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Abstract
Air pollution has become a matter of concern over Indian mega-cities. In the present study, we analyse the variation 
of particulate matter (PM) (PM10 and PM2.5) over Bhubaneswar (20.18°N, 85.50°E, 45 above MSL), which is a coastal 
Indian station, and the state capital of Odisha. Variation of meteorological parameters (i.e. air temperature, humidity, 
wind speed, and wind direction) over the station shows low winds originating and transported mainly from land areas 
during post-monsoon and winter, and from the Bay of Bengal during pre-monsoon and monsoon seasons. The site, in 
general, has evident diurnal variations of meteorological parameters and PM, other than monsoon season. In addition 
to surface observations at the site, 48-h back trajectory calculation by HYSPLIT model and the study employs potential 
source contribution function analysis for precise identification of the transported pollution areas for different seasons.
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1  Introduction

Particulate matter (PM) is one of the critical pollutants 
responsible for the deprivation of human health, climate 
change, and acid rain [1, 7, 22, 27, 36]. It is also a critical 
pollutant responsible for deteriorating urban air quality 
[47]. The PM can be of natural origin, e.g. dust or volcanic 
eruption [50], or anthropogenic [29, 30]. The PM impacts 
(i.e. on human health) also depend on their size, with 
smaller particles more likely to penetrate deeper in lungs, 
and travel at greater distances [60]. The general distinction 
for PM categories comes as PM2.5 and PM10, where the 2.5 
and 10 are the diameter size of the particles [17, 26, 48]. 
The pollution agencies of different countries in the world 
have fixed threshold values to decide the safe limits of PM 
for their regions, which varies for both PM2.5 and PM10. The 
PM2.5 and PM10 thresholds for daily values are 25 µg m−3 
and 50  µg  m−3 by World Health Organisation (WHO), 

35 µg m−3 and 150 µg m−3 by United States Environment 
Protection Agency (US EPA), and 60 µg m−3 and 100 µg m−3 
by Central Pollution Control Board, India (CPCB) [15, 18].

Concentrations of PM over any region are varying diur-
nally as well as seasonally [16]. Usually, PM concentra-
tions are found to be higher in winter season compared 
to rest of the year in densely populated tropical areas of 
the world (e.g. [41, 63]). The reasons for such a high load 
can be attributed to stable meteorological conditions with 
lower atmospheric temperatures, forcing lower heights of 
the mixed layer and supporting the accumulation of pol-
lutants in a shallower boundary layer available for mixing 
[23]. Transported pollutants at any site may also increase 
the load of contaminants, and the source-apportionment 
studies are found to be useful for finding the regions, 
which are responsible for transported pollution to any 
location (e.g. [25, 40]). This situation, however, may be dif-
ferent at coastal stations during the winter season, where 
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land-sea breeze interacts with the atmospheric boundary 
layer variation, and pollutants concentrations are chang-
ing during diurnal cycle (e.g. [2]). The sea breeze phenom-
ena can enhance the pollutants concentrations along with 
winter season [42]. For examining the regional transport 
of PM, source apportionment emerges as a powerful tool 
(e.g. [28, 31, 35]). The method analyses the pollutant data 
in combination with wind data over any region to find the 
relative contributions of source locations at distance [20]. 
There are many approaches to source-apportionment 
techniques as well, with the most popular one as Potential 
Source Contribution Function (PSCF). The PSCF approach 
helps determine the receptor site concentrations where 
emissions from individual sources are not required [32]. 
The PM variations knowledge over any region (diurnal as 
well as seasonal) is essential to understand their impact 
on human health as well on weather and climate and to 
improve the prediction of air quality [3, 18].

In the present study, we have analysed the in situ data 
of PM2.5 and PM10 collected during 4 months: November 
2016, January 2017, May 2017 and July 2017 at a tropi-
cal coastal Indian station, Bhubaneswar. The reason to 
select Bhubaneswar as the study site is its location due 
to its coastal nature and exposure due to its first smart 
city of India located in the eastern region. The East India 
experiences high pollution due to more than 15 large size 
coal-based power plants and many mineral and metal 
industries, where mainly coal is the primary source of 
energy [19]. The study aims to investigate the daily and 
seasonal variation of meteorological variables and PM, 
along with seasonal changes. Back trajectory analysis has 
been employed in the present study to gain qualitative 
knowledge about the wind approaching the measurement 
site. The PSCF analysis has been applied to understand the 
potential source areas during different seasons, contribut-
ing to the transported load of PM over the study region. 
The objectives of the present study are 1. Investigation 
of daily and seasonal variations of particulate matter pol-
lution over the study region. 2. The identification of the 
transported pollution and the identifications of main 
regions responsible for it with seasonal variation. 3. Find-
ing the existing periodicity in the time series of particulate 
matter data over the station.

2 � Site description, data, and methodology

The study region is Bhubaneswar, a tropical coastal sta-
tion with Bay of Bengal lying in the northeast to southwest 
directions, at a spatial distance of ~ 66 km in South, and 
~ 96 km in East. The population for Bhubaneswar metro-
politan area is 886,397 [5]. There are a total of 592,530 reg-
istered vehicles in March 2012 (328,395 two wheelers and 

71,964 four wheelers), with rapid growth in two wheelers. 
The total length of the road network is 1498 km [37]. The 
city is experiencing rapid urbanisation (83% increases in 
the 2000–2014 period) with 89% decrease in dense veg-
etation and 83% decrease in crop fields over this period 
[55]. The measurement site for the present study is on the 
campus of Utkal University (20.18°N, 85.50°E, 45 above 
MSL) which is at the heart of Bhubaneswar, the first smart-
est city of India, and the capital of state Odisha, India. The 
smart city initiative adopts any particular city as a smart 
city in India if the city has core infrastructure and quality 
of life with a relatively clean and sustainable environment. 
The adopted smart city will be provided additional funds 
for sustainable and inclusive development and make the 
cities an ideal model for other aspiring cities [51].

The in situ data sets used in the present study have 
been collected under the Monitoring of Atmospheric 
Pollutants and Network MAPAN program, sponsored by 
the Ministry of Earth Science, Govt. of India. The site has 
an Air Quality Monitoring Station (AQMS) and Automatic 
Weather Station (AWS) for continuous monitoring of air 
pollutants and meteorological parameters. The data col-
lected at the site have been utilised for the first time and 
are different than the earlier published works over Bhu-
baneswar [33], where the sites were at different locations 
to the present place of observation, which may be the rea-
son for the lower values reported in the previous works.

The present study utilises hourly data sets of relative 
humidity, wind speed, wind direction, and air tempera-
ture. The hourly concentration values of PM10, PM2.5 (moni-
tored using Environment S.A. optical analysers, model and 
make: EPQM-1013-211 for PM2.5, and EQPM-0404-151 for 
PM10) are available at the study site. The period of study 
includes the data sets for 4 months, i.e. November 2016, 
January 2017, May 2017, and July 2017, representing the 
post-monsoon, winter, pre-monsoon and monsoon sea-
sons, respectively. There is missing data for meteorological 
parameters during November 2016 due to the technical 
issue with the weather station. All the data sets have been 
quality checked before analysing, and the details of the 
quality check are on SAFAR website (http://safar​.tropm​
et.res.in). We also used the ERA-Interim reanalysis data 
sets [8] are also used for calculating boundary layer/mixed 
layer height (BLH) over Bhubaneswar.

The 2 days (48 h) isentropic back trajectories were cal-
culated at every 3 h using GDAS (Global Data Assimilation 
System) 1° data sets by using NOAA (National Oceanic and 
Atmospheric Administration)-HYSPLIT (Hybrid Single Par-
ticle Lagrangian Integrated Trajectories) model [11–13, 45, 
52]. Although GDAS 0.5° data are also available, the vertical 
velocity is absent in GDAS 0.5° data which results in better 
back trajectories computations by GDAS 1° compared to 
GDAS 0.5° data [54]. We used these calculated trajectories 
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further in conjunction with PM data sets for calculation 
of potential source contribution function (PSCF) over the 
study period for identifying the spatial distribution of the 
transported pollution source regions. The details of PSCF 
methodology can be found at Han et al. [20], Gogikar and 
Tyagi [15] and Xu and Akhtar [61]. There are other methods 
(e.g. concentrated weighted trajectory—CWT) method 
equivalents to the PSCF, based on trajectory statistical 
methods. The ensemble average correlation coefficient 
study reveals that PSCF calculations are better than CWT 
[24] and motivates us to employ only PSCF in the present 
study.

Continuous wavelet transform (CWT) scalogram is a 
tool for determining dominant modes within a time series 
by decomposing the time series into the time–frequency 
domain [44, 56, 62]. In the present study, the periodicity 
test is performed on hourly data sets using Morlet mother 
wavelet, normalised by the standard deviation. Further 
mathematical details of Morlet wavelet and scalogram are 
available in Torrence and Compo [56].

3 � Results

3.1 � Variation of meteorological parameters

The variation of meteorological parameters (air tempera-
ture, relative humidity, wind speed, and wind direction) 
has been studied to understand the meteorological con-
ditions over the study site. As mentioned in the data sec-
tion, the meteorological observations were absent during 

November 2016. The variation of parameters for January, 
May, and July 2017 is in Fig. 1. Figure 1a is showing the 
diurnal variation of temperature and humidity, averaged 
for the whole month of January 2017, while the wind rose 
diagram depicts the wind speed, and wind direction (all 
the values, without any average) (Fig. 1d) for the same 
month. The error bars in the figure are standard devia-
tions of observations. Figure 1a infers that the temperature 
range is ~ 12–33 °C, while the relative humidity was found 
to be highly variable (~ 5–95%) during January 2017. The 
relative humidity and air temperature are having a per-
fect anti-correlation with the air temperature minimum 
at 6–7 A.M. in morning and maximum at 3–4 P.M. in the 
afternoon, while relative humidity minimum at 3–4 P.M. 
and maximum at 6–7 A.M. The humidity values are high 
during the night and early morning and low during the 
day, because of the land-sea breeze phenomenon. Wind 
roses (Fig. 1d) show that predominant directions are north-
easterly and south-westerly with components of south-
erly, south-easterly, and north-westerly. It is to be noted 
here that wind speeds do not have significant difference 
during day or night over the study site during the study 
period (not shown). As mentioned in the site description, 
the place is a coastal station with Bay of Bengal lying in the 
northeast to southwest directions. Therefore, our surface 
winds are showing origination from land areas of Kolkata 
to marine nature few other times. This result enhances the 
possibility of transported pollution over the study region 
from the metropolitan city Kolkata during January.

Figure 1b, e is showing variation for May 2017 over the 
observational site. As can be observed from Fig. 1b, the 

Fig. 1   Diurnal variation of air temperature and relative humidity a January, b May, and c July, and wind roses for d January, e May, and f July. 
The error bars in a–c are standard deviations
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temperatures are high comparing to January with val-
ues 28–39 °C, and the humidity ranging from 28 to 80%. 
May 2017, which comes in the pre-monsoon season, con-
sidered as one of the hottest months for the Bhubane-
swar, and if we discriminate seasons as summer–win-
ter–autumn–spring, comes in the summer season. Here 
also the perfect anti-correlation between temperature 
and relative humidity is apparent, which the predominant 
wind directions are south-easterly (Fig. 1e), with almost 
negligible components from other directions. The result 
shows that our surface winds are marine originated pre-
dominantly, limiting the possibility of transported pollu-
tion over the study region. For the monsoon month (July 
2017), the air temperature and relative humidity variations 
(Fig. 1c) are showing the effect of rainfall over the study 
site. The air temperatures are varying between 24 and 
34 °C, and the humidity ranging from 75 to 95%. The rain-
fall over Bhubaneswar is the second highest in July (with 
an average of 326.2 mm from 1901 to 2000), following the 
highest rainfall in August (with an average of 366.8 mm for 
a period of 1901–2000) (India Meteorology Department 

online report: http://www.imd.gov.in/secti​on/clima​te/
clima​teimp​.pdf ). The surface winds are mainly southerly, 
with small components of south-southeast and south-
southwest, primarily arriving from the Bay of Bengal.

For better visualisations of the daily values variations, 
the daily averaged wind speed, wind direction, daily accu-
mulated rainfall (24 h) and boundary layer height (BLH) 
values are plotted and shown in Fig.  2. As mentioned 
earlier, the month of November 2016 is not having in situ 
observations of wind parameters. Figure 2a is showing 
rainfall and BLH daily variations. There were only 4 days 
with rainfall during November 2016, and the BLH value 
was 740 m during 4th November 2016, second of the 
three consecutive rainfall days. The average monthly BLH 
values are 680 m for November 2016. For January 2017, 
the average wind speed varies from 0.1 to 2.1 m s−1, with 
the higher values during 10–14 January 2017. As under-
stood from Fig. 1, the predominant wind directions are 
either northeasterly or south-westerly with components 
in other directions. The plot also reveals that high wind 
speed values during January 2017 are from north-westerly 

Fig. 2   Daily accumulated rainfall values and daily average values of 
boundary layer height for the months of a November 2016, c Janu-
ary 2017, e May 2017, and g July 2017. b, d, f Depicts the daily aver-

age wind speed and wind direction variation for January, May, and 
July, respectively

http://www.imd.gov.in/section/climate/climateimp.pdf
http://www.imd.gov.in/section/climate/climateimp.pdf
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directions. There is no rainfall reported at the site during 
January 2017 (Fig. 2c), and the average BLH is 1398 m. 
These high values of BLH during January month are 
characteristics of eastern Indian region with clear skies 
and no convective activity [6]. For May 2017, the average 
wind speeds are relatively high (~ 1.5–2.0 m s−1), and the 
wind directions are south-easterly (Fig. 2d). During May, 
a total of eight rainy days occur. These rainfall events are 
due to pre-monsoon thunderstorms, which are the rain-
bearing system for this part of the country during this 
season [57, 58], and the average BLH is 587 m (Fig. 2e). 
July 2017 is one of the monsoon months at the site, and 
the daily average wind speed is fluctuating between 0.5 
and 3.5 m s−1 with mostly south-easterly winds (Fig. 2f ). 
There are 25 rainy days in the month with the varying 
amount of rainfall and BLH. However, the average BLH is 
1149 m for July 2017, much higher than May 2017. The 
observations suggest that November and May are having 
less BLH so that concentrations may rise. However, the July 
month has frequent rainfall at the site, and there is a pos-
sibility of rainout and washout of PM for the period. The 
first week of November is likely to have fewer values of PM 
due to higher BLH associated with rainy days at the site. 

To validate the findings of meteorological observations, 
the diurnal variation of PM is analysed in the next section.

3.2 � Diurnal variation of PM10 and PM2.5

The daily time series plots of PM10 and PM2.5 (Fig. 3a, b), 
and the averaged diurnal variation of PM10 and PM2.5 
(Fig. 3c, d), for all the months are showing the difference 
in magnitudes. The specified threshold limit by CPCB for 
PM10 (i.e. 100 µg m−3) and PM2.5 (i.e. 60 µg m−3) has been 
marked by the dark yellow line in Fig. 3a–d. PM10 and PM2.5 
hourly variations are showing that for November 2016, the 
initial days (01–06) are occasionally crossing the thresh-
old values, while the mid of the month (from 07 to 16) is 
experiencing high concentrations. At the end of November 
(from 17 to 30), the PM concentrations are again going 
below threshold limits. The elevated values of PM from 07 
to 16 November are crossing the suggested daily thresh-
old limits for the site. The cause of such high concentra-
tions will be investigated by employing the back trajectory 
analysis in the next section. In January 2017, the values 
were below the threshold limit during the first week for 
PM10 and from 01 to 16 January for PM2.5.

Fig. 3   Hourly variation of a PM10, b PM2.5, and averaged diurnal 
variation of c PM10, d PM2.5 for November 2016, January 2017, May 
2017, and July 2017. c, d The error bars are the standard deviation. 

The solid cyan line in a–d is depicting the specified threshold limit 
by CPCB for PM10 (i.e. 100 µg m−3) and PM2.5 (i.e. 60 µg m−3)
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The surface winds analysis for the study period revealed 
that during 01–11 January, the winds are mostly south-
easterly, which are of marine origin and not bringing any 
transported pollution. From 12 to 31 January, however, 
the predominant winds are either from North-Eastern or 
South-Western, both of land-origin and there is a chance 
of bringing transported pollutants over the region. In May 
2017, the PM values are well below threshold, which can 
be explained by transportation of clear air from the Bay of 
Bengal transported to the site (as surface wind direction 
is south-easterly), and occasionally rainfall associated with 
thunderstorm over the study area during the month [38]. 
As mentioned in the previous section, July is the month 
of highest rainfall at the site, and the low values of PM are 
justified with washout of pollutants by rain, and prevailing 
surface wind direction being southerly (coming from the 
Bay of Bengal), bringing almost no transported pollution 
load over the site.

The examination of diurnal variation of PM (Fig. 3c, d) 
allows us to understand that the variational patterns are 
existing for November and January only, while the May 
and July are not showing variations and are more or less 
constant throughout the day. PM10 diurnal variations 
(Fig. 3c) are showing two maxima (at 9–11 and 20–23) and 
two minima (~ 7 and 15–17) for January and November 
(with less magnitude compared to January). PM2.5 diur-
nal variations (Fig. 3d) are also following the pattern of 
maxima and minima as that of PM10 only with a difference 
that in-between hour is having fewer variations in the 
values. The bimodal pattern is similar to that as observed 
over Beijing [31] and New York City [9], and many other 

sites globally [34]. The reason for such bimodal pattern is 
usually boundary layer height variation and daily emission 
patterns along with local meteorological cycles [34].

The diurnal boundary layer development over any 
region plays a vital role in the daily variations of PM. The 
height of boundary layer and its different sections during 
daytime (i.e. surface layer, mixed layer) and nighttime (i.e. 
stable layer and residual layer) are depending on the solar 
radiation and winds for generating turbulence in order to 
maintain the growth and development of boundary layer 
[31, 53]. The resulting boundary layer height with stability 
regimes provides the depth of atmosphere available for 
the mixing of pollutants, e.g. PM in the present study. The 
morning maxima may be explained about enhanced traf-
fic and anthropogenic activities during office hours, while 
the evening maxima are related to the traffic emissions 
linked with changes in the height of the boundary layer. 
The morning minima are the time when the nighttime sta-
ble boundary layer is transforming into the daytime mixed 
layer. The second minima during afternoon hours are the 
period when the mixed layer height will be the highest 
over the study region in November and January.

3.3 � Back trajectory and cluster analysis

The back trajectory analysis for 48 h (i.e. 2 days) has been 
computed for the study period, along with cluster analy-
sis based on Euclidean distance (Fig. 4). The transported 
air-masses are from both land and sea origin reaching 
to the site during different months of the study period. 
During November 2016 (i.e. post-monsoon season), the 

Fig. 4   48-h back trajectory 
analysis for post-monsoon 
(November) (black colour), 
winter (January) (red colour), 
pre-monsoon (May) (green 
colour), and monsoon (July) 
(blue colour). The yellow star 
marks the site location, and the 
thick line is depicting clusters 
based on Euclidean distance 
for each month



Vol.:(0123456789)

SN Applied Sciences (2019) 1:383 | https://doi.org/10.1007/s42452-019-0427-2	 Research Article

air-masses are approaching the study site mainly from 
north to north–north–west directions, bringing the pol-
luted air of Indo-Gangetic plains. The cluster analysis for 
November is indicating that two types of air-masses are 
primarily approaching the site, one from the Northern part 
of India from the states of Uttar Pradesh and capital city 
Delhi, and the other one from the West Bengal area. To 
understand the higher values of 07–16 November 2016, 
the back trajectory analysis for these days in comparison 
with other days of November shows no difference in the 
place of origin. As the residence time of PM is variable 
depending on the associated meteorological variations 
and can be from 1 day to 2 weeks or more [10], the high 
pollution levels during 07–16 November may be the result 
of transported pollution over the region. The higher values 
may be due to highly polluted and turbid atmosphere over 
Indo-Gangetic plains during the festival deepawali/diwali 
which was on 30 October 2016, and associated other festi-
vals of same period ending in first week of November 2016 
[43, 46, 49]. Here, it must be noted that the Bhubaneswar 
city is also having the celebration of fireworks during the 
festival and the pollution levels from local contribution are 
also on the higher side as well as for the transported pol-
lution. This transported pollution will have a support of 
the stable atmosphere due to winter onset, and relatively 
lower heights of the boundary layer during the November, 
which result in enhancing the levels above the threshold 
limits.

In January 2017 (winter season) also, the air-masses 
from the Indo-Gangetic plain are approaching the site. 
The clusters are indicating, however, that air-masses are 
not coming as far as they were in case of November, and 
mainly originating from neighbouring states of Jharkhand, 
West Bengal, and Chhattisgarh, indicating the low-wind 
speeds during the winter conditions. Results also show 
that even the BLH is high, local emission of pollutants with 
transported pollutants from the areas are making the PM 
levels above the threshold limits. The interesting observa-
tion to note here is that during first 10 days of January, 
where the PM levels are below threshold levels, the air-
masses are coming from the Bay of Bengal (marine origin) 
(figure not shown here). The result indicates that if the 
transported air-masses are clean, the PM levels are well 
below threshold even during the winter conditions. For the 
summer/pre-monsoon month (May 2017), the air-masses 
approaching the site are mainly marine, bringing clean 
air to the area. This clean transported air provides a more 
extensive region for mixing available to locally generated 
pollution, which results in PM values well below thresh-
olds throughout the month. As mentioned earlier, the site 
is also experiencing occasionally rain showers associated 
with thunderstorms [38], which will also help in washout 
of PM during May. When we perform the back trajectory 

analysis for the monsoon month (July), we found that the 
air-masses are coming from the parts of central India to 
western India, originating from the Arabian Sea side. This 
behaviour of Arabian Sea side winds reaching to the area 
is well understood under the monsoon studies [39], and 
undoubtedly the clean marine air, and sufficient rain dur-
ing the month may be the reason for the low values of PM 
observed over the site during July. The percentage-wise 
height variation of these trajectories shows that ~ 50% of 
the trajectories are below 500 m, 82.7% are below 1 km, 
and rest crossed the 1 km height but lay below 2 km, and 
also the trajectories which are coming from the identified 
source areas of higher contribution are always less than 
1 km height. Thus, they are valid for representing pollution 
transportation at the site.

3.4 � Source‑receptor modelling of PM10 and PM2.5

For the identification of source regions and their relative 
contribution to the transported concentration of PM, 
the PSCF technique has employed in the present study. 
Figure  5 shows the PSCF analysis for chosen months 
representing four different seasons for PM10. The legend 
is showing normalised weighted potential source con-
tribution factor. Here we are not showing PSCF analysis 
for PM2.5, as for both PM10 and PM2.5, the source regions 
are found to be the same by PSCF analysis for all the four 
seasons.

For the post-monsoon season (i.e. November 2016), 
the PSCF analysis shows (Fig. 5a) the transport from the 
Indo-Gangetic plain and adjoining areas. However, the 
significant contributions are mainly from the northeast 
and northwest sectors from the neighbouring states of 
Jharkhand and West Bengal with the possible account-
ing of mineral and exploration belts of Jharkhand [14], 
and influence of Metropolitan city Kolkata of West Bengal 
[46]. Figure 5a shows that > 50% contribution is from trans-
ported pollution. In the winter season (January 2017), the 
PSCF extent is broadly over the same areas that for Novem-
ber 2016 (Fig. 5b), but the prime regions contributing to 
the transported pollutions shifted towards the north of 
the observational site, i.e. towards Kolkata and adjoining 
areas of West Bengal, which accounts > 70% pollution. The 
marine nature of transported air is also visible in the PSCF 
analysis, but the larger extent is visible from the northerly 
direction, mainly coming from the Metropolitan city of 
Kolkata to the site. Here the higher BLH is also not able to 
reduce the concentrations for January 2017, and indicat-
ing that transported pollutants are playing an important 
role in elevating the concentration levels. In the case of 
pre-monsoon season (May 2017), as the trajectory analy-
sis indicates, the natures of transported air-masses are of 
mainly marine origin (Fig. 5c). The PSCF analysis traces the 
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land origination of air-masses and showing the region 
of coastal Andhra Pradesh, and Tamil Nadu states as the 
source regions to the transported PM concentration over 
the site. It is proving the efficiency of the PSCF analysis as 
it did not choose the potential contribution from the Bay 
of Bengal at any point in this case of the summer month. 
PSCF identifies the high polluted coastal region impact 
and the nature of transported pollution can distinguish 
the land and sea regions in contributing the pollution. The 
results are also advocating that even though BLH values 
are low for May, the pollutions levels are not crossing the 
threshold, and hence the impact of transported pollution 
is critically affecting the pollution levels of the city, rather 
than the local emissions, which are present on a day-to-
day basis.

During monsoon month of July 2017 (Fig. 5d), the PSCF 
analysis is identifying significant contributions from the 
land regions up to the western extent of India (i.e. in the 
state of Gujarat). But, the scale of these considerable con-
tributions is relatively smaller as compared to the other 
months analysed, and the broad areal extent is quite large, 
as we are receiving air-masses from a vast domain (Fig. 4). 
The PSCF analysis shows that the limits of contributing 
areas are far more extendable towards land regions in 
Indo-Gangetic plain areas, with little contribution from 
the Bay of Bengal region. As we can see from Fig. 5, the 
seasonal variation is indicating that during November 
and January there is ~ 20% source contribution coming 

from the marine side, which reduced to ~ 5% during May, 
and < 1% in July. The analysis shows that not only locally 
generated pollution is adding in the aerosol load over the 
site, but transported pollutants are also having a pivotal 
role in taking higher concentrations over the study region. 
However, the results impaired with the limitation of the 
method to adequately capture the sources due to rainout/
washout processes occur during the monsoon. The result 
for July month is therefore not showing specific findings 
in the present study.

3.5 � Continuous wavelet transform (CWT) analysis

The CWT analysis is employed in the current work for 
understanding the change in different frequencies from 
the aerosol number concentration over time for PM10 and 
PM2.5 (Figs. 6, 7). The CWT scalogram is a representation 
on the time-scale domain, where each coefficient is plot-
ted by the gradient, corresponding to the magnitude of 
the coefficient. The existence of a peak in the scalogram 
for time series of the PM indicates that a high-frequency 
component is present in the series.

Figure 6 shows the wavelet scalogram analysis of the 
hourly aerosol number concentration time series relating 
to the starting hour of the month to the ending hour of 
the month for PM10. The abscissa is representing the time 
expressed in hours from the beginning of the month (i.e. 
from 01 to 23 h for 1–30 November 2016 in Fig. 6a, 1–31 

Fig. 5   Source-receptor modelling of PM for a post-monsoon (November), b winter (January), c pre-monsoon (May), and d monsoon (July)
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January 2017 in Fig. 6b, 1–31 May 2017 in Fig. 6c and 
1–31 July 2017 in Fig. 6d), and the ordinate is depicting 
the time scale ranging from 1 to 512 h. The thick black 
line in the shape of a middle bracket is known as the 
cone of influence, below which the analysis is masked 

and not considered because of its interference with 
noise. In November 2016 (Fig. 6a), the prominent fea-
ture of PM10 data is 5 days (~ 120 h) periodicity. Another 
noticeable periodicity is visible at 16–32 h, correspond-
ing to a daily cycle between 4 and 13 November 2016. 

Fig. 6   Periodicity analysis in PM10 variation for a post-monsoon (November), b winter (January), c pre-monsoon (May), and d monsoon 
(July)

Fig. 7   Periodicity analysis in PM2.5 variation for a post-monsoon (November), b winter (January), c pre-monsoon (May), and d monsoon 
(July)
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These regular periodicities along with semi-diurnal and 
5-day periodicities are observed in January 2017 as well 
(Fig. 6b), with definite localisations found in the initial 
and mid-month data sets. The pre-monsoon, i.e. May 
2017, month (Fig. 6c) is also having a clear indication 
of daily, 2-day and 5-day periodicities included in the 
variations of PM10 concentrations. Even in July 2017 (the 
monsoon month), there is evidence of 2–5-day periodic-
ity (Fig. 6d). However, on the smaller side of the range 
(2–16), the localisation of periodicity is more evident 
at 97–193 h (05–08 July), and 577–673 h (24–28 July). 
When we analysed the periodicity associated with PM2.5 
(Fig. 7), we observe the daily and 5-day periodicity in 
November (Fig. 7a), January (Fig. 7b), and May (Fig. 7c). 
However, during the monsoon month of July, there is no 
such observed periodicity (Fig. 7d).

The daily cycle can be a result of as locally generated 
pollution during rush hours [21], whereas 5-day cyclic 
period can be understood synoptic-scale period where 
atmospheric high- and low-pressure systems inter-
change [4]. The observed dominant frequencies can be 
connected with quasi-cyclic meteorological processes, 
as the synoptic processes with periods between 8 and 
11 days may be the cause of observed periodicities in the 
PM10 variations [59].

4 � Summary

Analysis of the PM10 and PM2.5 hourly concentrations for 
the months in different seasons during period 2016–2017 
showed that levels are higher in January (winter season) 
followed by post-monsoon (November), pre-monsoon 
(May), and monsoon (July) with least concentrations. We 
can summaries the findings as follows:

•	 The bimodal distribution pattern is observed in the 
diurnal variation of PM10, while PM2.5 is showing one 
peak (in the night time for November and early morn-
ing in January) only.

•	 The back trajectory and PSCF analysis showed that dur-
ing January, pollution transportation is significant and 
the metropolitan city of Kolkata and adjoining areas are 
the main contributors in the transported PM levels at 
the study area. The transported pollution is having its 
contribution in the post-monsoon season (November) 
as well, but during pre-monsoon and monsoon season, 
the concentrations levels are mainly because of local 
emissions.

•	 The PM variations over different months have periodic-
ity involved in their distribution, with dominant visible 
periods of daily (1 day) and 5-day scales.
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