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Abstract

Meteorological variables play a significant role in the transmission of viruses such as
influenza and the coronavirus pandemic (COVID-19). Previous studies have identified
the relationship between changes in meteorological variables, humidity, rainfall, and
temperature, and the infection rate of COVID-19 at the national level in Pakistan. However,
the current study applied the logistic regression analysis technique to determine such a
relationship on a more detailed scale, that is, subnational levels in addition to the national
level in Pakistan, using a long-term analysis of two years of COVID-19 data. At the
subnational level, the logistic regression analysis technique was applied, with infection rate
as the predictive variable. The results showed an increase in the infection rate of COVID-19
with increasing humidity levels. In contrast, an increase in temperature has slowed the
spread of COVID-19 cases at both the national and subnational levels. The minimum
temperature was statistically significant (p < 0.001) for provinces, KPK and Sindh. Also,
two federal territories, AJK and Islamabad, showed statistically significant p-values. At
the national level, both maximum temperature and humidity showed such values that is,
p < 0.001. We believe that this is the first study conducted in Pakistan to explore the direct
and indirect relationship between variables such as temperature (min and max), humidity,
and rainfall as predictive parameters for COVID-19 infection rates at a detailed level. The
pattern observed in this study can help us predict the future spread of COVID-19, subject
to climatic parameters in Pakistan at both the national and subnational levels.

Keywords: coronavirus cases; humidity; rainfall; statistical modeling; temperature; public
health; Pakistan

1. Introduction
Almost every country in the world struggled with the COVID-19 pandemic. It has

been more than two years since COVID-19 was identified in China, and no one knows
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when it will end. The tropics and subtropics, as well as arid and semi-arid regions, are
severely affected by widespread COVID-19 [1–3]. On 30 January 2020, the World Health
Organization (WHO) declared the disease outbreak a Public Health Emergency of Inter-
national Concern and later a pandemic on 11 March. Remedial measures, such as social
distancing, followed by lockdowns, were imposed as a strategy to control the spread of the
pandemic [4].

The role of meteorological and environmental factors in the transmission of COVID-19
could be limited but they should not be ignored. When an infected person breathes out,
droplets and small particles carrying viruses are transmitted to other people. Being a type
of virus, severe acute respiratory syndrome coronavirus 2 (SARS-Cov-2) is highly likely
to be transmitted through airborne transmission via the eyes, nose, mouth, etc. Beyond
person-to-person transmission through direct and indirect contact, studies have shown
that meteorological and environmental factors play crucial roles in the transmission and
prevention of COVID-19. For example, temperature fluctuations can affect transmission
rates by altering the stability of the virus on various surfaces [5]. Symptoms of coronavirus
infection resemble those of the flu, and transmission is less likely in hot and humid con-
ditions [6]. Given the similar patterns observed in SARS-Cov-1 infections, health experts
speculated that increasing summer temperatures would reduce the spread of COVID-19.
Investigations from [7] found a positive correlation between COVID-19 cases and average
temperature ranges, while a negative correlation between humidity and rainfall was ob-
served. Furthermore, Ref. [8] identified rainfall (precipitation) as a crucial factor that affects
the spread of COVID-19. Therefore, it is vital to investigate the possible impact of changes
in meteorological factors on COVID-19 infection rates.

Pakistan is ranked as the fifth most populous country in the world and has a semi-
arid and tropical monsoon climate [8–10]. By 20 February 2022, the COVID-19 pandemic,
which started in late December 2019, reached its fifth peak, with 1.52 million confirmed
cases and 30,331 deaths in Pakistan by 21 March 2022 https://www.nhsrc.gov.pk/. Initial
epidemiological research has indicated that weather influences the rate of SARS-Cov-2
infections. There is a complex relationship between meteorological variables and mortality,
which implies a higher level of COVID-19 exposure. However, previous studies on the
association between various meteorological parameters and local-level mortality rates from
COVID-19 in Pakistan are scarce [11]. The association between meteorological factors and
mortality from COVID-19 has been investigated; however, these studies are geographically
limited, mainly focusing on a few cities [7,12]. Therefore, the meteorological data and
COVID-19 data were only from a few cities, without accounting for detailed information.
Furthermore, the authors mainly used simple approaches, such as descriptive statistics
and correlation coefficients [13,14]. However, these simple approaches do not account
for heterogeneity in the datasets, which may raise questions about the robustness of the
findings [15]. Additionally, most of these studies performed analyses at the national
level [15] without accounting for subnational-level variations.

The linear logistic regression (LR) approach has become a standard classification ap-
proach, competing with other statistical techniques in many innovative scientific fields [16].
Researchers such as [17] used this technique to identify a connection between meteoro-
logical indicators and COVID-19 cases in Pakistan. Logistic regression models, along
with the Random Forest technique, were also used by [18] to analyze groundwater po-
tential in China, as groundwater levels tend to vary seasonally and geographically [19].
Shahibi et al. [20] used an LR model to map susceptibility to landslides in the Central
Zab basin in Iran. Furthermore, a study conducted by [21] showed that LR performed
better than other statistical techniques, such as the Support Vector Machine model, in terms
of sensitivity to training samples. Therefore, due to the promising results, we used LR

https://www.nhsrc.gov.pk/
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in our study to determine the association between meteorological parameters and cases
of COVID-19.

As discussed earlier, previous studies in Pakistan are limited to regions, datasets, and
temporal resolutions. Furthermore, they applied techniques different to ours to find a
relationship between meteorological and environmental factors and cases of COVID-19. We
hypothesize that many environmental and meteorological parameters are correlated with
the spread of COVID-19. Therefore, in this study, we propose to evaluate the relationship
between meteorological parameters (maximum and minimum temperature, humidity, and
rainfall) and cases of COVID-19 at a national and subnational level using the LR approach.
This is the first study of its kind in Pakistan, especially at the subnational, provincial,
capital, and territorial levels, as an extensive COVID-19 study in Pakistan, especially at the
subnational level, is not yet available. Additionally, a daily data length of 365 days was
used to predict the relationship between meteorological parameters and COVID-19 cases.
Longer datasets have proven to be more effective in improving model performance [22].

2. Materials and Methods
2.1. Study Area

Pakistan lies in South Asia at 30.00 ◦N and 70.00 ◦E. It is ranked as the fifth most
populous country in the world, with a population of almost 207 million according to a 2017
census conducted by the Pakistan Bureau of Statistics (PBS) (https://www.pbs.gov.pk/
content/population-census) accessed 10 January 2021. According to the World Bank, it
covers an area of 881,913 square kilometers (https://data.worldbank.org). The subnational
level includes four provinces, namely, Sindh, Punjab, Khyber Pakhtunkhwa (KPK), and
Baluchistan; two territories, Gilgit-Baltistan (GB) and Azad Kashmir (AJK); and the capital,
Islamabad (Figure 1).

Figure 1. Map of the study area showing all four provinces, two territories, and the capital, Islamabad.

2.2. Epidemic Data

We used daily COVID-19 data obtained from the Ministry of National Health Services
Regulations and Coordination of the Government of Pakistan (NHSRC) (https://www.
nhsrc.gov.pk). We selected daily confirmed and accumulated cases, as well as daily deaths
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and cases of accumulated deaths from COVID-19 in Pakistan. The daily data (in numbers)
were obtained from the beginning of 2021, i.e., from 1 January 2021 to 31 December 2021,
for the national-level as well as for the subnational-level cases.

2.3. Meteorological Data

Daily data on meteorological factors, including humidity (%), maximum and minimum
temperatures (◦C), and rainfall (mm) for the year 2021 were obtained from the Pakistan
Meteorological Department (PMD), Islamabad.

2.4. Statistical Analysis

In this study, we used a mixed approach. A linear logistic regression model [23]
was used to validate the association between the incidence of COVID-19 and climatic
factors. In addition to examining the correlation between various climatic factors, we also
assessed their associations. In the regression analysis, the new cases were used as predic-
tion variables, while the input variables included the effects of maximum temperature,
minimum temperature, rainfall, and humidity. The data underwent cleaning and recoding
before being used for analysis. Subsequently, the data was organized and listed to identify
any missing values. Descriptive statistical analysis was performed using frequency and
percentage methods. This study used STATA 15 software along with the Spearman rank
correlation test; additionally, SPSS Statistics 29 was used to analyze the correlation between
meteorological factors and confirmed cases of COVID-19. This statistical tool facilitated
quantitative analysis and model development to interpret the data. STATA has previously
been employed by numerous researchers [24], producing satisfactory results. The analysis
was carried out using a 95% confidence interval (CI) and significant predictive parameters
with p-values less than 0.05. STATA 15 was applied for non-spatial and time-series analysis.
The overall equation for the analysis is given below.

X (New COVID−19 Cases) = α+ β1X1(Max. Temperature) + β2X2(Min. Temperature)

+β3X3(Rainfall) + β4X4(Humidity)

In the above equation, α is the intercept and β is the coefficient in the case of each input
variable. Each β reflects how Y will change with X, which is associated with β when all
the other X variables are kept constant. Furthermore, a scheme for the association between
meteorological parameters and COVID-19 cases in Pakistan is shown in Figure 2.

Figure 2. Proposed scheme of study showing the association between meteorological parameters and
the cases of COVID-19 in Pakistan.
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3. Results
To determine the relationships among different variables and the prediction of new

cases, Pearson’s correlation and regression analyses were performed on COVID-19 data.
Data were collected for a period of one year, from January 2021 to December 2021. The
association of maximum and minimum temperature, rainfall, and humidity with the
prediction of new cases of COVID-19 was observed in this study, and the findings are
presented in the following sections.

3.1. National Level

The model performance for nationally confirmed COVID-19 cases in Pakistan is
presented in Table 1. The variables of intercept, minimum and maximum temperature, and
humidity are seen to have a statistically significant impact on the prediction of new COVID-
19 cases. The analysis was carried out using a 95% confidence interval; therefore, the
p-value was < 0.05, confirming that the role of the input variable is statistically significant in
the prediction of new cases of COVID-19. Studies conducted by [7] had similar findings to
ours, that is, temperature is highly associated with the spread of the COVID-19 pandemic.
However, we could not find any significance between rainfall and daily cases of COVID-19
at the national level.

Table 1. Linear regression outputs at national and subnational levels for new cases of COVID-19
stratified by mean daily temperature (max and min), rainfall, and humidity.

Max. Temperature (◦C) Min. Temperature (◦C) Precipitation (mm) Humidity (%)

Coef p 95%Cl Coef p 95%Cl Coef p 95%Cl Coef p 95%Cl

National 43,169.21 0.000 29,660.9,
56,677.52 −18,713.84 0.001 −29,876.56

−7551.121 −4671.212 0.259 −12,797.42,
3454.99 12,428.73 0.000 12,428.73,

18,357.53

Subnational (Provinces and Federal Territories)

Punjab 15.49 0.041 0.66,
30.32 −5.96 0.452 −21.5,9.63 10.90 0.039 0.57, 21.23 −11.70 0.000 −16.32,

−7.07

Sindh −41.55 0.000 −54.06,
−29.03 48.63 0.000 38.40, 58.86 3.21 0.643 −10.42,

16.85 2.29 0.143 −0.77,
5.36

KPK 3.45 0.001 1.41, 5.48 −4.27 0.000 −5.74,
−2.80 1.45 0.745 −7.34,

10.26 2.88 0.014 0.58, 5.18

Baluchistan 1.24 0.000 0.96, 1.53 −0.06 0.594 −0.31, 0.18 2.94 0.046 0.05, 5.48 −0.23 0.051 −0.46,
0.00

Federal Territories

Islamabad 0.66 0.113 −0.15,
1.48 −1.89 0.000 −2.74,

−1.04 1.89 0.041 0.08, 3.70 −0.97 0.190 −2.43,
0.48

AJK −2.52 0.014 −4.54,
−0.50 8.01 0.000 5.55, 10.47 0.82 0.076 −0.08, 1.73 −0.18 0.508 −0.74,

0.37

Gilgit-
Baltistan 0.40 0.000 0.30, 0.50 0.122 0.011 0.02, 0.21 0.61 0.076 −0.06, 1.28 −0.08 0.259 −0.23,

0.06

3.2. Subnational Level
3.2.1. Punjab

Punjab is the most populous and largest province in Pakistan and, accordingly, re-
ported the highest number of confirmed cases of COVID-19 (Figure 3i). Punjab has wit-
nessed two COVID-19 peaks, the first in April and the other in August. Lower daily cases
of COVID-19 are observed for months with increased temperature, that is, from May to
July. Therefore, increased temperatures help reduce the spread of the COVID-19 pandemic.
Findings by [5] and [6] reported that COVID-19 transmission is lowest in hot environments.
Additionally, higher daily cases of COVID-19 are observed in August, which receives more
rainfall due to the monsoon season, in turn promoting the spread of the pandemic. It
is observed that the prediction power of the estimated model is 30.68%. It is imperative
to mention that, even if the prediction power is lower, the analysis results show that the
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variables of intercept, minimum temperature, and rainfall have a statistically significant
impact on the prediction of new COVID-19 cases.

Figure 3. Variation in daily COVID-19 cases with changes in meteorological parameters for (i) Punjab
and (ii) Sindh. Other areas are not shown due to their smaller numbers of cases.

Pearson’s correlation is an important analysis technique in which relationships be-
tween different variables are determined by checking how they are related directly or
indirectly. The results of the analysis presented in Figure 4i show that the impact of temper-
ature on the new cases is negative. This confirms that higher temperatures reduce virus
spread, thus limiting its spread. Other researchers have also reported similar findings. For
example, Ref. [25] reported that, with increased temperature, the number of new cases of
COVID-19 decreased. Several other studies on the relationship between meteorological
factors and the global spread of COVID-19 have reported a negative correlation between
temperature, morbidity, and mortality from COVID-19 [6]. An increase in the amount of
rainfall and humidity increased the number of new cases of COVID-19. This confirms that
the spread of the COVID-19 pandemic was directly associated with rainfall and humidity.
The detailed results are presented in Table 1.

Figure 4. Heatmap showing the correlation between the variables for (i) Punjab and (ii) Sindh.
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3.2.2. Sindh

Sindh is the second most populous province in Pakistan, with approximately 47 million
people (PBS). Consequently, it has witnessed the second-highest number of COVID-19
cases and deaths in Pakistan. Unlike Punjab, confirmed cases of COVID-19 reached three
peaks: in May 2021, July 2021, and August 2021 (Figure 3ii). Lower temperatures were
observed in January and February, which could be a reason for the increase in COVID-19
cases, in addition to the intense rainfall in July. Similarly to Punjab, higher temperatures
were recorded from May to July, resulting in a lower number of COVID-19 cases in Sindh.
Table 1 presents the results of the regression analysis for Sindh. The prediction power
of the estimated model is 51.4%, which is quite high compared to the prediction model
previously reported for the Punjab case. The results showed that the p-values for almost all
predictive parameters were statistically significant (p < 0.05). This prediction confirms that
the proposed model tends to predict new cases of COVID-19 in Sindh with an accuracy
of more than 50%. The results of the analysis revealed that the intercept, maximum and
minimum temperature, and humidity variables were significant predictors of new cases
of COVID-19 in Sindh. It is vital to mention that the mortality rate variable was omitted
from the analysis because it does not form any significant relationship with any of the
other variables in the analysis due to the extremely small mortality values. The detailed
results of the prediction using the regression analysis are available in Table 1. The results
of the Pearson’s correlation analysis between the different variables in Sindh are shown
in Figure 4ii. Similarly to Punjab, the impact of temperature on new cases of COVID-19
is negative in Sindh. In other words, temperature has a negative impact on the spread of
the virus. On the contrary, the amount of rainfall and humidity has a direct relationship
with the number of cases of COVID-19. It is concluded that an increase in the amount of
precipitation and humidity promoted the spread of the virus, increasing the number of new
cases of COVID-19 in Sindh province. These findings are in line with the results previously
reported by [3].

3.2.3. Islamabad and Other Provinces and Territories

According to the population statistics obtained from PBS, the number of people living
in other provinces (KPK and Baluchistan), territories (GB and AJK), and Islamabad is
much lower than in provinces such as Punjab and Sindh. Consequently, according to
data obtained from the relevant department, it is revealed that the number of cases of
COVID-19 is much lower compared to Punjab and Sindh. In KPK, Baluchistan, GB, AJK,
and Islamabad, our LR models showed that none of the climatic parameters was significant
for the spread of COVID-19 (Table 1). Hence, the low performance of our models could
mainly be attributed to the lower number of cases of COVID-19 reported there. According
to the studies conducted [26], South America and some Asian countries had relatively
lower cases of COVID-19 as they imposed some of the strictest measures. In the regression
analysis, no statistically significant association was observed between the variables and
the COVID-19 cases. Therefore, the performance of the regression models was highly
controlled by the number of cases for each variable. Moreover, most of such areas lie in
higher altitudes like GB, AJK, and KPK, etc., which offer lower maximum and minimum
temperatures even in June and July compared to Punjab and Sindh. Therefore, a lower
number of cases of COVID-19 can be attributed to such mild temperatures, which are not
favorable for its spread.

4. Discussion
The incidence of confirmed cases of COVID-19 in Pakistan is among the highest in

areas experiencing widespread transmission of COVID-19. This study elucidates the inter-
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actions between temperature (minimum and maximum), rainfall, and relative humidity in
influencing the spread and mortality of COVID-19 at both the national and subnational
levels in Pakistan. Due to its varied topography, the country exhibits a wide range of
climatic conditions. A comprehensive analysis was carried out by comparing daily meteo-
rological data, including temperature (minimum and maximum), rainfall, and humidity,
with incidence cases of COVID-19 at national and subnational scales in Pakistan.

This study showed that the national and subnational levels, minimum (p < 0.001)
and maximum (p < 0.001) temperatures (Punjab, Sindh, and KPK provinces), along with
humidity, had a statistically significant association with daily cases of COVID-19 (Table 1).
Xie & Zhu (2020) [27] and the findings of Tosepu et al. [28] in Jakarta, Indonesia, confirmed
a significant correlation between COVID-19 and temperature. Similarly, a study by Ab-
dulkareem, A.B., et al. [29] supports our findings that temperature is highly related to the
spread of the COVID-19 pandemic. Furthermore, the combined effects of COVID-19 and
climate variables have exacerbated human health risks and created synergies [30,31].

At the provincial level, lower daily cases of COVID-19 were observed in Punjab for
high-temperature months, that is, from May to July. This indicates that higher temperatures
resisted the spread of the COVID-19 pandemic. Riddell S et al. [5] found that COVID-19
transmission was the least in hot environments. This phenomenon can also be observed in
relatively hot countries; that is, the impact of the spread of COVID-19 was much lower in
these regions [30]. In contrast, the impact of rainfall and humidity is directly related to the
reporting of new cases of COVID-19.

As a review by Shakil MH et al. [32] highlighted that environmental factors, rainfall
during the monsoon could be a reason for the higher daily cases of COVID-19 in Punjab
during August [3]. In Sindh, lower temperatures were observed in January and February,
which could be a reason for the increase in cases of COVID-19, in addition to heavy rain in
July. Similarly to Punjab, lower daily cases of COVID-19 were reported during months with
higher temperatures, that is, from May to July. Therefore, it was revealed that an increase
in temperature had a negative impact on the spread of the virus. Similar findings have
been reported [11] that high temperatures limit the spread of the virus. On the contrary,
an increase in the amount of precipitation and humidity promoted the spread of the virus,
increasing the number of newly reported cases of COVID-19. Research conducted by
Biktasheva (2020) [33] indicates a negative correlation between local air humidity and
COVID-19 mortality in federal German states, suggesting that aerosol transmission of the
virus is inhibited by elevated humidity levels [34]. Furthermore, high humidity increases
indirect transmission pathways of the virus by enhancing the stability of viral particles
within droplets and on surfaces [35].

In Baluchistan province and territories, our LR models have shown that none of the
climatic parameters were significantly associated with the spread of COVID-19. The number
of reported daily cases of COVID-19 was much lower in these areas compared to Punjab
and Sindh. Therefore, the low performance of our models could mainly be attributed
to the lower number of cases of COVID-19 reported there. Studies have shown that the
performance of statistical models was considerably lower due to the lack of a sufficient
amount of training data needed to capture the dynamics of COVID-19 cases [21,36].

The findings of this study are consistent across all measures evaluated, and this study
offers insights by assessing the influence of meteorological factors on the transmission of
COVID-19. Furthermore, the presence of a substantial number of asymptomatic positive
cases within the community serves as a significant factor that can significantly alter the
results on the meteorological impact of COVID-19 cases. In addition, limitations imposed
on daily testing capacities can affect the number of confirmed new cases. Finally, due to
its ecological design, this study is limited in its ability to establish causal relationships,
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as associations observed at an aggregate level may not necessarily correspond to those
at an individual level. Our study did not aim to explore other factors that influence the
spread and mortality of COVID-19, including social distancing measures, organization
of the healthcare system, medical resources, public adherence, and personal hygiene.
Investigating these areas further could provide a deeper understanding of how COVID-19
cases relate to climatic factors. Lastly, other machine learning and regression analysis
techniques [37] could be sought for detailed information.

5. Conclusions
This study spans a full year after the COVID-19 outbreak, allowing a clearer obser-

vation of the seasonal characteristics of the spread of COVID-19 in Pakistan at the local,
regional, and provincial levels. The positive correlation between temperature and COVID-
19 cases in this study, coupled with the highest incidence of cases in July, underscores the
adaptable and persistent nature of COVID-19. However, climatic factors do not operate as
isolated variables, as other contributing factors are interconnected, creating a conducive
environment for the spread of COVID-19 and exacerbating its impact. This study provides
valuable information for policymakers on COVID-19 transmission and its association with
meteorological variables for future outbreaks of this type.
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