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Abstract Aerosol filter samples collected at a tropical

coastal site Thumba over Indian region were analysed for

water-soluble ions, total carbon and nitrogen, organic car-

bon (OC), elemental carbon (EC), and water-soluble

organic carbon/nitrogen and their sources for different

seasons of the year. For the entire study period, the order of

abundance of ions showed the dominance of secondary

ions, such as SO4
2-, NO3

-, and NH4
?. On average, Mg2?

(56%), K? (11%), SO4
2- (8.8%), and Ca2? (8.1%) con-

tributions were from maritime influence. There was sig-

nificant chloride depletion due to enhanced levels of

inorganic acids, such as SO4
2- and NO3

-. Total carbon

contributed 21% of the aerosol total suspended particulate

matter in which 85% is organic carbon. Primary combus-

tion-generated carbonaceous aerosols contributed 41% of

aerosol mass for the entire study period. High average

ratios of OC/EC (5.5 ± 1.8) and WSOC/OC (0.38 ± 0.11)

suggest that organic aerosols are predominantly comprised

of secondary species. In our samples, major fraction

(89 ± 9%) was found to be inorganic nitrate in total

nitrogen (TN). Good correlations (R2 C 0.82) were

observed between TN with NO3
- plus NH4

?, indicating

that nitrate and ammonium ions account for a significant

portion of TN. The temporal variations in the specific

carbonaceous aerosols and air mass trajectories

demonstrated that several pollutants and/or their precursor

compounds are likely transported from north western India

and the oceanic regions.

Carbonaceous aerosols absorb the sunlight and heat the

atmosphere, thereby contributing to global warming (Ja-

cobson 2001). Organic and elemental carbons are the two

important forms of carbon. Graphitic or soot carbon name

is quite commonly used for elemental carbon (Wolff et al.

1982). Biomass burning and fossil fuel combustion are the

most important primary sources of elemental carbon

(Penner et al. 1993; Cooke and Wilson 1996), which are

carcinogenic (Knaapen et al. 2004). Fire and smoke are

noteworthy source of atmospheric aerosols over the

southern Hemisphere (Oglesby et al. 1998). On the other

hand, over the northern Hemisphere, the air quality is

severely affected by biomass burning that are overspread

much of south Asia. The major products of biomass

burning are ash and smoke that contain black carbon (BC)

and organic carbon (OC). The biomass burning of anthro-

pogenic origin contributes significantly to the global CO2

budget, because *90% of all fires on a global scale are

caused by human activities. Since preindustrial times, there

is a significant increase in carbonaceous and sulphate

aerosol production all over the globe (Finkelstein et al.

2006).

In terms of the climatic impact of anthropogenic aero-

sols, there is a discrepancy between the model simulations

and estimates from inverse models (Anderson et al. 2003).

Over the northeastern Atlantic at Mace Head, in a recent

study by Ceburnis et al. 2011, the aerosol samples collected

was found to contain up to 20% carbonaceous components

that were of terrestrial origin. Even in remote marine

location due to long-range transport of pollutants, the
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atmospheric particles were often influenced by anthro-

pogenic sources. For the same samples, the remaining

organic aerosol matter of biogenic origin was directly

linked to plankton emissions. This study also pointed out

that the climate change feedback processes have significant

consequence from atmosphere organic aerosol sources

especially of maritime origin. Based on a low organic

carbon/BC as well as low sulphate/BC ratios during the

Indian Ocean experiment, it was suggested that the major

source of BC over the Indian Ocean is from anthropogenic

contribution specifically from fossil fuel burning (Novakov

et al. 2000; Lelieveld et al. 2001; Ramanathan et al. 2001;

Mayol-Bracero et al. 2002).

On the contrary, Guazzotti et al. 2003 reported larger

contribution from fine particles that contain chemically

mixed aerosols having potassium and carbon. This is in

contrast to universal biomass burning that is dominated by

forest biomass and wood combustion in residential cooking

stoves (Reddy and Venkataraman 2002; Streets et al. 2003;

Bond et al. 2004 and references therein). It has recently

been suggested that biofuel combustion contributed by

biomass burning is the major contributor over the Indian

subcontinent (i.e., burning of fuel wood, crop waste, and

dung cake in cooking stoves, etc.) (Ram et al. 2010;

Pachauri et al. 2013). Due to different type of fuel use over

the region, especially over the IGP (Indo Gangetic Plain),

the observations demonstrated the overwhelming high

abundance of OC with exceedingly high ratio of OC/

EC & 8–10 in regions downwind of the large-scale bio-

mass and agricultural residue burning during the winter-

time (Rengarajan et al. 2007; Ram and Sarin 2009; Ram

et al. 2010; Pipal et al. 2014; Kumar et al. 2016; Singh

et al. 2017), which is in contrast to the values (*2) earlier

reported in the literature for urban sites. Further studies

revealed that the importance of biomass burning emissions

on aerosol chemistry could be partially influenced by

fractionation of carbonaceous components during aging

process, thereby misleading conclusions drawn on their

source characteristics (Gustafsson et al. 2009; Ram and

Sarin 2010).

For the continental Asian pollution plume, large-scale

atmospheric brown clouds are the prominent contributors.

The plumes that are originated from anthropogenic emis-

sions on a local or a regional scale may have been trans-

formed with aging and eventually transported over the

various parts of the globe (Park et al. 2003, 2004, 2005;

Dunlea et al. 2009). During past two decades, progress has

been made to quantify and assess the optical and physical

properties of aerosols. In order to quantify the aerosol net

effect on the global climate change, there are still consid-

erable uncertainties, largely due to the high spatial and

temporal heterogeneity of aerosol chemical composition.

Especially for primary and secondary OC, the sources,

speciation, and physical properties are site-specific and less

quantified. For the emissions of BC as well as OC prop-

erties, significant works have been made (Penner et al.

1993; Cooke and Wilson 1996; Liousse et al. 1996; Cooke

et al. 1999; Saxena and Hildemann 1996; Dick et al. 2000;

Cao et al. 2004, 2007; Zhang et al. 2008; Shrestha et al.

2010; Zhou et al. 2012; Zhao et al. 2013; Srivastava et al.

2014; Yubero et al. 2014; Sandrini et al. 2014). Therefore,

more detailed information on aerosol chemical properties

from diverse geographic locations is vital to better under-

stand the climate change development in a regional and or

global scale. In the absence of region specific ground based

monitoring stations, these uncertainties are high over the

Indian region (Ramanathan et al. 2001; Neusub et al. 2002;

Ball et al. 2003; Habib et al. 2004; Pant et al. 2015).

The objective of this work was to investigate the details

on the chemical characteristics and sources of carbona-

ceous aerosols over the Thumba region (8.5�N, 76.9�E,
3 m asl) in India. We present the temporal variations in the

concentrations of total carbon/nitrogen, organic/elemental

carbon, water-soluble organic carbon, major ions (cations

and anions), and their sources during various seasons of the

year. Between its primary and secondary components, the

OC/EC ratio is used for the source apportionment of OC.

Experimental Details

Site Characteristics

The study site is *500 m from the Arabian Sea and is

characterised by a sandy terrain. The location does not

have any significant industrial activities or direct emission

sources. However, the surroundings are moderately vege-

tated. As per the 2011 census reported, Thiruvananthapu-

ram city has a population of approximately 8 million. The

study location (Thumba) is *10 km northwest of the city.

Figure 1 depicts the geographic location along with topo-

graphical features of Thumba over the Indian subcontinent.

Because the experimental site has no direct emissions from

local or direct sources, it can be considered that the study

of aerosols at Thumba represents, to some extent, a

regional scenario over the Indian subcontinent and a trop-

ical coastal zone.

Aerosol Sampling

Using a high-volume air sampler (HVS, Model GH 2000 of

Graseby Anderson, USA), total suspended particulate

matter (TSPM) aerosol samples were collected on pre-

combusted (400 �C, 4 h) 10-cm diameter quartz fibre filter

circles (Whatman). In total, 20 samples were collected with

approximately 10 days interval during September 2009 to
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March 2010. In order to get a proper particulate matter

loading on the filter and represent the season, clear sky

days were selected for the aerosol sampling. The HVS has

a set flow rate of 20 cubic feet per minute (CFM). The

sampler was installed at the roof top of the building. To

remove any possible contamination, the prebaked quartz

fiber filter papers were used as sampling substrate. The

sampling duration was *3 h. Field blank was collected at

the end of the sampling by setting the filter in the filter

holder of the air sampler without sucking the air. In total,

six field blanks were collected for the entire sampling

campaign. The mass concentrations of total suspended

particulate matter (TSPM) in air were calculated gravi-

metrically on a basis of volume of air sampled and the

weight of the aerosol particles using a microbalance

(Mettler, Model AT 20) with a sensitivity of ±2 lg. They
were weighed before and after the sampling under the same

laboratory conditions. The filter papers were conditioned in

a desiccator for approximately 48 h. To avoid any possible

contamination, filters were preserved in precleaned glass

jars and the neck was sealed with Teflon tape. The sampled

filters were carefully transported to the chemical analysis

laboratory in Sapporo and stored in cold condition at

-20 �C.

Meteorology

Over the study region, the monsoon season extends from

June to September. The total annual rain fall is *150 cm,

in which greater part (more than 70%) occurs during

southwest monsoon season. Because these are mostly rainy

days, aerosol samples were not collected during this period.

Over the sampling site, ambient meteorology is dominated

by sea breeze and land breeze circulation (which is a

common mesoscale phenomenon over coastal region).

Seasonal variations in temperatures and relative humidity

(maximum and minimum of the day) taken from an auto-

mated weather station over the study region are shown in

Fig. 2. By the end of September, the monsoon showers

withdraw and the wind speed is rather slow, temperature is

low, and the mean relative humidity is\60%. Wind rose

diagram for the daily average wind speed and direction are

depicted in Fig. 3. On average, the onshore flow (sea

breeze) prevails mostly during the daytime and the offshore

flow prevails during the night-time and continues until the

next day early morning. Total numbers of samples col-

lected during sea breeze are representing daytime samples

(N = 17) and land breeze for night-time (N = 3).

The sea breeze is very strong during afternoon hours and

gradually decreases towards evening. During 1800 and

2100 local time after sunset, the wind direction reverses

seaward and the land breeze is set (Narayanan 1967; Pra-

kash et al. 1992). Apart from sea and land breeze circula-

tions, due to synoptic scale changes in the prevailing winds

associated with the Asian monsoon, the study region also

exhibits shift in weather and air mass type (Das 1986).

During September, October, and November (post monsoon

season), the lower Tropospheric synoptic winds represent

the marine air mass and representative wind direction is

north westerly. Wind pattern almost reverses during winter

months (December, January, and February) representing

continental air mass period and wind remains north

Fig. 1 The geographic location of Thumba over the south western tip of the Indian subcontinent with topographic features
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easterly. March is the transition period. This depicts the

commencement of the premonsoon season. During this

period, synoptic circulations change from strong north

westerly to westerly directed from the Arabian Sea.

Figure 4 shows the isentropic air mass back trajectory at

arrival height of 500, 1000, and 1500 m above ground level

at observation site. Atmospheric aerosols usually have air

residence time of 1 week (Reddy and Venkataraman 1999).

Hence, 7 days back-air trajectories were made by using

National Oceanic and Atmospheric Administration HYS-

PLIT (Hybrid Single-Particle Lagrangian Trajectory

model, 24-h interval; FNL Meteorological Data: Draxler

and Rolph 2010; Rolph 2010). Three types of trajectories

occurred. During the post monsoon season, wind travel

mostly on southwestern part of the Arabian Sea, indicating

maritime influence on aerosol particle formation. Air

masses arrive from east and northeastern part of the Indian

subcontinent representing the winter season (it is second

type trajectory). The other trajectory arrived from the

northwestern part of India. It is noteworthy that this air

mass mostly originates over arid regions adjacent to the

Arabian Sea. These early summer/premonsoon air masses

moved through the west coast of India in southwesterly

direction and finally reaching to the sampling site.

Measurements of Total Carbon and Nitrogen

Total carbon (TC) and nitrogen (TN) measured using an

EA (elemental analyser; model: NA 1500 NCS) coupled to

a gas chromatograph (Kawamura et al. 2004). A part of the

filter paper (area 3.14 cm2) was made into a round ball

shape using tin cup material with the help of stainless steel

Fig. 2 Seasonal variations in temperatures and relative humidity

(maximum and minimum of the day) observed at Thumba, India

Fig. 3 Wind rose diagram for the daily average wind speed and

direction observed at Thumba, India. a Post-monsoon, b winter, c pre-
monsoon
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tweezers. The prepared aerosol samples were introduced to

the analyser using an auto sampler. At first, the samples

were oxidised in a combustion column, which is packed

with chromium trioxide at 1020 �C. The tin container burns
*1400 �C in a pure oxygen atmosphere to boost the

intensive oxidation of sample matrix. The products of

combustion are completely transferred to a reduction col-

umn maintained at 650 �C (packed with metallic copper).

The N2 and CO2 derived during these processes were iso-

lated on a packed GC column and then measured with a

TCD (thermal conductivity detector). Ultrapure quality

acetanilide was employed as an external standard. The

blank levels of the TC and TN are 10 and 18% of the

measured concentrations, respectively. The uncertainties of

TC and TN measurements during duplicate sample analysis

were within 9%.

Determination of Water-Soluble Ionic Species

Water-soluble ionic species were measured using ion

chromatography (IC, Metrohm 761). The sample filter

paper with an area of 1.8 cm2 was extracted with 30 ml

(10 9 3 times) of Milli-Q ([18.6 MX resistivity) water

using ultrasonic water bath for *30 min. The extracts

were passed through 0.45-lm pore size syringe filters.

Later, the samples were injected into IC. Anions (chloride

(Cl-), nitrate (NO3
-), methanesulfonate (MSA-, CH3-

SO3
-), and sulphate (SO4

2-)) and cations (sodium (Na?),

ammonium (NH4
?), potassium (K?), calcium (Ca2?), and

magnesium (Mg2?) were measured using Shodex IC SI-90

4E and Metrosep C2 columns, respectively. Field blank

were used to define the minimum detection limits of NO3
-,

SO4
2-, and NH4

?, which are 0.01, 0.11, and 0.03 lg m-3,

respectively. Based on the triplicate analyses of aerosol

filter sample, errors in the analysis were below 1.3%.

Determination of OC, EC and WSOC

Elemental carbon (EC) and organic carbon (OC) in our

samples were measured using Sunset Laboratory OC–EC

analyser (Portland, USA). The details of the instrumenta-

tion were reported in our earlier publication (Hegde and

Kawamura 2012). The measurement detection limits for

both OC and EC analyses were 1 and 0.2 lg m-3,

respectively. All species concentrations reported in this

study are corrected for the field blanks.

A part of the filter paper was used for the measurement

of water-soluble organic carbon (WSOC) after extraction

with ultrapure quality Milli Q water ([18.6 MX resistiv-

ity). The water extract after 30 min ultrasonication was

passed through Millipore 0.22-lm syringe filters. The fil-

trate was later injected to total organic carbon (TOC)

analyser (Shimadzu, TOC-VCSH). More details about the

measurement technique for the detection limit and analyt-

ical errors are provided elsewhere (Aggarwal and Kawa-

mura 2008). For the all the measured samples, the

minimum detection limit was estimated to be 0.1 lg C m-3

with a maximum of 15% analytical errors.

Results and Discussion

Water-Soluble Ionic Components

The statistical analyses of TC (total carbon), TN (total

nitrogen), and inorganic ions are summarised in Table 1.

Fig. 4 Air mass backward trajectory cluster during the study period reaching Trivandrum (star symbol) to illustrate the long-range transport.

a Postmonsoon, b winter, c premonsoon
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Charge Balance on Water Soluble Ion Fraction

The charge balance between sum of cation equivalents

(Na?, NH4
?, K?, Ca2?, and Mg2?) and anion equivalents

(MSA-, Cl-, NO3
-, PO4

-, and SO4
2-) for Thumba sam-

ples are shown in Fig. 5. The linear regression between the

cations and anions show high degree of correlation

(R2 = 0.987) among the samples. Anion excess is notice-

able during post monsoon, whereas excess of cations is

seen for the remaining period.

Temporal variations of particulate chemical composition

and the organic carbon/elemental carbon (OC/EC) ratio

during the entire sampling period are shown in Fig. 6. The

order of abundance of ions followed a similar trend

reported earlier over the Indian subcontinent (Hegde et al.

2007 and references therein). On average, SO4
2- was

maximum followed by Cl-[NO3
-[NH4

?[ -

Na?[Ca2?[PO4
-[K?[Mg2? and MSA- (6.1, 4.0,

3.3, 2.3, 2.0, 1.1, 0.73, 0.71, 0.49, and 0.44 lg m-3,

respectively). Significant seasonal differences also were

noticed in major ion concentrations. Majority of the ions

maximized during post monsoon period and minimized

during winter period. Except for Ca2?, all other ions

peaked during post monsoon season.

Table 1 Summary of analytical results of atmospheric aerosols collected at Thumba site (concentrations lg m-3)

Components Postmonsoon (N = 7) Winter (N = 8) Premonsoon (N = 5) All seasons (N = 20)

Range Averagea Range Average Range Average Range Average

Aerosol mass 36–151 111 ± 43 26–93 70 ± 21 60–115 100 ± 23 26–151 92 ± 35

TC 9.5–27 19 ± 6.4 12–29 20 ± 5.6 11–26 21 ± 6.2 10–29 20 ± 5.8

TN 2.2–5.1 3.6 ± 1.2 2.0–3.7 2.7 ± 0.6 1.0–2.9 2.3 ± 0.8 1.0–5.1 2.9 ± 1.0

Inorg-Nb 1.9–4.5 3.3 ± 1.1 1.1–3.1 2.3 ± 0.6 0.8–2.5 1.9 ± 0.6 0.8–4.5 2.6 ± 1.0

Org-Nb 0.2–0.7 0.3 ± 0.2 0.1–1.0 0.4 ± 0.3 0.2–0.5 0.3 ± 0.1 0.2–1.0 0.4 ± 0.2

OC 8.6–22 16 ± 4.9 11–22 17 ± 4.2 10–22 17 ± 4.7 8.6–22 17 ± 4.4

EC 0.6–5.0 3.3 ± 1.6 1.7–6.2 3.2 ± 1.4 1.1–5.9 3.7 ± 1.7 0.6–6.2 3.3 ± 1.6

OC/ECc 3.9–9.1 5.7 ± 2 3.6–8.6 5.5 ± 1.5 3.4–9.0 5.4 ± 2.2 3.4–9.1 5.5 ± 1.8

POC 1.8–9.6 6.2 ± 3.1 3.3–12 6.2 ± 2.7 2.1–11 7.1 ± 3.3 1.8–12 6.4 ± 2.8

SOC 6.8–12 10 ± 2.1 6.7–15 10 ± 2.8 7.6–15 10 ± 3.1 6.7–15 10 ± 2.5

OM 14–35 26 ± 7.8 17–36 26 ± 6.7 16–35 28 ± 7.6 14–36 26 ± 7.0

SOC/POCc 1.1–3.7 2.0 ± 1.1 0.9–3.5 1.9 ± 0.8 0.8–3.7 1.8 ± 1.2 0.8–3.7 1.9 ± 0.9

WSOC 4.5–11 7.3 ± 2.3 4.5–7.8 6.0 ± 1.1 2.1–6.0 4.5 ± 1.7 2.1–11 6.1 ± 2.0

WIOC 4.0–15 8.7 ± 3.6 6.0–14 11 ± 3.4 7.7–18 13 ± 4.2 4.0–18 10 ± 3.8

MSA- 0.4–0.6 0.5 ± 0.1 0.3–0.4 0.4 ± 0.1 0.4–1.0 0.6 ± 0.3 0.3–1.0 0.4 ± 0.2

Cl- 2.1–10 6.4 ± 3.0 2.0–4.6 2.8 ± 0.9 2.0–3.7 2.7 ± 0.6 2.0–9.6 4.0 ± 2.5

NO3
- 2.8–7.3 4.5 ± 1.6 1.1–3.2 2.1 ± 0.7 1.9–4.9 3.5 ± 1.2 1.1–7.3 3.3 ± 1.6

PO4
3- 0.3–2.0 1.2 ± 0.6 0.2–0.8 0.5 ± 0.2 0.2–0.7 0.4 ± 0.2 0.2–2 0.7 ± 0.5

SO4
2- 3.7–9.4 7.0 ± 2.1 4.3–10 6.2 ± 2 2.8–6.0 4.7 ± 1.3 2.8–9.9 6.1 ± 2.0

Na? 1.5–3.9 2.9 ± 0.9 1.0–3.0 1.7 ± 0.7 1.1–1.5 1.3 ± 0.2 1.0–3.9 2.0 ± 1.0

NH4
2? 1.4–4.4 2.9 ± 1.1 1.1–3.2 2.4 ± 0.7 0.5–2 1.4 ± 0.6 0.5–4.4 2.3 ± 1.0

K? 0.4–1.0 0.8 ± 0.2 0.5–0.9 0.7 ± 0.1 0.5–0.8 0.6 ± 0.1 0.4–1.0 0.7 ± 0.2

Ca2? 1.0–1.8 1.3 ± 0.3 0.3–1.1 0.6 ± 0.3 1.1–2.2 1.6 ± 0.4 0.3–2.2 1.1 ± 0.5

Mg2? 0.1–1.7 0.8 ± 0.6 0.1–0.4 0.3 ± 0.1 0.2–0.8 0.5 ± 0.3 0.1–1.7 0.5 ± 0.4

nssClb 0.3–4.1 1.9 ± 1.5 0.3–1.2 0.6 ± 0.5 0.5–1.0 0.7 ± 0.3 0.3–4.1 1.2 ± 1.2

nssSO4
b 3.3–8.5 6.2 ± 2.0 3.7–9.0 5.8 ± 1.9 2.4–5.6 4.3 ± 1.4 2.4–9.4 5.6 ± 1.9

nssKb 0.3–0.9 0.7 ± 0.2 0.5–0.9 0.6 ± 0.1 0.4–0.7 0.6 ± 0.2 0.3–0.9 0.6 ± 0.2

nssCab 0.9–1.6 1.2 ± 0.2 0.2–1 0.6 ± 0.2 1.0–2.1 1.5 ± 0.4 0.2–2.1 1.0 ± 0.5

nssMgb 0.1–1.4 0.8 ± 0.6 0.1–0.3 0.2 ± 0.1 0.1–0.6 0.4 ± 0.2 0.1–1.4 0.5 ± 0.4

Details of the abbreviations are given in relevant part of the text
a Numerical average and standard deviation (±1 SD)
b Not explicitly measured but calculated, see the text for details
c Weight ratios
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Because the sampling location is close to the coast,

maritime influence cannot be neglected. All samples col-

lected contained a certain amount of sea salt. To assess the

terrestrial versus marine contribution, it is necessary to

estimate the concentrations of non-sea salt (nss) ionic

species. This was calculated by using the observed aerosol

concentrations of Na? as the reference element and

assuming that all Na? is of marine origin (Keene et al.

1986). Any particular constituent nss concentration of ‘‘X’’

is computed based on the known seawater ratios with

respect to Na?: [nss - X] = [Xaerosol] - [Naaerosol] [X/

Na]seawater. The temporal variation of sea salt (ss) and non-

sea salt (nss) contribution (%) for different ions are shown

in Fig. 7. On average Mg (56%), K (11%), SO4 (8.8%), and

Ca (8.1%) contributions are associated with maritime

influence.

For all the seasons, Na? and Cl- are found to be highly

correlated (R2 C 0.86) with a mean Cl/Na ratio of

1.3 ± 0.4, with a couple of occasions where the ratios are

lower than that of bulk seawater (1.16) (Keene et al. 1986).

The Cl- depletion percentage can be calculated as follows:

Cl�depletion (%) = 1.16[Na?]measured - [Cl-]measured/

1.16[Na?]measured 9 100 (Yao and Zhang 2012). By con-

sidering the seasons, slight differences (32.7 ± 29.8,

30.6 ± 24.0, and 24.8 ± 17.9%) were noticed during post

monsoon, winter, and premonsoon seasons, respectively.

Particularly, on 20th October during the post monsoon

season, the Cl-depletion in aerosols reached to a high value

of approximately 82% (i.e., nearly complete Cl-depletion).

The low Cl/Na ratio in post monsoon could be due to a

large abundance of acidic species, such as SO4
2- and

NO3
- (both SO4

2- and NO3
- contributions in Thumba

aerosols maximized during post monsoon; 7.0 ± 2.1 and

4.5 ± 1.6 lg m-3, respectively). Similar depletion of Cl-

associated with increased concentrations of SO4
2- and

NO3
- has been reported by other investigators as well

(Martens et al. 1973; Meinert and Winchester 1977; Shaw

1991; Rastogi and Sarin 2005). The Cl- depletion in our

study is rather consistent with results obtained from many

coastal and remote ocean sites (Johansen et al. 1999; Hara

et al. 2002; Yao et al. 2003 and references therein).

Observations by Nair et al. (2006) during a land campaign

conducted over the Indian peninsula also indicated similar

depletion of Cl- at locations where SO4
2- concentrations

were significant.

Fig. 5 Linear regression plots between sum of anion equivalents

(neq) and cation equivalents (neq) showing the charge balance in

Thumba aerosol samples

Fig. 6 Temporal variations of

particulate chemical

composition and the organic

carbon/elemental carbon (OC/

EC) ratio during the entire

sampling period
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Carbon Content in Aerosol

The temporal variations of TC, TN, inorganic–organic

nitrogen along with primary organic carbon (POC) and

secondary organic carbon (SOC) over the study region are

shown in Fig. 8. Total carbon in Thumba aerosols varied

from 10 to 29 lg m-3 with average of 20 ± 5.8 lg m-3.

Minor variation in TC concentrations during winter indi-

cates the consistent source of carbonaceous material. The

observed TC concentrations were comparable to many

Indian cities (Satheesh 2012); however, the studies from

European urban background sites reported significantly

higher values (Fisseha et al. 2009 and references therein).

Scatter plots between organic carbon (OC), elemental

carbon (EC) and other relevant carbon components show-

ing a linear relation are revealed in Fig. 9. Overall, three

carbonaceous components (OC, EC, and WSOC) generally

correlate well with each other (R2 C 0.7). The observed

annual average concentrations of OC (17.0 ± 4.4 lg m-3)

as well as EC (3.3 ± 1.6 lg m-3) over Thumba were

similar to annual average concentrations observed over

other cities, such as Ahmedabad (12.8 and 2.1 lg m-3)

(Rastogi and Sarin 2009), Mumbai (25.3 and 12.6 lg m-3)

(Venkataraman et al. 2002), and Chennai (9.1 and

6.5 lg m-3) (Pavuluri et al. 2011), Southern Indian semi-

arid regional background site, such as Kadappa

(6.25 ± 1.3 and 2.52 ± 0.65 lg m-3) (Begam et al. 2016)

and Himalyan location in Nainital (11.7 ± 7.7 and

2.9 ± 2.4 lg m-3). The OC and EC concentrations in

Thumba aerosol are much lower than other cities of the

world, such as Beijing (22.4 and 7.88 lg m-3) (Favez et al.

2008), Seoul, Korea (10.2 and 4.1 lg m-3) (Kim et al.

2007), and Xiamen, China (15.8 and 9.1 lg m-3) (Zhang

et al. 2011). Conversely, the values are higher than those

Fig. 7 Temporal variations in

sea-salt and non-sea-salt

contribution in the aerosol

samples collected over Thumba
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observed in other megacities in developed countries, such

as Belgium (4.12 lg m-3 OC and 1.80 lg m-3 EC), Italy

(5.91 lg m-3 OC and 1.44 lg m-3 EC) (Viana et al.

2007), and Paris (5.9 lg m-3 OC and 1.7 lg m-3 EC)

(Favez et al. 2008).

OC originates from primary anthropogenic sources and

also from secondary formation (secondary OC) by chemi-

cal reactions in the atmosphere. Incomplete combustion of

carbon compounds produce EC (e.g., residential coal,

motor vehicle fuel, and biomass). Higher OC/EC ratios

indicate an influence from biomass-burning and or bio-

genic sources, while lower ratios are attributable to fossil-

fuel combustion. OC levels were considerably higher than

EC for all our samples (5.7 for post monsoon, 5.5 for

winter, and 5.4 for premonsoon seasons). Compared with

vehicular exhausts, the emissions from residential coal

burning for house heating contain more organic pollutants

that result in higher OC/EC ratio (Cao et al. 2005). Bio-

mass burning is quite common over rural areas of the

Indian subcontinent. This is mainly because of the fire-

wood/dung cake usage during domestic heating and

cooking, which apparently release more organic pollutants

compared to fossil fuel emissions (Venkataraman et al.

2002).

The OC/EC ratios obtained in this study (annual range

3.4–9.1) cover the array known for the vehicular exhaust

and biomass burning emissions reported by Saarikoski

et al. (2008) for urban environment in Helsinki, Finland.

Sandradewi et al. (2008) observed relatively lower OC/EC

ratios for vehicular emission from road traffic. Higher

ratios were reported for biomass burning release from the

measurements made at a small village over the steep

Alpine valley of Roveredo, Switzerland. Saarikoski et al.

(2008) observed OC/EC ratio of 6.6 for biomass burning

Fig. 8 The temporal variations

of TC, TN, inorganic–organic

nitrogen along with primary

organic carbon (POC) and

secondary organic carbon

(SOC) in aerosol samples

collected at Thumba, India
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and 0.71 for vehicular emissions. Similarly, Sandradewi

et al. (2008) reported ratios of 7.3 and 1.1 for these two

sources, respectively. Hopkins et al. (2007) studied the

particles emitted during combustion of several plant fuels

at different temperatures and suggested that flaming con-

ditions produce more EC and less OC while smoldering

fires result in higher OC content.

Regional air quality over the northwestern part of India

during winter season will be influenced considerably by the

regular practice of crop harvesting. However, wood/coal

burning for domestic use will continue throughout the year

(Ram et al. 2010). Due to the large-scale biomass burning,

high OC/EC ratios are reported over the IGP region viz,

Hisar (8.7, Rengarajan et al. 2007), Kanpur (7.4, Ram et al.

2010), and Agra (7.3, Pachauri et al. 2013). Lower OC/EC

ratios were reported in eastern part of India at remote rural

site of Adityapur (5.29 ± 1.08) and industrialised urban

location in Saraikela Kharsawan (2.34 ± 0.75) (Shub-

hankar and Ambade 2016). Over the sourthern part of

India, compared with IGP region, lower OC/EC ratios were

recorded. Begam et al. (2016) reported the formation of

secondary organic aerosols over Southern Indian at semi-

arid region of Kadappa with average OC/EC ratio of 4.2.

The values at Pune (2.9 ± 0.5) and Mumbai (2.0 ± 0.3)

are still lower, presenting fossil fuel combustion and crustal

source (Venkataraman et al. 2006; Safai et al. 2014) along

with east coast of India, Bhubaneswar (1.88 ± 0.24)

(Panda et al. 2016), and Chennai (1.4) (Pavuluri et al.

2010). A campaign mode measurement by Engling et al.

(2011), from the top of a mountain site (1960 m asl) over a

remote part of the Tibetan Plateau (Yunnan Province)

during spring (April and May), reported higher OC/EC

ratios (4.3 ± 2.1). This experiment also unveiled a sub-

stantial regional build-up of carbonaceous particles

accompanied by fire activities and transport of pollutants

from the nearby regions of Southeast Asia and the northern

part of the Indian Peninsula.

The major part of aerosol carbon is derived from

smouldering process in the form of water-soluble organics,

which can act as cloud condensation nuclei (CCN) (An-

dreae et al. 1996). Carbonaceous aerosols derived from

fossil fuel combustion may be relatively less water-soluble

(WSOC; 7–19%) due to less oxygenated organics as

reported by Ruellan and Cachier (2001). In our samples,

the contributions of WSOC to the total carbon varied from

33 to 58% in post monsoon, 29–45% in winter and lower

values of 15–38% in premonsoon season. The annual

average of WSOC concentration recorded at our study

location (6.1 ± 2.1 lg m-3) is lower than the IGP region

viz., Allahabad (17.7 ± 5.9) and Kanpur (8.8 ± 5.7) (Ram

and Sarin 2010), Hisar (10.7 ± 4.5) (Rengarajan et al.

2007) and southern Indian remote location of Jaduguda

(16.2 ± 3.5) (Ram and Sarin 2010). By the quantification

of both aerosol water-insoluble and -soluble parts, it is

possible to gain insights into sources for atmospheric

organic carbon particles. Another component of OC in TC

is water-insoluble organic carbon (WIOC), which con-

tributes considerably to OC. In the present work, the WIOC

Fig. 9 Scatter plots between

organic carbon (OC), elemental

carbon (EC), water insoluble

organic carbon (WIOC) and

primary organic carbon (POC)

showing a linear relation
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is calculated as OC—WSOC. Compositions of elemental

carbon (EC), water-soluble OC (WSOC), and water-in-

soluble OC (WIOC) (given as percentage fractions of TC)

in aerosol samples collected over study region are shown in

a ternary diagram (Fig. 10). A good correlation between

WIOC and EC also is apparent (R2 C 0.52; Fig. 8), indi-

cating the influence of fossil fuel combustion over the

study region. WIOC also shows good correlation with nss-

K especially during post monsoon season (R2 = 0.86).

Furthermore, lower OC/TSPM weight ratios were observed

to be 0.16 for post monsoon, 0.26 for winter and 0.17

during premonsoon season, indicating the contribution

from other inorganic constituents to bulk aerosols. Similar

OC/TSPM weight ratios (0.09 and 0.16, respectively) were

reported over the northwestern part of India, Mount Abu

(Rastogi and Sarin 2009) and remote site over the Tibetan

Plateau, Yunnan Province (Engling et al. 2011) due to

entrainment of mineral dust. In atmospheric aerosols, O, N,

and H also may contribute significantly to organic matter.

Hence, particulate organic matter (POM) is estimated by

multiplying OC with a factor of 1.6 (Turpin and Lim 2001),

which includes water-soluble organic matter (WSOM) and

water-insoluble organic matter (WIOM). These data along

with measured inorganic ions during the observation period

are shown in Fig. 11 as a pie chart. Premonsoon WIOM

contribution (42%) is found to be maximum compared with

winter (35%) and post monsoon (24%). Venkataraman

et al. (2002) suggested that the stronger biogenic influence

and less photochemical aging are indicated by higher ratio

of organic matter (OM) to SO4
2-. In other words, lower

values represent more photochemical aging and stronger

anthropogenic influence. In Thumba, OM/SO4
2- ratio was

higher in premonsoon (6.7) than winter (4.6) and post

monsoon (3.9). Ziemba et al. (2007) reported larger OM/

SO4
2- ratio (6.4) for a suburban site (Durham, New

Hampshire) due to a stronger biogenic emission and fewer

photochemical processing. However, the same work

reported lesser OM/SO4
2- ratio (0.4) because of the sig-

nificant increase in anthropogenic contribution as well as

photochemically more processed aerosols.

The sum of mass concentrations obtained for different

species from chemical analyses was used to assess the

extent to which the gravimetrically measured particulate

Fig. 10 Compositions of elemental carbon (EC), water-soluble

organic carbon (WSOC), and water-insoluble organic carbon (WIOC)

(given as percentage fractions of TC) in aerosol samples collected at

Thumba, India

Fig. 11 The relative contributions of major inorganic ions, water-

soluble organic matter (WSOM) along with water insoluble organic

matter (WIOM) during the observation period in aerosol samples

collected at Thumba, India. a Postmonsoon, b winter, c premonsoon
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mass could be reconstructed from the chemical compo-

nents of atmospheric aerosol. The reconstructed mass (RM)

for TSP was formulated with the following equation (Chow

et al. 2015); RM = [NH4] ? [SO4] ? [NO3] ? [MSA] ?

[Cl] ? [Na] ? [Mg] ? [K] ? [Ca] ? (1.6) 9 [OC] ? [EC].

As mentioned earlier, to account for associated oxygen and

hydrogen mass, OM was obtained by multiplying the mea-

sured concentration of organic carbon (OC) by a conversion

factor, which is the ratio of the average molecular mass to

carbon mass in organic aerosol. The sum of all the quantified

components accounted for 59 ± 15% of the TSP mass with

the remaining unanalysed fraction mostly being silicon-related

components and metal oxides (Wang et al. 2010). The

uncertainties of some of the analysed water soluble species and

OM factor also may result into average mass reconstruction

less than TSP average mass. However, mass closure result is in

corroboration to earlier studies (Malm et al. 2005; Chowdhury

et al. 2007; George et al. 2008, 2011).

In the ambient atmosphere, the primary OC (POC) is

directly emitted in particulate form by emission sources,

such as vehicular exhaust, fuel combustion, and cooking

(Wang et al. 2017). In contrast, secondary OC (SOC) is

formed through gas/particle partitioning of semi-volatile

reaction products involving reactive organic gases (Blando

and Turpin 2000). Due to a lack of direct analytical

chemical method, separating primary and secondary

organic aerosol and the enormous complexity of organic

aerosol have restricted researchers to estimate POC and

SOC using EC tracer methods (Lim and Turpin 2002). For

the primary combustion-generated carbonaceous aerosols,

EC is one among the useful tracers (Yu et al. 2009). This is

because EC and POC may have a common source (Miya-

zaki et al. 2006). By this method, POC and SOC were

estimated using the below equations,

POC½ � ¼ OC/EC½ �min� EC½ � þ c ð1Þ

SOC½ � ¼ OC½ �meas� POC½ � ð2Þ

where [OC/EC]min is the minimum ratio of OC/EC for all

the samples in every season, c is the parameter to account

for non-combustion sources contributing to POC, and

[OC]meas is the measured OC concentration. In the Eq. (1)

we have used the [OC/EC]min values of 0.9, 1.7, and

1.1 lg m-3 during post monsoon, winter, and premonsoon

seasons, respectively. If we consider the POC contribution

from noncombustion sources (e.g., primary biogenic sour-

ces) are negligible, [OC/EC]min values used seems to be

reasonable, because the OC/EC ratio depends upon the type

of biomass as well as burn rate (Stone et al. 2010).

In our samples, POC concentrations were

6.2 ± 3.1 lg m-3 in post monsoon, 6.2 ± 2.7 lg m-3 in

winter and 7.1 ± 3.3 lg m-3 in premonsoon. Similarly, SOC

concentrations were 9.7 ± 2.1 lg m-3 in post monsoon,

10.4 ± 2.8 lg m-3 in winter, and 10.2 ± 3.1 lg m-3 in

premonsoon. Relatively higher SOC/POC ratios (2.0)

observed during post monsoon than winter (1.9) and pre-

monsoon (1.8) suggest an enhanced photochemical produc-

tion of organic aerosols under favourable meteorological

conditions.

Except for premonsoon samples, WSOC and SOC are

highly correlated (R2 C 0.84). In contrast, WSOC is

weakly correlated with POC (R2 B 0.40) for both seasons.

The high concentrations of SOC and WSOC/OC ratios

(0.47 in post monsoon, 0.37 in winter, and 0.26 in pre-

monsoon) suggest that secondary formation of organic

aerosols might have happened during long-range atmo-

spheric transport over the region. This is further supported

by the correlations observed between SOC and WSOC. It is

of interest to note that the average WSOC/SOC weight

ratios were less than unity for most of the samples (average

0.62 ± 0.19). This may suggest that not all the SOC

compounds were necessarily water-soluble. Earlier studies

by Saxena and Hildemann (1996) suggest that some SOC

compounds are considered to have significant carbon-hy-

drogen functional groups by which they may have

hydrophobic properties. Similar findings have been repor-

ted for the coastal city of Chennai by Pavuluri et al. (2010).

Nitrogen Content in Aerosols

Temporal variation in the concentrations of total nitrogen

(TN) along with inorganic/organic nitrogen and POC/SOC

concentrations in aerosol samples collected at Thumba are

depicted in Fig. 8. TN concentrations during post monsoon

(3.6 ± 1.2 lg m-3) were higher than winter (2.7 ± 0.6 lg
m-3) as well as premonsoon (2.3 ± 0.8 lg m-3). The

variations of day- and night-time concentrations were not

statistically significant. The higher TN content in aerosols

over Thumba during post monsoon is probably related to

greater NOx species present in aerosols that are produced

from the fossil fuel burning (Pichlmayer et al. 1998). As

reported earlier, fertilizer use in agriculture sector and fossil

fuel burning are the principle contributors to the nitrogen

compounds transported from the Asian continent (Galloway

2000).

Kawamura et al. (2004) have reported that Asian aero-

sols contain *40% of nitrogen that preferably exists in the

form of water-soluble nitrate. In Thumba samples,

89 ± 9% of TN was found to be inorganic NO3
-.

Remarkably, premonsoon samples had considerably higher

contribution of NO3
- to TN (36 ± 12%) than that during

the winter (17 ± 8%) and premonsoon (28 ± 6%). On

average 60 ± 14% contribution of NH4
? to TN was

Arch Environ Contam Toxicol (2017) 73:456–473 467

123



noticed. Furthermore, during the entire study period, very

good correlations (R2 C 0.82) were observed between TN

with NO3
- plus NH4

?, which further confirm that a sig-

nificant fraction of TN is contributed by ammonium and

nitrate ions. Domestic animal excrements and wetland soil

will release nitrogen compounds (e.g., NH3) to the atmo-

sphere, which may eventually being captured by the acidic

aerosol species. The atmospheric acidic gases (e.g.,

RCOOH, H2SO4, and HNO3, etc.) that can react with NH3

may give rise to fine particulate nitrate complexes.

Excellent correlation (R2 = 0.96) was obtained between

mass concentrations of TN and TC in premonsoon,

implying similar sources of TN and TC. However, in post

monsoon and winter a weaker correlation (R2 B 0.21) was

observed for TN and TC. During post monsoon season, the

ratios of TC/TN were found to be 3.1–11.3 with average of

5.7. While during winter and premonsoon, the ratios were

substantially higher (4.9–10.7, average 8.1). The annual

average ratio (7.3 ± 2.8) of TC/TN over Thumba is higher

than that over many cities over the Indian subcontinent.

Agnihotri et al. (2011) reported similar TC/TN ratios for

the crop waste and fuel wood burning in the open fields.

Organic Nitrogen Enrichment During Winter

Season

The organic nitrogen complexes (Org-N) might be note-

worthy in aerosol particulate matter (e.g., urea, amino

compounds, nitro-aromatics, heterocyclic nitrogen com-

pounds, organic nitrates, nitrogenised soot, as well as

humic-like substances; Zhang et al. 2002). Due to their

source mostly from anthropogenic and potential effects on

particle hygroscopicity, these compounds are of consider-

able attention in aerosol studies (Saxena and Hildemann

1996). As discussed earlier, biomass burning is one of the

largest sources of organic aerosol in the atmosphere espe-

cially over tropics. Mace et al. (2003) reported a detailed

study of water-soluble organic nitrogen in Amazon basin

aerosols mainly in the form of urea, amines, and amino

acids, which accounted for more than 40% of the total

particulate nitrogen. Significantly high contribution of

alkyl amides and alkyl nitriles were observed in particulate

matter from Kuala Lumpur (Bin Abas et al. 2004) and

Santiago de Chile (Simoneit et al. 2003). Molecular iden-

tification based on the elemental composition using high-

resolution mass spectrometry combined with MS/MS

structural analysis by Laskin et al. (2009) revealed that

slow smouldering burning that leads to incomplete com-

bustion of pyrolysis products is responsible for the pres-

ence of a large number of nitrogen containing organic

carbon species in the biomass burning aerosol samples.

Inorganic N (Inorg-N = NH4
?–N ? NO3

-–N) and

organic N (Org-N = TN - Inorg-N) at Thumba were

calculated and their range and average values are presented

in Table 1. Org-N during winter season varied from 0.2 to

1.0 lg m-3 (average 0.42 ± 0.31 lg m-3) and was higher

than post monsoon (0.2–0.7 lg m-3, average

0.38 ± 0.21 lg m-3) and premonsoon (0.2–0.5 lg m-3,

average 0.37 ± 0.10 lg m-3). Previous studies have

shown that atmospheric transport plays a major role in

chemistry of nitrogen compounds as well as its source

distributions (Brasseur et al. 1999). Within the lower tro-

posphere the life time of NOx may be few hours to less

than a day. Above the boundary layer or free troposphere,

they can persist for quite longer time depending upon the

temperature/season and height. For example, amino acids

and organic nitrates, etc. can survive more than a week,

which eventually get transported to longer distances from

the source region (Neff et al. 2002). Kumar et al. (2011)

have reported intense fire spots on downwind of their

observation site and corresponding high tropospheric NO2

concentrations. From the observed high concentrations of

Org-N along with back trajectory paths discussed earlier, it

is likely that the winter time enhancement is due to bio-

genic and biomass burning contributions from eastern and

north eastern part of the Indian subcontinent.

Principal Component Analysis for Selected

Chemical Compounds

In order to study the source apportionment of aerosol

chemical species, the principal component analysis (PCA)

by Kaiser Normalisation with varimax rotation statistical

technique was applied for the data set of selected param-

eters using a software package SPSS version 14. PCA is a

data reduction technique that is widely used to generate a

few virtual variables, which are called as factors based on

their covariance or correlation that becomes simple to

understand (Seto et al. 2000; Simeonov et al. 2003 and the

references therein). The contributions of all the elements

described by the PCA are given by communalities and

provide the variance explained by each retained factor

(Heidam 1982). Table 2 gives the results of PCA with 5

components detected for the entire sampling period

(N = 20). All together 5 factors explained *83% of the

total variance. Most of the communalities were C0.7. This

says that the extraction of all the factors is realistic to make

interpretations for the present study. Overall, elemental

loadings appear to be complex owing to admixture of

aerosols generated from local source with those brought

from long distances.

Factor 1 is strongly loaded with inorganic nitrogen, Cl-,

NO3
-, PO4

3-, SO4
2-, Na?, and NH4

?. The high loadings

noted on NH4
?, NO3

-, and SO4
2-, indicate probable

existence of (NH4)2SO4, NH4HSO4, and NH4NO3 salts.

Ammonium may have significant contribution from
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vegetation, animal waste, fertilizers, and biomass burning

(Lee et al. 2003). Especially in the aerosols of marine

origin, sea-salts are the primary source for particulate

SO4
2- (i.e., biogenic gases from the marine environment)

whereas anthropogenic contribution comes from combus-

tion of fossil fuels (Johansen et al. 1999). Na? and Cl- are

of marine origin. They can be considered as seasalt origin,

and PO4
3- has been attributed the source from extensive

use of fertilizers as well as phosphate-containing minerals

that exist in the soil dust (Jung et al. 2010). Therefore, this

factor 1 is identified as sea salt mixed with anthropogenic

components.

The second factor contributes *19% of the total vari-

ance. The high loadings on WIOC and EC indicate that,

apart from continental anthropogenic, this insoluble carbon

might come from primary biogenic source that is attributed

to marine biomass produced during phytoplankton blooms

(Claeys et al. 2010). Thereby, the high loading on OC

along with EC and WIOC the factor is identified as bio-

genic compounds mixed with fossil fuel combustion. Fac-

tor 3 is identified with biomass burning source compounds

viz. K?, SO4
2?, and WSOC. Potassium is generally con-

sidered as a good tracer for biomass burning (including

biofuel) (Lee et al. 2003; Falkovich et al. 2005 and refer-

ences therein). Factor 4 is loaded with organic nitrogen,

Cl-, and Mg2?. Chi et al. (2015) recently indicate that

mixture of inorganic and organic constituents including

hydrophilic MgCl2 can shorten the lifetime of acidic gases

and influence the possible gaseous reactions in the remote

atmosphere. Natural origin of magnesium in aerosol is

closely related to the sea-salt association. However, Mg2?/

Ca2? weight ratio is close to unity, suggesting that dolo-

mite also could significantly contribute from the arid

regions of the Arabian Peninsula, Persian Gulf and Thar

Desert (Johansen et al. 1999). Factor 5 explains 7.3% of the

total variance and marked by loadings on MSA-, NO3
-,

and Ca2?. Natural MSA is produced by the oxidation of

dimethyl sulfide (DMS) produced in the surface ocean by

phytoplankton species (Miyazaki et al. 2012). Hence, this

factor is identified as maritime biogenic sources mixed

with mineral dust.

Conclusions

Tropical Indian aerosols collected over coastal location

(Thumba) during September 2009 to March 2010 were

investigated for concentrations of total carbon and nitrogen,

elemental carbon, organic carbon, water-soluble organic

carbon and ions (cations and anions), and their sources. On

average, water-soluble components (30 lg m-3) account for

33% of total aerosol mass (92 ± 35 lg m-3). Charge bal-

ance of the major ions revealed cation abundance over the

region. Relatively high abundances of WSOC (range:

2.1–11.0 lg m-3) account for 32% of water-soluble com-

ponents and their significant positive correlation

(R2 = 0.58) with K? (range: 0.4–1.0 lg m-3) provides an

evidence for their large-scale contribution from biomass

burning for the entire observation period. The temporal

variations in the carbonaceous aerosols and air mass trajec-

tories demonstrated that several pollutants with their pre-

cursor compounds are originated from north-western India

and the surrounding oceanic regions.

It is noteworthy that, although local and or regional

emissions are important in controlling the concentrations of

carbonaceous aerosols over the study area, the ambient

meteorology indicates that their source strength seems to

be weakened due to the dilution. This is mainly due to the

mesoscale weather phenomenon common in coastal

regions (i.e., sea/land breeze circulations). Because there

are no significant local anthropogenic contributions over

the study region, the datasets reported here could serve as

baseline observation of carbonaceous aerosols for southern

peninsular India, which could contribute to regional cli-

mate and air quality models. This would also allow the

rapidly growing economies to adapt strict air quality

measures to improve human health in addition to lower

their climate forcing effects.

Table 2 Results of principal component analysis of the selected

compounds

Components 1 2 3 4 5 Communalities

Inorg-N 0.9 0.9

Org-N 0.8 0.7

OC 0.9 1.0

EC 0.9 0.9

WSOC 0.8 0.7

WIOC 0.9 0.9

MSA- 0.9 0.8

Cl- 0.8 0.5 0.9

NO3
- 0.7 0.5 0.9

PO4
3- 0.7 0.7

SO4
2- 0.5 0.7 0.7

Na? 0.8 0.8

NH4
2? 0.8 0.9

K? 0.8 0.8

Ca2? 0.8 0.8

Mg2? 0.8 0.8

Eigen values 5.4 3 2.1 1.6 1.2

% of Variance 34 19 13 10 7.3

Cumulative % 34 53 66 76 83
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