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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Influence of PM2.5 on COVID-19 mor-
tality is examined in 18 rural 
municipalities. 

• PM2.5 emissions are estimated from ve-
hicles and anthropogenic sources. 

• PM2.5 emissions are associated with in-
creases in mortality rates of COVID-19. 

• High COVID-19 mortality in rural mu-
nicipalities could be associated to dust 
events. 

• Expansion of cities should avoid high 
population density mainly when low 
wind speed.  
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A B S T R A C T   

One contemporary issue is how environmental pollution and climate can affect the dissemination and severity 
of COVID-19 in humans. We documented the first case of association between particulate matter ≤2.5 μm 
(PM2.5) and COVID-19 mortality rates that involved rural and medium-sized municipalities in northwestern 
Mexico, where direct air quality monitoring is absent. Alternatively, anthropogenic PM2.5 emissions were used 
to estimate the PM2.5 exposure in each municipality using two scenarios: 1) considering the fraction derived 
from combustion of vehicle fuel; and 2) the one derived from modeled anthropogenic sources. This study 
provides insights to better understand and face future pandemics by examining the relation between PM2.5 
pollution and COVID-19 mortality considering the population density and the wind speed. The main findings 
are: (i) municipalities with high PM2.5 emissions and high population density have a higher COVID-19 mor-
tality rate; (ii) the exceptionally high COVID-19 mortality rates of the rural municipalities could be associated 
to dust events, which are common in these regions where soils without vegetation are dominant; and (iii) the 
influence of wind speed on COVID-19 mortality rate was evidenced only in municipalities with <100 in-
habitants per km2. These results confirm the suggestion that high levels of air pollutants associated with high 
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population density and an elevated frequency of dust events may promote an extended prevalence and severity 
of viral particles in the polluted air of urban, suburban, and rural communities. This supports an additional 
means of dissemination of the coronavirus SARS-CoV-2, in addition to the direct human-to-human 
transmission.   

1. Introduction 

The coronavirus disease 2019 (COVID-19) pandemic caused by the 
novel coronavirus SARS-CoV-2 is generating a high number of deaths 
(~3.94 million people on June 2021, WHO, 2021), with negative effects 
on the public health and economic systems (Coccia 2020a, 2021d). The 
main lessons learned from the COVID-19 pandemic are the importance 
of healthcare expenditures to reduce fatality rates (Coccia, 2021f), the 
timely application of containment policies, and understanding the in-
fluence of climatic factors and air pollution on the spread and severity of 
COVID-19. Coccia (2021c) proposes that gross domestic product per 
capita, healthcare spending, and air pollution of nations are critical 
factors associated with the fatality rate of COVID-19. In addition, Coccia 
(2021a) found that wind speeds and air pollution may support the 
dissemination of COVID-19 leading to a higher incidence of infected 
individuals and deaths; cities with high wind speed have less cases of 
COVID-19, compared to those with little wind speed and frequent high 
levels of air pollution. For example, Coccia (2021d) found that nearly 81 
% of deaths from the first wave of COVID-19 pandemic in Italy occurred 
in industrialized regions with high levels of contaminated air. 

Atmospheric stability (i.e., low wind speed) reduces the dispersion of 
gases, and particulate matter (PM) can act as a carrier of the SARS-CoV-2 
in the air to sustain the dissemination of COVID-19 in the environment, 
generating problems in the public health (Coccia, 2021e). The concen-
tration of atmospheric pollutants can also include viral agents such as 
SARS-CoV-2 (Coccia, 2020c, 2021c). However, a high wind speed 
maintains the air clean thus it reduces the spread of COVID-19 and other 
infectious diseases whenever possible (Coccia, 2020c, 2021c,; Rosario 
Denes et al., 2020). Additionally, high wind speed maintains the dilution 
and removal of droplets, decreasing the concentration of viral agents in 
the air and the transmission dynamics of viral infectivity among people 
(Coccia, 2020b, 2021a). Rosario Denes et al. (2020) observed that wind 
improves air circulation and increases the exposure of the SARS-CoV-2 
to solar radiation effects, a factor that shows a negative correlation in 
the dissemination of COVID-19. Similarly, evidence from the 20 coun-
tries with the highest number of confirmed cases suggests that both high 
temperatures and humidity reduce the viability, stability, survival, and 
transmission of COVID-19; whereas low temperature, wind speed, 
dew/frost point, precipitation, and surface pressure extend the activa-
tion and infectivity of the virus (Sarkodie and Owusu, 2020). 

The viral agent of SARS-CoV-2 may be suspended in the air for 
various minutes, which can partially explain the transmission dynamics 
and the high number of infections and deaths in many regions (van 
Doremalen et al., 2020; Coccia, 2020c). This implies that those envi-
ronments with a high concentration of air pollutants associated with 
climatological conditions (low wind speed), may maintain a prolonged 
permanence of SARS-CoV-2. This would increase the dissemination of 
COVID-19 and other infectious diseases both with mechanisms of air 
pollutants-to-human transmission and human-to-human transmission 
(Coccia, 2020c, 2021e). Moreover, the highest incidence of new coro-
navirus infections occurs in regions with a high level of air pollution 
such as certain counties in the United States (Wu et al., 2020; Bashir 
et al., 2020), Mexico City (López-Feldman et al., 2021), Northern Italian 
cities (Filippini et al., 2020), and densely populated cities in China (Yao 
et al., 2020). However, the viability and virulence of SARS-CoV-2 on the 
surface of particulate matter has not been confirmed (Srivastava, 2021). 

Globally, several reviews had confirmed the association between 
COVID-19 and selected variables of the environment. Rahimi et al. 
(2021) conclude that the thermal properties of ambient air, as well as 

relative humidity, may affect the transmissibility and viability of the 
virus. Conversely, global studies showed inconsistent results as the as-
sociation between COVID-19 and humidity were inconclusive in 206 
regions. In contrast, there is evidence of a negative association between 
wind speed and COVID-19 (Islam et al., 2021). Pana et al. (2021) 
examined the determinants of the severity of the COVID-19 pandemic 
considering demographic, economic, and environmental parameters, 
comorbidities, health system parameters, international arrivals, vacci-
nation coverage, UV radiation exposure, and testing capacity. The au-
thors observed that international travel was directly associated with the 
mortality slope and recommend very early traveling restrictions to 
control COVID-19 outbreaks. Diao et al. (2021) examined the spread of 
the COVID-19 pandemic in cities of China, England, Germany, and 
Japan and found a significant correlation of the spread and decay 
duration with population density in the four countries. Specifically, 
spread duration showed a high correlation between population density 
and humidity, whereas decay duration exhibited the highest correlation 
with population density, humidity, and maximum temperature. Recur-
ring waves of COVID-19, along with new variants, are other factor apart 
from climate and atmospheric pollution that can generate different 
evolutionary dynamic responses over time and space (Coccia, 2020a, 
2021b). However, the different implications and mechanisms of how 
this occurs remain unknown. 

These results suggest that the pandemic caused by COVID-19 and 
similar future epidemics cannot be faced only with studies and practice 
in medicine. The solution also requires changes in the paradigm 
regarding strategies and technologies for sustainable development bases 
on the reduction of air pollution and increase in renewable energy to 
improve air quality, and consequently public health (Coccia 2020b, 
2021f,). Global efforts are urgently needed to improve food production 
and diets (Willet et al., 2019), as well as renewable energy generation to 
avoid poor health and environmental degradation, which would also 
reduce health risks associated to pandemic such as COVID-19. 

In general, studies in Latin America show a similar pattern than those 
from developed countries. Bolaño-Ortiz et al. (2020) evaluated the 
spread of SARS-CoV-2 in ten cities of Latin America and the Caribbean 
region and found that temperature and air quality were significantly 
associated with the spread of COVID-19. Humidity, wind speed, and 
rainfall showed a significant relationship between the total number of 
cases and mortality in various cities. These authors suggest that there is a 
positive and negative relation considering income inequality and 
poverty in the spread of COVID-19, respectively. Díaz de León-Martínez 
et al. (2020) developed a review of the social, environmental, and health 
risk factors in the Mexican indigenous population regarding COVID-19. 
The authors found that poor access to water, language barriers, and 
limited access to the internet are factors that limit minimum preventive 
measures. Biomass burning was identified as a risk factor, and those 
identified for health were the lack of coverage in comorbidities such as 
diabetes mellitus, hypertension, respiratory tract infections, and chronic 
pulmonary diseases. A dilemma in Mexico on the context of COVID-19 
data is the low testing rates, as well as the delays in reports of the 
estimation of the mortality burden associated with the pandemic. Dahal 
et al. (2021) found that the COVID-19 deaths confirmed by laboratories 
accounted for only 36.6 % of total all cause excess deaths in 2020. This 
reveals the effect of low testing rates and/or the increase in number of 
deaths due to other causes during the pandemic. 

Various studies have been carried out regarding the environmental- 
COVID-19 relation in Mexico. Tello-Leal and Macías-Hernández (2021) 
analyzed the correlation between air pollutants and confirmed cases of 
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the COVID-19 pandemic at the micro-level in Victoria City, Mexico, and 
found a direct influence of air quality on the spread of COVID-19. 
Kutralam-Muniasamy et al. (2021a) found that the contribution from 
the Saharan dust events increase PM levels, and as a result, there is a 
positive association of PM with the number of daily COVID-19 cases and 
deaths during these events in four eastern regions of Mexico. Two studies 
have been developed in Mexico City; Kutralam-Muniasamy et al. (2021b) 
observed a significant association between COVID-19 cases and deaths 
and the concentrations of PM2.5, CO, and O3. By examining the impacts of 
the lockdown on air quality and its association with mortality trends. 
López-Feldman et al. (2021) found a positive relationship between 
pollution (exposure to PM2.5) and mortality, which increases with age. 

A different case is the study of the effects of environmental pollutants 
on the incidence and mortality of SARS-CoV-2 infection in wildfire 
affected counties in California, USA (Meo et al., 2021). The authors 
observed that the concentration of PM2.5 increased by 221 % after 

wildfire events. Posteriorly, the number of cases and deaths due to 
COVID-19 increased by 57 % and 148 %, respectively. These results 
suggest that the California wildfire produced an increase in ambient 
levels of toxic pollutants, which were temporally associated with an 
increase in the occurrence and mortality of COVID-19. Therefore, 
long-term exposure is not necessarily required to promote the conditions 
of greater onset and mortality by COVID-19. From such a situation, it is 
important to examine if this association occurs in different scenarios, 
such as rural communities, including small and medium municipalities. 
The main aim of this work is to examine the relationships between the 
COVID-19 mortality rate and PM2.5, meteorological, and demographic 
factors in the municipalities of Sinaloa, Mexico. The hypothesis is that 
COVID-19 severely affects (mortality) communities that have a greater 
exposure to high levels of PM2.5, a high population density, and low 
wind speed, including rural towns and small and medium-sized cities. 

Fig. 1. Distribution of COVID-19 deaths and anthropogenic emission of PM2.5 in Sinaloa. Own estimation with data from Huang et al. (2014) and INEGI (2021a). 
Choix, CH; El Fuerte, EF; Ahome, AH; Guasave, GV; Sinaloa, SN; Salvador Alvarado, SA; Angostura, AN; Mocorito, MC; Badiraguato, BT; Navolato, NV; Culiacán, CU; 
Elota, ET; Cosalá, CS; San Ignacio, SI; Mazatlán, MZ; Concordia, CR; Rosario, RO; Escuinapa, ES. 
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2. Materials and methods 

2.1. Sample and data 

The study case described in this work was carried out in Sinaloa, 
Northwest Mexico (~3 million people). This state includes 18 munici-
palities (Fig. 1) which consist of rural communities, towns, and small and 
medium-sized cities, where a variable incidence and mortality of COVID- 
19 has been observed. The first case of COVID-19 in Mexico was detected 
in February 2020 in Culiacan (Sinaloa) by a Mexican citizen that arrived 
from Italy. Since then, the pandemic has fluctuated in intensity within the 
country, and the highest number of deaths were recorded in January and 
February 2021. In particular, this study analyzes the accumulated mor-
tality rate that included the first and second wave of the COVID-19 
pandemic in Mexico from February 2020 to April 2021. Mexico had 
exhibited two peaks based on the number of confirmed cases: one be-
tween June 22 and August 17, 2020, and a second more intense between 
January 7 and February 10, 2021 (WHO, 2021). 

The information concerning confirmed COVID-19 cases and deaths 
in Mexico is available from the Secretaria de Salud, Gobierno de Sinaloa 
(COVID-19-Sinaloa, 2021) and the Instituto Nacional de Estadística y 
Geografía (INEGI, 2021a). Climatic factors (temperature, precipitation, 
wind speed, etc.) are available from meteorological stations in each 
municipality (es.Weatherspark, 2021), which are summarized in 
Table 2A. briefly, data on the COVID-19 pandemic used in the present 
study are per municipality: accumulated deaths, population, people >60 
years old, population density, and mortality rate. 

2.2. Measures of variables  

- The cumulative mortality rate (per 105 people) of COVID-19 in 
municipalities is calculated using the accumulated number of deaths 
with the population of each municipality (INEGI, 2021a) until April 
11, 2021 (Table 1A supplementary material), during the first and 
second waves of COVID-19 outbreak in Mexico.  

- Air pollution of municipalities is estimated with the emissions of 
PM2.5 calculated from two scenarios considering vehicles and 
anthropogenic sources modeled by Huang et al. (2014). Table 2A 
(supplementary materials) shows the specific values of PM2.5 emis-
sions for each municipality and the related variables.  

- Atmospheric stability is measured with the average wind speed (km/ 
h) of the 18 municipalities utilizing records from 37 years (January 
1980 to December 2016) (es. Weatherspark, 2021).  

- Demographic data of municipalities are given by: population density 
of municipalities (inhabitants/km2) 2021; people aged >60 years old 
(INEGI, 2021a). 

2.3. Data analysis procedure 

Descriptive statistics is performed classifying municipalities of 
Sinaloa in groups, considering:  

- Wind speed, based on the arithmetic mean of the sample given by 
9.3 km/h (Coccia, 2021a), which includes (i) municipalities with 
high wind speed (>9.3 km/h) indicating a wind force from light to 
moderate breeze according to the Beaufort wind scale (average wind 
force of light breeze means that wind is felt on face, leaves rustle, 
vanes begin to move, whereas a wind force of moderate breeze 
generates the wind effect of dust, leaves and loose paper lifted, and 
the movement of small tree branches); and (ii) municipalities with 
low wind speed (<9.3 km/h) indicating a wind force from calm air to 
light breeze according to the Beaufort wind scale (Table 2A).  

- Population density, which is low in Sinaloa, but was grouped in two 
categories: (i) municipalities with a low population density between 
100 and 200 inhabitants/km2; and (ii) municipalities with very low 
population density <70 inhabitants/km2 (Table 1A). 

- Air pollution based on PM2.5 emissions estimated from anthropo-
genic sources that includes: (i) municipalities with moderate or low 
PM2.5 emissions (100–350 t/year); and (ii) municipalities with very 
low PM2.5 emissions (<80 t/year) (Table 2A). 

Air quality monitoring stations are absent in most municipalities, 
except for Culiacan, Los Mochis, and Mazatlán; however, these stations 
operate irregularly. Therefore, an alternative was used to estimate the 
exposure to air contaminants. The estimated exposure to PM2.5 in each 
municipality was inferred from their emissions following two scenarios: 
A) considering only PM2.5 emitted from vehicles per municipality, 
calculating these microparticles from the combustion of gasoline and 
diesel; and B) considering PM2.5 from the primary emissions from 
combustion and industrial sources according to the global model 
developed by Huang et al. (2014). 

Scenario A: the calculation of the PM2.5 emitted from vehicles per 
municipality was carried out under the following conditions and as-
sumptions: (i) using the consumption (combustion) of fuel in the state of 
Sinaloa registered in 2017 (2,931,634 m3 gasoline and 1,055,555 m3 

diesel, SENER, 2018); (ii) that the consumption of fuel per municipality 
is proportional to the vehicle fleet, which was estimated according to the 
population in all cases, except in the main municipalities (Culiacan, 
Ahome, Mazatlan, and Guasave) where information is available on the 
fuel consumption and the vehicle fleet; (iii) the consumption of diesel 
and gasoline is homogenous in the 18 municipalities and equivalent to 
the global for Sinaloa (73.5 % gasoline and 26.5 % diesel, SENER, 2018); 
and (iv) the mixed emission factor (EF) for diesel and gasoline was 
assumed to be 101 mg PM2.5 per L of fuel consumed. 

There is a wide range of EFs in the literature, depending on the type 
of fuel, test conditions, vehicle characteristics (size, weight, model (age), 
engine, power, technology, device-catalyst, etc.), and drive mode. For 
instance, Zhang and Morawska (2002) found an EF between 169 and 
658 mg PM2.5/L of diesel for vehicles of different weights during the 
1990s. Yang et al. (2019) examined gasoline vehicles from 2007 to 2016 
and found an EF range of 5.6–43.2 mg PM2.5/L, and 25–621 mg/L in 
diesel vehicles from 2006 to 2011. Kuhns et al. (2004) observed a clear 
PM increase with vehicle age; the average EFs were reported for the fleet 
of light-duty gasoline vehicles (60 mg/kg), heavy-duty gasoline vehicles 
(50 mg/kg), light-duty diesel vehicles (1600 mg/kg), and heavy-duty 
diesel vehicles (1500 mg/kg). From these results, it is possible to esti-
mate a representative EF for the vehicle fleet of Sinaloa that globally 
consume diesel (26.5 %) and gasoline (73.5 %) (SENER, 2018), which 
could be ~182 mg/L of fuel. This last value is similar to the EF (187 ±
144 mg/L) reported by Mancilla and Mendoza (2012) for vehicles in 
Monterrey, Mexico. However, most of these studies considered vehicles 
between 2006 and 2011. It is probable that the performance in recent 
and predominant vehicles (2010–2020) both powered by diesel and 
gasoline have improved (weight, devices, technology, etc.); therefore, 
an EF = 101 mg/L was assumed for this exercise (scenario A). 

The equation involved in the calculation of the emission of PM2.5 
from vehicles per municipality (Ev) (t year-1) for scenario A was:  

Ev = Fuel consumption per municipality (m3/year) x EF x 106               [1] 

The emissions of PM2.5 from stationary combustion sources which 
burn fuel oil (known as combustoleo) in Sinaloa include at least two 
thermoelectric power plants, as well as PM2.5 from internal combustion 
engines from burning gasoline, diesel, and biomass in rural commu-
nities. These three sources and the reduced industry are a significant 
source of anthropogenic PM2.5 primary particles in rural, suburban, and 
urban areas. Huang et al. (2014) estimated the temporal global trends at 
a country scale resolution of the primary emissions of PM2.5 from 
combustion and industrial sources. The strategy followed by the authors 
includes the emission estimation, in which PM2.5 was calculated as a 
product of the source strength (quantities of fuel consumed or material 
produced) and EFs for that source. In addition to the 65 combustion 
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sources, 12 material production sources were incorporated in the cal-
culations, including diverse processes (steel and iron industry), pro-
duction of lime, and fertilizers. Huang et al. (2014) collected as many 
data as possible, from which distributions of the EFs were derived for a 
Monte Carlo simulation to characterize the associated uncertainty. The 
fuel inventory was generated based on subnational fuel data for some 
countries. Spatial distribution of the PM2.5 emissions worldwide 
including Mexico (and Sinaloa) is shown by Huang et al. (2014). The 
total anthropogenic emissions of PM2.5 (kg/km2/year) per area (Ea) for 
Sinaloa were estimated directly from Huang et al. (2014) (Table 2A). 
Therefore, the total anthropogenic emissions of PM2.5 per municipality 
in t year-1 (Eta) was estimated using the following equation:  

Eta = Ea (kg/km2/year) x municipality area (km2) x 10–3                        [2] 

The study analyzes trends with a simple regression model based on a 
linear semi-log model:  

y = m log e + b                                                                              [3] 

y = accumulated mortality rate (number of deaths per 105 people); e =
PM2.5 emission (t year-1); b is a constant; and m is the slope of regression. 

Ordinary least squares method is applied (Coccia, 2021b) to estimate 
the unknown parameters of semi-log model Eq. (3). Statistical analyses 
were performed with the SigmaPlot 11.0 (Systat Software, Inc.). 

Regression analyses confirm relationships between variables. In this 
study, regression analysis considers that the cumulative mortality rate 
by COVID-19 on April 11, 2021 in municipalities of Sinaloa (Mexico) 
(dependent variable y) is a linear function of the explanatory variable of 
wind speed or population density (explanatory variable x) in a model of 
simple regression (Coccia, 2021a). According to the assumptions asso-
ciated with linear regression models (linearity, homoscedasticity, inde-
pendence, and normality), this is based on a log-log model (Coccia, 
2020b, 2021a):  

log y = m log x + b                                                                         [4] 

b = constant or intercept; m = slope of regression. 
The ordinary least squares method is applied to quantify the un-

known parameters of linear models using SigmaPlot 11.0 (Systat Soft-
ware, Inc.) (Coccia, 2020b). 

The calculation involved in the equation (4) using the explanatory 
variable of population density and population density, is also performed 
with the categorization of municipalities according to wind speed 
(higher or lower than 9.3 km/h). Similarly, the calculation of the 
equation (3) using the explanatory variable of anthropogenic PM2.5 
emissions, is also performed with the categorization of municipalities 
according to moderate or low (100–350 t/y) or very low (<80 t/y) PM2.5 
emissions. 

3. Results 
Fig. 1 illustrates the number of deaths and the PM2.5 emitted by 

primary anthropogenic sources in the municipalities of Sinaloa (NW 
Mexico). The PM2.5 emissions estimated from anthropogenic sources 
were variable within municipalities, with the highest values found in 
Guasave (346.4 t/year) and Culiacan (261.7 t/year), and the lowest in 
Cosalá (14.7 t/year) and Rosario (15.0 t/year) (Table 2A). The per-
centage of PM2.5 emitted by vehicles related to total anthropogenic 
sources varied from 2.8 % in Mocorito to 61.1 % in Culiacan, which is 
expected considering that la latter city concentrates the highest number 
of vehicles (512,664 in 2019, INEGI, 2021b) in Sinaloa. The emission of 
PM2.5 associated with the combustion of vehicles in Sinaloa was more 
elevated in those municipalities with a higher vehicle fleet, such as 
Culiacan (159.9 t/year), Ahome (60.4 t/year), and Mazatlan (59.6 
t/year). Globally, using the assumed EF (101 mg/L), Sinaloa could be 
emitting ~403 t/year. 

The cumulative COVID-19 mortality rate (per 105 inhabitants) in 
Sinaloa was variable and, ranged from 41.1 for Cosalá to 285.8 for 

Angostura (two rural municipalities), with a total of 17,012 and 44,093 
inhabitants, respectively. The main municipalities of Sinaloa, Culiacan 
(1,003,530 people), Ahome (459,310), and Mazatlan (501,441), 
exhibited an intermediate-high mortality rate of 214.1, 224.5, and 
181.1, respectively. Considering the cumulative mortality rate for 
Mexico (until April 11, 2021) of 166.1, Sinaloa state shows a high value 
(197.6); nevertheless, it is below Mexico City (353.6), which is the 
highest in the country. 

Table 1 shows that municipalities in regions with low wind speed 
exhibit a higher number of days <9.3 km/h (300.2 days) compared to 
municipalities with high wind speed (146.2 days). In contrast, the 
population density of the first is lower compared with the second; this 
combination of factors partially explains the comparable incidence 
mean of the COVID-19 mortality rate between municipalities of high and 
low wind speed. Table 1 shows also that municipalities with high wind 
speed (and lower number of days <9.3 km/h) have a greater population 
density and a higher number of older population than municipalities 
with low wind speed. These results are compatible with the suggestion 
given by Coccia (2020c, 2021a), which indicates that high intensity and 
higher prevalence of wind speed improves the dispersion of particulate 
matters and polluted gases, and consequently, it can mitigate the 
dissemination of COVID-19. 

Table 2 presents descriptive statistics considering municipalities with 
low or very low annual emissions of anthropogenic PM2.5. Municipalities 
with low wind speed (average < 9.3 km/h) also show a lower population 
density and most people are >60 years old; also, they have low mortality 
rates, which is explained mainly by the very low load (31.4 t/year) of 
anthropogenic emission of PM2.5. Contrarily, those municipalities that 
receive a higher load of anthropogenic emissions of PM2.5 (mean, 213.7 
t/year) with a more elevated population density, but lower number of 
days with <9.3 km/h and higher wind speed, as well as an older popu-
lation, exhibit the highest mortality rate by COVID-19. Los Mochis, 
Culiacan, and Mazatlan evidence higher PM emissions, and there is evi-
dence that people are exposed to PM2.5 levels that exceed the guidelines 
of the WHO (2016) (annual mean 10 μg/m3) (Ramos-Álvarez, 2020). 
Table 2 indicates that the COVID-19 mortality rates are moderately 
higher in those municipalities with high PM2.5 emissions compared to 
those with low emissions; however, the difference between these mu-
nicipalities is relatively low. The population density and wind speed (and 
number of days with <9.3 km/h) combined compensate the situation. 
Municipalities that receive a higher load of PM2.5 exhibit a greater wind 
speed (and lower number of days with <9.3 km/h). Nonetheless, they 
have a higher population density and number of people >60 years old. 

Regarding, the PM2.5 emissions, the regression analysis was carried 
out for the two scenarios. The first, using the cumulative mortality rates 
and the PM2.5 emissions from vehicles, and the second including cumu-
lative mortality rates and the PM2.5 emissions from anthropogenic 
sources. In both regressions, the improved adjust was reached under a 
positive logarithm in which y (COVID-19 mortality rate per 105 in-
habitants) was related to Log x (PM2.5 emissions t/year) and the equa-
tions were y = 81.031 Log x + 71.062 (r = 0.616, p < 0.005) when PM2.5 
emitted only from vehicles was involved, and y = 111.826 Log x - 42.900 
(r = 0.746, p < 0.005) for PM2.5 emitted from anthropogenic sources 
(Fig. 1A). The similarity between the two curves is explainable given that 
the PM2.5 emitted from vehicles are present in most municipalities, and it 
is the main contributor of the anthropogenic sources. Fig. 2 shows the 
regression curve of COVID-19 mortality on anthropogenic emissions of 
PM2.5 excluding municipalities Salvador Alvarado (SA) and Angostura 
(AN) with dust events (Figs. 4A and 5A), the improved adjust is evident, 
the equation was y = 44.405 Ln x – 40.999 (r = 0.901; p < 0.002). 

Fig. 3 presents the regression lines of COVID-19 mortality on 
anthropogenic emissions of PM2.5 according to municipalities with low 
(100–350 t/y) and very low (<80 t/year) emissions their equations are: 
y = 194.16 x – 253.75 (r = 0.953, p = 0.003), and y = 251.71 x – 231.20 
(r = 0.835, p = < 0.001), respectively. As expected, both lines evidence 
that the increase in PM2.5 emissions is associated with an increase in 
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COVID-19 mortality. It is interesting that the municipalities grouped as 
very low (<80 t/year) evidence the presence of a subgroup of “very low 
emissions and dust events”. Municipalities with dust events known 
locally as “ventarrones” are common in the north of Sinaloa. However, 
these are particularly notable in SA and AN where soils without vege-
tation dominate (Figs. 4A and 5A). 

Fig. 4 shows the regression lines of COVID-19 mortality on anthro-
pogenic emissions of PM2.5 considering municipalities with low 
(100–200 per km2) and very low (<70 per km2) population density, and 
the equations are y = - 67.24 x + 377.60 (r = − 0.561, p = 0.326), and y 
= 115.72 x – 53.69 (r = 0.662, p = 0.014), respectively. The positive 
tendency of increase in mortality with the emission of PM2.5 for very low 
population densities (<70 per km2), which is expected and predictable, 
contrasts with the negative tendency of the municipalities of low pop-
ulation densities (200–300 per km2). However, if the SA municipality is 

eliminated (by their condition of recurrent dust events), the regression 
line changes to a positive and expected behavior. 

Fig. 5 shows the regression lines of COVID-19 mortality on anthro-
pogenic emissions of PM2.5 according to the municipalities with low 
(<9.3 km/h) and high (>9.3 km/h) wind speed, and the equations are y 
= 139.47 x – 80.04 (r = 0.697, p = 0.037) and y = 106.85 x – 37.93 (r =
0.767, p = 0.016), respectively. Hence, the differences in wind speed are 
relatively reduced (~5 km/h) between the 18 municipalities of Sinaloa. 
Furthermore, the change in mortality rate on PM2.5 emission (slope) is 
higher in the municipalities with low wind speed compared with those 
with high wind speed, which confirms that the dissemination of COVID- 
19 is higher in municipalities with low wind speed. Conversely, in the 
municipalities with low wind speed the mortality rate per 105 people 
increases ~140 per each increase of 90 t/year in the anthropogenic 
emissions of PM2.5; whilst in the municipalities with high wind speed 

Table 1 
Descriptive statistics of municipalities of Sinaloa according to wind speed (higher or lower than 9.3 km/h).  

Wind speed annual 
average 

Wind speed 
annual (km/h) 

Wind speed number of 
days <9.3 km/h 

COVID-19 mortality rate 
(per 105 inhabitants) 

People aged >60 
years old (2021) 

Population density 
inhabitants/km2 

Emission of PM2.5 

anthropogenic (t/year) 

Low (<9.3 km/h) 
Arithmetic mean 

8.2 300.2 130.5 11,193 36.3 46.2 

Std. error of mean 0.2 23.4 23.7 5529 20.6 16.7 
N = 9       
High (≥9.3 km/h) 

Arithmetic mean 
10.2 146.2 167.4 25,214 67.9 138.2 

Std. error of mean 0.3 22.8 24.3 8882 16.3 40.0 
N = 9        

Table 2 
Descriptive statistics of municipalities of Sinaloa according to the anthropogenic emission of PM2.5 (higher or lower than 100 t PM2.5/year per municipality).  

Annual emission Anthropogenic annual 
emission (t PM2.5/year) 

Wind speed 
annual (km/h) 

Wind speed number of 
days <9.3 km/h 

COVID-19 Mortality rate 
(per 105 habitants) 

People 
aged 
>60 years 
old 

Population density 
inhabitants/km2 

Very low (<80 t PM2.5/ 
year) Arithmetic mean 

31.4 8.8 260.7 126.8 6738 25.0 

Std. error of mean 6.1 0.3 27.4 22.2 1108 7.9 
N = 12       
Low (100–350 t PM2.5/ 

year) Arithmetic mean 
213.7 10.0 148.2 193.2 41,135 106.2 

Std. error of mean 34.4 0.6 33.6 14.2 11,360 25.6 
N = 6        

Fig. 2. Regression of COVID-19 mortality on anthropogenic emissions of PM2.5 
excluding the municipalities with dust events (AN and SA, unfilled circles). 
Dashed lines indicate the 95 % confidence interval. Abbreviations of munici-
palities are given in Fig. 1. 

Fig. 3. Regression lines of COVID-19 mortality on anthropogenic emissions of 
PM2.5 considering municipalities with low (100–350 t/y, unfilled circles) and 
very low (<80 t/year, filled circles) anthropogenic emissions of PM2.5. 
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such increase is of ~107, i.e., mortality elevates ~31 % in municipalities 
with low wind speed compared to those with high wind speed. 

Fig. 6 exhibits the regression lines of COVID-19 mortality on popu-
lation density considering municipalities with low (<9.3 km/h) and 
high (>9.3 km/h) wind speed, which equations are y = 0.30 x + 1.69 (r 
= 0.631, p = 0.068) and y = 0.39 x + 1.52 (r = 0.721, p = < 0.02), 
respectively. Fig. 2A (supplementary material) shows the regression 
lines with the 18 municipalities with the equation y = 0.3175 x + 1.6548 
(r = 0.699, p = 0.002); and excluding the municipalities SA and AN with 
presence of dust events, the equation is y = 0.2995 x + 1.6504 (r =
0.7361, p = < 0.002). Fig. 6 shows both lines and evidence that the 
COVID-19 mortality rate increases with population density. Also, it is 
evident that the change of mortality rate on the population density is 
comparable for both municipalities of low and high wind speed. When 
the Log (Population density) is > 2.0, i.e., >100 inhabitants per km2, the 
mortality rate is more elevated for the municipalities with high wind 
speed than those with low wind speed. This indicates that the population 
density has a greater influence when this is > 100. In contrast, for mu-
nicipalities <100 inhabitants per km2, mortality is higher in those with 
low wind speed. It is important to highlight that this behavior is 

observed where the differences of wind speed (between high and low) 
are ≤ 5 km/h. 

Fig. 7 shows the regression lines of COVID-19 mortality on wind 
speed, according to low (100–200 per km2) and very low (<70 per km2) 
population density, which display the equations y = 0.018 x + 2.164 (r 
= 0.467, p = 0.428) and y = 0.042 x + 1.658 (r = 0.212, p = 0.486). Both 
lines (with no significant correlations, p > 0.05) show a positive ten-
dency to increase the mortality rate with the wind speed, which is 
contradictory to what is expected, but confirm the observed in Fig. 6, in 
which the influence of wind speed is only evidenced in very low popu-
lation densities (<100 inhabitants per km2). The influence of the speed 
of wind is not evidenced by the most influence of the other factors 
(mainly population density and polluted air). 

4. Discussion 

This study elucidates how COVID-19 is disseminated and how it 
causes differences in mortality in NW Mexico through its relationship 
with environmental, demographic, and atmospheric factors that affect its 
spread and severity, as seen in other studies (Coccia, 2020b, 2021a, 
2021c, 2021e; Islam et al., 2021; Kutralam-Muniasamy et al., 2021a; 

Fig. 4. Regression lines of COVID-19 mortality on anthropogenic emissions of 
PM2.5 considering municipalities with low (100–200 per km2, unfilled circles) 
and very low (<70 per km2, filled circles) population density. 

Fig. 5. Regression lines of COVID-19 mortality on anthropogenic emissions of 
PM2.5 considering municipalities with low (<9.3 km/h) (unfilled circles) and 
high (>9.3 km/h) (filled circles) wind speed. 

Fig. 6. Regression lines of COVID-19 mortality on population density according 
to municipalities with low (<9.3 km/h) (unfilled circles) and high (>9.3 km/h) 
(filled circles) wind speed. 

Fig. 7. Regression lines of COVID-19 mortality on wind speed, according to low 
(100–200 per km2, unfilled circles) and very low (<70 per km2, filled circles) 
population density. 
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Rosario Denes et al., 2020). In the present study, PM2.5 anthropogenic 
emissions were used to estimate the PM2.5 exposure in each municipality 
since most rural communities and small and medium-sized cities lack 
direct air quality monitoring. The results suggest that COVID-19 mor-
tality rate in the municipalities of Sinaloa was higher in those with su-
perior anthropogenic PM2.5 emissions and elevated population density. 
The influence of other factors such as wind speed, dust events, and people 
>60 years old, were evidenced limitedly. This study suggests that the low 
wind speed is evidenced only in municipalities with very low population 
densities (<100 inhabitants per km2); in contrast, this effect is opposite 
when population densities are > 100, i.e., mortality is increased with the 
wind speed. This indicates that the population density has a great in-
fluence than wind speed (certainly with narrow differences) when mu-
nicipalities in Sinaloa have > 100 inhabitants per km2. This does not 
agree with the observed by Coccia (2021a) in Italian cities. However, the 
situation is different between the two regions in at least two aspects: low 
(100–350 inhabitants per km2) or very low (<100) population densities 
and an average wind speed between 7.2 and 12.2 km/h in Sinaloa, while 
in Italy, the population densities are more elevated (~1000–2000) and 
wind speed variations are wider (0.2–23 km/h). 

Although the differences in wind speed are relatively reduced (~5 
km/h) between the 18 municipalities of Sinaloa, Fig. 5 shows that the 
increase of mortality rate on emission of PM2.5 is higher (Δy/Δx = ~140 
per 105 inhabitants per 90 t/year of increase in the PM2.5 emission) in 
those with low wind speed compared with those with high wind speed 
(Δy/Δx = ~107). This confirms that the spread of COVID-19 is higher in 
municipalities with low wind speed, and that reduced wind can increase 
the stagnation of polluted air embodying viral agents (SARS-CoV-2). 
Consequently, this supports the dissemination of viral infectivity, 
creating problems for public health (Coccia, 2021a). These results are 
consistent with those found by Coccia (2021a), Ahmadi et al. (2020), 
and Rosario Denes et al. (2020), which conclude that wind speed has an 
inverse or negative correlation with the rate of confirmed cases of 
COVID-19, or in our case, with COVID-19 mortality. Moreover, these 
results are concordant with those described by Bolaño-Ortiz et al. 
(2020), Cohen (2020c), Diao et al. (2021), Rahimi et al. (2021), and 
Coccia (2021a), in which the propagation dynamics of the novel coro-
navirus is impacted by different environmental factors, such as climate 
conditions. 

The positive association found (Figs. 1A, 2, 3, and 4) indicates that a 
higher PM2.5 emission is associated with higher cumulative COVID-19 
mortality, a behavior similar to that observed in northern Italy by Fili-
ppini et al. (2021), and in the cities of China by Yao et al. (2020), 
although the curves involved are different. The association between 
mortality and air pollution found by Fillippini et al. (2021) exhibited a 
non-linear shape, with a rapidly increasing rate at the highest levels of 
polluted air (nitrogen oxide); while Yao et al. (2020) found a linear 
correlation using COVID-19 fatality and PM2.5 exposure. These differ-
ences could be caused by the multiple factors (demographic and mete-
orological) involved in COVID-19 mortality and the differences in the 
toxicity of the PM2.5 from each locality. Microparticulate PM2.5 is a 
complex matter that consists of various components, and their respec-
tive contributions to the toxicity of PM2.5 remains undetermined. For 
example, Tao et al. (2021) found that different fractions of PM2.5 diesel 
exhaust (soluble and non-soluble in water and heptane) can induce 
different levels of pulmonary inflammation and acute phase response. 

The contrasting mortality rates in AN (285.8 per 105 inhabitants) and 
SA (274.2) (44,093 and 79,492 inhabitants, respectively) with the mu-
nicipalities of Culiacan (214.1) and Mazatlan (181.1) with 1,003,530 
and 501, 441 inhabitants, respectively. This seems to contradict what 
has been interpreted about the mortality of COVID-19, which refers to 
population density or close contact among people and is comparatively 
high in urban areas rather than in rural areas (Saadat et al., 2020). 
However, it is complex and multifactorial; the factors involved in the 
risk increase of contracting COVID-19 are numerous, but some include 
household size, social distancing level, and people with other chronic 

diseases (diabetes, chronic respiratory, cardiovascular, high blood 
pressure, and cancer; Fang et al., 2020; Giannis et al., 2020; Coccia, 
2021a). Moreover, different socioeconomic groups do not have access to 
the same level of healthcare services (Saadat et al., 2020). This would be 
particularly common, especially in rural communities and small mu-
nicipalities in Mexico such as AN and SA, where the access to medical 
services population is restricted to most people. 

In addition, the high COVID-19 mortality rates of SA and AN, could 
also to be associated to the effects of dust events in these municipalities. 
This also increases particulate matter concentrations (Kutralam-Mu-
niasamy et al., 2021a), with the consequent and anomalous increase of 
COVID-19 mortality rates. The presence of “ventarrones” that persist for 
a few hours or days are common in northern Sinaloa, and they are 
particularly notable in these two municipalities, where soils without 
vegetation are dominant (Figs. 4A–5A, supplementary material). Hence, 
it would be important to evaluate the duration and, frequency, as well as 
the concentrations of particulate matter generated to evaluate its effect 
on human health. Clearly, this is a critical point that requires consid-
eration in future studies. 

Although this study is limited to rural communities and small and 
medium-sized cities, our results suggest that the COVID-19 mortality rate 
is significantly associated with PM2.5 and population density in the mu-
nicipalities examined in the present study. Wind speed exhibited an 
evident effect only in very low population densities (<100 per km2). 
These findings are consistent with previous studies in the context of the 
association between COVID-19 mortality versus air pollution. Air pol-
lutants and viruses, such as SARS-CoV-2, provoke negative immunolog-
ical responses and share similar mechanisms of action (Espejo et al., 
2020). Therefore, they can have an additive or synergetic effect in viral 
diseases. The link between PM2.5 and COVID-19 severity has been 
explained essentially by the overexpression of the angiotensin-converting 
enzyme 2 (ACE-2) on epithelial cell surfaces of the respiratory tract 
(Paital and Agrawal, 2021). ACE-2 is a receptor for coronavirus, 
including the severe acute respiratory syndrome coronavirus 1 and 2, and 
it is overexpressed under chronic exposure, or, when extreme exposure 
occurs to air pollution (NO2 and PM2.5) during wildfires (Meo et al., 
2021) or dust events, as observed in AN and SA, or in eastern regions of 
Mexico impacted by the Saharan dust (Kutralam-Muniasamy et al., 
2021a). The high ACE-2 expression in respiratory epithelial cells under 
air pollution explains the positive correlation between the severity in 
COVID-19 patients and elevated NO2 and PM2.5 levels (Paital and 
Agrawal, 2021). 

This study is limited in several points, including the duration of the 
study period. Cumulative COVID-19 mortality rates were calculated 
from the start of the pandemic in Mexico. Nonetheless, the PM2.5 
emissions from vehicles calculated were developed based on informa-
tion from 2017, and PM2.5 emissions from anthropogenic sources were 
calculated using data from 2007 (EFs, fuel consumption database, fer-
tilizers industry, steel, thermal power plants, etc.) and from 2005 to 
2013 (Huang et al., 2014). In addition, the EF assumed (101 mg L-1) for 
the scenario A could be different between the municipalities depending 
on the characteristics of the fleet of vehicles (age, technology, weight, 
etc.). Second, as it occurs in this type of studies (López-Feldman et al., 
2021), the available information does not allow us to control people’s 
choice of residence or their avoidance behavior, which could cause 
nonrandom assignment of pollution exposure and hence, failure to 
establish a causal association. Third, the heterogeneity of air pollution 
within each municipality is ignored. Fourth, it is assumed that the 
people of each municipality reside effectively in such location, although 
it is well known that some people in Sinaloa eventually reside in the 
main cities and in rural towns. In this exercise, individuals who were 
considered were theoretically exposed to PM2.5 in the long term or 
during the study period, originating from the anthropogenic sources 
based on residence in their municipality. Fifth and last, only PM2.5 
emissions were used in this exercise, and not PM2.5 exposure, which may 
imply significant failures for the reasons discussed in the methodology. 
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Apart from these limitations, our work reveals important part of the 
COVID-19 situation in rural communities and suburban areas regarding 
the link between COVID-19 and air pollution. 

5. Conclusions 

We documented the first case of association between PM2.5 and 
COVID-19 mortality rates that involved rural communities, as well as 
small and medium-sized municipalities from Mexico. In addition to 
major cities, industrial regions, and localities with wildfires, the link 
between COVID-19 and air pollution can also involve rural and small 
municipalities, which can in turn be related to conventional sources 
(vehicles, industrial sources, and burning of biomass). Furthermore, 
those derived from agriculture produce large emissions of ammonia 
forms (NHy), which are important precursors of PM2.5 (EPA, 2009; Patel 
and Rastogi, 2020). 

Among the specific suggestions on environmental, health, and social 
policies that can be deduced from this study and be applied in other 
regions, are those aimed at reducing the risks linked to the main factors 
involved in the spread and mortality of COVID-19: (i) it is important to 
develop reforestation programs in soils without vegetation in regions 
prone to dust events; (ii) the introduction of cleaner technologies that 
decrease the emissions of contaminants and reduce climate change is 
crucial in municipalities where the polluted air is aggravated by in-
dustries and thermoelectric power plants that operate by burning fuel 
oil; (iii) similarly, future expansion of low and medium cities require 
better planning to avoid high population density, particularly in those 
municipalities where the wind speed is low (<9.3 km/h) and dust events 
are recurrent. 

Although reiterative, it is important to emphasize on the manage-
ment of the COVID-19 pandemic needs of stringent lockdown and 
massive polymerase chain reaction (PCR) testing, which in most of the 
underdeveloped and developing countries is a serious problem in 
addition to the insufficient healthcare services and the lack of air quality 
monitoring stations. Finally, it is important to highlight the value of the 
studies carried out to comprehend the role of the factors involved in the 
spread, health, and the social policy related to COVID-19. Understand-
ing these factors is key to implement effective policy responses, apply 
new and adequate technologies, and make health investments to miti-
gate the impacts of COVID-19 outbreaks, as well as other epidemics 
(Coccia, 2021b and referenced therein). 
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