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Abstract
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) disease represents the causative agent with a potentially fatal
risk which is having great global human health concern. Earlier studies suggested that air pollutants and meteorological factors
were considered as the risk factors for acute respiratory infection, which carries harmful pathogens and affects the immunity. The
study intended to explore the correlation between air pollutants, meteorological factors, and the daily reported infected cases
caused by novel coronavirus in India. The daily positive infected cases, concentrations of air pollutants, and meteorological
factors in 288 districts were collected from January 30, 2020, to April 23, 2020, in India. Spearman’s correlation and generalized
additive model (GAM) were applied to investigate the correlations of four air pollutants (PM2.5, PM10, NO2, and SO2) and eight
meteorological factors (Temp, DTR, RH, AH, AP, RF,WS, andWD) with COVID-19-infected cases. The study indicated that a
10 μg/m3 increase during (Lag0-14) in PM2.5, PM10, and NO2 resulted in 2.21% (95%CI: 1.13 to 3.29), 2.67% (95% CI: 0.33 to
5.01), and 4.56 (95% CI: 2.22 to 6.90) increase in daily counts of Coronavirus Disease 2019 (COVID 19)-infected cases
respectively. However, only 1 unit increase in meteorological factor levels in case of daily mean temperature and DTR during
(Lag0-14) associated with 3.78% (95%CI: 1.81 to 5.75) and 1.82% (95% CI: -1.74 to 5.38) rise of COVID-19-infected cases
respectively. In addition, SO2 and relative humidity were negatively associated with COVID-19-infected cases at Lag0-14 with
decrease of 7.23% (95% CI: -10.99 to -3.47) and 1.11% (95% CI: -3.45 to 1.23) for SO2 and for relative humidity respectively.
The study recommended that there are significant correlations between air pollutants andmeteorological factors with COVID-19-
infected cases, which substantially explain the effect of national lockdown and suggested positive implications for control and
prevention of the spread of SARS-CoV-2 disease.
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Introduction

The first strains of human coronavirus were classified in the
1960s, and the virus was responsible for upper respiratory
tract infection in young patients (Khan et al. 2020; Shereen
et al. 2020; Tyrrell and Myint 1996). The coronavirus pan-
demic is an ongoing pandemic as COVID-19 is caused by
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). Scientists have suggested that SARS-CoV-2 might
have emerged with revolution from the zoonotic cycle and it
was proved that it can spread rapidly from human to human
(Chan et al. 2020a). The disease outbreak was first identified
inWuhan, China, in the month of December, 2019 (Hellewell
et al. 2020; Lu et al. n.d..; Ma et al. 2020; Remuzzi and
Remuzzi 2020; Xu et al. n.d.). In consecutive days, the disease
spread rapidly in the nearby countries and rest of the world,
which became a global human health degrade issue (Breslin

Capsule: The study concludes the significant relationship between air
pollutants and meteorological factors with COVID-19-infected cases,
which can substantially explain the effect of national lockdown and rec-
ommended positive implications for control and prevention of the spread
of SARS-CoV-2 disease.

Highlights
• Significant correlation ship was found between air pollutants and
COVID-19 infections after control measures.
• Association of meteorological factors with increased risk of COVI-19
cases are clear.
• Positive correlations of PM2.5, PM10, NO2, and DTR with COVID-19-
infected cases were found.
• SO2 showed a significant negative correlation with daily reported
COVID-19-infected cases.

Responsible Editor: Lotfi Aleya

* Mrunmayee Manjari Sahoo
mrunmayee.23405@lpu.co.in

1 Domain of Environmental and Water Resources Engg, SCE, Lovely
Professional University, Phagwara 144411, India

https://doi.org/10.1007/s11356-021-12709-z

/ Published online: 27 February 2021

Environmental Science and Pollution Research (2021) 28:40474–40495

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-021-12709-z&domain=pdf
http://orcid.org/0000-0001-5213-4682
mailto:mrunmayee.23405@lpu.co.in


et al. 2020; Chong et al. 2020; Her 2020; Lodigiani et al. 2020;
Niu et al. 2020; Segars et al. 2020; Shahzad et al. 2020; Wu
et al. 2020). As of 23rd Apr, 2020, a total of 25,44,792 con-
firmed cases of COVID-19 had been reported globally, in-
cluding more than 21,700 cases in India, and more than
17,5,690 reported deaths though out the world (WHO 2020).
As people with the COVID-19 infection arrived in India dur-
ing these period (Chinazzi et al. 2020), potential control mea-
sures have been enforced within India to try to enclose the
spread of the outbreak (WHO 2020) and to halt transmission.
Isolation of infected and suspected patients along with the
identification of contacts are the important aspects of control
the outbreak, whereas it is still unclear that these efforts will
achieve the control of COVID-19 transmission. Most of the
patients have infected with SARS-CoV-2 have mild to no
symptoms including fever, throat irritation, and dry cough
(Cevik et al. 2020; Civil and Morettini 2020; Moghanibashi-
mansourieh 2020). However, some of the patients have severe
acute respiratory infections with incurable complications and
ultimately it increases the mortal risk (Giacomelli et al. 2020;
Wang et al. 2020).

Like that of influenza virus (SARS) cases, several studies
have been conducted to analyze the significant factors affect-
ing the droplets transmission of SARS-CoV-2. However, the
exact source of the strain (SARS-CoV-2) has not been report-
ed yet. It is considered that the transmission of virus from one
human to another can occur through close contact with infect-
ed person. In addition, spread can be more viable with respi-
ratory droplets while coughing and sneezing with in a range of
6-7 ft (Ghinai et al. 2020). To analyze the spread of the disease
more, the impact of air pollutants and meteorological factors
have been demonstrated to evaluate human-to-human contact,
which could rise the risk of COVID-19 infections (Auler et al.
2020; Bashir et al. 2020; Briz-redón and Serrano-aroca 2020;
Chan et al. 2020a). Besides, the droplet transmission from
human to human, association of air pollutants, and meteoro-
logical parameters have shown significant correlations with
COVID-19 infections (Fattorini and Regoli 2020; Frontera
et al. 2020; Muhammad et al. 2020; Ogen 2020; Qi et al.
2020; Wang and Su 2020; Xie and Zhu 2020). The impact
of air pollution in increasing number of COVID-19 cases
lacks careful attention and research.

Previous researches have recommended that the ambient
meteorological factors and air pollutants were acted as the risk
factors for acute to severe respiratory infection by carrying
fatal micro-pathogens and organisms. The micro-pollutants
and pathogens affect the human body by decreasing the level
of immunity and more vulnerable and prone towards the
spread of SARS-CoV-2 (Cai et al. 2019; Hernandez et al.
2018; Pettersson et al. 2019).

In this manuscript, generalized additive model (GAM) is
applied to explore the association between daily reported
COVID-19-infected cases, and various factors including air

pollutants and meteorological conditions in India (Gerling
et al. 2020; Lin et al. 2018b; Ma et al. 2020; Prata et al.
2020; Ravindra et al. 2019). The objectives of the proposed
study are (i) to investigate the consequences of air pollutants
and meteorological factors on COVID-19 infections, (ii) to
recommend useful significance and correlations to regulate
and prevent the spread of the novel SARS-CoV-2 diseases,
(iii) to correlate the and analyze the inter- and intra-
relationship between four air pollutants, eight meteorological
factors, and daily reported COVID-19-infected cases in eight
most infected states having 288 districts in India by using
generalized additive model (GAM).

Materials and methodology

Study area

The proposed study considered 32 states and Union
Territories of India having geographical location at north of
the equator between 8° 4' north to 37° 6' north latitude and 68°
7' to 97° 25' east longitude as shown in Fig. 1. According to
Ministry of Health and FamilyWelfare, Government of India,
21,700 COVID-19-infected cases have been reported in the
whole of the country India as of April 23, 2020. The study
included eight states with high COVID-19-infected cases cov-
ering around 65% of the total COVID-19 cases reported in the
country. The analysis focused on 288 districts of the eight
most COVID-19 affected States, Delhi, Uttar Pradesh,
Maharashtra, Kerala, Karnataka, Telangana, Madhya
Pradesh, and Tamil Nadu. The meteorological, air pollution,
and consolidated COVID-19-infected cases data have collect-
ed for these eight selected States.

Data collection

Daily notified infected cases for the selected districts, states,
and union territories between 30th Jan 2020 to 23rd Apr 2020
were collected from the reports updated by Ministry of Health
and Family Welfare, Government of India.

Air pollution data were collected from an online platform
(www.openaq.org) monitoring daily and hourly data for air
quality. The concentrations of four pollutants such as
particulate matters with diameters ≤ 2.5 μm (PM2.5),
particulate matters with diameters ≤ 10 μm (PM10), nitrogen
dioxide (NO2), and sulfur dioxide (SO2) were extracted. The
air pollutants’ concentration in eight states with respect to
wind speed and wind direction was represented in Fig. 2.

Meteorological data on daily diurnal temperature range
(DTR), mean temperature, relative humidity (RH), absolute
humidity (AH), air pressure (AP), Rainfall (RF), wind speed
(WS), and wind direction (WD) were collected during the
study period from Indian Meteorological Department (www.
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imdtvm.gov.in). The meteorological parameters except wind
speed and wind direction were represented by box plots in Fig.
3 which depicted the maximum, minimum, 1st quartile,
median, and 3rd quartile values.

Absolute humidity, relative humidity, and dry bulb
temperature

Absolute humidity (AH, g/m3), which is considered as the
mass of water in a unit volume of air, was estimated through
dry bulb temperature, dew point temperature, and relative hu-
midity using the derived equation with the assumptions of
standard atmospheric pressure of the study area (Qi et al.
2020; Xu et al. 2014a).

The equation is derived as

AH ¼ 1000� 6:11� 10T1 � 100
� �

Tc þ 273:16ð Þ � 461:5ð Þ
where Tc = The dry bulb temperature, which is considered as
the daily mean temperature for the study, and

T1 ¼ 7:5� Td

237:7þ Tdð Þ ;

where Td = the dew point temperature. Here, Td is calculated
from the equation below considering dry bulb temperature and
relative humidity. The equation is expressed as:

Td ¼ −430:22þ 237:7� lnEð Þ
−lnE þ 19:08ð Þ ;

where E ¼ RH � Es
100 , Es ¼ 6:11� 10T2 and T2 ¼ 7:5�Tc

237:7þTcð Þ.

The 3-dimensional graphical representation of AH, Tc, and
RH is shown in Fig. 4. Here, it can be observed that with lesser
variation of the dry bulb temperature, the parametric values of
RH and AH are increasing.

Statistical analysis

Descriptive statistics were performed to obtain the sta-
tistical details of the environmental factors (absolute hu-
midity, relative humidity, windspeed, air pressure,

Fig. 1 Locations of 32 states and
union territories and cumulative
COVID-19-infected cases in each
state as of April 23, 2020
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Fig. 2 The concentration of four
air pollutants (PM2.5, PM10, NO2,
and SO2) based on wind speed
and wind direction over the eight
states and union territories
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rainfall, daily mean temperature, and diurnal temperature
range) at 24-h interval over the study period (Table 1).
Spearman’s correlation analysis was performed to eval-
uate the correlations between the air pollutants, meteo-
rological factors, and the number of infected cases due
to COVID-19 (Table 2).

Generalized additive model (GAM)

The generalized additive model (GAM) was applied to
correlate the daily infected counts, air pollutants, and
meteorological parameters (Liu et al. 2019a; Prata et al.
2020; Xiao et al. 2019; Xie and Zhu 2020). The model is

Fig. 2 (continued)
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an effective approach to determine the effects of air pol-
lutants concentration and change of meteorological fac-
tors on health of a human being during the lag period of
infection (Hu et al. 2020; Lin et al. 2018a; Ma et al.
2020; Pearce et al. 2011; Ravindra et al. 2019). As per
previous studies, air pollution can be the combination of
different gases and particulate matters. Both the short
term- and long-term exposure to air pollutants can lead
to a variety of health problems such as asthma or chronic
obstructive pulmonary diseases (COPD) or can cause

persistent wheezing or coughing. These studies suggested
that the effect of high concentration air pollutants may
last for days or week (Cirera et al. 2012; Glick et al.
2019; Hendryx et al. 2019; Hu et al. 2020; Huang
et al. 2017; Van Kersen et al. 2020; Peng et al. 2019;
Su et al. 2019). Qi et al. 2019 recommended that the
meteorological parameters have significant effects on dis-
persion, dilution, and diffusion of air pollutants which
ultimately affect the distribution, condensation, and con-
centration of pollutants (Keshavarzian et al. 2020; Lim

Fig. 3 Box plots for six
meteorological parameters in
eight states with maximum,
minimum, 1st quartile, median,
and 3rd quartile values. Note:
name of states and UTs: DL:
Delhi, KA: Karnataka, MH:
Maharashtra, MP: Madhya
Pradesh, TG: Telengana, TN:
Tamil Nadu, and UP: Uttar
Pradesh
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et al. 2020; Liu et al. 2019a; Saha et al. 2018; Tiwari
and Kumar 2020; Yang et al. 2020a; Yang et al. 2020c).
However, there is an incubation period of 5 to 14 days to
show the symptoms of COVID-19 infections as reported
by the World Health Organisation and Indian Council of
Medical Research (Report 2020). Following the same,
moving average approach was applied to determine the
cumulative lag effect of air pollutants and their associa-
tion with meteorological factors (Kim et al. 2019; Qiu
et al. 2020; Rojas-roa and Rodríguez-villamizar 2019;
Zhang et al. 2019b; Zhang et al. 2020; Zhu et al. 2018,
2019). Focusing on previous studies and findings, gener-
alized additive model (GAM) with Gaussian distribution
was utilized to connect the infected rate due to COVID-
19 and air pollutants or meteorological parameters
(Chuang et al. 2011; Gao et al. 2019; Ravindra et al.
2019; Sun et al. 2015; Tong et al. 2018; Yoon 2019;

Fig. 4 3D association of meteorological parameters, absolute humidity,
relative humidity with daily mean temperature

Table 1 Daily pollutant parameters concentrations, meteorological parameters concentrations, and daily infected cases from COVID19 in India

States Air pollutants Meteorological parameters Infected
cases

PM2.5 PM10 NO2 SO2 Wind
speed

Temp Diurnal temp
range

Absolute
humidity

Relative
humidity

Rainfall Air
pressure

COVID 19

Mean

Delhi 144.21 90.68 48.78 11.69 2.16 24.26 15.87 1.85 37.56 0.44 983.63 42.42

Karnataka 74.36 30.00 28.80 3.03 3.15 27.47 12.43 2.12 40.32 0.40 915.31 9.44

Kerala 80.09 27.37 99.09 7.07 1.82 28.24 10.64 2.83 68.93 1.38 1004.18 5.15

MP 75.31 113.21 31.62 18.44 2.03 29.65 13.61 1.64 22.79 0.20 953.57 48.24

Maharastra 128.58 54.74 31.32 4.03 4.07 27.13 11.76 2.72 67.51 0.00 1010.84 116.18

Tamilnadu 81.66 80.92 36.33 3.57 2.85 28.00 10.80 2.79 67.84 0.05 1008.75 33.94

Telengana 49.04 56.53 33.27 0.40 2.54 29.64 12.48 2.03 33.71 0.28 941.43 18.11

UP 95.95 53.60 61.30 32.11 1.98 26.02 15.91 1.78 32.22 0.52 991.76 28.24

Std. Deviation

Delhi 76.86 41.66 28.61 8.30 1.07 4.24 2.51 0.17 11.80 1.01 7.28 72.37

Karnataka 55.68 6.48 22.26 3.17 1.18 0.85 1.50 0.18 8.03 0.92 3.11 9.62

Kerala 61.21 7.21 37.75 1.65 1.30 0.52 1.97 0.12 5.89 2.31 5.03 8.00

MP 50.65 19.40 22.85 6.26 0.96 2.39 1.44 0.30 12.63 0.65 1.17 65.11

Maharastra 253.49 11.69 31.14 0.39 1.52 1.22 1.00 0.18 6.01 0.02 1.36 155.18

Tamilnadu 66.32 29.85 12.13 2.36 0.72 0.96 1.04 0.11 3.94 0.15 1.00 40.52

Telengana 16.97 21.24 21.11 0.00 1.00 1.55 0.75 0.23 10.01 0.89 17.44 24.17

UP 42.81 18.71 7.36 41.46 0.93 4.17 2.18 0.22 13.36 1.55 2.21 42.66

Interquartile Range

Delhi 103.00 59.80 48.00 17.06 1.93 6.56 3.35 0.26 21.80 0.24 3.12 63.50

Karnataka 22.42 9.12 37.28 2.39 1.81 1.54 1.98 0.29 10.30 0.12 1.00 15.50

Kerala 58.50 8.00 33.30 2.40 1.59 0.79 2.47 0.21 8.92 1.87 9.33 8.50

MP 52.75 38.50 44.76 11.88 1.56 2.89 2.62 0.29 8.93 0.04 1.31 62.00

Maharastra 41.25 14.00 34.09 0.51 2.34 1.21 1.58 0.23 9.25 0.00 1.60 212.50

Tamilnadu 45.73 57.63 12.73 2.19 1.14 1.45 1.98 0.11 5.76 0.00 1.31 66.25

Telengana 18.62 21.36 32.90 0.00 1.29 2.56 0.99 0.34 15.32 0.00 1.60 31.00

UP 51.50 14.52 13.06 38.25 1.39 7.53 3.09 0.30 18.24 0.10 9.82 40.75
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Zhang and Batterman 2010). The model was also applied
to estimate the correlations between moving average con-
centrations of air pollutants and meteorological factors at
Lag0-7, Lag0-14, and Lag0-21 with daily reported
COVID-19-infected cases in India (Charles et al. 2020;
Ge et al. 2017; Hao et al. 2019; Liang et al. 2020a; Lin
et al. 2013; Yang et al. 2020b).

The effects of four considered air pollutants (PM2.5, PM10,
NO2, and SO2) and six meteorological factors (daily mean
temperature, DTR, air pressure, relative humidity, absolute
humidity, and rainfall) were examined in ten separate single
pollutant or meteorological model (Fig. 5) to decrease collin-
earity or consecutiveness as some considered pollutants or
factors were remarkably correlated (Dastoorpoor et al. 2019).

The GAM model was constructed as follows:

log pitð Þ ¼ ∝þ Qid þ s tempidð Þ þ s DTRidð Þ þ s rainf idð Þ
þ s rhumidð Þ þ s apresidð Þ þ s ahumidð Þ
þ s winsidð Þ þ log pi;t−1

� �þ timeið Þ þ daytð Þ þ εit

where log(pit) was defined the log-transformed daily infected
COVID 19 counts reported on any day, t in any of the district
i. To avoid considering the logarithm of 0, 1 was added in the
lis. α is the intercept. Qi, d depicts the linear definite term of
(d + 1) day moving average concentration of air pollutants and
meteorological factor lag(0 − d) in the district i (Borge et al.
2019; Li 2017; Liang et al. 2020b; Vidale et al. 2017; Wei
et al. 2020). log(pi, d − 1) was defined as the log-transformed
COVID 19-infected cases reported on day (d − 1) in the dis-
trict, i to determine the possible sequential correlation in the
collected data (Liu et al. 2020c; Xie and Zhu 2020). In addi-
tion, contemplating the less correlated meteorological factors

during the study period were regulated for the potential
cofounding effect, which included the meteorological factors
such as, mean temperature (tempid), diurnal temperature range
(DTRid), rainfall (rainfid), relative humidity (rhumid), air pres-
sure (apresid) absolute humidity (ahumid), and wind speed
(winsid). s(.) refers to the natural smoothing function charac-
terized by natural spline with 3 degrees of freedom (df) for
meteorological variation to accommodate the daily analysis
and trends for the study. Along with air pollutants and mete-
orological factors, time factor (timei) is added to include the
district steady effects to regulate the characteristics such as
demographic variation and density, day steady effects (day)t
focusing on time of the day is considered to control uncertain
parameters influencing the districts each day before, during
and after lockdown (Chen et al. 2019, 2020; Lin et al.
2018a; Liu et al. 2019b; Tian et al. 2020; Yáñez et al. 2017).

Sensitivity analysis

Sensitivity analyses were supervised to investigate the robust-
ness of the proposed models. To conduct the sensitivity anal-
ysis, the state, Maharashtra with 36 districts, and the Union
territory, Delhi with 11 districts were excluded from the anal-
ysis as the state Maharashtra has highest number of COVID-
19-infected cases till the study period. The union territory,
Delhi, was excluded to avoid the entry of foreign infected
and suspected nationals through the International airport at
Delhi which acted as a connecting link between the COVID-
19-infected countries. In other hand, multi-parameter models
were designed to differentiate the robustness between single
parameter model and multi-parameter model, when supervis-
ing the pollutants in the basic constructed model (Figs. 5 and

Table 2 Spearman’s correlation coefficients between air pollutants, meteorological factors across all districts during the study period

Parameters Infected
cases

PM2.5 PM10 NO2 SO2 Wind
speed

Temperature DTR Relative
humidity

Air
pressure

Rainfall Absolute
humidity

Infected Cases 1

PM2.5 0.23* 1

PM10 0.33* 0.87* 1

NO2 0.21* 0.59* 0.58* 1

SO2 -0.26* 0.32* 0.34* 0.47* 1

Wind Speed 0.02* -0.22* -0.16* -0.13* -0.03* 1

Temperature 0.22* 0.30* 0.33* -0.13* 0.22* -0.03 1

DTR 0.27* 0.42* 0.46* 0.24* 0.33* 0.19 -0.12* 1

Relative
Humidity

-0.28* -0.33* -0.41* -0.36* -0.47* 0.01 -0.09* 0.19 1

Air Pressure 0.03* 0.08* 0.06* 0.25* -0.19* 0.02 0.15* 0.15 0.73* 1

Rainfall -0.13* 0.01* 0.03* 0.41* 0.05* -0.33* -0.08 0.18 0.40* 0.08 1

Absolute
Humidity

-0.02* 0.21* 0.27* 0.22* 0.12* 0.03 -0.01 0.57* 0.96* 0.67* 0.38* 1
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6) (Baccini et al. 2007; Chen et al. 2018; Phosri et al. 2019;
Yang et al. 2015; Zhao et al. 2012).

The hypothesis tests were conducted for the study were two
tailed with a significance level of 0.05. The effects of air
pollutants and meteorological factors were represented as per-
centage change (%) and corresponding 95% confidence

intervals (Cis) of daily mean infected cases due to COVID-
19 per unit increase in considered air pollutants concentration
(i.e., 10.0 μg/m3 increase in PM2.5, PM10, NO2 and SO2) and
meteorological factors (1 unit increase in daily mean temper-
ature, diurnal temperature range, relative humidity, absolute
humidity, air pressure, rainfall).

Fig. 5 Percentage change (%) and 95% CI of daily infected COVID-19
cases correlated with a unit increase in air pollutant and meteorological
concentration using single-parameter models. Note: 10 μg/m3 increase in

PM2.5, PM10, NO2, and SO2 and 1 unit increase in meteorological factors
(DTR: diurnal temp range, Temp: daily mean temperature, RH: relative
humidity, AH: absolute humidity, AP: air pressure, RF: rainfall)
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Results and discussion

Statistical representation of meteorological factors,
air pollutants, and infected cases due to COVID-19

Descriptive statistics are represented in Table 1 from 30th
Jan 2020 to 23rd Apr 2020 for the air pollutants such as
PM2.5, PM10, NO2, and SO2; meteorological parameters such
as daily mean temperature, DTR, wind speed, rainfall, relative
humidity, absolute humidity, air pressure, and COVID-19-
infected cases for the first reported place, Kerala and seven
in seven other states such as Delhi, Karnataka, Madhya
Pradesh, Maharashtra, Tamil Nadu, Telangana, and Uttar
Pradesh.

During the study period, the 24-h weighted average con-
centrations, SD, IQR of the pollutant parameters, PM2.5,
PM10, NO2, and SO2 were represented in Table 1, the concen-
trations of PM2.5 and PM10 were found to be high in concen-
tration in the seven selected states out of eight whereas the
values of NO2 and SO2 were with lesser concentration in
seven states out of eight as per National Air Quality
Standards, India (The limits for PM2.5, PM10, NO2, and SO2

were up to 60.0 μg/m3, 100 μg/m3, 80.0 μg/m3, and 80.0 μg/
m3 at Industrial area, Residential area, rural, and other ecolog-
ically sensitive areas) (MoEF 2010; As 2010). Average tem-
perature was around 28°C ranging from 24.26 to 29.65 °C,
and the average relative humidity was approximately 47%
varying from 32.22 to 68.93% during the period, showing a
sub-humid, warm and arrival of summer climate for the con-
sidered stations, whereas the average wind speed ranged from
1.82 to 4.07 m/s.

In India, a total of 21,700 infected cases and 720 deaths
occurred due to COVID-19, with an average daily average
mortality rate of 3.3% within the study period.

The daily inter quartile range (IQR) for the air pollutant
parameters PM2.5, PM10, NO2° and SO2 ranges from 18.62
to 103 μg/m3, 8.0 to 59.80 μg/m3, 12.73 to 48.00 μg/m3, and
0.00 to 38.25 μg/m3 respectively with the highest concentra-
tions at Delhi in the case of PM2.5, PM10° and NO2. However,
the highest number of infected and death cases was reported in
the State of Maharashtra during the period of analysis.

Table 2 represented the Spearman’s correlation coefficients
between air pollution parameters, meteorological indicators,
and COVID-19-infected cases during the study period. The air

Fig. 5 (continued)
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pollutants PM2.5, PM10, and NO2 and the meteorological fac-
tors such as wind speed, daily mean temperature, DTR, and air
pressure had significant positive associations with the infected
cases due to COVID-19. The air pollutant, SO2 and meteoro-
logical factors, relative humidity, rainfall, and absolute humid-
ity had negative correlation with infected cases of COVID-19.
In other hand, the air pollutants (PM2.5, PM10, NO2, and SO2)
had a significant correlation with each other and the pollutants
had positive correlations with DTR, air pressure, absolute hu-
midity and rainfall. The parameters such as wind speed, tem-
perature, and relative humidity were negatively correlated
with the air pollutant parameters.

Lag analysis of air pollutants, meteorological
indicators in relation to COVID19 confirmed cases

The moving average lag effects considering single-parameter
model with pollutants or meteorological factors were calculat-
ed for the above extracted parameters which were correlated
with COVID-19-infected cases. The lag effects (Lag0-7,
Lag0-14, Lag0-21) of air pollutants and meteorological fac-
tors on daily report of COVID-19 confirmed cases were rep-
resented in Fig. 5. Significant positive correlations were ob-
served for the air pollutants, PM2.5, PM10, and NO2 and me-
teorological factors, daily mean temperature and DTR with
COVID-19-infected cases, whereas significant negative cor-
relations were observed for air pollutant, SO2, and meteoro-
logical factor, relative humidity. As per the analysis, a 10 μg/
m3 increase during (Lag0-14) in PM2.5, PM10 and NO2 was
resulted in 2.21% (95%CI: 1.13 to 3.29), 2.67% (95% CI:
0.33 to 5.01) and 4.56 (95% CI: 2.22 to 6.90) increase in daily
counts of COVID-19-infected cases respectively. However,
only 1 unit increase in meteorological factor levels in case of
Temperature and 1 unit increase of DTR during (Lag0-14)
associated with 3.78% (95%CI: 1.81 to 5.75) and 2.17%
(95% CI: 1.59 to 2.66) rise of COVID-19-infected cases re-
spectively. On other way, other meteorological parameters
such as relative humidity, rainfall and absolute humidity were
negatively correlated with COVID-19-infected cases as repre-
sented in Table 2 and Fig. 5. The air pollutant, SO2 and me-
teorological factor, relative humidity was negative associated
with COVID 19-infected cases at

Lag0-7: -5.12% (95% CI: -7.99 to -2.2523) and Lag0-14: -
7.23% (95% CI: -10.99 to -3.47) for SO2 and at

Lag0-7: -1.01% (95% CI: -1.34 to -0.68) and Lag0-14: -
1.12% (95% CI: -1.41 to -0.83) for relative humidity.

Sensitivity analysis

The relationships between COVID-19-infected cases and all
considered parameters were robust in case of sensitivity anal-
ysis as shown in Figs. 6 and 7 when the city Delhi and State
Maharashtra were excluded from the data set. Limited

fluctuations were observed in the sensitivity analysis consid-
ering air pollutants when the city Delhi was excluded from the
study, which was examined as the centroid of SARS-CoV-2
transmission in India, whereas there were very less to consid-
erable variations when the state Maharashtra was excluded
from the data set, which had the highest number of daily
reported COVID-19-infected cases. The multi-parameter
models were represented in Fig. 8 (for air pollutants and me-
teorological factors). The air pollutants, PM2.5 and PM10, were
formed as multi-parameter model to check the affects the
COVID-19-infected cases and was insignificant when effects
of NO2 was restricted. Similarly, for SO2, the multi-parameter
model was insignificant after adding NO2 but more variation
was shown when DTR or relative humidity were added into
the multi-parameter model. Similarly, for NO2, the estimation
of responses due to COVID-19-infected cases was trans-
formed to be robust when the meteorological parameter,
DTR, or relative humidity was added in the multi-parameter
model. In other hand, the effect of model estimation did not
change much after the addition of SO2 or meteorological fac-
tors. Subsequently, when controlling for the meteorological
parameters, DTR or RH, the association cases could not re-
main significant after adding the air pollutants (Chan et al.
2020b).

Discussion

To find out the correlation between daily reported COVID-19-
infected cases and air pollutants concentration at variations of
meteorological factors, GAM (generalized additive model)
was applied for the proposed study. As per Fig. 5, Fig.6, there
are positive and significant correlations of air pollutants,
PM2.5 (at L0-14 and at L0-21), PM10 (at L0-14 and at L0-
21), NO2 (at L0-14 and at L0-21) and SO2 (at L0-7 and at
L0-14) with COVID-19-infected cases. On the other hand, the
meteorological factors represent both positive (for DTR,
Temp, RF, and AP) and negative (for RH and AH) significant
correlations such as, DTR (at L0-7, at L0-14 and L0-21),
temperature (at L0-7, at L0-14 and L0-21), RF (at L0-7), AP
(at L0-21), RH (at L0-7 and at L0-14), and AH (at L0-7 and
L0-14) with COVID-19-infected cases (Fig. 7). However, fol-
lowing the Table 2, the air pollutants such as PM2.5, PM10,
NO2, and SO2 are having the Spearman’s correlation coeffi-
cient values of 0.23, 0.23, 0.21, and -0.26 respectively with
COVID-19-infected cases. Similarly, the meteorological fac-
tors such as temperature, DTR, and RH are having coefficients
of 0.22, 0.27, and -0.28 respectively with COVID-19-infected
cases. The parameters with lesser coefficient values are not
considered for the further analysis, whereas DTR is consid-
ered for the further analysis with higher value of correlation
coefficient than that of temperature as a meteorological factor.
Considering the above results and discussion, multi-parameter
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GAMmodel is designed with the air pollutant parameters and
meteorological parameters such as PM2.5 (at L0-14 and L0-
21) PM10 (at L0-14 and at L0-21) NO2 (at L0-14 and at L0-
21), SO2 (at L0-7 and at L0-14), DTR (at L0-7 and L0-14),

and RH (at L0-7 and L0-14) (Fig. 8). These findings may
suggest some evidences that air pollutants at meteorological
variations act as important risk factors for infection in
COVID-19 (Fig. 8).

Fig. 6 Percentage change (%) and 95% CI of daily infected COVID-19
cases correlated with a unit increase in air pollutants using single-
parameter models after excluding Delhi and Maharashtra from the

analysis. Note: 10 μg/m3 increase in PM2.5, PM10, NO2, and SO2, MH:
the state, Maharashtra, DL: The union territory, Delhi
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The respiratory infection and pneumonia caused by micro-
organisms are driven by air pollutants and are closely interre-
lated with air pollution as per recent evidences (Hachem et al.
2019; Kim et al. 2018; Rojas-roa and Rodríguez-villamizar
2019; Thi et al. 2019a; Thi et al. 2019b; Zhang et al.
2019b). It has been reported that severe cases of COVID-19
infection lead to lungs infection, pneumonia, severe acute re-
spiratory syndrome, body aches, kidney failure, and death
(Zhao et al. 2020). Most of air quality studies reported that
short-term exposure to particulate matter, PM2.5 can be related
to acute lower respiratory infection (Bates et al. 2018; Li et al.
2020; Liu et al. 2020a; Martins and Carrilho 2020; Tan et al.
2019;Wu 2019). However, not only PM2.5, but PM10was also

found to have a significant relation with hospitalization due to
the respiratory illness and pneumonia (Cheng et al. 2020;
Chew et al. 2020; Ge et al. 2018; Liu et al. 2020b; Luong
et al. 2016; Mäkelä et al. 2019; Nephew et al. 2020; Pun
et al. 2017; De Rooij et al. 2019; Zhang et al. 2019a).
Similarly, several studies had been conducted to find the as-
sociation of air pollutants such as NO2, SO2, and other partic-
ulate matters with the increased risk of respiratory infections
and mortality rates (Ã et al. 2005; Ashikin et al. 2014; Galy-
lacaux et al. 2016; Lau et al. 2020; Mason et al. 2019; Pan
et al. 2010; Sahoo et al. 2017; Wang and Su 2020; Yang et al.
2020b). However, it had been concluded from several re-
searches that exposure to critical air pollutants such as

Fig. 7 Percentage change (%) and 95% CI of daily infected COVID-19
cases correlated with a unit increase in meteorological concentration
using single-parameter models after excluding Delhi and Maharashtra
from the analysis. Note: 1 unit increase in meteorological factors (DTR:

diurnal temp range, temp: daily mean temperature, RH: relative humidity,
AH: absolute humidity, AP: air pressure, RF: rainfall), MH: the state,
Maharashtra, DL: The union territory, Delhi
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PM2.5, NO2, and SO2 were harmful to human health and led to
persistent and increased risk of respiratory illness (Chen et al.
2019, 2020; Dastoorpoor et al. 2019; Gao et al. 2019; Hu et al.
2020; Liu et al. 2020b; Naclerio et al. 2020; Oh et al. 2020;
Sangkharat et al. 2019; Thi et al. 2018; Yao et al. 2020).
Alternatively, it can be said that all the four air pollutant pa-
rameters considered for the study are harmful and can be con-
sidered as the risk factors for respiratory diseases and death
(Çapraz et al. 2017; Liu et al. 2016, 2017; Zhao et al. 2017). In
addition, there had been a series of researches suggested that
the association between infectious diseases and air pollution
particularly by NO2. These studies investigated that the in-
creased level of NO2 up to 70 μg/m3 caused the incidence
of croup due to influenza virus (Chauhan and Johnston 2003;
Coccia 2020; Hao et al. 2019; Xu et al. 2013). However, as per
the proposed study, SO2 had a negative correlation with

COVID-19-infected cases, which may be the possible reason
of low wind frequency and slow dispersion of SO2 along
west-south-west and north-west directional winds across the
most COVID-19 affected states such as Delhi, Gujrat,
Maharashtra (Cuesta-mosquera et al. 2020; Cuhadaroglu and
Demirci 1997; Mallik et al. 2019; Sangeetha and Sivakumar
2019).

As per Table 2, the Spearman’s correlation analysis exam-
ined positive associations with DTR, air pressure, absolute
humidity, and rainfall with air pollutants concentration,
whereas the study demonstrated negative association of wind
Speed, daily mean temperature, and relative humidity with
COVID-19-infected cases (Lee et al. 2019; Liu et al. 2020b;
Xie et al. 2016; Zhen et al. 2017), whereas, some previous
studies have reported that the mortality rate due to respiratory
diseases increased with low temperature (Lin et al. 2013;

Fig. 7 (continued)
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Wang et al. 2007). However, some other studies have sug-
gested that both high and low temperature might show the
health effects on respiratory tracts and pneumonia mortality
(Bachur et al. 2019; Brendish et al. 2019; Miao et al. 2017;
Tian et al. 2020; Xu et al. 2014b; Zhen et al. 2017). Liang et al.
2009 found that the relationship between DTR and emergency
room admissions in hospitals for chronic obstructive pulmo-
nary diseases in Taiwan. The study suggested a significant
negative correlation with daily average temperature and a
strong positive correlation between DTR and rate of

pulmonary diseases reported (Van Kersen et al. 2020; Peng
et al. 2019; Yin et al. 2019). In another study, it was concluded
that the risk of incidence of respiratory syncytial virus in-
creased by 3.30% with every 1°C increase of DTR
(Onozuka 2020).

As per Lowen and Steel 2014, the transmission of virus
was found to be dependent on both daily mean temperature
and relative humidity. The study found that the transmission
rate was high at low temperature and was blocked or very low
to inefficient at temperatures equivalent to room temperature.

Fig. 8 Percentage change (%) and 95% CI of daily infected COVID-19
cases correlated with a unit increase in air pollutant and meteorological
concentration using single and multi-parameter models. Note: 10 μg/m3

increase in PM2.5, PM10, NO2, and SO2 and 1 unit increase in meteoro-
logical factors (DTR: diurnal temp range, RH: relative humidity)
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However, in case of relative humidity, average outdoor rela-
tive humidity is higher in winter than in summer, which ex-
cluded the outdoor relative humidity as a possible reason of
virus transmission. In other hand, when indoor humidity is
lowest during winter months and exposure to cold air outside
or dry air inside during colder or flu months increase the
transmission rate of virus (Lowen and Steel 2014; Steel et al.
2011) . Gralton et al. 2011 suggested that the association be-
tween aerosolized viruses and relative humidity might be a
probable combination of elementary properties of virus and
can cause interaction among virus, solutes, and water mole-
cules. Relative humidity is a function of ambient temperature
which determined the saturation vapour pressure of water
(Herfst et al. 2017; Marr et al. 2019).

Similarly, some other study suggested that the seasonality
of the influenza epidemic was linked to meteorological factors
such as decreasing level of ambient humidity and temperature.
Exposure to low humidity led to impaired function of trachea,
and tissue repair mechanism of airway epithelial cells resulted
in susceptible to virus spread and faster lethality (Kudo et al.
2019).

Consistent with these mentioned reviews, the results of the
proposed study indicated that the risk of COVID-19-infected

cases increases with decreased relative humidity in colder
months as per the previous and proposed studies (Figs. 5, 6,
7, and 8). In addition, the study suggested some hypothesis for
the prevention and spread of COVID-19. The environmental
scientists and pollution management team should focus on the
regions with high air pollutants concentration ranges. The re-
gions affected more with pollution might be the regions to
suffer more with COVID-19 epidemic. In other words, de-
creased level of air pollutants excluding SO2 could be an ef-
fective way to prevent infections caused by COVID-19.

Furthermore, researches are still needed to focus on effects
of outdoor as well as indoor air pollution on virus diseases and
infections. The reviews and present analysis suggested the
challenges for the epidemiologists and clinical scientists must
go beyond the short-term triggering cause and evidences re-
garding the susceptibility to air pollutants in relation to viral
Infections (SARS-CoV-2) and mortality. The mechanisms by
which temperature and humidity effected the infection rate
due to COVID-19 remain unclear but may combine multiple
consequences at the level of the host, the lag effects on virus
and the respiratory droplets. There is another gap in the re-
search that the data in the proposed study had not included
gender or age specific confirmed cases due to COVID-19

Fig. 8 (continued)
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because of which the sub group analyses were not investigat-
ed. In addition, the study had not related other countries cities
and states. Future researches are needed to overcome the re-
search gap and limitations.

Conclusions

The proposed study suggested that there was significant (both
positive and negative) correlation between air pollutants, me-
teorological factors, and daily reported COVID-19-infected
cases in India. However, it can be said that short-term expo-
sure to condensed and higher concentrations air pollutants
such as PM2.5, PM10, and NO2 increase the level of risk for
COVID-19 infections. In addition, as per results and discus-
sion, the meteorological factors such as diurnal temperature
range and relative humidity effected the daily infected cases.
There was positive association between diurnal temperature
range and COVID-19-infected cases but negatively correlated
with relative humidity and absolute humidity. On other hand,
the study suggested that the exposure to high concentration of
SO2 may not be related to COVID-19-infected cases and its
increased risk. However, laboratory studies and a comfortable
environment are needed for the basic elementary exploration
about the disease mechanisms and the patient’s responses to-
ward the infection caused by SARS-CoV-2.
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