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Abstract The aerosol samples were collected from a high
elevation mountain site, Nainital, in India (1958 m asl) during
September 2006 to June 2007 and were analyzed for water-
soluble inorganic species, total carbon, nitrogen, and their
isotopic composition (δ13C and δ15N, respectively). The
chemical and isotopic composition of aerosols revealed sig-
nificant anthropogenic influence over this remote free-
troposphere site. The amount of total carbon and nitrogen
and their isotopic composition suggest a considerable contri-
bution of biomass burning to the aerosols during winter. On
the other hand, fossil fuel combustion sources are found to be
dominant during summer. The carbon aerosol in winter is
characterized by greater isotope ratios (av. −24.0‰), mostly
originated from biomass burning of C4 plants. On the contrary,
the aerosols in summer showed smaller δ13C values (−26.0
‰), indicating that they are originated from vascular plants
(mostly of C3 plants). The secondary ions (i.e., SO4

2−, NH4
+,

and NO3
−) were abundant due to the atmospheric reactions

during long-range transport in both seasons. The water-
soluble organic and inorganic compositions revealed that they
are aged in winter but comparatively fresh in summer. This
study validates that the pollutants generated from far distant

sources could reach high altitudes over the Himalayan region
under favorable meteorological conditions.

Keywords Himalayan aerosols . Biomass burning . Fossil
fuel combustion . Long-range transport . Pollution assessment

Introduction

Tropospheric aerosols have significant impacts on climate
change and human health, and their effects are largely dependent
on their chemical composition (e.g., Krueger et al. 2003).
Because of the potency and diversity of sources for both natural
and anthropogenic aerosols, there has been considerable interest
on the characterization of emissions fromAsian region (Arimoto
et al. 2004). Changes in emissions of soot, inorganic anions as
well as cations, sea salts, mineral dust, and a variety of industrial
effluents can all contribute to the variability in the chemical
composition of aerosols. Furthermore, due to the relatively short
lifetime of atmospheric particles, their concentrations and com-
position vary widely on a regional scale.

The biogeochemical cycles of several chemical species in the
atmosphere are perturbed by anthropogenic activities (Lacaux
and Artaxo 2003). For example, Galloway (1995) reported that
NH3 emission and subsequent nitrogen accumulation in terres-
trial ecosystems have the potential to generate significant acidi-
fication in terrestrial and aquatic ecosystems. Fixed nitrogen
(NO3

−, NH4
+) is a limiting nutrient in many ecosystems. The

increased nitrogen deposition in and around many industrial
areas of the world consequently causes eutrophication of fresh
water and marine ecosystems, with consequence of affecting the
atmospheric carbon balance (Brasseur et al. 2003). In fact,
Novakov and Penner (1993) reported that organic carbon and
sulfate aerosols equally contribute to the formation of cloud
condensation nuclei even in the remote marine regions.
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Therefore, regional scale studies of chemical composition of
atmospheric particles are vital in assessing the effects of aerosols
on climate. It is also important for better understanding various
atmospheric processes such as lateral and vertical air mass trans-
port and physico-chemical transformations of atmospheric
chemical species.

The research on stable isotope finds its applications in a wide
area from compound specific to bulk analysis (Bendle et al.
2006, 2007; Flanagan et al. 2005). In the atmospheric aerosols,
isotope geochemistry will help in identifying the transport path-
way of terrestrial biomarker compounds (Schefub et al. 2003;
Yamamoto et al. 2013). Stable carbon isotopic compositions of
total carbon (TC) (δ13C) and total nitrogen (TN) (δ15N) are also
useful in source determination based on unique signals of differ-
ent aerosol carbon and nitrogen. Further, it can also be used for
investigating the long-range atmospheric transport of aerosols
(Jung and Kawamura 2011 and references therein). The δ13C
value of the aerosol sample can yield important information on
the source of organic matter (Smith and Freeman 2006). It is
shown that the δ13C value is in the range of −23 to −30‰ in
C3 plants like shrubs, grasses, sedges, etc. (Gelencser 2004),
while it is greater (−14 to −20‰) in C4 plants, for example
maize, sugarcane, etc. (Saxena and Ramakrishnan 1984;
Turekian et al. 1998).

The Indo-Gangetic Plain (IGP) is one of the most populated
regions in the world. The area includes some of the major Indian
industrialized cities such as Delhi, Kanpur, Lucknow, Patna, and
Kolkata. This region is rich in river alluvium and good for cul-
tivation. Silt and clay make the fine particles whereas sand and
gravel that are calcareous sediments make the land very fertile.
Farming on the IGP primarily consists of sugarcane and wheat
grown in rotation during different seasons. Other crops include
maize, rice, and cotton. The highly irrigated productive land of
Indo-Gangetic plains contribute about 15 % of the world annual
wheat production (Ortiz et al. 2008). Air masses originated from
this anthropogenically influenced IGP region are enriched with
crop residue burning products and industrial emissions.
Throughout the year, this pollution effect is seen all over the
Indian subcontinent including oceanic regions, which becomes
intense during winter months (Niranjan et al. 2006; Kumar et al.
2011), and the influence may even extend to the Pacific during
the latter part of the year.

The nature and sources of particulate matter at four Chinese
urban locations were investigated using state-of-the-art offline
analytical approaches and statistical techniques during January
2013 (Huang et al. 2014). The authors found that the severe haze
pollution event was driven to a large extent by secondary aerosol
formation. The fossil fuel combustion and biomass burningwere
found to be important factors for controlling the level of pollut-
ants in the atmosphere. In particular, the accumulation of highly
concentrated fine particles in the boundary layer contributes to
the occurrence of Haze. The low temperature and relative hu-
midity less than 90 % create the poor horizontal visibility. Fog

can occur if the wind is calm and the air is sufficiently moist,
cool, and descending. Such conditions are prevalent in the Indo-
Gangetic Plain during winter months of November to February
(average temperature 17 °C, RH 64 %, and maximum daily
RH>90 %) as evidenced during an observational campaign
(Mehta et al. 2009 and references therein). Tare et al. (2006)
found that prolonged foggy/hazy conditions over the IGP region
are mainly due to the increased anthropogenic emissions over
the northern part of the Indian subcontinent. It is also shown that
several secondary pollutants such as ammonium, nitrate, and
sulfate are high especially among fine particles in the haze pol-
lution (Wang et al. 2012).

There are different approaches for identifying the source re-
gions of pollution using back-air trajectory, 3-D modeling based
on the tracer, and observations of different chemical species.
Studies on physical and chemical properties of background aero-
sols can also help to identify the source regions. High altitude
pristinemountain sites can provide a unique opportunity to study
this aspect. As compared to the lowland areas (e.g., metropolitan
cities), the stronger solar radiation, higher relative humidity, and
lower temperature over the mountain region provides a unique
site for the study of aerosols. Present observation site Manora
Peak, Nainital (29.4°N; 79.5°E, 1952 m asl) (hereafter referred
to as Nainital) is one of the highest mountain peaks in the foot-
hills of the central Himalayan region (Fig. 1). As the summit of
the world, the Himalayan chain of mountains acts as the bound-
ary of the Indian monsoon and the continental climate of central
Asia. South Asian climate is greatly influenced by the
Himalayan chain. The high elevation acts as a barrier over the
Indian subcontinent for the entry of cold air mass from central
Asia and retains the moist air flow originated over the Indian
Ocean (Barros et al. 2004). Due to its geographical location and
high altitude, the site Nainital can be considered as a unique
place to understand the atmospheric chemistry and processes
among remote sites across the world.

The objective of this work is to better understand the sources
and chemical characteristics of aerosols over the Himalayan re-
gion. We present the temporal variations of water-soluble ions
(cations and anions), stable isotope ratios of total carbon and
nitrogen, organic carbon, elemental carbon and water-soluble
organic carbon, and their sources for different seasons of the
year (winter and summer). Since the present observation site is
at a mountain of high altitude and has minimal local emissions,
we believe that the study of aerosols at Nainital represents, to the
extent possible, a regional scenario over the subcontinent.

Experimental details

Aerosol sampling

Total suspended aerosol particles in the atmosphere were col-
lected from a single-stage high-volume sampler using a quartz
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fiber filter (precombusted at 450 °C for 6 h) on the rooftop
(∼10 m agl) of a building at Nainital (Fig. 1). Aerosol samples
were collected from September 2006 to January 2007
(representing winter season) and March to June 2007
(representing summer season). The sampling was done for
daytime (9 am to 6 pm) and nighttime (7 pm to 8 am) during
winter, whereas during summer period the sampler was oper-
ated for less duration: daytime (10 am to 1 pm) and nighttime
(8 pm to 11 pm). Field blank filters were also collected in the
sameway except for a zero flow rate. In total, nine filed blanks
were collected representing a minimum of 1 for each month.
Before and after sampling, the filters were stored in a
precleaned glass bottle with a Teflon-lined screw cap at
−20 °C.

Chemical analysis

All the samples were sent to the Institute of Low Temperature
Science, Hokkaido University, Sapporo, for the analysis.

Total carbon, total nitrogen, and their isotope analysis

TC and TN and their isotope ratios (δ13C and δ15N) were
measured using an elemental analyzer (EA) (Carlo Erba, NA
1500) and an isotope ratio mass spectrometer (irMS)
(Finnigan MAT Delta Plus) coupled to the EA through an
interface (Thermo Quest, ConFlo II), respectively
(Kawamura et al. 2004). A part of the filter paper (a disc of

1.8 cm in diameter) was placed in a tin cup, which was intro-
duced into EA and oxidized at 1020 °C in a combustion col-
umn that is packed with chromium(III) oxide. The emitted
nitrogen oxides were converted to molecular nitrogen (N2) at
650 °C in a reduction column, which is packed with metallic
copper. By using a gas chromatograph (GC) in line with the
EA, the derived N2 and carbon dioxide (CO2) were separated
and measured from a thermal conductivity detector. The CO2

and N2 were then introduced into the irMS. From the standard
isotopic conversion equation, the carbon isotopic composition
(δ13C) relative to the Pee Dee Belemnite (PDB) standard was
estimated as follows.

δ13C ¼
13C

.
12C

� �
sample

� �

13C
.

12C
� �

standard

� �h i −1

2
664

3
775� 1000

Known amounts of acetanilide were used as external stan-
dard to calculate mass concentrations of TC, TN, and δ13C of
TC (δ13CTC) as well as δ15N of TN. Different amounts of
standards (0.2 to 0.6 mg of acetanilide, whose δ13C is
−27.26‰) were prepared and measured by the EA-irMS.
Field blank corrections were also made for the mass concen-
trations and δ13CTC values reported here by applying isotope
mass balance equations (Turekian et al. 2003). For the quality
assurance, field blank filters were treated as the real samples.
TC and TN blank levels were 1.5 and 1.0 % of the measured
concentrations, respectively. The triplicate analyses of the

(4) 

(3) 

(2) 

(1) 

Nainital 

Fig. 1 Mass plot of air mass back-trajectories arriving at 500 m above Nainital during the observation period, showing four broad pathways.
Geographical location of Nainital over the Indian subcontinent is given (Map provided by http://earth.google.com)
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filter sample reveal that analytical errors in the TC and TN
measurements were 2.0 and 4.0 %, respectively.

Determination of water-soluble inorganic species

Water-soluble inorganic species were measured using ion
chromatography (IC, Metrohm 761). A part of the quartz filter
(1.8 cm disc) was extracted with 10 ml of Milli-Q water in an
ultrasonic bath for 30min. The extracts were filtered through a
syringe filter (Millipore, Millex-GV, 0.45 μm) and then
injected to the IC. Metrosep C2 column (150 mm) was used
for the measurement of sodium (Na+), ammonium (NH4

+),
potassium (K+), and calcium (Ca2+) ions with eluent 4 mM
tartaric acid/1 mM 2,6-pyridinedicarboxylic acid. Shodex SI-
90 4E column was used for the determination of nitrate
(NO3

−), sulfate (SO4
2−), methanesulfonate (MSA−,

CH3SO3
−), and chloride (Cl−), using 1.8 mM Na2CO3/

1.7 mM NaHCO3 as eluent. Field blanks were used to define
the minimum detection limits of NO3

−, SO4
2−, and NH4

+,
which are 0.01, 0.11, and 0.03 μgm−3, respectively.
Magnesium (Mg2+) ion concentrations in the samples were
found to be less than the detection limit. It must be mentioned
here that the analytical errors were below 1.3 % based on the
triplicate analyses of the filter sample (Aggarwal 2010;
Aggarwal et al. 2013).

WSOC, OC, and EC

For the measurement of water-soluble organic carbon
(WSOC), an aliquot of the filter was extracted with organic-
free Milli-Q water using an ultrasonic bath. Particles in the
water extracts were removed by filtration with a membrane
disc filter (Millex-GV, Millipore, 0.22 μm) and injected to a
total organic carbon (TOC) analyzer (Shimadzu, TOC-VCSH)
(Aggarwal and Kawamura 2008). The minimum detection
limit for the entire set of measurement was 0.1 μg cm−3 with
a maximum of 15 % analytical errors. An OC/EC analyzer
from Sunset Laboratory Inc., Portland, USA was employed
for the measurement of organic carbon (OC) and elemental
carbon (EC). The detection limits of these measurements were
1 μg m−3 for OC and 0.2 μg m−3 for EC. Concentrations of all
the species reported here are corrected for field blanks.

Meteorology

In situ measurements of the meteorological parameters were
made at the sampling site during the study period by using
automatic weather station (Campbell Scientific Inc., Canada
and Dynalab, India) with a time resolution of 20 min. The
variation of daily average temperature (T), relative humidity
(RH), wind speed (WS), wind direction (WD), and daily total
rainfall for September 2006 to June 2007 at Nainital are
shown in Fig. 2. It is clear that the lowest temperature was

recorded during December and January with the values below
zero. The highest temperature was observed (around 18 to
19 °C) during May and June with the maximum temperatures
reaching up to 25 °C. Relative humidity shows a gradual de-
crease by the withdrawal of monsoon rains. Lowest RH was
recorded during December and January. Wind speed remains
low during December to March (∼2 m s−1); however, higher
wind speeds were noticed during April andMay. Surface wind
direction does not show significant seasonal variations. In
addition, northerly or northeasterly winds are observed during
very few occasions, mainly due to the topography of this
region. The annual total rainfall averages around 250–
300 cm and occurs mostly during southwest monsoon. The
observation site represents free-troposphere characteristics
mainly during winter.

Air mass trajectories

Seven-day back-air trajectories were computed using the
Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model of the National Oceanic and
Atmospheric Administration (NOAA) during the sam-
pling period. Figure 1 shows the isentropic air mass back
trajectory for the arrival height of 500 m above ground
level at the observation site. Typically, atmospheric aero-
sols may have residence time of 1 week to 10 days
(Reddy and Venkataraman 1999). In view of this, 7-day
back-air trajectories were made here. Generally, trajectory
provides the most likely pathway and source region for air
mass. Nevertheless, accuracy of these trajectories is main-
ly determined by the spatial and temporal resolutions of
meteorological data used (e.g., Stohl and Koffi 1998; Naja
et al. 2003). Figure 1 clearly shows four broad pathways
of air masses reaching to the central Himalayas from (1)
the southeast or IGP region, (2) the west (west Asian
regions), (3) northwestern regions of Indian subcontinent,
and (4) Thar desert regions and the Arabian Sea in the
southwest.

It is important to note that the air masses do not arrive over
the sampling site from the northeastern sector, mainly due to
the presence of high mountains. By the withdrawal of mon-
soon, the wind pattern during September is southwesterly and
air masses circulate mostly over the Northern Indian region
(yellow color lines in Fig. 1). The wind patterns gradually
change to westerly during January (purple color lines), while
in April and May they remain northerly (black color lines).
The trajectory patterns change again from southwesterly to
westerly during mid June (red color lines). More detail on
the general meteorology prevailing during different seasons,
air mass, and topography around the observation site can be
seen elsewhere (Sagar et al. 2004; Pant et al. 2006; Sarangi
et al. 2014).
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Results and discussion

Water-soluble inorganic components

Linear regression plots between sum of cation equivalents
(Na+, NH4

+, K+, and Ca2+) and anion equivalents (MSA−,
Cl−, NO3

−, PO4
−, and SO4

2−) for daytime and nighttime sam-
ples are shown in Fig. 3. It is clear that there exists a high
degree of correlation (R2≥0.89) among the samples. Average
equivalent ratios of total anions to cations were 0.84±0.12
(range, 0.66 to 1.10) in winter and 0.72±0.20 (0.41 to 1.05)
in summer. Excess cations were observed especially during
summer. The departure of data from 1:1 line could possibly
arise due to the contribution of HCO3

− and organic ions

during summer months. On the contrary, our previous studies
have shown that the water-soluble organic aerosols (especially
oxalic acid) decrease during summer season (Hegde and
Kawamura 2012).

The summary on the analysis of TC, TN, and their isotope
ratios and concentrations of inorganic ions is shown in
Table 1. On average, SO4

2−, Na+, and PO4
− concentrations

during winter were found to be two to three times higher than
those in summer. Except for Ca2+, the concentrations of all
other inorganic ions in nighttime were lower than those in
daytime for both seasons. Inorganic ions are mostly
transported from lowland sources, thus more ions can be
transported onto the mountaintop during daytime due to
changes in the boundary layer heights. During night, the tem-
perature over the region remains very low and therefore the
nocturnal stable boundary layer remains well below the obser-
vation site. Since the local emissions are not much (due to
remote site), most of the observed concentrations are lowest
during night. However, during daytime the ambient tempera-
ture increases with increase in solar radiation and thermals
start developing. The convective motions resulting from sur-
face heating is relatively high over the surrounding valley
region. Thereby, the ground-based capping inversion breaks
and the pollutants from the low land areas are flushed out to
higher levels; hence, higher concentrations are noticed for
most of the compounds over the observational site. Back-air
trajectories in Fig. 1 also clearly show the transport pathway
for the air mass by the southwesterly and the westerly, which
corresponds to high concentration of the species.

Since the maritime influence is insignificant over Nainital,
Na+ might have a contribution from soil dust (Sun et al. 2010),
which can heterogeneously react with acidic gases (e.g., SO2,

Fig. 2 The temporal variations of
ambient meteorological
parameters a daily average
temperature, b relative humidity,
c wind speed, d wind direction,
and e daily total rainfall for
September 2006 to June 2007

Fig. 3 Linear regression plots between sum of anion equivalents (neq)
and cation equivalents (neq) showing the charge balance in Nainital
aerosol samples
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NOx) and form water-soluble Na+ (Li et al. 2011). High cor-
relations (R2≥0.9) were observed between Na+ and Ca2+ ex-
cept for nighttime samples collected in winter (R2≥0.3). The
observed concentrations of most inorganic ions in the present
site are lower than those from lowland urban cities like New
Delhi, Kanpur, and Hisar in the IGP region (Tare et al. 2006).
This is mainly attributed to the dilution effect as well as loss by
dry/wet removal of aerosol particles during long-range trans-
port. On the other hand, the secondary ions (i.e., NH4

+, NO3
−,

and SO4
2) are abundantly produced by chemical processes

over high-altitude regions due to the sufficient time for the
reactions during atmospheric transport. Previous studies over
several high-altitude locations (e.g., Mt. Hua, Central China,
2160 m asl; Li et al. 2011 and references therein) have indi-
cated relatively higher abundance of secondary ions, which
are mainly attributed to transport from low land areas.

The order of abundances of major inorganic ions shows
very different trend for both the seasons except for SO4

2−

and Ca2+. SO4
2 shows maximum concentration during winter

followed by Ca2+>Na+>NH4
+>K+>PO4

−>Cl−>NO3
−>

MSA−. Similarly, during summer, SO4
2− was also found to

be maximum followed by Ca2+>NH4
+>NO3

−>Cl−>K+>
MSA−>Na+>PO4

−. The concentration of SO4
2− was two to

four times higher (5.3±2.2 and 4.4±1.8 μg m−3 for day and
night, respectively) in winter than in summer (2.7±1.6 and 1.1
±6.5 μg m−3 for day and night, respectively). This high abun-
dance of SO4

2− in aerosol samples during winter indicates the
contributions of biofuel and crop residue burning over the

region. The difference in seasonal contribution is possible
due to the type of fuel used over the source region (IGP).

Modeling studies in the past have estimated that fuel wood,
dung cake, and crop waste are the three major sources of SO2

emissions over the Indian subcontinent, contributing 15, 55,
and 5 Gg y−1, respectively (Habib et al. 2004; Venkataraman
et al. 2006). Over the IGP region, dung cake is the common
type of biofuel used for house heating and cooking purposes
especially in winter. Some other in situ measurements over the
IGP region indicate two to five times higher SO2 emissions
due to the increased usage of biomass as domestic fuel during
winter (Goyal and Sidhartha 2002; Gupta et al. 2003; Sharma
et al. 2010). In the mega city Chennai (13.04° N; 80.17° E)
located on the southeast coast of India, Pavuluri et al. (2011)
have observed twofold to threefold higher concentrations of
particulate SO4

2− during winter than summer because of
higher consumption of biomass/biofuels.

The major sources of both SO4
2− and NO3

− in the atmo-
sphere are the oxidation of their gaseous precursors SO2 and
NOx, respectively. Garg et al. (2001) reported that the aver-
aged emission ratio of SO2/NOx from all pollutant sources
over India is around 1.34. Rastogi and Sarin (2005) reported
large variations in SO4

2−/NO3
− ratios of 2.0 to 19.4 for the

high-altitude location of Mount Abu. Higher SO4
2−/NO3

− ra-
tio (37.7) was observed for winter season over Nainital.
However, the SO4

2−/NO3
− ratio during summer over the study

area (3.7) is very much comparable to those from other areas
in the world (Rastogi and Sarin 2005 and references therein).

Table 1 Concentrations of total carbon (TC), total nitrogen (TN), and their isotope ratios and concentrations of inorganic ions over Nainital, India

Winter Summer

Day (N=9) Night (N=9) Day (N=11) Night (N=10)

Compounds Range Ave.±SD Range Ave.±SD Range Ave.±SD Range Ave.±SD

TC (μg c m−3) 5.3–11 7.9±2.18 4.8–9.8 6.9±1.7 9.1–36 21±9.5 11–30 17±6.2

TN (μg nm−3) 0.35–1.3 0.77±0.34 0.35–1.2 0.59±0.26 0.7–3.7 1.7±0.79 0.96–3.05 1.55±0.61

δ13C (‰) −25 to −23 −24±0.89 −25 to −23 −24±0.74 −27 to −24 −26±1 −27 to −24 −26±1.1
δ15N (‰) 22–26 24±1.6 22–27 25±1.5 13–24 17±3.7 14–20 16±2

MSA− (μg m−3) 0.08–0.2 0.12±0.04 0.08–0.14 0.11±0.02 0.22–0.62 0.4±0.12 0.23–0.49 0.38±0.08

Cl− (μg m−3) 0.03–1.2 0.21±0.38 0.05–0.2 0.11±0.05 0.2–1.5 0.7±0.47 0.32–1.09 0.67±0.24

NO3
− (μg m−3) 0.09–0.21 0.14±0.04 0.1–0.38 0.15±0.09 0.24–1.6 0.74±0.33 0.4–1.24 0.65±0.25

PO4
− (μg m−3) 0.01–0.61 0.32±0.23 0.08–0.41 0.31±0.1 0.01–0.17 0.09±0.07 0.05–0.14 0.08±0.03

SO4
2− (μg m−3) 2.5–9.0 5.3±2.2 2.2–8.1 4.4±1.8 0.54–6.2 2.7±1.6 1.1–6.5 2.7±1.6

Na+ (μg m−3) 0.63–1.4 0.87±0.24 0.6–1 0.82±0.12 0.06–0.97 0.34±0.31 0.08–0.47 0.22±0.14

NH4
+ (μg m−3) 0.08–1.1 0.57±0.36 0.1–0.94 0.36±0.26 0.28–2.1 0.84±0.47 0.45–1.76 0.75±0.4

K+ (μg m−3) 0.22–0.71 0.52±0.18 0.18–0.7 0.36±0.17 0.21–0.95 0.57±0.25 0.27–1.15 0.47±0.26

Ca2+ (μg m−3) 0.6–2.32 1.17±0.5 0.64–2.3 1.3±0.59 0.27–3.9 1.7±1.4 0.3–4.1 1.9±1.4

Inorg-N (μg m−3) 0.04–1.4 0.5±0.4 0.04–0.8 0.5±0.3 0.07–0.4 0.2±0.1 0.07–0.4 0.2±0.1

Org-N (μg m−3) 0.15–1.21 0.3±0.39 0.09–0.41 0.16±0.17 0.63–3.30 1.5±0.7 0.85–2.7 1.4±0.5

We also measured Mg2+ , but its levels were below detection limit.
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The air mass trajectories start mostly from the IGP region
during winter, delivering the pollutants to the sampling site
(Fig. 1). The observed higher ratios could also be due to the
differences in regional pollution sources and more importantly
due to the altitude difference between the sites. NO3

− exists
largely in coarser particles whereas SO4

2− follows a bimodal
(fine and coarse mode) distribution of aerosols (Venkataraman
et al. 2002; Tang et al. 2004; Ooki and Uematsu 2005).
Updraft winds can transport finer particles to higher altitude
and bring relatively higher concentrations of SO4

2− than that
of NO3

− over Nainital, thereby making SO4
2−/NO3

− ratios
high.

The sampling location in Nainital is considerably far from
the oceanic source (>1000 km from both the Bay of Bengal
and the Arabian Sea). Therefore, it is highly possible that
MSA−, Na+, and Cl− might have come from anthropogenic
and/or natural sources. The Na+ concentrations were several
times higher during winter than summer; however, a contrary
was observed with MSA− and Cl− concentrations (Table 1).
During summer, the MSA concentrations were several times
higher (0.39±0.1 μg m−3) than those during winter (0.11±
0.03 μg m−3). The largest supply of gaseous sulfur to the
atmosphere is marine water. Natural MSA is produced by
the oxidation of dimethyl sulfide (DMS) produced in the sur-
face ocean by phytoplankton species. It is an important bio-
genic precursor gas for MSA and sulfate (SO4

2−) in aerosols
that alter the Earth’s radiative forcing directly by scattering
solar energy and indirectly by acting as cloud condensation
nuclei (CCN). MSA values over Nainital (annual average;
0.25 μg m−3) are several times higher than those
(∼100 ng m−3) reported from marine aerosols (e.g., Ayers
and Gras 1991) and those (9 to 95 ng m−3) from the high-
latitude forest region (Sapporo, Japan; Miyazaki et al. 2012).
Lamb et al. (1987) reported that the observed higher MSA
concentrations were due to either enhanced contributions from
maritime sources or oxidation of terrestrial biogenic DMS.
Andreae et al. (1990) reported emissions of sulfur gases (in-
cluding DMS) from deciduous trees and pines. From the back-
ground air pollution monitoring site in Hungary, which is far
from anthropogenic sources, lower concentrations of MSA
(10 ngS m−3) were reported in coarse mode aerosol particles
(Lukács et al. 2009).

High correlations were observed between MSA and OC
especially in the summer period (R≥0.78) at Nainital, indicat-
ing its origin from biogenic/biomass burning sources.
Meinardi et al. (2003) have identified MSA during both the
flaming and smoldering stages of the savannah bush fire in
Australia’s Northern Territory, which contributes ∼10% of the
atmospheric sulfur emitted by biomass burning. Laboratory
experiments suggest that DMS in the atmosphere reacts with
hydroxyl radical during daytime, thereby producing substan-
tial amounts of MSA and SO2 (Grosjean 1984). Similarly,
some other experiments (e.g., Kolaltis et al. 1989) also

indicated that MSA oxidizes further to yield SO4
2−.

Conversely, in the samples over Nainital, any clear linear re-
lation was not found between MSA and SO4

2−.
Calcium was the second dominant inorganic ion for both

seasons. Soil and crustal material significantly contributes to
natural Ca2+ and therefore it is widely used as a tracer element
for windblown dusts from deserts and arid regions (Lee et al.
2003; Yadav and Rajamani 2004). Apart from the aeolian
sources, Ca2+ may also come from urban construction activi-
ties (e.g., cement industries). Minor forms of calcium such as
Ca3 (PO4)2 may not contribute to the measured Ca2+ because
of their limited solubility. In our samples, Ca2+ shows high
positive correlations with anthropogenic tracers like NH4

+,
K+, and SO4

2− for both winter and summer (R2≥0.75). Over
the greater Himalaya region (e.g.,Mount Everest; 6520m asl),
the aerosol measurements conducted by Cong et al. (2010)
revealed that the major contribution was of aluminum silicates
and calcium carbonate (>71 %). Calcite is the most abundant
mineral found over the northwestern arid regions surrounded
by the Arabian Sea. These calcite crystals will get lifted with
dust particles and undergo reactionwith atmospheric sulfate to
produce calcium sulfate (i.e., gypsum) (Takahashi et al. 2008).
Mori et al. (1998) found that ammonium sulfate reacted with
calcium carbonate in Kosa (Asian dust) particles. It is also
likely that Ca2+ may be present in mixed state with anthropo-
genic aerosols over Nainital.

K+ is generally considered as a good tracer for biomass
burning (including biofuel) (Lee et al. 2003 and references
therein; Falkovich et al. 2005). In our samples, K+ did not
show clear seasonal variations but showed a good correlation
with NH4

+ and SO4
2− (R2≥0.75) for both winter and summer.

High correlations (R2=0.86) were observed during summer
season for both K+ with NO3

−, implying that biofuel is an
important source of this aerosol component.

Aerosol NH4
+ may be derived from biomass burning as

well as livestock and agricultural activities (Olivier et al.
1998). In our samples, NH4

+ shows high correlation with
NO3

− for summer season (R2=0.98 and 0.99 for day and
night, respectively) but lower correlation during winter (R2=
0.78 and 0.69 for day and night, respectively). These contem-
poraneous variations suggest that NH3 shared common emis-
sion sources with NO3

− and SO4
2− and their precursors (Lee

et al. 2003).
Over the study region, relatively high concentrations of

PO4
3− were observed during the winter period (ranging from

0.01 to 0.61 μg m−3 with an average of 0.32±0.15 μg m−3).
Lesser amounts of PO4

3− were recorded during the summer
period (∼0.09 μg m−3). Nevertheless, daytime and nighttime
variations of the concentration did not show much difference.
Previous studies from USA and Asia including some of the
urban sites over Bangladesh have reported PO4

3− concentra-
tions of 0.08 to 0.16 μg m−3 (Salam et al. 2003). These report-
ed values are very much comparable to the observations over
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Nainital. However, higher concentrations of PO4
3− (3.1±

1.6 μg m−3) were reported over Ulaanbaatar, Mongolia by
Jung et al. (2010), the source of which has been attributed
from extensive use of fertilizers as well as phosphate-
containing minerals that exist in the local soil. Nonetheless,
no clear correlations were noticed for PO4

3− either with ter-
restrial or anthropogenic tracers at Nainital.

TC content and stable carbon isotope ratios

Figure 4 shows the temporal variation of TC and its isotopic
composition along with K+ and SO4

2−. During summer, the
TC concentration was found to be ∼3 times higher (21±9.5
and 17±6.2 μg m−3 for day and night, respectively) than those
in winter (7.9±2.18 and 6.9±1.7 μg m−3, respectively).
However, nighttime concentrations of TC were considerably
lower (by ∼20 %) than daytime averages for both seasons
(Table 1). Minor variation in TC concentrations during winter
indicates a consistent source of carbonaceous material.
Interestingly, for nighttime samples from both seasons, TC
shows good correlation with SO4

2− (R2=0.72). The annual
average TC concentration over Nainital (14±8.5 μg m−3) is
comparable to that of many Indian cities (Satheesh 2012) but
significantly higher than those from the European urban back-
ground sites (Fisseha et al. 2009 and references there in).

Figure 4 (bottom panel) shows the time variations of δ13C
values of Nainital aerosols. Summer δ13C values are slightly
smaller (−26±1.1‰) than the winter values (−24±0.89‰).
The differences in average δ13C values for winter versus sum-
mer might indicate that the major sources for TC from the
source region (IGP) change with season. Figure 5 compares
the δ13C values measured in our Nainital aerosol samples with
those reported for various locations as well as prospective
sources. Generally, C3 plants burn with emitting aerosol with

an average δ13C value of −26.5‰ and a maximum fraction-
ation of −0.5‰. However, C4 plants are characterized by a
greater δ13C ratio of −17.0‰ with isotopic fractionation of
3.5‰ (Cachier et al. 1986; Turekian et al. 1998). On the
contrary, Huang et al. (2006) found that biomass burning from
the forests may have higher isotopic fractionation of>3.5‰,
as compared to vehicle emissions studied from road tunnels
(≈0; homogeneous high temperature processes). C4 plants
which include sugar cane, corn, bamboo, grasses, desert
plants, and salt marsh plants are very common and are often
burnt over northwestern India during winter season. Peat and
lignite classes of coal that have a δ13C value close to −23.8‰
(Mikolajczuk et al. 2008) are also extensively used for house
heating, domestic cooking, and energy production over the
IGP region during the winter period. Stein and Rudolph
(2007) estimated the δ13C value of −26.0‰ for ethane emis-
sions from fossil fuel and industrial biofuel combustion.

Stable carbon isotopic composition (δ13C) observed in the
present study has been compared with those in the reported
literature (Fig. 5). As compared to the aerosols over Nainital,
Agnihotri et al. (2011) reported relatively smaller δ13C values
over the Bay of Bengal (−26.5‰) and the Arabian Sea region
(−25.6‰), which may be attributed to carbonaceous aerosols
of continental/anthropogenic origin. Pavuluri et al. (2011)
measured δ13C ratios from the tropical Indian aerosols
(PM10) collected on daytime and nighttime basis in winter
and summer, 2007 from Chennai and inferred that biofuel/
biomass burning is the major source of aerosol carbon in
South and Southeast Asia. Urban locations such as Mumbai
(Aggarwal et al. 2013) and Mexico cities (López-Veneroni
2009) reported δ13C values of −26.2±0.3 and −25.1‰, re-
spectively, mainly due to the fossil fuel combustion, and are
comparable to summer average values over Nainital. On the
contrary, δ13C of aerosols over Nainital are much lower

Fig. 4 Temporal variation of TC
and its isotopic ratios (δ13C)
along with water-soluble K+ and
SO4

2− in aerosol samples
collected at Nainital, India
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(−20.9±0.8‰) than those reported from Piracicaba, Brazil,
where the C4 plant burning was expected (Martinelli et al.
2002).

Water soluble and insoluble carbonaceous components

Understanding the composition of WSOC in smoke aerosols
is particularly important for tropical regions (Mayol-Bracero
et al. 2002). In general, aerosols originated from biomass
burning are more water-soluble than are fossil fuel combus-
tion products (which are mostly water-insoluble). From the
sample collected over Nainital, concentrations of water-
insoluble organic carbon (WIOC) are calculated by
subtractingWSOC fromOC. A triangular diagram is depicted
in Fig. 6 for WSOC, WIOC, and EC. It is quite clear that
WSOC contribution is significantly higher during winter sea-
son, whereas during summer WIOC and EC dominate the
bulk aerosol composition.

In the past, Huang et al. (2006) observed that organic car-
bon is released at relatively low temperature (550 °C), where-
as elemental carbon or black carbon may be emitted by high

temperature combustion (>800 °C). The temporal variations
of EC, OC, and WSOC along with TC/SO4 and MSA are
shown in Fig. 7. The average OC concentrations in summer
were about three times higher than that during winter
(Table 1). A similar trend was observed with concentrations
of TC, but a contrary is observed with WSOC. This clearly
indicates that biomass burning or biogenic (both primary and
secondary) emissions dominate during winter whereas aero-
sols during the summer are influenced by anthropogenic in-
puts. The average K/EC and K/OC ratios in winter (0.36 and
0.18, respectively) were several times higher than those in
summer (0.07 and 0.04, respectively), indicating that fossil
fuel combustion significantly contributes in the latter season.
Lower K/EC ratio (0.03) was reported by Wang et al. (2005)
from Auckland, New Zealand, where vehicular emissions
dominate.

In order to identify sources as well as emission and trans-
formation features of carbonaceous aerosols, the mass ratios
of OC to EC or BC have been extensively used in the previous
studies (e.g., Turpin and Huntzicker 1991; Clarke et al. 2002).
However, it is important to note that the differences in analyt-
ical approaches could significantly influence the results using
these ratios. BC concentrations (Aethalometer measurements)
from a network of eight observatories spread over geograph-
ically distinct environments of India are examined during
March–May 2006, for their spatio-temporal characteristics
(Beegum et al. 2009). During this period, BC concentrations
showed large variations across the country with values rang-
ing from 0.065 μg m−3 over the Arabian Sea to 27 μg m−3

over the industrial/urban areas. Over the Eastern Atlantic,
Malm et al. (1994) reported that the low ratio of BC/TC
(∼0.15) for the PM2.5 aerosol can be attributed to a significant

Fig. 5 Stable carbon isotopic compositions (δ13C) of potential sources of
carbon in Nainital aerosols. Data with range or mean (including standard
deviation) were taken from the following sources: a this study; b
Agnihotri et al. 2011; c Pavuluri et al. 2011; d Cachier et al. 1985; e
Narukawa et al. 1999; f Martinelli et al. 2002; g Huang et al. 2006; h
López-Veneroni 2009; i Aggarwal et al. 2013; j Turekian et al. 1998, and
k Widory et al. 2004

Fig. 6 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 Nainital, India
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contribution of organic material that may be of biogenic or
secondary anthropogenic origin. From the results obtained
during three INDOEX research flights, Novakov et al.
(2000) have estimated the contribution (in mass) of fossil fuel
combustion to the carbonaceous aerosol to be∼80 % using
measured BC/TC ratios. During the 2004 to 2007 period,
BC observations over Nainital reveal average concentrations
of 0.99±0.02 μg m−3 (Dumka et al. 2010), which is attributed
to fossil fuel combustion.

Novakov and Corrigan (1996) showed that water-soluble
organic species in smoke particles produced from smoldering
combustion process have a close link to CCN activity. Further,
through field experiments, Roberts et al. (2002) established
that hydrophilic organic matter can become active in associa-
tion with the water-soluble inorganic species. Aerosol OC
may contain a significant quantity of other elements such as
O, N, and H; therefore, particulate organic matter (POM) is
estimated. From the theoretical and laboratory studies, a mul-
tiplication factor of 1.2 to 2.6 is used in published literatures to
estimate the aerosol total organic mass depending on the urban
or non-urban sampling location (Turpin and Lim 2001). We
have used a factor of 1.6 for POM estimation in the present
study. The factor chosen here is a function of composition of
the aerosol sampled, its origin, and its degree of aging
(Puxbaum and Tenze-Kunit 2003).

Figure 8 presents pie diagrams for relative contributions of
water-soluble organic matter (WSOM) and water-insoluble
organic matter (WIOM), along with other major inorganic
ions in both winter and summer. During summer, WIOM con-
tribution (37 %) is found to be higher than that during winter
(19 %). In fact, Venkataraman et al. (2002) have suggested
that a higher ratio of organic matter (OM) to SO4

2− indicates a
stronger biomass burning influence and less photochemical
aging. Smaller values are indicative of stronger anthropogenic
influences and more photochemical aging. In Nainital, OM/
SO4

2− ratio was several times higher in summer (11.4) than in
winter (2.21). Ziemba et al. (2007) reported larger OM/SO4

2−

ratio (6.4) for a rural site (Durham, New Hampshire), which
has been attributed to a strong biogenic emission and less
photochemical aging. However, the same study revealed rel-
atively small OM/SO4

2− ratio (0.4) for the aerosols that are
attributed to enhanced anthropogenic influence and photo-
chemical aging.

Primary emissions from biomass burning (including
cooking) as well as secondary organic aerosols are considered
to be the major sources of WSOC in atmospheric aerosols
(Chebbi and Carlier 1996). Ho et al. (2006) used WSOC/EC
ratios as an indicator for aged aerosol (e.g., due to photochem-
ical reactions). The averageWSOC/EC value is higher in win-
ter (2.5±0.8) than in summer (1.6±1.3), indicating an

Fig. 7 The temporal variations of
EC, OC, and WSOC along with
MSA and TC/SO4 in aerosol
samples collected at Nainital,
India
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enhanced contribution of fresh aerosols during summer. The
annual average of WSOC/EC values (2.0±1.2) is found to be
considerably higher than the previous measurements conduct-
ed for a high traffic roadside site in Paris (0.32) (Ruellan and
Cachier 2000), but similar to Hong Kong (2.1) (Ho et al.
2006). There may also be other important sources of WSOC
in the study area, such as soil resuspension, fuel combustion
(Urban et al. 2012), and formation of secondary water-soluble
organic aerosol via gas phase photochemical reactions (Hagler
et al. 2007; Lim et al. 2010). Previous studies have shown that
WSOC/OC ratios increased with the photochemical aging of
aerosols (e.g., Agarwal et al. 2010). The increase in WSOC/
OC ratios has been interpreted by a photochemical transfor-
mation of primary organic aerosols to WSOC and/or a forma-
tion of water-soluble secondary organic aerosol (SOA) via
gas-to-particle conversion during long-range atmospheric
transport (Aggarwal and Kawamura 2009). In Nainital aero-
sols, relatively high WSOC/OC ratios were observed during
winter season (0.51±0.06) compared with those in summer
season (0.33±0.13), indicating the photochemical aging of
aerosols in the earlier season.

TN content and nitrogen isotope ratios

Seasonal variation in the concentrations of TN and its isotopic
composition (δ15N), along with water-soluble NH4

+ and NO3
−

in aerosol samples collected at Nainital, are depicted in Fig. 9.
TN concentrations during winter were on average 0.77±0.34
and 0.59±0.26 μg m−3 for day and night, respectively. During
summer, the concentration of TN was almost doubled (1.71±
0.79 and 1.55±0.61 μg m−3 for day and night, respectively).
The variations of daytime and nighttime concentrations were
not statistically significant. However, on 3 January 2007, the
nighttime concentrations were three times lower than those of
the daytime sample on the same day, whereas the reverse was
observed on 30 May 2007. The higher TN content in aerosols
over Nainital during summer is probably related to greater
NOx species present in aerosols from fossil fuel burning
(Pichlmayer et al. 1998). According to Galloway (2000), ni-
trogen compounds transported from the Asian continent is
mainly from fossil fuel burning and fertilizer use in agriculture
sector.

Previous studies have reported that Asian aerosols contain
∼40 % of nitrogen in the form of water-soluble nitrate
(Kawamura et al. 2004 and references therein). In our sam-
ples, also 35±16 % was found to be inorganic nitrate in TN.
Interestingly, samples collected during summer showed a con-
siderably higher contribution of NO3

− to TN (43±8 %) than
that during winter (26±18%). On the other hand, as compared
to winter, the NH4

+ contribution to TN reduced to half during
summer season. Further, for the entire study period, very good
correlations (R2≥0.88) were observed between NO3

− plus
NH4

+ with TN (Fig. 10). From these results, it is apparent that
nitrate and ammonium ions account for a significant portion of
TN. The aerosols enriched with acidic species may notably
adsorb NH3, which is released from soils and domestic animal
excrements. The acidic gases in the atmosphere (e.g., HNO3,
H2SO4, RCOOH) can react with NH3, and this will lead to the
formation of fine particulate nitrate complexes.

The temporal variation of δ15N is presented in Fig. 9 (bot-
tom panel). It is clear that δ15N exhibits a significant differ-
ence between two seasons. During winter, δ15N values were
regularly higher (24.0±1.6 and 24.6±1.5‰ for day and night,
respectively) than those during summer (17.0±3.7 and 16.3±
2.0‰ for day and night, respectively). The greater δ15N
values during winter indicate an influence of residual material
from combustion of vegetation (Turekian et al. 1998). The
most common household cooking fuel, i.e., cow dung collect-
ed from Chennai, India has an average isotope value of 14.3
‰ (Pavuluri et al. 2010). From the samples collected over
Piracicaba and the Amazon Basin, Brazil, Martinelli et al.
(2002) reported δ15N values ranging from 8.3 to 18.7‰,
where biomass burning and forest fires are very common
aerosol sources.

The particles originated from combustion of natural gas
show isotope ratios ranging from 3.0 to 15.4‰. In contrast,
the particles emitted from the combustion of fossil fuels (un-
leaded gasoline, diesel, fuel oil) show depletion in their iso-
tope ratios. For anthropogenically influenced site in Paris
(mainly fossil fuel combustion), Widory (2007) reported a
similar range of δ15N values (with mean values of 10±3.4‰
in winter and 10.4±3.4‰ in summer), which are comparable
to Nainital during the summer season. The lighter δ15N values
may also indicate the entrainment of more fresh aerosols to the

Fig. 8 A pie diagram showing
the relative contribution of water
soluble organic matter (WSOM)
and water insoluble organic
matter (WIOM) along with other
major inorganic ions in aerosol
samples collected at Nainital,
India
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sampling site during summer season. Nevertheless, the latter
part of samples during summer was characterized by greater
δ15N values, which are comparable to those during winter and
may have significant biomass burning influence. The contri-
bution of agriculture and residential sector includes emissions
arising from animal manure and biomass burning (agricultural
crop residue, dung cakes, and fuel wood), which are common
over the region.

Excellent correlation (R2=0.91) was obtained between
mass concentrations of TN and TC in winter, implying similar
sources of TN and TC. However, in summer a weaker corre-
lation (R2=0.34) was observed for TN and TC. Mass concen-
tration ratios of TC/TN were found to be 7.8 to 20.7 with an
average of 11.9 during winter season, whereas during sum-
mer, the ratios were slightly higher (5.3 to 23.2, av. 12.7). The
annual average ratio (12.4±4.6) of TC/TN over Nainital is

higher than that over many Indian cities, but very much com-
parable to the fuel wood and crop residue burning (Agnihotri
et al. 2011). However, poor correlations (R2=0.11) were ob-
served between TN and δ15N throughout the observation pe-
riod. This suggests that the atmospheric loading of particulate
nitrogen has insignificant effect on δ15N isotope ratios; in-
stead, they largely depend on the type of sources and atmo-
spheric processes (Freyer 1978).

Figure 11 shows the compositions of isotopic nitrogen
(δ15N) for its potential sources. Data with range or mean (in-
cluding standard deviation) were taken from the available lit-
erature. The δ15N values for biomass burning sources (e.g.,
Piracicaba and Amazon Basin, Brazil) are higher and are com-
parable to those during winter over Nainital. On the contrary,
the particles emitted from combustion of fossil fuels such as
unleaded gasoline, diesel, and fuel oil show smaller δ15N ra-
tios. The data from several urban locations, where fossil fuel
combustion was expected as a dominant source, show deplet-
ed δ15N isotope ratios, which are verymuch comparable to the
summer aerosols over Nainital. From the long-term studies
over a Hawaiian ecosystem, Carrillo et al. (2002) found lighter
δ15N values for the air masses transported from the North
American region due to a dominant source of oxidized nitro-
gen produced from vehicle exhaust.

Enhancement of organic nitrogen in summer

In aerosol particulate matter, organic nitrogen (Org-N) com-
pounds might be significant including amino compounds,
urea, organic nitrates, heterocyclic nitrogen compounds, ni-
tro-aromatics, and humic-like substances as well as
nitrogenized soot (Zhang et al. 2002). Most of these com-
pounds are of anthropogenic origin and are of most interest
because of their potential effects on particle hygroscopicity

Fig. 9 Concentrations of total
nitrogen (TN) and its isotopic
ratios (δ15N), along with water-
soluble NH4

2+ and NO3
− in

aerosol samples collected at
Nainital, India

Fig. 10 Correlation plots between NO3
− plus NH4

+ (mass
concentrations) with total nitrogen (TN) in aerosol samples collected at
Nainital, India
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(Saxena and Hildemann 1996). Inorganic N (Inorg-N=NH4
+-

N+NO3
−-N) and organic N (Org-N=TN− Inorg-N) at

Nainital were calculated, and their statistical summaries are
given in Table 1. Daytime and nighttime concentrations of
Org-N during winter were on average 0.30±0.39 and 0.16±
0.17 μg m−3, respectively. The concentration of Org-N in
summer was several folds higher (1.5±0.7 and 1.4±
0.5 μg m−3 for day and night, respectively) than that during
winter. From winter to summer, the contribution of Org-N to
TN increased from 35 to 88%. Correlations of TNwith Inorg-
N in aerosol samples collected at Nainital are shown in
Fig. 12. Interestingly, for samples during summer, Inorg-N
had high correlation to TN (R2=0.89) than during winter
(R2=0.05).

The particulate organic nitrogen is strongly dependent on
the source distributions, lifetime, and chemistry of N com-
pounds as well as atmospheric transport. The lifetimes of
many reactive N compounds in the atmosphere are quite short
(in the order of few days): however, they mainly depend on
season/temperature and height (Brasseur et al. 1999). The life-
time of NOx could be less than a day in the boundary layer:
however, it may persist for several days in the upper tropo-
sphere. Some of the organic nitrates, organic acids, amino

acids, etc. may have lifetimes of 4 to 7 days in the free tropo-
sphere that eventually get transported to the remote atmo-
sphere and provide a temporary reservoir of active nitrogen
(Neff et al. 2002). Studies in the past have shown that the
density of the fire spots (both agricultural-burning and forest
fires) are maximum in the regions located northwest of
Nainital especially during April and May with corresponding
high Tropospheric column NO2 values (e.g., Kumar et al.
2011). Hence, it is likely that the enhanced concentration of
Org-N over the study region during summer is mainly caused
by biomass burning sources. Further, it has been shown that
over the remote locations, Org-N will be depleted in 15N
(Cornell et al. 1995).

Summary and conclusions

Aerosol samples collected from a high-altitude site in the cen-
tral Himalayas were studied for TC and TN and their isotopic
compositions. It has been found that δ13C values of summer

Fig. 11 Nitrogen isotopic compositions (δ15N) of potential sources of
nitrogen in Nainital aerosols. Data with range or mean (including
standard deviation) were taken from the following sources: a this study;
b Agnihotri et al. 2011; c Pavuluri et al. 2010; d Widory 2007; e
Martinelli et al. 2002; f Kundu et al. 2010, and g Turekian et al. 1998

Fig. 12 Correlations of total nitrogen (TN) with inorganic N (Inorg-N=
NH4

+-N+NO3
−-N) in aerosol samples collected at Nainital, India
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samples are slightly lower (−26.0±1.1‰) than those of winter
samples (−24.0±0.89‰). On the other hand, the δ15N values
are characterized by large values (+24.0‰ in winter and +
17.0‰ in summer). The greater isotope ratios for winter sam-
ples indicate that the aerosols are more aged during winter.
This may be more closely related to boundary layer dynamics.
During summer, the high winds, elevated temperature, and
supplementary convection help the transport of more fresh
aerosols from the source regions in Indo-Gangetic Plain areas
to the high lands. The contribution of biomass and coal burn-
ing isotope ratios are very much similar to the values of sam-
ples during winter. The biogenic sources for the samples col-
lected in winter might be derived from biomass/biofuel burn-
ing of C4 plants, which are very common over this region.
However, summer isotope ratios were very close to vascular
plants that belong to C3 plants.

Among the measured inorganic anions, SO4
2− was the

most abundant species for the entire study period. During
the winter period, the SO4

2− contribution to aerosol mass be-
came maximum. A significant linear correlation between K+

andWSOC confirms that biomass burning is in fact an impor-
tant source ofWSOC in the Himalayan region. The calculated
WSOM was higher during winter. On the other hand, WIOM
and EC take over during summer. This indicates that other
anthropogenic sources dominate over biomass burning in the
latter season. Further, high OM/SO4 ratio and low K/EC ratio
may be possibly caused by fossil fuel combustion during the
summer.

This study indicates that the pollutants emitted from distant
sources can significantly affect the regional air quality over the
Himalayas under favorable meteorological conditions. For the
winter months, the observation site remains above the bound-
ary layer and thus stays as a free troposphere site where the
plumes due to biomass burning arrive (enriched withWSOM,
SO4

2−, and K+). During the summer, the surface temperature
increases, and conversely the boundary layer height also in-
creases. Therefore, the observation site will be well below the
boundary layer. The excessive ground heating and high wind
followed by additional convection make the pollutants origi-
nated over the northwestern part of India to readily arrive over
the observation site. Therefore, higher concentrations of sev-
eral pollutants are noticed (viz., WIOM, EC, MSA−, and
NO3

−). For the northern part of the Indian subcontinent, this
study could provide a baseline data set. The study would also
contribute to validating regional air quality representation and
climate-forcing models.
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