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Assessing temporal correlation 
in environmental risk factors 
to design efficient area‑specific 
COVID‑19 regulations: Delhi based 
case study
Vishal Chaudhary1*, Pradeep Bhadola2*, Ajeet Kaushik3,4, Mohammad Khalid5,6, 
Hidemitsu Furukawa7 & Ajit Khosla8*

Amid ongoing devastation due to Serve-Acute-Respiratory-Coronavirus2 (SARS-CoV-2), the global 
spatial and temporal variation in the pandemic spread has strongly anticipated the requirement 
of designing area-specific preventive strategies based on geographic and meteorological state-of-
affairs. Epidemiological and regression models have strongly projected particulate matter (PM) as 
leading environmental-risk factor for the COVID-19 outbreak. Understanding the role of secondary 
environmental-factors like ammonia (NH3) and relative humidity (RH), latency of missing data 
structuring, monotonous correlation remains obstacles to scheme conclusive outcomes. We mapped 
hotspots of airborne PM2.5, PM10, NH3, and RH concentrations, and COVID-19 cases and mortalities 
for January, 2021-July,2021 from combined data of 17 ground-monitoring stations across Delhi. 
Spearmen and Pearson coefficient correlation show strong association (p-value < 0.001) of COVID-19 
cases and mortalities with PM2.5 (r > 0.60) and PM10 (r > 0.40), respectively. Interestingly, the COVID-
19 spread shows significant dependence on RH (r > 0.5) and NH3 (r = 0.4), anticipating their potential 
role in SARS-CoV-2 outbreak. We found systematic lockdown as a successful measure in combatting 
SARS-CoV-2 outbreak. These outcomes strongly demonstrate regional and temporal differences in 
COVID-19 severity with environmental-risk factors. The study lays the groundwork for designing and 
implementing regulatory strategies, and proper urban and transportation planning based on area-
specific environmental conditions to control future infectious public health emergencies.

The suddenness and global scope of the Serve Acute Respiratory Coronavirus2 (SARS-CoV-2) outbreak have 
stressed the designing pandemic retarding modalities to control the devastation1,2. These contagion restricting 
policies includes unprecedented strict lockdown, social distancing, wearing face-masks, massive vaccination, and 
disinfecting strategies3–7. Most research is dedicated to modelling advanced point-of-care diagnostic practices 
and treatment therapeutics to control pandemic-instigated morbidities and mortalities3,8–13. However, the suc-
cess of employed strategies has been found to vary spatially and influenced by diverse regional environmental 
factors14–17. Moreover, some regions worldwide have been identified as SARS-CoV-2 hotspots and are severely 
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affected by contagion 18,19. The mutable nature of SARS-CoV-2 due to its capricious spread, different transmission 
routes, and its interaction with environmental elements, is challenging prevailing preventive strategies, including 
massive vaccination. Hence, a critical global public health objective is to identify key tunable regional factors 
contributing to variable coronavirus disease (COVID-19) severity.

Numerous epidemiological and regression studies have anticipated different regional variables, including 
geographical, seasonal, demographic, and environmental factors determining the COVID-19 impact17,20–23. Air 
contamination has been identified as the crucial factor governing regional SARS-CoV-2 spread and severity24–28. 
Air contamination is a complex mixture of particulate and gaseous constituents like particulate matter (PM), 
nitrous oxides (NO2), ammonia (NH3), sulfur dioxide (SO2), and carbon oxides (COx), ozone (O3) that varies 
temporally and spatially. The air quality index (AQI) depends upon various geographical, economic, and demo-
graphic conditions24–28. Moreover, the urban pollution due to anthropogenic source pollutants or combustion 
of traffic-related products induces airway hyper-responsiveness and inflammation resulting in the severity of 
cardiovascular and respiratory diseases29–32.

Doremalen et al.33,34 have reported that COVID-19 is also a respiratory disease, and SARS-CoV-2 remains 
compelling and infectious in aerosols for a prolonged time. Several In vitro and In vivo studies have demonstrated 
that exposure to air contaminants decreases immune response facilitating viral replication and penetration25,27. 
Moreover, the complex multi-interactions amongst virus and air contaminants through covalent and electrostatic 
interactions promote SARS-CoV-2 persistence in the atmosphere and reduce vitamin-D synthesis35. Atmospheric 
aerosols resulting from these interactions induce indirect hazards in the human body, alter the immune response, 
and are responsible for pro-inflammatory and oxidative mechanisms in the lungs.

Numerous outdoor air contaminants, including ammonia, particulate matter (PM), sulfur dioxide, nitrogen 
oxides, and carbon oxides, have been argued to possess different roles in COVID-19 transmissibility27,28,32,36. 
Amongst all, PM is anticipated to be most severe factor, which constitute fine particles possessing a primary (car 
exhaust, construction, and road traffic) and a secondary origin (including ammonia, oxides of nitrogen, and 
sulfur, which transform into particles through photochemical reactions in the atmosphere)29,37–41. Numerous 
scientific findings reviewed by the US Environmental Protection Agency (EPA)42–45 have related fine PM particles 
(PM2.5; PM with diameter ≤ 2.5 µm) to diversified adverse health issues, including mortality. The virus’s droplets 
are argued to bind with PM, promoting the diffusion of droplets with the SARS-CoV-2 in aerosols36. The virus 
particles bound to minute PM like PM2.5 are probable to penetrate deeper in the alveolar and tracheobronchial 
regions of the susceptible host individual27,36. Additionally, PM plays an indirect role in COVID-19 spread 
and impact by weakening the immune system and increasing individual vulnerability towards this disease46,47. 
It is argued to facilitate SARS-CoV-2 binding with susceptible cells by stimulating overexpression of ACE-2 
receptors48–51. The impaired immune ability and chronic inflammation of individuals living in hot -spots of PM 
have already been documented38,47,52–54. Additionally, the secondary air contaminants like ammonia, NOx and 
tropospheric O3 contribute to PM formation and directly relate to COVID-19 spread and impact54. Moreover, 
the nature and concentration of particular air contaminants, meteorological conditions like rainfall, humidity, 
temperature, and demographic factors govern their interactions, viral persistence, transmission, and severity.55,56.

Various regression analyses have suggested a correlation between air contaminants and COVID-19 mortalities 
and concluded that the individuals living in polluted areas are more susceptible to COVID-1957. Moreover, the 
megacities (like Delhi, Mumbai, London, New York) were severely affected by SARS-CoV-2 during COVID-19 
waves18. Furthermore, during the pandemic, India has documented a rise in several emerging and re-emerging 
infectious diseases, which has created more burdens on the healthcare system and vaccination drive58–62.  The 
pollution level in Delhi is reported to decrease by 15% from 2019 to 2020 due to government policies, public 
awareness, strict lockdown, and alternative pollution combating solutions60. Nevertheless, according to the World 
Air Quality report 2020, released by IQAir, Delhi is the most polluted capital globally, with an average annual 
PM2.5 concentration of 84.1 µg per cubic meter58.

Various reports in the literature have explored the correlation between COVID-19 severity and AQI dur-
ing the first COVID-19 wave in different megacities25,27,63–65. However, to the best of our knowledge, no report 
is dedicated explicitly to evaluating PM and ammonia’s impact on COVID-19 spread and severity during the 
second COVID-19 wave in Delhi. Moreover, various noticeable methodological difficulties have been pointed 
out in different studies to establish this correlation66–70. Ideally, the study should be comprehended to emphasise 
the variability of specific contaminants. The other variables can be mutually highly correlated, which presents 
an obstacle for any statistical interference analysis70–73. To address, it we employed two correlation strategies to 
analyze the correlation between PM and COVID-19 severity in terms of RH and ammonia during the second 
COVID-19 wave in Delhi. We aim to provide fundamental reasoning to design regional-based strategies depend-
ing upon environmental variables including PM, RH, and NH3 to prevent and control COVID-19 severity and 
future epidemic devastations.

Results
Analysis to map hotspots of environmental risk factors.  The present trend in the Delhi region 
straightaway revealed the potential differences at the regional or sub-station level for reported AQI values. The 
contribution of pollutant concentration in Delhi’s atmosphere from 17 monitoring sub-stations varies regionally, 
as shown in Fig. 1.

Amongst all sub-stations in Delhi, Mundka, Jahangirpuri, and Bawana regions show the highest average 
(From Jan to July 2021) contribution for PM10 and PM2.5, except for Chandni Chowk, which has the highest 
PM10 is one of the lowest contributors among PM2.5. The average contribution from the Mundka, Jahangirpuri, 
and Bawana regions towards atmospheric PM2.5 is estimated to be around 129 µg/cm3. All the three higher 
PM2.5 contributors (Mundka, Jahangirpuri, and Bawana) have been identified as industrial areas of Delhi74,75. 
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These areas are surrounded by green areas/agricultural regions of Delhi, which contribute to the emission of 
fine organic particles into the environment. However, the exceptional presence of the Chandni Chowk region, 
identified as the highest PM10 contributor, can be attributed to the recent construction performed in the region 
for its ongoing beautification and redevelopment.

It is documented that long-term exposure to PM2.5 increases the morbidity and mortality rate due to COVID-
1925,49,50. The pathogenicity of PM is strongly determined by its chemical compositions of particles like trace 
elements. The trace elements such as arsenic (As), cadmium (Cd), chromium (Cr), lead (Pb), and mercury (Hg) 
represent a minute fraction of net PM mass38,51,52. However, the concentrations are adequate to injure human 
health, like cardiopulmonary or lung injuries, neurodegenerative diseases, and low birth weight. Recently, Tobler 
et al.76 revealed PM’s chemical composition and source attribution in the Delhi-National capital region (NCR). 
The coarse fraction (PM10) was sourced by organic matter (OM), sulfur- nitrate-ammonium (SNA) ions, and 
crustal materials. However, the fine fraction (PM2.5) was dominated by OM, SNA ions, and elemental carbon. 
Further, Hama et al.77 revealed that the construction and paved road dust are major contributing factors to PM 
and are dominated by the most abundant elements, including K, Si, Fe, Al, and Ca. Hence, the analyzed chemical 
compositions of PM in various reports suggest mixed sources of PM, including vehicular emission, construction, 
biomass burning, and paved road dust. Hence, the prevalence of these PM hotspots is attributed to contributions 
from vehicular emission construction work and OM suspended aerosols from agricultural practices78.

The observed regional variation of ammonia in the Delhi region is different from that for PM. Among all 
Delhi sub-stations, DTU, NSIT Dwarka, and Dwarka regions are the topmost contributors to airborne ammonia. 
These top three regions contribute an average of one-third (over 32%) of airborne ammonia over Delhi. DTU 
region has been observed to contribute 14% of total airborne ammonia in overall Delhi. The primary source of 
airborne ammonia is the agricultural sector, including livestock, agricultural fields, and biomass degradation79,80. 
DTU and Dwarka region is surrounded by agricultural fields and is greener than the rest of the Delhi regions. 
Hence, their observed role as the highest contributor to airborne ammonia is justified.

In the present study, the regional variation in relative humidity (RH) has also been analyzed. The RH of all 
regions is nearly the same, with not much variance. It can be attributed to similar weather conditions throughout 
the Delhi region due to its comparatively smaller area. It reveals the interannual variability of RH depending 
enormously on the reference year implying a dominant meteorological influence in Delhi.

Hence, the spatial variation of observed variables (PM, NH3, and RH) in Delhi has been observed, and the 
appropriate reasoning has been illustrated. It signifies that the regions with higher industrial and agricultural 

Figure 1.   Pie chart showing the regional distribution of percentage contribution of variables observed from all 
sub-station locations to the overall AQI of Delhi to locate particular hotspots.
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sectors in Delhi contribute to more significant variable concentrations and are identified as hotspots for respec-
tive variable emissions. It also anticipates the variation of impacts of these pollutants on the atmosphere and 
living beings in Delhi.

Statistical analysis during the second COVID‑19 impact wave.  The statistics of variables (PMs, RH, 
COVID-19 mortality, and cases) as average over the period (January 2021 to July 2021) have been estimated. The 
average of variables over the considered period has been considered to analyze their correlation for the whole 
Delhi region. The mean values of PM2.5 and PM10 for the considered period are moderately and very polluted, 
respectively, as per guidelines of the National AQI (Table 1). The maxima of both PMs lie in the abysmal AQI 
range, which raises severe public health and environmental concerns. However, the average value of ammonia 
over the considered period is in the acceptable range, causing no severe concern. The simultaneous existence 
of low ammonia concentration and higher PM concentration can be attributed to the photochemical formation 
of PM in the atmosphere at the cost of ammonia41. This COVID-19 period in Delhi has been considered as its 
second significant impact wave, costing approximately 74 lives per day in the aforesaid period. The average 
confirmed cases are extensive at approximately 4,153 per day, which indicates the rapid spread of COVID-19 
in the period described above in Delhi. Hence, the average value of COVID-19 cases and mortalities show the 
severe impact of COVID-19 on Delhi in the considered period and justify the choice of the aforesaid period for 
analysis.

Further, the graphical distribution of all the variables for the entire considered period has been represented 
in Fig. 2.

Further, the data has been analyzed month-wise to observe the exact nature and period of the second COVID-
19 impact wave in Delhi. The data for pollutants has also been examined month-wise to perceive the concen-
tration of pollutants during the second COVID-19 impact wave. The month-wise distribution of variables is 
illustrated as Line Plot (Fig. 3) and Box plot (Fig. 4) for better understanding.

The mean level of each pollutant within the considered aforesaid period decreased from January 2021 to July 
2021. It is attributed to the dependence of PM on meteorological conditions74,76. It is evident from the literature 
that the winter season is favourable for the formation of PM78,81.

Moreover, paddy stubble burning during the winter in Delhi-NCR regions and adjacent states raises the PM 
concentration82. Hence, the concentration of PM in the Delhi atmosphere is comparatively more in January 2021 
than in July 2021. A similar pattern of decrease in RH with time was observed for January 2021 to March 2021, 
which is the later spring season in Delhi. However, the RH value was found to again increase from April 2021 to 
July 2021, which is attributed to the onset of the summer season in Delhi.

It has already been reported that the air pollutant concentration varies smoothly with changes in RH83. Hence, 
their correlation analysis is of significant importance. The concentration of ammonia in Delhi’s environment was 
found to follow the same pattern as RH. It is found to decrease with time from January 2021 to March 2021 and 
then increase from March 2021 onwards. During the aforesaid period, the decrease in pollutant concentrations 
is attributed to preventive measures like strict lockdown imposed by the government.

Table 1.   Category range of AQI for considered pollutants as per National AQI, CPCB (2014) illustrating AQI 
categories advisable for human health in India.

AQI Category Range PM2.5 PM10 NH3

Good 0-50 0-30 0-200

Satisfactory 51-100 31-60 201-400

Moderately Polluted 101-250 61-90 401-800

Poor 251-350 91-120 801-1200

Very Poor 351-430 121-250 1200-1800

Severe 430+ 250+ 1800+
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Figure 2.   Distributions of the variables for the entire period with variable value at x-axis and frequency of that 
value over all locations at the y-axis.

Figure 3.   Month-wise distribution of variables including environmental risk factors and COVID-19 severity 
through-line plot.
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Moreover, it has been observed that there is a sudden increase in COVID-19 cases and mortalities during 
April 2021. This period is identified as the second significant COVID-19 impact wave in Delhi. However, the 
COVID-19 impact showed a downward trend in the count of COVID-19 cases and mortalities during the lock-
down phase (19th April 2021 to 31st May 2021). It shows that the lockdown was proven efficient in controlling 
the COVID-19 impact in Delhi during the second wave.

Analysis of pairwise relation amongst the different variables.  The entire considered period has 
been divided into three-time frames, including pre-lockdown (1st January 2021 to 18th April 2021), lockdown 
(19th April 2021 to 31st May 2021), and unlock (1st June 2021 to 31st April) periods based on lockdown imposed 
by the government in Delhi. The pairwise relation has been evaluated for all the periods described above for dif-

Figure 4.   Box plot for month-wise distribution of variables including environmental risk factors and COVID-
19 severity.
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ferent variables, as shown in Fig. 5. The diagonal subplots show the distribution of each variable, whereas the 
off-diagonal subplots show the pairwise relationship between variables. A linear dependence between PM10 and 
PM2.5 has been obtained for the considered period. It can be attributed to the standard climatic requirements 
and the chemical composition of PMs. Similarly, a linear relationship between COVID-19 cases and mortalities 
has been observed during the pre-lockdown and unlock period. However, there is moderate relative dependence 
between the two during the lockdown period. The restriction imposed on residents during the lockdown period 
significantly contributed to controlling the COVID-19 spread.

Moreover, the imposed restrictions during the lockdown, including restrictions on movement and restrict-
ing construction and industrial activities, have improved the air quality of the Delhi atmosphere60,78. Hence, 
the relationship between the COVID-19 and mortalities slightly diverges from linear dependence. However, 
the observed dependence of COVID-19 impact on RH and pollutants’ concentration was not linear. Hence, it 
indicates that Pearson correlation coefficient analysis may result in discrepancies, which can be considered by 
employing Spearman analysis.

Analysis of normalized variables with time.  All the variables are normalized prior to comparative 
analysis. In a typical normalization process, all the variables are rescaled such that they have zero mean and unit 
variance such that:

where xi is the old variable, µ is the mean, and σ(x) is the variance.
The evaluated variation of these normalized variables with time for the different considered periods has been 

illustrated in Fig. 6. It is done to check and compare the variables during different periods.
It is evident from Fig. 6 that the COVID-19 impact and transmission are higher in the region where RH is 

low. Relative humidity (RH) and atmospheric temperature play a crucial role in the progression and persistence 
of the virus in the atmosphere. RH affects virus transmission in three significant ways55,56. It includes the human 
immune system’s enhanced capability in higher RH, the SARS-CoV-2 decays faster when RH is around 60%, 
and drier air (low RH) results in further transmission of the virus along with deeper penetration into the human 
lungs. Thus, this reasoning further validates our observation of the rise in COVID-19 impact in terms of cases 
and mortalities with RH.

During the pre-lockdown period, the pollutant variation shows significant variance with large fluctuations. 
The pre-lockdown peaks for PMs and NH3 were observed on 14th January 2021. The random fluctuations during 
this period can be ascribed to various pollutant contributing factors, including biomass burning, use of agricul-
tural fertilisers, construction and roadside-based dust, industrial emission, and vehicular emission. The more 
significant number of contributing factors during the pre-lockdown interval has resulted in more substantial 
fluctuations in recorded pollutant concentrations.

A sudden increase in COVID-19 impact cases and mortalities during April 2021 is evident in Fig. 6, which 
is considered the commencement of the second wave in Delhi. It has led to a strict lockdown in Delhi as a pre-
cautionary measure to combat the COVID-19 impact. PMs showed the highest concentration values during 
the lockdown period on 28–29 April 2021, whereas RH and NH3 showed elevated peaks on 19–20 May 2021. 
The COVID-19 impact (cases and mortalities) was also highest around similar dates (26–30 April 2021), which 
indicates a correlation between PM level and COVID-19 impact. It has also been observed that the COVID-19 
cases and mortalities were higher during the initial lockdown phase and started to decline towards the end of 
the lockdown phase. COVID-19 is a highly infectious and communicable respiratory disease3. It is observed to 
control significantly by imposing lockdown in Delhi by Delhi-NCT and the Central government of India60. The 
restrictions on movement, industrial, construction, and commercial activities have helped improve Delhi’s AQI. 
It restricts the primary and secondary transmission route of the SARS-CoV-2 virus through respiration, aerosols, 
and infected surfaces. It also results in combating the immediate impact of pollutant inhalation/absorption in 
the human body, such as weakening the immune system and affecting the respiratory system. A similar trend 
in variation of PM with time in the lockdown phase has been observed, which suggests the existence of a strong 
correlation between PM with COVID-19 impact.

However, even after imposing the lockdown on April 19, the COVID-19 cases as well as mortalities still shows 
a rise and peaks at around 1st May 2022. The increase in the cases, as well as mortalities even after lockdown, can 
be attributed to the incubation period for COVID-19. After 1st May we see a clear downward trend in mortalities 
Fig. 6, which is clearly the effect of lockdown.

When a significant decrease in deaths and cases during the lockdown period is observed, Delhi and Central 
Government implement a phase-wise unlock period. During the unlock Phase, multiple peaks are observed in 
the pollutant levels (PMs, NH3). The COVID-19 cases and deaths continue to decline during the unlock Phase 
suggesting the proper implementation of government policies regarding step-wise unlock phases to combat 
COVID-19 impact in terms of transmission and mortalities.

Correlation analysis.  The variation from linear dependence relationships amongst the different variables 
for the considered period has suggested proper strategies for correlation analysis. It is taken into account by 
choosing the Spearmen correlation coefficient strategy for correlation analysis amongst the chosen variables. 
The obtained Pearson plots for different variables during the aforesaid phases of the chosen period have been 
shown in Fig. 7.

During the pre-lockdown phase, the mortalities due to COVID-19 show a slight negative correlation with 
RH and PMs. The Spearmen correlation coefficient for COVID-19 mortalities was estimated to be harmful as 

New variable: Yi =
xi − µx

σ(x)
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RH (− 0.11), PM2.5 (− 0.23), and PM10 (− 0.34). Nevertheless, the correlation is small but cannot be stated as 
random as the estimated p-values for these correlations were less than 0.001. However, the observed correlation 
between COVID-19 mortalities with NH3 is insignificant, as the p-value for this correlation is 0.274. It anticipates 
a probability of a correlation between COVID-19 impact on RH and PM concentration in Delhi’s atmosphere. 

Figure 5.   Pairwise relationship of different variables including environmental risk factors and COVID-19 
severity for  entire period,  pre-lockdown period,  lockdown period, and  unlock period.
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Figure 6.   Variation of normalized variables with time for  full period,  pre-lockdown period,  lockdown period, 
and  unlock period.

Figure 7.   Spearman correlation plots amongst different variables for  pre-lockdown phase,  lockdown phase, 
and  unblock phase.
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The slight correlation values can be attributed to various factors contributing to COVID-19 impact, including 
free mobility of infected individuals and industrial and commercial activities contributing to more significant 
respiratory failures. Moreover, ammonia is the observed common factor linking coronavirus hotspots worldwide 
like bat caves, contaminated air in the proximity of slaughterhouses and agricultural fields treated with livestock 
farm sewage, and polluted air in megacities with air pollution. The direct role of ammonia is hypothesized to 
alkalinize the environment, which is favourable to coronavirus transmission54. It has been argued that the SARS-
CoV-2 S protein undergoes conformational changes in the alkaline pH environment. Such an environment is 
required to induce the fusion of the virus with the plasma membrane of target cells34.

However, the number of COVID-19 cases shows a high negative correlation with PM2.5 (correlation = − 0.63 
with p-value < 0.001) and RH (correlation = − 0.58 with p-value < 0.001) during the pre-lockdown phase. Moreo-
ver, the COVID-19 cases show a moderate negative correlation with PM10 (− 0.41, p-value < 0.001) and NH3 
(− 0.33, p-value < 0.001). It anticipates a strong dependence of COVID-19 transmission majorly on PM and RH. 
The role of RH on COVID-19 transmission has already been discussed in the previous section, which validates 
our initial hypothesis of choosing RH as a significant variable in understanding its COVID-19 impact55,56,64,72. 
It has already been reported that secondary pollutants such as ammonia plays a significant role in COVID-19 
transmission. It alkalizes the atmosphere, which is favorable for SARS-CoV-2 transmission and fusion of the virus 
with the plasma membrane of target cells54. Hence, there is a moderate correlation between a concentration of 
pollutants and RH with COVID-19 impact in the pre-lockdown Phase during the second impact wave in Delhi.

During the lockdown period, a significantly high positive correlation of COVID-19 caused deaths with PM2.5 
(correlation = 0.60 with p-value < 0.001) and PM10 (correlation = 0.56 with p-value < 0.001). However, RH and 
ammonia show a high negative correlation with deaths with a correlation value of − 0.59 (p-value < 0.001) and 
− 0.35 (p-value = 0.023), respectively. The negative COVID-19 impact on RH again strengthens the hypothesis 
that low RH supports higher transmission and penetration of viruses and weakens human immunity56,64. How-
ever, the virus droplets bound to PM2.5 are more probable for deeper penetration in susceptible individuals’ 
alveolar range, causing higher respiratory failures27,36. Hence, the obtained strong correlation amongst PM and 
COVID-19 mortalities is justified.

The number of COVID-19 cases during lockdown is also positively correlated with PM2.5 with a correlation 
value of 0.56 (p-value < 0.001) and PM10 with a correlation value of 0.51 (p-value < 0.001). It is attributed to the 
role of PM as an aerosol-based second route of SARS-CoV-2 transmission. The virus binds to PM particles and 
penetrates quickly, making an individual more susceptible to COVID-19 by inhaling infected PM particles36. 
However, the number of COVID-19 cases shows significantly high anti-correlation with RH (correlation = − 0.55 
with p-value < 0.001). It again validates that lower RH supports further virus transmission. Hence, during the 
lockdown period, a high correlation exists between PM and RH with COVID-19 cases and mortalities.

During unlock period, no significant correlation was observed amongst COVID-19 caused mortalities and 
PM, RH and NH3. The estimated correlation value of COVID-19 caused deaths with PM2.5, PM10, RH and NH3 
are 0.13, 0.04, − 0.10, and 0.23, respectively. However, their more significant p-values (0.32, 0.80, 0.52, and 
0.12) predict a random correlation among them, which is not significant. It can be attributed to various factors 
contributing to COVID-19 mortalities apart from the chosen variables. There are also reports of delays in updat-
ing data related to COVID-19 mortalities, which has caused this trivial correlation. However, a weak positive 
correlation between COVID-19 cases with PM sustains in unlock period. The estimated correlation values of 
COVID-19 cases with PM2.5 is 0.33 (p-value of 0.029), and with PM10 is 0.34 (p-value of 0.024). It anticipates the 
persistence of dependence of COVID-19 transmission on PM’s concentration in Delhi’s environment. However, 
the correlation of COVID-19 cases with other variables is insignificant due to p value > 0.10.

Moreover, Pearson coefficient correlation has also been performed to evaluate correlation amongst the vari-
ables for comparative analysis with Spearmen strategy-based results84–86. The obtained Pearson correlation plots 
in the aforesaid period and phases have been shown in Fig. 8.

The obtained results from Pearson’s coefficient correlation analysis are the following that obtained from 
Spearman’s analysis. Moreover, the correlation coefficients between COVID-19 impact and other variables (RH, 
PMs, and NH3) obtained from Spearman are more significant than Pearson’s during the lockdown period. It 
shows that the COVID-19 impact with pollutants (PMs and NH3) and RH are monotonic and not linear. It 
further strengthens the choice of Spearmen analysis over Pearson analysis for current studies and validates the 
estimated correlation results.

Discussions and conclusions
In the present study, the impact of various environmental factors, including particulate matter, ammonia and 
relative humidity, on COVID-19 spread and mortality has been evaluated using various correlation analyses. It 
is evident that these factors vary regionally and play a vital role in COVID-19 progression and severity, which 
requires immediate attention. Depending upon the various outcomes of analyses, a scheme of conclusive out-
comes to design area-specific COVID-19 regulations highlighted in Fig. 9 and is as following:

1.	 Persistence of strong correlation between environmental variables and COVID-19 contagion: The role of 
leading environmental risk factors (PM, RH, and NH3) for fatalities, coupled with their emergent evidence of 
association with COVID-19 contagion, motivates attention to assessing their concentrations during the sec-
ond impact wave in Delhi. Assessments of ambient concentrations during the pandemic are required better 
to understand the relationship between COVID-19 and variable concentrations. However, gaps in ground-
based monitoring, coupled with latency in available data, monotonic dependence of aforesaid variables on 
COVID-19 impact, motivate alternative Spearmen correlation coefficient strategy. Statistical correlation 
analysis indicated a correlation between COVID-19 impact (cases and mortalities) and environmental factors 
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(PM, NH3, and RH) during the second impact wave in Delhi. The dependence of COVID-19 severity on RH 
and NH3 is found to be moderate (>0.4) and significant (p-value < 0.001) during the lockdown phase (19th 
April 2021 till 31st May 2021) in Delhi. It strongly predicts the potential role of RH and NH3 in SARS-CoV-2 
outbreak through abating the immunity, stimulating receptor cell binding, and formation of aerosols for 
secondary transmission. The association of COVID-19 cases and mortalities with PM2.5 (r = 0.63 and 0.60) 
and PM10 (r = 0.41 and 0.56) is high and significant, anticipating PM as a significant risk factor promoting 
COVID-19 outbreak and severity. The associations detected in regression analyses provide strong justifica-
tion for air contamination assisted severe COVID-19 outbreak in Delhi during the second impact wave.

2.	 Hotspot mapping: Moreover, the hotspots of airborne PM2.5, PM10, NH3, and RH in Delhi have been identi-
fied by mapping their ambient concentration. The reasoning for hotspots inferred from the regression model 
is based on identifying industrial and agricultural areas in Delhi. Primary PM hotspots are areas with a 

Figure 8.   Pearson correlation plots amongst different variables, including environmental risk factors and 
COVID-19 severity for  pre-lockdown phase,  lockdown phase, and  unblock phase.

Figure 9.   Schematic of outcomes of determining correlation between environmental risk factors and COVID-
19 spread for designing area-specific regulating modalities for effectively combat the pandemic [created with 
BioRender.com].
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massive construction, vehicular emission, and industrial activities. Hotspots for secondary environmental 
factors (NH3 and RH) release are agricultural and green areas.

3.	 Success of strategic lockdown: Estimations from the regression model during strategic lockdown have clearly 
suggested the notable success of unprecedented restrictions in Delhi in the form of economic shutdowns and 
limitations on mobility. The estimated decrease in ambient contaminant concentration observed in regres-
sion analyses provides strong justification for the lockdown success rate in Delhi. Nevertheless, the resulting 
economic crisis and degrading mental health of confined people are the foremost associated concerns.

4.	 Prospects: Estimated outcomes from this study, including correlation amongst variables, hotspot identifi-
cation, and lockdown success, must be interrelated to design COVID-19 monitoring and regulating policy 
effectively. The assessed temporal and spatial variation in COVID-19 impact based on variation in ambient 
concentration of environmental risk factors has strongly suggested the requirement of area-specific regulatory 
modalities. The first step is to map the hotspot of COVID-19 severity and environmental risk factors and 
estimate their interrelation. The regulatory measures to effectively control the contributing environmental 
factors must be employed in furtherance to decrease COVID-19 severity and associated fatalities. The out-
comes from the study also strongly anticipate the requirement of an acceptable ammonia monitoring policy 
for agricultural practices, monitoring of indoor RH to slow down viral contagion, and compelling urban 
and transportation planning to regulate PM emissions.

Delhi being one of the top polluted cities in the world has faced a severe COVID-19 outbreak during the 
second wave of the pandemic. In spite of strict lockdown, continuous monitoring and large-scale vaccination, 
the severity caused during the second wave was devastating. It strongly suggests the requirement to improve 
present regulating policies such as vaccination drive and forming area-specific new policies to control the infec-
tion effectively. This study has revealed the area-specific environmental factors contributing to the severity of 
COVID-19. The obtained outcomes strongly anticipate that there exists a strong correlation between environ-
mental factors, especially PM and COVID-19 spread and severity. All the studied environmental factors play a 
specific role in amplifying COVID-19 severity either by turning humans susceptible to the infection or acting 
as secondary carriers promoting its spread. Moreover, secondary contaminants (RH and NH3) play a significant 
role in affecting the immunity, promoting receptor cell binding, and creating a secondary transmission route 
by promoting the formation of aerosols. However, there is notable variation in regional concentration of these 
environmental factors, which suggests designing the area-specific COVID-19 monitoring and control strategies. 
It includes  mapping pollution and COVID-19 hotspots, analyzing correlation amongst the two variables, imply-
ing strategic lockdown in hotspots, adopting area-specific measures to control the concentration of supportive 
environmental factors towards COVID-19 pandemic, and strategic area-specific vaccination. Hence, a collective 
approach from policy-makers, health workers, data scientists, and environmentalists is required to design and 
implement region-specific policies to control future COVID-19 waves and public health emergencies due to 
virus outbreaks and similar infectious diseases.

Materials and methods
Study area.  In the current study, ’Delhi’, the capital city of India, also one of the highly populated and pol-
luted metropolitan capitals, has been selected for analysis. Delhi is located at 28.61° N 77.23° E and holds the 
second position in the world’s leading megacities87. It is India’s most significant urban city with more than 15 
million population and a population density of around 11,297 people per km288. The burning of biomass (field 
straws) and vehicular emissions are the primary sources of PM in ambient air in Delhi41. However, the agricul-
tural sector majorly contributes to airborne ammonia79,80. The total number of registered vehicles was the high-
est (10.26 million in 2017) compared to other Indian metropolitan cities89.

Data collection and processing.  The data relating to the concentration of various air contaminants par-
ticulate matter PM2.5, PM10, ammonia (NH3), and relative humidity (RH) has been collected from 17 ground 
monitoring stations across various sub-districts in Delhi (https://​app.​cpcbc​cr.​com/​ccr/#/​caaqm-​dashb​oard-​all/​
caaqm-​landi​ng). It examines the environmental impact of the COVID-19 cases, deaths, and the government’s 
prevention measures before and after the second wave in 2021. The data was collected for a period ranging from 
1st January 2021 to 14th July 2021 from the Central Pollution Control Board (CPCB), under the Ministry of 
Environment, Forests and Climate Change, Government of India (https://​cpcb.​nic.​in/). The daily covid cases 
and deaths of the aforementioned period were procured from the WHO (https://​covid​19.​who.​int/). The daily 
COVID deaths, cases, and pollutants, particulate matter PM2.5, PM10, NH3, and RH, were analyzed from 1st 
January 2021 to 14th July 2021.

Missing data processing.  The prevalent issue in air quality analysis is the incapability of various statistical 
analysis strategies to cater to missing observations90,91. The sources for missing in-situ air pollutant data observa-
tions include power outages, filter changes, malfunctions and errors, pollutant concentrations lower than detec-
tion limits, and computer system crashes91. The problem of missing data is pervasive and can affect the analysis 
significantly if not appropriately treated. Previous reports on air quality data analysis have identified three dif-
ferent classes of missing observation scenarios, including missing at random (MAR), missing completely at 
random (MCAR), and not missing at random (NMAR)91,92. The data set used in the present studies was the MAR 
criterion for 7% of missing data.

The most commonly used method for handling missing data is the "last observation carried forward” (LOCF) 
method. In the LOCF method, the missing value in the data is replaced with the previous observation of the same 

https://app.cpcbccr.com/ccr/#/caaqm-dashboard-all/caaqm-landing
https://app.cpcbccr.com/ccr/#/caaqm-dashboard-all/caaqm-landing
https://cpcb.nic.in/
https://covid19.who.int/
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variable93. The method assumes that the variable’s value remains unchanged for the missing data, and missing 
data is replaced with the last observed value.

The analysis has been performed in two parts. The first part is the statistical and comparative analysis of the 
air quality data of each 17 locations within Delhi from January to July 2021. This part discusses the air quality 
index (AQI) across different sub-districts of Delhi and its temporal variation.

The second part is focused on the effect of the COVID-19 spread, mortalities, restrictions, and lockdowns 
on the AQI of Delhi. The AQI of Delhi is taken as the average of the AQI over the 17 locations. The period from 
January to July 2021 is divided into three stages; the first stage, from 1st January 2021 to 18th April 2021, is 
the pre-lockdown period. Due to the high number of COVID-19 cases and mortalities, the Delhi government 
imposed a complete lockdown from 19th April 2021 till 31st May 2021, which comprises the second lockdown 
stage. The third stage is the unlock period from 1st June 2021 till 14th July 2021. The unlock was done in 5 stages 
in a piece-wise manner till the complete services were restored. The entire unlock period has been considered as 
a single stage in the current study. The above regression methodology has been employed to fill in the missing 
data observations for AQI datasets and COVID-19 data sets utilized in the current study.

Methodology for data modeling: Spearmen and Pearson correlation coefficient.  Spearman’s 
rank correlation coefficient analysis, a non-parametric measure of the rank correlation between two variables 
by assessing the monotonic relationship between the variables, has been used in the present analysis86. However, 
previous reports on similar correlation analysis have used the Pearson correlation coefficient test. The main dif-
ference between Spearman’s rank correlation and the most commonly used Pearson correlation coefficient is that 
the Pearson correlation coefficient can evaluate only the linear relationship between the variables85. In contrast, 
Spearman’s rank correlation benchmarks a monotonic relationship. If the Spearman correlation coefficient is 
greater than the Pearson correlation coefficient, the correlation between the variables is monotonic but not lin-
ear. Since the collected data for COVID-19 and AQI for Delhi in the present analysis is not normally distributed, 
Spearman’s rank correlation coefficient is anticipated to give relevant results with high significance.

The Spearman correlation coefficient is defined as the correlation between the rank variables86. Consider 
two variables (Xi, Yi) which are first converted to rank variables (R(Xi), R(Yi)), the Spearman rank coefficient 
(ρs) is defined as

where Cov(R(X), R(Y)) is the covariance of the rank variables. σR(X) and σR(Y) are the standard deviations of the 
rank variables.

If in the sample of size ‘n’, all n ranks are distinct, then the Spearman rank coefficient (ρs) is given by

where di = R(Xi) – R(Yi) is the difference between the rank of each observation between two variables. The cor-
relation coefficients lie in the typical range − 1 (positive correlation) to + 1 (anti-correlation).

Significance test.  The probability value (p-value) has been calculated to analyze the significance of statis-
tical correlation amongst the mentioned variables94,95. The p-value measures the extent of random correlation 
between the given variables and ranges between 0 to 1. For instance, the p-value of 1 implies a 100% probability 
of random correlation amongst the given variables. It is stated as a ’null hypothesis’ illustrating no existing sig-
nificant correlation between the given data sets other than randomness. A p-value close to zero signifies that 
the null hypothesis is false and a significant pure correlation amongst the given variables. Hence, as the p-value 
approaches zero, the significance of obtained correlation amongst the variables is purer and not random.

Data availability
The respective data used in the present analysis are available on CPCB, DPCC, and WHO websites.

Received: 15 January 2022; Accepted: 15 July 2022

References
	 1.	 WHO. Coronavirus (COVID-19) events as they happen. https://​www.​who.​int/​emerg​encies/​disea​ses/​novel-​coron​avirus-​2019/​

events-​as-​they-​happen. https://​www.​who.​int/​emerg​encies/​disea​ses/​novel-​cor (2020).
	 2.	 Yamamoto, V. et al. COVID-19: Review of a 21st century pandemic from etiology to neuro-psychiatric implications. J. Alzheimer’s 

Dis. 77, 459–504 (2020).
	 3.	 Chaudhary, V., Royal, A., Chavali, M. & Yadav, S. K. Advancements in research and development to combat COVID-19 using 

nanotechnology. Nanotechnol. Environ. Eng. 6, 8 (2021).
	 4.	 Sornambikai, S. et al. Review—Systematic review on electrochemical biosensing of breast cancer miRNAs to develop alternative 

DCIS diagnostic tool. ECS Sensors Plus 1, 021602 (2022).
	 5.	 Chaudhary, V., Mostafavi, E. & Kaushik, A. De-coding Ag as an efficient antimicrobial nano-system for controlling cellular/

biological functions. Matter 5(7), 1995–1998 (2022).
	 6.	 An emerging weapon in fighting pandemics. Pullangott, G., Kannan, U., S., G., Kiran, D. V. & Maliyekkal, S. M. A comprehensive 

review on antimicrobial face masks. RSC Adv. 11, 6544–6576 (2021).
	 7.	 Moonla, C. et al. Review—lab-in-a-mouth and advanced point-of-care sensing systems: detecting bioinformation from the oral 

cavity and saliva. ECS Sensors Plus 1, 021603 (2022).

ρs =
cov(R(X),R(Y))

[σR(x)σR(Y)]

ρs = 1−
6
∑

d
2
i

n(n2 − 1)

https://www.who.int/emergencies/diseases/novel-coronavirus-2019/events-as-they-happen
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/events-as-they-happen
https://www.who.int/emergencies/diseases/novel-cor


14

Vol:.(1234567890)

Scientific Reports |        (2022) 12:12949  | https://doi.org/10.1038/s41598-022-16781-4

www.nature.com/scientificreports/

	 8.	 Pathania, D. et al. Essential oil-mediated biocompatible magnesium nanoparticles with enhanced antibacterial, antifungal, and 
photocatalytic efficacies. Sci. Rep. 12, 11431 (2022).

	 9.	 Chaudhary, V. et al. Emergence of MXene–polymer hybrid nanocomposites as high-performance next-generation chemiresistors 
for efficient air quality Monitoring. Adv. Funct. Mater. 2112913 (2022).

	10.	 Sadique, M. A. et al. High-performance antiviral nano-systems as a shield to inhibit viral infections: SARS-CoV-2 as a model case 
study. J. Mater. Chem. B 9, 4620–4642 (2021).

	11.	 Da Silva Santos, F. et al. Review—recent advances of electrochemical techniques in food, energy, environment, and forensic 
applications. ECS Sensors Plus 1, 013603 (2022).

	12.	 Hyodo, T., Sakata, W., Ueda, T. & Shimizu, Y. Effects of surface modification of platinum electrodes with gold on hydrogen-sensing 
properties of diode-type sensors. ECS Sensors Plus 1, 013602 (2022).

	13.	 Chaudhary, V., Kaushik, A., Furukawa, H. & Khosla, A. Review—towards 5th generation AI and IoT driven sustainable intelligent 
sensors based on 2d mxenes and borophene. ECS Sensors Plus 1, 013601 (2022).

	14.	 Liang, L.-L., Tseng, C.-H., Ho, H. J. & Wu, C.-Y. Covid-19 mortality is negatively associated with test number and government 
effectiveness. Sci. Rep. 10, 12567 (2020).

	15.	 Rahman, M. et al. A global analysis on the effect of temperature, socio-economic and environmental factors on the spread and 
mortality rate of the COVID-19 pandemic. Environ. Dev. Sustain. 23, 9352–9366 (2021).

	16.	 Liu, X. et al. The role of seasonality in the spread of COVID-19 pandemic. Environ. Res. 195, 110874 (2021).
	17.	 Thakur, B. et al. A systematic review and meta-analysis of geographic differences in comorbidities and associated severity and 

mortality among individuals with COVID-19. Sci. Rep. 11, 8562 (2021).
	18.	 Desai, D. Urban densities and the Covid-19 pandemic: Upending the sustainability myth of global megacities. Observer Research 

Foundation vol. 244 (2020).
	19.	 World Health Organization. Archived: WHO Timeline—COVID-19. Wold Health Organization 2020 https://​www.​who.​int/​news-​

room/​detail/​27-​04-​2020-​who-​timel​ine---​covid-​19?​gclid=​EAIaI​QobCh​MI4Ma​ewOeo​6gIVy​yMrCh​2JRgU​IEAAY​ASAAE​gLo3_D_​
BwE (2020).

	20.	 Abu-Hammad, O. et al. Factors influencing global variations in COVID-19 cases and fatalities; A review. Healthcare 8, 216 (2020).
	21.	 Middya, A. I. & Roy, S. Geographically varying relationships of COVID-19 mortality with different factors in India. Sci. Rep. 11, 

7890 (2021).
	22.	 Kontis, V. et al. Magnitude, demographics and dynamics of the effect of the first wave of the COVID-19 pandemic on all-cause 

mortality in 21 industrialized countries. Nat. Med. 26, 1919–1928 (2020).
	23.	 Sorci, G., Faivre, B. & Morand, S. Explaining among-country variation in COVID-19 case fatality rate. Sci. Rep. 10, 18909 (2020).
	24.	 Lolli, S., Chen, Y.-C., Wang, S.-H. & Vivone, G. Impact of meteorological conditions and air pollution on COVID-19 pandemic 

transmission in Italy. Sci. Rep. 10, 16213 (2020).
	25.	 Karan, A., Ali, K., Teelucksingh, S. & Sakhamuri, S. The impact of air pollution on the incidence and mortality of COVID-19. Glob. 

Heal. Res. Policy 5, 39 (2020).
	26.	 Brandt, E. B., Beck, A. F. & Mersha, T. B. Air pollution, racial disparities, and COVID-19 mortality. J. Allergy Clin. Immunol. 146, 

61–63 (2020).
	27.	 Ali, N. & Islam, F. The effects of air pollution on COVID-19 infection and mortality—A review on recent evidence. Front. Public 

Heal. 8, (2020).
	28.	 Becchetti, L. et al. Air quality and COVID-19 adverse outcomes: Divergent views and experimental findings. Environ. Res. 193, 

110556 (2021).
	29.	 Manisalidis, I., Stavropoulou, E., Stavropoulos, A. & Bezirtzoglou, E. Environmental and health impacts of air pollution: A review. 

Front. Public Heal. 8, 14 (2020).
	30.	 Schraufnagel, D. E. et al. Air pollution and noncommunicable diseases. Chest 155, 417–426 (2019).
	31.	 Aranda, S. Ten threats to global health in 2019. World Health Organisation (WHO) 1–18 (2019).
	32.	 Suzuki, T., Hidaka, T., Kumagai, Y. & Yamamoto, M. Environmental pollutants and the immune response. Nat. Immunol. 21, 

1486–1495 (2020).
	33.	 Stability and viability of SARS-CoV-2. N. Engl. J. Med. 382, 1962–1966 (2020).
	34.	 van Doremalen, N. et al. Aerosol and surface stability of SARS-CoV-2 as compared with SARS-CoV-1. N. Engl. J. Med. 382, 

1564–1567 (2020).
	35.	 Crane-Godreau, M. A., Clem, K. J., Payne, P. & Fiering, S. Vitamin D deficiency and air pollution exacerbate COVID-19 through 

suppression of antiviral peptide LL37. Front. Public Heal. 8, (2020).
	36.	 Nor, N. S. M. et al. Particulate matter (PM2.5) as a potential SARS-CoV-2 carrier. Sci. Rep. 11, 2508 (2021).
	37.	 Bo, M., Salizzoni, P., Clerico, M. & Buccolieri, R. Assessment of indoor-outdoor particulate matter air pollution: A review. Atmos-

phere (Basel). 8, 136 (2017).
	38.	 Das, R. et al. Trace element composition of PM2.5 and PM10 from Kolkata—a heavily polluted Indian metropolis. Atmos. Pollut. 

Res. 6, 742–750 (2015).
	39.	 Griffin, R. J. The sources and impacts of tropospheric particulate matter. Nat. Educ. Knowl. 4, 1 (2013).
	40.	 Vione, D. et al. Photochemical reactions in the tropospheric aqueous phase and on particulate matter. Chem. Soc. Rev. 35, 441–453 

(2006).
	41.	 Saraswati, Sharma, S. K., Saxena, M. & Mandal, T. K. Characteristics of gaseous and particulate ammonia and their role in the 

formation of secondary inorganic particulate matter at Delhi, India. Atmos. Res. 218, 34–49 (2019).
	42.	 Setti, L. et al. SARS-Cov-2RNA found on particulate matter of Bergamo in Northern Italy: First evidence. Environ. Res. 188, 109754 

(2020).
	43.	 United States Environmental Protetion Agency (USEPA). Integrated Science Assessment for Particulate Matter. U.S. Environmental 

Protection Agency (2009).
	44.	 Wu, X., Nethery, R. C., Sabath, M. B., Braun, D. & Dominici, F. Air pollution and COVID-19 mortality in the United States: 

Strengths and limitations of an ecological regression analysis. Sci. Adv. 6, 1 (2020).
	45.	 Brook, R. D. et al. Particulate matter air pollution and cardiovascular disease. Circulation 121, 2331–2378 (2010).
	46.	 Yang, L., Li, C. & Tang, X. The Impact of PM2.5 on the Host Defense of Respiratory System. Front. Cell Dev. Biol. 8, (2020).
	47.	 Zhao, J. et al. The biological effects of individual-level PM 2.5 exposure on systemic immunity and inflammatory response in traffic 

policemen. Occup. Environ. Med. 70, 426–431 (2013).
	48.	 Borro, M. et al. Evidence-based considerations exploring relations between SARS-CoV-2 pandemic and air pollution: Involvement 

of PM2.5-mediated up-regulation of the viral receptor ACE-2. Int. J. Environ. Res. Public Health 17, 5573 (2020).
	49.	 Tchicaya, A., Lorentz, N., Omrani, H., de Lanchy, G. & Leduc, K. Impact of long-term exposure to PM2.5 and temperature on 

coronavirus disease mortality: observed trends in France. Environ. Heal. 20, 101 (2021).
	50.	 Comunian, S., Dongo, D., Milani, C. & Palestini, P. Air pollution and COVID-19: The role of particulate matter in the spread and 

increase of COVID-19’s morbidity and mortality. Int. J. Environ. Res. Public Health 17, 4487 (2020).
	51.	 Sharma, S. K. & Mandal, T. K. Chemical composition of fine mode particulate matter (PM 2.5) in an urban area of Delhi, India 

and its source apportionment. Urban Clim. 21, 106–122 (2017).
	52.	 Dominici, F. et al. Chemical composition of fine particulate matter and life expectancy. Epidemiology 26, 556–564 (2015).
	53.	 Mo, Z. et al. Cause analysis of PM2.5 pollution during the COVID-19 lockdown in Nanning, China. Sci. Rep. 11, 11119 (2021).

https://www.who.int/news-room/detail/27-04-2020-who-timeline---covid-19?gclid=EAIaIQobChMI4MaewOeo6gIVyyMrCh2JRgUIEAAYASAAEgLo3_D_BwE
https://www.who.int/news-room/detail/27-04-2020-who-timeline---covid-19?gclid=EAIaIQobChMI4MaewOeo6gIVyyMrCh2JRgUIEAAYASAAEgLo3_D_BwE
https://www.who.int/news-room/detail/27-04-2020-who-timeline---covid-19?gclid=EAIaIQobChMI4MaewOeo6gIVyyMrCh2JRgUIEAAYASAAEgLo3_D_BwE


15

Vol.:(0123456789)

Scientific Reports |        (2022) 12:12949  | https://doi.org/10.1038/s41598-022-16781-4

www.nature.com/scientificreports/

	54.	 Manigrasso, M., Protano, C., Guerriero, E., Vitali, M. & Avino, P. May SARS-CoV-2 diffusion be favored by alkaline aerosols and 
ammonia emissions? Atmosphere (Basel). 11, 995 (2020).

	55.	 Mecenas, P., Bastos, R. T. da R. M., Vallinoto, A. C. R. & Normando, D. Effects of temperature and humidity on the spread of 
COVID-19: A systematic review. PLoS One 15, e0238339 (2020).

	56.	 Božič, A. & Kanduč, M. Relative humidity in droplet and airborne transmission of disease. J. Biol. Phys. 47, 1–29 (2021).
	57.	 Qin, C. et al. Dysregulation of immune response in patients with coronavirus 2019 (COVID-19) in Wuhan China. Clin. Infect. 

Dis. 71, 762–768 (2020).
	58.	 Greenpeace y IQAir. World’s Most Polluted Cities in 2020 - PM2.5 Ranking | AirVisual. IQAir https://​www.​iqair.​com/​world-​most-​

pollu​ted-​cities?​conti​nent=​&​count​ry=​&​state=​&​page=​1&​perPa​ge=​50&​cities=​9vYz9​movJK​paMio​gG%​0Ahtt​ps://​www.​iqair.​com/​
world-​most-​pollu​ted-​cities?​conti​nent=​59af9​28f3e​70001​c1bd7​8e4f&​count​ry=​&​state=​&​page=​2&​perPa​ge=​50&​cities= (2020).

	59.	 Dhaka, S. K. et al. PM2.5 diminution and haze events over Delhi during the COVID-19 lockdown period: an interplay between 
the baseline pollution and meteorology. Sci. Rep. 10, 13442 (2020).

	60.	 Mahato, S., Pal, S. & Ghosh, K. G. Effect of lockdown amid COVID-19 pandemic on air quality of the megacity Delhi India. Sci. 
Total Environ. 730, 139086 (2020).

	61.	 Rackimuthu, S., Hasan, M. M., Bardhan, M. & Essar, M. Y. COVID-19 vaccination strategies and policies in India: The need for 
further re-evaluation is a pressing priority. Int. J. Health Plann. Manage. 37, 1847–1850 (2022).

	62.	 Riaz, M. M. A. et al. Global impact of vaccine nationalism during COVID-19 pandemic. Trop. Med. Health 49, 101 (2021).
	63.	 Dutta, A. & Jinsart, W. Air quality, atmospheric variables and spread of COVID-19 in Delhi (India): An analysis. Aerosol Air Qual. 

Res. 21, 200417 (2021).
	64.	 Tello-Leal, E. & Macías-Hernández, B. A. Association of environmental and meteorological factors on the spread of COVID-19 

in Victoria, Mexico, and air quality during the lockdown. Environ. Res. 196, 110442 (2021).
	65.	 Kumar, S. Effect of meteorological parameters on spread of COVID-19 in India and air quality during lockdown. Sci. Total Environ. 

745, 141021 (2020).
	66.	 Bontempi, E. The europe second wave of COVID-19 infection and the Italy “strange” situation. Environ. Res. 193, 110476 (2021).
	67.	 Bontempi, E., Vergalli, S. & Squazzoni, F. Understanding COVID-19 diffusion requires an interdisciplinary, multi-dimensional 

approach. Environ. Res. 188, 109814 (2020).
	68.	 Anand, U. et al. Novel coronavirus disease 2019 (COVID-19) pandemic: From transmission to control with an interdisciplinary 

vision. Environ. Res. 197, 111126 (2021).
	69.	 Villeneuve, P. J. & Goldberg, M. S. Methodological considerations for epidemiological studies of air pollution and the SARS and 

COVID-19 coronavirus outbreaks. Environ. Health Perspect. 128, 095001 (2020).
	70.	 Milicevic, O. et al. PM2.5 as a major predictor of COVID-19 basic reproduction number in the USA. Environ. Res. 201, 111526 

(2021).
	71.	 Rames, A. COVID-19: reviewing risk factors and breaking transmission. Tost. Unise. Org 8, 45–84 (2021).
	72.	 Salom, I. et al. Effects of demographic and weather parameters on COVID-19 basic reproduction number. Front. Ecol. Evol. 8, 1 

(2021).
	73.	 Gupta, A. & Gharehgozli, A. Developing a machine learning framework to determine the spread of COVID-19. SSRN Electron. J. 

https://​doi.​org/​10.​2139/​ssrn.​36352​11 (2020).
	74.	 Taneja, K., Ahmad, S., Ahmad, K. & Attri, S. D. Spatio-temporal analysis of urban air quality: A comprehensive approach toward 

building a smart city. Lecture Notes Civ. Eng. 58, 317–328 (2020).
	75.	 Goyal, P., Gulia, S. & Goyal, S. K. Identification of air pollution hotspots in urban areas—An innovative approach using monitored 

concentrations data. Sci. Total Environ. 798, 149143 (2021).
	76.	 Tobler, A. et al. Chemical characterization of PM2.5 and source apportionment of organic aerosol in New Delhi, India. Sci. Total 

Environ. 745, 140924 (2020).
	77.	 Hama, S. et al. Chemical source profiles of fine particles for five different sources in Delhi. Chemosphere 274, 129913 (2021).
	78.	 Nigam, R., Pandya, K., Luis, A. J., Sengupta, R. & Kotha, M. Positive effects of COVID-19 lockdown on air quality of industrial 

cities (Ankleshwar and Vapi) of Western India. Sci. Rep. 11, 4285 (2021).
	79.	 Sharma, S. K. et al. Measurement of ambient ammonia over the National Capital Region of Delhi India. Mapan 29, 165–173 (2014).
	80.	 Chaudhary, V., Gautam, A., Mishra, Y. K. & Kaushik, A. Emerging MXene–polymer hybrid nanocomposites for high-performance 

ammonia sensing and monitoring. Nanomaterials 11, 2496 (2021).
	81.	 Wang, Y. et al. The ion chemistry and the source of PM2.5 aerosol in Beijing. Atmos. Environ. 39, 3771–3784 (2005).
	82.	 Beig, G. et al. Objective evaluation of stubble emission of North India and quantifying its impact on air quality of Delhi. Sci. Total 

Environ. 709, 136126 (2020).
	83.	 Jayamurugan, R., Kumaravel, B., Palanivelraja, S. & Chockalingam, M. P. Influence of temperature, relative humidity and seasonal 

variability on ambient air quality in a coastal urban area. Int. J. Atmos. Sci. 2013, 1–7 (2013).
	84.	 Benesty, J., Chen, J., Huang, Y. & Cohen, I. Pearson correlation coefficient. Springer Top. Signal Process. 2, 1–4 (2009).
	85.	 Hauke, J. & Kossowski, T. Comparison of values of Pearson’s and Spearman’s correlation coefficients on the same sets of data. 

QUAGEO 30, 87–93 (2011).
	86.	 Sedgwick, P. Spearman’s rank correlation coefficient. BMJ 349, g7327 (2014).
	87.	 UNDESA Population Division. The World’s Cities in 2018. World’s Cities 2018—Data Bookl. (ST/ESA/ SER.A/417) 34 (2018).
	88.	 Census. Census of India 2011: provisional population totals-India data sheet. Off. Regist. Gen. Census Comm. India. Indian Census 

Bur. (2011).
	89.	 Kumar, P. et al. Temporary reduction in fine particulate matter due to ‘anthropogenic emissions switch-off ’ during COVID-19 

lockdown in Indian cities. Sustain. Cities Soc. 62, 102382 (2020).
	90.	 Hadeed, S. J., O’Rourke, M. K., Burgess, J. L., Harris, R. B. & Canales, R. A. Imputation methods for addressing missing data in 

short-term monitoring of air pollutants. Sci. Total Environ. 730, 139140 (2020).
	91.	 Khan, A. et al. Variable impact of COVID-19 lockdown on air quality across 91 Indian Cities. Earth Interact. 25, 57–75 (2021).
	92.	 Little, R. J. A. & Rubin, D. B. Bayes and multiple imputation. in 200–220 (2014). https://​doi.​org/​10.​1002/​97811​19013​563.​ch10.
	93.	 Hamer, R. M. & Simpson, P. M. Last observation carried forward versus mixed models in the analysis of psychiatric clinical trials. 

Am. J. Psychiatry 166, 639–641 (2009).
	94.	 Dahiru, T. P-Value, a true test of statistical significance? A cautionary note. Ann. Ibadan Postgrad. Med. 6, 1 (2011).
	95.	 Shih, W. J. & Aisner, J. Statistical Significance and p-Values. in Statistical Design, Monitoring, and Analysis of Clinical Trials 319–332 

(Chapman and Hall/CRC, 2021). https://​doi.​org/​10.​1201/​97810​03176​527-​14.

Acknowledgements
The author wishes to thank the Vice-chancellor, University of Delhi, India, Central Pollution control board 
(CPCB), Government of India, Delhi Pollution Control Board (DPCC), Government of Delhi, Department 
of Science & Technology (DST), Government of India, and World Health Organization (WHO) for provid-
ing e-resources. PB thanks Mahidol University for providing research project grant MRC-MGR 04/2565. This 
work was supported in part by JSPS KAKENHI Grant Number JP17H01224, JP18H0547, JP19H01122, JST 

https://www.iqair.com/world-most-polluted-cities?continent=&country=&state=&page=1&perPage=50&cities=9vYz9movJKpaMiogG%0Ahttps://www.iqair.com/world-most-polluted-cities?continent=59af928f3e70001c1bd78e4f&country=&state=&page=2&perPage=50&cities
https://www.iqair.com/world-most-polluted-cities?continent=&country=&state=&page=1&perPage=50&cities=9vYz9movJKpaMiogG%0Ahttps://www.iqair.com/world-most-polluted-cities?continent=59af928f3e70001c1bd78e4f&country=&state=&page=2&perPage=50&cities
https://www.iqair.com/world-most-polluted-cities?continent=&country=&state=&page=1&perPage=50&cities=9vYz9movJKpaMiogG%0Ahttps://www.iqair.com/world-most-polluted-cities?continent=59af928f3e70001c1bd78e4f&country=&state=&page=2&perPage=50&cities
https://doi.org/10.2139/ssrn.3635211
https://doi.org/10.1002/9781119013563.ch10
https://doi.org/10.1201/9781003176527-14


16

Vol:.(1234567890)

Scientific Reports |        (2022) 12:12949  | https://doi.org/10.1038/s41598-022-16781-4

www.nature.com/scientificreports/

COI Grant Number JPMJCE1314, JST-OPERA Program Grant Number JPMJOP1844, JST -OPERA Program 
Grant Number JPMJOP1614, and the Cabinet Office (CAO), Cross-ministerial Strategic Innovation Promotion 
Program (SIP), “An intelligent knowledge processing infrastructure, integrating physical and virtual domains” 
(funding agency: NEDO) and the Program on Open Innovation Platform with Enterprises, Research Institutes 
and Academia (OPERA) from JST.

Author contributions
V.C., P.B. and A.K. set up interface of authors and performed correlation analysis. V.C., A.K., A.K., M.K. and 
H.F. interpreted results and structured MS.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to V.C., P.B. or A.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Assessing temporal correlation in environmental risk factors to design efficient area-specific COVID-19 regulations: Delhi based case study
	Results
	Analysis to map hotspots of environmental risk factors. 
	Statistical analysis during the second COVID-19 impact wave. 
	Analysis of pairwise relation amongst the different variables. 
	Analysis of normalized variables with time. 
	Correlation analysis. 

	Discussions and conclusions
	Materials and methods
	Study area. 
	Data collection and processing. 
	Missing data processing. 
	Methodology for data modeling: Spearmen and Pearson correlation coefficient. 
	Significance test. 

	References
	Acknowledgements


