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Abstract

This study was designed to investigate the impact of meteorological indicators (temperature, rainfall, and humidity) on total
COVID-19 cases in Pakistan, its provinces, and administrative units from March 10, 2020, to August 25, 2020. The correlation
analysis showed that COVID-19 cases and temperature showed a positive correlation. It implies that the increase in COVID-19
cases was reported due to an increase in the temperature in Pakistan, its provinces, and administrative units. The generalized
Poisson regression showed that the rise in the expected log count of COVID-19 cases was 0.024 times for a 1 °C rise in the
average temperature in Pakistan. Second, the correlation between rainfall and COVID-19 cases was negative in Pakistan.
However, the regression coefficient between the expected log count of COVID-19 cases and rainfall was insignificant in
Pakistan. Third, the correlation between humidity and the total COVID-19 cases was negative, which implies that the increase
in humidity is beneficial to stop the transmission of COVID-19 in Pakistan, its provinces, and administrative units. The reduction
in the expected log count of COVID-19 cases was 0.008 times for a 1% increase in the humidity per day in Pakistan. However,
humidity and COVID-19 cases were positively correlated in Sindh province. It is required to create awareness among the general
population, and the government should include the causes, symptoms, and precautions in the educational syllabus. Moreover,
people should adopt the habit of hand wash, social distancing, personal hygiene, mask-wearing, and the use of hand sanitizers to
control the COVID-19.
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Introduction 2020). In December 2019, the COVID-19 was initially report-

ed in Wuhan, China. Its common symptoms are cough, fever,
The public health and global economy faced difficulties dueto  fatigue, and shortness of breath. It is generally transmitted
the outbreak of novel severe acute respiratory syndrome co-  between human beings through droplets or physical contact
ronavirus 2 (SARS-CoV-2), which is responsible for corona- (Xie and Zhu 2020). On March 11, 2020, the World Health
virus disease (COVID-19) (Briz-Redén and Serrano-Aroca Organization (WHO) has officially declared COVID-19 as
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pandemic because COVID-19 affected more than 200 coun-
tries, and accountable for 34,724,785 confirmed cases (World
Health Organization (WHO) 2020). In severe cases, COVID-
19 causes pneumonia, kidney failure, acute respiratory syn-
drome, and death (Tosepu et al. 2020).

In Pakistan, the first COVID-19 case was confirmed on
February 26, 2020. After that, an increase in COVID-19 cases
was observed in Pakistan (Syed and Sibgatullah 2020). The
coronavirus confirmed cases till October 04, 2020, were
314,616 with 6513 deaths in Pakistan (Government of
Pakistan (GOP) 2020a). The WHO warned that Pakistan
might be the next hub of COVID-19 without the implementa-
tion of necessary precautionary measures. However, commu-
nity perception about risk of COVID-19 infection is not satis-
factory because the population does not adequately follow the
preventive measures. The situation of COVID-19 becomes
serious in Pakistan (Fig. 1). The Ministry of Health has
proclaimed guidelines for virus control according to the rec-
ommendations of WHO (Khan et al. 2020). The governments
tried to control the transmission by imposing lockdowns and
quarantines due to non-availability of medical treatment
(Gupta et al. 2020). The communities have been directed to
stay in the home, frequently wash their hands, avoid touching
their faces, avoid to visit public places, and maintain 1-2 m
distance (social distancing) to control the COVID-19 trans-
mission (Carico et al. 2020).

The epidemiological dynamics of many infectious diseases
depend upon environmental factors (Shi et al. 2020). Dalziel
et al. (2018) told that the transmission of viruses was influ-
enced by various factors like humidity, temperature, and pop-
ulation density. The outbreak of SARS was also linked with
environmental indicators (Sobral et al. 2020).
Epidemiological research revealed the linkages between me-
teorological indicators and COVID-19 but the findings were
not clear (Wu et al. 2020). Literature (Gale et al. 2010; Stott
2016) revealed that climate change was linked with the emer-
gence and spread of infectious diseases. Dry or cold weather
was favorable for viral diseases like influenza. The SARS
epidemic was reduced due to warm season and finished in
July 2003. The COVID-19 was mostly observed in the coun-
tries, located in low-temperature regions (Liu et al. 2020). The
COVID-19 spread was normally observed in areas having low
annual average temperatures (37—63 °F or 3—17 °C). Chinese
researchers mentioned the link between humidity, tempera-
ture, and COVID-19 outbreak. The COVID-19 spread was
lower in warm and humid regions of China. Researchers from
Finland and Spain reported that 95% of global infections take
place between 2 and 10 °C, and in dry climates. The COVID-
19 spread was also reported in hot and humid conditions like
Malaysia, Indonesia, and Singapore (Ahmadi et al. 2020).

Meteorological indicators could affect environmental sta-
bility, which further influenced the viability of viruses. The
humidity and temperature showed a significant impact on
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COVID-19 spread (Chen et al. 2020). In China, both relative
humidity and temperature significantly influenced the trans-
mission of COVID-19 (Wang et al. 2020a). Sajadi et al.
(2020) also mentioned the nexus between temperature, hu-
midity, and respiratory viruses. The variations in the temper-
ature and humidity also influenced the COVID-19 mortality
(Ma et al. 2020). Prata et al. (2020) stated that it is hypothe-
sized that variations in average temperature could significant-
ly affect the COVID-19. Jahangiri et al. (2020) wrote that
ambient temperature could be a crucial transmissibility factor
behind COVID-19.

Tosepu et al. (2020) explored the correlation between the
COVID-19 pandemic and weather indicators (minimum tem-
perature, maximum temperature, average temperature, and
rainfall) in Jakarta, Indonesia. Spearman-rank correlation con-
firmed a significant correlation between COVID-19 and tem-
perature. In Korea, the transmission of influenza was associ-
ated with relative humidity and low temperature. Studies also
highlighted that COVID-19 was linked with meteorological
factors (Ma et al. 2020). Sahin (2020) explored the linkages
between COVID-19, population, and meteorological indica-
tors (temperature, wind speed, dew point, and humidity) in
Turkey. The Spearman’s correlation confirmed the highest
correlations score for population, temperature, and wind
speed. Bashir et al. (2020) revealed the link among climate
indicators (average temperature, average humidity, rainfall, air
quality, and wind speed) and COVID-19 in New York, USA.
Correlation statistics confirmed a significant link between cli-
mate conditions and COVID-19.

However, no study explored the association between me-
teorological indicators and COVID-19 in Pakistan. The con-
tribution of this study is (a) it first time examined the relation-
ship between meteorological indicators and COVID-19 in
Pakistan, (b) it first time examined the relationship between
meteorological indicators and COVID-19 in four provinces
and three administrative units in Pakistan, and (c) it used the
generalized models to investigate the impact of average tem-
perature, rainfall, and humidity on COVID-19 cases.
Therefore, this study explored the impact of meteorological
variables (temperature, average rainfall, and humidity) on
COID-19 cases and infection rate.

Methods
Study area

This study was designed to examine the link between meteo-
rological variables and COVID-19 cases in Pakistan. Pakistan
ranked among top 20 countries, which were affected by the
COVID-19. Pakistan is the 6th most populated country and
ranked 36th according to the area in the world. Pakistan is an
agriculture-based developing country, having 1629 USD per
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Fig. 1 The situation of COVID-19 in Pakistan (as of October 04, 2020)
capita income per annum (Hussain et al. 2018). Pakistan is Sind, Khyber Pakhtunkhwa, and Baluchistan; and three ad-

situated between longitudes 60° E-75° E and latitudes 24° N—  ministrative units such as Gilgit-Baltistan, Islamabad Capital
37° N (Ali 2018). Pakistan has four provinces such as Punjab, ~ Territory, and Azad Jammu and Kashmir. Pakistan has 2.08
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billion populations, showing 2.4% annual population growth
rate. Punjab is most populated province in Pakistan, with
110,012,442 population, 205,344 km? area, and 445.01/km?
population density. Sindh has 47,886,051 population,
140,914 km? area, and 392.05/km? population density.
Khyber Pakhtunkhwa has 30,523,371 population, 74,521
km? area, and 360.93/km> population density. Baluchistan
has 12,344,408 population, 347,190 km? area, and 37.91/
km? population density. Islamabad capital has 2,006,572 pop-
ulation, 906 km? area, and 1271.38/km? population density
(Hussain et al. 2018). Pakistani climate shows regional diver-
sity from arid to humid. Pakistan is blessed with the monsoon
rainfall in summer and western systems rainfall in winter. The
climate of Pakistan showed variations in the temperature (Ali
2018).

Data collection

This study used COVID-19 data (Government of Pakistan
(GOP) 2020a) in the case of Pakistan from March 10, 2020,
to August 25, 2020. The data of meteorological indicators like
temperature (°C) and rainfall (mm) was obtained from the
Pakistan Meteorological Department (Government of
Pakistan (GOP) 2020b). The humidity (%) data was obtained
from World Weather Online (World Weather Online 2020).
The infection rate shows the speed of the COVID-19 trans-
mission, which was calculated as (Ahmadi et al. 2020):

Number of Infected Persons

Infection Rate (IR) =
nfection Rate (IR) Days of Infection (Outbreak)

(1)

Data analysis
Correlation analysis

The non-parametric tests (Spearman’s and Kendall’s rank cor-
relations) were used to investigate the association between
two variables. These tests were computed on ranks and
depicted a monotonic association (Hamadeh et al. 2017).
Spearman’s rank correlation coefficient was used to investi-
gate the correlation between meteorological variables and
COVID-19 cases and infection rate. It used a monotonic func-
tion to analyze the association between two variables.
Spearman’s rank correlation coefficient is estimated as
(Sahin 2020):

42
n(%z—ll) @)

rs=1-6

where n shows the number of alternatives, and dishows the
gap among ranks of two parameters. The coefficient of
Kendall’s rank correlation (1) was estimated as (Kocsis and
Anda 2018):
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Where S shows trend and D shows data pairs using # mem-

bers of dataset (Kocsis and Anda 2018):

o~ (1)

Regression analysis

A generalized linear model was found useful to assess the link
between COVID-19 cases and different factors (Prata et al.
2020). The generalized additive model (GAM) established a
univariate response variable Y, to predictor variables xi. The
exponential family of distribution was specified for Y like
Poisson, normal, and binomial (Goswami et al. 2020). The
relationship between meteorological variables and COVID-
19 cases was explored using GAM, to fit equations and
splines. The GAM fitted for parametric and nonparametric
regression and smoothing. It was used to estimate the linear
and nonlinear association between meteorological factors and
health indicators (Zhu and Xie 2020). An additive and semi-
parametric polynomial model was expressed as (Prata et al.
2020):

logy, = By + Bi1x;—Box; + Baxi + s(AT,) + s(RF,)
+S(HUM¢) + & (5)

where y shows the COVID-19 cases in Pakistan, its prov-
inces, and administrative units on day ¢, 3, represents the
intercept, s() shows a spline function with two degrees of
freedom to control over-fitting (Liu et al. 2020; Wang et al.
2018), 3 shows the parameter of x, and x shows the days since
the first outbreak, AT represents average daily temperature
(°C), RF shows the average rainfall (mm), and HUM shows
the average humidity per day (%). The explanatory variables
were controlled for confounding using expression s(-). The
smoothing spline function could control the effects of con-
founding factors (Ma et al. (2020). Ma et al. (2020) used
GAM to explore the relationship between meteorological var-
iables (temperature and humidity) and COVID-19 death in
China. The GAM model used both linear and non-
parametric trends to optimize the linear model. However,
Prata et al. (2020) mentioned the statistical significance of a
linear association between meteorological variables and
COVID-19, which was expressed as (Prata et al. 2020):

logy, = By + B1x,—Bax; + B3x + B4AT, + BsRF,
—+ ,BGHUMt + Et (6)



Environ Sci Pollut Res

A dose-response function f connected several explanatory
variables (dose x), with a probability of infection (response
f(x)) (Brouwer et al. 2017). The dose-response association
was normally expressed graphically and showed different
mathematical distributions to express a clear relationship
(Sullivan et al. 2005). Mathematically, a dose-response rela-
tionship showed the expectation of potential loss as a function
of different environmental indicators (Ye et al. 2020). Chuang
et al. (2016) used GAM to explore the dose-response associ-
ation between the daptomycin dose and mortality. In the pres-
ent study, the GAM was applied to establish a dose-response
function, which connected different dose variables (outbreak
days, average temperature, rainfall, and humidity), with a
probability of COVID-19 infection (response variable).

Li et al. (2019) used the Poisson model to explore the
association between total cases and meteorological variables.
Poisson regression is a commonly used classical model, which
was based upon the classical assumptions. It was further as-
sumed that the dependent variable had Poisson distribution, as
the random variable showed a value 0, 1, 2, 3, ... n. It ex-
plained the distribution of y; or the expected value y; by the
explanatory variables x;, as expressed below (Cupal et al.
2015):

E{yilxi} = exp{x{ B} (7)

The count data models assumed that the count variable y;
for given x; had a Poisson distribution.

P{y, = ylxi} = exp{-A\i}N/ /y!,y
= 0,1,2,3, e (8)

where y! shows y factorial. Substituting the appropriate
functional form for \; produced expressions for the probabil-
ities used to construct the log-likelihood function for this mod-
el, called the Poisson regression model. The generalized
Poisson regression was capable to explain the count data with
any type of dispersion. It incorporated both positive and neg-
ative correlation between response variables (Consul and
Famoye 1992; Famoye 2014). The generalized Poisson re-
gression was beneficial in the presence of over-dispersion
(Var(y;) > E(y;)) and under-dispersion (Var(y;) < E(y;)).
According to the generalized Poisson distribution, the proba-
bility density function of y; was expressed as (Famoye 1993;
Maxwell et al. 2018):

—1
T (1 o)™ " [l +ay)
iWVis Bis 1+(X}li Yi! p 1+a/f4i

i = 07 17277 """" and Hi = /’Li(xi) = exp('xiﬁ)

©)

where x;shows a (k-1) dimensional vector of covariates
such as driving habits, demographic factors, and medication

use, and (3 shows (k-1) dimensional vector of regression pa-
rameters. It assumed that:

Mean : E(Yix+i) =y,
Variance :  V(Y;]x;) = (1 + o)

The generalization of standard Poisson regression was
called generalized Poisson regression (Maxwell et al. 2018).
This study also used generalized Poisson regression to assess
the link between meteorological variables and COVID-19
cases. The empirical analysis was performed using R soft-
ware, STATA 15, and Eviews 10.

Results and discussion

The trend of COVID-19 and meteorological indicators
in Pakistan

Figures 2, 3,4,5,6,7,8,9, 10, and 11 show the trend of
meteorological indicators (temperature, rainfall, and hu-
midity), day-wise COVID-19 cases, and total COVID-19
cases in Pakistan from March 10, 2020, to August 25,
2020. Figure 2 shows that the day-wise trend showed a
continuous increase in Pakistan up to June 13, 2020. After
that, the reduction in the day-wise COVID-19 cases was
reported in Pakistan. The COVID-19 cases were 482 on
August 25, 2020. However, there were some fluctuations
in the day-wise confirmed cases. Figure 3 shows the day-
wise cases in provinces and administrative areas. It was
cleared that the day-wise increase was more in Punjab and
Sindh provinces. It might be due to the higher population
and population density in Punjab and Sindh. Figure 4
shows the trend of total COVID-19 cases in Pakistan. It
showed a rapid increase in the total COVID-19 cases from
March 10, 2020, to June 13, 2020. After that, COVID-19
cases were increased at a decreasing rate. Figure 5 shows
total COVID-19 cases in provinces and administrative
areas. It is cleared that the total COVID-19 cases were
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Fig. 2 No. of confirmed cases (day-wise) in Pakistan
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Fig. 3 No. of confirmed cases (day-wise) in provinces and administrative
areas

higher in Sindh province followed by Punjab, Khyber
Pakhtunkhwa, Islamabad Capital Territory, Baluchistan,
Gilgit-Baltistan, and Azad Jammu and Kashmir. It was
cleared that Punjab and Sindh provinces were mostly af-
fected by the COVID-19. Figure 6 shows the trend of
average temperature in Pakistan. There are fluctuations
in average temperature in Pakistan. However, there was
an increasing trend in average temperature from
March 10, 2020, to May 27, 2020. After that, there was
no significant increase in temperature, but it shows fluc-
tuation in average temperature. Figure 7 shows the aver-
age temperature in provinces and administrative areas.
The average temperature was higher in Sindh province
followed by Punjab, Baluchistan, Islamabad Capital
Territory, Azad Jammu and Kashmir, Khyber
Pakhtunkhwa, and Gilgit-Baltistan. The average tempera-
ture also showed fluctuations in provinces and adminis-
trative units. Figure 8 shows the trend of average rainfall
per day in Pakistan. There was no specific trend in the
rainfall per day in Pakistan due to the presence of fluctu-
ations between March 10, 2020, and August 25, 2020.
Figure 9 shows the average rainfall per day in provinces
and administrative units. Average rainfall per day also
showed fluctuations in all provinces and administrative

300,000

250,000 |

200,000

150,000 |

Total confirmed cases

100,000 ~
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" —— ———— T T
25 50 75 100 125 150
Outbreak days

Fig. 4 Total confirmed cases in Pakistan
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Fig. 5 Total confirmed cases in provinces and administrative areas

units. However, average rainfall per day showed upward
spikes after the COVID-19 outbreak in Pakistan. The
trend of humidity (Fig. 10) shows a decreasing trend from
March 10, 2020, to June 17, 2020. After that, there was an
increasing trend of humidity in Pakistan. Figure 11 shows
the humidity in provinces and administrative units. The
humidity also showed fluctuations in all provinces and
administrative units between March 10, 2020, and
August 25, 2020. An increasing trend of humidity was
found in Sindh province. However, other provinces and
administrative units showed a minor reduction in humid-
ity up to the first week of June 2020. After that, the
increasing trend of humidity was observed in provinces
and administrative units. However, fluctuations in humid-
ity were also observed in provinces and administrative
units.

Mean of COVID-19 and meteorological variables

Table 1 explores the mean of meteorological indicators
(temperature, rainfall, and humidity), daily COVID-19
cases, COVID-19 infection rate, and COVID-19 deaths
in Pakistan, its provinces, and administrative units. The
mean minimum temperature was more in Sindh followed
by Punjab, Baluchistan, Islamabad Capital Territory,
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Fig. 6 The average temperature in Pakistan
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Khyber Pakhtunkhwa, Azad Jammu and Kashmir, and
Gilgit-Baltistan. During the first 169 days of COVID-19,
the highest maximum temperature was reported in Sindh
followed by Punjab, Baluchistan, Islamabad Capital
Territory, Khyber Pakhtunkhwa, Azad Jammu and
Kashmir, and Gilgit-Baltistan. The mean of average tem-
perature was higher in Sindh (32.52 °C) followed by
Punjab (28.90 °C), Baluchistan (28.01 °C), Islamabad
Capital Territory (26.14 °C), Khyber Pakhtunkhwa
(23.66 °C), Azad Jammu and Kashmir (23.47 °C), and
Gilgit-Baltistan (19.91 °C). The average rainfall per day
was more in Islamabad Capital Territory (4.79 mm)
followed by Azad Jammu and Kashmir (4.35 mm),
Khyber Pakhtunkhwa (2.81 mm), Punjab (2.40 mm),
Sindh (1.02 mm), Baluchistan (0.69 mm), and Gilgit-
Baltistan (0.51 mm). The average rainfall in Pakistan
was 2.40 mm per day. The average humidity was more
in Sindh (65.13%) followed by Azad Jammu and Kashmir
(56.30%), Gilgit-Baltistan (50.34%), Islamabad Capital
Territory (43.47%), Khyber Pakhtunkhwa (39.10%),
Punjab (36.40%), and Baluchistan (32.29%). However,
average humidity was 46.15% in Pakistan. The average
per-day COVID-19 cases were 1740.21 in Pakistan.
Punjab, Sindh, and Khyber Pakhtunkhwa provinces were
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Fig. 8 Average rainfall in Pakistan
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Fig. 9 Average rainfall in provinces and administrative areas

badly affected due to the COVID-19 outbreak in Pakistan.
The infection rate was 1046.99 in Pakistan while it was
368.59 in Punjab, 424.74 in Sindh, 131.42 in Khyber
Pakhtunkhwa, 51.39 in Baluchistan, 9.91 in Gilgit-
Baltistan, 53.56 in Islamabad Capital Territory, and 7.38
in Azad Jammu and Kashmir. On average, 37.08 deaths
per day were reported in Pakistan during this pandemic.
The COVID-19 deaths were more in Sindh followed by
Punjab and Khyber Pakhtunkhwa.

Correlation coefficients between meteorological
variables and COVID-19

Tables 2 and 3 show the Spearman’s and Kendall’s rank
correlation analysis. The five meteorological variables
like temperature (minimum, maximum, average), rainfall,
and humidity were used in correlation analysis with total
COVID-19 cases (Table 2) and COVID-19 infection rate
(Table 3). Both Spearman’s and Kendall’s rank correla-
tion shows the same direction between selected variables.
Tosepu et al. (2020) used weather-related indicators in
the case of Jakarta. But this study used these variables
for the country level (Pakistan) as well as provincial
level (Punjab, Sindh, Baluchistan, Khyber
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Fig. 10 Humidity in Pakistan
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Pakhtunkhwa, Islamabad Capital Territory, Gilgit-
Baltistan, and Azad Jammu and Kashmir). The results
showed that temperature (minimum, maximum, and av-
erage) has highest correlation coefficient. Therefore, av-
erage temperature is closely linked with the COVID-19
cases. It implies that the COVID-19 cases increased in
Pakistan due to an increase in average temperature,
which was in line with the results of Tosepu et al.
(2020) in the case of Jakarta, Indonesia. A positive cor-
relation was also observed between total cases and aver-
age temperature in New York, USA, which was badly
affected by COVID-19 (Bashir et al. 2020).
Temperature is an environmental factor behind COVID-
19 spread in China (Shi et al. 2020). Contrarily, Sahin
(2020) reported an increase in COVID-19 cases due to a
reduction in average temperature in Turkey. Sobral et al.
(2020) also reported a reduction in infections due to an
increase in temperature. In past studies, Bi et al. (2007)
also reported an inverse correlation between SARS cases
and temperature in Beijing and Hong Kong. The diver-
sified results between temperature and COVID-19 cases
were due to the fact that the impact of temperature on
human health may vary between different regions or

countries (Hajat and Kosatky 2010; Sobral et al.
(2020). The literature highlighted that influenza and
SARS-CoV viruses survived only under specific climatic
conditions and their transmission rate was sensitive to
increasing temperature (Chan et al. 2011; Jaakkola
et al. 2014). Second, correlation between average rainfall
and COVID-19 cases was negative and significant in
Pakistan, which implies the reduction in COVID-19
cases due to rainfall in Pakistan. However, those findings
were not in line with findings of Tosepu et al. (2020) in
the case of Jakarta, Indonesia. It seems that weather and
COVID-19 behavior was different in Pakistan and
Indonesia. Another study (Bashir et al. 2020) showed
an insignificant correlation between rainfall and
COVID-19 cases in New York, USA. Contrarily to
Tosepu et al. (2020), correlation between humidity and
the total COVID-19 cases was negative in Pakistan,
which implies the reduction in COVID-19 cases due to
an increase in the level of humidity in Pakistan. The
reduction in COVID-19 cases due to a rise in the level
of humidity was also reported in Turkey (Sahin 2020). It
means that Pakistan and Turkey showed similarities with
respect to COVID-19 and humidity. It was also noted
that the absolute value of negative correlation between
humidity and COVID-19 cases was higher in Pakistan
(0.742) as compared to Turkey (0.317) (Sahin 2020).
Moreover, Ma et al. (2020) also indicated a reduction
in COVID-19 cases due to higher humidity in China.
Chan et al. (2011) pointed out that higher relative hu-
midity eliminated the virus viability, which supported the
findings of the present research. Along with environmen-
tal factors, population (Zu et al. 2020), population den-
sity, medical care (Wang et al. 2020b), people’s endur-
ance, social distancing, and health facilities (Bashir et al.
2020) were also possible reasons behind spread or con-
trol of COVID-19. A higher correlation coefficient was
observed between temperature (minimum, maximum, and

Table 1  Mean of COVID-19 and meteorological variables
Indicators Punjab Sindh KPK Baluchistan GB ICT AJK Pakistan
Meteorological variables
Minimum temperature (°C) 22.60 25.77 16.89 21.29 13.10 19.59 16.79 19.43
Maximum temperature (°C) 35.19 39.27 30.44 34.74 26.72 32.69 30.16 32.74
Average temperature (°C) 28.90 32.52 23.66 28.01 19.91 26.14 23.47 26.09
Rainfall per day (mm) 2.40 1.02 2.81 0.69 0.51 4.79 435 2.40
Humidity per day (%) 36.40 65.13 39.10 32.29 50.34 4347 56.30 46.15
COVID-19 indicators
COVID-19 cases per day 570.27 760.51 212.02 74.91 16.21 91.98 1431 1740.21
Infection rate 368.59 424.74 131.42 51.39 9.91 53.56 7.38 1046.99
COVID-19 deaths per day 12.97 14.12 7.38 0.83 0.38 1.04 0.36 37.08
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Table 2  Correlation between meteorological variables and total COVID-19 cases
Meteorological variables Punjab Sindh KPK Baluchistan GB ICT AJK Pakistan
Spearman’s rank correlation coefficient
Minimum temperature (°C) 0.363* 0.713%* 0.442% 0.334% 0.583* 0.555% 0.628* 0.490*
Maximum temperature (°C) 0.626* 0.716* 0.531%* 0.488* 0.541%* 0.687* 0.640% 0.649*
Average temperature (°C) 0.511* 0.819% 0.477%* 0.422% 0.570%* 0.644* 0.650% 0.584*
Rainfall per day (mm) —0.065 0.013 —0.148%** —0.229% 0.1427%#* —0.124 —0.074 —0.144%%*
Humidity per day (%) -0.721* 0.391* —0.698* —0.621* —0.355% —0.701* —0.490* —0.742%
Kendall’s rank correlation coefficient
Minimum temperature (°C) 0.255%* 0.549* 0.326* 0.236* 0.402% 0.383* 0.431* 0.358%
Maximum temperature (°C) 0.451°%* 0.530* 0.373* 0.342%* 0.375% 0.504* 0.446* 0.476*
Average temperature (°C) 0.365%* 0.638* 0.340* 0.299* 0.396% 0.456* 0.455% 0.430%
Rainfall per day (mm) —0.045 0.001 —0.106%* —0.142% 0.0907##* -0.076 —0.052 —0.102%*
Humidity per day (%) —0.519% 0.254% —0.493* —0.431* —0.240* —0.496* —0.306* —0.533*

average) and COVID-19 cases for all provinces and ad-
ministrative units (Punjab, Sindh, Baluchistan, Khyber
Pakhtunkhwa, Islamabad Capital Territory, Gilgit-
Baltistan, and Azad Jammu and Kashmir). The correla-
tion between rainfall and COVID-19 cases was signifi-
cant and negative in the case of Khyber Pakhtunkhwa
and Baluchistan. It implies that the increase in rainfall
was linked with a reduction in COVID-19 cases. A pos-
itive correlation was reported between rainfall and
COVID-19 cases in Gilgit-Baltistan. In general, humidity
had a negative correlation with COVID-19 cases in
Punjab, Baluchistan, Khyber Pakhtunkhwa, Islamabad
Capital Territory, Gilgit-Baltistan, and Azad Jammu and
Kashmir. However, Sindh province showed different be-
havior due to a positive correlation between humidity
and COVID-19 cases. To control the COVID-19, it is
required to reduce the infection. The results (Table 3)

showed that temperature (minimum, maximum, and av-
erage) has highest correlation coefficient. Therefore, av-
erage temperature was linked with the infection rate. It
implies that the COVID-19 infection increased due to an
increase in average temperature. Second, correlation be-
tween average rainfall and the COVID-19 infection rate
was negative in Pakistan. A negative correlation was ob-
served between humidity and COVID-19 infection rate.
This study also explored the correlation between meteo-
rological indicators and the COVID-19 infection rate in
the case of provinces. The positive correlation coefficient
was observed between temperature (minimum, maxi-
mum, and average) and COVID-19 infection for all prov-
inces and administrative units. The correlation between
rainfall and the COVID-19 infection rate was significant
in Sindh and Azad Jammu and Kashmir. In general, hu-
midity had a negative correlation with COVID-19 cases

Table 3  Correlation between meteorological variables and COVID-19 infection rate
Meteorological variables Punjab Sindh KPK Baluchistan GB ICT AJK Pakistan
Spearman’s rank correlation coefficient
Minimum temperature (°C) 0.886* 0.861* 0.905%* 0.922% 0.907* 0.887* 0.926* 0.916*
Maximum temperature (°C) 0.695% 0.291* 0.845%* 0.903* 0.841* 0.793* 0.761* 0.796*
Average temperature (°C) 0.812* 0.604* 0.896* 0.938%* 0.894* 0.893* 0.862* 0.879*
Rainfall per day (mm) 0.099 0.362* —0.064 -0.126 0.113 0.033 0.127%* 0.147#%%
Humidity per day (%) —0.218% 0.642* —0.390%* —0.510% —0.458%* —0.392% —0.094 —0.283%*
Kendall’s rank correlation coefficient
Minimum temperature (°C) 0.715% 0.712% 0.743* 0.762* 0.728* 0.708* 0.767* 0.766%*
Maximum temperature (°C) 0.516* 0.204* 0.556* 0.724* 0.638* 0.603* 0.551%* 0.605*
Average temperature (°C) 0.634* 0.456% 0.728* 0.789* 0.704* 0.718* 0.671°* 0.711*
Rainfall per day (mm) 0.071 0.221%* —0.046 —0.080 0.072 0.019 0.086%* 0.096%#*
Humidity per day (%) —0.177* 0.460%* —0.270* —0.346* —0.316* —0.297* —0.093%%* —0.210%
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in all provinces, excluding Sindh. In Sindh province,
there was a positive correlation between humidity and
COVID-19 infection rate.

Dose-response relationship using generalized
additive model (GAM)

The GAM explored the association between meteorolog-
ical variables (temperature, rainfall, and humidity) and
the COVID-19 cases in Pakistan, its provinces, and ad-
ministrative units. Figure 12 explains the dose-response
link between average temperature and COVID-19 cases
using the GAM. Initially, there was a direct association
between temperature and COVID-19 cases, but the curve
showed a flatter shape when average temperature lies be-
tween 25 and 30 °C. The rise in the COVID-19 cases was
also observed when average temperature was more than
30 °C. The temperature was positively linked with the
COVID-19 cases in Jakarta, Indonesia (Tosepu et al.
2020), and New York, USA (Bashir et al. 2020). In
Punjab, the COVID-19-temperature curve showed a pos-
itive slope initially, but it was flattered when average
temperature was more than 23 °C. There was an inverse
link between COVID-19 and temperature in Gilgit-
Baltistan, and Azad Jammu and Kashmir. Temperature
and the COVID-19 cases were positively associated in
Sindh and Baluchistan. In Khyber Pakhtunkhwa and
Islamabad Capital Territory, the COVID-19 cases in-
creased when the temperature was low, but there was a
reduction in the COVID-19 cases when the temperature
was higher. Figure 13 explains the dose-response link
between rainfall and COVID-19 cases per day, showed
an increase in COVID-19 cases due to rainfall initially,
but the curve was flattered when the rainfall was more
than 20 mm per day. An insignificant association between
rainfall and COVID-19 cases was reported in Jakarta,
Indonesia (Tosepu et al. 2020) and New York, USA
(Bashir et al. 2020). The dose-response curve between
COVID-19 and rainfall was positively sloped in Sindh,
Baluchistan, and Khyber Pakhtunkhwa, but it was not
much steeper. The curve between COVID-19 cases and
rainfall seemed like a flatter curve in Islamabad Capital
Territory, Gilgit-Baltistan, and Azad Jammu and
Kashmir. Figure 14 explains the presence of an inverse
dose-response curve between humidity and COVID-19
cases in Pakistan. The curve was steeper when humidity
was more than 70%. The inverse relationship between
COVID-19 cases and humidity was also reported in
Turkey (Sahin 2020) and China (Ma et al. 2020) because
higher relative humidity eliminated the virus viability
(Chan et al. 2011). The dose-response curve showed a
reduction in COVID-19 cases due to a rise in humidity
in Islamabad Capital Territory, Gilgit-Baltistan, and Azad
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Jammu and Kashmir. The curve was downward sloped
between COVID-19 and humidity in Punjab,
Baluchistan, and Khyber Pakhtunkhwa, but it showed a
positive trend in the presence of a higher level of
humidity.

Generalized Poisson regression analysis

Table 4 shows the impact of average temperature, rainfall
per day, and humidity using time-series generalized
Poisson regression in Pakistan, its provinces, and
administrative units. Yuan et al. (2000) also used regres-
sion analysis to reveal the impact of temperature, wind
speed, and relative humidity on SARS transmission.
Temperature and humidity were significant factors in the
seasonal spread of coronaviruses (Sajadi et al. 2020).
Results showed that the increase in the expected log count
of COVID-19 cases was 0.024 times for a 1 °C rise in
average temperature in Pakistan. It implies that the in-
crease in temperature was favorable to control the
COVID-19 in Pakistan. The regression analysis of provin-
cial and administrative units showed that the increase in
expected log count of COVID-19 cases was 0.086 times
in Sindh, 0.095 times in Khyber Pakhtunkhwa, and 0.156
times in Baluchistan for 1 °C rise in average temperature.
The rise in the COVID-19 cases due to an increase in av-
erage temperature was also reported in Jakarta, Indonesia
(Tosepu et al. 2020), and New York, USA (Bashir et al.
2020). Xie and Zhu (2020) also considered that tempera-
ture was a factor in COVID-19 transmission. Wu et al.
(2020) described that the increase in new cases was
3.08% for a 1 °C rise in temperature. However, coefficient
of average temperature was insignificant in Punjab, Azad
Jammu and Kashmir, Islamabad Capital Territory, and
Gilgit-Baltistan. The impact of rainfall on COVID-19
cases was insignificant in Pakistan. It implies that the in-
crease in rainfall per day was not a significant factor be-
hind the COVID-19 transmission in Pakistan. The increase
in expected log count of COVID-19 cases was 0.019 times
in Punjab and 0.020 times in Khyber Pakhtunkhwa for 1-
mm increase in rainfall per day. However, coefficient of
rainfall was insignificant in Sindh, Baluchistan, Azad
Jammu and Kashmir, Islamabad Capital Territory, and
Gilgit-Baltistan. On the other hand, a reduction in the ex-
pected log count of COVID-19 cases was 0.008 times for a
1% increase in humidity per day in Pakistan. It implies that
the increase in humidity was beneficial to stop COVID-19
transmission in Pakistan. The provincial and administrative
units also showed that the reduction in expected log count
of total COVID-19 cases was 0.015 times in Punjab, 0.018
in Islamabad Capital Territory, and 0.027 times in Azad
Jammu and Kashmir for 1% increase in humidity.
However, an insignificant link between COVID-19 cases
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Fig. 12 The dose-response curves PIEGIClofAT: Panjab
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and humidity was observed in Sindh, Baluchistan, Khyber
Pakhtunkhwa, and Gilgit-Baltistan. Wu et al. (2020) de-
scribed 0.85% reduction in COVID-19 cases for a 1% in-
crease in relative humidity. Chan et al. (2011) pointed out
that the higher relative humidity eliminated the virus via-
bility, which supported the empirical results. However,
some other meteorological indicators (air quality and wind
speed) could also affect the transmission of infectious dis-
eases (Chen et al. 2020).
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Conclusions

Public health and the global economy faced huge prob-
lems due to COVID-19. This study was designed to in-
vestigate the impact of meteorological indicators (tem-
perature, rainfall, and humidity) on total COVID-19
cases and COVID-19 infection rate in Pakistan from
March 10, 2020, to August 25, 2020. The correlation
analysis implies that the COVID-19 cases increased due
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Fig. 13 The dose-response curves 2_p'edi°t°’ RE'- Punjab
between rainfall and COVID-19
cases
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to a rise in average temperature in Pakistan, its prov-
inces, and administrative units. The dose-response rela-
tionship showed a direct association between temperature
and COVID-19 cases but the curve was flattered when
average temperature lies between 25 and 30 °C in
Pakistan. The increase in COVID-19 cases was also ob-
served when average temperature was more than 30 °C
in Pakistan. The results of generalized Poisson regression
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showed that the increase in the expected log count of
COVID-19 cases was 0.024 times for a 1 °C rise in
average temperature in Pakistan. Second, correlation be-
tween average rainfall and COVID-19 cases was negative
in Pakistan. The dose-response curve showed an increase
in COVID-19 cases due to rainfall initially but the curve
was flattered when the rainfall was more than 20 mm per
day. Third, correlation between humidity and the total
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Fig. 14 The dose-response curves Predictor HUM: ;Bunjab
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dose-response curve between humidity and COVID-19
cases showed the presence of an inverse relationship be-
tween humidity and COVID-19 cases in Pakistan. The
downward slope curve becomes steeper when humidity
was more than 70%. The reduction in the expected log
count of COVID-19 cases was 0.008 times for a 1%
increase in humidity in Pakistan. It implies that the
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increase in humidity was beneficial to stop the COVID-
19 transmission. This study also had some limitations
like (a) total COVID-19 cases also included those
Pakistani citizens, which were affected abroad and
moved to Pakistan with COVID-19 symptoms, (b) it is
also important to include some other factors like virus
resistance, population mobility, and immunity, (¢) the
spread of COVID-19 also depends upon some precau-
tionary measures such as hand wash habits, social
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Table 4  Generalized Poisson regression analysis

Meteorological indicators Coefticient Std. Err. Z Probability
Pakistan
Constant 1.376* 0.152 9.043 0.000
Days 0.002* 0.001 3.198 0.001
Average temperature (°C) 0.024* 0.006 3.546 0.000
Rainfall per day (mm) 0.003 0.006 0.455 0.649
Humidity per day (%) —0.008°* 0.002 —4.470 0.000
Punjab Province
Constant 1.609* 0.775 2.077 0.038%*
Days 0.001* 0.002 0.609 0.542
Average temperature (°C) 0.015 0.027 0.541 0.589
Rainfall per day (mm) 0.019%* 0.009 1.980 0.048
Humidity per day (%) —0.015% 0.005 —2.830 0.005
Sindh Province
Constant —1.402% 0.462 —3.035 0.000
Days —0.001 0.001 -0.790 0.430
Average temperature (°C) 0.086* 0.015 5.579 0.000
Rainfall per day (mm) 0.007 0.008 0.821 0412
Humidity per day (%) 0.006 0.005 1.163 0.245
Baluchistan Province
Constant —2.547* 0.785 —3.244 0.001
Days —0.009%* 0.002 -3.912 0.000
Average temperature (°C) 0.156%* 0.029 5.366 0.000
Rainfall per day (mm) 0.036 0.023 1.581 0.114
Humidity per day (%) 0.002 0.005 0.411 0.681
Khyber Pakhtunkhwa Province
Constant —0.268 0.649 -0413 0.680
Days —0.006%* 0.003 —2.050 0.040
Average temperature (°C) 0.095* 0.029 3.257 0.001
Rainfall per day (mm) 0.020%** 0.009 2219 0.027
Humidity per day (%) —0.001 0.005 -0.262 0.793
Gilgit-Baltistan
Constant 0.782 0.515 1.517 0.129
Days 0.007** 0.003 2333 0.020
Average temperature (°C) -0.013 0.029 —0.441 0.659
Rainfall per day (mm) 0.026 0.053 0.485 0.628
Humidity per day (%) —0.006 0.005 -1.352 0.176
Islamabad Capital Territory
Constant 0.739 0.785 0.942 0.346
Days 0.003 0.003 1.038 0.299
Average temperature (°C) 0.033 0.031 1.065 0.287
Rainfall per day (mm) 0.004 0.005 0.799 0.424
Humidity per day (%) —0.018% 0.005 —3.526 0.000
Azad Jammu and Kashmir
Constant 0.960 1.054 0911 0.363
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Table 4 (continued)

Meteorological indicators Coefficient Std. Err. z Probability
Days 0.014* 0.004 3.110 0.002
Average temperature (°C) -0.011 0.046 -0.241 0.809
Rainfall per day (mm) 0.005 0.010 0.434 0.664
Humidity per day (%) —0.027* 0.006 —4.319 0.000

*Significant at 1%, significant at 5%

distancing, personal hygiene, and use of mask and hand
sanitizers.
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