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Abstract

The novel COVID-19 is a highly invasive, pathogenic, and transmittable disease that has stressed the health care sector and
hampered global development. Information of other viral respiratory diseases indicates that COVID-19 transmission could be
affected by varying weather conditions; however, the impact of meteorological factors on the COVID-19 death counts remains
unexplored. By investigating the impact of meteorological factors (absolute humidity, relative humidity, and temperature), this
study will contribute both theoretically and practically to the concerned domain of pandemic management to be better prepared to
control the spread of the disease. For this study, data is collected from 23 February to 31 March 2020 for Milan, Northern Italy,
one of the badly hit regions by COVID-19. The generalized additive model (GAM) is applied, and a nonlinear relationship is
examined with penalized spline methods. A sensitivity analysis is conducted for the verification of model results. The results
reveal that temperature, relative humidity, and absolute humidity have a significant but negative relationship with the COVID-19
mortality rate. Therefore, it is possible to postulate that cool and dry environmental conditions promote virus transmission,
leading to an increase in COVID-19 death counts. The results may facilitate health care policymakers in developing and
implementing effective control measures in a timely and efficient way.
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Introduction

The emergence of the 2019 novel coronavirus infection was
observed in Wuhan, a renowned city of China, when the first
infected case of this virus appeared in December 2019 (Lu et al.
2020). The prevalence of coronavirus reached its peak at the start
of the new year 2020. Initially, the new coronavirus was restrict-
ed to China, but soon, it affected many other countries (Li et al.
2020; Wang et al. 2020a, b, c; Mustafa et al. 2021). As per global
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statistics, 2019 nCoV infected more than 43,000 persons in 28
different countries of the world. This harrowing statistic alarmed
the world that 2019 nCoV was a major global health concern.
The World Health Organization (WHO) made an important of-
ficial announcement on 11 February 2020, in which the 2019
nCoV pandemic disease was titled with a new name as corona-
virus disease (COVID-19). Keeping in mind the nature of
COVID-19, the International Committee on Taxonomy
of Viruses gave another name to the 2019 novel coro-
navirus as severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) (Gorbalenya et al. 2020).

Although primary analysis established a connection between
the wild animal market and infected patients, pointing towards the
existence of animal-to-human transference (Gralinski and
Menachery 2020), nevertheless, the most recent studies examined
that droplets or direct contact with people caused the human-to-
human transference of SARS-CoV-2 (Li et al. 2020; Wang et al.
20204a, b, c; Carlos et al. 2020). However, as the situation is getting
worse, therefore, it is significant to determine the factors leading to
COVID-19 spread. Additionally, WHO also emphasized that
more research is still required to advance public health measures
and prediction models (Smit et al. 2020).
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Among other factors, prior studies have highlighted the cru-
cial role of weather conditions regarding the spread of viral dis-
eases. Additionally, epidemiological models have been applied
to formulate regulatory intervention and policy imposition
(Tanne et al. 2020; Cai et al. 2020). Several studies were con-
ducted to explore reasons behind the spread of viral diseases and
to develop control strategies by determining the influence of
meteorological factors on outbreaks such as dengue fever
(Morin et al. 2013), varicella (Mahmud et al. 2020), and influen-
za (Liu et al. 2020a, 2020b). Past studies have documented that
among meteorological factors, humidity and temperature in par-
ticular have a significant impact on the spread of COVID-19
(Bashir et al. 2020; Igbal et al. 2020). Recently, some studies
explored a significant relationship between weather conditions
and COVID-19 transmission and mortality rate (Wang et al.
2020a, b, c; Oliveiros et al. 2020). Many researchers claimed
temperature and humidity as crucial contributors in predicting
the COVID-19 transmission (Kodera et al. 2020; Ma et al.
2020; Biktasheva 2020; Wu et al. 2020).

Given the similarities between COVID-19 and SARS virus,
researchers hypothesized that the transmission rate of the
COVID-19 may be partially decreased when temperature and
humidity increase (Wu et al. 2020; Pan et al. 2021). Likewise,
as per a recent study, it was found that COVID-19 infection and
death rates are high in cold weather, that is, about 50% of the
cases have a seasonal effect (Liuab et al. 2021). Moreover,
Ficetola and Rubolini (2020) reported that the COVID-19 trans-
mission reaches its peak at a temperature range of 5-6.3°C.
While the required humidity level for its peak transmission is
reported as ~4-6 g-m °. The seminal work of Leung et al.
(2020) supported the argument by documenting that lower hu-
midity and temperature are highly expected to promote COVID-
19 spread. Similarly, Lin et al. (2020) revealed that rising levels
of temperature directly contribute to mitigating the transmission
of COVID-19. Thus, recent studies have strengthened the hy-
pothesized relationship between COVID-19 and meteorological
factors (Smit et al. 2020; Ma et al. 2020).

Studies conducted in different parts of the world have de-
termined the weather effects on COVID-19 transmission rate,
but none attempted to determine the impact of meteorological
factors (absolute humidity, relative humidity, and tempera-
ture) on the COVID-19 mortality rate, particularly in the con-
text of Milan, Northern Italy. Therefore, it is imperative to
investigate all the possible factors, especially environment re-
lated, that either directly or indirectly lead to COVID-19 or
increase the graph of the death rate.

The northern region of Italy consists of eight separate regions:
Trentino-Alto, Liguria, Peidmont, Veneto, Aosta Valley, Friuli-
Venezia Giulia, Emilia-Romagna, and Lombardy. The popula-
tion of Northern Italy is approximately 27.2 million. Among
these regions, Lombardy is the home to 10.08 million inhabi-
tants, and it reported 37% of COVID-19 cases and 53% deaths
by 15 April 2020 (Rate, 2020). Italy adopted different strategies
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for controlling this pandemic, including mass testing and strict
repression of the outbreak implemented by Veneto. While
Lombardy improved hospital services to meet the growing de-
mand for intensive care units; however, it reported three times
higher COVID-19 death cases (18.3%) as compared to Veneto
(6.4%) and approximately two times higher than the rest of Italy
(10%) as reported on April 15 (Boccia et al. 2020; Signorelli
et al. 2020). In Lombardy, the city of Milan reported a huge
number of COVID-19 death cases (Silvia 2020). Hence, this
situation highlighted a research gap to explore the meteorological
factors causing the highest number of COVID-19 mortality cases
in Milan. Additionally, this situation also highlights the signifi-
cance of critically assessing factors of environmental sensitivity
in the coronavirus because before developing any response strat-
egy, it is important to understand how meteorological factors can
influence the COVID-19 pandemic. Moreover, COVID-19
spreads through close contact and respiratory droplets; it is note-
worthy to expand the roots of the research for the study of the
unexplored combination of variables that would help to better
understand the dynamics of this deadly virus and assist knowl-
edge workers to come up with effective countermeasures.

The study contributes to the existing literature in the following
ways. First, this study aims to help health care practitioners in
understanding the role of temperature and humidity in under-
standing the COVID-19 death counts and to provide a reliable
prediction of the linkages between humidity and temperature and
COVID-19 mortality. This information will provide a basis for
developing effective policies and measures to minimize the trans-
mission rate of COVID-19. Second, several studies provided
significant findings proving the relationship between meteoro-
logical factors and the COVID-19 mortality rate (Pinheiro et al.
2014; Wang et al. 2020; Oliveiros et al. 2020). However, no
study has determined the relationship between Milan’s weather
conditions and COVID-19 death cases, particularly during its
peak period. Thus, the aim of this research is to give scientific
evidence about the impact of weather conditions on the COVID-
19 death cases in Milan, Italy. Third, this research aims to reveal
that in addition to the indoor transmission of COVID-19, outdoor
airborne virus transmission might be a major pathway in
COVID-19 transmission. Fourth, this study adds distinction in
its analytical methodology by applying a robust approach: gen-
eralized additive model (GAM) with quasi-Poisson link function
on the data of Milan, Italy.

Methodology

Data collection

Climate conditions are reported as one of the top predictors of
COVID-19 infections (Ma et al. 2020). In this study, explor-

ing the relationship between COVID-19 and death cases, we
collected the data for Milan, a city in the northern region of
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Italy. The reason for selecting this particular region is the
highest number of reported COVID-19 death cases during
the selected peak period from 23 February to 31
March 2020. We used meteorological variables composed of
absolute humidity, relative humidity, and daily average tem-
perature. Time series meteorological data of daily average
humidity (H) and daily average temperature (T) for Milan
were collected from Weather Underground (https://www.
wunderground.comy/).

While the data of air pollutants composed of particulate
matter with sulfur dioxide (SO,), nitrogen dioxide (NO,),
aerodynamic diameter < 2.5 um (PM, 5), ozone (O3), acrody-
namic diameter < 10 um (PM, ), carbon monoxide (CO), and
ammonia (NH;) were collected from the official website of
World Air Quality Index (AQI) (https://aqicn.org/city/italy/
lombardia/milano-pascal-citta-studi/). Recent studies have
confirmed the authenticity of selected websites for the data
collection for examining meteorological factors (Zoran et al.
2020; Pani et al. 2020; Lolli et al. 2020). The real-time data for
COVID-19 death cases were collected from Statista’s website
(https://www.statista.com/statistics/1109295/provinces-with-
most-coronavirus-cases-in-italy/) (Rasmussen and Jamieson
2020). This study attempts to investigate the nonlinear rela-
tionship between COVID-19 death cases and meteorological
factors in Milan, Italy. We expect that this research can con-
tribute to the existing literature by providing scientific evi-
dence for implementing effective control measures in
COVID-19.

Absolute humidity calculation

In an atmosphere, the amount of water vapors is vari-
able and small. Absolute humidity is assessed through
vapor pressure (VP). The absolute humidity is the mass
of moisture per volume of air [pv (g/m?)]. It is linked to
vapor pressure through the ideal gas law for the moist
air portion. Following the model provided by Ma et al.
(2020), this study develops and presents Eq. (1), in
which Gq is the gas constant for water vapor; v repre-
sents vapor pressure (VP), [461.53 J/(kg K)]; and T
represents daily ambient temperature (K).

pv = 1000 x v/G,T (1)

Absolute humidity is normally represented by VP and is
examined through relative humidity and ambient temperature
by applying Clausius—Clapeyron relation (O’Gorman and
Muller 2010; Ma et al. 2020). Initially, we calculated saturated
vapor pressure [S, (T) (mb)] by using daily temperature as
shown in the equation below:

Su(T) = S4(To) x exp[L/Gs(1/To=1/T)] 2)

VP = 1000 x Gs(T) x RH/1000 (3)

where the saturation vapor pressure is represented by S,
(T,) and the reference temperature is T, (273.15 K), which
is equivalent to 6.11 mb. Gs represents [461.53 J/(kg K)] the
value of gas constant for water vapor. L represents the stan-
dard latent heat required for evaporating 1 kg of water and that
s 2257 kJ/kg. T shows daily ambient temperature (K). In this
study, we used absolute humidity, relative humidity, and tem-
perature for investigating its impact on reported death cases in
Milan, Northern Italy. We calculated the value of VP by com-
bining the relative humidity (RH) with S, from Eq. (2).

Statistical methods

The data is examined with the help of descriptive statistics and
a generalized additive model (GAM). In this study, we have
proposed that a nonlinear relationship exists between meteo-
rological factors and COVID-19 death cases. The reason is
because a real relationship between COVID-19 and meteoro-
logical factors is complex and is not necessarily linear (Luo
et al. 2021). Therefore, in order to investigate the spatial var-
iation in the linkage between COVID-19 death cases and me-
teorological factors, it is imperative to investigate the nonlin-
ear relationship. Past studies have also stated that COVID-19
and meteorological factors are more likely to exhibit a nonlin-
ear relationship rather than a linear relationship (Chien and
Chen 2020; Xie and Zhu 2020). Further, researchers also ap-
plied lagged impact of temperature (Anderson and Bell 2009;
Teklehaimanot et al. 2004) because of the presence of lag
effect along with the nonlinearity regarding the relationship
among air quality, temperature, and the number of death cases
or diseases (Yang et al. 2012; Wu et al. 2013; Breitner et al.
2014; Fischer et al. 2015). Data were analyzed through the
semiparametric generalized additive model (GAM) approach.
GAM is derived from a generalized linear model (GLM) as in
GAM-independent variables can be modeled
nonparametrically besides polynomial and linear terms. We
selected this approach because many existing research studies
reported this model could effectively provide lesser biases in
comparison to other methods such as the quasi partial auto-
correlation functions (PACF) of residuals or Akaike informa-
tion criteria (AIC) (Wang et al. 2020a, b, ¢; Ahmad et al. 2018;
Zhu et al. 2020). Further, we want to test a complex relation-
ship in this study, and GAM is one of the most suitable
methods to test highly complex nonlinear relationships along
with a huge number of complex potential predictors. Past
studies highlighted the significance of using robust statistical
methods in empirical studies (Mustafa et al. 2018; Nasir et al.
2020; Khursheed et al. 2020a, 2020b). Therefore, we applied
GAM with a quasi-Poisson link function based on its signifi-
cance in testing highly complicated relationships (Chen et al.
2017a, 2017b; Ravindra et al. 2019). Moreover, several
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studies on COVID-19 and meteorological factors have also
applied GAM for testing the relationship, such as Prata et al.
(2020), using the generalized additive model (GAM) to deter-
mine the relationship between COVID-19 cases and temper-
ature in Brazil. Likewise, Qi et al. (2020), Liu et al. (2020a, b),
and Zhu et al. (2020) also applied the GAM method to explore
the relationship between COVID-19 cases and meteorological
factors in China. Further, Ma et al. (2020) applied the GAM
method to determine the impact of temperature and humidity
changes on the COVID-19 death counts in Wuhan, China.
Therefore, GAM is the most suitable approach to determine
the impact of nonlinear weather effects on health (Xie and Zhu
2020). Thus, we applied a semiparametric generalized addi-
tive model (GAM) for investigating the relationship between
meteorological factors and COVID-19 daily death counts in
Milan, Northern Italy.

The basic models for a total number of reported death cases
excluding the effect of air pollution variables are developed.
For having an adjustable model, we used smoothed time func-
tions, which considered a nonlinear relationship between
death cases and time. After this, we added meteorological
factors and examined their impact on COVID-19 death cases.
For examining the model fitness, we used the Akaike infor-
mation criterion (AIC) (Bozdogan 1987). In consideration of
past research studies on time series data, we used penalized
smoothing spline function for controlling the effects of con-
founding factors, for instance, time trends and day and air
pollution data (Luo et al 1998; Araveeporn 2019). The core
GAM equation is as follows:

Log E(y,) = o + 3 Wy + NS (4)

(air contamination, k = df + 1) + NS (Time, K = DF + 1) + WD

In Eq. (4), d represents the day of observation. E(Y4) shows
the anticipated number of death cases due to COVID-19 on
the day, o represents the intercept, 5 shows regression coef-
ficient, and Wy represents weather variable on daily basis on
the day (d). Wy is taken as a categorical variable for denoting
weekday. NS shows the smoother based on penalized smooth-
ing spline function. For analyzing time trends following AIC,
2 degrees of freedom (df) is considered (Gasparrini et al.
2010). While 3 dfis considered for analyzing absolute humid-
ity, relative humidity, and temperature. Then we examined the
lag effects of weather situation on the number of COVID-19
casualties. We have set lags at equally spaced values on the
log scale. For exploring the effect of temperature, absolute
humidity, and relative humidity over different lag days in
Milan, Italy, we assessed the death cases with both variables
for lags (lags 0 to 5) for single days. Lag 0 shows the effect of
the present day’s temperature and RH on that day’s number of
death cases (Guo et al. 2011; Kan et al. 2007). The relation-
ship between weather variables and death cases of COVID-19
was analyzed using a spline function in the GAM and is
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presented through a correlation graph between response and
exposure. Further, we performed a sensitivity analysis for ex-
amining the robustness of our results.

Empirical results

Descriptive statistics of COVID-19 daily death cases, air con-
taminating variables, and meteorological variables are pre-
sented in Table 1. From 23 February to 31 March 2020, there
were a total of 11,591 death cases reported in Italy (Chustecka
2020). On average, there were 305 deaths due to COVID-19
per day.

In Italy, temperatures ranged from 282.15 to 291.53 K in
the selected period. The average temperature in Milan,
Northern Italy, is 288.59 K. The temperature is measured on
the Kelvin scale as it is thermodynamic. This scale is linear
with zero points as it has absolute zero. The mean of relative
humidity is 45%, and the mean of absolute humidity is 4.56
g/m®. The mean concentrations of air pollutants including
NH3, NOz, SOz, 03, PMlOa CO, and PM2.5 were 44, 227,
6.52, 64.85, 41.52, 0.74, and 33.16 ug/m3, respectively. The
relationship between daily death counts due to COVID-19 and
temperature and meteorological data are presented in Fig. 1.

The figure shows that within the period from 23 February
2020 to 31 March 2020, the number of death cases reported
showed a dramatic increase. The trend of temperature showed
a fluctuating trend but with a minor decrease over the selected
period. However, relative humidity and absolute humidity
showed a slightly declining trend. The figure depicts a nega-
tive relationship between all meteorological factors (tempera-
ture, absolute humidity, and relative humidity) with COVID-
19 death cases.

The correlation coefficients among death counts of
COVID-19, meteorological measures, and air pollutants are
presented in Table 2. The factors that showed a negative rela-
tionship with number of death cases reported are relative hu-
midity (RH) (» = —0.35), NO, (» = —0.36), CO (» = —0.39),
SO, (r=-0.44), NH; (»=—0.16), PM( (r =—0.33), PM, 5 (»
=—0.41), absolute humidity (AH) ( = —0.18), and tempera-
ture (» = —0.12). While a positive relationship is shown be-
tween COVID-19 death cases with ozone O3 (0.34).

In the above figures, the x axis presents the concurrent day
data, while the y axis presents the predicted log relative risk
(RR). Relative risk is a measure of the risk of COVID-19
deaths relative to the change in temperature. It acts as an
intuitive way to analyze the risks between COVID-19 deaths
and meteorological factors’ variation in a comparative man-
ner. This measure has been also applied in past studies for
analyzing the relationship between climate and the COVID-
19 mortality rate (Ma et al. 2020; Jiang and Xu 2021). Figure 2
depicts a fluctuating but negative relationship between abso-
lute humidity and death cases presented on the same day (lag
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Table 1 Basic summary statistics of the epidemiological and meteorological data
Meteorological and air contaminating factors
COVID-19  Average RH (%) AH(g/im®) CO NH; NO, PM;p SO, (o PM, s
death cases  temp. (K) (mg/m3) (ug/m3) (ug/m3 ) (ug/m3) (ug/m3 ) (ug/m3)
Mean 305 290.15 45.6 4.56 0.74 44.00 22.7 4152 6.52 64.85 33.16
Min 1 282.15 139 2.98 0.41 10.01 8.00 9.00 4.00 28 7.01
Median 181 290.15 58.2 4.50 0.74 40.00 18.00 34.00 6.00 55 34.00
Max 971 291.53 91.1 8.56 1.02 92.02 64.00 87.00 11.00 84 68.00
Pys 14.75 272.71 222 3.15 0.65 26.00 15.00 28.00  3.00 45 24.00
P75 621 285.43 57.2 5.23 0.90 58.00 58.00 61.00  7.00 83 57.00

COVID-19 DC, coronavirus death cases 2020; Min, minimum; Max, Maximum; P;s, 75th percentile; P,s, 25th percentile; PM;, particulate matter with
aerodynamic diameter < 10 pm; PM, 5, particulate matter with aerodynamic diameter <2.5 um; O3, ozone; NO,, nitrogen dioxide; CO, carbon
monoxide; SO, sulfur dioxide, RH, relative humidity; AH, absolute humidity; NH;, ammonia

0). As the level of absolute humidity decreases, a significant
increase in the number of deaths can be observed. Figure 3
shows the relationship between relative humidity and death
cases; it is evident that in the selected period, the number of
death cases shows an increase, with a slight decrease in rela-
tive humidity. Thus, it presents a negative relationship be-
tween relative humidity and COVID-19 death cases.
Figure 4 presents the relationship between temperature and
COVID-19 death cases, and it can be observed that with the
decrease in temperature, the number of death cases is showing
a slightly increasing trend. Overall, the temperature shows a
linear negative trend, but absolute and relative humidity
shows a strong negative trend with the COVID-19 death
cases. To find evidence for these findings, lag effects were
applied in the following analysis.
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Figure 5 depicts the percentage changes in death cases
reported due to COVID-19, with each unit increase in meteo-
rological factor levels with selected different lag days in the
models.

The percentage change with 95% confidence interval of
COVID-19 death cases with per one unit rise in meteorolog-
ical factors for various lag days in the models in Milan,
Northern Italy, from 23 February to 31 March 2020. As per
the results, the COVID-19 death cases 2020, temperature,
absolute humidity, and relative humidity after controlling the
effects of air contaminating factors show per one unit increase
in temperature caused a 2.75% (95% confidence interval,
0.46%, 5.21%) decrease in COVID-19 death cases in lag 1.
In the case of relative humidity, per one unit increase was
associated with a decrease in COVID-19 death cases in lag 4
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Fig. 1 Relationship between COVID-19 death cases and temperature, relative humidity, and meteorological factors
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Table2  Spearman’s correlation between air pollutants, temperature, and relative and absolute humidity and COVID-19 death cases
Death cases Temp RH AH NH; PM, 5 PM;o NO, SO, CcO O3
Death cases 1.00%*
Temp —0.12%* 1.00
RH —0.35% -0.14 1.00
AH —0.18% —-0.34 0.45 1.00
NH3 —0.16* 0.57%* 0.28%* 0.12 1.00
PM; 5 —0.41%* 0.07 -0.31 0.34 —-0.04 1.00
PM;o —0.33* 0.09 —0.33 0.14 0.03 0.63* 1.00
NO, —0.36* 0.18 —0.29* 0.07 —0.08 0.54* 0.50* 1.00
SO, —0.44%* 0.34* —0.54* 0.02 0.01 0.27%* 0.36* 0.67* 1.00
Cco —0.39* 0.41%* -0.03 0.16 0.26* 0.15% 0.43* 0.55% 0.41* 1.00
0; 0.34* 0.06 —0.68* 0.18 —0.30 0.36 0.31 0.21* 0.39% 0.01 1.00

COVID-19 DC, corona virus death cases 2020; P75, 75th percentile; P,s, 25th percentile; PM;, particulate matter with aerodynamic diameter <10 pum;
PM, 5, particulate matter with aecrodynamic diameter < 2.5 um; O3, ozone; NO,, nitrogen dioxide; CO, carbon monoxide; SO,, sulfur dioxide; RH,

relative humidity; AH, absolute humidity; NH;, ammonia. *p < 0.05

[3.01% (95% CI: 0.57%, 5.31%)]. For one unit increase in
absolute humidity, a decrease in COVID-19 deaths is ob-
served in lag 1 [3.54% (95% CI: 0.65%, 5.81%)]. Thus, our
results confirm the presence of a negative relationship be-
tween meteorological factors (absolute humidity, relative hu-
midity, and temperature) and COVID-19 death cases.

Sensitivity analyses

In this study, for checking the robustness of our model, we
performed a sensitivity analysis. First, a GAM model is de-
veloped in which date was considered as spline functions, and
the effect of mean relative humidity and the average temper-
ature on COVID-19 death cases is examined by using varying
lag days. The lag days are composed of lag 1 (lag 1 day), lag 3
(lag 3 day), lag 5 (lag 5 day), and lag 7 (lag 7 day) for captur-
ing lagged and immediate effects. As past meteorological
studies highlighted, the robustness of results can be measured
by using different lag days in a sensitivity analysis (Ward et al.
2020; Ceylan 2020) (Table 3).

Log RR
0.0 0.5

-1.0

5 10 15 20 25 30 35

s Death Counts e Absolute Humidity

Fig. 2 Graph between absolute humidity and death cases
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Secondly, as Italy has varying climatic conditions with ref-
erence to different areas and some areas in Northern Italy
reported significantly high COVID-19 death cases due to rea-
sons not related to meteorological factors, therefore, we ex-
cluded COVID-19 highly affected areas: Brera, Conca del
Naviglio, Guastalla, Porta Sempione, and Door Pincer.
Recent meteorological studies have also excluded COVID-
19 highly affected regions for developing a balanced sample
for performing sensitivity analysis (Adekunle et al. 2020;
Mandal et al. 2020).

Finally, we excluded some confounding variables includ-
ing relative humidity (RH) and air pollutants (O3, ozone; NO,,
nitrogen dioxide; CO, carbon monoxide; SO,, sulfur dioxide;
NH;, ammonia) from the GAM model as they may influence
COVID-19 mortality rate. Recent meteorological literature on
COVID-19 also followed the same approach in the GAM
model for conducting a sensitivity analysis (Wu et al. 2020;
Heibati et al. 2020). Thus, we evaluated the robustness of our
results by applying a sensitivity test on a balanced GAM
model.
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Fig. 3 Graph between relative humidity and death cases
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Fig. 4 Graph between temperature and death cases

The results of sensitivity analysis presented the lagged ef-
fects and revealed that temperature and absolute humidity
share a significant and negative relationship with the
COVID-19 death cases. The results of sensitivity analyses
after comparison with the study model results revealed that
our model was robust.

Discussion

The existing literature has a limited number of studies explor-
ing the influence of varying weather conditions on the
COVID-19 death counts. However, no analytical and quanti-
tative research is conducted particularly from the perspective
of inspecting the relationship between three meteorological
factors (temperature, absolute humidity, and relative humidi-
ty) and the COVID-19 mortality rate in Milan, Italy, during
the peak period of this disease. To fill this research gap, our
research study primarily focused on examining the linkage
between COVID-19 death cases and meteorological factors.
The key findings depict a significant negative relationship

Relatrve Humidity

Table 3  Sensitivity analysis of the meteorological effects on COVID-
19 death cases

Model Estimate  Standard error Zvalue  p value
Model 1

Lag 1 day

Absolute humidity  —0.006 0.001 -12.021 <.001
Temperature —0.004 0.002 -11.040 <.001
Model 3

Lag 3 day

Absolute humidity ~— —0.003 0.001 —5.106 <.001
Temperature —-0.002 0.001 —4.451 <.001
Model 5

Lag 5 day

Absolute humidity — —0.075 0.002 —3.124 <.001
Temperature -0.012 0.001 —4.225 <.001
Model 7

Lag 7 day

Absolute humidity ~ —0.007 0.003 —5.421 <.001
Temperature —0.010 0.002 —3.021 <.001

between temperature, relative humidity, and absolute humid-
ity with the daily mortality rate of COVID-19. This outcome is
in line with past studies which reported that high humidity and
temperature decrease the transmission of viral diseases
(Lipsitch and Viboud 2009; Shaman and Kohn 2009).

Our findings highlighted that these meteorological factors
should be carefully analyzed for understanding all possible
reasons behind the increase in COVID-19 death counts. One
of the logical reasons behind this argument is reported by past
studies that viruses remain more stable in low temperatures.
Further, the respiratory droplets serve as virus containers, and

Absolute Humidity

Temperature
30
g,
g) 20
5 10
L
g)
g O
>
U
o l10
-20

o
[3S]
oo
E SN
(
o

Day

Fig. 5 Percentage changes in COVID-19 death cases with meteorological factor levels at different lag days
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it causes them to remain in the air for longer periods during
winters (Lowen et al. 2008; Tellier 2009). In addition to this,
cold weather weakens human immunity, and this makes
humans more vulnerable to the virus (Chen et al. 2017a,
2017b; Kudo et al. 2019). These reasons also serve as an
argument to claim that COVID-19 virus transmission will
reduce with the increase in humidity and temperature (Shi
et al. 2020; Wang et al. 2020a, b, ¢).

Additionally, the most recent publications on COVID-19
revealed that temperature and humidity are significant vari-
ables that directly affect the transmission of COVID-19, but
their conclusions are distinctive in some aspects (Wang et al.
2020a, b, c; Oliveiros et al. 2020). For instance, the study of
Cai et al. (2020) did not find any evidence confirming the
linkage between daily mean temperature and the growth rate
of the plague in both Wuhan and Hunan, two renowned cities
of China. On the contrary, our study found a significant neg-
ative relationship between temperature and humidity on the
daily death counts. Our study suggests that with a decrease in
temperature, the number of death counts showed an increase.
This outcome finds evidence in past studies such as Igbal et al.
(2020), reporting a decline in COVID-19 spread with an in-
crease in the temperature. Further, Bashir et al. (2020) also
found similar results for a study in NY, USA. They reported
that total COVID-19 cases were significantly linked with av-
erage temperature changes ( = 0.379; p < 0.10). The findings
of these research studies are comparable with our findings.
Moreover, Sahin (2020) found that temperature inversely cor-
relates with COVID-19 cases in Turkey. Prata et al. (2020)
also found a negative and linear relationship between temper-
ature and COVID-19 cases (p < 0.05; » =—0.400). Further, Shi
et al. (2020) also reported that the incidence of COVID-19
was reduced when temperatures go above 8 to 10°C.
Similarly, Ma et al. (2020) found a nonlinear relationship be-
tween COVID-19 mortality and temperature. They found that
for every 1°C increase in temperature, the COVID-19 death
cases decreased by 12.3%. To corroborate our results, it is
significant to highlight that lower temperatures lead to increas-
ing COVID-19 mortality rates. Thus, our findings are consis-
tent with several past analytical studies that reported that a
decrease in temperature causes the increased mortality of re-
spiratory infectious diseases (Ghalhari and Mayvaneh 2016;
Dadbakhsh et al. 2017; Gomez-Acebo et al. 2013).

Our results are also strengthened by the findings of past
studies that claimed low temperature is the most suitable me-
dium for the spread of viral diseases, such as Shephard and
Shek (1998), conducting a case study of immune function and
cold exposure and concluding that immune function could be
repressed due to lower temperature. Similarly, Davis et al.
(2016) reported that cold and low humidity conditions are
vital contributors to the increasing number of respiratory in-
fectious patients. Since SARS-CoV-2 is very sensitive to heat,
and the high temperature seems likely to be the main hurdle
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for its survival, not to indicate the valuable factors for virus
transference like poor ventilation system and indoor gathering
in the cold season (Hu et al. 2020).

In the case of absolute and relative humidity, we found a
significant and negative relationship with COVID-19 death
cases. Absolute and relative humidity are two of the most
frequently used variables for understanding humidity-related
mortality rates (Wang et al. 2020a, b, ¢). Our results indicated
that absolute humidity decreases over the selected period,
while the number of COVID-19 death cases shows an inclin-
ing trend. Thus, absolute humidity shares a negative relation-
ship with the COVID-19 mortality rate. The findings are sup-
ported by past research studies, such as Ma et al. (2020),
examining the relationship between absolute humidity and
COVID-19 death counts in South America and finding a
negative relationship. Similarly, Liu et al. (2020a, b) found a
negative relationship between humidity and temperature with
COVID-19 death cases in 30 cities in China. This result found
support in the past findings of Biktasheva (2020), who report-
ed that humidity negatively correlates with COVID-19
mortality and morbidity in German federal states. Likewise,
Ma et al. (2020) also stated a negative relationship between
humidity and COVID-19 death counts in Wuhan, China.
Similarly, Wu et al. (2020) found a negative relationship be-
tween humidity and temperature with daily new cases and
death cases of COVID-19 in 166 countries. Further, this find-
ing is also in line with the results of Oliveiros et al. (2020) and
Wang et al. (2020a, b, c), who reported that an increase in
humidity and temperature results in a decrease in COVID-19
transmission.

The logical grounds behind this finding can be found in a
detailed study of 25 years that claimed humidity as one of the
prominent determinants of mortality, and low humidity might
result in increased mortality rates, mainly in the case of viral
diseases (Barreca 2012). Likewise, Lowen et al. (2007) stated
that intake of dry air could damage the epithelial part of the
body and would ultimately result in permitting the host agent
to cause respiratory virus infection within the body. Moreover,
Barreca and Shimshack (2012) investigated weather
conditions and their relationship with influenza mortality for
the period of 1973 to 2002. They found humidity levels lesser
than 6 g of water vapor are associated with an increase in
influenza mortality. As the construction of droplet nuclei is
essential to transference, but respired droplets settle very
quickly at higher humidity levels, so it becomes difficult to
impact the influenza virus spread. In view of recent studies,
the results of Oliveiros et al. (2020) revealed that COVID-19
transmission will reduce in the spring and summer seasons
with the rise in temperature and humidity levels. Likewise,
Wang et al. (2020a, b, c) also found that a 1° rise in temper-
ature and humidity lowers COVID-19 transmission rates.

Therefore, the increased mortality rate of COVID-19 might
be linked with the low humidity range in the winter season.



Environ Sci Pollut Res (2021) 28:48459-48470

48467

This study established the robustness of the GAM model used
in this research by performing a sensitivity analysis on a mod-
el with different lag days, exclusion of highly COVID-19
affected district, and exclusion of potential confounding vari-
ables, which may influence the COVID-19 mortality rate in
Milan, Italy. The sensitivity analysis revealed that temperature
and absolute humidity share a significant and negative rela-
tionship with COVID-19 death cases. The results of the sen-
sitivity test prove that our model was robust.

Conclusion

This research contributes to the existing studies, as this is the first
quantitative study conducted to examine the impact of humidity
and temperature on the daily mortality of COVID-19 by selecting
the sample data of the Italian population. Our outcomes reveal
that all our selected meteorological variables including, absolute
humidity, relative humidity, and temperature are significantly
and negatively correlated with the death cases of COVID-19.
This study thus sheds light on the significance of considering
temperature and humidity for getting deeper insights into the
COVID-19 mortality rates. The study contributes both theoreti-
cally and practically to the field of pandemic management in
Italy. The findings herewith enhance our understanding and
may facilitate adopting appropriate measures in developing effi-
cient policies. Further, our results shall lead to an enhanced un-
derstanding of meteorological factors responsible for the increase
in COVID-19 mortality across the most infected regions in the
world. The findings may also assist weather forecasting commit-
tees in tackling air quality scenarios in the future. Moreover, the
results may also help to recognize similar climate conditions that
further assist in understanding the linkage between COVID-19
mortality and meteorological factors. The sensitivity analysis was
performed, and it revealed a significant negative relationship of
temperature and absolute humidity with COVID-19 death cases
and proved that our model results were robust.

Thus, this study has contributed ominously in the field of re-
search by finding a significant impact of temperature and humidity
on the COVID-19 mortality rates by adopting a well-known dis-
tributed lag nonlinear threshold model in the context of the north-
ern region of Italy. The research highlights new insights on the
association between COVID-19 mortality rates and meteorologi-
cal factors. First, the results indicated that weather parameters are
integral and significant in predicting and understanding COVID-
19 and its effect on COVID-19 death cases. People living in colder
regions in the world should consider practical measures to prevent
the COVID-19 spread. The results also highlight that all countries
should focus on having anti-epidemic policies if this COVID-19
virus exists for a longer period. To date, the relationship between
the COVID-19 death counts and meteorological factors is still
unexplored concerning Milan, Italy, and the selected COVID-19

peak time. Therefore, the second contribution of this study is the
application of a robust statistical analysis of the semiparametric
generalized additive model (GAM) on the data collected in the
peak time of reported COVID-19 death cases in Milan, Italy. This
ensures an examination of the accurate effect of temperature and
humidity on daily COVID-19 death cases. Third, the findings of
this study will be a useful supplement to assist health care
policymakers to enhance their understanding of COVID-19 and
its dependency on weather conditions. The results might help
policymakers in developing active response strategies for control-
ling COVID-19 mortality rates because of changing weather con-
ditions. Also, it will facilitate researchers to develop more critical
temperature-related emergency plans and guide policymakers in
the formation of informative adaptation strategies. Future re-
searchers may consider engaging themselves in the inspection of
epidemiological data more widely to investigate the imported
cases and local spread of COVID-19, particularly by focusing on
government COVID-19 prevention strategies.

However, some limitations are also discussed. First, this
study primarily focuses only on the northern region of Italy,
and conclusions are based on the sample data of a very limited
area which might be inappropriate to represent the perfect
possible pattern of weather—mortality linkage in the southern
side of Italy or all over the world. Second, it is a well-known
fact that the impact of weather on mortality rates is dependent
on socio-demographical and environmental patterns, which
were not addressed. Further, an in-depth research study on
all these factors will enable us to understand the philosophy
of temperature and humidity—mortality linkage. The findings
can assist the rapidly growing COVID-19 mortality rates
based on dynamic weather conditions. These findings could
also be helpful for intervention planning for future pandemics,
counting a potential future COVID-19 outbreak.
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