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Abstract

Weather variables are one of the crucial factors affecting respiratory infectious diseases; however, the effect of weather
variables on the coronavirus disease 2019 (COVID-19) is still inconclusive and varies in different regions. The present
study investigated the effects of weather variables (maximum temperature, MT; relative humidity, RH; wind speed, WS;
precipitation, PR; and dew point, DP) on daily infection and death cases in three lockdown phases in Asia as of November
1, 2020. Generalized additive lag model was used to analyze the risk associated with weather variables, with confounders
like median age of the national population, population density, country and lockdown phases. Our findings revealed that
during lockdown phases all five weather variables show association with daily confirmed, and death cases. On the other
hand, PR (pre-lockdown phase) and DP (lockdown phase) showed positive association with both daily confirmed and death
cases. Throughout the three lockdown phases MT, RH and PR showed strong positive associations with daily confimed/
death cases. A lag period of 0—4-days possess higher risk of infection and death due to the varied ratios of different weather
variables. The relative risk indicated that the infection and mortality risk was higher in India as compared to the rest of the
countries. Here, unique combination of weather variables together with higher population density makes this region as one
of the hotspots for COVID-19. This shows that the COVID-19 pandemic may be suppressed or enhanced with combination
of different weather conditions together with factors like population density and median age of the country, which shall be
useful for better implementation of health policies and further preparedness in Asia.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), a strain of coronavirus is responsible for coronavi-
rus disease 2019 (COVID-19), a predominantly respiratory
ailment which is responsible for the COVID-19 pandemic
(Gorbalenya et al. 2020). COVID-19 was first reported in
Wuhan, China in December 2019 which soon spread to dif-
ferent parts of the world despite many restrictions in travel
and so many preventive measures taken. Therefore, it was
declared a pandemic by World Health Organization (WHO)
because of its rapid spread throughout the world (Li et al.
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2020). Previous studies showed weather variables like tem-
perature and relative humidity can significantly help in
occurrence and transmission of many infectious diseases,
including severe acute respiratory syndrome (SARS) (Djen-
nad et al. 2018; Tan et al. 2005). Recently, it was observed
that weather variables, particularly mean temperature and
relative humidity have significant associations with the
occurrence of COVID-19 reported from different regions
of the world (Bashir et al. 2020; Lin et al. 2020; Liu et al.
2020; Prata et al. 2020; Wu et al. 2020; Xie and Zhu 2020).
Few researchers also considered diurnal temperature, wind
speed, precipitation and dew point and found significant
association with COVID-19 cases (Ma et al. 2020; Menebo
2020; Sahin 2020).

It has been observed that the lethality in temperate coun-
tries is more as compared to tropical countries due to pres-
ence of few unique mutations in SARS-CoV-2 genes (Islam
et al. 2020). Mutations in virulence genes of SARS-CoV-2
was observed in several countries of Europe, Asia and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42398-021-00176-8&domain=pdf

552

Environmental Sustainability (2021) 4:551-558

Middle-East, yet the loss of human lives due to COVID-19
has been relatively lower particularly in Asia and Middle-
East as compared to Europe (Islam et al. 2020; Maurya et al.,
2020). Therefore, the significance of weather variables is
important for the occurrence and spread of COVID-19 and
its rate of lethality. Due to this pandemic, most of the coun-
tries of the world have imposed partial or complete social
restrictions resulting in prohibition of mass transportation
and industrial activities. As a result, the air quality and over-
all environmental health has improved with drastic reduc-
tions in pollution (Bera et al. 2020; Mahato et al. 2020).
Most of works have concentrated in either at one country
or taking the entire world but no work has been done taking
only Asian continent which is the hub of COVID-19 with
maximum cases. Moreover, no work has been done to see
the effect of weather variables on the COVID-19 daily con-
firmed and death cases taking three lockdown stages in
consideration. We, therefore, aim to determine the role of
selected meteorological factors with daily confirmed and
death cases of COVID-19 in selected countries of Asian
continent with focus on three stages of lockdown period.
This study establishes that combinations of different envi-
ronmental variables have significant role in the increase or
decrease of COVID-19 related infections and death.

Materials and methods
Data collection

Daily confirmed/infection and death cases of COVID-19
data were collected from 27 countries of Asian continent,
excluding west Asian countries and Russia (Table S1). Data
were collected till November 1, 2020 which were divided
into three lockdown phases (pre—lockdown, lockdown and
post-lockdown). Different countries have announced lock-
down on different dates. Both partial and full lockdowns
have been considered from the initial date of lockdown
imposed (Table S1).

Collection of daily confirmed and death cases were col-
lected from Johns Hopkins University, whereas the daily
meteorological data were collected from the power project
of NASA (Table S2). Among the meteorological data, maxi-
mum temperature (MT, °C), average relative humidity (RH,
%), average wind speed (WS, m s’l), precipitation (PR, mm
day™") and average dew point (DP, °C) were considered for
the study.

Median age and population density data of the 27 coun-
tries were also collected as potential confounders (Table S2).
Median age indicates the population aging of a country’s
population. The occurrence of higher number of COVID-19
cases are observed in population with upper levels of aging
(Verity et al. 2020). On the other hand, population density
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is the number of people per square mile of land area. A
densely populated country can trigger the spread of epidem-
ics (Khairat et al. 2020).

Statistical analyses

Descriptive analyses were performed at three lockdown
phases. Multiple regression analyses were performed to
identify relation between weather variables and daily con-
firmed and death cases. Cluster analyses using Bray—Cur-
tis distance was used to identify the dissimilarity among
the lockdown phases based on daily confirmed and death
cases. A generalized additive model (GAM) with qua-
sipoisson family (residual overdispersed as compared to
degrees of freedom) was used in the present study to ana-
lyze the association between the selected weather variables
with daily confirmed and death cases, separately as used
in the previous studies (Almeida et al. 2010; Ma et al.
2020). First, weather variables were transformed with
cross—basis matrix where a lag of 10 days were generated
(0-10). Second, we built the GAM model for association
of daily confirmed and death outcomes with weather vari-
ables. Important confounding factors were also added to
this model such as ‘country’ and ‘lockdown phase’ as a
categorical variable, and ‘median age’ and ‘population
density’ as a numerical variable. Matching with several
recent time—series studies (Cheng and Kan 2012; Zeng
et al. 2016), the penalized smoothing spline functions were
incorporated to control the effects of confounding factors,
such as time, median age and population density. The core
GAM equation is:

log(Yt) = a + pX, + Country + Lockdown phase
+ s(Median age) + s(Population density)
+ s(time, df)

where t is the day of the observation; a is the intercept; f
is the regression coefficient; X, is the daily weather vari-
ables on day f; s() refers the smoother based on the penalized
smoothing spline; time is the date of observation and df is
degrees of freedom.

After establishing the core model, relative risk (RR)
was calculated adjusting for various confounders. The RR
is defined as ‘the ratio of the probability of occurring of
confirmed/death cases at a certain value of a weather vari-
able to the probability of the event occurring at a refer-
ence value of the same weather variable’. All the statisti-
cal analyses were conducted using R software (version
4.0.2) (R Core Team 2020) and GAM model using ‘dlnm’
package (version 2.4.2) in R (Gasparrini 2011). The effect
estimates were expressed in RR with per one—unit increase
in weather variables.
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Results
Descriptive analysis and cluster analysis

A total of 10,607,067 cumulative confirmed cases and
171,537 cumulative death cases were documented till
November 1, 2020. Overall highest daily confirmed and
death cases were observed in India during post-lockdown
phase till November 1, 2020. On the other hand, Laos has
the lowest daily confirmed cases recorded (Fig. 1). Overall,

MT ranged from —7.90 to 45.82 °C, and RH ranged from
3.82 to 100%. Average wind speed ranged from 0 to
11.20 m s™!, and PR ranged from 0 to 217.81 mm day™".
Average dew point ranged from —32.77 to 27.43 °C during
the study period.

Based on Bray—Curtis distance of cluster analysis it has
been observed that pre- and post-lockdown has the most
similar rate of daily confirmed and death cases, whereas
lockdown period was the most dissimilar lockdown phase
for both daily confirmed and death cases (Fig. 2).

Daily_cases

8103.08393

403.42879
20.08554

1.00000

Daily_cases

'S v u g v . v U v
20°E  40°E 60°E 80°E 100°E 120°E 140°E20°E 40°E 60°E
long

(b)

80°E 100°E 120°E 140°E20°E  40°E

60°E 80°E 100°E 120°E 140°E

Daily_deaths

403.428793

Pre_Lockdown

Lockdown

Post_Lockdown

60°N 1
40°N 4

-
5 20°N 4

o~

54.598150

7.389056

1.000000

Daily_deaths

2 ) i @® o
Y ) AR @ o
o, : . N 8 v O 1000

—

20°S v v v v ~ v v v v
20°E  40°E  60°E  80°E 100°E 120°E 140°E20°E  40°E  60°E  80°E
long

T oy
100°E  120°E

-
0 -
O

T
140°E 20°E 40°E 60°E 80°E 100°E  120°E  140°E

Fig. 1 Global distribution of a daily confirmed and b daily death cases of covid-19 cases till 1st November, 2020
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Multiple regression analysis for daily confirmed/
infection and death cases of COVID-19
against the weather variables

During pre-lockdown phase, PR has shown a significant
positive contribution in spreading the daily cases while RH
and PR has shown similar contribution in increasing daily
death cases. Additionally, WS showed significant negative
impact on daily infection cases. During lockdown, MT, PR,
WS and RH has a significant positive impact on daily infec-
tion and death cases whereas DP has negative impact on the
daily infection and death cases. During post-lockdown, DP
has a positive impact on the daily infection and death cases
whereas MT has positive impact only on daily death cases.
Overall, it has been observed that MT, PR and RH have a
consistent positive association with daily confirmed/death
cases thoughout the three lockdown phases (Table S3).

Fig.3 3D plot of maximum
temperature (a, b) and relative
humidity (¢, d) at 10-days lag
period and its corresponding
relative risk (RR) generated
from GAM poisson distribu-
tion model for COVID-19 daily
confirmed (a, ¢) and death cases
(b, d) till 1st November, 2020
Asia
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Lag effects of weather variables on daily confirmed/
infection and death cases of COVID-19

The exposure-response analysis exhibiting the relative
risks of COVID-19 confirmed cases and deaths in associa-
tion with weather variables are shown in Figs. 3,4, 5 and
S1 - S10. Moderate infection risk was associated with MT
in between 0 and 1-day lag period but no such risk was
observed for its mortality till 8-day lag (Fig. 3a,b). Maxi-
mum temperature of more than 20 °C have the higher risk
of infection at 0— and 1-day lag and less than 0 °C have the
higher risk of infection from O to 7-day lag (Fig. S1). Simi-
lar results were also observed for mortality risk due to MT
(Fig. S2). Average RH had no such risk exposure associ-
ated with daily confirmed cases and deaths for COVID-
19 (Fig. 3c,d), but each lag day exposure showed a mild
risk of infection due to RH on 0- to 5-day lag period.
But from 7-day lag the risk of daily infection increased due
to increasing RH at 10-40% (Fig. S3). Risk of mortality
due to RH increased its peak from 3-day lag at 10-40%
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Fig.4 3D plot of wind speed
(a, b) and precipitation (c, d)
at 10-days lag period and its
corresponding relative risk
(RR) generated from GAM
poisson distribution model for
COVID-19 daily confirmed (a,
¢) and death cases (b, d) till 1st
November, 2020 Asia

Fig.5 3D plot of dew point

at 10-days lag period and its
corresponding relative risk
(RR) generated from GAM
poisson distribution model for
COVID-19 daily confirmed
(a) and death cases (b) till 1st
November, 2020 in Asia
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RH (Fig. S4). No infection risk was associated with WS
overall but the mortality risk was observed at 8-day lag
period (Fig. 4a,b). Each lag day exposure revealed minimal
infection and mortality risk at 2-6 m s~! and 4-6 m s™! of
WS at 0-day lag only (Figs. S5 and S6). No infection risk
and mortality risk were observed due to PR in lag periods
(Fig. 4c,d). Lag specific exposure also revealed no signifi-
cant risk associated with daily confirmed and death cases
due to PR (Figs. S7 and S8). Infection risk associated with
DP was observed from 4-day lag period and mortality risk
was observed from 6-day lag period (Fig. 5). Each lag day
effect has shown rise in infection risk from 20 °C DP at
5- and 7-day lag period (Fig. S9). The mortality risk was
observed at >0 °C DP from 1-day lag period (Fig. S10).

Discussion

Many respiratory-borne infectious diseases are correlated
with temperature as shown in previous studies, where
increase in the temperature results in decrease in spread of
SARS-CoV, MERS-CoV and influenza virus (Chan et al.
2011; Jaakkola et al. 2014; Van Doremalen et al. 2013).
Our study demonstrated positive association between con-
firmed and death cases with MT during lockdown. Similar
results were found in Norway, Singapore, Indonesia and
Brazil (Auler et al. 2020; Menebo 2020; Pani et al. 2020;
Tosepu et al. 2020). Contrary to our results, some work-
ers showed negative associations between temperature and
COVID-19 cases (Lin et al. 2020; Sahin 2020; Wu et al.
2020). Association of air temperature with COVID-19
cases may vary in temperate and tropical regions where
altitudinal gradient can be one of the factors for such vari-
ations. China, being the source of SARS-CoV-2 showed
varied association (either positive or negative) or no asso-
ciation between temperature and COVID-19 cases (Liu
et al. 2020; Ma et al. 2020; Qi et al. 2020; Xie and Zhu
2020; Yao et al. 2020).

A handful of studies had shown that RH is also an
important variable apart from temperature that shows
strong association with COVID-19 cases (Gupta et al.
2020; Sahin 2020; Wu et al. 2020). Here, in pre-lockdown
and lockdown phase RH along with PR showed strong
positive association with daily confimed and death cases.
These findings provide preliminary evidence that RH and
PR may increase the COVID-19 pandemic. Apart from
these, WS has also shown strong negative association with
either daily infections or deaths in both pre-lockdown and
lockdown phase. Therefore, these weather variables should
also be paid attention when estimating the cause of daily
infection and death cases. In most of the cases, the risk
of infection and mortality was observed in between 0 and
4-day lag periods for all weather variables, indicating the
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initial four days after the infection as the critical for higher
risk and the cause of mortality.

Both pre-lockdown and post-lockdown have established
almost similar rate in the spread of daily infection and
death cases which might be due to the relaxation in social
distancing in both the lockdown phases. All the three lock-
down phases took place in different seasons of the year.
This shows that weather variables can act as a significant
response for daily confirmed and death cases in three dif-
ferent lockdown phases. This signifies additional support
to demonstrate the role of different weather variables and
their combined effect in triggering the transmission and
death of COVID-19. As compared to the pre-lockdown
and post-lockdown period, lockdown has evidenced more
significant association between weather variables and
the daily confirmed and death cases which might be due
to strict social distancing revealing the approximate role
of weather variables in COVID-19 cases. Due to limited
movement in lockdown period, the role of weather vari-
ables in COVID-19 cases has been clearly portrayed.

It has been observed that India has the highest rate of
COVID-19 cases till November 1, 2020. This country is one
of the most densely populated areas in the world. Therefore,
very high population dense areas might face limitations in
health care facilities, serving as one of the major factors in
transmission of COVID-19 cases. Also, India has diverse
weather conditions in different regions which also might
trigger the spread of daily cases. On the other hand, moder-
ate to low population dense countries show lesser daily cases
which might be due to well managed restrictions and social
distancing with better health care facility. Similar results
were observed studies from different parts of the world
(Hamidi et al. 2020; Roy and Khalse 2020; Wu et al. 2020).
It has been noticed that all weather variables (selected in this
study) help in triggering the infection and mortality risk.
This is quite clear that instead of one weather variable, the
risk of COVID-19 is highly associated with the interplay of
many weather variables in different seasons and their over-
all combined effects. This might be one of the main reasons
of variations in results between the association of COVID-19
with different weather variables in different regions of the
world (Auler et al. 2020; Gupta et al. 2020; Lin et al. 2020;
Menebo 2020; Pani et al. 2020; Sahin 2020; Tosepu et al.
2020; Wu et al. 2020) and during different time of the year.

Overall, it has been observed that most of the respira-
tory-borne infectious diseases were significantly associated
with changing climatic conditions like extreme temperature,
drought, floods and hurricanes (see Mirsaeidi et al. 2016).
Rate of change in climate alter the epidemiology of many
climate-sensitive pathogens. Many studies conducted this
year show strong association of SARS-CoV-2 with weather
variables (Auler et al. 2020; Gupta et al. 2020; Lin et al.
2020; Menebo 2020; Pani et al. 2020; Sahin 2020; Tosepu
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et al. 2020; Wu et al. 2020). Therefore, the novel corona
virus and its overall behaviour with changing weather vari-
ables show dynamic nature in transmission and lethality.

Conclusively, our work clearly indicated that combina-
tion of different environmental variables and their combined
effects pose risk of infection and death, considering large set
of data from Asia. For example, even 1°C increase in MT
can pose risk for COVID-19 pandemic. Higher risk of infec-
tion due to meteorological factors is more intense in 0—4-
day lag period. India is unique in weather conditions with
higher population density which thereby has higher infection
and mortality risks as compared to the rest of the world.
Significant association between the COVID-19 cases with
weather variables were more defined during the lockdown
when the weather conditions were changing. Therefore, it is
well established that weather has a major role to play in both
transmission and death cases in Asia. Along with the median
age, patient’s medical history and overall significance of
medical facilities, factors like regional climatic conditions
with daily micro-weather variables should be taken care of
while dealing with the COVID-19 patients. It is important to
formulate public health policies, societal awareness and pre-
paredness for future disasters. Preparedness against the res-
piratory infections must include measures to check the deter-
mintal effects of micro-environmental changes and overall
climatic changes so as to prevent or mitigate the spread of
such infections. Other countries (apart from Asian countries)
and mutants of SARS-CoV-2 have not been considered in
the present study. However, these should be considered in
future for better understanding of the effect of weather vari-
ables on the spread of COVID-19 cases.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42398-021-00176-8.
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