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Observations on a particulate matter (PM10 and PM2.5) were carried out during March 2015 to February
2017 over a high-altitude location Mahabaleshwar in the Western Ghats region in southwest India. Apart
from temporal variation of PM and the ratio of PM2.5/PM10, impacts of local meteorological parameters
on the concentration of PM are examined. PM10 showed a maximum concentration during pre-monsoon,
whereas PM2.5 showed it in winter. The monsoon season showed the lowest concentrations for both PM10
and PM2.5. Concentrations were significantly reduced in 2016 due to the washout eﬀect from enhanced
rainfall during that year. Diurnal variations of PM were related to the variation in a planetary boundary
layer, mountain valley winds as well as changes in different local sources. Dominance of primary particles
was observed from the PM2.5/PM10 ratio. The Central Pollution Control Board (CPCB) threshold limit
for PM was exceeded on several days mainly during pre-monsoon due to transported dust from the
Arabian Peninsula and Thar Desert apart from an increase in the tourist activity. A typical case for
transported dust event during March 2016 is studied. Organics and sulphate particles showed a significant
enhancement during dust event. Overall, the study indicated emissions from mixed sources for PM from
local as well as distant source regions over Mahabaleshwar.
Keywords. PM2.5 and PM10; diurnal and seasonal variation; meteorological parameters; dust event;
long-range transport; concentration weighted trajectories.

1. Introduction
Characterisation of atmospheric aerosols which are
also termed as particulate matter (PM) poses a
great challenge due to their variation in terms of
spatial and temporal scales. Primary aerosols are
directly injected into the atmosphere, while secondary ones are generated from gas-to-particle
conversion mechanisms (Khemani 1989; Safai et al.
2010). PM constitutes one of the most challenging
problems in terms of both air quality and climate
change policies. Sources of PM include all types of

combustion, such as emission from motor vehicles,
power plants, residential wood burning, forest ﬁres,
agricultural burning, industrial processes and construction and demolition activities. Aerosols play a
major role in several atmospheric phenomena such
as air pollution, acid deposition, visibility degradation, radiation balance, precipitation formation,
etc. (Khemani 1989). PM is one of the major urban
air pollutants and it has been related to cardiovascular diseases and strokes (Burnett et al. 2014;
Du et al. 2016), respiratory disorders, pulmonary
diseases (Song et al. 2014) and even cognitive
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problems (Weuve et al. 2012). It has also been
associated with millions of premature deaths
annually (WHO 2016). Size and chemical composition of PM are the important factors aﬀecting the
air quality at any location. Transport of PM2.5
from regional and/or distant sources also contributes to the local air quality (van Donkelaar
et al. 2010). From the health point of view, penetration of particles into the respiratory tract is a
function of the particle size and the ratio of PM2.5/
PM10 is very critical. The high PM2.5/PM10 ratio
attributes emission from combustion activities and
the formation of secondary pollutants in the
atmosphere. On the other hand, low PM2.5/PM10
ratios are related to more contribution from
primary sources such as inﬂux of dust or sea salt.
So far studies on ﬁne sized PM (PM2.5, i.e., PM
B 2.5 lm) and coarse sized PM (PM10, i.e., PM
B 10 lm) are reported mainly for urban locations in
India (Rengarajan et al. 2011; Tiwari et al. 2012, 2013;
Panicker et al. 2015; Pipal and Satsangi 2015;
Gawhane et al. 2017). Very few studies are reported
from high-altitude stations in India (Safai et al. 2005;
Chatterjee et al. 2010; Satsangi et al. 2014; Leena et al.
2017). Satsangi et al. (2014) have reported mean
concentration of PM10 (35.8 ± 15.2 lg m 3) and
PM2.5 (14.1 ± 8.2 lg m 3) at Sinhagad (1450 m
above mean sea level (AMSL), a rural high-altitude
location in the Western Ghats mountainous region
during November 2008 to April 2009. Chatterjee et al.
(2010) reported PM2.5 and PM10 over Darjeeling
(2200 m AMSL), a high-altitude site in Eastern
Himalayan ranges during January–December 2005.
They reported PM2.5 dominated during dry seasons
and PM10 dominated during monsoon. Similarly, a
long-range transport of dust aerosol from arid regions
of Western India was observed during pre-monsoon.
Leena et al. (2017) have reported variation of PM at
Mahabaleshwar during 2012–2013 and its relationship with gaseous pollutants as well as prevailing
meteorological parameters. The present paper
examines the temporal variation of PM2.5 and PM10
at Mahabaleshwar during March 2015–March 2017.
Exceedances of Central Pollution Control Board
(CPCB) threshold limits for PM10 and PM2.5 are
reported. Diurnal and seasonal variations of weatherrelated parameters such as temperature, wind direction (WD), wind speed (WS) and humidity and their
impact on variation of PM are also studied. The
possible long-range transport of PM is examined
using air mass back trajectories for different seasons.
In addition to it, observations of omega winds, concentration weighted trajectories (CWTs) and NCEP
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winds have been used to ascertain the source regions
during the dust event day.

2. Sampling location, meteorology
and methodology
2.1 Sampling location
Mahabaleshwar (17.92°N, 73.65°E, 1348 m AMSL)
is a beautiful hill station surrounded by forests in
the midst of Sahyadri mountain ranges in the
Western Ghats region in southwest India. It is
120 km south of Pune which is one of the important
urban centres in India. Observations were conducted at the High Altitude Cloud Physics Laboratory (HACPL) at Mahabaleshwar. Figure 1
shows the location of Mahabaleshwar on the map of
India and the sampling site in the inset. The site is
also a popular weekend gateway especially more
during pre-monsoon. Figure 2 shows the number of
visitors and vehicles visiting Mahabaleshwar since
2007–2016 annually. Vehicular and visitor count
data during this period over Mahabaleshwar were
obtained from the Nagar Parishad, Mahabaleshwar
which shows a linear increase in both visitors and
vehicles in the last one decade. Nearly 1 million
tourists and 0.12 million vehicles visited Mahabaleshwar in 2007 whereas in 2016, about 2 million
tourists and 0.33 million vehicles visited the hill
station. The pre-monsoon season, especially during
weekends recorded highest tourist inﬂux.

2.2 Local meteorology
During the study period, meteorological data for
major parameters such as temperature, relative
humidity (RH), WS and direction and rainfall were
obtained using an automatic weather station
(AWS) at a sampling rate of 1 min. The statistical
details of the observed meteorological parameters
are shown in table 1. To describe the seasonal
trends, the PM10 and PM2.5 mass concentrations
were categorised into pre-monsoon (March–May),
Monsoon (June–September), post-monsoon (October–November) and winter (December–February).
During pre-monsoon, north-westerly winds were
dominant, whereas westerly/north-westerly winds
mainly prevailed during monsoon. South-easterly
winds were dominant during post-monsoon and
winter seasons.
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Figure 1. Location of Mahabaleshwar on the map of India and the sampling site in the inset.

Figure 2. Annual number of visitors and vehicles that visited Mahabaleshwar during 2007 to 2016.

2.3 Methodology
Measurements on mass concentration of airborne
PM were carried out using GRIMM Environmental
Dust Monitor (EDM 180) from GRIMM Aerosol
Technik, Germany. The operating principle of this
equipment involves measurement of scattering of
laser beam at a wavelength of 655 nm by particles
passing through it. After ampliﬁcation, the scattered light at 90° is passed through a diode and
then categorised into different sized channels. The
EDM measures between 0.25 and 32 lm diameters
in discrete 31 channels. The reproducibility varies
± 3% of the total measuring range and it is online

calibrated with a in-built temperature and
humidity sensor for air density ﬂow rate calculation. The sample ﬂow rate of 1.2 l/min, ±3% constant due self-regulation is maintained and data are
obtained at every 5 min interval. The equipment
has an isothermal inlet with an integrated Naﬁon
dryer that allows the use of a dehumidiﬁcation
system above 70% RH to remove humidity from
the sample pipe to get rid of any condensation
during the measurement. Gravimetric and optical
calibration of the equipment is performed every
year. A study conducted by the Stockholm
University, Sweden for the Swedish Environmental
Protection Agency during 2012 has reported that
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Table 1. Statistical details of the meteorological parameters during the period of observations at Mahabaleshwar.
Pre-monsoon
Parameter

2015

Temperature: °C
Mean (SD)
25.10 (0.67)
Maximum
25.86
Minimum
24.23
RH: %
Mean (SD)
92.98 (8.90)
Maximum
99.76
Minimum
81.11
Wind speed: m s 1
Mean (SD)
3.10 (0.47)
Maximum
3.56
Minimum
2.56
Total
194
rainfall: mm

2016

Monsoon
2015

Post-monsoon
2016

25.31 (1.35) 19.89 (1.44) 19.21 (1.0)
26.34
21.88
20.23
23.77
15.56
18.06

2015

2016

21.37 (1.0)
20.65
22.09

19.21 (1.0)
20.23
18.06

Winter
2016

2017

20.77 (2.61) 20.92 (1.37)
18.37
21.89
23.57
19.95

95.67 (1.45) 92.98 (8.90) 95.67 (1.45) 68.17 (5.83) 65.75 (13.7) 43.72 (9.14) 52.6 (18.7)
97.09
99.76
97.09
72.30
75.47
52.63
97.7
93.75
81.11
93.75
64.05
56.05
34.36
10.2
2.84 (0.19)
3.06
2.682
38.5

3.36 (1.02)
4.87
2.70
3776

3.50 (0.70)
4.35
2.65
6735

results from Grimm EDM 180 evaluated against
the reference sampler equipped with an US-EPA
inlet showed \20% uncertainty (ACES 2012).
During a particular dust event in pre-monsoon,
the mass spectra of non-refractory submicron PM
(NR PM1) were recorded using a time of ﬂight
aerosol chemical speciation monitor (ToF-ACSM).
The chemical speciation of NR PM1 which vaporises at about 600°C and 10 7 mbar was achieved by
analysis of fragmentation patterns (Allan et al.
2004). More details on this instrument are
discussed elsewhere (Ng et al. 2011; Frohlich et al.
2013; Singla et al. 2017).
An AWS was used to monitor the meteorological
conditions prevailing over the observational site
such as WD, WS, temperature (T), RH and rainfall
(R). Also we have used a National Oceanic and
Atmospheric Administration (NOAA) Hybrid
Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (Draxler and Rolph 2003) to
obtain air-mass back trajectories. These back trajectories were used to infer the possible distant
sources of the PM.

3. Results and discussion
3.1 Monthly variation of PM and PM2.5/PM10
ratio
Figure 3 depicts the mean monthly mass concentration of PM10 and PM2.5 during the entire study period
along with the ratio of PM2.5 to PM10. Analysis of PM
data showed that in 2015, the maximum

3.95 (1.09)
3.18
4.71
173

3.31 (0.87)
3.94
2.69
176.5

2.94 (0.81)
3.85
2.29
10

3.65 (0.87)
4.62
2.92
7

concentration for PM10 (81.37 ± 17.43 lg m 3) was
observed in April and that for PM2.5
(48.49 ± 9.58 lg m 3) was observed in March. In the
year 2016, the highest concentration for PM10 was
observed in March (62.92 ± 26.12 lg m 3), whereas
for PM2.5 (46.86 ± 16.82 lg m 3) it was observed in
February. The minimum concentration was observed
in August of 2016 with 2.87 ± 1.39 lg m 3 for PM10
and 2.85 ± 1.38 lg m 3 for PM2.5. In 2015, the
minimum was observed in the month of July with
5.96 ± 3.88 lg m3 for PM10 and 4.86 ± 2.46 lg m 3
for PM2.5. Concentrations of both PM10 and PM2.5
showed a decrease in 2016 than those in 2015. As seen
from ﬁgure 2, the number of visitors and vehicles
increased in 2016 than those in 2015 which should
have resulted in an increase in PM load. However,
there seems to be a competing eﬀect of more rainfall
scavenging that countered and overcame the increase
in the anthropogenic source of PM in terms of visitors
and vehicles resulting in a net decrease in PM load
over the study location during 2016.
The observed concentrations of PM10 and PM2.5
at Mahabaleshwar are compared with those
reported for other similar sites in India and
elsewhere (table 2). It is seen that PM10 concentrations at Mahabaleshwar were comparable with
those reported at some other high-altitude locations like Lhasa, Sinhagad and Darjeeling, whereas
PM2.5 was more at Mahabaleshwar than that
reported at these locations. However, PM10 and
PM2.5 concentrations at Mahabaleshwar were
comparatively less than those reported at Kathmandu, Nepal which is almost at the same altitude
like Mahabaleshwar. Also, concentrations of PM10
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Figure 3. Mean monthly mass concentration of PM10 and PM2.5 during March 2015 to February 2017 along with the ratio of
PM2.5 to PM10.

and PM2.5 were much higher at other urban locations than those observed at Mahabaleshwar which
is quite expected. Sreekanth et al. (2018) have
reported PM2.5 concentrations over ﬁve metro
cities in India. They have reported the annual
mean (± standard deviation) concentrations of
PM2.5 as 37 ± 17, 51 ± 23, 54 ± 36, 80 ± 67 and
114 ± 86 lg m 3 over Chennai, Hyderabad,
Mumbai, Kolkata and Delhi, respectively. The
annual mean PM2.5 concentration at Mahabaleshwar during 2015–2016 (31 ± 16.3 lg m 3) and
2016–2017 (21.3 ± 12.9 lg m 3) is found to be
comparatively less than the above-mentioned values for ﬁve metro cities in India. Carrico et al.
(2003) studied the PM over the Kathmandu valley,
Nepal (Nagarkot 2150 m AMSL) from December
1998 through October 2000 and found higher PM2.5
(59 ± 61 lg m 3) in February to May and lower
during June to September with a steady increase
during October to January (25 ± 14 lg m 3).
They have also suggested the possible eﬀect of
long-range transport of desert dust to the Himalaya from arid regions ranging from India and the
Middle East or even from the Sahara along with
the Kathmandu valley eﬀect.
Generation and composition of PM10 and PM2.5
are decided by various source activities. The ratio
of the mass concentration of PM10 and PM2.5
(PM2.5/PM10) indicates the contribution from
natural and anthropogenic sources (Querol et al.
2004). The low PM2.5/PM10 mass ratio infers to the
dominance of primary or natural sources such as

soil dust, sea salt, etc. (Chan and Yao 2008)
whereas, the higher ratio shows more contribution
from secondary particles originated from combustion activities (Perez et al. 2008). In the present
study, pre-monsoon showed the lowest PM2.5/
PM10 ratio (0.54 in 2015 and 0.61 in 2016). This
ratio in monsoon was 0.74 and 0.91 in 2015 and
2016, respectively. In post-monsoon it was 0.75 and
0.92 in 2015 and 2016, respectively, whereas in
winter it was 0.74 and 0.90 in 2016 and 2017,
respectively. This conﬁrms the major role of primary sources especially, dust particles. The coarse
particles associated with the Asian dust storms
have been reported to be the major pollutants in
pre-monsoon (Wang et al. 2011). The average ratio
of PM2.5/PM10 for 2015–2016 was 0.69 and that for
2016–2017 was 0.84 at Mahabaleshwar indicating
the dominance of primary particle emissions by
natural and man-made activities. The PM2.5/PM10
ratio was reported to be 0.37 at Lhasa, the capital
of the Tibet Autonomous Region, located at a
height of 3663 m in the centre of the Tibetan
Plateau (Wang et al. 2015). At Darjeeling, a highaltitude location in Eastern Himalayan range the
ratio was 0.66 (Chatterjee et al. 2010). Pipal and
Satsangi (2015) have reported the PM2.5/PM10
ratio as 0.66 at Pune, an urban location near
Mahabaleshwar. At Sinhagad (1450 m AMSL),
another high-altitude site in the Western Ghat
mountain range, the ratio was 0.67 (Satsangi et al.
2014). The ratio varied for different high-altitude
stations due to variation in the concentration of
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Table 2. Mass concentration of PM10 and PM2.5 and PM2.5/PM10 ratios reported from different locations compared with the
present study at Mahabaleshwar.
No.

Site (type)

Altitude (m)

PM10
(lg m 3)

PM2.5
(lg m 3)

PM2.5/PM10

References

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Lhasa, Tibet (high altitude)
Sinhagad (high altitude)
Darjeeling (high altitude)
Kathmandu, Nepal (high altitude)
Pune (urban, metro)
Agra (urban)
Mehboobnagar (semi-urban)
Delhi (urban, metro)
Lucknow (urban)
Patiala (urban)
Lahore (urban)
Beijing (urban, metro)
Mahabaleshwar (high altitude)
Mahabaleshwar (high altitude)

3663
1450
2200
1400
560
171
450
216
123
351
351
44
1348
1348

37.7
35.8
29.5
169
139
278
69
232
204
97
489
–
37.79
36.93

14
14.1
19.6
69
93
90
50
118
101
57
91
86.6
26
26.14

0.37
0.39
0.66
0.41
0.67
0.32
0.72
0.51
0.50
0.59
0.19
–
0.69
0.71

Wang et al. (2015)
Satsangi et al. (2014)
Chatterjee et al. (2010)
Putero et al. (2015)
Pipal and Satsangi (2015)
Pipal et al. (2011)
Bisht et al. (2015)
Tiwari et al. (2015)
Pandey et al. (2012)
Awasthi et al. (2011)
Colbeck et al. (2011)
Zhao et al. (2009)
Leena et al. (2017)
Present study

PM. In this study the average PM2.5/PM10 ratio
was comparable to or slightly higher than that
reported at the above mentioned sites.
3.2 Seasonal variation of PM
Seasonal variation of aerosols is determined by
changes in source activities, transport from distant
sources and changes in meteorological patterns. The
season-wise mean concentration of PM10 and PM2.5
for 2015 to 2016 is shown in ﬁgure 4. Analysis of PM
data showed that in the year 2015–2016, the mean
concentration of PM10 in pre-monsoon, monsoon,
post-monsoon and winter was 73.5 ± 14.8,
15.6 ± 5.1, 51.6 ± 4.0 and 58.2 ± 7.3 lg m 3,
respectively, whereas that for PM2.5 in pre-monsoon,
monsoon, post-monsoon and winter was 40.2 ± 6.7,
10.8 ± 2.9, 38.7 ± 1.3 and 43.4 ± 4.5 lg m 3,
respectively. Similarly, in 2016–2017, the mean concentration of PM10 in pre-monsoon, monsoon, postmonsoon and winter was 46.0 ± 17.7, 6.8 ± 2.8,
29.6 ± 1.7 and 33.5 ± 1.8 lg m 3, respectively,
whereas that for PM2.5 in pre-monsoon, monsoon,
post-monsoon and winter was 29.2 ± 8.2, 5.8 ± 2.1,
27.2 ± 1.3 and 30.2 ± 1.1 lg m 3, respectively. For
both the years, the order of observed mass concentration for PM10 was pre-monsoon [ winter [ postmonsoon [ monsoon, whereas that for PM2.5 was
winter [ pre-monsoon [ post-monsoon [ monsoon.
High loading of both PM10 and PM2.5 mass concentrations during the pre-monsoon season is due to the
locally generated as well as long-range transported
dust (Panicker et al. 2013; Tiwari et al. 2013), forest

ﬁres in nearby forests and an increase in the
tourist related activities. The lower concentrations of
PM10 and PM2.5 during the monsoon season are
generally associated with the scavenging of aerosols
through rain out and wash out processes due to the
heavy precipitation received at this site ([5000 mm
seasonal mean). A study conducted in a high-altitude
research station (5079 m AMSL) by Marinoni et al.
(2010), recorded the highest aerosol concentrations
during the pre-monsoon season that were associated
with an increase in anthropogenic activities as well as
dry weather conditions. The high concentration of
PM2.5 in winter could be associated with prevailing
meteorological conditions such as low WSs that
restrict the dispersion of PM2.5 particles and low
temperature which is not conducive to the diffusion of
PM2.5 particles.
3.3 Diurnal variation of PM
Besides the daily, monthly and seasonal variability, PM10 and PM2.5 also exhibit pronounced
diurnal variations which are attributed to the local
emissions and prevailing meteorology (Dumka
et al. 2015). The average hourly values of PM10 and
PM2.5 concentrations (ﬁgure 5a and b) show significant variations due to the variations in the
planetary boundary layer (PBL). Atmospheric
conditions also inﬂuence certain chemical reactions
that lead to the formation of secondary aerosols.
The morning peak is mainly attributed to the lifting up of particles due to the breakup of the nocturnal boundary layer by solar heating (Safai et al.
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Figure 4. Box and Whisker plots showing seasonal variation of mass concentration of PM10 during 2015–2016 (a), 2016–2017
(b) and that of PM2.5 during 2015–2016 (c) and 2016–2017 (d) over Mahabaleshwar (description: bottom and top of each box
represent 25% and 75% quartile, respectively; line inside the box represents median values and small square represents mean,
cross represents the outlier, bottom-ﬁlled circle represents minimum and upper-ﬁlled circle represents maximum values,
respectively).

2007). The evening peak could be a combined eﬀect
of enhanced trafﬁc emissions due to peak vehicular
activity in the evening and the trapping of pollutants as a result of the temperature inversions and
lowering of the boundary layer.
Figure 5(a) shows the hourly variation of PM10
during different seasons in 2015 and 2016. It is
evident from this ﬁgure that the concentration of
PM10 during the pre-monsoon gradually increased
after sunrise (6:00 h) and continued up to 16–17 h
after which it decreased until succeeding morning.
During monsoon, the PM10 concentration started
to increase after sunrise and peaked at about
12:00 h followed by gradual decrease. During postmonsoon and winter, concentrations of PM10
increased gradually from about 06.00 h to peak at
around 18–19 h before showing further decrease till
next morning but with a small decrease in between
15 and 17 h. However, during the winter season of
2016, the variation of PM10 was most uneven with
many peaks and lows. Apart from variation in PBL,
the eﬀect of the mountain valley winds can inﬂuence
the observed diurnal variation of PM10 in different
seasons at Mahabaleshwar. Mountain and valley
breezes are local winds caused by geographical feature of the area. During daytime, due to the warming of sun, the air along the mountain slopes raises
up creating a valley breeze and carrying pollutants

from valley to the mountain tops. During night
hours, the air along the mountain slopes cools and
moves down the mountain slopes into the valley,
producing a mountain breeze and carrying pollutants from mountain top to the valley. Lang et al.
(2015) and Bei et al. (2018) have reported an impact
of mountain valley winds on transport of air pollutants. Interestingly at Mahabaleshwar, concentrations of PM10 throughout all the hours were
significantly more in 2015 than those in 2016 during
post-monsoon and winter. This could be related to
higher rainfall in monsoon during 2016 (about
6735 mm seasonal total) than in 2015 (about
3776 mm seasonal total) which might have resulted
in scavenging, especially more for coarse particles,
i.e., PM10. The ratio values of mean PM10 concentration in pre-monsoon, monsoon, post-monsoon and
winter in 2015 to those in 2016 were 1.4, 2.2, 1.8 and
1.8, respectively. However, these ratio values for
mean PM2.5 concentration were 1.2, 1.7, 1.5 and 1.5,
respectively, in pre-monsoon, monsoon, post-monsoon and winter.
Hourly variation of PM2.5 (ﬁgure 5b) showed a
continuous increase from 06.00 h with concentrations peaking around 17.00–18.00 h in 2015. A
similar pattern was observed during 2016 except a
peak at 09.00 h in morning. During monsoon, the
concentration of PM2.5 showed an increase from
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Figure 5. Mean diurnal variation of (a) PM10 and (b) PM2.5 concentrations during different seasons in 2015–2016 and 2016–2017
at Mahabaleshwar.

06.00 h in morning which peaked at around
13.00–14.00 h followed by a gradual decrease in
2015 as well as in 2016. Post-monsoon and winter showed similar variation of PM2.5 exhibiting bimodal distribution with a morning
(08.00–09.00 h) and evening (18.00–19.00 h) peak
in 2015 and 2016. The morning and evening peaks
coincide with enhanced anthropogenic activities at
and near the site, mostly from certain combustion
activities (burning of wood, dry leaves and cow
dung cakes) for heating purposes in local

surroundings (Nair et al. 2007). Stull (1988)
suggested that the fumigation eﬀect and evolution
of the PBL height favour larger aerosol mass concentrations just after the sunrise, which when
combined with the rush hour emission results in the
higher loading during morning hours. As is
observed in the case of PM10; the impact of more
rainfall during 2016 compared to that in 2015
resulted in high concentration of PM2.5 across all
the hours during post-monsoon and winter seasons
in 2015. Changes in the diurnal pattern during
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different years in terms of occurrences of peaks and
lows could be related to changes in PBL, mountain
valley wind patterns as well as changes in the
strength of emission sources in the local
surroundings.
3.4 Air mass back trajectory analysis
Aerosols over a high-altitude site could be
originated either from surrounding local sources or
could be transported from other distant sources. At
Mahabaleshwar, apart from the vehicular emissions
especially from visiting tourist vehicles, certain
agriculture related and domestic burning in the
close surrounding contributed to the enhancement
of PM. However, the possibility of long-range
transport from other locations cannot be ruled out.
Leena et al. (2017) have shown mixing heights
reaching even up to 2400 m AGL at Mahabaleshwar. Mixing height depicts the extent of vertical
transport from surface sources. Therefore, seven day
air mass backward trajectories at a height of 3000 m
above the ground level were studied using the
HYSPLIT model. This model describes the information on the latitude, longitude and altitude of air
mass pathways and is useful to identify the probable
source regions (Lelieveld et al. 2002; Oanh et al.
2016; Ghim et al. 2017). Schauer et al. (2016) have
reported the impact of long-range transport of
Saharan dust along with emissions from wildﬁres
over a high-altitude site in Austrian Alps. Figure 6
shows air mass backward trajectory analysis for
each season at Mahabaleshwar during the study
period. During the pre-monsoon season, air masses
appeared to be travelling from the Arabian Peninsula as well as from the Thar Desert in the north
western Indian region. In the monsoon season air
mass was observed to be from the south west
direction, i.e., from over the adjoining Arabian Sea
indicating dominance of marine air masses. During
post monsoon and winter, the air masses showed
transport from the south eastern Indian region as
well from the Arabian Peninsula which further
passed through northern India. From the air mass
back trajectory analysis it can be concluded that
aerosols at Mahabaleshwar showed an inﬂuence on
both marine and continental sources.

3.5 Meteorological impact on PM
In addition to the source emission rates, the
prevailing meteorology in different seasons plays a
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key role in determining the fate of aerosols at any
given location (Munir et al. 2017). Due to the
temporal and spatial variation of the pollutant
sources in different regions, the characteristics of
PM observed in one region cannot be replicated to
another region.
Generally, a higher WS is related to lower PM
concentrations due to dispersal of particulates. Both
PM2.5 and PM10 showed good anti-correlation with
WS across all the seasons indicating dispersal of pollutants due to strong winds at Mahabaleshwar. This
is inferred from the negative correlations between
PM2.5 and WS during monsoon (r = 0.52,
p = 0.002), post-monsoon (r = 0.48, p = 0.01)
and winter (r = 0.80, p \ 0.0001). Similarly, the
negative correlation between PM10 and WS was
observed during monsoon (r = 0.51, p = 0.004),
post-monsoon (r = 0.75, p = 0.001) and winter
(r = 0.85, p = 0.002). Interestingly, weak or
insignificant anti-correlation between WS and both
PM10 (r = 0.15, p = 0.28) and PM2.5 (r = 0.12,
p = 0.45) was observed during pre-monsoon which
can be attributed to the re-suspension of road dust or
construction dust caused by enhanced tourist activity. In addition, dust particles carried away by winds
from arid regions to the sampling location during this
season could be the other reason. He et al. (2017) have
reported relationship between PM and wind through
regional transport at Beijing.
A strong positive correlation was found between
atmospheric temperature and PM10 in pre-monsoon (r = 0.87, p \ 0.0001), monsoon (r = 0.90,
p \ 0.0001), post-monsoon (r = 0.60, p = 0.002)
and winter (r = 0.69, p = 0.001). Similarly, PM2.5
also showed good positive correlation with temperature in pre-monsoon (r = 0.45, p = 0.002) and
monsoon (r = 0.87, p \ 0.0001) and a comparatively less strong positive correlation in post monsoon (r = 0.25, p = 0.03) and winter (r = 0.18,
p = 0.15). The eﬀect of temperature on the formation of new particles through gas to particle
conversion processes is reported by Jallad et al.
(2013). High temperature promotes the photochemical reaction between precursor gases leading
to particle formation (Wang and Ogawa 2015). RH
was inversely correlated with PM10 (r = 0.71,
p = 0.001) and PM2.5 (r = 0.60, p = 0.006)
during monsoon which is attributed to the wet
deposition of aerosols. Abundance of atmospheric
moisture (RH [ 80%) during the monsoon season
might have helped ﬁne suspended particles to bind
together thereby forming heavier particles which
eventually fall down. However, during pre-
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Figure 6. Season wise seven-day air mass backward trajectories at height of 3000 m during different seasons at Mahabaleshwar.

monsoon (r = 0.38, p = 0.01) and post-monsoon
(r = 0.35, p = 0.08) PM10 showed positive correlation with RH indicating moisture related hygroscopic growth of particles. Similarly PM2.5 also
showed positive correlation with RH in pre-monsoon (r = 0.78, p = 0.002) and post-monsoon
(r = 0.30, p = 0.05). In contrast, PM10 (r = 0.10,
p = 0.52) and PM2.5 (r = 0.04, p = 0.75) did not
show a statistically significant correlation with RH
during the winter season.
The correlation between PM10 and precipitation
was negative (r = 0.53 and 0.95 in 2015 and
2016, respectively). During the monsoon season,
rainfall is responsible for low PM10 and PM2.5 as they
are washed out or scavenged by rain. More than 80%
of rainfall over Mahabaleshwar occurs during the
monsoon season, leading to strong wet removal of
aerosols. The mean seasonal rainfall during monsoon
over Mahabaleshwar is [5000 mm. Wet deposition
by precipitation or wet removal is one of the main
mechanisms for the removal of aerosols from the
atmosphere (Jaenicke 1993). The monsoon season is
characterised by heavy rain and strong winds both of
which are conducive for the decrease in particulate
pollutants.
3.6 Exceedances of threshold limits for PM10
and PM2.5 levels
The daily threshold limit set by the CPCB is
60 lg m 3 for PM10 and 40 lg m 3 for PM2.5

(CPCB 2009). At Mahabaleshwar, during
2015–2016, the CPCB threshold limit for PM10 was
exceeded for 43, 04, 30 and 38 days, respectively in
pre-monsoon, monsoon, post-monsoon and winter,
whereas that for PM2.5 was exceeded for 31, 02, 28
and 49 days, respectively, during the same seasons.
Comparatively very fewer numbers of exceedances
have been observed in 2016–2017. During
2016–2017, the CPCB threshold limit for PM10 was
exceeded for 21 days in pre-monsoon with no
exceedances during monsoon, post-monsoon and
winter. Similarly, the CPCB threshold limit for
PM2.5 was exceeded for 18, 3 and 7 days in premonsoon, post-monsoon and winter, respectively,
with no exceedances during monsoon (ﬁgure 7).
Dust content in PM might be an important contributor to the enhanced levels of PM. A satellite
and ground-based remote sensing technique is an
invaluable tool in studying the long-term variation
and transport of dust (Kaufman et al. 2005). Ghim
et al. (2015) have investigated the inﬂuence of
Asian dust on PM2.5 at Seoul. Based on the
observations from 14 stations in Seoul, they have
reported the occurrences of concentration spikes of
PM2.5 levels in April and May 2002 when Asian
dust storms were the strongest. Apart from the
Asian dust eﬀect, prevailing weather conditions
were suggested to be conducive to fugitive dust
generation during those months. Pu et al. (2015)
observed enhancement in PM10 levels during
spring over the Loess Plateau (1965 m AMSL)
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Figure 7. Number of exceedances of CPCB air quality standard values for PM10 and PM2.5 at Mahabaleshwar.

Figure 8. Daily variation of PM10 and PM2.5 and surface dust concentration obtained from satellite during 1 March to 31 March
2016 over Mahabaleshwar.

which was attributed to the frequent dust events.
In India, dust storm events occur frequently over
Thar and Margo Desert regions, and inﬂuence most
parts of the north–north western India during premonsoon months from April to June (Pandithurai
et al. 2008; Srivastava et al. 2011). The desert
region of North Africa (forming about 65% of the
global dust emissions) is the largest source of soil
dust suspended in the atmosphere while Asian
deserts are the second largest source (25%). Strong
dust storm events during pre-monsoon inﬂuence
the aerosol number size distribution in the accumulation and coarse mode (Dey et al. 2004).

We have selected two typical cases representing
the day with the highest PM10 concentration for
2015 and 2016. On 7th April 2015 the PM10 maximum concentration reached 443 lg m 3 and
PM2.5 was 137 lg m 3. Similarly, on 23 March
2016, the maximum concentration was 176.3 and
122.35 lg m 3 for PM10 and PM2.5, respectively.
Figure 8 shows the daily variation of PM from 1
March to 31 March 2016. It can be seen that PM
values were significantly high on certain days.
PM10 and PM2.5 ground observations over Mahabaleshwar were corroborated with the surface dust
mass concentrations (kg m 3) for the month of
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MERRA-2 data matches thoroughly with the PM10
and PM2.5 ground observations over Mahabaleshwar. It can be seen that the dust surface mass
concentration was very low in the ﬁrst week of
March, which gradually increased after 10th March
and during 20 to 25 March the dust concentration
attained the highest values (0.07–0.08 kg m 3). On
23 March, the highest concentration of PM10 and
PM2.5 was recorded and it can be attributed to dust
transported from distant sources.
3.7 A case study for dust event and non-dust
event days

Figure 9. (a) Surface dust mass concentration in kg m 3 for
March 2016; (b) omega winds at the 1000 hPa synoptic map
for 00:00 UTC of 23 March 2016 (dust event) and (c) omega
winds at the 1000 hPa synoptic map for 00:00 UTC of 4 March
2016 (non-dust event).

March 2016 (ﬁgure 9a) obtained from MERRA-2
which is the long term global reanalysis data set to
assimilate satellite observations of aerosols representing their interactions with other physical processes in the climate system (https://giovanni.gsfc.
nasa.gov/giovanni/, Earth Data, Giovanni,). The

As stated above, two typical days have been
selected on the basis of the mass concentration of
PM10 and PM2.5 as event and non-event days.
On 4 March 2016 the PM concentrations were
found to be minimum in the month, therefore it is
considered as non-event day, whereas, on 23 March
the PM concentration was highest and is considered as an event day. Baltaci (2017) has shown the
relationship between omega winds and the upward
and downward movements of the dust particles.
Using this method, the omega winds at the
1000 hPa synoptic map were extracted for 00:00
coordinated universal time (UTC) of March 23.
Figure 9(a) shows more dust mass generated over
the source region, i.e., Arabian Peninsula during
March 2016 and subsequently ﬁgure 9(b) and
(c) show the mean daily omega wind values
(https://www.esrl.noaa.gov/psd/data/gridded/data.
ncep.reanalysis.pressure.html) for 23 March 2016
(dust event day) and 4 March 2016 (non-dust event
day) which are indicative of the possible extent of
downward transport of dust to the observational
location. As shown in ﬁgure 9(b), sink regions
(positive values) owing to the strong downward
movements of air are shown indicating possible
subsidence of the transported dust in this region
leading to enhanced PM. It is quite clear from the
spatial plots that there was a transport of dust to the
study location on 23 March 2016. However, as seen
from ﬁgure 9(c), the omega winds at the 1000 hPa
synoptic map extracted for 00.00 UTC of 4 March
2016 clearly indicated negative values inferring
towards no sink regions indicating no transport of
dust to the study location.
We have compared PM10 and PM2.5 mass
concentration, chemical composition of non-refractory submicron aerosols (NR PM1), meteorological
parameters and air mass back trajectories for both
event (23 March 2016) and non-event (4 March
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Figure 10. Variation of PM10 and PM2.5, meteorological parameters and chemical composition of NR PM1 during non-dust event
and dust event days at Mahabaleshwar.

2016) days. The NR PM1 composition was
obtained using ToF-ACSM which is described in
section 2. Figure 10 shows the variation of various parameters during non-event and event days.
The mass concentration of PM10 and PM2.5 was
significantly higher during the event day as
compared to the non-event day. The mean concentration of PM10 increased from 39.67 lg m 3
on the non-event day to 137.44 lg m 3 on the
event day. Similarly, the mean concentration of
PM2.5 increased from 29.90 to 71.94 lg m 3. Zhao
et al. (2011) reported a significant increase in
PM10 and PM2.5 during dust episodes at the
coastal city of Xiamen in China. Among the
meteorological parameters, ambient temperature
ranged from 23 to 31°C on the event day, whereas
on the non-event day, it ranged from 21 to 22°C.
The WS was relatively low (1.3 to 1.9 m s 1) on
the event day. However on the non-event day the
WS varied between 4.3 and 7.4 m s 1. RH was
lower on the event day ranging from 15% to 50%,
whereas it was 46% to 60% on the non-event day.
Since RH was low during dust episodes, it is
assumed that the heterogeneous reactions of SO2
on dust particles could have led to the formation
of SO42 (Yang et al. 2016).
Concentrations of all the observed NR PM1
components showed higher values on the event
day, especially more for organics and sulphate. The
mean concentration of organics on the non-event
day was 0.76 and 7.9 lg m 3 on the event day.
Similarly, the mean concentration of sulphate was
0.27 lg m 3 on the non-event day and 3.25 lg m 3

on the event day. The main formation pathways of
nitrate and sulphate during the dust process are
photo-oxidation of NO2 and SO2, respectively via
OH radicals (Wang et al. 2014). The average
PM2.5/PM10 ratio on the event day was 0.54 and
that on the non-event day was 0.69 indicating more
coarse-sized dust particles during the dust storm
episode. Dust transport from the Arabian Peninsula is one of the important sources which contributed significantly to the PM mass on the dust
event day.
As seen from ﬁgure 11(a), the air mass back
trajectories on an event day 23 March 2016 at
1500, 2500 and 3000 AMSL seem to be coming from
the north western region inferring to the impact of
long-range transport of dust from the Arabian
Peninsula. This is further evident from
ﬁgure 11(b) which shows a spatial plot of U and V
winds over the Indian region on the event day at
850 hPa, showing a cyclonic circulation in the
study region and winds approaching from the
western dry region (NCEP Reanalysis data at
http://www.esrl.noaa.gov/psd/).
Figure 11(c) shows the air mass trajectories for 4
March 2016 (non-event day) at 1500, 2500 and
3000 AMSL. It can be seen that at all the altitudes,
the winds are coming from Bay of Bengal passing
over the Southern Indian region and then partly
over the Arabian Sea before reaching the site. Also,
the NCEP spatial plot of U and V winds over the
Indian region on 4 March 2016 (non-event day) at
850 hPa (ﬁgure 11d) showed majority of the winds
from the east-south eastern region.
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Figure 11. (a) and (c) show the back trajectories on dust event and non-dust event days at three different altitudes, (b) and
(d) show the spatial plot of U and V winds over the Indian region on an event and non-event days at 850 hPa at Mahabaleshwar.
(e) CWT for PM10 during the event days (20–25 March, 2016) and (f) CWT for PM10 during non-dust event days (2–8 March,
2016).

To describe the role of transport from other
regions, we have performed CWT analysis (Petit
et al. 2017) on PM2.5 and PM10 data during the
event (20–25 March, 2016) and non-event (2–8
March, 2016) periods. It can be seen from
ﬁgure 11(e) that during the dust event days, the
high concentration of PM is mostly contributed
from (i) Gujarat and Thar Desert, (ii) Mumbai
Metro City and (ii) African gulf region. The analysis provides evidence for episodes showing an
impact of transported dust on observed high concentration of PM. In addition to the long-range

dust transport, the possible regional transport from
surrounding regions like Gujarat and Mumbai
might have contributed significantly to the organics and sulphate mass loading as evident from
CWT analysis for event and non-event days. The
incursion of certain low-volatile organic vapours
and sulphuric acid/sulphur dioxide from these
industrial regions could have found more heterogeneous aerosol surface (heterogeneous aerosol
processing) to be deposited onto it during dust
event days as compared to non-event days. This
might have led to the observed higher loading of
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organics and sulphate during event days. In
contrast to dust event days, the CWT analysis
during the non-event days (ﬁgure 11f) showed that
the PM is mostly contributed by the transport
from the Arabian Sea and South Eastern Indian
region apart from little contribution from the
Mumbai region.
Overall, the current assessment of the ﬁne and
coarse particles over Mahabaleshwar will
strengthen our understanding about the inﬂuence
of local sources, long-range transport and local
meteorological conditions on the PM over this
high-altitude site.

non-event days indicated the possible long-range
transport of aerosols over the site. The results of
the present study inferred to the impact of both
local and transported aerosols over a high-altitude
location, Mahabaleshwar during the study period.
The present study may have significant climatic
implications for this topographically and ecologically very sensitive region over the Western Ghats.
The presence of desert dust particles in the atmosphere might play a key role in the energy distribution and the formation of the regional climate
over this high-altitude site.
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