ml MQ water. Anions
were separated and quantified with a Dionex Bio LC Ion
Chromatograph (IC) using an IonPac AS11 separator col-
umn and the corresponding AG11 guard column. Organic
and inorganic anions were eluted with a gradient pump and
a combination of 4 eluents (5 mM NaOH, 100 mM NaOH,
100% MeOH, MQ H,0O) whereby the NaOH concentration
was ramped from an initial 0.45 mM to a final 34.25 mM.
The quantified anions included methanesulfonate (MSA),
chloride, nitrate and sulfate. Fluoride, acetate, glycolate,
formate, nitrite, bromide and oxalate were present at very
low concentrations that were near the corresponding
detection limits. Due to problems with the IC, 3 samples
were not run correctly (fine 1097-08, fine 1097-18, and
coarse 1097-19). The missing data is clearly indicated in the

plots and the samples are removed from the data set when
performing statistical analyses.

[13] Cations were separated and quantified isocratically
with a DX 500 Ion Chromatograph (IC) with IonPac CS12/
CGI12 analytical and guard columns and a 20 mM MSA
eluent. Sodium, ammonium, potassium, magnesium, and
calcium concentrations were determined.

2.3.2. Elemental Analysis

[14] Elemental analysis of 32 elements (Na, Mg, Al, K,
Ca, Sc, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, Ge, As, Se, Mo,
Ru, Cd, Sn, Sb, Cs, Ba, La, Ce, Sm, Eu, Hf, Pb, and Th)
was performed on the high volume filters with an HP 4500
ICP-MS (Inductively Coupled Mass Spectrometer). The
filter digestion technique was presented by Siefert et al.
[1999]. Only a few of the elements will be discussed in the
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Table 1. Average, Minimum, and Maximum Atmospheric Anion and Cation Concentrations in Coarse, Fine, and Total Aerosol Fractions

for Group 1 and 2 Samples®

Group 1 (1097-01-1097-10)

Group 2 (1097-11-1097-27)

Element Average + s.d. Min. Max. Average =+ s.d. Min. Max.
Cl -coarse (ug m ) 0.47 £0.22 0.15 0.90 0.75 + 0.41 0.13 1.55
Cl fine (ug m ) 0.02 + 0.02 0.10 0.07 0.09 + 0.08 0.03 0.40
NSS-Cl™-coarse (ug m ™) —0.39 £0.16 —0.63 —0.15 —0.19 4 0.10 —0.62 —0.02
NSS-CI™-fine (ug m>) —0.60 = 0.25 —1.14 —0.38 —0.50 + 0.27 —0.64 —0.34
SO3™ -coarse (jug m>) 0.35 = 0.11 0.11 0.46 0.34 £0.12 0.18 0.58
SO; -fine (pg m>) 3.70 + 0.83 2.47 5.25 235+ 1.24 1.46 3.16
NSS-SO3 -coarse (jig m ) 0.23 + 0.08 0.06 0.33 0.18 + 0.10 0.04 0.33
NSS-SO3 ™ -fine (ug m>) 3.61 £ 0.81 241 5.09 227+1.22 1.36 3.11
NOj -coarse (g m ) 0.99 +0.27 0.71 1.41 0.66 + 0.21 0.31 0.99
NO3 -fine (ug m™3) 0.11 + 0.07 0.04 0.26 0.18 + 0.10 0.08 0.36
MSA-coarse 1.66 = 0.78 0.92 3.00 2.15 + 1.03 0.54 4.01
MSA-fine 24.79 + 3.94 19.56 31.78 2337 £8.16 11.77 28.03
NH;-coarse 50.8 +22.3 11.8 84.3 31.7+13.1 12.8 76.2
NH; -fine 904 + 248 566 1410 508 + 238 232 1210
Na'-coarse (ug m ) 0.46 +0.14 0.19 0.64 0.52 +0.21 0.21 1.01
Na'-fine (ug m~?) 0.35+0.14 0.22 0.64 0.35 +0.15 0.13 0.65
K'-coarse 340+ 13.9 12.8 65.7 259+ 124 11.1 65.7
K*-fine 192 + 58 105 277 139 + 90 52.6 385
NSS-K"-coarse 17.0 +10.5 5.9 42.1 6.63 + 8.69 —8.00 421
NSS-K*-fine 179.4 + 56.2 96.5 253 125.7 £ 86.8 433 361
Mg**-coarse 63.7£22.4 30.5 97.5 70.7 +31.2 242 131
Mg**-fine 440 +11.2 25.5 58.6 549+ 17.4 31.1 88.2
NSS-Mg**-coarse 9.11 £ 11.75 —3.55 27.7 8.76 £ 19.80 -29.9 47.0
NSS-Mg?*-fine 291+ 134 —22.1 23.1 135+ 129 —6.4 43.4
Ca*"-coarse 257 £ 134 126 482 327 + 184 59.1 705
Ca”*-fine 72.0 £ 42.8 8.23 132 121 £ 69 56.2 300
NSS-Ca”*-coarse 240 + 131 111 459 307 + 184 442 680
NSS-Ca*'-fine 58.8 £ 41.5 —1.63 119 108.1 £ 69.1 43.1 288

3Sample number is 25 for the coarse, 26 for the fine fractions of the anions, and 27 for all cations. Concentrations are in ng m > unless otherwise noted.

present study, in the context of tracers for the distinct
sources. More detailed trace metal data are presented in
Johansen and Hoffmann [2003].

3. Results and Discussion
3.1. Air Mass Origins and Characteristics

[15] Air mass back trajectories for a number of samples are
plotted in Figure 1. Trajectories and trace metal analysis
[Johansen and Hoffimann, 2003] infer that the beginning of
the cruise was characterized by air masses that originated over
the Indian subcontinent, while conditions during the second
half of the cruise were comparable to those encountered
during the intermonsoon [Johansen et al., 1999; Siefert et
al., 1999]. Therefore, samples [097-01 through 1097-10 are
classified as group 1 samples, with representative air mass
back trajectories plotted in Figures la, 1b, and lc, while
samples 1097-11 through 1097-27 are classified as group 2
samples, with representative air mass back trajectories
delineated in Figures 1d, le, 1f, 1g, and 1h. Group 1 samples
have a larger anthropogenic component, seemingly originat-
ing from India, while group 2 samples contain appreciable
amounts of mineral dust from the arid regions of Saudi Arabia.

3.2. Anions

[16] The average, minimum and maximum concentrations
of the detected anions in coarse and fine fractions for both
groups of samples are listed in Table 1. The non-sea-salt
(NSS) concentrations of selected species are computed from
their constant and known weight ratios with regard to Na" in
sea-water, while assuming that Na" is a conservative sea-
salt tracer.

[17] Relationships between anions, cations and 6 charac-
teristic source trace metal tracers are analyzed with principal
component (PC) analysis. The output of the Varimax rotated
component matrix in Table 2 identifies correlations between
chemical species and extracts their atmospheric sources. All
tabulated components have eigenvalues larger than 1 and
account for an accumulated variance of 91.0%. The first
4 components have real physical meaning, comparable to
what we found in Johansen and Hoffmann [2003]. Compo-
nent 1 accounts for 24.0% of the variance in the data and is
characteristic of an anthropogenic component, high in Pb,
Zn (especially in the fine fraction) and other combustion
related products. The second component, accounting for
18.7% of the data’s variance, displays typical crustal char-
acteristics, high in coarse-Al, Ca, Mg, and Sc, while the third
component (14.8% of variance) represents another crustal
component, high in water-soluble Ca and Mg in the fine
fraction. Water-soluble Ca and Mg have been observed in the
atmosphere over the Indian Ocean in association with clay
minerals in a previous study [Johansen et al., 1999] as well
as in other geographic regions [A/i-Mohamed and Ali, 2001;
Chung et al., 2001; Satsangi et al., 2002; Savoie and
Prospero, 1980]. Component 4 (9.8% of the variance) is
the sea spray contribution, distinctly characterized by the
large water-soluble Na and CI contents in the coarse fraction.
The next 4 components will be discussed below.

3.2.1. NSS-SO;™ and MSA

[18] Average total NSS-SO3F  concentrations observed
during group 1 samples amounted to 3.84 + 0.85 pg m >
and during group 2 samples 2.45 + 1.22 pg m °. Note
the larger NSS-SO3F~ concentration observed during the
more polluted group 1 samples, suggesting a large anthro-
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Table 2. Varimax Rotated Principal Component Martix*
24.0% 18.7% 14.8% 9.8% 7.4% 6.7% 5.8% 3.7%
1 2 3 4 5 6 7 8
Component Crustal High in Fine-C1™-Def., Coarse-MSA, Fine-C1™, Coarse-Cl™-Def.,

Element Anthrop. Crustal Ca and Mg Sea Salt An.-Cat. NSS-S0,*~ NO; An.-Cat.
Al-coarse 0.028 (0.957) 0.024 0.081 0.010 0.079 —-0.013 —0.004
Al-fine —0.205 0.684 0.514 —0.137 —0.051 0.134 0.351 —0.026
Ca-coarse —0.115 (0.708) 0.467 0.188 —0.013 —0.042 —0.104 0.340
Ca-fine —0.074 0.114 (0.909) 0.011 —0.022 0.165 0.240 0.146
Mg-coarse —0.191 (0.886) 0.198 0.241 0.037 0.010 0.022 0.114
Mg-fine —0.217 0.458 (0.755) 0.006 —0.002 0.201 0.339 0.009
Sc-coarse 0.045 (0.944) —0.077 0.070 0.023 0.104 —0.046 0.057
Sc-fine —0.113 0.669 0.404 —0.382 —0.138 0.152 0.235 0.068
Zn-coarse 0.676 0.470 —0.171 0.066 0.114 0.154 —0.160 —0.143
Zn-fine (0.927) —0.040 —0.203 —0.004 0.027 0.151 0.102 —0.022
Pb-coarse (0.806) 0.346 —0.086 0.162 —0.042 0.011 —0.158 —0.090
Pb-fine (0.932) —0.022 —0.022 0.116 —0.039 0.149 0.148 —0.005
Na'-coarse 0.077 —0.013 0.093 (0.945) 0.165 0.050 0.021 0.151
Na'-fine 0.157 0.008 0.213 0.432 (0.821) 0.064 0.094 —0.115
K'-coarse 0.629 —0.029 —0.169 0.607 0.100 0.115 0.323 —0.015
K*-fine (0.899) —0.160 —0.067 0.007 0.047 —0.143 —0.041 —0.247
NSS-K'-coarse (0.754) —0.029 —0.276 0.181 0.024 0.116 0.397 —0.115
NSS-K*-fine (0.897) —0.162 —0.082 —0.024 —0.012 —0.151 —0.049 —0.242
Mg**-coarse 0.088 0.508 0.130 0.771 0.129 0.135 0.144 —0.006
Mg**-fine 0.032 0.148 (0.774) 0.357 0.201 0.069 —0.129 —0.321
NSS-Mg**-coarse 0.044 (0.813) 0.090 0.049 —0.001 0.151 0.198 —0.197
NSS-Mg?**-fine —0.140 0.146 (0.579) —0.101 —0.693 0.004 —0.238 —0.210
Ca®"-coarse —0.172 (0.737) 0.446 0.177 0.025 0.308 0.005 0.257
Ca®"-fine —0.163 0.116 (0.945) 0.056 0.120 0.049 0.039 0.120
NSS-Ca**-coarse —0.176 (0.744) 0.446 0.138 0.018 0.308 0.004 0.252
NSS-Ca**-fine —-0.177 0.118 (0.946) 0.024 0.061 0.043 0.032 0.132
NH;-coarse 0.428 —0.167 —0.380 0.036 —0.337 0.566 0.228 0.053
NH,-fine (0.920) —0.137 —0.112 —0.186 0.086 —0.034 —0.184 0.136
Cl-coarse —0.261 0.187 0.155 (0.880) 0.247 0.062 0.144 —0.049
Cl™ -fine —0.234 0.031 0.444 0.301 0.142 —0.221 (0.702) —0.025
Cl™ -deficit-coarse (0.661) —0.397 —0.141 —0.051 —0.195 —0.034 —0.247 (0.371)
Cl™ -deficit-fine 0.262 —0.003 0.056 0.349 (0.835) 0.155 —0.173 —0.114
SO3 -coarse 0.170 0.251 0.238 0.457 0.100 (0.779) —0.083 0.054
SO;~-fine (0.933) —0.161 0.040 —0.055 0.030 0.005 —0.273 0.077
NSS-SO3 -coarse 0.159 0.301 0.229 0.027 0.028 (0.888) —0.110 —0.017
NSS-SO; ~-fine (0.932) —0.161 0.034 —0.070 0.004 0.002 —0.277 0.081
NO3 -coarse (0.691) 0.403 —0.248 0.250 —0.120 0.255 —0.190 0.021
NO;5-fine —0.363 0.409 0.157 0.164 0.087 0.049 (0.720) 0.179
MSA-coarse —0.210 0.346 0.149 —0.020 0.270 (0.663) 0.059 —0.053
MSA-fine 0.327 0.408 —0.223 (0.435) 0.031 0.064 —0.364 0.052
(Cat.-An.)-coarse —0.168 0.274 0.216 0.098 —0.177 0.001 0.078 (0.778)
(Cat.-An.)-fine —0.320 0.063 0.138 —0.014 (0.861) 0.015 0.097 —0.098

“Rotation converged in seven interations. Includes 23 samples. All components have eigenvalues >1 and account for a cumulative variance of 91.0%.

pogenic component. Total NSS-SO3~ values are in good
agreement with those determined in a number of studies
carried out during similar seasonal conditions [Ball et al.,
2003; Clarke et al., 2002; Gabriel et al., 2002; Venkataraman
et al., 2002]. Compared to the intermonsoons or SW mon-
soons, the present concentrations are larger by factors of
about to 2 and 4, respectivelzy [Johansen et al., 1999].

[19] Most of the NSS-SO; (see Figure 2a) is in the fine
fraction, 94.0% and 92.6%, for group 1 and group 2
samples, respectively. The sea-salt SOF ~ contribution over-
all is small, on average 6.6%, and even less (<3%) when
only considering the fine fraction.

[20] Methanesulfonic acid (CH3SO3;H, MSA) is an oxida-
tion product [Hynes et al., 1986; Yin et al., 1986] of dimethyl
sulfide (CH;SCH;, DMS), which is the primary organo-
sulfur compound emitted to the atmosphere [Bates et al.,
1992]. Average total MSA concentrations amount to 26.4 +
43 ngm > and 25.4 + 8.3 ng m > for samples in groups 1
and 2, respectively. These values are very close to what we

observed over the Arabian Sea during the intermonsoon of
1995 [Johansen et al., 1999]. MSA in the coarse and fine
fractions is plotted in Figure 2b. The fine fraction accounts
for 93.9 and 92.0% of the total MSA in groups 1 and 2
samples, respectively. This trend has been observed by a
series of investigators [Johansen et al., 2000; Kerminen et
al., 1997; O’Dowd et al., 1997; Pszenny, 1992; Qian and
Ishizaka, 1993; Quinn et al., 1993] and is presumably a
function of the surface area of the sea-salt aerosol.
3.2.2. NSS-SO3~ Source Apportionment

[21] NSS-SO3~ can have anthropogenic, biogenic, and
crustal sources, which magnitudes cannot be directly mea-
sured, but are of considerable interest within the topic of
global climate and biogeochemical cycles. One way of
estimating the relative contribution of each source is by
finding appropriate proxies (an element or a compound that
varies linearly in proportion to the given SO~ source) and
performing weighted multivariate linear least squares
regression analyses [Johansen et al., 1999].
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Figure 2. (a) SS- and NSS-SO7 ™, (b) MSA, and (c) NO3
concentrations in coarse and fine aerosol fractions versus
sample ID.

[22] The PC analysis in Table 2 can be of some help in
choosing the right proxies. The anthropogenic component,
PC 1, indicates that Pb, Zn, NH;, or NSS-K" could be used
as proxy for the fine NSS-SO3 ™~ fraction. On the other hand,
the coarse NSS-SO3~ seems to be solely represented by
PC 6, which correlates with MSA in the coarse fraction.
MSA and SO are oxidation products from the initial
reaction of DMS with hydroxy radical (OH®) and nitrate
radical (NO3®), and because their relative yields is deter-
mined by temperature [Hynes et al., 1986] MSA is consid-
ered a %uasi—conservative tracer for the marine biogenic
NSS-SO;~ component. The crustal SO%~ source does not
seem to be very strong, but shows up in PC 2 and PC 3, in
the form of NSS-Ca®", or NSS-Mg*".

[23] Linear regression analyses were performed on coarse
and fine fractions separately. From a large number of
combinations of proxies as well as different grouping of
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the samples, the best model outputs are presented in Table 3,
the first two for the coarse and the second two for the fine
fractions.

[24] The goodness of fit can be established by a number
of factors: the analysis of variance (ANOVA) output of
the model, the coefficient for Na* (the SO /Na' ratio in
sea-water is 0.2516), and the magnitude of the constant
(intercept). In the first three models the dependent variable
was chosen to be SOF~ rather than NSS-SO3 ™ in order to
be able to use the coefficient for SS-SO3 ™ to assess the
model.

[25] The only difference between the first and second
models for the coarse fraction is that that second model was
forced through the origin, which is justifiable based on the
62.2% significance of the null-hypothesis for the constant in
the first model. All but one parameter, the SS-SO3 /Na*
ratio, seem to indicate that the second model is a better fit.
Based on the latter model the bio-SO3 /MSA ratio becomes
52.8, with 95% confidence intervals extending from 24.7 to
80.8. This value, including the confidence interval, is higher
than expected based on observations from remote parts of
the open ocean, where anthropogenic and crustal contribu-
tions were assumed to be negligible and values close to 14
or 15 were observed [Biirgermeister and Georgii, 1991;
Gao et al., 1996; Johansen et al., 1999; Saltzman et al.,
1985, 1983; Savoie and Prospero, 1989, 1994]. Savoie et al.
[2002] used a modified linear regression analysis to find a
biogenic ratio of 19.6 (95% C.I. 19.4—19.8) in Barbados.
Based on Johansen et al.’s [1999] temperature dependence
for this ratio and a mean temperature of 25.3 °C observed
during the present cruise, an overall bio-SO3 /MSA weight
ratio of 9 to 10 is predicted.

[26] A number of potential factors may be contributing to
the unexpectedly large bio-SO3 /MSA ratio. Unlike in the
other studies, coarse and fine fractions were here collected
separately. According to Kerminen et al. [1997] the mass
size distribution for MSA peaks at slightly smaller size than
NSS-SO3 ™, which is potentially brought about by evapora-
tion and recondensation of MSA. Such redistribution of
MSA into, in our experiment, the fine mode (<3 pm) would
lead to larger bio-SO3 /MSA ratios in our coarse mode.
Furthermore, one needs to keep in mind that the ratio of two
small numbers, MSA and NSS-SO3~ concentrations in the
coarse mode, is susceptible to large errors.

[27] As is, the magnitudes of the standardized coefficients
in model 1 in Table 3 give a measure of the relative con-
tribution of each of the components. Thus, about 40% of the
coarse SO is sea-salt derived, 30% is of biogenic and 30%
of anthropogenic nature.

[28] The third and fourth model outputs in Table 3 are for
the fine fraction SO3~ and NSS-SO3 ., respectively. In
considering the goodness of the fits, neither of these models
could be considered completely satisfactory in extracting a
biogenic SOF /MSA ratio. The null-hypothesis for MSA is
almost 30% in both cases and the constant is not insignificant.
However, in considering the fourth model, 84.3% of NSS-
SO3~ would be of anthropogenic, 5.6% of biogenic, and
10.1% of crustal origin. Although the observed biogenic
SO3 /MSA ratio of 9.8 is exactly what would be expected
(vide supra), the 95% confidence interval extends from —9.1
to 28.7. It is clear that MSA in the fine fraction is subject to a
more complex picture compared to MSA in the coarse
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Table 3. Weighted Multiple Linear Least Squares Regression Outputs for Coarse and Fine SO3~ Fractions as Dependent Variable

Unstandardized Standardized 95% Confidence
Dependent Model Summary Independent Coefficients Coefficients Interval for B
Variable R? F Sig. Variables B Std. Error b t Sig.  Lower Bound Upper Bound

Coarse-SO‘zf 0.583 9.803 0.000 (constant) 31.418 62.770 0.501  0.622 —99.119 161.955
Na'-coarse 0.253 0.081 0.450 3.112  0.005 0.084 0.422

MSA-coarse 49.216 15.476 0.451 3.180 0.005 17.032 81.400

NO; -coarse 0.112 0.054 0.298 2.066  0.051 —0.001 0.226

coarse-SO3~ 0.966 208.952  0.000 Na'-coarse 0.272 0.071 0.406 3.851 0.001 0.126 0.418
MSA-coarse 52.753 13.532 0.320 3.899 0.001 24.691 80.816

NO; -coarse 0.128 0.043 0.298 2.953  0.007 0.038 0.218
fine-SO3 ~ 0.930 70.124  0.000 (constant) 355.619  295.541 1.203  0.242 —258.992 970.230
Na*"-fine 0.071 0.458 0.010 0.155 0.878 —0.881 1.023

MSA-fine 10.800 9.594 0.071 1.126  0.273 —9.151 30.752

NH;-fine 3.246 0.215 0.978 15.113  0.000 2.800 3.693

NSS-Ca**-fine 1.952 1.018 0.123 1.917  0.069 —0.166 4.069
fine-NSS-SO;~  0.929  95.468  0.000 (constant) 338.441  286.953 1.179  0.251 —256.664 933.546
MSA-fine 9.808 9.096 0.065 1.078  0.293 —9.056 28.672

NH;-fine 3.229 0.205 0.980 15.728  0.000 2.803 3.655

NSS-Ca*'-fine  1.864 0.975 0.118 1.911  0.069 —0.159 3.887

fraction and to what we found during the intermonsoons and
SW monsoons of 1995 [Johansen et al., 1999]. Possible
mechanisms that may contribute to this complexity are the
evaporation and redeposition of MSA onto fine aerosols with
higher area/volume ratios, a process which in turn will
depend on the particles pH, and the fractionation of compo-
nents in the submicrometer size range particles as a result of
bubble bursting and subsequent fragmentation [Katoshevski,
2001; Nilsson et al., 2001]. Furthermore, temperature fluc-
tuations between days and within a day were considerable
and may contribute to the difficulty in extracting a constant
for the ratio.

3.2.3. NO3

[29] Total NO3 averages 1.10+0.31 pg m > during group
1 samples and 0.79 + 0.33 pg m > during group 2 samples.
Savoie et al. [1987] reported NO3 aerosol concentrations
over the Arabian Sea that are smaller by a factor of 2
(0.43 £ 0.34 pg m>) compared to those observed herein.
However, their values for NSS-SO3~ and mineral aerosol
were also small compared to our observations and those
reported by other investigators. Naik et al. [1991] measured
~2.5 pg m > of NO3 during the month of May of 1983,
while we [Johansen et al., 1999] detected 1.23 £0.41 pgm >
during May of 1995. Nitrate concentrations dropped to
0.46 + 0.12 pg m > during the SW-monsoon [Johansen et
al., 1999]. Rhoads et al. [1997] found NO3 concentrations of
2.68 £0.95 pg m " during the months of March and April of
1995.

[30] NO3 concentrations in coarse and fine fractions are
plotted in Figure 2c as a function of sample ID. In contrast
to other anthropogenically derived species, such as Zn, Pb
and NH3, NO3 is found more abundant (90.0% in group 1
and 83.3% in group 2 samples) in the coarse fraction. This
observation is in agreement with those made by other
investigators [Berresheim et al., 1991; Huebert et al.,
1996; Johansen et al., 2000; Naik et al., 1991; Savoie and
Prospero, 1982; Sievering et al., 1990]. The reason is that in
temperate regions and in the presence of H,SO,4 [Bassett
and Seinfeld, 1984; Sisterson, 1989], HNO; evaporates
from small particles and is subsequently deposited on large
particles, which may be marine- or soil-derived. The PC
analysis supports this phenomenon by demonstrating that
NOs in the coarse fraction correlates with the anthropogenic

component. On the other hand, the fine fraction NO3
correlates with the fine CI™ in PC 7.
3.24. CI7

[31] All CI" concentrations are below the expected values
from the sea-salt contained in the samples as traced by Na".
The relative deficit (%Cl™ deficit = (SS-CI™ - observed-
CI")/SS-C17) for coarse and fine fractions is plotted in
Figure 3a. In the coarse fraction the deficit is 46.5 = 15.5%
in group 1 and 25.0 £+ 23.9% in group 2 samples, while in
the fine fraction the corresponding numbers are 96.0 + 3.9%
and 86.0 + 19.1%. The deficit is considerably larger than
observed previously by our group over the Arabian Sea
[Johansen et al., 1999] during the SW- and intermonsoons.
The C1™ deficits during those cruises were 3.5 £ 6.3% and
15 + 9%, respectively. Over the tropical Atlantic Ocean
[Johansen et al., 2000] we measured Cl~ deficits of 11.9 +
13.3% in the coarse fraction and 29.7 £ 9.9% in the fine
fraction. Chloride deficits have been found to correlate with
the proximity to continental landmasses, and thus are
assumed to depend on the concentrations of anthropogenic
pollutants such as SO3 and NO5. In heavily polluted air
masses, losses of particulate C1™ approaching 100% have
been reported. Based on these observations, it is assumed
that Cl™ is released solely due to the thermodynamically
favorable displacement reactions between mineral acids
(H,SO4, HNO3) and HCI:

2 NaCl(s) + H;SO4 — Na;SO4 + 2 HCl(g) (1)

NaCl(s) + HNO; — NaNO; + HCl(g). (2)
Recent investigations provide evidence that in addition to
HCI, highly reactive Cl gases such as Cl,, HOCI, CINO,,
and BrCl may also volatilize from sea-salt acrosol [Fan and
Jacob, 1992; Graedel and Keene, 1995, 1996; Langer et al.,
1996; Sander and Crutzen, 1996; Vogt et al., 1996].

[32] Paring earlier cruises [Johansen et al., 1999, 2000]
we found evidence for the release of Cl from the aerosol
phase by both mechanisms. From the PC analysis given in
Table 2, the C1™ deficit in the coarse fraction correlates with
the anthropogenic component (PC 1) which also correlates
with NOj3 in the coarse fraction. The Cl™ deficit in the
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Figure 3. (a) Percent Cl™ deficit in coarse and fine

fractions versus sample ID. Mineral acid concentrations
versus Cl™ deficit in (b) coarse and (c) fine fraction. The
line is representative of conditions when mineral acid
concentrations equal Cl~ deficit.

coarse fraction may be due to the acid displacement reaction
with HNOj;. This process is further investigated in Figure 3b
where concentrations of the mineral acids are plotted as a
function of CI™ deficit in the coarse fraction. The drawn
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1:1 line represents data points for which the Cl™ deficit is
exactly matched with the concentration of the specific
mineral acid. Thus, points to the right of the line indicate
that there is not enough of the particular mineral acid
present to account for the CI™ deficit found in the samples.
In spite of the scatter there is a weak correlation between the
NOj3 and the CI™ deficit (as noticed in the PC analysis), and
92% of the samples contain enough NOj3 (positioned to the
left of the 1:1 line) to account for the CI™ deficit. This
indicates that HNOj in the acid displacement reaction may
be the most important contributor to C- deficit in the coarse
fraction. This trend was also observed by Sievering et al.
[1990]. However, it does not exclude the possibility that
H,SO,4 and/or the reactive Cl species may have contributed
to the Cl™ deficit. In fact, there is an indication, from the
weak correlation between the coarse Cl deficit and
the surplus of cations (Cat.-An. chargers) in PC 8 that the
alternative idea of the volatilization of reactive Cl is
contributing to the deficit. When Cl is released in the form
of reactive species the lost anionic charge may not be
replaced by a detectable anion and may thus become
traceable by the discrepancy between the cationic and
anionic charges.

[33] The CI deficit in the fine fraction in reference to
the mineral acids is plotted in Figure 3c. This plot illus-
trates that the NOs concentrations are not sufficient to
account for the observed C1~ deficit. But SOF ™ is present
in more than sufficient quantities, thus it may be the
principal mineral acid affecting the displacement of Cl™
in the fine fraction. A correlation between Cl™ deficit and
NSS-SO; ™ in the fine fraction would strengthen the argu-
ment for this reaction, however, the NSS-SOZ* concen-
trations are large enough compared to the ClI™ deficit that
this effect may be washed out. The possibility of Cl release
in the fine fraction due to the production of reactive Cl
species seems to be of significance due to the strong
correlation between CI~ deficit and surplus of cationic
charges in PC 5.

3.3. Cations

[34] The observed cation concentrations are summarized
in Table 1. Assuming that all the water-soluble Na" is sea-
salt derived, the NSS contributions for the alkali and
alkaline earth elements were determined based on seawater
concentrations reported by Millero and Sohn [1992].
3.3.1. NHj

[35] Total ammonium concentrations averaged 0.95 +
0.25 pg m > and 0.54 + 0.23 pg m ° during group 1 and
group 2 samples. Group 2 values are very close to those
observed by Rhoads et al. [1997] over the Arabian Sea
during March and April of 1995. During the intermonsoon
of 1995, we observed values that were smaller by a factor
of 2 compared to the Group 2 values, and during the
SW-monsoon of the same year NH; concentrations were
smaller by a factor of 15 [Johansen et al., 1999]. Most
(94.8% and 94.0%, group 1 and group 2, respectively) of
the NHy is present in the fine fraction; this is reflected in
Figure 4a. Ammonium has typically been observed in
association with the accumulation mode, together with
NSS—SOi_ and MSA [Huebert et al., 1996; Kerminen et
al., 1997]. This concept is in agreement with our obser-
vations and is reaffirmed in the PC analysis presented in
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Figure 4. Cation concentrations in coarse and fine fractions versus sample ID: (a) NHy, (b) Na', (c) SS-
and NSS-K", (d) SS- and NSS-Mg>", and (e) SS- and NSS-Ca*".

Table 2. Ammonium ion in these samples appears to be of are plotted in stacked bars of Figure 4c. The K signature is
anthropogenic origin. very similar to that in the plot above, for the anthropogenic
3.3.2. Na', K%, Mg“, and Ca** NH. Analogously with NH,", most of the K" is found in

[36] Total Na* concentrations of 0.80 + 0.19 pg m > and the fine fraction (85.0% and 84.2% in group 1 and group 2
0.87 +0.33 pg m > were determined in group 1 and group 2 samples, respectively), of which 93.2% and 90.6% is
samples, respectively. Rhoads et al. [1997] and Savoie et al. NSS-K' fine, in agreement with Ball et al’s [2003]
[1987] observed slightly higher Na" concentrations over the  findings during INDOEX. K is released in the combus-
Arabian Sea, 1.11 +0.44 and 2.4 + 1.2 pg m , respectively. tion of vegetation, wood and from waste incinerators
During the intermonsoon and SW monsoon of 1995 [Andreae, 1983; Echalar et al, 1995; Fishman et al.,
[Johansen et al., 1999], we also observed larger values, 1999]. During the intermonsoon of 1995 [Johansen et
2.6 + 1.4 and 6.5 £ 2.9 pg m >, respectively. Due to the al, 1999], when some of the air masses appear to have
relatively low wind speeds encountered in the present cruise  similar origins as during group 2 samples of the present
the sea-salt loading is on average evenly distributed in the cruise, the K™ concentrations averaged 0.18 + .11 pg m >
coarse and fine fractions. This is discernible in Figure 4b, of which 40.8 + 16.0% were NSS. While the total K"
which shows Na' in coarse and fine fractions. concentrations are in general agreement, the contribution

[37] NSS and SS contributions (using Na" as the sea-salt in the NSS fraction is much lower during the intermon-
tracer) of water-soluble K in both coarse and fine fractions soon. This is an indication that group 2 samples are also
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influenced by polluted air masses from the Indian subcon-
tinent. K" and NSS-K' concentrations reported from
INDOEX [Ball et al., 2003; Gabriel et al., 2002] are in
agreement with presently reported values.

[33] Mg?" NSS and SS contributions in the coarse and
fine fractions are plotted in Figure 4d, analogously with the
K plot. The Mg** NSS contributions account for, on
average, only 11.1% and 17.6% of the total Mg”*, in
group 1 and group 2 samples, respectively. While 75.9%
of this NSS-Mg®" is in the coarse fraction for group 1
samples, only 39.5% is in the coarse fraction in group 2
samples. Assuming this NSS-Mg”" is of crustal origin, this
shows that two crustal sources, high in water-soluble Mg,
and distinguished by their particle size, contribute to the
aerosol mass during the present cruise.

[39] Associated with the crustal Mg?" is also a Ca®"
component (PC 3 in Table 2), potentially derived from
calcite/gypsum/limestone/dolomite. The plot in Figure 4e
reflects a much larger relative NSS contribution in Ca*"
than in Mg”". On average, 90.9% and 92.6% of the Ca*" is
NSS, whereby 80.3% and 74.7% of this NSS-Ca*" is
present in the fine fractions of group 1 and group 2 samples,
respectively. During the intermonsoon of 1995 [Johansen et
al., 1999] the NSS-Ca®" averaged 0.96 + 0.90 pg m > and
seemed to be attributed mainly to gypsum. This value is
more than twice that observed during group 2 samples
(0.42 +£0.23 pg m ) from the present cruise.

4. Conclusions

[40] All atmospheric aerosol samples collected during the
month of March of 1997 over the Arabian Sea carry a strong
anthropogenic signature reflected in the large enrichments in
anthropogenic tracers such as Pb, Zn, fine K, NSS-K*, NSS-
SO3~, NH;, and coarse NO3. Since the anthropogenic
contribution is especially pronounced in the first 10 samples,
exhibiting air mass back trajectories that indicate a north-
eastern origin, these samples are collectively analyzed (group
1 samples) and discussed in reference to the collection of
remaining samples (group 2 samples).

[41] NSS-SOF~ concentrations vary from 1.42 to 5.38 pg
m ° and average 2.94 + 1.06 pg m °. This corresponds
to 92.7 + 3.4% of the total SOF . Most of the NSS-SO3~
(92.1 +4.5%) is present in the fine fraction and is associated
with other anthropogenic tracers. Multiple linear regression
analyses using MSA as the biogenic tracer and a number of
different anthropogenic tracers to model SO source
apportionment revealed that in the fine fraction potential
complex physical processes, possibly involving evaporation
and redeposition of MSA, obscure the analyses. However,
most of the NSS-SO3~ in the fine fraction seems of
anthropogenic nature, with the biogenic component con-
tributing only about 6% and the crustal component 10%. In
the coarse fraction, however, 50% of the NSS-SO3~ seems
to be biogenically and the other half anthropogenically
derived. The NSS-SO3 /MSA ratio in the coarse fraction
of 52.8 (95% confidence interval = 24.7—80.8), is signifi-
cantly larger than expected based on reported values.

[42] Cl deficits are observed in all the samples. They
average 53.1 + 16.0% of the expected CI~ concentrations.
In the fine fraction, however, CI™ deficits up to 99.1% are
found (average, 89.0 £ 9.4%). Acid displacement reactions
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with H,SO,4 may be responsible for the volatilization of HCI
in the fine fraction, since the NSS-SO3~ concentrations are
much larger than the displaced CI ™, but the release of C1™
from the particle phase by mechanisms such as the produc-
tion of reactive Cl species seems to contribute considerably
based on the charge deficit. In the coarse fraction acid
displacement with HNO; seems the most predominant
mechanism for the CI™ deficit, which the production of
reactive Cl species being secondary.
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