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Abstract
The aim of this research is to study the influence of atmospheric pollutants and meteorological variables on the incidence 
rate of COVID-19 and the rate of hospital admissions due to COVID-19 during the first and second waves in nine Spanish 
provinces. Numerous studies analyze the effect of environmental and pollution variables separately, but few that include 
them in the same analysis together, and even fewer that compare their effects between the first and second waves of the virus. 
This study was conducted in nine of 52 Spanish provinces, using generalized linear models with Poisson link between levels 
of  PM10,  NO2 and  O3 (independent variables) and maximum temperature and absolute humidity and the rates of incidence 
and hospital admissions of COVID-19 (dependent variables), establishing a series of significant lags. Using the estimators 
obtained from the significant multivariate models, the relative risks associated with these variables were calculated for 
increases of 10 µg/m3 for pollutants, 1 °C for temperature and 1 g/m3 for humidity. The results suggest that  NO2 has a greater 
association than the other air pollution variables and the meteorological variables. There was a greater association with  O3 in 
the first wave and with  NO2 in the second. Pollutants showed a homogeneous distribution across the country. We conclude 
that, compared to other air pollutants and meteorological variables,  NO2 is a protagonist that may modulate the incidence and 
severity of COVID-19, though preventive public health measures such as masking and hand washing are still very important.

Keywords Atmospheric pollution · COVID-19 · Hospital admissions rate · Incidence rate · Meteorological variables · Time 
series

Introduction

In December 2019 in Wuhan (China), cases of pneumonia 
were detected, brought about by an unknown coronavirus. 
The newly discovered virus was called SARS-CoV-2 and 

its associated illness, Coronavirus Disease 19 (COVID-19). 
In light of the global increase in cases, the World Health 
Organization (WHO) declared COVID-19 a “pandemic” on 
March 11, 2020 (Cucinotta and Vanelli 2020; WHO 2020).

The first case of COVID-19 was detected in Spain in late 
January of 2020. During the month of February, cases began 
to be diagnosed around the country. Due to an exponen-
tial increase in cases, a state of alarm was declared in all 
of Spain, and the general population was confined to their 
homes (BOE 2020a). The state of alarm ended on June 21, 
2020 (BOE 2020b). After the summer months, a new state 
of alarm was declared in all of the national territory (BOE 
2020c), which resulted in a nighttime curfew and which 
ended on May 9, 2021 (BOE 2020d).

Air pollution is a current environmental problem. Among 
all of the pollutants, particulate matter under 10 µm in 
diameter  (PM10), nitrogen dioxide  (NO2) and ozone  (O3) 
are among the most recognized pollutants in the scientific 
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literature (Adamkiewicz et al. 2020; Chen et al. 2007a, b; 
Kampa and Castanas 2008).

PM10 are a group of diverse pollutants that are capable 
of causing different respiratory and cardiovascular diseases, 
among others (de Kok et al. 2006; Querol et  al. 2004). 
Although they can be of natural origin, it is anthropogenic 
origin that is considered the most problematic for health, 
given that it is strongly linked to road traffic (de Kok et al. 
2006), which is one of its primary determinants. Studies 
link hospital admissions in adults with  PM10 in a positive 
way. Thus, when there is a greater concentration of  PM10 in 
the environment, there is an increase in admissions due to 
illnesses related to the respiratory and circulatory systems 
(Ab Manan et al. 2018). Some studies have linked air pollu-
tion caused by particulate matter (PM) to other respiratory 
diseases caused by coronaviruses such as SARS (Cui et al. 
2003). Some studies also seem to conclude that the presence 
of pollution by these compounds above the established limits 
has a positive influence [when there is more pollution, there 
seem to be more cases reported (Coccia 2020a)].

The effect of  NO2 on human health is well documented 
in the scientific literature. A short-term exposure to  NO2 is 
capable of increasing the risk of contracting cardiorespira-
tory disease (Kampa and Castanas 2008). Travaglio et al. 
(2021) found that in the UK the presence of excess  NO2 was 
a good estimator of the number of cases and deaths due to 
COVID-19. This has been confirmed in other studies carried 
out in Northern Italy (Zoran et al. 2020), which have also 
defined a geographic component to the distribution of the 
transmission of the virus. The areas most polluted by  NO2 
seem to have a higher incidence of COVID-19, as indicated 
by studies carried out in northern Italy (specifically in the 
city of Milan) and in the province of Tarragona, in the region 
of Catalonia (Marquès et al. 2021; Zoran et al. 2020). How-
ever, in Spain studies such as that of Linares et al. have not 
found sufficient evidence of this distribution of the disease 
(Linares et al. 2021).

O3 is an air pollutant that is only considered as such when 
it appears in the lowest layer of the atmosphere, known as 
the troposphere. However, when studied together with  NO2, 
 O3 becomes secondary as it acts as a precursor to  NO2 in 
the photochemical reaction in which it is formed (Logan 
1985). The marked seasonality presented by concentrations 
of  O3, normally during the summer months (Logan 1985), 
has a certain influence on how this air pollutant behaves 
in conjunction with epidemiological variables related to 
COVID-19 (Zoran et al. 2020). Therefore,  O3 is related to 
an increase in morbidity and mortality due to cardiovascular 
and respiratory problems.

Noise pollution is an agent that is capable of affecting 
health (Stansfeld and Matheson 2003). It has been shown 
that high levels of noise positively affect the incidence and 
severity of COVID-19, which increase when noise pollution 

increases, independently of other factors such as  PM10,  NO2 
and other air pollutants (Díaz et al. 2021).

Furthermore, it has also been shown that, in addition to 
air pollution and noise pollution, other agents are also capa-
ble of significantly influencing the incidence and severity of 
COVID-19. These variables are classified as “meteorological 
variables” and include maximum temperature and absolute 
humidity, among others. When the pandemic began, because 
of the lack of quality scientific information available, it was 
thought that because SARS-CoV-2 was a respiratory virus 
it would be affected by low and humid temperatures (Tang 
2009), as was the case with other types of coronavirus such 
as SARS or MERS. However, after advances in knowledge 
related to the virus, other authors consider that the best 
transmission occurs in environments without high humid-
ity, though this can be distorted by the implementation of 
public health measures (Mecenas et al. 2020).

The existence of a nonlinear relationship between tem-
perature and the number of cases reported suggests that the 
transmission of the virus cannot be stopped without addi-
tional preventive public health measures, such as the use of 
masks, hand washing and social distancing (Vokó and Pitter 
2020; Yin et al. 2021). Some studies seem to point to the 
existence of an association between lower temperatures and 
greater transmission of the virus, given that in low tempera-
tures people gather together indoors in places that tend to 
have less ventilation (Ujiie et al. 2020).

In addition to the meteorological variables mentioned 
above, there are other variables that influence the epide-
miological variables of COVID-19. Some of these are solar 
radiation, which seems to present a positive correlation with 
COVID-19 incidence (Isaia et al. 2021), wind direction and 
speed, which presents a negative relationship between wind 
speed and COVID-19 incidence (Coccia 2020b), among oth-
ers. However, in this study they have not been taken into 
account due to the impossibility of obtaining data in all the 
Spanish provinces to be analyzed.

The objective of this study was to confirm the existence 
of an association between air pollutants and meteorological 
variables and the incidence and severity of COVID-19. This 
study was carried out in nine of the fifty-two provinces of 
Spain during the first and second waves of the COVID-19 
pandemic.

Materials and methods

Area, period and study type

This study was an ecological, longitudinal, retrospective 
time-series study. The study population was the Spanish 
population, which used a sample of nine provinces based 
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on the geographic regions defined by the Ministry of Eco-
logical Transition and Demographic Challenge (MITECO).

The selected provinces represented the nine geographic 
areas mentioned: A Coruña (Northwest), Vizcaya (North), 
Zaragoza (Northeast), Madrid (Center), Valencia (East), 
Palma de Mallorca (Balearic Islands), Sevilla (South-
west) Malaga (Southeast) and Las Palmas of Gran Canaria 
(Canary Islands). These provinces were representative of 
their corresponding geographic regions. The measurements 
were taken in the province capitals. Provinces included had 
complete information on the presence of  PM10,  NO2 and  O3 
and meteorological variables. Those provinces, which could 
not provide this information, were excluded.

The time period of this study was from February 1, 2020, 
through May 31, 2020 (first wave), and from June 1, 2020, 
through November 30, 2020 (second wave).

Dependent and independent variables

Dependent variables used included the incidence rate of 
COVID-19 (TIC) and the rate of hospital admissions due to 
COVID-19 (TIHC). Rates were calculated in the following 
way:

Incidence rate per 1,000,000 inhabitants: (Number of pos-
itive COVID-19 cases/population) × 1,000,000 inhabitants.

Rate of admissions per 1,000,000 inhabitants: (Num-
ber of hospital admissions due to COVID-19/popula-
tion) × 1,000,000 inhabitants.

The data on positive cases and admissions were provided 
by the National Center for Epidemiology (CNE) of the Car-
los III Health Institute, and the population data were pro-
vided by the National Statistics Institute (INE).

The independent variables in this study were the con-
centrations of the air pollutants  PM10,  NO2 and  O3 and the 
average values of the meteorological variables maximum 
temperature (Tmax) and absolute humidity (HA). The data 
on air pollutants were provided by MITECO, and the mete-
orological variables were provided by the State Meteorologi-
cal Agency (AEMET).

HA was calculated using the Clausus Clapeyron equation 
based on the average daily relative humidity (HR) and the 
average daily temperature (Iribarne and Cho 1980):

Statistical analysis

Generalized linear models (GLM) with Poisson link were 
carried out in the selected provinces between the dependent 
variables and the average values of the independent vari-
ables, by which a series of lags were established. In carrying 

HA =
6, 112 × e

(

17,67T

+243,5

)

× HR × 2, 1674

273, 15 + T

out the GLM, we controlled for the series trend by introduc-
ing the variable “n1”, which took a value of 1 on February 1, 
2020, and June 1, 2020, and increased to 121 (May 31) and 
183 (November 30). We also controlled for the seasonality 
of the time series at 120, 90, 60 and 30 days for the first wave 
and 180, 120, 90, 60 and 30 days for the second wave, and 
for over-dispersion by using an autoregressive component 
of order 1.

The lag period considered was 28 days, divided into four 
periods of 7 days each, which was the time thought to be 
related to contagion [with an incubation period, set at 4.5 
and 5.6 days (Bolaño-Ortiz et al. 2020; Quesada and Gutiér-
rez 2021)] and a worsening of symptoms resulting in a hos-
pital admission. The lags were introduced between days 0 
and 7, 8 and 14, 15 and 21, and finally 22 and 28.

The dependent and independent variables were included 
in a single significant multivariate model. Based on the esti-
mators of the model (β), the relative risks (RRs) were cal-
culated, using the expression RR = e

� based on the absolute 
value of the estimator. The RR was calculated for increases 
of 10 µg/m3 for the air pollutants, 1 °C for Tmax and 1 g/m3 
for HA. In cases where the estimator obtained in the multi-
variate model was a negative number, a negative relationship 
between the dependent and independent variables was said 
to exist (if there is an increase in the dependent variable, 
the independent variable decreases, and vice versa). As an 
example, the population attributable risk was calculated 
(RAP) using the expression RAP = (RR − 1∕RR) × 100 , 
which allows for calculation of the incidence of the variable 
at the population level.

The modeling process was carried out using a back-step-
wise methodology with a p value of < 0.05.

Software used

The programs STATA 16.1 and SPSS 25 were used for the 
GLM and the time-series analysis. The maps were produced 
using Qqis 3.16.3, and tables were constructed using Micro-
soft Excel.

Results and discussion

The relative risks (RRs) related to the air pollutants  (PM10, 
 NO2 and  O3) calculated based on the GLM carried out in 
the analyzed provinces for TIC and TIHC are shown in 
Fig. 1 (corresponding to TIC). The relative risks (RRs) 
related to the meteorological variables (Tmax and HA) cal-
culated using the GLM in the selected provinces are shown 
in Figs. 2, 3 shows the RRs corresponding to TIHC and air 
pollutants (see Supplementary Table 1). Figure 4 shows the 
RRs calculated for the meteorological variables and TIHC. 
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Fig. 1  Maps of air pollutants (μg/m3) associated with the rate of incidence of COVID-19 (TIC) in provinces in Spain (*) from Feb., 1 through 
May 31, 2020 and Jun., 1 through November 30, 2020. Tertiles in natural breack

Fig. 2  Maps of atmospheric variables associated with the rate of incidence of COVID-19 (TIC) in provinces in Spain (*) from Feb., 1 through 
May 31, 2020 and Jun., 1 through November 30, 2020. Tertiles in natural breack
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The maps show the information related to RR classified into 
terciles using natural breaks.  

About 56 percent of the provinces presented a significant 
association between  PM10 and TIC in the first wave and 44 
percent in the second wave (Supplementary Table 1). Thirty-
three percent of provinces were identified that presented an 
association between  PM10 and TIHC both for the first and 
second waves (see Table 1). 

Tables 2 and 3 shows the provinces with lag days associ-
ated with TIC and TIHC for the air pollutants considered 
 (PM10,  NO2 y  O3) and the meteorological variables (Tmax 
y HA). The specified lag days are indicated in parentheses.

It can be seen in Fig. 1a, d that there was a decrease 
in the number of provinces that presented an association 
between  PM10 and TIC between the first and second waves 
(see Table 1). Between the two waves, the most frequent 
tercile was tercile 2. As shown in Supplementary Table 1a, 
the greatest value of RR of an association between  PM10 and 
TIC was 1.036 (IC 95% 1.00–1.07) for the first wave 1.021 
(IC 95% 1.00–1.04) for the second wave. Figure 3a, d show 
that for TIHC there was neither an increase nor a decrease 
in the number of provinces that presented an association 
between TIHC and  PM10 (see Table 1). In the first wave, the 
three associated provinces were found in different terciles, 
and the same occurred in the second wave. The greatest 
value of RR of association between  PM10 and TIHC was 
1.030 (IC 95% 1.00–1.05) in the first wave and 1.022 (IC 
95% 1.00–1.04) (see Supplementary Table 1b). By way of 
example, we calculated the attributable risk (RA) for TIC 
and TIHC of  PM10, which was 7.07 percent for the first wave 
and 4.16 for the second in relation to TIC, and 5.91 percent 
for the first wave and 4.35 percent for the second in relation 
to TIHC.

About 89 percent of the provinces presented an associa-
tion between  NO2 and TIC during the first wave, while for 
the second wave this increased to 100 percent. For  NO2 and 
TIHC, associations were identified in 44 percent of the prov-
inces for the first wave, while the second wave produced an 
increase of 89 percent (see Table 1).

Figure 1b, e showed an increase in the percentage of 
provinces that presented an association between  NO2 and 
TIC in the first and second waves. The lag days that were 
significantly associated were found primarily between days 
0 and 14 (see Table 2). In the first wave, the most frequent 
tercile was tercile 1, while for the second wave it was ter-
cile 2. Therefore, in addition to an increase in the number 
of provinces with an association, those that maintained an 
association between the two waves primarily increased in 
tercile from the first to the second wave. The RR of asso-
ciation between  NO2 and TIC that was highest in the first 
wave had a value of 1.339 (IC 95% 1,01–1,79); the value 
for the second wave was 1.174 (IC 95% 1,01–1,34). Fig-
ure 3b, e show the association between TIHC and  NO2. As Ta
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shown, there was an important increase in the association 
between the first and second waves. In the first wave, the 
most frequent tercile was tercile 2, while for the second 
wave it was tercile 1. This could signal that the provinces 
that previously had an association experienced a decrease 
in the RR of association between  NO2 and TIHC; however, 
in reality, four provinces did not present an association in 
the first wave but did so in the second. In the first wave, 
the RR of association between  NO2 and TIHC with the 
highest value was 1.051 (IC 95% 1.02–1.08), while for 
the second it was 1.158 (IC 95% 1.00–1.31) (see Supple-
mentary Table 1b).

Statistically significant associations were found between 
 O3 and TIC for 56 percent of the provinces in the first wave 
and 44 percent in the second. Fifty-six percent of provinces 
showed an association for  O3 and TIHC in both waves (see 
Table 1).

Figure 1c, f show a decrease in the provinces showing 
an association between TIC and  O3 (see Table 1). In the 
first wave, the most frequent tercile was tercile 2, while in 
the second it decreased to tercile 1. The highest value for 
the RR of association between  O3 and TIC was 1.146 (IC 
95% 1.00–1.28), while for the second, it was 1.050 (IC 95% 
1.00–1.10). Figure 3c, f show the provinces with signifi-
cant associations between  O3 and TIHC. As can be seen, 
there was a decrease in the number of associated provinces 
in the second wave, similarly to what occurred with TIC. 
During the first wave, the terciles that were most frequently 

associated were terciles 2 and 1. During the second wave, 
tercile 1 was most frequently associated. The highest RR 
of association between TIHC and  O3 for the first wave was 
1.065 (IC 95% 1,01–1,12) and 1.031 (IC 95% 1,00–1,06) for 
the second wave.

We found significant associations between Tmax and 
TIC in 67 percent of the provinces in the first wave and 33 
percent in the second. A single province showed an asso-
ciation between Tmax and TIHC (11%) in the first wave, 
and two provinces did so in the second (22%) (see Table 1). 
Figure 2a, c show the provinces that showed an association 
between Tmax and TIC. The provinces with an association 
were reduced by half (from 6 to 3) from the first wave to 
the second. The RR of association between TIC and Tmax 
with the highest value was 1.161 (IC 95% 1.00–1.32) for 
the first wave and 1.127 (IC 95% 1,01–1,24) for the second 
wave. Figure 4a, c show the association between Tmax and 
TIHC. The number of provinces that showed an association 
decreased between the first and second waves (Table 1). In 
the first wave, the maximum value of the RR of association 
between TIHC and Tmax was 1.096 (IC 95% 1.04–1.15) for 
the first wave and (IC 95% 1.00–1.06) for the second wave.

In terms of TIC and HA, associations were found in 67 
percent of the provinces for the first wave and 33 percent for 
the second. For TIHC and HA, associations were found in 
11 percent of the provinces for the first wave and 22 percent 
for the second (see Table 1).

Fig. 3  Maps of air pollutants (μg/m3) associated with the rate of hospital admissions of COVID-19 (TIHC) in provinces in Spain (*) from Feb., 
1 through May 31, 2020 and Jun., 1 through November 30, 2020. Tertiles in natural breack
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Figure 2b, d show the provinces that presented an associa-
tion between HA and TIC. During the second wave, there 
was a decrease in the number of associations, compared to 
the first wave. For the first wave, the greatest value for the 
RR of association between TIC and HA was 2.946 (IC 95% 
1.01–4.89) and 1.082 (IC 95% 1.00–1.16) wave. Figure 4b, 
d show the provinces that had an association between TIHC 
and HA. There was an increase in the number of provinces 
with an association between the first and second waves (see 
Table 1). The maximum RR of association between TIHC 
and HA was 1.050 (IC 95% 1.01–1.09) for the first wave 
and 1.045 (IC 95% 1.02–1.07) for the second wave. (The 
RR values and their confidence intervals are shown in Sup-
plementary Tables 1a, b.)

Discussion

Nitrogen dioxide  (NO2)

The principal finding of this study was a high increase in the 
number of provinces with an association between  NO2 and 
TIC between the first and second waves of COVID-19. This 

increase was the consequence of the end of confinement in 
homes and an increase in the number of cars in circulation, 
which increased the concentration of  NO2 in the environ-
ment (Baldasano 2020). The origin of  NO2 in the atmos-
phere is, primarily, an anthropogenic phenomenon based on 
emissions from individual and industrial vehicles (Grange 
et al. 2019). The short-term exposure to high concentrations 
of  NO2 has been frequently studied, and such studies have 
found different negative effects on health and increases in the 
risk of respiratory tract infections, decreases in lung capacity 
in individuals, asthma, bronchitis, emphysema, etc., espe-
cially in children (Copat et al. 2020).

Prior studies (Linares et al. 2021; Travaglio et al. 2021; 
Zhu et al. 2020) conclude that among all of the air pollut-
ants,  NO2 is the compound that has the greatest associa-
tion with TIC. There is a similar relationship with TIHC, 
although it is somewhat lesser than TIC, given that a sub-
ject requiring hospitalization is also affected by other factors 
such as the presence of comorbidities, among others (Ab 
Manan et al. 2018).

In studies such as those carried out by Copat et al. 
(2020) and Zhu et al., (2020) it has been found that an 
increase in the concentration of  NO2 (by 10 µg/m3) with 

Fig. 4  Maps of atmospheric variables associated with the rate of hospital admissions of COVID-19 (TIC) in provinces in Spain (*) from Feb., 1 
through May 31, 2020 and Jun., 1 through November 30, 2020. Tertiles in natural breack
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lags of between 0 and 14 days) is associated with a 6.94 
percent increase in the number of cases. This tendency 
was confirmed by this study, given that in the majority of 
the provinces that presented an association with  NO2 the 
lag days were found between day 0 and 14, which is also 
confirmed by studies carried out on the physiopathol-
ogy of the SARS-CoV-2 virus (Quesada and Gutiérrez 
2021). The angiotensin angiotensin-converting enzyme 
II (AEC2) has been proposed as a mechanism by which 
SARS-CoV-2 acts, since it acts as a receptor for the virus 
in the sense that the entrance of the virus into the organ-
ism is capable of blocking it (Lamas-Barreiro et al. 2020). 
It has been suggested that  NO2 could influence the inter-
ference process in AEC2, due to the presence of high 
levels in the pulmonary cells (Alifano et al. 2020), as 
occurs with SARS-CoV-2. This generates imbalances in 
the inflammatory response of the organism, which ends 
up severely worsening the disease.

Studies carried out in other parts of Europe, such as in 
the North of Italy, suggest that concentrations of  NO2 are 
found in urban areas such as Milan (Zoran et al. 2020). 
However, prior studies carried out in Spain (Linares et al. 
2021) do not show a special distribution in the accumu-
lation of  NO2, nor did we find this in the present study.

Particulate matter under 10 µm in diameter  (PM10)

Emissions of  PM10 in the atmosphere are primarily a 
consequence of road traffic or the mineral dust emitted 
during construction work (Querol et al. 2004). Thus, dif-
ferent studies such as that carried out by Kim et al. have 
found associations between exposure to an overly high 
concentration of this pollutant and respiratory diseases 
such as asthma, lung cancer and chronic obstructive pul-
monary disease (COPD) and circulatory diseases, with 
the appearance of non-lethal arrhythmias and myocardial 
strokes, and a clear elevation in the risk of hospitalization 
and emergency room visits (Copat et al. 2020; Kim et al. 
2018). These findings support the associations found in 
the present study.

In general, these types of particulate matter (whether 
 PM2.5 or  PM10) have a great influence on hospital admis-
sions due to both cardiovascular and respiratory ill-
nesses, because they are capable of overcoming the lung’s 
defense mechanisms and can penetrate the blood flow and 
thus affect the circulatory system (Ab Manan et al. 2018; 
Cheng et al. 2015).

In terms of COVID-19, there is a positive relationship 
between TIC and TIHC and  PM10 concentrations in the 
environment, even though this relationship is less strong 
than the relationship between  NO2 and TIC and TIHC,

especially in places in which maximum recommended 
levels have been surpassed 14 days prior to the onset 
of symptoms (Copat et al. 2020; Setti et al. 2020). In 
the present study, the majority of significant lags were 
found between day 0 and 14, which makes sense given the 
incubation period of the disease (Quesada and Gutiérrez 
2021).

Ozone  (O3)

The presence of ozone in the atmosphere is considered 
natural and even beneficial, when it is present in the upper 
layers of the stratosphere, for example the so-called ozone 
cap. When it is found in the lowest layer, the troposphere, 
it is considered a pollutant and is damaging to human 
health (Logan 1985). The effects on health of this pollutant 
include respiratory irritation (which causes cough among 
other symptoms), a reduction in pulmonary function and 
worsening of chronic lung diseases such as emphysema and 
bronchitis (Chen et al. 2007a; Radakovic and Krope 2007).

The concentration of this compound presents a collinear 
relationship with  NO2. This is due to the origin of tropo-
spheric ozone as a secondary pollutant and product of the 
photochemical reaction NO(g) + O3(g) → NO2(g) , which 
establishes an inverse relationship between both concentra-
tions (Logan 1985; Zoran et al. 2020) and ends up forming 
part of what is known as “photochemical smog.” It is gener-
ally more abundant in peripheral zones, in which there is a 
lower concentration of nitrogen oxide, than in urban zones, 
in which it intervenes in the above-mentioned chemical reac-
tion (though this tendency has become inverted in recent 
years) (Paoletti et al. 2014).

During the confinement in homes that took place during 
the first wave, the concentration of  O3 increased compared 
to the prior year (Briz-Redón et al. 2021). This phenomenon 
can be explained due to the absence of  NO2 due to the con-
finement. The level of  O3 increased in a notable way during 
the first wave, primarily due to the absence of  NO2 due to the 
confinement. The lack of photochemical reaction and forma-
tion of  NO2 meant a greater concentration of  O3 compared 
to  NO2. This influenced TIC and TIHC, as more provinces 
had an association for  O3 than for  NO2 in the first wave. The 
situation inverted during the second wave, in which there 
were no mobility restrictions. Motor traffic resumed as did 
activities that cause  NO2 emissions, and in consequence, 
levels of  NO2 recovered, with a decrease in the level of  O3. 
Thus, associations between TIC and TIHC decreased during 
the second wave.

Maximum temperature (Tmax)

The temperature is one of the most influential factors in 
the transmission of viral pathogens that spread through the 
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air, because they are sensitive to changes in this variable 
(Tang 2009). A study carried out by Cheng et al. suggested 
that hospital admissions due to respiratory illness related to 
PM10 may be positively associated with lower temperatures, 
while there is no association with higher temperatures, even 
when adding other pollutants (Cheng et al. 2015).

The influence of temperature on the expansion and sever-
ity of COVID-19 has been debated. While some authors 
have found that a higher temperature implies a decrease 
in the number of cases (Bolaño-Ortiz et al. 2020; To et al. 
2021), others have found no association (Xie and Zhu 2020). 
The present study did not find any association between an 
increase in TIC and TIHC and a decrease in temperature, 
although fewer provinces were found with an association 
with Tmax than provinces associated with air pollutants.

Absolute humidity (HA)

Prior studies using the absolute humidity variable have not 
had conclusive results. While some have found a negative 
association between the incidence of COVID-19 and humid-
ity (Liu et al. 2020; Şahin 2020), others have found that 
environments with high humidity favor the transmission of 
the virus (Islam et al. 2021a, b), which coincides with what 
is known about other types of respiratory viruses. However, 
other studies have not found an association between epi-
demiological variables related to COVID-19 and humidity. 
Recent studies suggest the possibility that the SARS-CoV-2 
virus, which causes COVID-19, presents better transmission 
in dry environments than in humid ones (Correa-Araneda 
et al. 2021; Sajadi et al. 2020), although a more humid envi-
ronment does not prevent the transmission or severity of the 
disease. Therefore, public health measures are needed that 
focus on prevention, such as the use of masks and social 
distancing (Vokó and Pitter 2020; Yin et al. 2021).

It should be noted that both the Tmax and HA variables 
that were used in this study presented negative relationships 
with TIC and TIHC. That is to say that an increase in one of 
the meteorological variables is accompanied by a decrease 
in the epidemiological variables, and vice versa.

This study found that, in addition to temperature, humid-
ity was associated in a lower number of provinces than were 
the air pollutants, both for TIC and for TIHC, although the 
relationship found in terms of TIHC was very weak.

Strengths and limitations of the study

The primary strength of this study was its ability to use both 
air pollutants and meteorological variables in a single sig-
nificant GLM, which better corresponds to the true relation-
ship between variables. Another strength was the availability 

of data for both of the waves of COVID-19, which allowed 
for a comparative analysis of the two waves.

One of the limitations relates to the home confinement 
measures implemented during the first state of alarm at the 
national level, which modified the levels of air pollutants 
such as  NO2 and  O3. Another limitation relates to the lim-
ited diagnostic tests that were carried out during the first 
wave. PCR tests (antigen tests were not available during this 
period) were only carried out with patients that presented 
severe symptoms of the disease, which could have influenced 
the number of cases reported during the period and affected 
incidence and admissions. Another of the limitations that we 
have found in this study is the subsequent modification of 
the data on the incidence of hospital admissions in some of 
the provinces analyzed, which may have modified the data 
with respect to previous studies.

In addition to temperature and absolute humidity, there 
are other meteorological variables that are capable of influ-
encing COVID-19 expansion, such as wind speed and direc-
tion (Coccia 2021, 2020b; Islam et al. 2021a, b), and solar 
radiation. However, these factors have not been taken into 
account in this study due to the absence of data on them in 
all the provinces analyzed.

Conclusion

The primary conclusion of this research relates to the pro-
tagonist role played by  NO2 in the first and second waves of 
COVID-19. The rest of the air pollutants and meteorologi-
cal variables presented a less important role than did  NO2. 
There was no specific geographic behavior in the country in 
terms of the air pollutants and the meteorological variables.

Among the factors analyzed in this study,  NO2 is the one 
that shows the most association, although there are others 
that have not been analyzed such as radiation, wind speed 
and noise pollution.
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