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Abstract
Size-fractionated particulate matter (PM), associated polycyclic aromatic hydrocarbons (PAHs), and their dry deposition fluxes
were measured in a coastal urban environment of Mumbai, India. PM samples were collected using a variable configuration
cascade impactor (VCCI) with 11 size fractionation stages. Dry deposition samples were collected using a round-bottomed PVC
tray. High-performance liquid chromatography (HPLC) was used for the identification and quantification of PAHs in samples.
PM were observed to range between 58 and 130 μg m−3, with a mean dry deposition flux of 1298 mg m−2 day−1. Observed PM
concentrations during the sampling period were found to be well above the WHO Air Quality Guidelines. A strong linear
correlation was observed between the gravitational settling velocities and estimated dry deposition velocities for PM.
Concentrations of PAHs associated with PM were observed to be in the range 101–145 ng m−3 while their dry deposition fluxes
varied from 1008 to 1160 ng m−2 month−1. The molecular diagnostic ratios (MDRs) indicated that sources of PAHs in the study
area were petrogenic as well as non-traffic. The dry deposition velocities calculated for PAHs were in the order of 10−4 cm s−1 to
10−3 cm s−1 in the entire size range.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group of organ-
ic compounds containing two or more fused rings (Nasibande
et al. 2019). These compounds have low solubility in water and
have preferential adsorption on solid and carbonaceous mate-
rials in the environment. PAHs are ubiquitous in the environ-
ment with several studies reporting their presence in the air,
sediments, soils, and wastewater sludge (Kim et al. 2013;
Tiwari et al. 2017a; Ncube et al. 2018). Atmospheric PAHs
are contaminants of concern in urban air as they are carcinogenic
and mutagenic (Garrido et al. 2014). PAHs are produced from

incomplete combustion or pyrolysis of carbon-containing mate-
rials such as fossil fuels and biomass. Generally, PAHs are pro-
duced from anthropogenic emissions such as industrial produc-
tion, transportation, and waste incineration. The predominant
source of PAHs in an urban environment is vehicular emissions
(Khaiwal et al., 2008; Gupta et al. 2011). Other anthropogenic
sources of PAHs consist of residential heating; coal gasification
and liquefying plants; carbon black, coal-tar pitch, and asphalt
production; catalytic cracking towers; and related activities in
petroleum refineries (Abdel-Shafya and Mansour 2016). PAHs
are also subjected to gas and particle-phase partitioning in am-
bient air (Shen et al. 2011), which depends on particle sizes,
PAH species, and meteorological parameters. The size distribu-
tion of particles onto which PAH attaches plays a critical role in
their impact on health and their fate in the environment. High
molecular mass PAHs predominantly accompany fine atmo-
spheric particulate matter (PM2.5 refers to atmospheric particu-
late matter (PM) that has an aerodynamic diameter of less than
2.5 μm) (Wu et al. 2014; Tong et al. 2019). As deposition of
particles in the respiratory tract through inhalation depends on
their size, fine particles with PAHs can penetrate deep into the
human respiratory system and exhibit adverse health effects
(Zhang et al. 2012; Burkart et al. 2013; Tiwari et al. 2017).
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Over the previous decade, several measurements of size distri-
butions of atmospheric PAHs have been reported from various
regions around the world (Kaupps and McLachlan 1999; Lee
et al. 2008; Wang et al. 2009; Gupta et al. 2011, Gnauk et al.
2011; Phoothiwut and Junyapoon 2013; Shi et al. 2015;
Pooltawee et al. 2017). Due to persistence in the environment
and their semi-volatile nature, PAHs deposited onto soils, veg-
etation, and watersheds can be re-emitted to the atmosphere.
There is rising evidence that low molecular weight PAHs can
be formed naturally in soils and volatilize to the atmosphere and
can contribute to atmospheric concentration (IARC 1991;
Cincinelli et al. 2007). Increasing concentration of PAHs in
the atmosphere is concerning for human health. Various national
and international bodies have proposed air quality standards for
some high toxic PAHs that aim to reduce atmospheric emissions
and exposure (Katsoyiannis et al. 2011). Methodologies for
PAH source identification and apportionment comprise various
emission inventory modeling tactics, multivariate statistics, and
alternatively to them, the use of markers and diagnostic ratios.
Selected PAH concentration ratios of ambient samples and
source emissions are often used as diagnostic tools to recognize
the sources of PAHs (Dvorská et al. 2011).

Dry deposition is a crucial route for the removal of gases and
particles from the atmosphere, via diffusion, impaction, or grav-
itational settling onto vegetation, soil, and water bodies, follow-
ed by attachment to these materials. The dynamics governing
dry deposition of a gaseous species or a particle are atmospheric
turbulence, physio-chemical properties of the depositing species,
and the nature of the depositing surface (Seinfeld and Pandis
2006). Dry deposition is a multifaceted process that is governed
by the chemical properties of PM and their sources, meteorolog-
ical parameters, and surface topographies. The deposition of
particles from the atmosphere to the Earth’s surface is also
steered by different forces such as friction drag and terrain-
based flow alterations (Stull 2012). To understand the factors
governing dry deposition process, it is necessary to estimate the
residence time of atmospheric particulates, which impacts their
long-range transport, transboundary fluxes, and associated cli-
mate effects (Pryor et al. 2008). For PM, their size, density, and
shape regulate their adsorption on surfaces. An inert surfacemay
forbid absorption or adsorption of some gases, while a flat sur-
face may lead to particle bouncing-off. Complex natural sur-
faces, such as vegetation, show large surface variability often
challenging to describe theoretically, generally enhance dry de-
position due to their surface non-uniformity (Seinfeld and
Pandis 2006). Dry deposition is slow for particles of diameter
0.1–1 μm (fine), but dominant for larger (coarse) and smaller
(ultrafine) particles. The dry deposition fluxes of various sub-
stances appear to be governed by large particles, even for com-
pounds with an extremely low association in this size range
(Birgül et al., 2011). Particle sizes also determine thewet remov-
al of the PM and the associated chemicals. Measurement of
particle size distributions in and under the clouds, before and

after precipitation events indicates a marked size dependence for
the wet deposition efficiencies for atmospheric particles (Radke
et al. 1980; Chate et al. 2003). PAHs such as phenanthrene,
fluoranthene, pyrene, chrysene, benzo[b]fluoranthene, and
benzo[k]fluoranthene were identified to be the dominant PAHs
associated with the deposited aerosol particles (Wang et al.
2014). Given the significance of particle size distribution for
the atmospheric fate of organic substances, minimal information
is available on this subject. As the particle size determines most
of the properties of PM, a study of size-fractionated particle-
bound substance is relevant for estimating their input into eco-
systems through dry deposition.

The present study aims to measure particle size distribu-
tions of PM and associated PAHs and dry deposition sampling
in Mumbai, India, fromMarch 2018 to May 2018. The objec-
tives of the study can be listed as follows: (i) collection of the
PM using variable configuration cascade impactor (VCCI) (ii)
analysis of the PAH distribution among the different size frac-
tion (iii) collection and analysis of dry deposition samples for
PM and PAHs (iv) calculation of deposition velocity and
fluxes for PM and PAHs.

Materials and methods

Study area

Size-fractionated PM samples were collected at Trombay
(19.0° N, 72.9° E), a coastal urban environment of Mumbai.
The sampling site is boarded by the Arabian Sea on one side
(east) and by an industrial area (separated by a hill) on the
other side (west). The sampling site is close to various indus-
tries, viz., coal- and oil-burning power plant, oil refineries, a
fertilizer plant complex, and automobile, metallurgical, chem-
ical, paint, and small metal industry plants in the west direc-
tion. On the east, crossing the Trans Thane Creek (TTC),
several other industrial areas are located, e.g., Maharashtra
Industrial Development Corporation, Taloja, Turbhe, Trans
Thane Creek, and Jawaharlal Nehru Port Trust (JNPT, one
of the largest ports in India, handling various chemicals, pe-
troleum products, crude oil, and other merchandises).Mumbai
receives significant rainfall during the monsoon (June–
August), with an annual average of 2240mm. The wind speed
at the sampling site varied from 0.5 to 7.5 m s−1 in summer
and winter and was found to be as high as 17 m s−1 in the
monsoon (Police et al. 2018; Tiwari et al. 2019).

Sampling

Size-segregated PM samples were collected from March to
May 2018, using a custom-built variable configuration cas-
cade impactor (VCCI). Details of VCCI sampler are described
elsewhere (Tiwari et al. 2013; Singh et al. 2010). Air sampling
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was carried out on a rooftop of a 10-m high building at
Trombay, Mumbai. Discs of glass fiber filter paper (EPM
2000,Whatman) were used for size-segregated PM collection.
Previously, numbered glass fiber papers were dried in an oven
at 400 °C for 6 h to remove possible organic contaminants and
stored in a desiccator for 24 h before weighing. Sampling air
was drawn through the impactor at a flow rate of 0.6 m3 h−1.
The size ranges (in μm) collected from the different stages of
cascade impactor were > 21.3, 21.3–15.1, 15.1–11.2, 11.2–
7.38, 7.38–5.47, 5.47–2.23, 2.23–1.13, 1.13–0.75, 0.75–
0.50, 0.50–0.30, 0.30–0.10, and < 0.10. Sampling was carried
out twice a week (30 h to each, 19 m3 of air). The images of
VCCI and collected PM samples are shown in Fig. 1. Filter
papers were again weighed after the collection, and the mass
difference was used to calculate mass loading in each stage of
the impactor.

During the sampling period, rainfall is minimum, so only
dry deposition samples were collected. Samples were collect-
ed using a custom-built round bottom PVC tray (bottom di-
ameter 30 cm, height 25 cm). This method of sample collec-
tion and processing has been adopted as per Terzi and Samara
2005. Samples were collected at a distance of 100 m from the
VCCI sampling location. The dry deposition samples were
collected once on a bi-weekly basis by rinsing PVC tray with
double distilled water after the removal of any visual contam-
ination like bugs, birds, and droppings. The walls of the PVC
tray were further wiped with glass wool to collect all the sam-
ples. Dry deposition samples were stored in the refrigerator at
− 20 °C until analysis.

Sample extraction and instrumental analysis

After collecting the size-fractionated PM, the glass fiber filter
papers were chemically processed for the extraction of PAHs.
The solvents and reagents used were of HPLC grade purity.
Amber glassware was used during the extraction and analysis

of the samples to inhibit photo-degradation of PAHs. The
glass fiber filter paper samples were cut into small pieces
and were subjected to ultra-sonication in 40 mL n-hexane
for 1 h. The extracts were filtered throughWhatman 542 filter
paper. The filtrates were kept for natural evaporation in a fume
hood until the volume reduced to 1 mL. Extracted samples
were passed through a silica column of 10 cm × 2 cm size with
50 mL of n-hexane and dichloromethane at the ratio of 1:1 (v/
v) as clean up before chromatographic analysis (Tiwari et al.
2013). Samples of dry deposition (as water suspension) were
filtered through C-18 SPE cartridges (1 g). Cartridges were
subjected to ultra-sonication in 60 mL acetonitrile for 1 h.
Further processing was similar to PM extraction and clean
up procedure as described above.

The identification and quantification of PAHs were per-
formed on a high-performance liquid chromatography
(HPLC) system (Jasco X-LC). HPLC system consists of a
binary pump (model: Jasco X-LC 3185PU) with an
autosampler (model: Jasco X-LC 3159AS), with a multi-
wavelength detector (model: Jasco MD-2015plus). Jasco
LC-NETII/ADC was used for data processing and
ChormNAV as acquisition software. The detector wavelength
was set at 254 nm, which shows maximum absorbance re-
sponse to the polycyclic aromatic hydrocarbons (Sahu et al.
2009). The analysis was carried out in reverse phase and
isocratic mode (acetonitrile:H2O, 70:30), C-18 column
(5 μm size fully porous Octadecyl silane packing, Merck
Germany), 250 mm× 4.6 mm (i. d.) with a C-18 guard col-
umn. A standard synthetic mixture of PAHs (Supelco, USA)
was used as an external standard.

Data analysis

The most important surface properties which determine the
dry deposition process include chemical and biological reac-
tivity, geometry and roughness, terrain characteristics, and

Fig. 1 Variable configuration
cascade impactor (VCCI) and
photographs of selected stage
samples
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wetness. Natural surfaces, such as vegetation, generally facil-
itate dry deposition (Pacyna 2008). Dry deposition is the por-
tion of the total deposition in dry weather through processes
such as settling, impaction, and adsorption. Dry deposition is
usually quantified in terms of the flux F, which is a function of
the dry deposition velocity (vd) and concentration of a chem-
ical in the air (C):

vd zð Þ ¼ F
C zð Þ ð1Þ

Resistance models for dry deposition are used to calculate
the dry deposition velocity based on the resistance to transport
for each step in the process:

vd ¼ 1

ra þ rb þ rc
þ vg ð2Þ

where ra is the resistance to aerodynamic transport, rb is the
resistance to the transport through the boundary sublayer, rc is
resistance to the collection by the surface, and vg is gravita-
tional settling velocity.

vg ¼
ρpDp

2g Cc

18 μ
ð3Þ

Cc ¼ 1þ 2λ
Dp

1:257þ 0:4 exp −
1:1Dp

2λ

� �� �
ð4Þ

where ρp is particle density, Dp is particle diameter, μ is the
viscosity of air, andCc is the slip correction coefficient defined
in Eq. (4). The viscosity of air as a function of temperature is
defined as Eq. (5).

μ ¼ 1:8� 10−5
T
298

� �0:85

ð5Þ

where T is expressed in K and λ is the air mean free path
(Seinfeld and Pandis 2006). The three transport processes
(aerodynamic transport, the transport through the boundary
sublayer, and the resistance to the collection by the surface)
must be considered to model the dry deposition of fine parti-
cles. The aerodynamic transport of fine particles occurs by
turbulent diffusion and gravitational sedimentation with a lit-
tle influence of Brownian diffusion. The turbulent diffusion
coefficient of a given chemical above the vegetation canopy is
assumed to be the same as the kinetic eddy viscosity of the air.
Particles can also be transported in the air by turbulent bursts,
such as eddies from the free atmosphere or eddies created by
the surface roughness. The rate of particle transport by turbu-
lent bursts is comparable with the rate of aerodynamic trans-
port in the region and is not affected by the viscous sublayer
(Mohan 2016). Meteorological dynamics, such as tempera-
ture, wind speed, and relative humidity, can affect the stability
and particle friction velocity in the atmosphere. Deposition

velocity and concentration of the PM are also intensely affect-
ed by friction and atmospheric stability classes (Connan et al.
2013, Wu et al. 2018). Thus, one can determine that meteoro-
logical parameters have a significant impact on the deposition
velocity. The graphical illustrations of the atmospheric PM
and PAHs data were constructed with Microsoft Excel
(2016) and Origin 8.0. Both of them were used to calculate
the measure of central tendency and dispersion in air PM and
PAH data.

Quality control and quality assurance

Laboratory blanks (PVC tray, GF filters) were estimated to
evaluate potential contaminations of dry deposition and PM
samples. PAH levels were below the analytical detection limit
in field and laboratory blanks. Several dilutions corresponding
to 0.1–100 ng absolute of synthetic standard mixture of sty-
rene (STY), naphthalene (NAP), acenaphthylene (ACY),
acenaphthene (ACE), fluorene (FLU), anthracene (ANT),
fluoranthene (FLUO), pyrene (PYR), benzo (a) anthracene
(BaA), chrysene (CHY), benzo(b)fluoranthene (BbF),
benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP),
benzo(ghi)perylene (BghiP), indeno(1,2,3-cd)pyrene (IND)
(purchased from Supelco, Bellefonte, USA) were used for
determining the retention data and for studying the linearity
of the UV-vis detector. The detection limits and limits of
quantification (LOQs) for each PAHs were calculated as the
concentrations at which the signal-to-noise ratios were three
and ten, respectively. For confirmation of PAH compounds,
UV-Vis spectra (200–800 nm) of each PAHs were generated
using standards and saved for comparison in a spectral library.
In samples, spectra of target PAHs were matched with the
library in addition to retention time data before quantification
based on maximum absorbance. The recovery efficiencies
were determined by spiking filter paper samples with PAH
standard mixture. The performance evaluation of dry deposi-
tion extraction procedure and atmospheric particulate phase
PAH concentration was estimated using NIST 1649 “urban
dust” for target compounds. The mean recoveries were found
to vary between 82 and 94% for PAHs in dry deposition and
atmospheric particulate phase (direct analysis). Details on
quality control and assurance adopted in this study are de-
scribed elsewhere (Tiwari et al. 2013; Tiwari et al. 2017).

Results and discussion

Size-fractionated atmospheric PM

Monthly averages of size-fractionated mass concentration for
the atmospheric PM at the sampling site (Trombay, Mumbai)
are presented in Table 1. Here, we observed that total partic-
ulate mass concentrations vary between 58.2 ± 7.3 and 130 ±
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17.1 μg m−3 during the sampling period, and they decreased
from March to May. A similar trend of PM2.5–10 and PM2.5

was observed in our previous study for this sampling site
(Police et al. 2018). Most of the mass loading was observed
in 2.23–5.47 μm size bin (coarse fraction) for all 3 months.
The total particulate load observed in April was almost half of
that observed in March. This may be due to spring to summer
transition of season (rise in temperature). For March, the mass
concentration data were exceeding the annual limit prescribed
by Indian National Ambient Air Quality Standards (NAAQS)
(i.e., 40μgm−3 for PM2.5 and 100μgm

−3 for PM10), while for
other months, the concentrations were under the prescribed
limits (CPCB 2009). Observed PM concentrations during
the sampling period were found to be well above the WHO
Air Quality Guideline values, i.e., the annual mean of
10 μg m−3 for PM2.5 and 20 μg m−3 for PM10 (WHO 2018).
Vigilantly, these compared data were monthly average, and an
annual average data could have given a better understanding
of PM loads in ambient air while comparing with guideline
values.

The size-fractionated mass concentration data were further
categorized into four groups of particle sizes: (i) ultrafine
(PM0.1), (ii) fine (PM2.23), (iii) coarse (PM2.23–11.2), and (iv)
suspended PM (PM>11.2). The percentage distribution of mass
concentration during the 3 months of sampling is shown in
Table 2. Most of the mass was found in coarse fraction
(PM2.23–11.2) mode, which is found to be between 43 and
51% of the total mass concentration. The reason for the high
abundance of coarse mode particles may be natural sources
such as dust and sea salt present at the sampling site (Police
et al. 2018; Koulouri et al. 2008). The total abundance of fine
(PM2.23) and suspended (PM>11.2) mode PM was found ap-
proximately to be in the range of 19 to 29% of the total mass
concentration. The contribution of ultrafine particulates

(PM0.1) was minimum among all, i.e., 1 to 5% to the total
mass concentration. Table 2 also indicates a minor variation
in size fraction of PM over the sampling period, as variation in
percentage contribution of ultrafine (PM0.1), fine (PM2.23),
coarse (PM2.23–11.2), and suspended PM (PM>11.2) fractions
to the total concentration of PM is not significant.

Dry deposition flux of atmospheric PM

The dry deposition flux of atmospheric PM was calculated by
dividing the mass loading on the collection plate by the col-
lection area and sampling time. The average dry deposition
flux observed during the sampling period was 12.9 ±
2.1 mg m−2 day−1. Monthly average dry depositions were
15.4 ± 0.8, 12.2 ± 0.4, and 11.3 ± 0.4 mg m−2 day−1 for the
sampling periods March, April, and May, respectively. They
are comparable to the deposition fluxes reported for Lake
Michigan in the USA, which were measured using Eagle II
automatic dry deposition collectors (Shahin et al. 2010;
Caffery 1997). Furthermore, the dry deposition fluxes of the
PM depend on their atmospheric concentrations. Thus, mea-
sured fluxes and concentrations should have a strong correla-
tion (Yi et al. 2006). To estimate the inter-dependency of mass
concentration and deposition flux, these two variables were
plotted against each other. Mass concentration data were av-
eraged throughout the dry deposition collection period
(15 days) for better statistical estimation. Positive linear cor-
relation (r = 0.98, p < 0.05) has been observed between mass
concentration and dry deposition flux of the atmospheric PM.

Dry deposition fluxes for size-fractionated atmospheric PM
were also calculated using their gravitational settling veloci-
ties (considering the best estimate for the deposition velocity)
and ambient concentrations. The calculated values are shown
in Table 3 for an individual sample. The gravitational settling
velocity Vg was calculated using Eq. (3). Also, the slip correc-
tion coefficient (Cc) was incorporated in the calculation using
Eq. (4) for better estimation. In this calculation, it was as-
sumed that meteorological conditions were stable throughout
the sampling period and various resistances such as aerody-
namic transport, boundary sublayer, and collection surface
were not affecting the process. Exceptional cases where dry

Table 1 Size-fractionated mass concentration of PM (μg m−3) using
variable configuration cascade impactor (VCCI)

Size range (micron) March (μg m−3) April (μg m−3) May (μg m−3)

> 21.3 μm 17.9 ± 2.1 9.1 ± 2.5 6.6 ± 0.3

21.3–15.1 μm 1.8 ± 0.8 6.6 ± 0.1 6.6 ± 0.5

15.1–11.2 μm 5.3 ± 0.5 3.6 ± 0.3 3.9 ± 0.2

11.2–7.38 μm 5.4 ± 0.4 3.8 ± 1.2 2.6 ± 0.6

7.38–5.47 μm 8.9 ± 1.2 4.9 ± 1.6 6.6 ± 0.8

5.47–2.23 μm 51.8 ± 5.6 20.4 ± 4.5 15.9 ± 2.3

2.23–1.13 μm 21.4 ± 3.1 9.1 ± 2.5 6.6 ± 1.3

1.13–0.75 μm 3.6 ± 0.9 2.1 ± 0.5 2.6 ± 0.2

0.71–0.50 μm 1.8 ± 0.3 1.5 ± 0.1 1.3 ± 0.2

0.50–0.30 μm 1.7 ± 0.5 2.3 ± 1 1.3 ± 0.1

0.30–0.10 μm 8.9 ± 1.2 1.5 ± 0.1 1.3 ± 0.3

< 0.10 μm 1.8 ± 0.3 2.9 ± 0.3 2.6 ± 0.2

Total 130 ± 17 68.2 ± 14.9 58.2 ± 7.3

Table 2 Percentage distribution of ultrafine (PM0.1), fine (PM2.23),
coarse (PM2.23–11.2), and suspended particulate matter (PM>11.2)
fractions in total PM

March (%) April (%) May (%)

PM0.1 1.0 4.2 5.2

PM2.23 28.9 24.4 25.9

PM2.23–11.2 50.9 42.9 49.3

PM>11.2 19.2 28.5 19.6
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deposition velocity could be considered as an actual velocity
are when gravitational settling controls the deposition. In the
small particles, they are the same as that for large size particles
(Zhang et al. 2001). Based on model simulation, the universal
curve of dimensionless dry deposition velocity was observed
to be in the range of 10−4 to 10−7 m s−1 for all the PM sizes
monitored in this study (0.1 to > 21.3 μm) (Hussein et al.
2012), which are in good agreements with the calculated grav-
itational settling velocities, and shown in Table 3.

Calculated and observed dry deposition fluxes showed a
positive linear correlation with the correlation coefficient (r)
of 0.97. Theoretically, particles with minute differences in
their dry deposition velocities should have a better correlation
between their measured flux and concentration, as the change
in the flux is primarily due to the change in the concentration
of the PM. Conversely, two factors might reduce the correla-
tion. The first factor is related to the measurement errors
caused by the uncertainties of the apparatuses that are used
for the collection of atmospheric PM,which subsequently lead
to analytical artifacts. The second factor is the rationality of
the assumption that a surrogate surface represents the natural
surface in the collection of pollutants (Mohan 2016).

Dry deposition velocities (vd) for PMwere calculated using
Eq. (1), using the observed dry deposition flux. The monthly
average dry deposition velocities were 0.14, 0.20, and
0.22 cm s−1, respectively, for March, April, and May. Shi
et al. (2013) conducted a study on concentration and deposi-
tion flux of atmospheric particulate nutrients over the Yellow
Sea. Dry deposition velocity for total suspended particulates
in their study was reported as 0.27 cm s−1 during regular days
(no dust storm periods) of the sampling period, which is com-
parable to our observed values.

Size-fractioned particulate PAHs

Concentrations of PAHs (∑15 and styrene) were measured in
size-segregated ambient air particulates. The monthly average
concentrations of individual PAHs in each size fractions are
presented in supplementary Table S1 to Table S3. Two PAHs,
viz., chrysene and benzo(a)anthracene are reported together
due to their chromatographic interferences. The total particu-
late phase monthly average concentrations of ∑15 PAHs were
145.2 ± 32.3, 122.3 ± 20.3, and 101.1 ± 21.8 ng m−3 for
March, April, and May, respectively. The trend of PAH con-
centration was very similar to PM concentration in air, in the
order March > April > May. Monthly size-fractionated ∑15

PAH concentrations (with styrene) are presented in Fig. 2.
Figure 2 reveals that 46 to 77% of ∑15 PAHs were associated
with fine PM, i.e., PM1.13. PAHs associated with an inhalable
fraction of PM were in the range of 70 to 90% of ∑15 PAHs
during the sampling period. This association of the PAHs with
fine PM could be due to high surface to volume ratio and more
organic content in the fine fraction of PM (Sheu et al. 1997).

Target PAHs compounds were categorized in three groups
according to the number of structural rings: (i) 2 and 3-ring
PAHs (NAP, ACY, ACE, FLU, and ANT), (ii) 4-ring PAHs
(FLUO, PYR, BaA, and CHR), and (iii) 5 and 6-ring PAHs
(DBA, IND, BghiP). The order of ring wise PAHS abundance
in ambient air was observed to be 2 + 3-ring PAHs > 5 + 6-
ring PAHs > 4-ring PAHs. Two and 3-ring PAHswere highest
in abundance, and their concentrations varied between 2.2 and
13 ng m−3. The particulate phase concentrations ranges of 4-
ring PAHs and 5 + 6-ring PAHs were 0.1 to 2 ng m−3 and 0.7
to 3.8 ng m−3, respectively. Percentage contributions of 2 + 3-
ring, 4-ring, and 5 + 6-ring PAHs were 72.5%, 8.2%, and

Table 3 Calculation of size-
fractionated deposition fluxes
using gravitational settling
velocity

Size range
(μm)

Geometrical mean, dp
(μm)

Vg

(m s−1)*
Concentration
(μg m−3)

Deposition flux
(mg m−2 day−1)

< 0.10
(0.02–0.1)

0.04 2.7 × 10−7 16.9 4 × 10−4

0.30–0.10 0.17 1.7 × 10−6 9.4 1.4 × 10−3

0.50–0.30 0.38 6.2 × 10−6 5.6 3 × 10−3

0.75–0.50 0.61 1.4 × 10−5 5.6 6.8 × 10−3

1.13–0.75 0.92 2.9 × 10−5 7.5 1.9 × 10−2

2.23–1.13 1.65 8.8 × 10−5 20.7 0.16

5.47–2.23 3.49 3.7 × 10−4 9.4 0.30

7.38–5.47 6.35 1.2 × 10−3 1.8 0.19

11.2–7.38 9.09 2.4 × 10−3 1.8 0.40

15.1–11.2 13 5 × 10−3 1.8 0.81

21.3–15.1 17.93 9.5 × 10−3 1.8 1.54

> 21.3
(21.3–40)

29.18 2.5 × 10−2 5.6 12.26

Total 15.72

*vg is gravitational settling velocity calculated using Eqs. (3) and (4)
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19.3%, respectively, in overall size fractions. The abundance
of 5 + 6-ring PAHs was highest in the fine size fraction of PM
which could be due to the preferential condensation of less
volatile PAH species on fine particles and inhibition of more
volatile ones on smaller particles, which is attributed to the
Kelvin effect (Hien et al. 2007; Lv et al. 2016).

Filippo et al. (2010) and Kawanaka et al. (2004) had ob-
served a unimodal distribution of PAHs with a peak at
0.48 μm. For these studies, samplings performed in Rome
and Saitama, Japan, respectively, were averaged over a long
sampling period (Kawanaka et al. 2004; Filippo et al. 2010).
In our study, the peak PAH concentrations were observed at
0.5–0.75 μm fraction, which is slightly higher than that re-
ported in the aforementioned studies. Such observation may
occur due to different pollutant sources at the sampling site or
differences in air chemistry. For example, the high moisture
content in Mumbai air may cause such a discrepancy. A study
from Ho Chi Minh City, Vietnam, reports particle size distri-
butions of investigated PAHs were bi-modal with one peak in
fine particle mode (< 2.1 μm) and another in the coarse parti-
cle mode (> 2.1 μm) (Hien et al. 2007). We also have

observed peaked PAH concentration in coarse mode
(Fig. 3), especially for two- and three-ring PAHs.

Molecular diagnostic ratios (MDRs)—the ratios of defined
pairs of individual compounds—have been widely used
as markers of different source categories of polycyclic
aromatic hydrocarbons (PAHs) (Katsoyiannis et al. 2011).
This approach was used for the identification of contributory
sources of PAHs in air-born PM. Three MDRs were used,
namely, (1) [FLUO (fluoranthene)/FLUO + PYR (pyrene)],
(2) [IND (indeno[1,2,3-cd] pyrene)/IND + BghiP
(benzo[g,h,i]perylene)], and (3) BaP (benzo[a]pyrene)/
BghiP. MDRs 1–2 can give information about the petrogenic
or pyrogenic origin of PAHs and may highlight whether the
combustion material is fuel, grass, coal, or wood. The third
MDR is used as an indicator of traffic sources for PAHs
(Yunker et al. 2002; Dvorská et al. 2011). The mean value
of first MDR was 0.36, which indicates that sources of PAHs
are petrogenic or the incomplete combustion of petroleum
produced them, i.e., MDR1 < 0.4, and from fuel combustion.
Similarly, the mean value of MDR2 was 0.06, suggesting
again the PAH sources are petrogenic as MDR2 < 0.2.

Fig. 2 Size fractionated, total
PAHs concentration (monthly
average, ng m−3) in ambient air
associated with the particulate
phase

Fig. 3 Ring number wise
distribution of PAHs (ng m−3)
associated with size-fractionated
PM
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MDR3 average value found to be 0.22, which indicates there
are also non-traffic sources PAHs in the ambient air asMDR3
< 0.6. All threeMDR valueswere calculated using the average
concentration of PAHs associated with PM during the sam-
pling period. MDR values were not observed to vary signifi-
cantly (p < 0.05) during the sampling period. Source appor-
tionments using isomer ratios such as MDR are realized to be
associated with high uncertainties (Dvorská et al. 2011). As in
the present study, only particulate-phase PAHs were collect-
ed. It may be noted that the assumption of ratios did not
change from source to receptor may be problematic because
of the environmental degradation.

Dry deposition flux and deposition velocity of PAHs

The monthly averages of dry deposition fluxes for PAHs are
summarized in Table 4. A total of 15 PAHs were identified
and quantified in the dry deposition samples. As the dry de-
position sample collection time was 15 days, the samples may
have undergone some PAH losses due to volatilization, photo-
degradation, or biological transformation (Terzi and Samara
2005). In contrast to their abundance in PM samples, PAHs
were found to be present in the dry deposition samples as well,
and both follow a similar trend, i.e., their abundance order was
March > April > May. The monthly averaged dry deposition
fluxes of PAHs were found to be varying between 1008 and
1160 ng m−2 month−1. The dry deposition flux was higher
during the colder month, i.e., March compared to April and
May. This could be attributed to the higher atmospheric con-
centrations of PAHs during this month. Overall, the dry depo-
sition fluxes were comparable to the literature values (Terzi

and Samara, 2005; Golomb et al. 2001). Although different
sampling methods have opted for dry deposition gathering,
and also different PAHs were targeted, a study of a high-
resolution emission inventory from Tianjin, China, reported
the time-weighted annual mean flux of PAHs in the dry de-
position to be 3.3 ± 1.8 μg m−2 day−1 (Li et al. 2010), which is
higher than the present study, i.e., 0.03 to 0.04 μg m−2 day−1.
This significant difference may be due to a higher pollution
load in ambient air of sampling area or difference in targeted
PAHs, e.g., phenanthrene (themost abundant PAHs), which is
not reported in the present study. Previous studies suggest that
the PAHs associated with the particulate phase accounted for
39% of the PAHs in the dry deposition, while the remaining
61% is attributed to the gas phase PAHs. Studies also claim
that lower molecular weight PAHs have a dominant fraction
of dry deposition flux contributed by the gas phase, while the
large molecular weight PAHs have more than 94.5% of their
dry deposition flux contribution from the particulate phase
(Sheu et al. 1997; Odabasi et al. 1999). The order of occur-
rence of PAHs in dry deposition samples was ACY > ANT >
PYR> BkF > ACE > BaA + CHRY > NAP > FLUO > FLU >
BghiP > BaP > BbF > PER > IND averaged over sampling
period. The PAH profile observed in dry deposition is quite
comparable to those reported by other investigators
(Shannigrahi et al. 2005; Li et al. 2010).

Dry deposition velocities (vd) for target PAHs were also
calculated form their observed dry deposition flux and ambi-
ent air concentration through Eq. (1). Dry deposition fluxes
and ambient air PAH concentration averaged over the sam-
pling period were used for calculation of deposition velocity.
Figure 4 represents the mean and range of deposition velocity
estimated for individual PAHs. The deposition velocities for
PAH compounds varied from 10−4 to 10−3 cm s−1 with a mean
value of 7.5 × 10−4 cm s−1 during the sampling period. These
dry deposition velocities of PAHsmatch with the gravitational
settling velocity of particles with aerodynamic diameters in

Table 4 Average and standard deviation of individual PAHs dry
deposition fluxes (ng m−2 month−1)

March April May

NAP 55.3 ± 15.3 57.3 ± 1.3 45.3 ± 13.3

ACY 472.6 ± 56.6 386.6 ± 154.6 302 ± 70

FLU 25.3 ± 1.6 39.6 ± 12.8 53.5 ± 26.7

ACE 64 ± 2.6 64 ± 30.6 52 ± 18.6

ANT 112.4 ± 13.4 127.3 ± 33.3 163.6 ± 3.1

FLUO 61.6 ± 1.9 60.6 ± 23.2 32.2 ± 5.1

PYR 118.8 ± 2.4 143.3 ± 50.3 109.8 ± 16.8

BaA +CHR 82.6 ± 5.8 54.8 ± 45.2 32.9 ± 23.4

BbF 28.4 ± 1.5 20.7 ± 8.9 31.4 ± 19.6

BkF 26.8 ± 15.9 74.5 ± 20.9 79.9 ± 15.4

PER 7.1 ± 6.5 32.1 ± 7.6 30.9 ± 6.4

BaP 35.8 ± 3.7 30.7 ± 20.6 31.8 ± 21.8

IND 12.6 ± 1.4 17.8 ± 7 14.9 ± 4.1

BghiP 56.6 ± 12.6 32.6 ± 3.3 27.3 ± 8.6

Total 1160 ± 141 1142 ± 420 1008 ± 253 Fig. 4 The dry deposition velocities of individual PAHs, calculated using
dry deposition flux and their ambient air concentration
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the range of 0.75 to 10 μm (Table 3). For the particle sizes <
0.4 μm and 0.4–1.1 μm, the modeled deposition velocities
(Vd,i) are calculated to be 0.004 cm s−1 and 0.037 cm s−1

(Sahu et al. 2008), respectively, showing a good agreement
with the measured values. Anthracene showed comparatively
higher deposition velocity, while for naphthalene, it is mini-
mum. Observed deposition velocities for individual PAHs
were smaller than the values reported in the literature (Terzi
and Sharma 2005; Sahu et al. 2004; Tasdemir and Esen 2007).
Such observations could be due to long dry deposition sam-
pling periods. Moreover, the gas phase concentration of PAHs
in ambient air is excluded here, which could cause such dis-
crepancies. Additionally, the small values of dry deposition
velocities that were calculated in the present study could be an
indication of gas-phase PAHs contributing significantly to the
overall dry deposition flux. Gas-phase PAHs are (dry) depos-
ited mainly by a diffusion process, and they have lower dry
deposition velocities than the particle-phase PAHs (Sheu et al.
1997). The deposition velocity also depends on the chemical
properties of the chemicals, the size of the particles, the char-
acteristics of the receptor surface for dry deposition, and the
climatic conditions (Seinfeld and Pandis 2006). The present
study site falls in an urban area, where air particles are antic-
ipated to originate primarily from fossil fuels combustion
sources; hence, fine PM are expected. The dry deposition
velocities of the lower molecular weight PAHs were much
lower than the corresponding velocities of the heavier species
(Terzi and Sharma 2005).

Metrological parameters and dry deposition

Meteorological parameters measured using an online real-
time automatic weather station (Envirotech WM 271, wind
monitor) during the sampling period are summarized in
Table S4. The monthly average temperature was found to be
increasing from March (26 °C) to May (30 °C). As discussed
previously, this could be one of the reasons for the decrease in
mass concentration from March to May. Variation in other
parameters such as wind speed and relative humidity was
observed to be minimal during the sampling period, i.e., wind
speed ranged from 3.5 to 4 m s−1 and relative humidity around
70%. The monthly average dry deposition velocities (0.14,
0.20, and 0.22 cm s−1 for March, April, and May, respective-
ly) were found to vary with temperature and other metrolog-
ical parameters monitored.

Conclusion

Atmospheric size-fractionated PM levels and dry deposition
of 15 PAHs were measured at a coastal urban environment of
Mumbai, India. Observed PM concentrations during the sam-
pling period were found to be well above the WHO Air

Quality Guidelines. The average dry deposition flux of PM
was 12.98 ± 2.05 mgm−2 day−1 during the sampling period. A
positive linear correlation was observed between mass con-
centration and dry deposition flux of atmospheric PM.
Calculated and observed dry deposition fluxes have shown a
positive linear correlation (r = 0.97). The monthly trend of
PAH concentration was very similar to the PM concentration
in ambient air. Most of the ∑15 PAHs were associated with
fine PM. The values of molecular diagnostic ratios indicated
that sources of PAHs in the study area were petrogenic as well
as non-traffic. Average monthly dry deposition fluxes of
PAHs we r e f ound t o v a r y b e tween 1008 and
1160 ng m−2 month−1. PAH dry deposition velocities values
were found equivalent to the particles having aerodynamic
diameters in the range of 0.75 to 10 μm. Overall, PAHs asso-
ciated with PM in the atmosphere were found to follow a very
similar trend to that of the PM itself.
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