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Abstract
The ambient air quality in a city is heavily influenced by meteorological conditions. The city of Siliguri, known as the 
“Gateway of Northeast India”, is a major hotspot of air pollution in the Indian state of West Bengal. Yet almost no research 
has been done on the possible impacts of meteorological factors on criterion air pollutants in this rapidly growing urban 
area. From March 2018 to September 2022, the present study aimed to determine the correlations between meteorological 
factors, including daily mean temperature (℃), relative humidity (%), rainfall (mm), wind speed (m/s) with the concentration 
of criterion air pollutants (PM2.5, PM10, NO2, SO2, CO, O3, and NH3). For this research, the trend of all air pollutants over 
time was also investigated. The Spearman correlation approach was used to correlate the concentration of air pollutants with 
the effect of meteorological variables on these pollutants. Comparing the multiple linear regression (MLR) and non-linear 
regression (MLNR) models permitted to examine the potential influence of meteorological factors on concentrations of air 
pollutants. According to the trend analysis, the concentration of NH3 in the air of Siliguri is rising, while the concentration 
of other pollutants is declining. Most pollutants showed a negative correlation with meteorological variables; however, the 
seasons impacted on how they responded. The comparative regression research results showed that although the linear and 
non-linear models performed well in predicting particulate matter concentrations, they performed poorly in predicting gase-
ous contaminants. When considering seasonal fluctuations and meteorological parameters, the results of this research will 
definitely help to increase the accuracy of air pollution forecasting near future.

Keywords  Air pollutants · Seasonal fluctuations · Particulate matter2.5 · Particulate matter10 · Relative humidity · 
Regression analysis

Introduction

Urban air pollution is a severe and escalating environmental 
issue, particularly in developing nations. It also has a sig-
nificant impact on global public health, notably on respira-
tory and cardiovascular diseases (Mage et al. 1996; Bernard 
et al. 2001; Shi et al. 2020). Despite the significant progress 
achieved in the prevention and management of air pollution 

over the past several years, the majority of inhabitants con-
tinue to be quite concerned about such crucial ambient expo-
sure (WHO 2021; Leung et al. 2020; Molina 2021). Many 
nations in the developing world have air pollution levels that 
are dangerously close to, or even over, the threshold rec-
ommended by the World Health Organization (Tiwari et al. 
2014; Doreswamy et al. 2020; Srivastava 2022). Since the 
industrial revolution and widespread urbanization, air pollu-
tion has risen to the top of the environmental concerns list in 
both developed and developing nations (Anwar et al. 2021; 
Wei et al. 2021; Zhang et al. 2022). The key source of pollut-
ants that contribute to the degradation of air quality are vari-
ous human activities, such as fossil fuel combustion to drive 
production processes, motor vehicles, and industrial plants 
(Pachón et al. 2018; Rajput et al. 2021; Munsif et al. 2021; 
Molina 2021). In addition, the primary factors contributing 
to the degradation of air quality in developing nations are 
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the tremendous expansion of the urban population and the 
changes in land use carried on by urban development (Liang 
et al. 2019; Surya et al. 2020). Because of this, the qual-
ity of the air, both indoors and outdoors, varies from what 
is considered normal in urban settings. This implies that a 
large number of urban inhabitants are continually exposed 
to an unhealthy amount of air pollution (Chen et al. 2020). 
In metropolitan areas, more than 80% of people are exposed 
to pollutants at levels exceeding WHO standards, and 98% 
of metropolitan areas in middle as well as low-income coun-
tries fail to fulfill air quality standards (Manju et al. 2018; 
Glazener and Khreis 2019; Afghan et al. 2022). In 2012, 
there were almost 7 million air pollution-related deaths, with 
4.2 million of such mortalities being directly linked to expo-
sure to outdoor air pollution (Sharma et al. 2013; Kayes et al. 
2019; Piracha and Chaudhary 2022).

India is experiencing problems pertaining to a growing 
population and poor air quality. India ranked third world-
wide for PM pollution-related deaths in 2017 (Mitoma et al. 
2021). There were about 1.1 million avoidable fatalities in 
India in 2017 due to air pollution (Jat and Gurjar 2021), with 
56% attributable to outdoor PM2.5 and 44% to indoor air 
pollution (Pal et al. 2022). According to WHO (2016), 10 
of the 20 most populous cities are in India. After analyzing 
PM2.5 emissions from all countries, WHO (2019) catego-
rize India as the fifth most polluting country, with 21 of the 
top 30 most polluted cities being situated in India. Consider-
ing 2016 statistics, at least 140 million Indians breathe air 
ten times or more above the WHO acceptable limit (Chatterji 
2021), while 13 of the world's top 20 cities with the great-
est yearly air pollution are already in India (Agarwal et al. 
2020; Roy and Singha 2021). Due to an increase in indus-
try, population concentration, anthropogenic influences, and 
automobile usage, India's air quality has been worse over 
time (Gurjar et al. 2008; Jain et al. 2018; Jat and Gurjar 
2021). In recent decades, greenhouse gas emissions (GHGs) 
and other pollutants have increased in both megacities and 
small to medium-sized urban centers (Kulkarni et al. 2018; 
Kumar and Gurjar 2019; Wen et al. 2020). Siliguri isn't an 
exception in this case (Roy and Singha 2020; Biswas et al. 
2020; Halder and Bandyopadhyay (2022). Constant popula-
tion growth has resulted in excessive energy consumption, 
which has a negative influence on the environment and the 
air quality in big as well as medium-sized cities like Siliguri 
(Bose and Chowdhury 2020; Roy and Singha 2020; Biswas 
et al. 2020).

Urban air quality is affected by meteorological factors 
(Gualtieri et al. 2015; Manju et al. 2018; Seo et al. 2018; 
Suhaimi et al. 2020; Peng et al. 2020; Haddad and Vizakos 
2020). Atmospheric pollutants are affected by a variety of 
factors, including temperature, humidity, wind speed, and 
direction, including the processes of generation and diffu-
sion (Whiteman et al. 2014; Hoek et al. 2015; Seo et al. 

2018; Jain et al. 2018). They are very important for control-
ling pollution levels (Peng et al. 2020; Haddad and Vizakos 
2020). The chemical interactions in the atmosphere between 
precipitation and air pollutants may remove gaseous pol-
lutants and deposit particles, although rain's impact on air 
quality varies greatly (Dayan and Levy 2005; Elperin et al. 
2011; Ouyang et al. 2015; Kayes et al. 2019). Evidence from 
numerous research indicate that air quality may indeed be 
altered by meteorological conditions (Jhun et  al. 2015; 
Manju et al. 2018; Borge et al. 2019; Castelhano et al. 2022). 
West Bengal has seasonal changes in temperature, precipita-
tion, and humidity due to its subtropical monsoon climate 
(Bhunia et al. 2019; Kundu 2020). Seasonal changes in air 
quality may be seen across the state (Biswas et al. 2020). 
PM2.5 and PM10 levels are higher than acceptable during 
the dry season but are lower during the monsoon, according 
to national regulations (Jain et al. 2020; Roy and Singha 
2020). Numerous studies on the effects of weather have been 
conducted in China (Kan et al. 2012; Li et al. 2014, 2020; 
He et al. 2017; Song et al. 2017; Lin et al. 2020; Liu and 
Wang 2020; Gao et al. 2021) and India especially at the 
national level and large cities (Ramanathan and Feng 2009; 
Bhaskar and Mehta 2010; Jayamurugan et al. 2013), but it is 
understudied in medium-sized urban areas like Siliguri. This 
research aimed to examine the links between air pollutant 
concentration and meteorological factors, assess seasonal 
fluctuations in air pollutant concentration and perform a time 
series assessment of air pollutant concentration in Siliguri 
city.

Study area

Siliguri is a rapidly expanding city with a solid foundation of 
trade as well as commerce and substantial economic activ-
ity. At an elevation of approximately 122 m (400 feet), it 
is situated in the Himalayan foothills on the banks of the 
river Mahananda. It has had substantial population growth 
in recent years, and the Siliguri Municipal Corporation's 
geographic area is about 41.9 km2 and is bounded by 47 
wards that have grown by five times since 1931. Siliguri, in 
West Bengal, is indeed the third-largest urban agglomeration 
after Kolkata and Asansol. By luring a sizable number of 
migrants over the course of time, Siliguri has transformed 
from a small village into a financially advanced city. This 
amazing expansion of the city is a result of the city's tremen-
dous population expansion (Bose and Chowdhury 2020). 
Evidence from the results of the 2011 Census showed that 
the city's population increased at a quicker pace, from 4.72 
lakh in 2001 to more than seven lakhs in the 2011 census 
report (District Census Handbook 2011). The research area 
was chosen because of its advantageous position as a center 
for trade and business, tourist activity, population expan-
sion, the hub of employment, and essential supply to the 
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entire northeast region (Roy et al. 2022a, b). Because of this, 
the city's air quality suffers as traffic levels increase, which 
in turn creates more air pollution (The Statesman 2018b; 
Roy and Singha 2020). Being the connecting point between 
the north-eastern states and the rest of India, Siliguri has 
earned the titles like "Gateway of North-east India" and 
"The chicken's neck" (Bose and Chowdhury 2020; Roy et al. 
2022b). This rapidly urbanized city extends over the Jal-
paiguri and Darjeeling districts of West Bengal. The city of 
Siliguri is located between the coordinates of 26°39′57.88" 
and 26°46′19.03"N and 88°25′16.47" and 88°26′53.62"E. 
In Siliguri, air pollution is a serious problem that is mostly 
caused by the city's fast urbanization and population expan-
sion, which is also related to enormous spikes in the vehicle 
population plying on the road (CDP Report Siliguri 2015; 
CRCAP Report 2018; The Telegraph 2018; The Statesman 
2018a; Roy and Singha 2020). According to experts, the vast 
majority of diesel-powered vehicles operating in the city are 

the prime cause of ambient air pollution in the city (CDP 
Report Siliguri 2015; The Telegraph 2018; The Statesman 
2018b; Roy and Singha 2020). Along with it, extensive road 
construction and poor road dust management procedures are 
causing particle pollution levels in the city to climb (Fig. 1).

Database

To ascertain the connection between the air pollutants 
and meteorological factors of Siliguri city, all the data 
were collected and analyzed based on the data and infor-
mation accessible from the Central Pollution Control 
Board (CPCB) and West Bengal Pollution Control Board 
(WBPCB). There is just one continuous ambient air qual-
ity monitoring station in Siliguri at present, and it is situ-
ated in Babupara (Ward 32), near Tinbatti more. The daily 
mean (24 h average) concentration of seven air pollutants, 
i.e., Particulate Matter (PM2.5, PM10), Nitrogen Dioxide 

Fig. 1   The geographic location of Siliguri city showing the continuous ambient air quality monitoring (CAAQM) station situated in Babupara 
(Ward 32)
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(NO2), Sulphur Dioxide (SO2), Carbon Monoxide (CO), 
Ozone (O3), and Ammonia (NH3), as well as four meteoro-
logical factors, i.e., Temperature, Relative humidity, Rain-
fall as well as Wind speed, have been obtained from the 
CPCB online portal for data acquisition from March 2018 
to September 2022. CPCB implements stringent processes 
for sampling, analysis, and calibration in order to deliver 
data quality assurance with quality control programs.

Methodology

Initially, descriptive statistics were computed for both 
meteorological parameters and air pollutants. To find pat-
terns in the concentration of air pollutants during the same 
time period, the Mann–Kendall trend analysis has been 
used. Tukey's HSD multiple comparisons were used to 
test for seasonal changes in air pollution concentration 
throughout the years at a 5% threshold of significance. 
The Spearman correlation analysis was evaluated to iden-
tify any associations between the air pollutants and the 
meteorological factors. Seasonal classifications used in 
this study, i.e., pre-monsoon (March–May), monsoon 
(June–September), post-monsoon (October–November), 
and winter (December–February), were taken from the 
study conducted by Sivaprasad and Babu (2014) and 
Dutta and Gupta (2021). Finally, in order to investigate 
the possible effects of temp, RH, RF, and WS on air pol-
lutants' concentration, multiple linear as well as non-linear 
models were used. Yin et al. (2016) also considered only 
two parameters, i.e., Temp and RH as predictive factors to 
determine the daily PM concentration in Beijing, China.

Here, β0 = model constant β1, β2, β3, β4, β5, β6, β7 and 
β8 = model parameters, Ŷ  = dependent variables (pollutants), 
and X1,X2,X3,X4 = independent variables (Temp, RH, RF, 
and WS, respectively). The overall methodology is illus-
trated in Fig. 2 through a flow chart for clear and compre-
hensive understanding.

Results and discussion

The outcomes of this study, together with discussions 
of the criterion air pollutants as well as meteorological 
parameters, are presented in the following sub-sections.

(1)Ŷ = 𝛽0 + 𝛽1X1 + 𝛽2X2 + 𝛽3X3 + 𝛽4X4

(2)
Ŷ = 𝛽0 + 𝛽1X1 + 𝛽2X2 + 𝛽3X3 + 𝛽4X4 + 𝛽5X

2

1
+ 𝛽6X

2

2
+ 𝛽7X

2

3
+ 𝛽8X

2

4

Descriptive statistics

The data regarding air pollutants, as well as meteorological 
parameters in Siliguri city ranging from March 2018 to Sep-
tember 2022, are summarized in Table 1, Fig. 3. Overall, the 
mean intensity of air pollutants, i.e., PM2.5, PM10, NO2, SO2, 
CO, O3, and NH3 ranged from 6.02 to 290.38 µg/m3, 14.76 
to 393.80 µg/m3, 2.16 to 113.31 µg/m3, 1.35 to 60.89 µg/m3, 
0.1 to 2.04 mg/m3, 6.10 to 75.61 µg/m3, 1.06 to 166.41 µg/
m3, respectively, from 2018 to 2022. Furthermore, mete-
orological factors, i.e., temp, RH, RF, and WS, ranged from 
11.55 to 33.38 °C, 36.29 to 97.77%, 0.00 to 2.19 mm, 0.21 
to 12.55 m/s, respectively.

Trends of air pollution levels and meteorological 
parameters

The trends of all seven air pollutants, as well as meteoro-
logical variables considered for this study (Temp, RH, RF, 
and WS) from March 2018 to September 2022 in Siliguri, 
are illustrated in Fig. 3. There was a noticeable tendency 
of fluctuations in the concentrations of air pollutants and 
in the meteorological parameters during the period of the 
research (Fig. 3). Mann–Kendall (MK) trend analysis was 
used to look at whether or not the concentration of air pol-
lutants has a trend (increasing or decreasing) over time. The 
final findings of the MK trend test are shown in Table 2. 
Here, the alpha and Z values denote the statistical signifi-
cance of the rising or falling trend in air pollution, while the 
tau value indicates the direction of the trend. Sen's slope's 
value reveals how quickly the trend is rising or falling on a 
daily basis.

Since the estimated p-values were less than the signifi-
cance threshold of alpha = 0.05 and the null hypothesis of 
the Mann–Kendall analysis is that there was no trend in the 
concentration of air pollutants during the relevant period of 
the study, the research rejected the null hypothesis (Except 
NO2) and accepted the alternative hypothesis. With the 
exception of NO2 and O3, all air pollutants had statistically 
significant trends at a 99% confidence level. At a 95% con-
fidence level, the trend of O3 is significant, but the trend of 
NO2 is not significant. It is evident from Table 2, Fig. 4, that 
every pollutant had a trend over time. All of the pollutants, 
with the exception of NH3, exhibit a declining trend over 
time. The trend of NH3 has been rising over the sands of 
time.

Comparison of regression models

Multiple linear regression (MLR) and non-linear regres-
sion (MNLR) were compared to identify the possible 
impacts of meteorological factors (Temp, RH, RF, and 
WS) on the concentrations of air pollutants (See Table 3). 
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The Coefficient of determination (R2) of both models 
has been calculated in order to evaluate their efficacy. 
Table 3 compares the two models and demonstrates that 
the multiple non-linear regression (MNLR) model per-
formed slightly better than the multiple linear regression 
(MLR) model. Considering all four meteorological factors 

as explanatory variables in the model, variations in PM2.5 
concentration are best explained by the meteorological 
parameters (R2 = 0.65 and 0.67, respectively), followed 
by PM10 (R2 = 0.61 and 0.62, respectively), while vari-
ations in SO2 concentration are least explained by tem-
perature, relative humidity, rainfall, as well as wind speed 

Selected Air pollutants Selected Meteorological parameters 

Relationship between Air pollutants and Meteorological parameters

Data used CAAQMS (Continuous Ambient Air Quality Monitoring Stations)

Selection of the criterion air pollutants and meteorological 
parameters based on literature review and their significance 
in the study area 

Descriptive 
Statistics 

Trend 
analysis

Tuckey's HSD post-hoc 
multiple comparisons 

Comparison of 

regression models 

Spearman 
correlation

Analysis

Pre-processing 
Missing data analysis 

and 
data cleaning 

PM2.5  

(µg/m3)
PM10 

(µg/m3)
NO2 

(µg/m3)

SO2 

(µg/m3)

CO
(mg/m3) 

NH3 

(mg/m3)

O3 

(mg/m3)

Temp (℃) RH (%) 

RF (mm) WS (m/s) 

Results and discussion 
Conclusion 

Fig. 2   Methodological flow chart adopted for the present study
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(R2 = 0.09 and 0.11, respectively). Yin et al. (2016) dem-
onstrated superior MNLR model performance in explain-
ing PM2.5 concentration in connection to meteorologi-
cal factors in China. For CO, O3, and NH3, however, no 
model did well enough. However, NO2 shows a signifi-
cant link with meteorological factors than they do. As per 
Table 3, R2 values for MLR and MNLR vary from 0.09 
to 0.65 and 0.11 to 0.67, respectively. Wise and Comrie 
(2005) showed coefficient of determination (R2) values 
between 0.1 and 0.5 when modeling the impacts of mete-
orological data on particulate matter concentration in the 
United States.

Seasonal fluctuations of air pollutants 
concentrations

A one-way between-groups ANOVA was carried out to 
ascertain if there is a variation in the concentrations of air 
pollutants between the seasons (pre-monsoon, monsoon, 
post-monsoon, as well as winter). The mean difference in 
the amounts of pollutants throughout the seasons was then 
shown using Tuckey's HSD post-hoc multiple comparisons 
(see Table 4).

The concentration of each and every pollutant varied 
across the four seasons, and this variation was statistically 
significant at the 0.05 level. The seasonal concentrations of 
PM2.5 and PM10 over the years showed significant maxi-
mum differences (mean score) according to Tukey's HSD 
multiple comparison tests (See Table 4). In contrast, NO2, 
CO, O3, and NH3 show moderate variation across seasons, 
whereas SO2 shows negligible variation. It is important to 
note that the difference in concentration between pre- and 
post-monsoon for PM2.5 and SO2 and between monsoon 
and post-monsoon for NH3 is not statistically significant 
at all (see Table 4). Although the seasonal concentration 
varies depending on the various pollutants, the monsoon 
season depicts the minimum concentration of air pollut-
ants, and the winter portrays the maximum (see Table 4). 
When evaluating seasonal fluctuations of particulate matter, 
it is obvious that, for all years, the mean concentrations of 
PM2.5 and PM10 were much greater in the winter than they 
were during the monsoon seasons (Table 4). When com-
pared to monsoon, the amounts of fine particulate matter 
increased every year during post-monsoon season. Winter 
and pre-monsoon CO, NO2, SO2, and NH3 concentrations 
were greater than the monsoon and post-monsoon seasons 
over the years, notwithstanding the little changes. O3 levels 
during pre-monsoon were consistently greater than during 
other times of the year. In addition to seasonal changes, 
meteorological variables primarily contribute to the causes 
of the seasonal swings in the pollutants level (Manju et al. 
2018). In addition, winter pollution levels may be higher 
due to road dust, vehicle exhaust during the dry winter, and Ta
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urban construction activities. On the other hand, the moist 
deposition of particles during the monsoon season is linked 
to lower concentration levels in that season (Roy and Singha 
2020; Biswas et al. 2020).

Association between changes in meteorological 
parameters and the levels of air pollutants 
concentration

The relationship between seasonal fluctuations in air pollu-
tion concentrations and meteorological factors, i.e., Temp, 
RH, RF, and WS, were examined using a 5% significant 
level of spearman correlation analysis. The values of the 

Fig. 3   Trends of concentration and descriptive statistics of criterion air pollutants as well as meteorological parameters from March 2018 till 
September 2022

Table 2   Mann–Kendall (MK) trend analysis of criterion air pollutants

*** and ** means the trend is statistically significant at the 0.01and 0.05 level, respectively

Statistic PM2.5 (ug/m3) PM10 (ug/m3) NO2 (ug/m3) SO2 (ug/m3) CO (mg/m3) O3 (ug/m3) NH3 (ug/m3)

Tau value  − 0.0803  − 0.0649  − 0.0088  − 0.0434  − 0.109  − 0.0357 0.12
Sen’s slope  − 0.0059  − 0.0089  − 0.00034  − 0.00014  − 0.000078  − 0.0012 0.00594
Z value  − 4.9167***  − 3.9711***  − 0.54357  − 2.6515***  − 6.6515***  − 2.188** 7.3724***
p‐value  < 0.01  < 0.01 0.5867  < 0.01  < 0.01  < 0.05  < 0.01
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correlation coefficient are shown in Table 5. Insignificant 
relationships are denoted by a cross (X) in Fig. 5, which 
shows the season-wise correlation matrix between air pol-
lution concentration and meteorological factors. However, 
Fig.  6, 7, 8, and 9 show graphical presentations of the 

correlation between air pollutant levels and seasonal Temp, 
RH, RF, and WS.

Table 5 shows that during the post-monsoon and mon-
soon seasons, PM2.5 and PM10 had strong negative as well as 
moderate positive correlations associated with atmospheric 

Fig. 4   Area trend diagram showing the concentration of air pollutants in Siliguri city

Table 3   Assessment of the multiple linear regression and multiple non-linear regression models in light of their comparative outcomes

*MLR and MLNR denotes multiple linear regression as well as multiple non-linear (polynomial) regression, R2 denotes the coefficient of deter-
mination

Pollutants MLR* MLNR*

Equation R2 Equation R2

PM2.5 Y = 290.13 − 5.41X1 − 1.26X2 − 9.81X3 − 6.18X4 0.65 Y = 580.30 − 11.79X1 − 7.15X2 − 29.77X3 − 13.06X4 + 0.15X1
2 + 0.04

X2
2 + 11.52X3

2 + 1.15X4
2

0.67

PM10 Y = 546.07 − 9.48X1 − 2.66X2 − 17.56X3 − 7.24X4 0.61 Y = 801.10 − 12.74X1 − 8.50X2 − 43.77X3 − 17.99X4 + 0.08X1
2 + 0.04

X2
2 + 16.52X3

2 + 2.02X4
2

0.62

NO2 Y = 119.85 − 1.73X1 − 0.63X2 − 0.22X3 + 0.46X4 0.51 Y = 92.28 + 3.01X1 − 1.28X2 − 1.72X3 − 0.29X4 − 0.11X1
2 + 0.004X2

2 − 
0.93X3

2 + 0.18X4
2

0.53

SO2 Y = 15.05 − 0.15X1 − 0.08X2 + 0.23X3 − 0.57X4 0.09 Y = 20.81 + 0.51X1 − 0.42X2 − 0.12X3 − 1.13X4 − 0.01X1
2 + 0.002X2

2 − 
0.33X3

2 + 0.11X4
2

0.11

CO Y = 1.73 − 0.02X1 − 0.005X2 − 0.05X3 − 0.02X4 0.25 Y = 2.77 − 0.07X1 − 0.02X2 − 0.01X3 − 0.03X4 + 0.001X1
2 + 0.00005X2

2 
− 0.02X3

2 + 0.002X4
2

0.26

O3 Y = 93.86 − 0.28X1 − 0.77X2 + 3.17X3 + 1.24X4 0.45 Y = 77.75 + 4.38X1 − 1.73X2 + 1.54X3 + 2.43X4 − 0.11X1
2 + 0.006X2

2 − 
1.41X3

2 − 0.26X4
2

0.48

NH3 Y = 100.53 − 1.57X1 − 0.50X2 + 2.15X3 + 3.21X4 0.27 Y = 75.53 + 1.26X1 − 0.70X2 + 0.61X3 + 5.54X4 − 0.06X1
2 + 0.001X2

2 + 
0.04X3

2 − 0.49X4
2

0.28
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temperature, whereas during the pre-monsoon as well 
as winter seasons, there was negligible or no correlation 
(Figs. 5, 6). The meteorological features of the monsoon 
season and their interactions with the particulate matter may 

be used to explain the positive link between air temperature 
and particulate matter (PM2.5 and PM10) during the mon-
soon season. Giri et al. (2008) and Kayes et al. (2019) in 
their study made comparable observations. They said that 

Table 5   Summary of season 
wise Spearman correlation 
coefficient (r) values between 
air pollutants as well as 
meteorological parameters

*MP=meteorological parameters, Temp= temperature (℃), RH= relative humidity (%), RF= rainfall 
(mm), WS= wind speed (m/s)

MP* Seasons Air pollutants

PM2.5 PM10 NO2 SO2 CO O3 NH3

Temp* Pre-M  − 0.12  − 0.10  − 0.13  − 0.14 0.03 0.07  − 0.26
M 0.27 0.36  − 0.23  − 0.08 0.08  − 0.05 0.00
Post-M  − 0.51  − 0.64  − 0.57  − 0.54  − 0.41  − 0.29  − 0.43
W  − 0.08 0.08 0.38 0.36  − 0.14 0.10 0.20

RH* Pre-M  − 0.71  − 0.72  − 0.44  − 0.69  − 0.31  − 0.66  − 0.34
M  − 0.20  − 0.33 0.07  − 0.02  − 0.06 0.02 0.18
Post-M  − 0.14  − 0.29  − 0.47  − 0.38  − 0.15  − 0.27  − 0.08
W 0.20  − 0.04  − 0.45  − 0.26 0.07  − 0.38  − 0.22

RF* Pre-M  − 0.42  − 0.47  − 0.24  − 0.36  − 0.22  − 0.32  − 0.22
M  − 0.28  − 0.39 0.02  − 0.08 0.00 0.01 0.01
Post-M  − 0.35  − 0.37  − 0.27  − 0.38  − 0.23  − 0.20 0.01
W  − 0.16  − 0.17  − 0.10  − 0.11  − 0.11  − 0.02 0.07

WS* Pre-M  − 0.23  − 0.14 0.12  − 0.26 0.00 0.00  − 0.09
M  − 0.19  − 0.10  − 0.10 0.02  − 0.11 0.20 0.47
Post-M  − 0.28  − 0.41  − 0.16  − 0.41  − 0.25  − 0.19 0.46
W  − 0.40  − 0.48  − 0.27  − 0.26  − 0.02 0.35 0.03

Fig. 5   Correlation matrix show-
ing the season wise (a,b,c,d 
represents pre-monsoon, 
monsoon, post-monsoon and 
winter respectively) Spearman 
correlation coefficient values 
in between air pollutants and 
meteorological parameters
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since the particulate matter is mostly composed of soil or 
road dust, it quickly settles to the ground after absorbing 
water vapor from the atmosphere. Furthermore, this research 
shows that when compared to other times of the year, PM2.5 
and PM10 concentrations are at their lowest during the 

monsoon season. The monsoon season of West Bengal is 
characterized by an intense downpours, gusty winds, and 
warm temperatures (Chatterjee et al. 2016). Although air-
borne particles may settle to the ground this time of year 
due to the abundance of precipitation, their concentration 

Fig. 6   Correlation plot between season wise air pollutants concentration and temperature, a pre‐monsoon (March–May), b monsoon (June–Sep-
tember), c post‐monsoon (October–November), d winter (December–February)

Fig. 7   Correlation plot between season wise air pollutants concentration and relative humidity, a pre‐monsoon (March–May), b monsoon (June–
September), c post‐monsoon (October–November), d winter (December–February)

Fig. 8   Correlation plot between season wise air pollutants concentration and rainfall, a pre‐monsoon (March–May), b monsoon (June–Septem-
ber), c post‐monsoon (October–November), d winter (December–February)
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might be enhanced by drying up as a consequence of intense 
summer heat (Kayes et al. 2019). Another factor that may 
interact with the weather this time of year is the high fre-
quency and intensity of winds. A significant link between 
fine particulate matter and temperature in the United States 
was also observed by Tai et al. (2010). It is noteworthy that 
among other pollutants, NO2, SO2, CO, O3 as well as NH3 
resulted in a moderately negative correlation with tempera-
ture in post-monsoon season (Table 5).

Most air pollutants’ concentrations had a negative 
association with relative humidity throughout the seasons 
(Table 5, Figs. 5, 7). In particular, the concentration of fine 
and coarse particulate matter (PM2.5 and PM10) resulted in 
a negative association during the pre-monsoon, monsoon, 
and post-monsoon (r = − 0.71, − 0.20, − 0.14 and − 0.72, 
− 0.33, − 0.29, respectively); however, there was little pos-
itive to no association during the winter (r = 0.20, − 0.04). 
This is due to the fact that relative humidity affects the 
mobility of particles and might lead them to settle on the 
ground. As a result, the concentration of air contaminants 
decreases as relative humidity rises (Giri et al. 2008). Sim-
ilarly, our research discovered that there was often a nega-
tive association between relative humidity and particulate 
matter concentration. However, a positive link between 
wintertime humidity and fine particulate matter (PM2.5) 
suggests that the lack of precipitation and water vapor in 
the air may assist PM2.5's ventilation effects (Giri et al. 
2008). Again, because of the favorable weather, the major-
ity of construction work is done in the winter. O3 and NH3 
were always negatively associated, with the exception of 
the monsoon season. This study's findings on the adverse 
relationship between O3 and relative humidity and those of 
Swamy et al. (2012), Kumar et al. (2014), and Manju et al. 
(2018) are consistent. According to Ojha et al. (2016), the 
summer monsoon has greater CO and O3 concentrations 
than other times of the year. Similar findings were also 
reported in China by  Zhang et al. (2015), who made the 

case that the direction of the wind has a big impact on the 
amount of CO and O3 in the air. Ojha et al. (2016) said 
that these air pollutants might be carried from the African 
area to the Indian subcontinent by monsoon wind from the 
southwestern direction. As an outcome, it exhibits a posi-
tive link with humidity during the winter when it is feasi-
ble for vehicles to exhale more CO into the atmosphere.

The relationship between the concentration of pollut-
ants and seasonal rainfall throughout time is shown in 
Figs. 5, 8, and Table 5. Most air pollution concentrations 
had a negative link with rainfall throughout all seasons 
when it came to relative humidity (Table 5). For the pre-
monsoon and post-monsoon seasons, a moderate to the low 
negative connection between rainfall and pollutants has 
been noted. However, research also demonstrates a prac-
tically weak negative association between pollutants and 
rainfall throughout the winter. PM2.5 and PM10 have the 
strongest reaction (in terms of negative correlation) with 
rainfall throughout the seasons among all the pollutants.

Table 5 and Figs. 5, 9 show the relationship between 
wind speed and pollution concentration. Although NH3 
has a moderately positive correlation with wind speed 
during the monsoon and post-monsoon seasons (r = 0.47, 
0.46) and particulate matter (PM2.5 and PM10) has a mod-
erately negative correlation with wind speed during the 
winter (r = − 0.40, − 0.48), most air pollutants’ concentra-
tions have a weak to negligible negative correlation with 
wind speed across all seasons. Since NH3 is a thinner gas 
than air and tends to rise, it typically does not concentrate 
in low-lying locations and cannot be fully described by 
simple meteorological factors, according to research by 
Osada (2020). In their investigation on the level of particu-
late matter concentration in winter, Cichowicz et al. (2020) 
suggested that because of the low wind speed, particulate 
matter concentration rises throughout the winter. The wind 
speed slows throughout the winter months in Siliguri as 
well, increasing particle pollution.

Fig. 9   Correlation plot between season wise air pollutants concentration and wind speed, a pre‐monsoon (March–May), b monsoon (June–Sep-
tember), c post‐monsoon (October–November), d winter (December–February)
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Conclusion

It was necessary to look into the relationship between the 
concentration of seasonal ambient air pollutants and vari-
ations in meteorological parameters throughout time in 
the city of Siliguri due to the dearth of previous research 
on this particular area. As shown by other investigations, 
Siliguri city's air quality is a major problem. When looking 
at data from 2018 to 2022, the concentrations of all crite-
rion air pollutants in Siliguri city have a decreasing trend; 
however, the concentration of NH3 is rising. This could be 
attributable to COVID-19, the effects of which would be 
felt in reduced pollution levels in 2020 and 2021 as a result 
of the continuous lockdown associated with a substantial 
decrease in vehicle movement and other activities, such 
as construction works, which contributed to a significant 
decrease in criteria air pollutants. Although there were 
other air contaminants present, however, a negative cor-
relation was shown between PM2.5 and PM10 and the four 
meteorological parameters. The study found that during 
the monsoon season, PM2.5, PM10, and temperature all 
have a positive relationship, in contrast to the negative 
relationships seen during the other seasons. This suggests 
that the high temperature and humidity experienced during 
this time contribute to the suspension of particulate mat-
ter. However, dry air with reduced humidity aggregates 
greater pollutants in urban environments; hence winter 
has the highest concentrations of air pollutants among the 
seasons. Although not the primary focus of this study, it 
is worth noting that particulate matters (PM2.5 and PM10) 
were found to be in infringement of the allowable limit 
established by the National Ambient Air Quality Standards 
in Siliguri city, posing a serious risk to the city's residents. 
The high quantities of PM10 and PM2.5 in the city's air 
are mostly attributable to air pollution, especially caused 
by diesel-powered automobiles. Compressed natural gas 
and electric cars are two examples of greener fuels that 
need to replace traditional options as quickly as feasible. 
There has to be an immediate increase in the number of air 
quality monitoring stations around the city. The renewal 
period for Pollution Under Control (PUC) certificates 
should be shortened to encourage more frequent renewal 
and reduce the number of cars owned by individual house-
holds. Meanwhile, construction sites must immediately 
adopt measures to cut down on dust-particle emissions. 
Enhancing the public transportation system should also be 
relevant to improving the efficiency of roads and services. 
The current study only used four meteorological parame-
ters, including temperature, relative humidity, rainfall, and 
wind speed, to establish the associations, despite the fact 
that it is well-known that wind direction, solar radiations, 
and other factors can have an impact on the concentration 

of air pollutants. Future research should integrate more 
parameters to express this issue.
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