
Science of the Total Environment 544 (2016) 661–669

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Hygroscopic growth of particles nebulized fromwater-soluble extracts of
PM2.5 aerosols over the Bay of Bengal: Influence of heterogeneity in air
masses and formation pathways
S.K.R. Boreddy a, Kimitaka Kawamura a,⁎, Srinivas Bikkina a, M.M. Sarin b

a Institute of Low Temperature Science, Hokkaido University, N19, W8, Kita-Ku, Sapporo 060-0819, Japan
b Physical Research Laboratory, Ahmedabad 380 009, India
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Hygroscopic properties of water-soluble
matter were measured over the BoB

• IGP could clearly be distinguished from
the SEA air masses in terms of g(RH)

• Higher g(90%) over the northern BoB
were associated with an IGP air masses

• Aging process could alter the g(90%) of
aerosol particles over BoB
⁎ Corresponding author.
E-mail address: kawamura@lowtem.hokudai.ac.jp (K.

http://dx.doi.org/10.1016/j.scitotenv.2015.11.164
0048-9697/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 31 October 2015
Received in revised form 27 November 2015
Accepted 29 November 2015
Available online xxxx

Editor: D. Barcelo
Hygroscopic properties of water-soluble matter (WSM) extracted from fine-mode aerosols (PM2.5) in the
marine atmospheric boundary layer of the Bay of Bengal (BoB) have been investigated during a cruise
from 27th December 2008 to 30th January 2009. Hygroscopic growth factors were measured on particles
generated from theWSM using an H-TDMA systemwith an initial dry size of 100 nm in the range of 5–95%
relative humidity (RH). The measured hygroscopic growth of WSM at 90% RH, g(90%)WSM, were ranged
from 1.11 to 1.74 (mean: 1.43 ± 0.19) over the northern BoB and 1.12 to 1.38 (mean: 1.25 ± 0.09) over
the southern BoB. A key finding is that distinct hygroscopic growth factors are associated with the air
masses from the Indo-Gangetic plains (IGP), which are clearly distinguishable from those associated
with air masses from Southeast Asia (SEA). We found higher (lower) g(90%)WSM over the northern
(southern) BoB, which were associated with an IGP (SEA) air masses, probably due the formation of
high hygroscopic salts such as (NH4)2SO4. On the other hand, biomass burning influenced SEA air masses
confer the low hygroscopic salts such as K2SO4, MgSO4, and organic salts over the southern BoB. Interesting-
ly, mass fractions of water-soluble organic matter (WSOM) showed negative and positive correlations with
g(90%)WSM over the northern and southern BoB, respectively, suggesting that the mixing state of organic
and inorganic fractions could play a major role on the g(90%)WSM over the BoB. Further, WSOM/SO4
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mass ratios suggest that SO4
2− dominates the g(90%)WSM over the northern BoB whereas WSOM fractions

were important over the southern BoB. The present study also suggests that aging process could significant-
ly alter the hygroscopic growth of aerosol particles over the BoB, especially over the southern BoB.

© 2015 Elsevier B.V. All rights reserved.
Fig. 1. Cruise track (dotted line) over the Bay of Bengal during ICARB-W (27 December
2008 to 30 January 2009). Open circles alongwith cruise track represent themean latitude
and longitude corresponding to each day. The arrow mark indicates the starting point
(Chennai).
1. Introduction

Hygroscopicity, defined as the ability of particles to take up water
vapor, is one of the fundamental properties of atmospheric aerosols,
which determines the number concentrations of cloud condensation
nuclei (CCN) and thus affects the properties of clouds such as their life-
time (Reutter et al., 2009; Zhang et al., 2008). By absorbing or evaporating
liquid water, an aerosol particle can change its size, morphology, phase,
chemical composition, reactivity and optical parameters such as refractive
index. These changes affect the fate and environmental impacts of atmo-
spheric aerosols, which are involved with climate and global change
(IPCC, 2007; 2013). In addition, the water content on the particle surface
is crucial for heterogeneous reactions occurring in the atmosphere
(Mogili et al., 2006).

Generally, chemical composition of atmospheric aerosols is complex
and varies with time (Jimenez et al., 2009). Particle hygroscopicity is
directly related to the chemical compounds and their mixing states.
Chemical species of particles may be present as internal or external
mixtures. Internalmixing among these chemical species in individual par-
ticle adds uncertainties to the aerosol hygroscopicity and influence the
aerosol indirect and direct effects by interacting with water vapor and
solar radiation, respectively (Holmgren et al., 2014). Thus, concurrent in-
formation on aerosol composition and mixing states is critical for
understanding the aerosol hygroscopicity. Generally, hygroscopic growth
of the particle is mainly controlled by inorganic species such as
ammonium sulfate, sodium chloride, whose hygroscopicity is well
known (Chow et al., 1994; Gysel et al., 2004; Saxena et al., 1995; Tang,
1976). In contrast, understanding the hygroscopic behavior of organic
matter has been patchier, because organic aerosol particle is composed
of several thousands of individual species, altering the hygroscopic
growth factor (Boreddy et al., 2014a; Hamilton et al., 2004; Saxena
et al., 1995). In addition, the contribution of individual organic com-
pounds to aerosol hygroscopicity is not easy to be determined through
measurements.

The Bay of Bengal (BoB), the largest bay in the world (WCS, 2012),
exists in the north-eastern part of the Indian Ocean. It is surrounded
by Indian landmass and other Southeast Asian countries and has
complex geographical features with varying anthropogenic activities.
In order to investigate the detailed aerosol characteristics and its conse-
quences to radiative forcing, ICARB-W (Integrated Campaign for Aerosols,
Gases and Radiation Budget during winter) cruise was conducted from
27th December 2008 to 30th January 2009 over the entire BoB and the
results were reported elsewhere (Kumar et al., 2010; Moorthy et al.,
2010; Kumar et al., 2011; Srinivas et al., 2011). Although these studies
focus on optical, physical and chemical properties of aerosols, the hygro-
scopic properties of aerosol particles have not been reported.

In the present study, we investigate the hygroscopic properties of
water-soluble matter (WSM) in PM2.5 aerosols over the BoB during
the ICARB-W cruise. The hygroscopicity of water-soluble matter of
PM2.5 aerosols was measured using an off-line hygroscopicity tandem
differential mobility analyzer (H-TDMA). Our main goals are (1) to
characterize the spatial and temporal variations of the growth factors
over the BoB, (2) to distinguish between Indo-Gangetic plains (IGP) air
masses and Southeast Asian (SEA) air masses in terms of hygroscopic
properties, (3) to assess the relationship between aerosol chemical
composition and its water uptake properties via the measurements
with an H-TDMA, and (4) to retrieve the growth factor of the water-
soluble organic matter (WSOM), g(RH)WSOM, using thermodynamic
inorganic (AIM) and Zdanovskii–Stokes–Robinson (ZSR) models along
with the chemical composition of the WSM. Such information is crucial
for both light-scattering properties and CCN activity of atmospheric
aerosols over the BoB.

2. Experimental

2.1. Cruise track and aerosol sampling

During the cruise period, the Oceanic Research Vessel (ORV) of
Sagara Kanya (SK-254) started at Chennai port on 27th December
2008 after several transects between 4°–22°N and 76°–98°E,
and ended at Kochi port on 30th January 2009. The cruise track is
shown in Fig. 1 with dotted lines and open circles: the cruise tracks
represent the mean latitude and longitude corresponding to each sam-
pling day.

The PM2.5 samples were collected on pre-combusted PALLFLEX™ tis-
sue quartz filters (20 × 25 cm2) using a high volume air sampler. The in-
terval of sample collection was 20–22 h and the average volume of air
filtered during the cruise is about 1400 m3. A total number of 8 filter
blanks were taken during a sampling period: they were placed in PM2.5

sampler for about 1 h without running the pump. To avoid the contami-
nation from ship's smoke stack, HVS was installed on the bridge
(i.e., in front of ships navigation room) and is operated only when ship
is cruising at a speed of 10–12 knots per hour and the relative wind
direction is from bow side (Kumar et al., 2010). The flow rate of the
HVS is calibrated before and after the cruise, and the variability is found
to be within 3% (range: 1.08–1.18 m3 m−1). After the sample collection,
filters were packed in zip-locked bags, stored in a freezer at −19 °C. In
total 31 PM2.5 samples were collected during the campaign period. The
cruise track and aerosol sampling are described in detail by Kumar et al.
(2010).

2.2. Analysis of chemical composition

To determine the water-soluble inorganic species (Na+, NH4
+, K+,

Mg2+, Ca2+, Cl−, NO3
−, and SO4

2−) and water-soluble organic carbon
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(WSOC) in the PM2.5 aerosols, one fourth of the filter sample was
extracted with 50 mL of Milli-Q water (resistivity of ≥18.2 MΩ-cm)
and ultrasonicated for 15 min. These extracts were centrifuged and su-
pernatant fraction was transferred to polypropylene bottles and ana-
lyzed for water-soluble ions using DIONEX® ion chromatograph
(Kumar et al., 2010; Srinivas et al., 2011; Srinivas and Sarin, 2014a;
Srinivas and Sarin, 2014b) and for WSOC using a total organic carbon
analyzer (Shimadzu TOC-5000A). For the analysis of WSOC, the working
standard solutions of potassium hydrogen phthalate, made from a
1000 ppm aqueous solutionwere used.Measured concentrations of inor-
ganic ions and WSOC in the samples were corrected for blanks (Srinivas
and Sarin, 2013).

Water-soluble dicarboxylic acids were determined by the modified
method described in (Kawamura and Ikushima, 1993; Mkoma and
Kawamura, 2013). Briefly, aliquots of filter samples were extracted
with organic-free ultrapure water under ultrasonication. The extracts
were passed through a Pasteur pipette packed with quartz wool to re-
move the filter debris and insoluble materials. After adjusting the pH
to 8.5–9.0 with 0.1 M KOH, these extracts were concentrated to almost
dryness using a rotary evaporator under vacuum and then derivatized
with 14% BF3/n-butanol (at 100 °C for 1 h). After the dryness, 100 μL
of n-hexane were added to the ester fraction and the derivatives were
determined using a GC-FID. Identification of peaks was confirmed by
comparing the GC retention time with authentic standards and con-
firmed by mass spectral examination using a GC-MS.

2.3. Measurement of aerosol particle hygroscopic growth factor

For measuring the hygroscopic growth factors of 100 nm particles, a
filter cut of 7 mm was extracted with organic free ultra pure water
(7 mL) followed by ultrasonication for 15 min. The water extracts
were then filtrated through a membrane filter (Millex-GV, 0.22 μm)
and subjected to a nebulizer to produce particles. Before entering the
H-DTMA with a flow of 0.3 L/min, the generated polydisperse aerosol
particles were dried down to 5% RH using two diffusion dryers contain-
ing silica gel and a molecular sieve (mixture of 13X and 4A) connected
in series. In this study, we analyzed the hygroscopicity of particles
whose initial diameter was 100 nm under dry conditions and scanned
in the RH range of 5–95% during the humidification experiment. The
hygroscopicity of particles with a 100 nm is important for the cloud
condensation nuclei (CCN) concentration under typical RH conditions
(Mochida et al., 2006). The H-TDMA (see Fig. S1) system used in this
study was similar to that reported by Mochida and Kawamura (2004)
and Boreddy et al. (2014a, 2014b). Here, we briefly describe the
methodology.

The dried and neutralized polydisperse aerosol particles were classi-
fied into 100 nm particles by the first differential mobility analyzer
(DMA1, TSI model 3081) which was operated with constant flow rate
of 0.3 and 3 L/min for the sample and sheath air, respectively. The
monodispersed aerosol particles were introduced into the RH condition-
er, where RHwas controlled between 5 to 95%, transferred to humidified
DMA (DMA2, TSI model 3081) and then condensation particle counter
(CPC, TSI model 3010) during hydration experiment. In this hydration
experiment, we measure humidified particle diameters in the RH range
of 5 to 95% (see Fig. 2a and c).

On the other hand, themonodispersedparticles are passed through an
optional prehumidifier (RH ranges about 95–97%) during the dehydra-
tion experiment before entering into the RH conditioner (where RH was
controlled between 95 to 5%; see Fig. 2c). The humidified particle size
was measured using DMA2 coupled with CPC. The size distributions
of humidified particles, which were corrected for diffusion losses in the
H-TDMA, were fitted with the lognormal Gaussian distribution. Because
weused themode diameter of the curvefit, the broadening effects caused
by the transfer functions of the first and second DMAs were negligible
(Jung et al., 2011). Although the Gysel's approach (Gysel et al., 2009)
is the most reliable approach to analyze the H-TDMA data, we used
Gaussian fittings because the obtained size distributions in this study
are based on the offline analysis.

The measurement errors of the mode diameters were calculated by
classifying 100 nm dry particles in the DMA1 and then measuring the
deviations of the mode diameters using DMA2 along with CPC under
dry condition. Since both DMA1 and DMA2 were calibrated in the
same manner, the deviations may represent the errors of about 1% in
the diameter measurement originating from DMA in this study.

Concerning the RH errors, when RH of the sample air is about 90%,
the differences in RH between the sample and sheath air (sheath in
and sheath out) were within 1 and 2% in the hydration and dehydration
experiments, respectively. However, the RH differences were about 8%
when RH b50%. The weighted average of RH in the sheath and sample
airs by their flow rates, is defined as the measured RH in DMA2. All
HTDMA measurements were performed at 293–295 K. We used the
filtered dry air as a sheath air for HTDMA measurements. The com-
pressed air was passed through a filter (TSI filtered air supply model
no. 3074B) to remove organic particulates and through a series of diffu-
sion dryer to eliminate the moisture and polar VOCs.

The hygroscopic growth factor, g(RH), can be defined as:

g RHð Þ ¼ D RHð Þ
D0

ð1Þ

where D0 is the initial dry particle diameter at RH b5% and D(RH) is the
diameter at an elevated RH.

In general, theoretical growth factors (g(RH)) are calculated with a
volume equivalent diameter (De), but H-TDMA measurements are
based on the mobility diameter (Dmob). For spherical particles only,
Dmob is equal to the De. For non-spherical shape particles, a shape
correction factor, called dynamic shape correction factor (χ), was intro-
duced to convert Dmob into the De (Hinds, 1999; Krämer et al., 2000).
The nebulized dry particles are supposed to be spherical, but cracks
and cavities are possibly formed in the particle structure because the
particles are suddenly exposed to dry air (RH b 5%) in the diffusion
dryers, leading to fast evaporization, crystallization and, as a result, a
significant reduction in the particle diameter (Gysel et al., 2004) (see
Fig. 2a). This irregular structure in the dry particle may create an incon-
sistency between Dmob and De of particles, hence, may bias the g(RH).

To account for this irregular structure in dry particles, a shape cor-
rection factor (χ) was introduced to interpret the measured g(RH)
(Kreidenweis et al., 2005) as:

g RHð Þ ¼ χ
D RHð Þ
D0

ð2Þ

where χ is defined as:

f n ¼ De

Dmob
¼ 1

χ
Cc Deð Þ

Cc Dmobð Þ ð3Þ

where fn was calculated from the ratio of the minimum mobility
diameter (Dmin=De) in our size spectra to the initial mobility diameter
(D0) (Boreddy et al., 2014b; Jung et al., 2011). Cc is the Cunningham slip
correction factor, De is the volume equivalent diameter and Dmob is the
dry mobility equivalent diameter (D0). χ is a dynamic shape factor that
converts Dmob into De (Kasper, 1982). χ can vary based on the shape of
the particle. χ values are 1, 1.08, and ≥2 for spherical, cubical and
agglomerated shaped particles, respectively (Brockmann and Rader,
1990). Fig. 2b presents the shape corrected g(RH)WSM during the hydra-
tion experiment, whereas Fig. 2c shows themean g(RH) as a function of
RH on hydration and dehydration experiments. The vertical line passing
through the points denotedby±σ standard deviation. The g(RH)below
40% RHwas removed due to the restructuring of particles during hydra-
tion and dehydration experiments.



Fig. 2.Changes in (a)Gaussianmodediameters and (b) g(RH)WSMduring thehydration experiment for the sample 27 toDec. 2008. The g(RH) N1 in the shaded area in Fig. 2b are due to the
restructuring of particles during the experiment but not due to water uptake. (c) mean g(RH) as a function of RH on hydration and dehydration modes. The vertical lines passing through
the points denote ±σ standard deviation. The g(RH) below 40% RH was removed due to the restructuring of particles. Initial dry particle diameter is 100 nm.

Fig. 3.Hysplit 7-day backward airmass trajectories at 500m over the Bay of Bengal during
the cruise period (December 27, 2008–January 30, 2009). Color of trajectories indicates
heterogeneity in the source regions (black: IGP; blue: central BoB; red: SEA). (For interpreta-
tion of the references to color in thisfigure legend, the reader is referred to thewebversion of
this article.)
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To validate the proper H-TDMA sizing and operation, the g(RH) of
pure (NH4)2SO4 particles were measured and compared with the
modeled growth factor estimated from the aerosol inorganic model
(AIM) (Clegg et al., 1998). The measured and modeled growth g(RH)
shows a good agreement within 2% at 85% RH, and within 5% at 90%
RH. We also performed the reproducibility test. The results showed
that the difference in g(90%) was less than 5%. This value is consistent
with the previous measurements (Boreddy et al., 2014b).

It is important to note that the hygroscopicity data obtained in this
study may not be exactly same with those of the real ambient particles
because aerosol particles were generated by nebulization of water-
soluble extracts, instead of in-situ measurement of ambient particles
on-board. Therefore, it is likely that in-situ measurements may provide
a different picture of hygroscopic properties from off-line measurements,
depending on the particle size, chemical compositions and internal/exter-
nal mixing conditions. However, it is also true that externally mixed
particles are subjected to aerosol liquid phase when relative humidity
increases at night up to nearly 100% over the ocean. This situation should
be similar to our experimental condition; i.e., exposure of the particles to
the aqueous phase followed by the particle formation by nebulization.

3. Results and discussion

3.1. Backward trajectory analysis

Fig. 3 shows the 7-day backward air mass trajectories calculated at
an altitude of 500 m for each sampling point during the period of 27th
December 2008–30th January 2009 over the BoB using a HYSPLIT
model (Draxler and Rolph, 2003). We found a clear difference in the
origin of air masses during the cruise period. Such air masses may be
different in the totalWSM as well as characteristics of the hygroscopicity.
The air masses mainly originated from the Indo-Gangetic plain (IGP in
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northeastern India) were delivered to the northern BoB whereas those
originating from Southeast Asia (SEA) were delivered to the southern
BoB. Fig. 3 clearly shows that SEA air masses are more aged than that of
IGP air masses during the cruise period. This point is further clarified by
high WSOC/OC ratios over the southern BoB (Srinivas and Sarin, 2013).
On the other hand, the trajectories indicated by the blue color originated
within the ocean and carried the lowest WSM mass concentrations,
providing the lowest hygroscopicity over the central BoB. These points
will be further discussed in the following section.

3.2. Temporal and spatial variations in mass fractions of total WSM and
g(90%)WSM

Fig. 4 presents the temporal variations of mass fractions of total
WSM and the g(90%) extracted from the marine boundary layer PM2.5

aerosols over the BoB during the period of 27th December 2008–28th
January 2009. The vertical dotted line in the Fig. 4 represents the isolation
of northern and southern regions of the BoB. We found clear significant
Fig. 4. Temporal variations of (a–b) major chemical mass fractions of total WSM and
(c) g(90%)WSM and total WSM over the BoB.
temporal–spatial variations in the mass fractions of total WSM and the
g(90%) over the BoB. SO4

2− is the most abundant species, whose mass
fractions in total WSM ranged from 0.17 to 0.55 (0.43 to 0.58) followed
by WSOM, which ranged 0.22 to 0.69 (0.17 to 0.37), whereas mass
fractions ofNH4

+ ranged from0.04 to 0.20 (0.10 to 0.16) over the northern
(southern) BoB. The rest of the mass fractions showed lower contribu-
tions, i.e., less than 8% to the total WSM (see Fig. 4a). Total WSM concen-
trations varied between 7.54 to 57.5 μgm−3 and 3.01 to 24.9 μgm−3 over
the northern and southern BoB, respectively. On the other hand, themea-
sured hygroscopic growth of WSM of aerosol particles at 90% RH,
g(90%)WSM, ranged from 1.11 to 1.74 over the northern BoB and 1.12 to
1.38 over the southern BoB during the cruise period. Fig. 4 also depicts
the significant higher values in the mass fractions of WSOM, total WSM,
and g(90%)WSM over the northern BoB. In contrast, mass fractions of K+

showed higher values over the southern BoB, probably due to the domi-
nant fire counts associatedwith SEA airmasses (David et al., 2011). How-
ever, we couldn't find any significant difference between the northern
and southern BoB in the mass fractions of NH4

+ and SO4
2−.

Fig. 5(a–b) shows the spatial distribution of total WSM and
g(90%)WSM over the BoB. As seen in Fig. 5, higher g(90%)WSM and total
WSM were observed over the northern BoB where air masses are deliv-
ered from the IGP (northeastern India). IGP is one of the most densely
populated regions on the globe, resulting large anthropogenic emissions.
In winter, IGP is often covered with a thick haze layer (Gautam et al.,
2007). The low altitudinal prevailing winds with low speed are impacted
by a localized area of strong subsidence. These conditions tend to trap the
Fig. 5. Spatial variations of (a) totalWSM and (b) g(90%)WSM over the BoB. The dotted line
indicates cruise track and solid squares alongwith cruise track represent themean latitude
and longitude corresponding to each day during the cruise.
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pollutants at low altitudes (Dey and Di Girolamo, 2010; Jethva et al.,
2005). Moorthy et al. (2010) reported high values of aerosol optical
depth (AOD); Srinivas and Sarin (2013) observed high abundance of
water-soluble organic carbon over the northern BoB when air masses
are associated with the IGP during the same cruise.

David et al. (2011) reported higher mixing ratios of surface ozone
and its precursor gases such as NO2 and CO over the northern BoB,
where the airmasses are associatedwith the IGP owing to the advection
from the IGP/Bangladeshwhereas lowermixing ratios were observed in
the southern BoB from the same cruise. In addition to this study, we
present MODIS satellite images of aerosol optical depth (AOD@550 nm)
and cloud condensation nuclei number concentrations (CCN_Ocean,
CCN/cm2) over the BoB during the cruise period (Dec, 08 to Jan., 09) in
Fig. S2, where the results reveal higher AOD and CCN over the northern
BoB. Therefore, our results suggest that IGP is a strong source region for
the anthropogenic pollutants that are transported to the northern BoB
in winter, where they enhance the g(90%)WSM of marine boundary layer
PM2.5 aerosol particles.

In contrast, lower g(90%)WSM valueswere observed over the southern
BoB, influenced by aged SEA air masses, which were also influenced by
biomass burning (David et al., 2011). It is important to emphasize that
lower growth factors over the southern BoB indicate that these particles
were composed of low soluble inorganic and organic salts. This mixing
state suggests that these particles were emitted from anthropogenic
and/or biomass burning sources and altered via heterogeneous reactions
during transport from continental landmasses to the sampling sites. This
result indicates that aging processes associated with chemical reactions
play an important role in the hygroscopic properties of aerosol particles
over the southern BoB. However, particles with g(90%)WSM less than 1.2
were observed in the central and south of the BoB when the air masses
are coming from Myanmar (see Fig. 2 as indicated by the blue color).
The reason might have been due to the less water-soluble matter
observed over that region as shown in Fig. 5a.

Table 1 presents the Pearson correlation coefficient matrix among
the chemical mass fractions of total WSM over the northern BoB during
the cruise period. Results show that the mass fractions of SO4

2− showed
a strong positive correlation with NH4

+ (R = 0.90, p b 0.0001) and a
negative correlation with K+ (R = −0.87, p b 0.0001), indicating that
significant formation of (NH4)2SO4 (high hygroscopic salt) and there is
no formation of K2SO4 (low hygroscopic salt). This result also indicates
the dominance of anthropogenic than biomass burning emissions over
Table 1
The Pearson correlation coefficient matrix of water-soluble fractions of total WSM over the (a)

Na+ NH4
+ K+ Mg2+

(a) Northern BoB
Na+ 1
NH4

+ −0.6# 1
K+ 0.36 −0.89⁎ 1
Mg2+ 0.92⁎ −0.5 0.34 1
Ca2+ 0.85⁎ −0.39 0.3 0.91⁎

Cl− 0.43 −0.53# 0.46 0.41
NO3

− 0.05 −0.47 0.37 −0.06
SO4

2− −0.18 0.90⁎ −0.87⁎ −0.12
WSOM 0.21 −0.90⁎ 0.88⁎ 0.14

(b) Southern BoB
Na+ 1
NH4

+ −0.77⁎ 1
K+ 0.44 −0.33 1
Mg2+ 0.84⁎ −0.43 0.48 1
Ca2+ 0.50# −0.33 0.02 0.36
Cl− 0.43 −0.29 0.53# 0.37
NO3

− 0.24 −0.59# −0.27 −0.07
SO4

2− 0.32 0.20 0.70⁎ 0.60#

WSOM −0.56# 0.02 −0.77# −0.72#

⁎ Correlation is significant at less than 0.01 levels.
# Correlation is significant at less than 0.05 levels.
the northern BoB in winter. This is further supported by the existence
strong negative correlation between K+ and NH4

+ with a correlation
coefficient of −0.89 (p b 0.0001). Mass fractions of WSOM correlated
positively with K+ (R = 0.88, p b 0.001) and negatively with NH4

+

(R=−0.90, p b 0.001) and SO4
2− (R=−0.99, p b 0.001). These results

demonstrate that the formation of potassium–organic salts (such as
K2C2O4, see Fig. S3a) and secondary formation of WSOM were less
significant over the northern BoB.

On the other hand, the Pearson correlation coefficient matrix among
themass fractions of chemical species over the southern BoBwas shown
in Table 1b.We found that SO4

2− showedmoderate positive correlations
with K+ (R = 0.70, p b 0.0001) and Mg2+ (R = 0.60, p b 0.05) and no
significant correlation with NH4

+ (R = 0.20, p = 0.4), suggesting that
formation of less hygroscopic salts such as K2SO4, MgSO4, etc. over the
southern BoB. We also found mass fractions of WSOM showed signifi-
cant negative correlation with K+ (R = −0.77, p b 0.05), Mg2+

(R = −0.72, p b 0.05), and SO4
2− (R = −0.93, p b 0.0001).

The above results suggest that the mixing state of chemical species
and their formation mechanisms were different over the northern and
southern BoB, which were associated with anthropogenic IGP and bio-
mass burning SEA air masses, respectively. This difference in themixing
states may clearly reflect the hygroscopic properties of aerosol particles
over the BoB.

3.3. Chemical closure on hygroscopicity

In order to assess the link between the hygroscopicity and chemical
composition, we performed correlation analyses between g(90%)WSM

and major mass fractions of the total WSM during the cruise and the
correlation coefficient (R) values were reported in Table 2. We found
that g(90%)WSM showed significant positive correlations with NH4

+

and SO4
2− but negative correlationswith K+ andWSOMover the north-

ern BoB. This result demonstrates that the hygroscopicity over northern
BoB was mainly controlled by ammonium sulfate particles. This is
further supported by the robust correlation between NH4

+ and SO4
2−

over the northern BoB as discussed above. However, formation of
K2C2O4 and WSOM may suppress the hygroscopic growth of aerosol
particles over the northern BoB.

We didn't find the contribution of sea-salt particles to the high
g(90%)WSM over the northern BoB, especially on 1/7/2009, because we
found strong correlations between the mass fractions of Na+, Mg2+,
northern BoB and (b) southern BoB.

Ca2+ Cl− NO3
− SO4

2− WSOM

1
0.39 1

−0.09 0.49 1
−0.03 −0.43 −0.64 1

0.04 0.39 0.57# −0.99⁎ 1

1
0.3 1
0.3 −0.3 1
0.25 0.21 −0.51# 1

−0.4 −0.48 0.42 −0.93⁎ 1



Table 2
The Pearson correlation coefficients of water-soluble fractions vs hygroscopic growth (g(90%)) over the northern BoB and southern BoB during the cruise.

Hygroscopic growth factor, g(90%)WSM Vs

Na+ NH4
+ K+ Mg2+ Ca2+ Cl− NO3

− SO4
2− WSOM

Northern BoB −0.29 0.55⁎ −0.59⁎ −0.39 −0.32 −0.36 −0.11 0.60⁎ −0.52#

Southern BoB −0.51⁎ 0.45# −0.75⁎ −0.50⁎ −0.25 −0.47 −0.08 −0.28 0.46⁎

⁎ Correlation is significant at less than 0.01 levels.
# Correlation is significant at less than 0.05 levels.

Fig. 6. Scatter plots between the g(90%)WSM and WSOM/SO4
2− mass fractions ratios over

the (a) northern BoB and (b) southern BoB. The red colored squares are excluded from
the regression analysis. For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.
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and Ca2+ ions, indicating the influence of continental air masses over
the northern BoB (see Table 2a and Fig. 3). Moreover, the highest
g(90%)WSM at 1/7/2009 was 1.74, which is almost equal to the g(90%)
of pure ammonium sulfate (1.74), derived from the aerosol inorganic
model (AIM). Therefore, we believe that the higher g(90%)WSM values
over the northern BoB are probably due to the sulfate particles that
are associated with anthropogenic IGP air masses.

On the other hand, the g(90%)WSM showed a negative correlation
with SO4

2− and significant positive correlation with NH4
+ (see Table 2).

We found no correlation between NH4
+ and SO4

2−, demonstrating that
there is a noor less formation of (NH4)2SO4 and SO4

2− thatmayprobably
correlate with K+ and Mg2+ rather than NH4

+ over the southern BoB.
This result suggests that hygroscopicity over the southern BoB was
probably controlled by the formation of less hygroscopic salts such as
K2SO4, (NH4)2C2O4 and K2C2O4 (Pagels et al., 2003; Boreddy et al.,
2014b). Though there is no correlation between the mass fractions of
NH4

+ and WSOM (see Table 1b), we found a strong relation between
NH4

+ and oxalic acid (see Fig. S3b), suggesting that water-soluble
organics play an important role on the hygroscopicity of the southern
BoB aerosol particles.

To better understand the importance ofWSOM on the hygroscopicity
over the BoB, we performed a correlation analysis between the
g(90%)WSM and WSOM/SO4

2− ratios over the northern and southern
BoB as shown in Fig. 6a and b, respectively. As seen in Fig. 6a, the
g(90%)WSM significantly (p b 0.01) increases with a decrease in
WSOM/SO4

2− ratios, implying that SO4
2− plays a crucial role in the

hygroscopic growth of the northern BoB aerosols. In contrast, the
g(90%)WSM significantly (p b 0.01) increases with increasing
WSOM/SO4

2− ratios over the southern BoB as shown in Fig. 6b. This
result suggests that WSOM plays a major role on the hygroscopicity
over the southern BoB aerosols. Fig. 6 also reveals that the mixing
state of organic and inorganic fractions is different over the northern
and southern BoB.

3.4. Spatial variation of hygroscopic growth of WSOM

The g(RH)WSOM can be retrieved using the inverse ZSR model
(Stokes and Robinson, 1966) as follows (Boreddy et al., 2014b; Cruz
and Pandis, 2000; Jung et al., 2011; Seinfeld and Pandis, 1998)

g RHð ÞWSOM ¼ g RHð ÞWSM

� �3− εWSIMg RHð ÞWSIM

� �
εWSOM

30
@

1
A

1
3

ð4Þ

where εWSIM and εWSOM represent the volume fractions of WSIM and
WSOM in theWSM, respectively. The g(RH)WSM and g(RH)WSIM represent
the measured growth factors of water-soluble matter using HTDMA and
water-soluble inorganicmatter, the latter is calculatedusing the extended
aerosol inorganic model (E-AIM). More information about the E-AIM
model is available elsewhere (Aggarwal et al., 2007; Boreddy et al.,
2014a; Clegg et al., 1998).

We assume that the dry particle is composed of (NH4)2SO4, NH4NO3,
NaCl, and WSOM. In E-AIM model, we used molar concentrations of
measured SO4

2−, NO3
−, NH4

+ ions and H+ concentrations are used to
balance the ion charge. Ca2+, Mg2+, and K+ are neglected, due to
their low abundances (see Fig. 4). To calculate the WSOM from WSOC
mass concentrations, the ratio of organic mass to organic carbon mass
(χ) and the density of WSOM (ρWSOM) should be correctly determined.
In this study, we used the χ/ρWSOM of 1.5 g−1 cm3 (Aggarwal et al.,
2007). This is consistent with the consideration of χ = 2.1 (Kiss et al.,
2002) and ρWSOM = 1.4 g cm−3 (Dick et al., 2000) for the typical
water-soluble organics in the aerosol particles.

Fig. 7 presents the spatial variations ofWSOM and g(90%)WSOM over
the BoB. Concentrations of WSOM varied between 3.22 to 17.3 μg m−3

and 1 to 8.54 μg m−3 over the northern and southern BoB, respectively.
As seen from Fig. 7a, we found higher and lower levels of WSOM over
the northern and southern BoB, respectively. The retrieved
g(90%)WSOM N1 over the northern BoB aerosols were associated with
IGP air masses. In contrast, we found g(90%)WSOM ≤1 (Fig. 7b) for all
the samples in the southern BoB. The g(90%)WSOM varied in a range of
1.10–1.67 with a mean of 1.39 ± 0.28, in which we considered only
g(90%)WSOM N1 for the mean and standard deviation calculations. The



Fig. 7. Spatial variations of (a) WSOM, (b) g(90%)WSOM, and (c) total diacid (C2:C12) con-
centrations over the BoB during the cruise.
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range of g(90%)WSOM is consistent with those of lowmolecular weight di-
carboxylic acids (range: 1.30–1.53) such as malonic, glutaric, citric,
malic, and tartaric acids (Peng et al., 2001).We also found high abun-
dances of total dicarboxylic acids (C2–C12) over the same region in
the BoB (see Fig. 7c), where we found higher g(90%)WSM and
g(90%)WSOM. Therefore, this result demonstrates that low molecular
weight dicarboxylic and multifunctional acids are significantly con-
tributing to the g(90%)WSOM over the northern BoB. The retrieved
g(90%)WSOM ≤1 for all samples over the southern BoB, may be caused
by the formation of water-insoluble organics, such as soot, which are
associated with biomass burning influenced aged SEA air masses.
4. Summary and conclusions

We investigated hygroscopic properties of water-soluble matter
(WSM) extracted from PM2.5 aerosols that were collected from the
marine atmospheric boundary layer of the Bay of Bengal (BoB) duringDe-
cember 2008 to January 2009. Hygroscopic growth factors of WSMwere
measured using an H-TDMA system for the nebulized particles with an
initial dry diameter size of 100nm in the range of 5–95%RH. A keyfinding
is that northern Indian IGP air masses could clearly be distinguished from
the SEA airmasses by taking into account only the hygroscopic character-
istics, i.e., IGP aerosols were more hygroscopic (g(90%)WSM: 1.11 to 1.74)
than SEA aerosols (1.12 to 1.38). This is further supported by the high
abundance of WSM associated with IGP air masses.

For all the samples, SO4
2− and NH4

+ are dominating the mass
fractions followed by WSOM during the cruise. The Pearson correlation
coefficient matrix shows that formation of hygroscopic salts, such as
(NH4)2SO4, are more significant over the northern BoB, whereas in the
southern BoB, formation of less hygroscopic salts such as K2SO4, MgSO4

and organic salts were important. Interestingly, WSOM showed negative
andpositive correlationswith g(90%)WSMover the northern and southern
BoB, respectively, suggesting that themixing state of organic and inorgan-
ic fractions could play a major role in controlling the g(90%)WSM over the
BoB. Further, WSOM/SO4

2− mass fraction ratios suggest that SO4
2− domi-

nates the g(90%)WSM over the northern BoB. On the other hand, WSOM
fractions were important over the southern BoB. This study also suggests
that aging process could significantly shrink the hygroscopic growth of
aerosol particles over the BoB, especially over the southern BoB.

We found that the retrieved g(90%)WSOM N1 over the northern BoB
aerosols were associated with IGP air masses. We compared the calcu-
lated mean value g(90%)WSOM with those of low molecular weight
dicarboxylic and multifunctional acids. This result further supported
that high abundances of total water-soluble dicarboxylic acids over
the northern BoB can control the g(90%)WSOM. The present study
demonstrates that the mixing state of inorganic (SO4

2−) and organic
(for example dicarboxylic acids) compounds during aging could signif-
icantly affect the hygroscopic growth of PM2.5 aerosols over the BoB.
However, in-situ H-TDMA measurements should be conducted in the
future over the BoB to confirm the above conclusions.

This study provides a detailed characterization of hygroscopic prop-
erties of WSM over the BoB. We believe that the growth factor data
reported here will be useful for radiative forcing and climate models
aswell as regionalmodel studies over the oceanic regions. The sampling
region in the Bay of Bengal is characterized by a strong heterogeneity in
air masses, reflecting the chemical and hygroscopic properties of the
marine aerosol particles.
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