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While the COVID-19 pandemic is still in progress, being under the fifth COVID-19 wave in Madrid, over more
than one year, Spain experienced a four wave pattern. The transmission of SARS-CoV-2 pathogens in Madrid
metropolitan region was investigated from an urban context associated with seasonal variability of climate and
air pollution drivers. Based on descriptive statistics and regression methods of in-situ and geospatial daily time
series data, this study provides a comparative analysis between COVID-19 waves incidence and mortality cases in
Madrid under different air quality and climate conditions. During analyzed period 1 January 2020-1 July 2021,
for each of the four COVID-19 waves in Madrid were recorded anomalous anticyclonic synoptic meteorological
patterns in the mid-troposphere and favorable stability conditions for COVID-19 disease fast spreading. As
airborne microbial temporal pattern is most affected by seasonal changes, this paper found: 1) a significant
negative correlation of air temperature, Planetary Boundary Layer height, and surface solar irradiance with daily
new COVID-19 incidence and deaths; 2) a similar mutual seasonality with climate variables of the first and the
fourth COVID-waves from spring seasons of 2020 and 2021 years. Such information may help the health decision

makers and public plan for the future.

1. Introduction

Over the last 18 months, novel coronavirus disease 2019 (COVID-19)
has spread from China to the rest of the world. This viral infection
pandemic disease, caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and its new variants, is responsible for a
global crisis spreading the disease and collapsing the world economy to
levels not seen since the 1918 influenza pandemic. Official records
indicate total global cumulative confirmed at least 198, 561, 249
COVID-19 cases, at least 4,233,121 deaths, and at least recovered 179,
291, 571 cases globally in 222 countries, as of 1 August, 2021 (Johns
Hopkins Coronavirus; Worldometer Info, 2021). The infectious degree of
this pandemic disease is very high and, therefore, the consequences of
the transmission have been very hard for the entire World (Yuki et al.,
2020; Byun et al., 2021). Recently, more new transmissible variants of
SARS-CoV-2 have been identified globally (WHO, 2021a; (WHO,
2021b). On March 3, 2020, the first case of COVID-19 death was
registered in Madrid, and by 1 August, 2021, roughly 833,467 persons
had been diagnosed with SARS-CoV-2 infection (representing 10.87 % of
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Spain total cases) and 24,419 had died in the Madrid region (repre-
senting 29.97 % of total Spain COVID-19 deaths) (Instituto Nacional de
Estadistica, 2021; CM, 2021). These cumulative numbers of cases refer
to laboratory-confirmed positive cases, the true number of cases being
underestimated during the earlier stages of the pandemic (Soriano et al.,
2021a). Due to high population density and urban mobility, Madrid was
the national epicenter with the greatest number of cases and deaths and
one of the main foci of the COVID-19 in Europe (CM, 2021; Soriano
et al., 2021b; Polan et al., 2020).

Since the first emergence of viral infection in February 2020, till the
end of June 2021, together with the emergence of multiple variants of
SARS-CoV-2, Spain has experienced the four successive waves of COVID-
19 pandemic, and presently (at 1 August, 2021), Madrid in Spain is
under the fivth wave, that started on 1 July, 2020. The first COVID-19
wave (15 February to 30 June, 2020) with a peak during March-April
on 20 March, 2020 was a hard outbreak related to community trans-
mission, and insufficient sanitary treatments. The second COVID-19
wave (10 August- 30 November, 2020) has a peak during Septem-
ber-October (on 28 October, 2020) started with increasing of social
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activities and tourism due to so called “new normality” by 21 June,
2020, with poor social distancing, being better mitigated by the rapid
reinforcement of sanitary measures during the early stages. Compared to
the second wave, the third COVID-19 wave (December 2020— end of
February 2021), peaked on 15 January, 2021 was characterized by
delayed social distancing reinforcement, winter holidays, longer dura-
tion and higher viral infections and fatalities rates. In spite of rigorous
preventive and protective measures implemented in Spain during the
first three waves, the fourth COVID-19 wave started on 1 March 2021,
peaked in 20 April 2021 with a lower intensity than the second and
especially the third wave (explained possible through vaccination
campaign) and ended around 30 June 2021. COVID-19 disease trans-
mission is under the ongoing fifth wave, that start-up on 1 July 2021
(Fig. 1). In fact, mounting evidence suggests that COVID-19 has the
potential to become a seasonal disease like seasonal influenza (Lavine
et al., 2021). This emphasizes the importance of understanding the
transmission patterns of SARS-CoV-2 in environmental conditions, that
is, whether it is a seasonal virus.

In order to minimize COVID-19 disease transmission, forecast its rate
of outdoor and indoor dispersion and develop proper medical and
intervention measures and vaccines, intense multidisciplinary, and
interdisciplinary international scientific efforts are devoted to under-
stand the basics of the pandemic, to propose solutions, and find strate-
gies to increase population resilience (Anand et al., 2021; Soriano et al.,
2021c). Is well recognized that environmental, demographic, clinical
and social factors play an important role in exposure to SARS-CoV-2
pathogens transmission and COVID-19 disease severity, but
host-specific genetic factors may also have a high contributions
revealing biological mechanisms of specific therapeutic relevance and
clarify causal relationships of environmental seasonality risk factors for
SARS-CoV-2 infection and outcomes (Casado-Aranda et al., 2021; Igbal
et al., 2021; Bontempi, 2021).

Among these multifactors, environmental (climate and air quality)
are mainly responsible of the dispersal, diffusion, and infectivity of the
SARS-CoV-2 novel coronavirus and its new variants virions (Islam et al.,
2021; Huang et al., 2020; Amin et al., 2020; Hassanzadeh et al., 2020).
While a clear evidence for the effects of air pollution and climate factors
on COVID-19 pandemic disease transmission and lethality remains
controversial, it is crucial to understand the role of preventable envi-
ronmental factors and mutual seasonality with SARS-CoV-2 pathogens,
especially in large urban areas. This coronavirus is a new enveloped
virus positive-sense, single-stranded RNA with roughly spherical or
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moderately pleomorphic virions of approximately 60-140 nm with an
average to 0.1 pm in diameter (Mousavizadeh, Ghasemi, 2020; R. Lu
et al., 2020; Shang et al., 2020; Bosch et al., 2003; Rivellese, Prediletto,
2020; Liu Y et al., 2020; Walls et al., 2020; Zowalaty and Jarhult, 2020),
that can be attached to atmospheric particulate matter. PM2.5 and
PM10 may have inorganic and organic components, as well as biotic
components (bacteria, fungi, viruses, and pollens), which are known as
bioaerosols, constituting up to 25 % of the total atmospheric aerosols
(Gao et al., 2015; Du et al., 2018).

Recent evidence and prior research studies from Spain, China, Italy,
England, and the United States suggest that exposure to increased air
pollutant concentrations (particulate matter PM2.5 and PM10,
including Saharan dust intrusions, O3 and NO») in big cities may play a
significant role in COVID-19 incidence and mortality, being associated
with to the worsening of multiple pathologies associated with human
cardiorespiratory and immune systems (Domingo et al., 2020; Marques
et al., 2021; Lipsitt et al., 2021; Frontera et al., 2020; Salvador et al.,
2019; Linares et al., 2017; Zoran et al., 2020a). Changes in the air
pollution levels and climate variables affect urban environmental
health, and frequently increasing risk/hazard viral infections
probability.

The main important factors affecting air quality are natural and
anthropogenic sources, and the rates of emissions, local and regional
atmospheric circulation patterns, the physico-chemical composition of
the atmosphere, air ventilation conditions inside the metropolitan re-
gion, as well as spatiotemporal variability of meso- and microclimatic
parameters (Zhou et al., 2018; Molepo et al., 2019; Pfahl et al., 2015;
Baldasano, 2020; Zoran et al., 2008; Yuan et al., 2021). Hot-spots urban
air pollution episodes for several days (Pandolfi et al., 2014) can be
correlated not only with local environmental conditions, but also with
trans-border air pollution, as is the case of Saharan dust intrusions for
Madrid region during investigated time period in this study (Linares
et al., 2021). Due to their oxidative potential, ecotoxicity and genotox-
icity, urban air pollutants have adverse health effects on airway in-
flammatory and cardiovascular diseases (Travaglio et al., 2021;
Domingo et al., 2020a; Sugiyama et al., 2020; Chen et al., 2020; Seposo
et al., 2020; Kelly, Fussell, 2011; Tager, 2005; Zoran et al., 2020b). Also,
during stagnant anticyclonic air conditions that favour accumulation at
the ground level of air pollutants, short-term or long-term exposure to
high levels of particulate matter PM2.5 and PM10, and gaseous pollut-
ants ozone (O3) and nitrogen dioxide (NO3) increase the susceptibility to
morbidity and mortality from respiratory infections (Romano et al.,
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Fig. 1. COVID-19 epidemiological multiwaves pattern in Madrid metropolitan region in Spain.
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2020; Cohen and Kupferschmidt, 2020; Perrone et al., 2012; Perrone
et al.,, 2014; Wang Y. et al., 2018; Wang Ye et al., 2020; Li, Y et al.,
2004). Due to hydrophobic properties of COVID-19 spike protein, at the
near-surface atmosphere, particulate matter can act as a viral vector,
that can target the human immune system (Baron, 2021; Mousavizadeh,
Ghasemi, 2020; Bowers et al., 2009; Bowers et al., 2013; Bosch et al.,
2003; Cao C. et al., 2014; Cao Y. et al., 2020; Jones and Harrison et al.,
2004; Khan et al., 2019; Kawasaki et al., 2019; WHO, 2020). The at-
mosphere can be a significant transport vector for airborne microbiome
(bacterial, fungal, viral) communities, and their seasonal shift in both
the concentration and biodiversity are strongly influenced by meteoro-
logical parameters seasonality and Planetary Boundary Layer heights
(PBL) (Tignat-Perrier et al., 2020; Zoran et al., 2020b; Lepeule et al.,
2014) and especially in urban areas (Mhuireach et al., 2019). Currently,
the pathogenesis of COVID-19 deadly epidemics is not yet very clear
(Nishiura et al., 2020; Luo et al., 2020; Walls et al., 2020), but its ex-
istence as viral bioaerosol indoors and outdoors explains its
pathogenicity.

The main physical climate variables generally considered with a
potential effect on SARS-CoV-2 virus persistence outdoors, include air
temperature, relative humidity, wind speed intensity and direction,
Planetary Boundary Layer height and the important contribution of
sunlight radiation.

The solar UV region covers the wavelength range 100-400 nm, and is
divided into three bands: UVA (315-400 nm), UVB (280-315 nm) and
UVC (100-280 nm). While UV-C irradiation is highly efective in inac-
tivating SARS-CoV-2 replication on contaminated surfaces (Biasin et al.,
2021), UVB and UVA in sunlight are the primary virucidal agents in the
environment (Herman et al., 2020; Giese, 1976; Lytle, Sagripanti, 2005;
Santos et al., 2013; Coohill, Sagripanti, 2009; HeRling et al., 2020).
Surface solar UV irradiance may affect the diffusion and the outcomes of
the COVID-19 viral infection in patients in two pathways: 1) reduction of
SARS-CoV-2 virions transmission through the virus inactivation during
specific time periods of exposure (Sagripanti, Lytle, 2020; Schuit et al.,
2020); and 2) synthesis of vitamin D in the body, that plays an essential
role in the innate and adaptative immune systems defense increasing
(Luo et al., 2021; Jayawardena et al., 2021; Calder et al., 2020; Ilie et al.,
2020; Castillo et al., 2020).

The SARS-CoV-2 genome has the capability of suffering rapid mu-
tations as the virus spreads (Luo et al., 2020; Mu et al., 2020).

Like its genetic and structural similarities and seasonality with pre-
vious pandemics reported from 1918 to 2015 (known as “Spanish flu”-
produced by Influenza virus 1918 A/HIN1, SARS- CoV (2002-2003)
and MERS-CoV (2012-2015), COVID-19 disease show also multiwaves
pattern, future infection waves are likely to occur, with unpredictable
height and breadth of the waves (Bakhshandeh et al., 2021; Rayan,
2021; He et. Al, 2020; Baay et al., 2020; Wong et al., 2020). The
increased incidence and severity of new fast rapid mutations of
SARS-CoV-2 genome, named variants of concern is associated with the
increased risk to human health (Wang B. et al., 2020; Shang et al., 2020;
Bakhshandeh et al., 2021; Wang Y.et al., 2020; Grubaugh et al., 2020).
At 1 August 2021, the most contagious COVID-19 variants recognized by
the WHO (World Health Organization) were: Alpha (B.1.1.7, B.1.1.7 +
E484K), Beta (B.1.351), Gamma (P.1) and Delta (B.1.617.2), the last one
being globally dominant. There is no doubt that the current vaccines are
safe, anyway concerns arise about the effectiveness of vaccines with the
emergence of new variants. Spain has known the severity of this first
phase of COVID-19 in terms of cases and deaths. The second and the
third COVID-19 waves were also hard tests for Madrid and Spain society,
due to existence of socioeconomic differentials in COVID-19 disease
exposure, and existing social inequalities and mobilities (Glodeanu
et al., 2021).

More than one year into the global COVID-19 pandemic, the focus of
attention has shifted to the seasonal mutual interaction between emer-
gence and spread of SARS-CoV-2 and its new variants and environ-
mental multifactors. Most respiratory viruses show pronounced
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seasonality (Liu et al., 2021; Rayan, 2021; Du et al., 2018; Stewart,
2016) but for SARS-CoV-2, this still needs to be scientific documented. Is
an urgent need to confirm the important role of the climate and envi-
ronmental factors in SARS-CoV-2 airborne diffusion route, from a
reservoir to a susceptible host in densely populated urban areas.

The paper explores the two hypotheses: a) COVID-19 viral infection
is associated with air pollution, and climate factors, that may act as
determinants of COVID-19 disease spreading; b) seasonality of envi-
ronmental factors has impacts on COVID-19 disease seasonality. Using
daily time series analyses we tested the association between daily
changes in climate in air pollution and meteorological variables, and
COVID-19 incidence and mortality in Madrid metropolitan region.

The aim of this study was to examine the association between SARS-
CoV-2 viral infection fast transmission under local/regional air pollution
conditions and climate variables, and different synoptic atmospheric
circulation patterns, related to the four COVID-19 waves start-up and
evolution in the Madrid metropolitan region in Spain. This region has a
wide range of air pollution exposure levels and climate variability with
which to investigate inter and intra-urban relationships with COVID-19.
By using in-situ and geospatial daily time series data, statistical analysis,
regression methods, this study aims to compare air pollution and climate
factors variability, which can trigger the transmission of SARS-CoV-2
viral infection during the all four COVID-19 pandemic waves. Also,
this study aims to provide significant information regarding the mutual
relationship between seasonality of environmental factors and the
COVID-19 incidence and lethality in Madrid region during several sea-
sons and over more than one pandemic year investigated period (1
January 2020- 1 July 2021). Future optimized interventions during
pandemics need accurate estimation and timely information of the local
and regional seasonal environmental and epidemiological parameters
variability for decision-making as well as to fight the post-pandemic era.

2. Materials and methods
2.1. Test site description

Madrid, the Spain’s capital and largest metropolitan region with high
population of 6.661 millions inhabitants, and a density of 829.62 in-
habitants/km?, representing 14.2 % of country’s population was the
national COVID-19 epicenter, and one of Europe’s region most affected
by COVID-19 pandemic waves. This metropolis is composed of Madrid
city (centred on latitude 40.40792° N, and longitude 3.69281° W), with
more than 3.3 million inhabitants and 26 satellite towns (Fig. 2), with an
area of 604.3 km? is located in the center of the Iberian Peninsula, on the
high Castilian Central Plateau. Total area of Madrid Community region
is of 8030.1 km?. Madrid’s high levels of air pollution and O3 precursors
are attributed to industry and transport sectors (Gomez-Losada et al.,
2019). Is well recognized by extreme climate events especially summer
frequent heat waves under urban heat island and trans-border Saharan
dust intrusions (Diaz et al., 2006, 2015, 2019; Linares et al., 2020). Road
traffic-related air pollution (Monzon and Guerrero, 2004; Cuevas et al.,
2014) represents 65 % of NOx, 67 % of CO, 87 % of PM10 and 85 % of
PM2.5 and 14 % of total VOCs emissions per year, respectively (Salvador
et al., 2004; Salvador et al., 2012; Montero and Fernandez-Avilés, 2018;
Valverde et al., 2016). Although during the last years NO, and PM10
ambient air concentrations have recorded a clear decreasing trend due
to the emission reduction, Madrid experienced an increase of 30-40 % of
ambient air Og levels (Saiz-Lopez et al., 2017).

Regarding air quality, despite general downward trends in emissions
over recent years, and due to COVID-19 lockdown total/partial re-
strictions during spring/fall 2020 and respectively winter/spring 2021,
still presents exceedances of air quality legal limits according to the
Directive 2008/50/EC. From a regional point of view, the mountain
breeze circulation influences the wind intensity and direction patterns
and drives the transport of the urban air pollution over the Madrid
metropolitan basin (Salvador et al., 2004, 2012, 2021).
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Fig. 2. Investigated test site Madrid metropolitan region in Spain.

From a synoptic scale, there are several trans-boundary transports of
air pollutants and long-range transport events of Northern Africa dust
intrusions over the spring-summer periods, that occurs predominately
over the Atlantic Ocean as a result of the powerful West-ward trade
winds (Diaz et al., 2017), characterized by an intense seasonal cycle,
which may be a an additional risk factor for daily mortality especially
during pandemic COVID-19 incidence. It is well recognized that the
atmospheric circulation and low pressure fields, amplified by local
thermodynamically mechanisms including soil moisture deficit has a
significant role in increasing temperature extremes in Madrid metro-
politan area.

2.2. Data used

The time series analysis of climate and air pollution seasonality
relationship with COVID-19 incidence and mortality seasonality in
Madrid is based on a large global dataset built by collecting information
from various freely available sources from January 2020 up to end of
July 2021.

Coronavirus COVID-19 incidence data (Total cumulative, Daily New
cases, Daily New Deaths and Total Deaths) cases recorded in Spain and
Madrid have been provided by the following websites: https://www.
worldometers.info, https://www.statista.com/, Johns Hopkins Corona-
virus (Johns Hopkins Coronavirus Resource Center, 2021), and the
National Center for Epidemiology at the Carlos III Health Institute.
Accumulated COVID-19 and Daily New confirmed positive data for 15
February 2020-25 July 2021 period for Madrid metropolitan region
were provided by https://www.comunidad.madrid/servicios/salud/co
ronavirus.

Time series data of daily average air pollutants concentrations
PM2.5, PM10, O3 and NO, for Madrid selected stations have been
collected from http://www.mambiente.madrid.es/sica/scripts/index.
php and https://www.copernicus.eu/en/copernicus-services/atmosph

ere. Time series of meteorological data, including daily average tem-
perature (T), daily average relative humidity (RH), and daily average
wind speed for Madrid metropolitan region were collected from the
State Meteorological Agency (Agencia Estatal de Meteorologia-
AEMET), Weather Underground (https://www.wunderground.com/),
and Copernicus climate data (climate.copernicus.eu). Daily average
surface solar global irradiance time series data have been provided by
http://www.soda-pro.com/web-services/radiation/cams-mcclear.

Planetary Boundary Layer PBL height data were collected from the
archived data of NOAA’s Air Resources Laboratory (https://ready.arl.

noaa.gov). In order to describe urban air quality of Madrid metropol-
itan area, in Spain this paper considered daily average Global Air
Quality Index (AQI) according to classification of air quality
(http://www.eurad.uni-koeln.de) and EU regulations, which is defined
by formula:

CO(24h)

03(24h) NO,(24h) PM10(24h) SO,(24h)
’ ’ ' 10000

100 90 50 125 7

AQI:Max< )xSO (€D}
where Os(24h), PM10(24h), NO5(24h), SOz(24h), CO(24h) represent
daily average values of respectively O3, PM10, NO,, sulphur dioxide and
carbon monoxide present in the urban air. Based on the global criteria
for main air pollutants (O3, PM10, NO,, SOy, CO) air quality index is
classified in six classes from very good to very poor (respectively: < 10-
very good; 10-20- good; 20-30- satisfactory; 30-50 - sufficiently;
50-80- poor; > 80- very poor).

In order to analyze lower atmospheric circulation conditions asso-
ciated with people’s exposure to air pollutants and COVID-19 disease
fast diffusion in Madrid metropolitan region during 1 January 2020-1
July 2021, we extracted geopotential heights at 500 mb anomalies and
Omega at 850 mb surface charts provided by NASA, Reanalysis Data
Project NCEP/NCAR PSD, Boulder, Colorado, USA (http://www.esrl.
noaa.gov/psd/).

According to content of meteorological information of daily anom-
alies of geopotential height 500 hPa (at about 5.5 km height above the
ground), positive anomalies are associated with the anticyclonic sta-
bility conditions like as, blocking systems, and negative anomalies with
cyclonic conditions. Also, in Omega surface charts, downwards airflows
are associated with high stability conditions given by positive values of
omega (in Pa/s), while upwards airflow are associated with instability
conditions, and given by negative values of omega surface charts.

2.3. Descriptive statistical analysis

This multiwaves pattern of COVID-19 in Madrid metropolitan region
makes possible the further analysis of climate drivers, with descriptive
statistical analysis method for transient correlations that identifies
similar variation in the daily time series climate and air quality
(considered independent variables) data together daily COVID-19 inci-
dence and mortality over localized windows of time, corresponding to
the four CVID-19 waves. First, a descriptive analysis was done to provide
an overview of COVID-19 incidence and air quality during the study
period. Next, for time series of data we used a linear regression model to
fit the dependent variables (COVID-19 incidence) for each independent
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variable: daily average ambient air pollutants (particulate matter
PM2.5, PM10, ozone O3 and NO2) and daily average meteorological
parameters (air temperature-, air relative humidity- RH, wind speed
intensity —w, surface solar irradiation) and daily maximum Planetary
Boundary Planetary Boundary Layer - PBL. The dependence between
pairs of time series was quantified in this study by standard tools of
statistical analysis, Spearman and rank-correlation non-parametric test
coefficients. The normality of data was evaluated using Kolmogorov-
Smirnov Tests of Normality for time-series data sets. As the data on
daily new COVID-19 cases (DNC) and daily new COVID-19 deaths
(DND) showed non-normal distribution, Spearman rank correlation was
selected to investigate the association between COVID-19 incidence and
mortality and climate and air quality data, using ORIGIN 10.0 software.

The main reason for using non-parametric statistical tests is that
compared with parametric statistical tests, are thought to be more
suitable for non- normally distributed data, which are involved in our
time series air pollution and climate variables data. The values for levels
of correlation are bound in the range [0, +11, with O for no association
and +1 for complete positive association and [0, —1] with —1 as
negative correlation. Associated parameter ,,p-value” tells us if the result
of an experiment is statistically significant. P values of <0.01 and < 0.05
were considered statistically significant. Though correlation and p-value
provides us with the relationship between variables, care should be
taken to interpret them correctly.

3. Results and discussion
3.1. Influence of environmental factors on COVID-19 disease dynamics

Over the last decades, environmental factors have become an
increasingly serious global public health concern. Rapid urbanization
has increased the amount of air pollution (particulate matter PM2.5,
PM10 and gaseous ozone —Os, nitrogen dioxide -NO,, carbon monoxide
—-CO, volatile organic compounds —-VOCs) to dangerous levels. Also,
various sources of air and water pollution have impacted the composi-
tion of the environment and weather conditions with direct and indirect
effects on the physiology and psychology of human health. The epide-
miological studies linked exposure to ambient air pollution with par-
ticulate matter and gaseous pollutants under different meteorological
conditions and occurrence of numerous respiratory viral infectious dis-
eases transmission during several seasons (Wilson, Suh, 1997; Baklanov
et al., 2016; Qian et al., 2010).

Also was established, that in large urban areas air pollution and
climate factors variability including extreme climate events (heat waves,
cold waves, floods, storms) are associated with multiple adverse out-
comes in humans, including acute and chronic respiratory infections,
chronic obstructive pulmonary disease (COPD), asthma, coronary artery
diseases, and lung cancer (Sundell et al., 2016; Jones and Harrison,
2004; Wilson,Suh, 1997). The scientific studies during ongoing world-
wide COVID-19 pandemic period found also that air pollution and
climate parameters may promote the transmission of SARS CoV-2 viral
infection pathogens and increase the incidence and lethality of
COVID-19 cases (Landguth et al., 2020; van Doremalen et al., 2020; Luo
Wu et al., 2020; Li et al., 2020; Cui et al., 2003).

Currently, is considered that the main pathways of COVID-19
transmission in humans are: a) inhalation of respiratory droplets
sprays of aerodynamic diameter particle size © > 5 pm (Thompson et al.,
2021; Vejerano, Marr, 2018; Harrison et al., 2005; Gralton et al., 2011;
Karimzadeh et al., 2021); b) via airborne transmission, through inha-
lation of nano-droplets/dried nano-droplets nuclei/aerosol (PM) of
virus-laden respiratory tract fluid with diameter particle size ©® < 5 pm
(Ram et al., 2021; Belosi et al., 2021; Nor et al., 2021). ¢) direct contact
with infected persons; d) direct contact with contaminated surfaces with
SARS-CoV-2; e) possible oral/fecal contamination through wastewater
and sewage sludge produced by hospitals and houses with infected
people (Collivignarelli et al., 2020b; Carraturo et al., 2020; Wurtzer
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et al., 2020, 2021; Efstratiou and Tzoraki, 2021).

In hospitals were found two distinct size ranges of bioaerosols with
SARS-CoV-2 pathogens, with aerodynamic dominant diameter ©, in the
range 0.25 pm <O < 1.0 pm (Baboli et al., 2021; Liu F. et al., 2020). Viral
infectivity of SARS-CoV-2 pathogens is of fundamental importance for
current and future COVID-19 waves adopting strategies.

3.1.1. Variability of air pollution impact on COVID-19 waves

In Madrid metropolis, industry and traffic related are the predomi-
nant emission sources of primary pollutants, PM2.5, PM10 and fossil-
fuel combustion by-products, like as NO2, which are especially preva-
lent with a significant threat to human health (Linares et al., 2018; Borge
et al., 2019). Table 1 summarizes descriptive statistics of the total Daily
New of COVID-19 (DNC) incidence and mortality (DND) cases per pe-
riods and means of daily average concentrations of the main air pol-
lutants (PM2.5, PM10, Os, and NO) at the ground level, together air
quality index and standard deviations recorded during 1 January 2020—
1 July2021 in Madrid metropolitan region. Data have been provided by
Madrid air quality network stations over time during the four COVID-19
waves, through the six periods (winter 2020 COVID-19 pre-lockdown,
COVID-19 beyond lockdown during the first wave, summer 2020
COVID-19 under heat wave, COVID-19 under second wave, COVID-19
under third and fourth waves). In addition, comparison with
pre-lockdown period (Table 1) shows that during COVID-19 periods
have been recorded reductions of air pollution levels (PM2.5 and PM10)
across the Madrid metropolitan region as a result of the lockdown, with
respectively (PM2.5: 26 % for the first and the third COVID-19 waves,
with 22 % for the second COVID-19 wave, and 37 % for the fourth
COVID-19 wave; PM10: with 28 % for the first COVID-19 wave, 20.7 %
for the second COVID-19 wave with partial lockdown, with 23.2 % for
the third COVID-19 wave, and 39 % for the fourth COVID-19 wave). The
increased reduction of PM2.5 and PM10 concentrations during the
fourth COVID-19 wave in spring 2021 can be associated to efficient
interventions for daily mobility patterns in the metropolitan area of
Madrid, (Glodeanu et al., 2021). Physicochemical reactivity and
adherence properties of particulate matter in different size fractions
(PMO.1 pm, PM2.5 pm and PM10 pm) to SARS-CoV-2 virions attachment
depend on their surface morphology, composition, constituents both
indoor and outdoor, virion loading being of great relevance for the
development and severity of the COVID-19 disease (Duval et al., 2021;
Tung et al., 2021). Another relevant parameter is the time of exposure to
high ground concentrations levels of particulate matter, and gaseous
toxic pollutants ozone (O3), nitrogen dioxide (NO3), carbon monoxide
(CO), volatile organic compounds (VOCs), polyciclic aromatic hydro-
carbons (PAHs), etc. frequently occurred in densely populated metro-
politan areas (Penache, Zoran, 2019a; Cohen et al., 2017; Penache,
Zoran, 2019b; Li Q., 2020; Wu C.F. et al., 2020; Zoran et al., 2019).

Fig. 3 Highlights that both particulate matter PM2.5 and PM10
concentrations as well as AQI follow a seasonal temporal variability
pattern with higher values during winter and lower values during
summer seasons being inversely correlated with Planetary Boundary
Layer heights.

Daily mean of ground level average ozone concentrations follow also
a seasonal pattern variation, but the concentrations during the four
COVID-19 waves were increased in comparison with pre-lockdown
period by the following factors: during lockdown and first wave
period was an increase of 2.98 factor (explained by traffic and industrial
related sources reduction and partially by spring seasonality), during
heat wave period the increase of O3 was by a factor of 1.47 (attributed to
summer seasonality and traffic-related sources), during second wave the
increase of O3 was by a factor of 1.92, during the third wave the increase
of O3 was by a factor of 1.44, and during the fourth wave the increase of
O3 was by a factor of 2.20.

During the entire investigated period in this study, mean daily
average NO, ground level concentrations recorded decreased values as
compared with the pre-lockdown period as follows: during first wave
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Table 1
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Descriptive statistics of the Total Daily New of COVID-19 incidence and mortality cases per periods and daily mean and standard deviations of the main air pollutants,
and air quality index recorded during 1 January 2020- 1 July 2021 in Madrid metropolitan region.

Time period Daily New COVID- Daily New COVID-19 Daily mean Daily mean Daily mean Daily mean Daily mean
19 (DNC) Deaths (DND) + SD + SD + SD + SD + SD
PM2.5 (ug/ PM10 (pg/ 03 (pg/m?) NO, (pg/m®  AQI
m®%) m?
Pre-lockdown 1 January-29 February 38 0 29.85 + 69.16 + 17.51 £7.62 2872 + 28.4 +£10.26
2020 12.23 22.43 10.02
First COVID-19 wave 1 March 2020- 30 92,602 11,134 19.43 + 9.62 50.85 + 34.50 £7.06 11.23 +£8.54  31.58 +6.64
June 2020 17,36
Heat wave 1 July 2020-9 August 2020 21,783 27 27.9 £ 9.65 40 + 14.32 46.63 +£13.8 16.05 + 6.34 33.4 £5.09
Second COVID-19 wave 10 August 253,444 5933 23.14 +£8.29 54.65+15.6 29.64 + 21.32+8.48 27.25+7.02
2020-30 November 2020 11.72
Third COVID-19 wave 1 December 222,114 8795 21.92 + 52.08 + 22.41 +£6.98 22.22 + 25.69 + 8.03
2020-28 February 2021 15.31 29.00 13.44
Forth COVID-19 wave 1 March 2021- 30 139,274 3516 17.46 +9.15 43.95 + 35.81 £7.12 7.40 £+ 6.23 32.31 £6.51
June 2021 14.56
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Fig. 3. Temporal patterns of daily maximum AQI, and average ground levels of PM2.5, PM10, in relation with Daily New Confirmed COVID-19 cases and Daily New

COVID-19 Deaths cases during the four COVID-19 pandemic waves in Madrid.

COVID-19 lockdown of 53 %, during heat waves period with 43 %,
during the second COVID-19 wave with 24 %, during the third COVID-
19 wave with 20 %, and during the fourth COVID-19 wave with 72 %,
explained by traffic-related sources reduction, seasonal inversely vari-
ation pattern of NOy with O3 during spring-summer seasons, when
seasonal patterns of daily ground level NO, concentrations record
minimum values.

Our results support the hypothesis that through induced oxidative
stress of the cardio-respiratory and immune systems, and altering the
host resistance to viral and bacterial infections, urban air pollutants can

increase susceptibility to morbidity and lethality from respiratory in-
fections (Martelletti, Martelletti, 2020; Alghamdi et al., 2014; Asadi
et al., 2020; Carugno et al., 2016; Romano et al., 2020; Cohen and
Kupferschmidt, 2020). Recent studies considered epigenetic alteration
of genes by combustion-related pollutants that can generate new viral
mutations, which can favour the evolution of the COVID-19 pandemic
(Bakadia et al., 2021). Clearly, urban air quality is associated with
COVID-19 viral infections, and pathophysiologically, PM exposure could
facilitate COVID-19 disease by increasing angiotensin-converting
enzyme in the lung (Tung et al., 2021).



M.A. Zoran et al.

The anthropogenic emission sources, that were affected by the
lockdown during the first COVID-19 wave and the implementation of
other sanitary restrictions and partial lockdown during the second, and
mainly the third COVID-19 waves, were mostly on-road mobile sources
such as motor vehicles, and to a lesser extend the aircraft and industrial
emissions. Like was expected, the main primary air pollutants from these
combustion sources, nitrogen oxides (NOx), PM2.5, PM10, carbon
monoxide (CO) and Volatile Organic Compounds (VOC) such as toluene,
benzene, xylenes were decreased. But in case of ozone, a secondary
pollutant, the effect can be complex and the level can increase or
decrease depending on the location due to interaction of meteorology
driving the dispersion of primary pollutants NOx, VOCs and the
photochemical reactions forming the ozone levels across the Madrid
region. Fig. 4 presents temporal patterns of daily average ground levels
concentrations of ozone and nitrogen dioxide during 1 January 2020- 1
July 2021 showing the effect of total lockdown during the first COVID-
19 wave, and partial lockdowns during the next COVID-19 waves in
Madrid, as well as their impacts on daily new COVID-19 infections and
daily new COVID-19 fatalities during the multiwaves COVID-19
pandemic.

As can be seen in Table 1 and Fig. 5 during the second, the third, and
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the fourth COVID-19 waves, the total cumulative Daily New COVID-19
Deaths cases per waves were lower than for the first wave, because air
quality was improved and also the clinical severity of the last variants of
SARS-CoV-2 infections has declined significantly, most likely reflecting
the impact of sanitary measures implementation (social distancing,
wider face masking), improved medication treatments, or vaccination
during the late third and fourth waves.

Fig. 5 underlines that the total daily new COVID-19 confirmed pos-
itive (DNC) cases was higher for the second, the third, and the fourth
waves, possible attributed to new SARS-CoV-2 variants increased viru-
lence and increased human contacts, while the total daily new COVID-
19 deaths (DND) cases was lower than for the first COVID-19 wave.
During heat wave of summer 2020 the number of deaths and daily new
COVID-19 cases were very low, confirming the inversely correlation
with air temperatures.

Anyway, the epidemiological curve of the Daily New Confirmed
COVID-19 in Madrid during the third wave was falling at 1 March 2021,
but this third wave let significant damage: February 2021 was the month
with the highest number of Daily New Covid-19 Deaths since the first
wave of the pandemic last spring 2020.

Table 2 presents Spearman rank correlations between main air
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Table 2

Spearman correlations between main air gaseous pollutants and climate variables with COVID-19 daily new cases (DNC) and COVID-19 daily new deaths (DND)in

Madrid metropolitan region during the four COVID-19 waves.

Factors 1st COVID-19 wave COVID-19 Under Heat 2nd COVID-19 wave 3rd COVID-19 wave 4th COVID-19 wave
wave
1 March 2020-30 June 2020 1 July 2020-9 August 2020 10 August 2020-30 1 December 2020-28 February 1 March 2021-30 June 2021
November 2020 2021
DNC DND DNC DND DNC DND DNC DND DNC DND
O3 (pg/ r=-035p r=-0.25p —-0.19p > —0.04p > r=045p < r=-0.59p r=-037p< r=-0.16 p r=-0.17p R=-0.35p
m®) < 0.01 < 0.01 0.05 0.05 0.01 < 0.01 0.01 < 0.01 < 0.01 < 0.01
NO (ng/ r=0.10p > r=040p < 043p < —0.28 p > r=010p > r=055p< r=024p< r=012p > r=055p< r=049p <
m®) 0.05 0.01 0.01 0.05 0.05 0.01 0.05 0.05 0.01 0.01
T (°C) r=-0.55p r=-0.58p 0.13p > -0.32p < r=049p < r=-0.70 p r=-025p < r=046p < r=-042p r=-0.65p<
< 0.01 < 0.01 0.05 0.01 0.01 < 0.01 0.05 0.01 < 0.01 0.01
RH (%) r=052p< r=0.65p< 0.14p > 0.16 p > r=-0.40p r=0.69p > r=0.36p< r=0.25p< r=0.28p< r=032p<
0.01 0.01 0.05 0.05 < 0.01 0.05 0.01 0.05 0.01 0.01
w (km/h) r=-045p r=-0.51p -0.28 p > 0.18 p > r=0.18p < r=-031p r=-021p= r=0.05p > r=-0.26 p r=-0.29p <
< 0.01 < 0.01 0.05 0.05 0.01 < 0.01 0.05 0.05 < 0.01 0.01
SI(W/m?) r=-047p r=-0.45p —-0.54p < 0.05p > r=046p< r=-0.80p r=012p= r=0.53p< r=-0.34p r=-0.69p<
< 0.01 < 0.01 0.01 0.05 0.01 < 0.01 0.2 > 0.05 0.01 < 0.01 0.01
PBL (m) r=-0.39p r=-0.39 p 0.26 p > —0.11p > r=049p< r=-0.66 p r=-032p< r=-0.02p r=-0.35p r=-0.56p <
< 0.01 < 0.01 0.05 0.05 0.01 < 0.01 0.01 > 0.05 < 0.01 0.01

gaseous pollutants and climate variables with COVID-19 daily new cases
(DNC) and COVID-19 daily new deaths (DND)in Madrid metropolitan
region during each of the four COVID-19 waves recorded during entire
studied period 1 March 2020-1 July 2021.

Our analysis of all COVID-19 waves shows that daily average ground
levels ozone concentrations are significant negative correlated with
daily new deaths (DND) cases, and daily average ground levels of ni-
trogen dioxide are positive correlated with daily new deaths (DND)
cases. Daily average ground levels of NO, concentrations are positive
correlated with COVID-19 daily new cases (DNC) for all four waves,
while O3 concentrations are negative correlated with COVID-19 daily
new cases (DNC) in case of the first, third and fourth COVID-19 waves
and positive correlated in the case of the second wave.

The results demonstrate that urban ground surface level of air
pollution with gaseous toxic especially NO, may enhance COVID-19
incidence cases and fatality rates. Ozone is a potential oxidizer and
pulmonary irritant causing an inflammatory response in the lungs as
well as a cascade of subsequent responses (Arjomandi et al., 2018; Fuller
et al., 2020; Ogen, 2020; Uetake et al., 2019; Zoran et al., 2013). As a
highly reactive exogenous oxidant, NO; can induce inflammation and

enhance oxidative stress, which may eventually deteriorate the cardio-
vascular and immune systems, being a comorbidity factor in case of
SARS-CoV-2 viral infections. The trends between O3 and NOy are
strongly anti-correlated, showing that the O3 is strongly depressed by
high NOy (Gao W. et al., 2017). According with scientific studies in the
field (Wang B. et al., 2020; Chen N. et al., 2020; Wang Y.. et al., 2020;
Cohen, Kupferschmidt, 2020; Wang et al., 2021), the presence of exist-
ing comorbidities associated with patients’ age, immunity system, sex,
genetic and nutritional status, etc., might be essential factors for the
etiology and severity of COVID-19 symptoms. The role of pre-existing
immune disorders induced by long-term or short-term exposure to
high ground levels of air pollutants (gaseous and PM) contributes to the
impressive SARS-CoV-2 lethality in Madrid (Baldasano, 2020; Aleta,
Moreno, 2020). As can be seen in Figs. 3 and 4, temporal patterns of
Daily New Confirmed COVID-19 cases and Daily New COVID-19 Deaths
in Madrid, this pandemic is ongoing and air pollution is a dominant
environmental factor which must be considered in future COVID-19
waves decisions. Public health actions are needed to protect pop-
ulations from COVID-19 disease in Madrid region with historically high
NO; and Os exposure. Thus, air quality plays a complex role in the
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spreading of viral respiratory infection like novel coronavirus (Manoj
et al., 2020; Cao et al., 2020). As Table 2 shows, like several recent
studies investigating the relationship between COVID-19 incidence and
air pollution of urban large areas, this study highlights that higher air
pollution levels recorded in Madrid metropolitan region lead to greater
mortality COVID-19 rates (Cole et al., 2020; Copat et al., 2020;
Lopez-Feldman et al., 2021; Pozzer et al., 2020; Travaglio et al., 2021).

3.1.2. Patterns of climate variables impact on COVID-19 waves

In order to describe the climate specific conditions over Madrid
metropolitan region, which can be involved in the seasonal diffusion and
severity of COVID-19 viral infection disease during different seasons
over investigated time period (15 February 2020- 1 July 2021), have
been analyzed the time series patterns of daily average climate param-
eters (air temperature, relative humidity, atmospheric pressure, pre-
cipitation rate, wind speed intensity, surface solar irradiance and
Planetary Boundary Layer height).

As ambient air (Jin T., 2020) is contaminated by particulate matter,
gases, bacteria, fungi and viruses, specific climate conditions can be top
predictors of airborne novel coronavirus diffusion (Poole, 2020; Setti
et al., 2020a, 2020b). Besides human behavior, environmental param-
eters are the main major factors contributing for the seasonal nature of
respiratory viral infections with a high impact on respiratory
SARS-CoV-2 virus stability and transmission rates (Moriyama et al.,
2020).

Various diffusion patterns of COVID-19 disease transmissibility
among humans, are influenced by the geographic location, season, and
the local and regional climate conditions (wind speed intensity and di-
rection, air relative humidity, air temperature and pressure, precipita-
tion, Planetary Boundary Planetary Boundary Layer, and synoptic
atmospheric circulation patterns) in which pathogen and host meet both
outdoor as well as indoors (Collivignarelli et al., 2020; Poole, 2020;
Conticini et al., 2020; Nuvolone et al., 2018; Shaw Stewart, 2016). The
specific weather conditions and their seasonal variability in big cities
(atmospheric thermal inversions, fog or haze, and extreme climate
events) can have a high impact on local, regional and trans-border air
pollutants and bioaerosols (viruses, bacteria and fungi) transport (Gong
et al., 2020; Tobias and Querol, 2020; M. M. Sajadi et al., 2020; Zhao
et al., 2021; Bontempi E., 2020; Bontempi, 2021). All types of seasonal
viral human infections have been directly associated with the main
climate parameters (ambient air temperature, relative air humidity,
wind speed intensity, UV solar radiation, atmospheric pressure, pre-
cipitation rate) variability (Domingo et al., 2020; Domingo et al., 2020;
Bashir et al., 2020; Ciencewicki and Jaspers, 2007; Barreca et al., 2012;
Carugno et al., 2018; Coccia, 2020; Ballabio et al., 2013).

Table 2 presents also Spearman correlations between main climate
variables (air temperature, air relative humidity, wind speed intensity,
surface solar irradiance, and Planetary Boundary Layer height) with
COVID-19 daily new cases (DNC) and COVID-19 daily new deaths

Table 3
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(DND) in Madrid metropolitan region during the four COVID-19 waves.
Table 3 presents a descriptive statistics of the daily mean main air
climate parameters and ranges recorded during six analyzed periods for
1 January 2020- 1 July 2021 in Madrid metropolitan region.

As Table 2 shows, for each of the four COVID-19 waves, daily COVID-
19 disease incidence (DND) was negative correlated with daily average
air temperature and positive correlated with daily average air relative
humidity, with an exception for the second COVID-19 wave. In good
accordance with the existing literature in the field (Xiao et al., 2021;
Tian et al., 2021; Luo et al., 2020) a linear relationships was found be-
tween all meteorological variables and COVID-19 incidence in Madrid.
Table 4 shows that for entire analyzed pandemic period 15 February
2020- 1 July 2021, air temperature was negative correlated with daily
new COVID-19 cases (DNC) (r = —0.15), daily new COVID-19 deaths
(DND) (r = —0.64), Total COVID-19 deaths (r = —0.23), and positive
correlated with Total COVID-19 incidence cases in Madrid (r = 0.11).

From Table 5, can be seen that for more than one year study period (1
January 2020- 1 July 2021) daily average temperature was inversely
correlated with daily average relative humidity (Spearman correlation
coefficient being r = —0.75, and p < 0.01).

Air temperature is one of the major environmental factors that is
related with seasonal and regional variation. Environmental tempera-
ture has strong and regulatory effect on the duration of survival and
transmission of SARS-CoV-2 through droplet, aerosols and bioaerosols
(Shi et al., 2020).

According to results of this study, cold weather is much more sus-
ceptible for the Daily New COVID viral infection transmission in Madrid
than is case of good weather conditions. Hot summer 2020 conditions
under heat waves events and heat island effect explained recorded
reduced rates of the COVID-19 disease transmission during 30 June-
August 10, 2020 in Madrid.

Our results are in good agreement with other studies, which
demonstrated that air temperature and relative humidity parameters are
involved in the transmission of the SARS-CoV-2 viral infection, playing
an important role in COVID-19 mortality rate (Byun et al., 2021; Chen
et al., 2020; Ma et al., 2020; Shi P. et al., 2020; Adams, 2020; Ahmadi
et al., 2020; Poole, 2020). Although most studies indicated an inverse
association of viral community spread with temperature (Jiang et al.,
2020; Li H. et al., 2020; Li Q. et al., 2020; Benedetti et al., 2020; Bolano-
Ortiz et al., 2020; Sanchez-Lorenzo et al., 2021; Luo et al., 2020) some
findings reported a positive relationship between temperature and the
number of COVID19 cases (Bashir et al., 2020; Zoran et al., 2020b; Xie
and Zhu, 2020; Pani et al., 2020) and few studied found no correlation
(Briz- Redon, Serrano-Aroca, 2020).

Also, our findings are consistent with the hypothesis that higher air
temperatures and summer sunlight can reduce the spread of SARS-CoV-2
and the prevalence of COVID-19, which was also suggested by most of
the previous studies examining the same hypothesis with different data
and approaches (Chen et al., 2021; Qi et al., 2020; P. Shi et al., 2020).

Descriptive statistics of the daily mean main air climate parameters and ranges recorded during analyzed periods for 1 January 2020- 1 July 2021 in Madrid

metropolitan region.

Time period

Daily mean + SDT (°C)
Range

Daily mean + SD RH
(%) Range

Daily mean + SD w (km/
h) Range

Daily mean + SD
SI (W/m?) Range

Daily mean + SD PBL
(m) Range

Pre-lockdown 1 January-29 February 7.38 £3.12 77.54 £ 12.69
2020 (0.67-13.83) (42.7-95.6)
First COVID-19 wave 1 March 2020- 16.60 + 5.73 60.44 + 15.72
30 June 2020 (4.61-30.56) (30.2-95.3)
Heat wave 1 July -9 August 2020 28.74 + 2.06 31.65 + 6.19

(24.83-32.39) (21.4-47.7)
Second COVID-19 wave 10 August 16.59 + 6.24 61.20 + 1.18
2020-30 November 2020 (5.44-28.33) (26.9-97.4)
Third COVID-19 wave 1 December 6.15+4.77 (7.7-14.3)  79.15 + 10.20
2020-28 February 2021 (56.9-97.8)
Forth COVID-19 wave 1 March 2021— 15.98 + 5.73 56.81 + 14.39
30 June 2021 (14.3-27.39) (27-53.65)

2.71 + 1.98 (1.93-9.69)

4.98 + 3.78
(1.49-22.37)
8.82 +£2.20
(4.18-14.00)
8.17 +5.13 (1.29-31.7)

10.35 + 7.42
(2.25-7.64)
9.01 + 3.67
(2.74-19.96)

144.91 + 28.66
(101.12-199.45)
309.28 + 52.26
(202.45-372.72)
342.98 +18.25
(302.96-375.58)
212.93 + 66.88
(111.06-327.94)
131.78 + 26.85
(98.24-198.87)
311.44 £ 52.52
(173.08-376.58)

576.68 + 317.66
(134-1301)
1821.77 + 663.39
(313-3651)
2751.18 + 312.31
(2108-3356)
1414.57 £ 736.16
(415-3117)

829.5 + 463.74
(110-2012)
2019.76 + 571.05
(826-3717)
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Table 4

Spearman rank correlation coefficients and p values between COVID-19-incidence cases and daily average main air pollutants concentrations and climate variables for
investigated metropolitan area Madrid region during entire analyzed pandemic period 15 February 2020- 1 July 2021.

MADRID Air pollutant Climate parameter

COVID-19 -incidence PM2.5 (ug/m%) PM10 (pg/m>) 03 (pg/m>) NO, (ug/m®) AQI PBL (m) T (°C) RH (%) w (Km/h) SI (W/m?)
Total COVID-19 cases 0.20* 0.27* 0.17* —0.39* 0.11* ~0.19* 0.11* ~0.16* 0.44* —0.21*
Daily New cases (DNG) 0.05%** 0.14* —0.11* 0.22* 0.10* —0.16* —0.15* 0.15* 0.05%** —0.28*
Daily New Deaths (DND) —0.09% % —0.03%** —0.50* 0.23* 0.22* —0.60* —0.64* 0.68* —0.28* —0.61*
Total Deaths —0.03%** —0.04%%* —0.27* 0.16* 0.21* —0.22% —0.23* 0.18* 0.43* —0.41*

Note: PM2.5 (Particulate Matter of 2.5 pm size), PM10 (Particulate Matter of 10 pm size), O3 (ozone), NO, (nitrogen dioxide), AQI (Global Air Quality Index), T (air
temperature), RH (air relative humidity), SI (surface solar irradiance), w (wind speed intensity) and PBL (Planetary boundary Layer height), * and ** indicate p < 0.05

and p < 0.01 respectively and *** indicates p > 0.05.

Table 5
Spearman correlations between main air pollutants and climate variables in Madrid metropolitan region during the entire study period (1 January 2020- 1 July 2021).
Factors PM2.5 (ug/m>) PM10 (ug/m>) 03 (ng/m>) NO, (ug/m>) T (°C) RH (%) SI (W/m?) w (Km/h)
PM10 (pg/m®) 0.66**
03 (pg/m>) —0.15* —0.19%*
NO, (pg/m®) 0.56%* 0.49%* —0.49%*
T (°C) 0.15* 0.05 0.73%* —0.37%*
RH (%) 0.03 0.09 —0.77** 0.30%** —0.75**
SI (W/Inz) —0.18** —0.12* 0.75%* —0.61** 0.81%** —0.71%*
w (Km/h) —0.36** —0.29%* 0.29%* —0.39%* 0.32%* —0.38%* 0.24**
PBL (m) —0.11* —0.14* 0.80** —0.52%* 0.79%* —0.78%* 0.81** 0.38%*

Note: T (air temperature), RH (air relative humidity), SI (surface solar irradiance), w (wind speed intensity) and PBL (Planetary boundary Layer height), * and **

indicate p < 0.05 and p < 0.01 respectively.

Daily average relative humidity is an essential meteorological vari-
able of SARS-CoV-2 airborne diffusion, being involved in the formation
and size of aerosol droplets, used as a medium to infect new hosts (Yang
and Marr, 2012; Yang et al., 2012, 2020; Minhaz Ud-Dean, 2010). It
seems that under high levels of air relative humidity large water droplets
promote the growth by collision and coalescence, of suspended airborne
COVID-19 and then accelerating its gravitational settling (Arias F.J., De
Las Heras S., 2021). Some inconsistent findings in the relationship be-
tween air relative humidity and local transmission of SARS-CoV-2 were
reported as follows: negative correlation (Jiini et al., 2020; Metelmann
et al., 2020; Guo et al., 2020; Sahin, 2020; Mangla et al., 2020; Zoran
et al., 2020b; Menebo, 2020) and positive correlations (Ozyigit, 2020;
Oliveiros et al., 2020; Pani et al., 2020) and few studied found no
correlation.

Seasonality of climate variables in the temperate regions are related
with the COVID-19 pandemic disease spread. Several studies found that
the changes of urban air pollution levels with aerosols and bioaerosols
(fungi, bacteria and viruses) depend on multiple parameters among
which anthropogenic and natural emission sources, the chemical
composition of the atmosphere, local and regional meteorological con-
ditions, relationship with Planetary Boundary Layer height (Zhao et al.,
2019; Liu et al., 2020; Miao et al., 2015), synoptic atmospheric circu-
lation patterns, micro- and meso-climatic features of the environment
(Zhao et al., 2018) and geomorphology of the city.

Among the climate variables, the mean of daily average wind speed
intensity during 15 February 2020-1 July 2021 of recorded values (7.59
+ 5.20) km/h in the range of (0.87-31.7) km/h, had a weakly inverse
relationship with the recorded Daily New COVID-19 Deaths (DND) (r =
—0.28 with p < 0.01) and positive relationship with Total Confirmed
COVID-19, Daily New Confirmed COVID-19 cases (r = 0.44, with p <
0.01) and Total COVID-19 Deaths cases (r = 0.18, with p < 0.01), as can
be seen in Table 4. Temporal patterns of the daily average air temper-
ature, relative humidity, wind speed intensity and Planetary Boundary
Layer height in relation with dynamics of the coronavirus disease waves
in Madrid are presented in Fig. 6. Also, wind speed intensity is nega-
tively correlated with ground level concentrations of air pollutants
PM2.5(r=-0.36), PM10 (r=-0.29), NOo(r= -0.39) and relative humidity
(r=-0.38), and positive correlated with O3 concentrations (r= 0.29) and
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surface solar irradiance (r= 0.24).

Mean surface solar global (direct and diffuse) irradiance registered in
Madrid region during 1 January 2020- 1 July 2021 period of (249.79 +
92.53) W/m? in the range of (98.24 + 377.09) W/m? had an inversely
relationship with all COVID-19 incidence cases (Table 3). During first
COVID-19 wave in winter-spring 2020, due to lockdown measures in
Spain, was recorded a reduction in anthropogenic pollution (less traffic
and industrial activity led to reduction of NOy, CO2 and particulate
matter PM2.5 and PM10 emissions) with direct consequence an increase
in surface irradiance with respect to the 2010-2019 mean (van Heer-
waarden et al., 2021). Earth’s surface solar global (direct and diffuse)
irradiance has seasonal variability, with altitude, geographical co-
ordinates, stratospheric ozone, cloud cover, atmospheric density and air
pollution (gases and aerosols). Our findings are in a good accordance
with other studies (Metelmann et al., 2020) that evidenced a clear sea-
sonality of COVID-19 within cities experiencing greater surface solar
irradiance. Similarly with other viral infections diseases seasonal dy-
namics, COVID-19 disease incidence may decrease or even disappear
when temperature and solar surface radiation increase in the summer
(Baker et al., 2019; Obando-Pacheco et al., 2018; Santos et al., 2013). As
Table 4 and Fig. 6 show, the results of this study highlight the mutual
invers correlation of the daily average surface solar global irradiance
with COVID-19 disease transmission in Madrid, during summer season
being recorded lower daily COVID-19 incidence and mortality cases, and
during winter season higher cases. Daily average precipitation rates
contribution might be reflected in the daily average temperature and
relative humidity and also in the atmospheric pressure.

Among the most important climate variable, the Planetary Boundary
Layer height (PBL) is related to the vertical mixing, affecting the dilution
of pollutants and bioaerosols (bacteria, fungi and viruses) near the
ground. Also, PBL may be responsible of pandemic SARS-CoV-2 viral
infection diffusion through airborne route. Lower levels of PBL heights
may be associated with increased viral pathogens concentrations at the
near surface, and higher transmission rates.

The mean value of daily maximum PBL height level during all
investigated period in Madrid was of (1591.52 + 846.12) m in the range
of (132-3717) m.

As Table 3 shows, during each of COVID-19 pandemic wave the
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Fig. 6. Temporal patterns of daily average air temperature, relative humidity, Planetary Boundary Layer height and solar surface irradiation in relation with Daily
New COVID-19 positive cases and Daily New COVID-19 Deaths cases during the four COVID-19 pandemic waves in Madrid.

means of daily maximum PBL heights in Madrid recorded different
values, namely: for the first COVID wave (1821.77 + 663.39) m in the
range of (313-3651) m; for the second COVID wave (1414.57 + 736.16)
m in the range of (415-3117) m; for the third COVID wave (829.5 +
463.74) m in the range of (110-2012) m, and for the fourth COVID-19
wave (2019.76 + 571.05) in the range of (826-3717) m.

The lower levels of PBL heights for the first and the third COVID
wave may explain the highest Daily New COVID-19 confirmed positive
cases and Daily New COVID-19 Deaths recorded in Madrid during that
periods. From Table 4, Planetary Boundary Layer height was inversely
correlated with all COVID-19 cases (with Daily New Deaths -DND cases
r=—0.60, p < 0.01; Daily New cases -DNC, r = — 0.16; r = —0.19; with
Total Deaths cases, r = —0.23) with Total Covid-19 cases. For each of the
four COVID-19 pandemic waves (Table 2), is clear the same finding,
with an exception for DNC of second COVID-wave.

Several studies revealed that urban air pollution depends on local or
regional emission sources, photochemical reactions, and meteorological
variables, including the thermodynamic structure of the Planetary
Boundary Layer(PBL), which determines the vertical atmospheric mix-
ing of air pollutants (Uetake et al., 2019). While in a cyclonic convective
boundary layer, air quality is influenced by the dispersion/transport
processes of air pollutants due to wind shears and convective turbulence,
in an anticyclonic stable boundary layer, with potential temperature
inversions, vertical mixing is weak, which leads to the accumulation of

air pollutants (Miao, Liu, 2019; Tang et al., 2016; Li et al., 2017; Yadav
et al., 2016). So, diurnal variation pattern of the PBL thermodynamic
structure can affect surface concentrations of particulate matter (PM2.5
and PM10) and gaseous air pollutants (e.g. O3, NOg, CO3, SO2).

Because COVID-19 disease temporal variability is function of air
pollution and meteorological seasonal variables (air temperature, rela-
tive humidity, Planetary Boundary Layer heights, solar surface irradi-
ance, air pressure, local and regional winds and precipitation rates), like
as other viral infections (human influenza virus, coronaviruses, etc.) is
also seasonal sensitive. SARS-CoV-2 and its variants could exhibit sea-
sonal patterns (Ye et al., 2020; Byun et al., 2021; Rahimi et al., 2021).
Anyway seasonality of climate variables alone is not sufficient to curb
the SARS-CoV-2 and its new variants transmission without intervention
measures (Liu et al., 2021).

Even though the spreading of the COVID-19 pandemic is affected by
several countermeasures and medical interventions, our results confirm
that there is a close bidirectional seasonality of COVID-19 incidence and
lethality with air pollutants and climate variables.

Spearman correlation coefficients for air pollutants and climate
variable pairs for the study period are given in Table 5. Across the study
period, PM2.5 concentrations were closely correlated with PM10 con-
centrations (Spearman rank correlation’s coefficient r = 0.66), but less
so of PM2.5 with NOy (r = 0.56), and PM10 with NO, (r = 0.49), and
only weakly negative correlated of PM2.5 and respectively PM10 with
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03 (r = —0.15 and r = —0.19). In addition, air temperature was highly
positive correlated with Os (r = 0.73), and negatively correlated with
NO5 concentrations (r = —0.37). Air relative humidity was highly
negatively correlated with ozone concentrations and air temperature,
and no correlated with particulate matter PM2.5 and PM10. As is ex-
pected, surface solar irradiance is strongly positively correlated with
ground level ozone concentrations (r = 0.75) and air temperature (r =
0.81), and negatively correlated with ground level nitrogen dioxide
concentrations (r = —0.61), PM2.5 (r = —0.18) and PM10 (r = —0.12)
and air relative humidity (r = —0.71).

As a very important climate variable in COVID-19 spatiotemporal
spreading, Planetary Boundary Layer height (PBL) is inversely corre-
lated with PM2.5 (r = —0.11), PM10 (r = —0.14), NO, (r = —0.52) and
air relative humidity (r = —0.78), and direct correlated with O3 (r =
0.80), air temperature (r = 0.79), surface solar irradiance (r = 0.81) and
wind speed intensity (r = 0.38).

Is well known that climate warming and changes can play an
important role in the dynamics of infectious diseases spreading (Altizer
et al., 2013; Willox et al., 2015; Costello et al., 2009). Favorable envi-
ronmental conditions are needed for survival, reproduction, and spread
of viral infections pathogens, of their vectors and hosts (Facciola et al.,
2021). Scientific literature documented significant correlations between
climate parameters variability and the COVID-19 pandemic trans-
mission (Aratjo and Naimi, 2020; Aribi and Sghaier, 2020; Barcelo,
2020; Bashir et al., 2020).

3.2. Atmospheric pressure field and synoptic atmospheric circulations
relation with COVID-19 waves

The epidemiological trend of the COVID-19 disease transmission in
Madrid during the first 17 months of the pandemic can be uniquely
categorized according to the four different waves and associated public
health measures implemented in the metropolitan region and Spain:

1) a first COVID-19 wave since last week of February 2020 till 30 June
2020 with an exponential increase of cases up to, 3510 DNC on 26
March 2020 and 379 DND cases on 2 April 2020, where the gov-
ernment implemented strict control measures during lockdown, that
flattened the epidemiological curve and prolonged sporadic
transmission;

2) a second COVID-19 wave from late summer 2020 to end of

November 2020 COVID-19 with a sharp increase of cases up to, 7225

DNC cases on 18 September 2020 and 204 DND cases on 24

November 2020, characterized by progressive easing of restrictions;

a third COVID-19 wave from the beginning of December 2020 till the

end of February 2021, that showed a progressive increase of the

epidemiological curve with a maximum of 7745 DNC cases recorded

on 19 January 2021 and 253 DND on 9 February 2021;

a fourth COVID-19 wave from the beginning of March 2021 till the

end of June 2021, that showed lower number of total confirmed

positive cases, with a maximum of 2900 DNC on 4 March 2021 and a

maximum of 379 DND on 2 April 2021. The above-mentioned

pandemic waves were captured through the epidemiological sur-
veillance system of severe symptomatic confirmed COVID-19 cases
and might hide additional peculiar features of the pandemic in

Madrid.

3
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Madrid metropolitan area with Mediterranean transitions to a cold
semi-arid climate, is characterized by blocking anticyclone atmospheric
circulation systems and stagnant air conditions (high pressure/geo-
potential, low wind intensity favorable to accumulation of high levels of
air pollutants due to urban traffic, industrial sources and long-distance
transport of Saharan dust intrusions (Garrido-Perez et al., 2018; Borge
et al., 2018; Russo et al., 2014; L’opez et al., 2019; Salvador et al., 2013;
Salvador et al., 2014; Russo et al., 2020; Valverde et al., 2015; Linares
et al., 2021).
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Before each of the four COVID-19 waves with at least one month,
over Madrid in the mid-troposphere have been recorded anticyclonic
stable atmospheric high pressure systems, frequently associated with
urban high-pollution episodes and mostly related to SARS-CoV-2 virus
transmission. Using NCEP/NCAR Reanalysis Intercomparison Tool
provided by the NOAA/ESRL Physical Sciences Laboratory, Boulder
Colorado, for each of the four COVID-19 waves, Omega surface charts
composite mean (Pa/s) at 850 mb map and composite anomaly maps of
500 hPa geopotential heights over Madrid have evidenced anticyclonic
stable atmospheric conditions for COVID-19 fast spreading.

1) For the first COVID-19 wave, based on NCEP/NCAR Reanalysis
Intercomparison Tool provided by the NOAA/ESRL Physical Sciences
Laboratory, Boulder Colorado, Fig. 7a presents Omega surface chart
composite mean (Pa/s) at 850 mb map over Madrid as compared to
the climatology mean (1981-2010) period. This figure shows
downwards airflows described by positive omega values, which
characterize strong atmospheric inversion conditions. Fig. 7b pre-
sents satellite positive composite anomaly pattern in the upper
troposphere of 500 mb geopotential height (m) map at 5.5 km height
over Madrid during first COVID-19 wave start-up, that may have
favored the SARS-CoV-2 viral infection transmission.

2) For the second COVID-19 wave, also NCEP/NCAR Reanalysis Inter-
comparison Tool provided useful information regarding the presence
of anomalous synoptic anticyclonic circulations, with downwards
airflows described by positive omega values and positive anomalies
of isobaric surface heights of geopotential at 500 mb over Madrid as
satellite maps present in Fig. 8a and respectively in Fig. 8b. The
comparative analysis of the first COVID-19 wave star-up in Madrid
under similar anticyclone weather conditions, increase of ground
level ozone and decreased air relative humidity may support the
hypothesis that the strong atmospheric stability and associated dry
conditions are main environmental factors related with the second
COVID-19 wave start-up.

3) In case of the third COVID-19 wave based on NCEP/NCAR Reanalysis
Intercomparison Tool maps, before and during the third COVID-19
wave have been also recorded anomalous synoptic anticyclonic
blocking atmospheric circulations with downwards airflows Omega
surface satellite charts composite mean at 850 mb (Fig. 9a) and with
positive anomalies of isobaric surface heights of geopotential at 500
mb (Fig. 9b), associated with favorable stability conditions for the
fast diffusion of the SARS-CoV-2. The related higher incidence and
severity of COVID-19 disease in Madrid region during the third wave
can be explained through existing stagnant atmospheric conditions
favorable for the main air pollutants accumulation near the ground.
However, clinically severe cases and lethality rates in Madrid were
lower than in first COVID-19 wave (Soriano et al., 2021).
For the fourth COVID-19 wave developed in the same period of year
like the first COVID-19 wave (1 March 2021-30 June 2021), NCEP/
NCAR Reanalysis Intercomparison Tool charts show that before and
during the viral infection wave have been registered also anomalous
synoptic anticyclonic circulations, with downwards airflows
described by positive omega values and positive anomalies of
isobaric surface heights of geopotential at 500 mb over Madrid, as
satellite maps present in Fig. 10a and respectively in Fig. 10b. The
comparative analysis of the first COVID-19 wave star-up in Madrid
with the fourth COVID-19 wave under similar anticyclonic weather
conditions, increase of ground level ozone and decreased air relative
humidity may support the hypothesis that the strong atmospheric
stability and associated climate factors seasonality are related with
the fourth COVID-19 wave start-up and evolution.

3

—

The results of this study evidenced the significant role of meteoro-
logical conditions associated with the existing synoptic atmospheric
circulations patterns before and during all COVID-19 waves in Spain,
that provided optimal conditions for the SARS-CoV-2 and its new
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Fig. 7. a. Omega surface chart composite mean (Pa/s) at 850 mb map over Spain during the first COVID-19 wave in Madrid, b. Composite anomaly map of 500 mb

geopotential height before and during the first COVID-19 wave in Madrid.

NCEPINCAR Reanalysis Omega surface chart at 850 mb Composite Mean, (1981-2010) Climatology over Spain
during 10 August 2020- 30 Noverber 2020
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Fig. 8. a. Omega surface chart composite mean (Pa/s) at 850 mb map over Spain during the second COVID-19 wave in Madrid. b. Composite anomaly map of 500 mb

geopotential height before and during the second COVID-19 wave in Madrid.

variants transmission in Madrid metropolitan region. In a good agree-
ment with scientific literature in the field (Domingo and Rovira, 2020;
Sanchez-Lorenzo et al., 2021; Liu X. et al., 2021), our analysis shows that
seasonality of urban air pollution, climate and synoptic atmospheric
circulations patterns may play an important role in the airborne

seasonality transmission of the COVID-19 disease (Sajadi et al., 2020).
However, climate variables seasonality alone is not sufficient to stop the
coronavirus transmission during summer warm season. COVID-19 dis-
ease incidence analysis over time range of (15 February 2020- 1 July
2021) supports the possibility as SARS-CoV-2 viral infection
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Fig. 9. a. Omega surface chart composite mean (Pa/s) at 850 mb map over Spain during the third COVID-19 wave in Madrid. b. Composite anomaly map of 500 mb
geopotential height one month before the third COVID-19 wave in Madrid.
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Fig. 10. a. Omega surface chart composite mean (Pa/s) at 850 mb map over Spain during the fourth COVID-19 wave in Madrid. b. Composite anomaly map of 500
mb geopotential height during the fourth COVID-19 wave in Madrid.
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transmission via airborne (Morawska and Cao, 2020) pathway to be
highly dependent on independent climate variables, and regional at-
mospheric circulation patterns among which air temperature, relative
humidity, wind speed intensity, atmospheric pressure, Planetary
Boundary Layer height and surface solar global irradiance. The decrease
in the fatalities rates during the second and third COVID-19 waves in
comparison with the first infection wave may be attributed to the
improvement in environmental conditions due to sanitary measures
comparable with pre-lockdown period and adopting of different better
preventive strategies and policies that reduce the health risks associated
with COVID-19.

Based on results in Table 2, our study found a similar behavior of the
mutual seasonality between climate variables and the first and the
fourth COVID-waves in Madrid, developed in the same season of the
years 2020 and respectively 2021 (1 March- 30 June).

The chemodynamics of SARS-CoV-2 virions and particulate matter
interactions may be responsible for the COVID-19 pandemic trans-
mission during several seasons, explaining reported correlations be-
tween urban high air pollution episodes registered during anticyclonic
stagnant periods in densely urban/suburban regions, and new COVID-19
waves.

Other environmental factors like as waste waters, etc., can favour the
growth, multiplication and spread of SARS-CoV-2 pathogens. Additional
considered risk factors for fast spreading of COVID-19 disease among
vulnerable population during the outbreak can be rapid urbanization,
industrialization, globalization and migration of people. As other studies
in the literature found, this paper suggests that the differences in the
response to the COVID-19 pandemic waves periods can be attributed to
different infectivity rates of new variants of SARS-CoV-2 as well as to
adopted prevention and interventions strategies both at the regional and
at the municipality level. Considering that timely and properly inter-
vention polices, such as intensive contact tracing followed by quarantine
and isolation, and intense vaccination procedure, can effectively reduce
the spreading risk of the new more contagious SARS-CoV-2 variants
(Cevik et al., 2021; Diao et al., 2021; Jin et al., 2021). In case of the
fourth COVID-19 wave in Madrid metropolitan region, according to the
epidemiological situation reported by World Health Organization
(WHO, 2021b), and Community of Madrid (CM, 2021), at 1 August 2021
81.6 % of the total population received the first vaccine dose, and 66.8 %
of the total population received the complete dose.

As a conclusion, seasonal variability of climate parameters and near
the ground air pollutants concentrations may explain some important
aspects in the COVID-19 disease transmission, but epidemiological
measures of social distance and protection are essential. A seasonal ef-
fect of COVID-19 pandemic is potentially a significant contributor to the
occurrence of multiwaves of outbreaks especially in the temperate
Northern hemisphere. It is an imperative need to find the bidirectional
relationship between environmental factors seasonality and COVID-19
pandemic disease ability to develop into a seasonal disease, and to
provide scientific evidence for early public health strategies to reduce
viral infections impacts.

3.3. Strengths and limitations

This study has added strength in having a longer observation time
period over environmental factors related to COVID-19 epidemiology in
Madrid metropolitan region, that spanned several seasons during 1
January 2020 till 1 July 2021, allowing us to examine a larger range of
time series meteorological and air quality data over multiple months.
Was also possible to make a comparison between the first and the fourth
COVID-19 waves, that spanned during spring the same seasons
belonging to respectively 2020 and 2021 years in Madrid. Furthermore,
in an observational time series analysis of COVID-19 epidemiological
data over more than one year period, we do not expect human individual
risk factors to vary meaningfully over the study period. However, few
studies have been focused on Madrid metropolitan region
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environmental factors seasonal mutual relationship with ongoing
COVID-19 pandemic event.

This study has some limitations. Despite the use of official COVID-19
incidence and mortality data, under testing and underreporting
throughout the course of the pandemic may have resulted in un-
certainties of COVID-19 cases, limiting this study’s capability to capture
all COVID-19 cases. Also, due to COVID-19-related economic policies
and sanitary restrictions, like lockdowns and stay-at-home measures, it
is possible to be recorded lower air pollution at the ground levels,
limiting this study’s time correlation analysis results, with short term or
long term exposure of air pollutants to individuals with pre-existing
comorbidities. Despite the above limitations, our early analysis
regarding the impact of environmental factors on COVID-19 trans-
mission in Madrid could provide useful implications for policymakers in
Spain and the public worldwide.

4. Conclusion

Nevertheless, being known that the airborne microbial temporal
pattern is most affected by seasonal changes, we attempted to address
the role of several environment parameters in driving the COVID-19
pandemic, and compare the four COVID-19 waves in Madrid. Our
analysis was carried out at a metropolitan scale, to assess if the in-
teractions between the seasonality of environmental factors could be
captured and related with viral infection seasonality, being known that
the airborne microbial temporal pattern is most affected by seasonal
changes. Among the investigated climate variables, air temperature,
relative humidity, solar surface global irradiance, Planetary Boundary
Layer height, wind speed intensity and synoptic meteorological patterns
are the most effective for controlling the novel coronavirus spread sea-
sonality with higher incidence during winter-early spring and lower
incidence during summer seasons. Time series analysis of Daily New
COVID-19 incidence (DNC) and lethality (DND) cases in Madrid
metropolitan region revealed a higher risk of mortality for the popula-
tion consistently exposed to low levels of air quality and densely
populated large cities. This paper demonstrates that climate factors
seasonality and urban air quality are strongly implicated in the patho-
genesis of COVID-19 infection and its sustained transmission. Moreover,
the spatiotemporal atmospheric changes in air pollutants concentra-
tions, and synoptic meteorological patterns may have encouraged
COVID-19 multiwaves seasonality evolution to the more ubiquitous and
possibly more contagious variants. This study considered also synergy
effects of climate factors impacts and possible correlation among these
variables with regional atmospheric circulation and COVID-19 waves
start-up, synoptic meteorological patterns that may play a role in
reducing or amplifying COVID-19 transmission. Also, this paper high-
lights a reciprocal relationship between the seasonality of COVID-19
pandemic waves and seasonality of local air pollution and climate fac-
tors, which are actively controlled by regional meteorological formation
of extensive stationary anticyclone conditions with blocking effects over
the region and higher COVID-19 incidence infection rates. In summary,
our study found evidence that higher values of surface solar irradiances,
air temperatures, Planetary Boundary Layer heights were associated
with lower transmission of COVID-19. Comparison of the four COVID-19
waves found a similar behavior of the mutual seasonality between the
first and the fourth COVID-waves in Madrid, developed in the same
season of the years 2020 and respectively 2021 (1 March- 30 June). Even
though the spreading of the COVID-19 pandemic is affected by several
countermeasures and medical interventions, our results confirm that
there is a close bidirectional seasonality of COVID-19 incidence and
lethality with air pollutants and climate variables. This multiwaves
pattern of COVID-19 in Madrid metropolitan region makes possible the
further analysis of climate drivers, with descriptive statistical analysis
and modelling methods for transient correlations, that identify similar
variation in the time series data over localized windows of time. Mete-
orological conditions may play a role in reducing COVID-19
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transmission, but in order to minimize the risk of resurgence, it is pru-
dent to continue with safety practices, vaccination and implementation
of prevention and control strategies of future viral pandemic infections.
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Abbreviation

SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2
COVID-19 Coronavirus Disease 2019

SARS-CoV Severe Acute Respiratory Syndrome Coronavirus
MERS-CoV Middle East respiratory syndrome coronavirus

DNC Daily New COVID-19 positive cases

DND Daily New COVID-19 Deaths

PM Particulate Matter: PM1(1 pm), PM2.5 (2.5 pm) and PM10
(10.0 pm) diameter

03 Ozone

NO, Nitrogen dioxide

PBL Planetary Boundary Layer height

T Air temperature

RH Air relative humidity

w Wind speed intensity

SI Surface solar global irradiance

NOAA  National Oceanic and Atmospheric Administration U.S.A.
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