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ABSTRACT
The continental outflow from the Indo-Gangetic Plain and Southeast Asia, during the late NE monsoon
(January—March), dominates the transport of chemical constituents to the marine atmospheric boundary layer
(MABL) of the Bay of Bengal (BoB). During the rest of the year, prevailing wind regimes and meteorological
conditions do not favour the atmospheric transport of continental products. Here we report on the spatio-
temporal variability of inorganic phosphorous (Py,ors :PO?[ ) in the MABL and its dry-deposition flux to the
surface BoB. On the basis of the abundance of Py, in PM; 5 (0.1-0.8 nmol m *3) and PM( (0.3-2.8 nmol m *3),
we document its dominant occurrence in the coarse mode (D, >2.5um). The analytical data also provide
evidence for the chemical processing of mineral dust by acidic species and mobilisation of Py, during the
long-range atmospheric transport. However, significantly high Py,,,e/non-sea-salt Ca’" ratios over the BoB
suggest dominant contribution from anthropogenic sources (fertilisers and biomass burning emissions). Pyore
concentration over the Arabian Sea is about 4 to 5 times lower and is primarily associated with the mineral
dust from desert regions. The dry-deposition flux of Py, to the BoB varies by one order of magnitude (0.5
5.0pumol Pm ~2d ~'; Av: 0.02 Tg P yr ). These results have implications to the air-sea deposition of phosphorous
over oceanic regions downwind of the pollution sources and impact on the biogeochemistry of surface waters.
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1. Introduction

Phosphorous is one of the limiting nutrients for the primary
productivity in both terrestrial and marine ecosystems
(Chester, 2002; Fang, 2004). It has long been suggested
that the marine primary productivity over the geological
time scale was limited by the availability of phosphorous
(Tyrrell, 1999). Recent observations also suggest that
productivity in some of the oceanic regions (Mediterranean
Sea and Sargasso Sea) and in marine basins, fed by large
quantity of freshwater, is limited by the availability of
phosphorous (Paytan and McLaughlin, 2007 and references
therein). The role of phosphorus limitation in nitrogen
fixation has also been emphasised for open ocean waters of
the Atlantic and Pacific (Sanudo-Wilhelmy et al., 2001;
Mills et al., 2004; Moutin et al., 2008). In this context,
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atmospheric mineral dust is considered as a major source
of phosphorous to the ocean surface (Herut et al., 1999a;
Ridame and Guieu, 2002; Krom et al., 2004; Anderson
et al., 2010; Nenes et al., 2011).

However, the present-day increase in the supply of phos-
phorous from anthropogenic sources would lead to signifi-
cant changes in the marine biogeochemical cycle of nutrients
(Schlesinger, 1997; Mahowald et al., 2008). It has been
argued that the global atmospheric cycle of phosphorous is
significantly perturbed as a result of the extensive use of
fertilisers and mining of phosphate rocks (Jahnke, 2000).
The emissions from biomass burning has also been suggested
to be a significant source of phosphorous (Mahowald et al.,
2005, 2008; Anderson et al., 2010 and references therein).
Recent studies have documented that the magnitude of
atmospheric input of phosphorous may attain comparable
levels with respect to its riverine supply (Compton et al.,
2000; Paytan and McLaughlin, 2007). The uptake of
anthropogenic species (non-sea-salt (nss)-SOi’, NO;) by
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Ca-rich mineral aerosols during the long-range transport
has been documented in the literature (Wolf, 1984; Rastogi
and Sarin, 2006; Saliba and Chamseddine, 2012). The
chemical uptake of acidic species enhances the solubil-
ity of Ca-rich minerals such as carbonates and apatite
(Caz(POy),), and hence mineral dust is considered as a
significant source of Py, from ambient aerosols.

Therefore, atmospheric transport and air-sea deposition
of phosphorous demand further investigation in the
regional context. This article presents the first data set on
the concentration of water-soluble inorganic phosphorus
(Pinorg) in ambient aerosols, its sources, size distribution
and dry-deposition towards the Bay of Bengal (BoB).

2. Experimental methods

2.1. Study region and cruise tracks

The Bay of Bengal (BoB) and the Arabian Sea (ARS) are
the two limbs of the northern Indian Ocean. The prevailing
meteorological conditions during the late NE monsoon
(January—March) favour the advective transport of pollu-
tants from the Indo-Gangetic Plain and Southeast Asia to
the BoB. In this context, earlier studies have highlighted the
impact of continental outflow on the marine atmospheric
boundary layer (MABL) of the northern Indian Ocean
(Lelieveld et al., 2001; Ramanathan et al., 2001; Kumar
et al., 2010).

Cruise tracks undertaken in the BoB, on board ORV
Sagar Kanya, during March—April 2006 (Cruise: SK-223A)
and January 2009 (SK-254) are shown in Fig. 1. During
March—April 2006, prevailing winds over the BoB were
initially north-easterly and changed to south-westerly in the
later part of the cruise (a transition period), whereas the
winds were predominantly north-easterly during the cruise
in January 2009 (Fig. 1). A detailed description of meteor-
ological conditions during all cruises has been reported in
earlier publications (Alappattu et al., 2008; Kumar et al.,
2010; Subrahamanyam et al.,, 2011). For comparison,
chemical data on aerosol samples collected from the ARS
(Fig. 1) have been used to characterise the contribution
of inorganic phosphorous associated with the mineral
dust from the desert regions. Although wet deposition is
considered as a major source of nutrients to the ocean, wet
precipitation events over ARS and BoB seldom occur
during the late NE monsoon (January—March). We have,
thus, addressed the dry-deposition fluxes of phosphorous to
the surface waters of these two oceanic regions.

2.2. Sample collection and analysis

As a part of the Indian National Programme on ‘Integrated
Campaign of Aerosols and Trace Gases Radiation Budget

(ICARBY)’, aerosol samples from MABL of the BoB and
the ARS were collected using high-volume samplers (flow
rate: 1.1 m® min ~"). During 19th March—12th April 2006,
PM,, samples (n =23) were collected from the BoB. In a
later cruise undertaken from 27th December 2008 to 28th
January 2009, two size fractions of aerosols, PM, 5 (n =31)
and PM |, (n =33), were collected over the bay region. In
addition, PMy samples (n=19) were collected from the
ARS during 18th April-11th May 2006. All samples were
collected using PALLFLEX®™ tissuquartz filters and were
analysed for water-soluble ionic species (Na™, NH;, K+,
Mg®*, Ca’*, Cl~ and NO;), crustal elements (Al, Ca, Fe
and Mg) and carbonaceous species (EC and OC). The
relevant details and analytical procedures are described in
earlier publications (Kumar et al., 2008, 2010). The nss
components of SO}, K™ and Ca®" were assessed by
correcting their measured concentrations for the contribu-
tion from sea salts (Keene et al.,, 1986), where nss-
SO; =SO; —0.253 xNa*;nss-K* =K* —0.037 xNa*;
nss-Ca’* =Ca®* — 0.038 xNa*, and 0.253, 0.037 and
0.038 are the ratios of SO;", K* and Ca’* to Na™ in
seawater, respectively.

For the analysis of Py (POff) (this study), one quarter
of the sample filter was extracted with Milli-Q water
(specific resistivity <18.2 MQ cm). The water extract was
filtered through 0.45pm (25mm in diameter) Millipore
filter and concentration of Py,o, Was measured using a
2-m-long liquid core waveguide capillary cell (LWCC, WPI
Model) connected to USB-4000 spectrophotometer (Ocean
Optics). Reagents and preparation of standard solutions
for the determination of Py, are similar to those
described by (Li and Hansell, 2008). The absorption of
the phosphate—molybdenum blue complex was measured
at a wavelength of 710 nm (Zhang and Chi, 2002). The
overall reproducibility in the measurement of Pp,ee is
within 10%, assessed based on the repeat analysis of a
commercial standard (Merck) and repeat checks of sample
extracts. The detection limits, reported as three times the
standard deviation of procedural blanks and normalised to
average volume of air filtered (~1400m?), for Na, Ca,
Ca**, K*, NO;, SO;™ and Py, are 0.35, 0.38, 0.08, 0.17,
0.18, 0.31 and 0.013 nmol m ~3, respectively.

We have estimated Pp,.y by multiplying P/Al ratio of
0.008 [as the revised composition of Upper Continental
Crust (UCC) (McLennan, 2001); P =700 ppm; Al =8.04%]
with the Al concentration in aerosol samples (this study).
In this calculation, it is implicit that Al is solely derived
from the Continental Crust. A ratio of 0.012 for P/Al has
been suggested for Saharan dust by Guieu et al. (2002).
Similarly, Herut et al. (1999a) had suggested a ratio of
about 0.011 for the Saharan aerosols. However, there
are no data available for dust composition from the
Thar Desert. We have used the P/Al ratio of UCC by
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Fig. 1. Cruise tracks undertaken on board ORV Sagar Kanya: (a) Bay of Bengal (BoB; SK-223A: March—April 2006) and Arabian Sea
(ARS: SK-223B: April-May 2006); (b) BoB (SK-254: January 2009); 7-d air mass back trajectories (AMBTs) are computed at an arrival

height of 1000 m.



4 B. SRINIVAS AND M. M. SARIN

Taylor and McLennan (1985), subsequently revised by
McLennan (2001).

2.3. Statistical analyses

A summary of the chemical data (mean with +10)
obtained from cruises in the BoB (March—April 2006 and
January 2009) and the ARS (April-May 2006) is presented
in Tables 1 and 2. A comparison between the abundances
of Piyorg and chemical constituents is presented in terms of
their statistical significance. Linear regression analysis
of the measured chemical constituents is also performed
to infer about the provenance of aerosol phosphorus.
Furthermore, ANOVA analysis (including post-hoc tests)
has been carried out to evaluate the seasonal variability in
the molar ratios of nss-K ™ /nss-Ca”*, nss-SO; /nss-Ca*
and Pmorg/nss-C:«l2+ for the data (Table 2) obtained from
all cruises (March—April 2006, April-May 2006 and
January 2009).

3. Results and discussions

3.1. Air mass back trajectory (AMBT) analyses

The isentropic AMBTs were computed (for 7d) using the
HYSPLIT Model (Version-4; Draxler, 2002) by reanalysis
of NCEP data set (GDAS, global data set from 2006 to
present, http://ready.arl.noaa.gov/hysplit-bin/trajasrc.pl).

Table 1. Chemical composition (mean + 1o) of aerosols (PM )
from the Bay of Bengal (BoB) and the Arabian Sea (ARS)

BoB ARS

March—April April-May
Parameter January 2009° 2006° 2006°
2 org 1.3+0.5 1.1+0.3 0.3+0.1
Na*t 75435 37427 83+106
NH; 171+ 182 50+35 BDL
K" 17+7 6+3 342
Mg> " 9+6 743 8+11
Ca’* 6+3 1749 21414
Cl- 9410 0.440.3 62+110
NO; 14410 12+1.4 8+7
SO;~ 123479 62+26 35412
Al 41+35 34420 32417
Ca 8+4 1849 22415
Fe 8+8 1146 8+5
Mg 1345 1246 20411
oC 542 +434 157+132 18413
EC 159+ 119 33+13 T+3

. . -3
All concentrations are expressed in nmol m ™.

“This study.
PKumar et al. (2008).

Air mass back trajectories computed at an arrival height
of 1000 m (and above) suggest that the origin of air masses
during January 2009 cruise is mainly from the Indo-
Gangetic Plain and Southeast Asia (Fig. 1). In contrast,
air masses originate from the desert regions of Sahara,
Arab, Oman, Somali and Thar, as observed during cruises
undertaken from March to May 2006 (Fig. 1). The
advective transport of mineral dust from the Middle East,
Arabian Peninsula, Oman, Iran, Thar and Somalia to the
MABL of ARS has been well recognised (Middleton, 1986;
Tindale and Pease, 1999; Prospero et al., 2002). A detailed
description on the transport pathways of aerosols to the
ARS and BoB, during January to April, has been reported
in earlier publications (Siefert et al., 1999; Dey et al., 2004;
Kumar et al., 2008; Badarinath et al., 2010; Srinivas et al.,
2011). However, a brief discussion is presented on the
transport pathways of the mineral dust to these oceanic
regions (BoB and ARS).

It has been reported that the high-altitude transport of
mineral dust from the Middle East, Arabia, Iran and Thar
Deserts to the ARS is a conspicuous feature during the
summer months (March—May). However, at lower altitude,
the Findlater jet counters the atmospheric transport from
the desert areas to the ARS (Tindale and Pease, 1999). The
periodicity and frequency of dust storms significantly
increase during Spring and Summer months (Middleton,
1989). This observation is further corroborated by the total
ozone mapping spectrometer absorbing aerosol index
(TOMS AAI) data (based on the analysis of a 13-year
data, from 1980 to 1992), suggesting that dust storm
activity starts during March—May from the Arabian and
Iranian Deserts and its magnitude peaks during June—July
(Prospero et al., 2002). Likewise, the dust storm activity
from the Thar region begins in the early Spring inter-
monsoon (March—April) and increases in strength during
May—June as inferred from the intermonsoon TOMS
Frequency of Occurrence and AAI (Prospero et al.,
2002). Herman et al. (1997) have highlighted the applica-
tion of satellite mapping of large dust events using TOMS
of the NIMBUS-7 Satellite. A recent study has also
emphasised the high-altitude transport (between 3 and
Skm) of dust storm originating from the Persian Gulf and
ARS region and travel towards the Indian subcontinent
(Badarinath et al., 2010). On the basis of LIDAR studies,
an evidence for high-altitude dust transport ( ~3-3.5km),
during March—April 2006, has been reported by Raj et al.
(2008). Likewise, high aerosol loading over the ARS
observed during INDOEX field experiment was explained
by invoking high-altitude transport of mineral dust from
desert (viz., Arabia, Thar, Iran, Somalia) regions (Lelieveld
et al., 2001; Ramanathan et al., 2001).
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Table 2. Phosphorous concentration and diagnostic ratios in aerosols (PM;) from the Bay of Bengal (BoB) and the Arabian Sea (ARS)

BoB ARS
Parameter January 2009 March—April 2006* April-May 2006*
Ploore 1.3+0.5 1.1+0.3 0.3+0.1
PRust 0.3+0.3 0.3+0.2 0.2+0.1
PSnin 1.0+0.5 0.8+0.2 0.1+0.1
PDusl/Plnorg 0.2+0.2 0.2+0.1 0.7+0.3
PAl]lll/P?nol‘g 08i02 08i01 03i03
P norg/nss-Ca® 0.54+0.54 0.09+0.05 0.03+0.02
dnss-K * /nss-Ca>+ 5.0+3.9 0.440.1 0.07+0.08
Inss-SO; ™ /nss-Ca’ ™ 35.1+19.0 43+1.7 21411
dnss-Ca’*/Ca2t 0.66+0.26 0.95+0.04 0.89+0.12
dCa®*/Ca 0.76+0.16 0.92+0.05 0.95+0.14
*NH; /SO;” 0.55+0.34 0.40+0.20 -
°(NHj + Ca*") /SO~ 0.60+0.33 0.67+0.20 0.59+ 0.23
¢(Na™ + NHj + Ca’") /05" 1.0740.17 0.9740.06 1.8+1.2

Pinores Ppust and Payg, are in nmol m3 (this study).
#Kumar et al. (2008).

PPyt is estimated by multiplying the P/Al ratio in the Upper Continental Crust ( ~0.008; McLennan, 2001) and measured Al

concentration in the ambient aerosols (i.e., Pgus =0.008 X Aljeas)-

“Anthropogenic fraction of water-soluble inorganic phosphorous (Pan =Pinore —Ppust)-

9Molar ratio.
“Equivalent ratio.

3.2. Pporg concentration over BoB

The mass concentration of water-soluble inorganic
phosphorous  (Pryore =POff) in PM;, averages about
1.14+0.3nmol m 3 during March—April 2006 (Table 1).
During sampling in January 2009, mean Py, concentra-
tion centres on 0.3 +0.2nmol m 2 and 1.3 +0.5nmol m —*
in PM,s and PM,, respectively. A comparison of the
seasonal data (Average with +1c) suggests that Ppore
concentrations in PMj, are not significantly different
(P-value >0.05) during March—April 2006 and January
2009 (Table 1). Despite this similarity in the abundance
pattern, evidence for different sources of Py, is discern-
ible from the analytical data. The abundance of water-
soluble calcium (Ca®*) and Pinore in two size fractions
(PM,.s5, PMy), collected during January 2009, suggests
their dominant occurrence in the coarse mode. The mass
ratio of PM, s to PM, for Ca>* and Prnore is computed for
each sample and then averaged for all samples. The
corresponding ratio centres on 0.31+0.18 and 0.254+0.14
for Ca®" and Py, respectively, indicating their dominant
contribution from mineral dust.

The contribution of Py,o from mineral dust has been
investigated based on the chemical data presented in Tables
1 and 2. The mass concentration of SOAZ[ (with nss—SOif/
SO2™ >90%) accounts for ~67 and 60% of TWSIC in
March—April 2006 and January 2009, respectively (where
WSIC refers to water-soluble inorganic constituents and
taken as sum of concentrations of all cations and anions).

During these two sampling campaigns in the BoB, the
equivalent ratio of NH; /SO;™ and (NH; +Ca’")/SO;™ is
far less than one (Table 2), suggesting chemical uptake of
excess acid by mineral dust. This is also evident from the
significant (P-value <0.05) linear correlation between nss-
Ca’* and nss—SOi’ (Fig. 2a; regression statistics are
presented in Table 3) and among aerosol Ca and nss-
Ca>* (Fig. 2b; see Table 3). The dominant contribution of
nss-SO;~ in the MABL of BoB is clearly evident from the
steep slope of its linear regression lines with nss-Ca* for
data from January 2009 (m =23; R>=0.75; P <0.05) and
March—April 2006 (m =2.3; R>=0.62; P <0.05; Fig. 2a;
see Table 3). This is in sharp contrast to the lower slope of
linear regression for data from the ARS (m=0.83;
R?=0.67; Fig. 2a; see Table 3). It is noteworthy that the
solubility of aerosol Ca (defined as nss-Ca’"/Ca) in
March—April 2006 is relatively high compared with that
in January 2009 (Tables 2 and 3). Another notable
observation relates to significantly high (P value <0.05;
¢ statistic =5.89) Ca®* concentration (range: 4—36nmol
m 3 Av: 17+9nmol m %) during March—April 2006
compared to January 2009 (range: 0.4—13 nmol m ~%; Av:
6+3nmol m ). Furthermore, on average, mineral dust
concentration (assessed based on measured Al concentra-
tion and assuming Al content of 8.0% in the mineral dust)
accounts for ~33 and 50% of the aerosol mass in January
2009 and March—April 2006, respectively. The relatively
high solubility (Av: 92+5%) of aerosol Ca together with
high abundance of mineral dust (Av: 49% of particulate
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* suggest a reactive uptake of acidic species

(H,SO,) by the mineral dust during long-range atmospheric transport. The dominant contribution of nss-SOi’ in the MABL of Bay of
Bengal (BoB) is clearly evident from the steep slope of the linear regression line compared to that in the Arabian Sea (ARS). Data for BoB
(March—April 2006) and ARS (April-May 2006) are adopted from Kumar et al. (2008).

mass) during March—April 2006 is attributed to differences
in the source regions of mineral dust and chemical
processing during the long-range transport.

On the basis of the above discussion, we argue in favour
of the seasonal trend and significant role of chemical
processing of mineral dust during March—April 2006
compared to samples collected during January 2009. These
differences in the chemical composition of aerosols are
attributed to the varying type of mineral dust over the BoB
during the two seasons. The AMBTSs, during March—April
2006, were from desert regions (Thar Desert) of western
India, whereas air masses during January 2009 over the BoB
show dominant influence from the Indo-Gangetic Plain.
The elemental ratio of Ca/Al in aerosols associated with
these air masses averages around 0.81+0.16 for March—
April 2006 (Kumar et al., 2008) and 0.35+0.14 for January
2009 (Kumar et al., 2010). The relatively high ratio of Ca/Al
is consistent with that reported over the ARS, attributable

to the source of dust from the desert region in western
India (Yadav and Rajamani, 2004; Rastogi and Sarin,
2009). In contrast, the lower ratio of Ca/Al over BoB
(during January 2009) is largely dictated by the outflow
from the Indo-Gangetic Plain (Ca/Al=0.234+0.11, as
measured at downwind site in the Gangetic Plain) (unpub-
lished data; manuscript under preparation). A significant
correlation between nss-Ca’* and Prnorg (R*>=0.64; n =23;
P-value <0.001; Fig. 3a) for the data from March to April
2006 suggests their common source from the mineral dust.
The contribution of dust-derived phosphorous has been
traced by the linear relation (P <0.05) between nss-Ca’™
and Py, (Herut et al., 1999a; Markaki et al., 2003). These
studies have shown that the air masses originating from the
Arabian Peninsula exhibit a linear relation among nss-
Ca’>" and total inorganic phosphorous (Markaki et al.,
2003). Higher abundance of P and Ca in the desert dust
(from Thar Desert) has been documented by Yadav and

Table 3. Statistical significance of linear regressions among nss-SOi’, nss-K*, nss-Ca®* and Ca

January 2009

March—April 2006 April-May 2006

Scatter Plot (Y vs. X)

Regression (Y =mX+b)

nss-SOZ~ vs. nss-Ca’® ™ m=22.5; h=24.1
R>=0.75; P <0.05
m=224,bh=590
R>=0.83; P <0.05
m=0.07; b =1.00
R*>=0.20; P>0.05
m=0.75; b=
R>=0.86; P <0.05

nss-K*+ vs. nss-Ca’*
24
Prnorg vs. nss-Ca

nss-Ca’ ™t vs. Ca

m=23;b=22.4
R>=0.64; P <0.05
m=0.26; b=1.28
R*>=0.76; P <0.05
m=0.03; »=0.59
R>=0.64; P <0.05
m=092; b= —0.92
R>=0.97; P <0.05

m=0.70; b=15.2
R>=0.60; P <0.05
m=0.014; b=1.07
R>=0.11; P>0.05
m =0.0044; b =0.257
R*>=0.38; P>0.05
m=1.04; b =021
R>=0.96; P <0.05

m =Slope; b =intercept.
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Scatter plots: (a) data plotted with symbol (¥) provide evidence for the acid processing of mineral dust and, hence, enhanced

supply of water-soluble Py, during long-range transport to the Bay of Bengal (BoB). Evidence for supply of Py, from anthropogenic
sources is shown with the dotted line plotted through symbol (@), with steep slope and high Plr,o,.g/nss—Ca2 * ratio. For comparison, data
from the Arabian Sea (ARS) (m), with high abundance of dust, represent exceptionally lower lerg/nss—Caz * ratios. The scatter plot
shown in (b) also exhibits steep slope, with higher abundance of anthropogenic nss-K* (relative to nss-Ca>*) during January 2009

compared to March—April 2006 (BoB) and April-May 2006 (ARS).

Rajamani (2004). These desert soils are reported to be rich
in Ca which is reflected from the characteristic high ele-
mental ratio (0.734+0.10) of Ca/Al (Yadav and Rajamani,
2004; Rastogi and Sarin, 2006; Kumar and Sarin, 2009).
The reactive uptake of acidic species can lead to enhance-
ment in the solubility of Ca-rich minerals such as carbo-
nates, apatite (Ca3(POy),), and is represented by following
equations:

Ca,(PO,), + H,S0, — CaSO, + H,PO,
Ca,(PO,) + HNO, — Ca(NO;), + H,PO,

Therefore, the observed linear relation between nss-Ca’*
and Py, during March—April 2006 (Fig. 3a) over the BoB
is attributed to their common source (as evident from the
AMBTSs originating from the Thar Desert; Fig. 1). In con-
trast, relatively high concentrations of Py, associated with
extremely low concentrations of Ca*>" during January 2009
(Fig. 3a) suggest the dominance of anthropogenic sources
(emissions from biomass burning and use of fertilisers).

3.3. Plorg 0ver ARS

The mean (£ 15) concentration of Py, in aerosol samples
collected from the ARS during April-May 2006 (Cruise
SK-223B) corresponds to 0.3+0.1 nmol m ~°.

A comparison of Py, abundances shows significant
difference (one-way ANOVA; F(2,72) =39.9; P value <0.05)
between the cruises (March—May 2006 and January 2009).
These analyses suggest that concentration of Py, Over the
BoB is significantly high compared to that over the ARS

(April-May 2006). However, concentrations were not
significantly different between January 2009 and March—
April 2006 (Table 1). Relatively high concentration of
Pinore Observed over the BoB is due to the predominance of
anthropogenic sources and acid processing of mineral dust
(Fig. 3a). A significant difference in the Plnorg/nss-Ca2+
ratio in aerosols over the ARS and BoB is noteworthy
(Table 2). The le,rg/nss-CazJr ratio varied from 0.01 to
0.11 (Av: 0.034+0.02) over the ARS during April-May
2006. In contrast, Plnmg/nss-Ca2+ ratio averages around
0.09+0.05 (range: 0.04-0.23) over the BoB during March—
April 2006, and the ratio is one order of magnitude higher
(Av: 0.54+0.54, range: 0.12-2.4) during January 2009
(Table 2). Relatively high Plnorg/nss—Ca2+ ratio over the
BoB during January 2009 is attributed to enhanced supply
of Pinorg from fertilisers and biomass burning emissions
with relatively low Ca®>' content. The reactive uptake of
acidic species (nss-SOi’) by mineral dust is also evident
from the mass ratio of water-soluble Ca>* to total aerosol
Ca (Fig. 2b) varying from 0.63 to 1.05 (Av: 0.95+0.14),
with average nss-Ca>*/Ca®* ratio centring on 0.89+0.12
(Table 2). However, abundance of nss-SOi’ in the MABL
of ARS is significantly lower than that over the BoB (Fig.
2a; one-way anova, F(2, 70) =16.8; P value <0.05).

3.4. Anthropogenic source of Pi,orq Vis-a-vis
mineral dust

A characteristic high abundances of anthropogenic con-
stituents (nss-K ™ and nss-SO27) within the MABL of BoB,
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during January 2009, are evident based on relatively high
ratios of nss-SO; /nss-Ca®" (Fig. 2a) and nss-K ™ /nss-
Ca?™ (Fig. 3b). These characteristic ratios in January 2009
over the BoB are relatively high compared to those
observed during March—April 2006 and over the ARS
(April-May 2006). The difference in the slopes of the
regression lines (Figs. 2a and 3b) reflects the seasonal
variability in the chemical composition of aerosols asso-
ciated with the outflow from the Indo-Gangetic Plain (from
December to February) and from the desert regions during
March—May. Also, a statistical test has been performed in
order to ascertain differences in the ratios of nss-K * /nss-
Ca’*, nss-SO; /nss-Ca”*t and Pryore/nss-Ca’* for the data
from January 2009, March—April 2006 (BoB); April-May
2006 (ARS). ANOVA analyses (with post hoc test) suggest
that Pp,o concentration and ionic ratios (nss-K * /nss-
Ca’*, nss-SO; /nss-Ca’ " and Pyyoe/nss-Ca® ™) are signifi-
cantly different (P <0.05) for seasonal data from all cruises
(January 2009, March—April 2006 and April-May 2006).
A significant difference is evident between Pl,wrg/nss-CazJr
for winter (January 2009) and spring intermonsoon
(March—April 2006, April-May 2006) cruises [F(2,
71) =15.782, P-value <0.05]. Likewise, significant differ-
ence (P-value <0.05) is observed for nss-K ™/nss-Ca®*
[F(2,71)=11.56; P <0.05] and nss-SO; /nss-Ca*" [F(2,
71) =50.6; P <0.05] (Table 2, data from January 2009,
March—April 2006 and April-May 2006).

The relatively high concentrations of anthropogenic
constituents (nss-SOi_& nss-K ) together with the low
abundance of nss-Ca®" within the MABL of BoB, during
the wintertime (January—March), is a characteristic feature
of the outflow from the Indo-Gangetic Plain (Kumar et al.,
2010; Sarin et al., 2011; Srinivas et al., 2011). The high
ratios of nss-SO; /nss-Ca”*, nss-K ¥ /nss-Ca”* and Pypore/
nss-Ca’™ during January 2009 (Table 2) are attrib-
uted to the dominance of pollution sources. In contrast,
the relative decrease in the source strength of the con-
tinental outflow during the spring intermonsoon (March—
April), together with higher abundance of water-soluble
Ca’", is a dominant cause for the low ratios of nss-SO; /
nss-Ca’*, nss-K */nss-Ca®" and Pyo,/nss-Ca®" (Figs. 2a,
3a, 3b). The high concentration of Ca?" mainly results
from seasonal shift in the source regions of mineral dust
during March—April 2006, as evident from the AMBTs
which originates from the Thar Desert. The enhanced
solubility of aerosol Ca and the linear relation of Piyorg
with nss-Ca’t during March—April 2006 suggest that
significant fraction of water-soluble inorganic P is derived
from the chemical processing of mineral dust.

The mass concentration of Py, in the MABL of BoB
is significantly higher than that derived from the mineral
dust as its only source. A significant linear relationship of
Pinore and nss-K ™ (P-value <0.05) suggests fertilisers and/

or emissions from biomass burning as their common
anthropogenic source. A recent study by Singh and Singh
(2008) has shown significant increase in the use of fertilisers
(rich in N, P and K) in the Indo-Gangetic Plain during the
past few decades. Therefore, atmospheric transport of dust
from disturbed soils and agricultural fields could serve as a
dominant source of Py,o. Furthermore, emissions from
biomass burning (burning of agricultural crop residue)
has been suggested as a significant source of aerosol P,
similar to aerosol K™ (Mahowald et al., 2005, 2008 and
references therein; Izquierdo et al., 2012). Thus, a linear
correlation between nss-K ™ and Pinorg is attributed to both
the emissions from biomass burning and fertilisers. The
Pinorg/EC ratio in the fine mode aerosols over the BoB,
during January 2009, averages about 0.003+ 0.002 (also
evident from the slope of regression line between EC and
Pinorgs m =0.001; R>=0.54; figure not shown in this
article). A similar ratio of Pyyer to BC (0.0029+ 0.0001)
has been reported for the emissions from biomass burning
over the Amazonian region (Mahowald et al., 2008). We,
therefore, invoke significant contribution of K* and Pinore
from fertilisers associated with the large-scale agricultural
activity and biomass burning (burning crop residue) in the
Indo-Gangetic Plain.

The phosphorous contribution from dust (Ppys) is
subtracted from the total Py,o, in order to obtain the
anthropogenic component (Pa, ). In Fig. 3a, three distinct
relationships among Pryor, and nss-Ca>*t are identified.
The line with steep slope (high Py, and low nss-Ca? ") is
dominated by the anthropogenic phosphorous (Pap). The
line with flat slope (Fig. 3a; low Py, and high nss-Ca’")
for the ARS is dominated mainly by Py, derived from the
mineral dust. The third relationship with an intermediate
slope for the data from the BoB (during March—April
2006) is dictated by varying contribution from dust and
anthropogenic sources.

The mass concentrations of Pryore, Ppusc and Pane and
the corresponding ratios of Ppus/Pinorgs Panth/Pinore and
Plnorg/nss-CazJr within the MABL of BoB and ARS are
summarised in Table 2. Over the BoB, P, contributes
significantly, varying from 61 to 94% (Av: 77+10%)
during March—April 2006 and from 24 to 96% (Av.
76+ 18%) during January 2009. It is implicit in this
approach that the mobilisation of Py, by acid proces-
sing of mineral dust is also a part of Pa,g. In contrast,
Phore Over the ARS is mainly dominated by desert dust
(Ppust = ~70%). The spatio-temporal variability of per-
centage contribution of Pyn/Prnore to the study region is
depicted in Fig. 4. From this figure, it is inferred that the
contribution of Py,., from anthropogenic sources (viz.,
emissions from biomass burning and fertilisers, etc.)
dominates over the BoB during the continental outflow.
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Fig. 4.
Bay of Bengal and the Arabian Sea.

3.5. Atmospheric dry-deposition of Ppore

The dry-deposition flux is estimated by using the following
equation.

Dry — deposition flux, Fy,= V4, x C

meas

where Vgry and Cyeas refer to dry-deposition velocity
and measured mass concentration, respectively. For the
flux computation, we have used a deposition velocity of
2.0cm s~ '. A similar dry-deposition velocity has been used
by several studies reported in the literature to estimate
deposition fluxes (Duce et al., 1991; Herut et al., 1999b;
Markaki et al., 2003; Baker et al., 2006; Chen et al., 2006,
2007). On the basis of experimental data and modelled
results, deposition velocity of 0.1 and 2.0cm s~ ' has been
suggested for fine and coarse mode aerosols by Spokes
et al. (2000). Due to the dominant occurrence of Pj,ore in
PM,, (as evident from the mass ratio of PM; s/PMqo, Av:
0.25), our experimental data suggest an association of
Pinore in the coarse mode. Therefore, V4 of 2.0cm s lis
used for estimating the deposition flux in this study.

The dry-deposition flux of Py,er, to the BoB ranges
from 1.1 to 3.6 (Av:1.940.6) yumol P m~2 d ! during
March—April 2006 and from 0.5 to 4.8 (Av: 2.3+0.9) pmol
Pm 2 d ™" during January 2009 (assuming dry-deposition
velocity of Pryore as 2.0cm sec ~ 1), whereas to the ARS it
varies from 0.3 to 0.9 (Av: 0.6+0.2) pmol P m 2 d !
during April-May 2006. These fluxes have been compared
with the model-based estimates (Mahowald et al., 2008;
Okin et al., 2011). The atmospheric deposition of Pryorg
to the BoB (this study) is ~0.022 Tg P yr~' (0.024 for
January 2009 and 0.019 Tg P yr ! for March—April 2006)
and to the ARS is ~0.014 Tg P yr ~! for April-May 2006
(areas of BoB and ARS are taken as 2.2 x 10'> and
4.93 x 10'? m? respectively, and dry-deposition is inte-
grated only for 150d when continental outflow is domi-
nant). Thus, the total dry-deposition flux of Pyyore
(~0.036 Tg P yr ') over these two oceanic regions can

Pantn (%)-March-April’'06
N

10°N

5°N

- 0
55°E 60°E 65°E 70°E 75°E 80

E

Spatio-temporal variability in the concentration of anthropogenic water-soluble inorganic phosphorous (Pynm) to Pryore Over the

be considered as representative of the annual deposition of
Pinore to the northern Indian Ocean (NIO). A comparison
of dry-deposition of Pynore to the northern Indian Ocean
(this study) with the model-based estimates (reported in the
literature) is presented in Table 4. We have also compared
the Pryore flux to NIO with that from other oceanic regions.
These estimates are of comparable magnitude with the
model-based results for the NIO (0.04 Tg P yr ~! by Okin
et al. (2011) and 0.014 Tg P yr~! by Mahowald et al.
(2008)).

3.6. Comparison with riverine supply

The global riverine input of Py, Via major rivers, is 0.8—
1.4 Tg P yr ! (Compton et al., 2000) and the freshwater
influx from the global rivers is about 37.4 x 10'? m* yr !
(Martin and Whitfield, 1983; Kumar et al., 1996). It has
been reported that Bay receives approximately 1.625 x 10"
m? yr ~! of freshwater (Sarin et al., 1990; Prasanna Kumar
et al., 2004). Thus, the riverine input of Pynor, to the BoB is
estimated to be 35-61 Gg P yr ~'. Since Pinorg abundance is

Table 4. Piyorg fluxes (Tg yr ') from the northern Indian Ocean,
Atlantic and Pacific

References N Indian Ocean N Atlantic N Pacific
This study 0.036 - -
Duce et al. (1991)* 0.070 0.154 0.336
Prospero, (1996)* 0.014 0.154 0.067
Ginoux et al. (2001)* 0.097 0.123 0.064
Zender et al. (2003) 0.040 0.190 0.030
Luo et al. (2003)* 0.079 0.161 0.025
Tegen et al. (2004)* 0.043 0.181 0.039
Jickells et al. (2005)* 0.083 0.141 0.050
Mahowald et al. (2008) 0.014 0.028 0.022
Okin et al. (2011) 0.043 0.020 0.026

"Plnorg is estimated from the abundance of mineral dust and P
concentration in UCC.
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relatively high during January 2009 compared to that in
March—April 2006 (Spring intermonsoon), it is relevant to
compare the atmospheric input with the riverine supply in
order to estimate the maximum contribution via air-sea
deposition to the BoB. The concentration of Pyno in
MABL of the BoB, during January 2009, ranged from 0.32
to 2.76nmol m ~>. Therefore, dry deposition of Pinore tO
the BoB ranges from 0.5 to 4.8 umol P m ~2d ~! (5-50 Gg
P yr~"). A comparison of these estimates suggests that the
atmospheric deposition of Pp,qe 18 of comparable magni-
tude to its supply via rivers, and that the atmosphere is a
significant source of Py, to surface waters of the BoB.

4. Conclusion and implications

The spatio-temporal variability in the concentration of
water-soluble inorganic phosphorous (Pruoe) has been
studied over the BoB and the ARS during the continental
outflow (January—April). Our study provides the first field
evidence for the acid processing of mineral dust during
atmospheric transport and, hence, enhanced solubility of
Prnore- We suggest that high concentrations of sulphate per-
sisting in the continental outflow from the Indo-Gangetic
Plain provide most conducive environment for acid
mobilisation of phosphorous (and other nutrients) from
dust-laden air masses. Nevertheless, contribution from
anthropogenic sources (fertilisers and emissions from bio-
mass burning) is overwhelming and account for nearly 75%
of Prnorg. In contrast, Py, concentrations are 4 to 5 times
lower over the ARS and anthropogenic fraction contributes
no more than ~30% of Pp,o. The atmospheric dry-
deposition of phosphorous (0.4-3.8Gmol P yr—') is
comparable to its supply via rivers (1.1-2.0 Gmol P yr —1)
draining into the BoB. Furthermore, a comparison of
atmospheric dry-deposition of Pp,o,s (0.5-4.8 pmol P m >
d ! during January 2009) with water column productivity
(99-566mg C m > d~!; Gauns et al., 2005) suggests that
Aeolian input can support up to ~10% of in situ primary
production. In the present-day scenario of growing anthro-
pogenic activities, these results have implications to sig-
nificant impact on the biogeochemistry of coastal waters
downwind of pollution sources. Our estimate for the dry-
deposition of Py, to the NIO is of comparable magnitude
with the model-based results.
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