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a b s t r a c t

Several major cities that witnessed heavy air pollution by particulate matter (PM2.5) concentration and
nitrogen dioxide (NO2) have contributed to high rate of infection and severity of the coronavirus disease
(COVID-19) pandemic. Owing to the negative impact of COVID-19 on health and economy, it is imperative
to predict the pandemic trend of the COVID-19 outbreak. Pakistan is one of the mostly affected countries
by recent COVID-19 pandemic in terms of COVID-cases and economic crises. Like other several Asian
countries to combat the virus impacts, Pakistan implemented non-pharmacological interventions (NPI),
such as national lockdowns. The current study investigates the effect of major interventions across three
out of four provinces of Pakistan for the period from the start of the COVID-19 in March 22, 2020 until
June 30, 2020, when lockdowns were started to be eased. High-resolution data on NO2 was recorded
from Sentinel-5’s Precursor spacecraft with TROPOspheric Monitoring Instrument (Sentinel-5P TRO-
POMI). Similarly, PM2.5 data were collected from sampling sties to investigate possible correlation among
these pollutants and COVID-19. In addition, growth and susceptible-infected-recovered (SIR) models
utilizing time-series data of COVID-19 from February 26 to December 31, 2020, with- and without NPI
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Sentinel-5
Community interventions
Geoinformation
Pakistan
that encompass the predicted number of infected cases, peak time, impact on the healthcare system and
mortality in Pakistan. Maximum mean PM2.5 concentration of 108 mgm�3 was recorded for Lahore with
the range from 51 to 215 mgm�3, during strict lockdown (L), condition. This is three times higher than
Pak-EPA and US-EPA and four times for WHO guidelines, followed by Peshawar (97.2 and 58 ± 130),
Islamabad (83 and 158 ± 58), and Karachi (78 and 50 ± 140). The majority of sampling sites in Lahore
showed NO2 levels higher than 8.75E-5 (mol/m2) in 2020 compared to 2019 during “L” period. The
susceptible-infected-recovered (SIR) model depicted a strong correlation (r) between the predicted and
reported cases for Punjab (r ¼ 0.79), Sindh (r ¼ 0.91), Khyber Pakhtunkhwa (KPK) (r ¼ 94) and Islamabad
(r ¼ 0.85). Findings showed that major NPI and lockdowns especially have had a large effect on mini-
mizing transmission. Continued community intervention should be undertaken to keep transmission of
SARS-CoV-2 under control in cities where higher incidence of COVID-19 cases until the vaccine is
available. This study provides a methodological framework that if adopted can assist epidemiologist and
policy makers to be well-prepared in advance in cities where PM2.5 concentration and NO2 levels are
already high in order to minimize the potential risk of further spread of COVID-19 cases.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Coronavirus Disease 2019 (COVID-19) outbreak emerged in
Wuhan, China, (Huang et al., 2020; Zeng et al., 2020), and spread
globally within a short period of time and was declared as a
pandemic by the World Health Organization (WHO) on March 11,
2020. On February 11, 2020, WHO named the novel disease as
Corona Virus Disease 2019 (COVID-19) and it is the fifth pandemic
occurring in the recent times globally since the Spanish Flu
pandemic back in 1918. COVID-19 spread from China to other
countries by human-human transmission and mainly attacks in the
lungs of human (L. Liu et al., 2020; Waris et al., 2020). During the
past two decades, Coronavirus family has created different spells of
pandemic conditions, such as Severe Acute Respiratory Syndrome
(SARS) in 2003 and Middle East Respiratory Syndrome Corona Vi-
rus (MERSCoV) in 2012 (Cui et al., 2003; Ramdan, 2019; SanJuan-
Reyes and Islas-Flores, 2021\; Zhong et al., 2003).

A great deal of literature reveal that atmospheric fine particulate
matter composition especially, with diameters of 2.5 mm (PM2.5) is
associated with several antagonistic health effects through inha-
lation pathway as can easily penetrate in the human lungs and
interact with lung cells to cause serious respiratory diseases (L. Liu
et al., 2020; Perrone et al., 2013). PM2.5 is composed of an inert
carbonaceous core coated with organic chemicals, metals, sulfate,
nitrate, with possible adsorbed additional organic pollutants
mainly viruses, bacteria, and toxic heavy metals on its surface,
whichmight increase its toxicity levels (Feng et al., 2016;Mehmood
et al., 2018; K. Mehmood et al., 2020a; 2020b; Khalid Mehmood
et al., 2020). Recently, (WHO (2020) reported that approximately
seven million deaths every year due to PM2.5 pollution. These fine
particles can directly transfer into the respiratory system where
these are deposited in the lungs contributing to the severe diseases
including chronic obstructive pulmonary disease and stroke (Gu
et al., 2017; World Health Organisation, 2018). Numerous medical
conditions such as cardiovascular disorders, lung cancer, and res-
piratory ailments are caused by particulate pollution and it could be
fatal in immunocompromised persons. Hence it is expected that the
population already exposed to high levels of particle pollution
could be at high risk of developing a COVID-19 infection as
compared to those experiencing good air quality. According to
WHO, individuals suffering from chronic respiratory diseases like
asthma and those immune compromised due to cancer, etc., are
more vulnerable to COVID-19 infection (Conticini et al., 2020;
WHO, 2020). A strong correlation between particulate matter
(PM2.5) and respiratory diseases including severe acute respiratory
syndromeecoronavirus 2 has been generally confirmed over the
2

years by several studies (Horne et al., 2018; Kelly and Fussell, 2011;
K. Mehmood et al., 2020b; Mehmood et al., 2018; S�anchez-Triana
et al., 2014; Xu et al., 2016).

For example, in China, Zhu et al. (2020) found a significant as-
sociation between COVID-19 infection and PM2.5 infections over
120 cities. Similarly, Wu and McGoogan (2020) have suggested that
an increase of 1 mgm�3 of PM2.5 corresponds to a 15% increase in
COVID-19 mortality. Certain developments in mechanisms associ-
ated with airway complications due to PM2.5 and PM10 thought to
be an epigenetic variation of genes by incineration of particle pol-
lutants and how multiplicity in genes participated in antioxidant
routes and airway infection can transform responses to air pollu-
tion exposures (Cui et al., 2003; Naeem et al., 2021; Shahbaz et al.,
2019; Xie et al., 2018). Primary areas of concern for COVID-19 are
associated with large scale transmissions, infection, reoccurrence, a
substantial number of deaths, multidimensional effects in suscep-
tible groups, and healthcare ’providers’. Toxicological and epide-
miological studies endure to support a relationship between urban
particle pollution (due to combustion of fossil fuels products or
other anthropogenic sources), and various diseases such as airway
hyper-responsiveness and airway inflammation causing an in-
crease in the incidence or severity of respiratory diseases (Bilen
et al., 2019; Peters et al., 1999; Turan, 2019).

Similar to SARS-CoV and influenza viruses, SARS-CoV-2 was
observable in aerosols for up to 3 h, in liquid and solid phases (van
Doremalen et al., 2020). Recently, it is found that SARS-CoV-2 RNA
can exist on outdoor particulate matter, and noticed that, in envi-
ronments of atmospheric stability and high concentrations of par-
ticulate matter, SARS-CoV-2 could develop clusters with outdoor
particulate matter and thus by reducing their diffusion coefficient
increase the endurance of the virus in the atmosphere (Setti et al.,
2020a). In another study (Setti et al., 2020b), has confirmed the
airborne transfer factor likely to be the interpreting anomalous
COVID-19 pandemic in northern Italy, that is distinguished by high
particulate matter load especially PM2.5 concentrations. Conse-
quently, such results suggest that COVID-19 transmission is
possible influenced by airborne PM2.5.

High nitrogen dioxide (NO2) level is also responsible for respi-
ratory deaths and contributes to generate certain toxic secondary
pollutants include ozone and nitric acid (Aslam et al., 2020; Hoek
et al., 2013; Khoder, 2002). WHO has identified that health haz-
ards may exist due to the occurrence of NO2 or its secondary
products (World Health Organization, 2003). Recently, Ogen (2020)
observed that mortality cases were associated with high levels NO2
in four European countries could be a major contributor to the high
COVID-19 mortality rates observed in these regions. Hence, the
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WHO recognizes the health issue emerging from NO2 and proposes
that the world should be a safeguard from exposure to this
contaminant.

In recent decades, Pakistan has witnessed fast industrial growth,
which has positively improved the living standard of the commu-
nity, and it is also obvious from the escalating vehicular plying on
roads. However, the nation has paid an enormous cost for this
progress in terms of deteriorating air quality. According to the
World Air (2018), two cities (Lahore and Faisalabad) are among the
world’s top 30 most polluted cities, and 1,11000 deaths due to poor
air quality in Pakistan are recorded every year in the country
(Lelieveld et al., 2015). It is worth mentioning that Pakistan ranked
the second most polluted country after Bangladesh in the world
with an annual PM2.5 average of 65.8 mg/m3 (Quality, 2019).

Timely identification of disease episodes is critical for effective
infectious control strategy. Recently, spatial data on COVID-19 are
gathered but usually not employed in general infectious disease
inspection Latest technologically advanced approaches such as
geoinformation allows to robustly and quantitatively estimate and,
predict its further development and offer an opportunity to
examine and illustrate the condition of early detection of disease
outbreaks (Meng, 2017). The thematic perspective of COVID-19 and
PM2.5 pollution demands analysis which utilize an interdisciplinary
approach. Geoinformation is one of the key disciplines that purport
to offer a synthetic strategy to the interplay between biophysical
and human factors s such as community interventions. Epidemi-
ology analysis is applied to explain the distribution of disease in the
population and to identify the causes of these diseases. On the
other hand, stochastic modeling approach is helpful to forecast the
probability and intensity of disease spread. It also offers valuable
evidence for decisive the nature and severity of disease interven-
tion. With the information of modeling studies, the resources can
be preoccupied to mitigate the risk of infection for better future
outcomes.

Based on susceptible-infected-recovered (SIR) model results,
Choi and Pak (2003) predicted the SARS positive cases and fatalities
in Canada and estimated infectious cases developed were around
1.5 to 2 per infection every five days and 30% of infected patients
died within 14 days. Zhao et al. (2020) utilized the exponential
model to estimate the variations in recorded rate and predicted the
intrinsic growth for SARS and MARS diseases. According to the
study findings, the basic reproductive number (Ro) ranged from
2.24 to 3.58. Wu et al. (2020) developed an extended SEIR model to
predict the transmission of COVID-19 both within and outside of
China. However, these findings assumed that the exposed com-
munities were not infectious, which may be not appropriate in the
case of COVID-19. Furthermore, these studies did not take into ac-
count the phase-adjusted preventive steps and time-varying fac-
tors, which may affect the forecast results.

On January 7, 2021, global confirmed positive COVID-19 number
of cases was 85,929,428, with 1,876,1000, deaths recorded from
>218 countries worldwide. In Pakistan, the outbreak of COVID-19
started in Karachi city where the first COVID-19 case was re-
ported on February 26, 2020. On January 7 2021 Pakistan reported
10,558 fatalities and a total 497,510 confirmed COVID-19 cases, of
which Karachi, Lahore, and Peshawar represented 7.12%, 5.37%, and
9.69% respectively. It is worth mentioning that the severity of
COVID-19 spread was higher in big cities than in small towns and
villages. It is possible that long-term chronic exposure to PM2.5
particles in Lahore, Karachi, Peshawar, and Islamabad metropolitan
cities might have played a significant role in the spread of COVID-19
because long term exposure to high levels of PM2.5 is directly
related to the decline in lung function and initiation of respiratory
problems such as shortness of breath, cough, and pain on deep
stimulus (Seposo et al., 2020).
3

Recently, Sipra et al. (2020) assessed the impact of COVID-19 on
the hourly concentrations of PM2.5 using multifractal analysis in
Lahore and Karachi, Pakistan. Similarly, Ali et al. (2020) focused on
using ground-based PM2.5 pollution satellite observations (AOD)
during the lockdown period (23 March to April 15, 2020) as
compared to before lockdown. However, these studies did not take
into account the NO2 which has a significant role in the spread of
COVID-19 and predictions model include SIR model. Looking at
these factors, the present study highlights the added value of
geospatial technologies in the interpretation of community in-
terventions, PM2.5 pollution and epidemiological analysis simulta-
neously to understand the COVID-19 pattern using as a case study
Pakistan. The proposed here approach is also full reproducible in
other locations to globally provided that data required for its
implementation is readily available.

In purview of the above, the present study investigates the air
quality and COVID-19 distribution during pre-lockdown (PL),
lockdown (L), relaxation period (RP) and smart lockdown (SL) in
major cities (Lahore, Karachi, Peshawar, and Islamabad) of Pakistan
using PM2.5 concentration data and NO2 retrieved from Sentinel-5
Precursor spacecraft with TROPOspheric Monitoring Instrument
(Sentinel-5P TROPOMI). A SIR model and growth model over
Punjab, Sindh, Khyber Pakhtunkhwa (KPK), and Islamabad were
employed to cover the effects of different epidemic prevention
measures and the health care system.
2. Material and methods

2.1. Experimental set up

The present study was conducted to investigate the changes in
PM2.5 concentration from a geospatial perspective starting from
January 1, 2020, to June 30, 2020 (various phases of “L” in response
of COVID-19) and determine the association between pollutants
and COVID-19 cases. We have selected PM2.5 and NO2 pollutants
because of their contribution in causing several respiratory health
effects and thus could play a key role in increase of COVID-19 cases.
According to the official COVID-19 stat, the maximum numbers of
COVID-19 positive cases for Karachi, Lahore, and Peshawar (Fig. 1).
The COVID positive cases data are obtained through public health
department announcements and are directly recorded by public
and anonymous patient data. Therefore, an ethical endorsement is
not mandatory.

World air quality report (2019), ranked Pakistan second after
India’s which is the most polluted country in the world in terms of
dangerous airborne PM2.5 particles (IQAir, 2019). The majority of
the cities with high levels of PM2.5 concentrations were located in
the Punjab part of Pakistan. Lahore is the second-largest city of
Pakistan and the capital of Punjab province. The 2017 Census data
indicate that Lahore has urban agglomeration with a population of
11.13 million showing an annual growth rate of 3.72% and a density
of 6300 individuals/km2 (Pakistan Bureau of Statistics, 2017).
Lahore lies between geo-coordinates 31� 320 5900 N and 74�2003700 E
with a geographical area of with 1772 km2. In a recently release
IQAir (2019) World Air Quality report, Lahore ranked “second”
among the world’s most polluted cities with high PM2.5
(89.5 mgm�3) concentration compared to the permissible limit of
35 mgm�3 (for 24 h) (IQAir, 2019).

Karachi is the largest city in Pakistan and the capital of Sindh
province. Karachi has urbanmasswith a population of 14.91million
showing an annual growth rate of 2.24% and a density of 24000
individuals/km2 (Pakistan Bureau of Statistics, 2017). Karachi is
situated (24� 510 3600 N and 67�003600 E) at the southern coast of the
Arabian Sea with a geographical area of 3780 km2. According to



Fig. 1. Locations of PM2.5 concentrations data sites at Lahore, Karachi, Peshawar and Islamabad US consulates offices and COVID-19 cases distributions in Pakistan February 26 to
June 30, 2020 (sources http://covid.gov.pk/stats/pakistan; Pakistan air quality monitoring US-EPA https://aqicn.org/).
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IQAir (2019), Karachi ranked 73rd among the world’s most polluted
cities, with 40.2 mgm�3 PM2.5 concentration.

Peshawar is the sixth-largest city and capital of Khyber Pak-
htunkhwa province. The total population of 1.97 million showing
an annual growth rate of 3.28% and a density of 9200 individuals
km�2. Peshawar covers geo-coordinates 34� 010 N and 71�350 Ewith
a geographical area of 215 km2 close to broader with Afghanistan.
Peshawar ranked 37 among the world’s most polluted cities with
high PM2.5 (63.9 mgm�3).

Islamabad is the ninth biggest city with 3.1 million population
and the capital city of Pakistan (Pakistan Bureau of Statistics, 2017).
Islamabad is located at 33� 320 3500 N and 73�0305000 E with 220 km2

and its enveloping population density of 2089 individuals/km2

with annual growth of 3.11% (Pakistan Bureau of Statistics, 2017).
Regarding PM2.5 pollution, Islamabad was ranked at 14 with
35.2 mgm�3 PM2.5 concentrations and touted as a clean city of the
world (IQAir, 2019), and therefore was included in investigation to
compare polluted cities with a clean city. Such comparison would
provide a real picture of the association between PM2.5 levels and
severity of COVID-19.

2.2. Datasets & tools

TROPOMI onboard Sentinel-5P was launched on October 13,
2017, in collaboration with Netherlands Space Office (NSO) and
European Space Agency (ESA) dedicated to trace gases and climate.
This sensor offers daily high resolution (7� 3.5 km) that is 13 times
efficient than the Ozone monitoring instrument. The Sentinel-5P
processes ultraviolet earthshine radiances at high spectral. In this
study, TROPOMI and NO2 column datasets were used for the lock-
down period and compared with last year from March 22 to May
30, 2019, and March to 22 to 30.

The PM2.5 data were collected from the US consulates office at
4

Lahore, Karachi, Peshawar, and Islamabad (Fig. 1). The PM2.5 con-
centration data are available only for these cities. Therefore, we
were selected three provinces data for COVID-19 cases. The COVID-
19 data for positive cases were retrieved from the Government of
Pakistan Official dashboard control by the National Institute of
Health (NIH) Islamabad (http://www.nih.org.pk/; Pakistan; http://
covid.gov.pk/) (Figure 1). The NO2 data were retrieved from the
European Space Agency (https://apps.sentinel-hub.com/).
2.2.1. SIR and growth models
The standard SIR epidemiological compartmental model is

composed of three modules: susceptible, infected, and removed or
recovered, which including recovery and mortality. The positive
cases indicate the actual confirmed cases; the removed cases state
to the improved and expiry cases. Fig. 2 shows the schematic ar-
chitecture of different compartments of the SIR model. Movement
between the compartments is a function of contact rate (c) and
transmissibility from susceptible to infected and duration of
infectiousness, which determines the movement from infectious to
recovered.

The reproduction number (R0) represents the transmissibility of
a COVID-19 distribution under no control, indicating the mean
number of new infections produced from a single infected person
(Imai et al., 2020). COVID-19 is probably to weakening and ulti-
mately disappear if R0� 1. To estimate trends and peak of COVID-19
under different community interventions implemented by the
government, we used SIR model with a time-varying transmission
and contact rates (Song et al., 2020). Table 1 shows the values of
different parameters with a brief explanation that is being applied
in the SIR model. The model composed of a set of non-linear dif-
ferential equations (1)e(6), as shown below

http://www.nih.org.pk/
http://covid.gov.pk/
http://covid.gov.pk/
https://apps.sentinel-hub.com/
http://covid.gov.pk/stats/pakistan
https://aqicn.org/


Fig. 2. Schematic diagram of susceptibility infected recovered (SIR) model.
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dS
dt

¼ � bSðtÞIðtÞ (1)

where “t” denotes the time (in a day), b(t) is the infection rate that
represents the number of individuals contracting infection per unit
time. The factor g(t) is the rate at which infected persons are either
recovered or expired. The total number of populations is the sum of
the three groups of populations i.e.

dI
dt

¼ bSðtÞIðtÞ � gIðtÞ (2)

dR
dt

¼gIðtÞ (3)

SðtÞþ IðtÞ þ RðtÞ ¼ N (4)

Herein it was adopted the model proposed by Zhong et al.
(2020). It was taken from the total population of each province
(Punjab, Sindh, Khyber Pakhtunkhwa and the capital Islamabad of
Pakistan) as susceptible. However, several community in-
terventions implemented, which include “L”, “RP” and “SL”wearing
Table 1
Descriptions and values of parameters used in the SIR model.

Parameters Symbol Values Description

1 Contact rate b 13.4 The U.S. contact r
but is unlikely to

2 Removal rate g Recoveries per p
3 Basic

Reproduction
number

R0 The Reproduction
Thus it can be ch

4 Contacts per
infection

b/g 2% By comparison, t

5 Duration of
infectiousness

d 10 Contact tracing d
successive cases)
3.96 days with a

6 % Needing
hospitalization

13.8% Severity of illnes
population over

7 % Needing ICU
care

4.7%

8 Mortality rate Punjab (2.31%), Sindh (1.62%), KPK
(3.57%) and Islamabad (0.99%)

As of 06/30/20, th
total deaths in Pu

5

the mask, washing hands, and social distancing, reduced the size of
the susceptible population. However, still, a large population re-
mains vulnerable to COVID19 infection. This study assumed that
the large population subject to caught COVID-19 infections. So, one
can ignore the population of COVID-19 infection cases. It can
streamline the SIR model into an isolated version for execution to
the COVID-19 pandemic as the data are available daily. The most
appropriate method is finite difference taking for Equations (5) and
(6):

bðtÞ¼ IðtþDtÞ � RðtÞ = IðtÞDt (5)

gðtÞ¼RðtþDtÞ � RðtÞ = IðtÞDt (6)

where Dt indicates is the interval for integration and the change in
the infected individuals. In contrast, the second parameter of the
model g(t) is calculated from the difference of recoveries.

Needing hospitlization¼ Infected cases� 13:8% (7)

Needing ICU¼ Infected cases� 4:70% (8)

Mortality¼ Infected cases� XðPunjab; Sindh; KPK; IslamabadÞ%
(9)

An exponential growth model was employed to observe the
instantaneous changes in COVID-19 cases started from February 26
to June 30, 2020) concerning different community interventions in
the studied provinces of Pakistan in Equation (10).

yðtÞ¼ a� expðbxÞ þ y0 (10)

where a ¼ intercept b ¼ rate of growth and yt ¼ value at time “t"
y0 ¼ value at time “t ¼ 000

Similar to previous studies, growth model was used to observe
the trend of COVID-19 cases in different provinces of Pakistan and
SIR model to predict the number of cases and estimate capacity of
health care system in Pakistan (Fang et al., 2020; Roosa et al., 2020).
2.2.2. Air quality assessment
To explain urban air quality of Lahore, Karachi, Peshawar, and

Islamabad metropolitan cities, this study considered air quality
index (AQI) according to US EPA (2012a, 2012b) classification of air
quality standards, which is calculated as follows:
ate (at baseline) might be as low as Germany’s (7.95) or as high as Italy’s (19.77)
bemuch different. In this studywe have utilized with NPI(4) andwithout NPI(13.4)
erson per day
Number is the product of Contact Rate X Transmissibility X Duration of Infection.

anged by changing any of those factors.

he intrinsic transmissibility of 2009 influenza was estimated at 1.57% (SD 0.41).

ata from 10 early cases in China showed the mean serial interval (time between
was 7.5 days with a SD of 3.4 days. A more recent estimate among 468 cases was
4.75 day SD.
s with COVID-19 is positively associated with age and the proportion of the
65 is 11.9% in China vs 15.8% in the U.S.

e average daily mortality rate is adopted according to number COVID-19 cases and
njab (2.31%), Sindh (1.62%), KPK (3.57%) and Islamabad (0.99%).
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AQI¼
�
ðPM2:5obsð24hoursÞ� PMminÞ� ðAQImax� AQIminÞ

PMmax� PMmin

�

þ AQImin

(11)

Where, PM2.5 represents daily mean values of respectively, particle
matter in size 2.5 mm, present in the urban air. Based on the AQI for
air quality is classified in eight classes from very good to very
critical (Table 2).
2.2.3. Correlation analysis
The descriptive metrics was conducted using for all the acquired

data in the analysis. The study applied correlation analysis (r) to see
the relationship between PM2.5 and COVID-19 cases in various cities
of Pakistan.

rxy ¼ covðx; yÞffiffiffiffiffiffiffiffiffiffiffiffiffi
varðxÞp

:
ffiffiffiffiffiffiffiffiffiffiffiffiffi
varðyÞp ð12Þ

Where cov (x, y) is the sample covariance of x and y; var(x) is the
sample variance of x; and var(y) is the sample variance of y.
3. Results and discussion

3.1. Air quality studying during community interventions

To understand the effectiveness of community interventions
(PL, L, RP, and SL) on the air quality of Lahore, Karachi, Islamabad,
and Peshawar, 24 h mean concentrations of PM2.5 were compared
with Pak-EPA, US-EPA and WHO guidelines (Table 3). During “PL”
(started from January 1 to March 21, 2020) maximum mean PM2.5
concentration (176 mgm�3) was recorded for Lahore with the range
from 21 to 375 mgm�3, which is five times higher than Pak-EPA and
US-EPA and seven times than WHO guidelines followed by Pesha-
war (148.9 and 62 ± 425), Karachi (142.5 and 81 ± 213), and
Islamabad (131.7 and 58 ± 236). Fig. 3 shows the AQI for Lahore,
Karachi, Peshawar, and Islamabad starting from February, 26 to
June 30, 2020. The mean AQI value was found 254.19 reflecting
“very unhealthy” air for all types of age groups, and everyone begun
to expose unhealthy air quality before the “L” intervention (Fig. 3).
This higher PM2.5 concentration in Lahore could be associated with
the combustion of vehicles, solid waste burning, smoke from brick
kilns emissions from a big number of industrial units. Strict “L”
intervention was started from March 22 to May 9, 2020, in Lahore
and Islamabad, while in Peshawar and Karachi it was implemented
from April 2 to May 9, 2020, and March 22 to May, 30 respectively
and all educational institutes, businesses, public transport, and
commercial centers remained closed during these periods Similar
to PL, maximum mean PM2.5 concentration of 108 mgm�3 was
Table 2
Air quality index categorization for PM2.5 polluants (mgm�3).

AQI Concentration divisions of PM2.5 pollu

0e50 0.0e12
50e100 12.1e35.4
101e150 35.5e55.4
151e200 55.5e150.4
201e300 150.5e250.4
301e400 250.5e350.4
401e500 350.5e500
>500 >500

US EPA (2012a, 2012b).
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recorded for Lahore with the range from 51 to 215 mgm�3, which is
three times higher than Pak-EPA and US-EPA and four times for
WHO guidelines, followed by Peshawar (97.2 and 58 ± 130),
Islamabad (83 and 158 ± 58), and Karachi (78 and 50 ± 140).
Interestingly the PM2.5 concentrations recorded during strict “L”
intervention were quite lower than for PL intervention. Unlike the
rest of theworld, poor implementation of community interventions
in Pakistan contributed to higher levels of PM2.5 concentration in
these megacities. This study finding corroborate those of Faridi
et al. (2020) indicating upsurge in the concentrations of PM2.5
owing to an increase in the usage of private cars during the lock-
down periods in Tehran.

Karachi’s higher PM2.5 concentrations could be attributed to
rapid growth in population and commercial activities, while in
Peshawar the major source of PM2.5 particles was brick kilns that
were found operating 24 h around the city. Due to the crumbling
economy of Pakistan, the government of Pakistan decided to ease
down the “L” starting from May 9 in Lahore, Peshawar, Islamabad,
with strict SOPs, while due to a higher rate of COVID-19 cases in
Karachi, “L” intervention was stretched to May 30. Unfortunately,
fromMay, 10 to June 17, 2020, designated here as “RP”, the number
of COVID-19 cases started to increase rapidly that forced the gov-
ernment to re-implement “SL” to handle the situation.

Pearson’s correlation (r) for PM2.5 concentration and COVID-19
cases from February, 26 to June 30, 2020, indicated poor relation-
ship. Maximum correlation was recorded for Peshawar (r ¼ 0.36)
and Islamabad (r ¼ 0.34) followed by week relation for Lahore
(r ¼ 0.22) and Karachi (r ¼ �0.35). The weak relationship could be
ascribed mainly to two reasons. Firstly, PM2.5 concentration data
were collected from a singlemonitoring station in each studied city,
and secondly, data for city-level for COVID-19 cases was not
accessible. So, a correlation between city-level PM2.5 concentration
and province-level COVID-19 cases was applied. Additionally, it was
assumed that all the cases were local and the imported COVID-19
cases were negligible. Overall, this trend demands that there is a
certain relationship between PM2.5 and COVID-19 cases in the local
conditions where higher levels of PM2.5 concentration were
observed, especially in Lahore.
3.2. Spatial distribution of NO2

Fig. 4 shows the spatial distribution of tropospheric NO2 over
the Lahore, Karachi, Peshawar, and Islamabad during strict com-
munity intervention in 2020 and compared with 2019 during the
“L” period. It can be seen that there is no significant improvement
in air quality in terms of daily tropospheric NO2 in Lahore and
Karachi compared to 2019. The majority of the sites showed NO2
levels more than 8.75E-5 (mol/m2) in Lahore during 2020 but lower
compared to 2019, especially northwest and south Lahore due to
the closure of oil-based power plants while in Karachi, few sites
ants (mgm�3) *Risk analysis (AQI)

Good
Marginal (moderate)
Unhealthy for sensitive group
Poor (unhealthy)
Very poor (very unhealthy)
Hazardous
Very hazardous
Very critical



Table 3
Descriptive analysis of PM2.5 concentrations (24 h) for Lahore, Karachi, Islamabad and Karachi during community interventions.

Community interventions Lahore Karachi Peshawar Islamabad

Pre-lock down (PL) January 1 to March 22, 2020 January 1 to March 22, 2020 January 1 to April 2, 2020 January 1 to March 22, 2020
Maximum 375.0 213.0 425.0 236.0
Minimum 31.0 81.0 62.0 58.0
Average 176.0 142.5 148.9 131.7
Standard deviation 84.7 31.8 52.6 34.9
Lock down (L) March 22 to May 9, 2020 March 22 to May 30 April 2 to May 9, 2020 March 22 to May 9, 2020
Maximum 215.0 140.0 130.0 119.0
Minimum 51.0 50.0 58.0 58.0
Average 108.9 78.0 97.2 83.0
Standard deviation 33.5 16.2 19.0 12.5
Relaxation period (RL) May 10 to June 16, 2020 June 1 to June 17, 2020 May 10 to June 16, 2020 May 10 to June 17, 2020
Maximum 199.0 98.0 137.0 105.0
Minimum 92.0 59.0 58.0 65.0
Average 133.5 77.7 101.7 82.6
Standard deviation 27.5 11.0 19.1 9.4
Smart lockdown (SL) June 17 to June 30 June 18 to June 30 June 17 to June 30 June 18 to June 30
Maximum 157.0 84.0 163.0 146.0
Minimum 88.0 49.0 106.0 82.0
Average 134.9 65.3 126.9 103.8
Standard deviation 21.0 11.4 47.2 16.3

Fig. 3. Air quality index during March 15 to June 30, 2020 in Lahore, Karachi, Islam-
abad and Peshawar.
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were found higher NO2 value especially Korangi, Landhi industrial
and fertilizer and cement plant at Bin Qasim port. Contrary to
Lahore and Karachi, NO2 levels were lower in Peshawar and
Islamabad except few sites compared to 2019 (Fig. 4). In case of
Islamabad, and Peshawar, effective implementation during SL, led
to substantial reduction in NO2. The current study shows good
agreement with Aslam et al. (2020) who reported significant
decrease in concentration of NO2 in Islamabad. Higher NO2 values
in Lahore could also be attributed to plastic burning and a big
network of steel and iron manufacturing factories and brick kilns
sporadic around the city (Filonchyk and Peterson, 2020; L et al.,
2013; ul-Haq et al., 2014). This situation also implies that the
community did not strictly follow the community interventions,
which leads to higher NO2 values, resulting in the maximum
COVID-19 cases both in the Lahore and Karachi. Those findings are
in line with findings of Ogen (2020) which show that spatial vari-
ation of mortality cases associated with high levels NO2 in four
European countries could be amajor contributor to the high COVID-
19 mortality rates observed in these regions.
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3.3. Epidemic development of COVID-19 in Punjab, Sindh, Khyber
Pakhtunkhwa, and Islamabad

In Pakistan, the new number of COVID-19 cases has been
increasing almost every day since the first case was reported on
February 26, till June 30, 2020. Schools, universities, public trans-
port, and business were closed. Over time, various community
mitigation efforts have been announced and implemented. The NIH
Pakistan data for the cumulative cases and daily counted cases were
plotted to examine the increase in the number of cases for 126 days.
Fig. 5 illustrates an epidemiological trend of COVID-19, reflects an
exponential rise in the number of cases over Punjab, Sindh, Khyber
Pakhtunkhwa, and Islamabad since the outbreak started in Pakistan
on February 26, 2020 in Sindh (Fig. 5). Uncertainty is still existing
that how many will be infected by COVID-19 and when will the
epidemic peak occur.

Under the first experiment without non-pharmacologic in-
terventions (NPI), the SIR model for the distribution of COVID-19 in
Punjab, Sindh, Khyber Pakhtunkhwa, and Islamabad under the as-
sumptions adopted in model parameters, suggested that the
number of infections were peaked on July 15, June 30, June 20 and
June 14, 2020, where 2,94,892,855 (Punjab), 5,55,95,538 (Sindh),
528186 (Khyber Pakhtunkhwa), 5,38,06 (Islamabad) and in-
dividuals could be probably infected (Fig. 6). The results show the
number of hospitalizations, ICU, and mortality cases over Punjab,
Sindh, KPK, and Islamabad without NPI. We also superimposed the
predicted data with the reported numbers. The proposed model
suggests a strong correlation for predicted and reported cases for
Punjab (r ¼ 0.79), Sindh (r ¼ 0.91), Khyber Pakhtunkhwa (r ¼ 94)
and Islamabad (r ¼ 0.85).

However, until June 30, the number of cases is significantly
lower than the actual reported cases in Pakistan. A possible reason
for this might the large number of unidentified COVID-19 cases,
asymptomatic and demographic disease variations. This study was
motivated to predict the COVID-19 epidemic over different prov-
inces of Pakistan to assess the number of infections, the peak
infection date, the rate of rising infections, and the resolution of the
end-point of the pandemic. The modeling factors were modified
according to the population and mortality rates of each province of
Pakistan (Table 1).

(Bootsma and Ferguson, 2007; Du et al., 2020; Imai et al., 2020;
Li et al., 2020; Mossong et al., 2008; Rockl€ov et al., 2020; “The



Fig. 4. Comparison of Tropospheric column of NO2 (Sentinel 5P) over Lahore, Karachi, Peshawar and Islamabad during community interventions in 2020 versus March 22 to May 30,
2019 (http://www.tropomi.eu/data-products/nitrogen-dioxide).

Fig. 5. Exponential growth model in Punjab, Sindh, Khyber Pakhtunkhwa (KPK) and Islamabad. during February 26 to June 30, 2020.
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epidemiological characteristics of an outbreak of 2019 novel
coronavirus diseases (COVID-19) in China,” 2020).

The model simulated the conditions where COVID-19 is
distributing in a closed population, without NPI such as social
distancing, wearing mask, travel restrictions, and, hand washing,
etc. The values of Ro ¼ 2.68, b ¼ 0.68, and g ¼ 0.1 estimated data,
which were reasonably close to the actual reported cases in each
8

province and Islamabad (Fig. 6) started from February 26 to June 30,
2020. Furthermore, the trends of the predicted infection and the
reported number of infections agree significantly. Previous studies
from China have proposed that COVID-19 originally tails an expo-
nential growth trend coupled with rapid increase in the number of
infections (Bai et al., 2020; Liu et al., 2020; Wu et al., 2020a).

Under the second experiment, where were adopted NPI

http://www.tropomi.eu/data-products/nitrogen-dioxide


Fig. 6. SIR model (without NPI) health care system predictions and curve evaluation over Punjab, Sindh, KPK and Islamabad.
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(assumes an 80% reduction in contact rate “4” started from March
22 to May 2020 with R� ¼ 0.8, b ¼ 0.08, and g ¼ 0.1 values lead to
the different trend of infection, recovery, mortality rate and curve
evaluation. The SIR model suggested that the number of second
infections peak was occurred on September 8, September 19 for
Punjab and Sindh respectively, and were happened for Khyber
Pakhtunkhwa on August 2, and were occurred at June 14 for
Islamabad, where 2,95,01108 (Punjab), 5,57,17,387 (Sindh), 528103
(Khyber Pakhtunkhwa), 5,38,062 (Islamabad) individuals could be
probably infected.

Fig. 6 illustrates the number of hospitalizations, ICU, and mor-
tality cases over Punjab, Sindh, KPK, and Islamabad with NPI.
Correlating the described data with the model predictions, it can
assume that if left unchecked, the disease can distribute at an
exponential rate in Pakistan, especially in adjacent communities
and heavily populated zones where atmospheric pollution is
already affecting a large number of population (K. Mehmood et al.,
2020a; Khalid Mehmood et al., 2020). The effect of the COVID-19
response in China in terms of quarantine procedures, social
distancing, and isolation of infections is promising for other
countries (Anderson et al., 2020).

In the present study, the SIR model was employed to estimate
the impact of community intervention measures on the Pakistani
COVID-19 pandemic condition. Previously, it was determined that
the epidemic of an infectious disease is frequently performed by
applying constant factors (Fang et al., 2020; Roosa et al., 2020; Zhao
et al., 2020). Li et al. (2020) calculated Ro to be 2.2 among the first
425 patients in Wuhan (Li et al., 2020). Other findings predicted Ro
to be 2.68 (Wu et al., 2020b), 3.6e3.8 (Read et al., 2020), and 6.47
(Tang et al., 2020). Y. Liu et al. (2020) observed that the predicted
mean Ro for COVID-19 is about 3.28, by studying Ro of COVID-19 in
12 kinds of research (J. Liu et al., 2020). Similarly, Wangping et al.
(2020) estimated that the mean of Ro was to be 2.58 and 3.16 in
the SIRmodel and eSIR model in Hunan, which is close to this study
under without NPI and higher with NPI experiment. This is due to
the estimation of Ro in the SIR model is modified according to the
community mitigation measures.

Past studies have suggested that more rigorous government
9

control mechanism policies were linked with a slower increase in
the infected population (Chinazzi et al., 2020; Fang et al., 2020). In
the present study, compared with NPI in the SIR model (Fig. 7)
effective government control policies in Punjab, Sindh, KPK, and
Islamabad intensely decreased the number of COVID-19 cases
suggesting that adopting government control earlier could have
decreased the number of infected cases before peak time.

The results of this experiment indicated that the predicted peak
dates are different in different provinces, however, these time pe-
riods are close to the maximum number of reported COVID cases in
Pakistan. So, this model is relatively reliable and serve as baseline
for other studies and for policy makers to prepare well in advance.
Furthermore, several mitigation efforts, including the premature
detection, tracking, and segregation of individuals with symptoms,
home quarantine, traffic limits, and entry or exit screening followed
by many other countries, such as China, can well-prevent the extra
spread of COVID-19. These efforts are in according to the latest
recommendations by the WHO. However, the best operative
strategy still needs to be established by further epidemiological
investigations and SOPs according the new evolving situation in the
affected countries including Pakistan.

The present study implementation has been subject to certain
limitations that also need to be acknowledged. In particular, the
study does not exclude that a coactive with other dynamics such as
meteorological and cultural factors, etc., could occur. In addition,
the current study focused on the study of PM2.5 and NO2 only; yet,
other multi pollutant analyses are certainly interesting to be
investigated as well since those are also warranted.

Regarding models, SIR model is a closed system and simple
because it works in stable environment. The incubation period was
not taken into this study. Hattaf et al. (2013) suggested if time delay
or incubation period is neglected, Ro value in a delayed SIR model
would be overestimated. Last, but perhaps not least, based on a
limited number of tests performed, the unconfirmed and asymp-
tomatic cases may be overlooked. Some unexpected factors may
contribute to this study, such as presence of super-spreaders.



Fig. 7. SIR model (with NPI), health care system predictions and curve evaluation over Punjab, Sindh, KPK and Islamabad.
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4. Conclusions & future outlook

To our knowledge for the first time for Pakistan, this study
highlights the changes in PM2.5 concentrations with community
interventions and epidemiological analysis (NPI and non NPI) from
a geospatial perspective in Pakistan. Maximum mean PM2.5 con-
centration of 108 mgm�3 was recorded for Lahore with the range
from 51 to 215 mgm�3, which is three times higher than Pak-EPA
and US-EPA and four times for WHO guidelines, followed by
Peshawar (97.2 and 58 ± 130), Islamabad (83 and 158 ± 58), and
Karachi (78 and 50 ± 140).. The mean value for AQI ranged from
214.6 to 280.1 reflecting “very unhealthy” air quality for Lahore,
Karachi, Peshawar, and Islamabad during February 26 to June 30.
This proposed model SIR model without NPI and NPI have been
employed to predict the probable number of positive cases of
COVID-19 and overwhelming the health care system in Pakistan till
December 2020. The study findings support the argument that use
of geoinformation technologies can restructure efforts for future in
other highly polluted cities of world with respect to trend and
distribution of COVID-19 cases. This type of study offered a good
tool when a new emergent situation come across in future and it
also provide to define the new step in research and an emergency
response to crises when we have short time to predict it. The
approach presented in this study can provide important assistance
to epidemiologists and environmentalists to understand the
changing patterns spatially of different COVID-19 strains under
diverse environments. Future work can focus on exploring the
added value of meteorological and other toxic air pollutant data in
this line of investigation linked to COVID-19 spatial distribution
trends.
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