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Abstract

:

In the three major urban agglomerations in Mexico (Mexico City, Monterrey, and Guadalajara), a significant change to anthropogenic sources of air pollution happened in March–May 2020, when policies implemented to stop the spread of the COVID-19 virus in Mexico caused the reduction of some anthropogenic sources of air pollution. We study the effect of these significant changes to air pollution sources using satellite-retrieved aerosol optical depth (AOD) and particulate matter (PM10 and PM2.5) concentrations from ground stations. The Chow test was applied to study trend changes in PM concentrations from 1 January to 30 May 2020. The Mann–Whitney non-parametric test was then used to compare average PM concentrations in April and May pre-lockdown, during lockdown in 2020, and post-lockdown in 2021. The assessment was further performed by evaluating the exceedance of national air quality standard maxima. The trend analysis showed that PM10 concentrations were reduced during lockdown in Mexico City and Monterrey, whereas no change was found for PM10 in Guadalajara and PM2.5 in the three cities. Further analysis showed that in Mexico City and Guadalajara, average PM10 and PM2.5 concentrations decreased by 12% in April and May 2020. However, in Monterrey, average PM10 and PM2.5 concentrations increased by 2.76% and 11.07%, respectively, in April 2021 due to a severe drought that caused dry soils and dust around the city. The results of this research can be used to implement policies for reducing anthropogenic sources to improve the air quality in urban areas.
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1. Introduction


Particulate matter (PM) is a pollutant of the air that comes from both natural and anthropogenic sources. PM is classified depending on its diameter size as PM10 (particles ≤ 10 μm in diameter), which are typically produced by dust, pollen, and other sources [1], and PM2.5 (size ≤ 2.5 μm), which are usually produced by combustion and on-road transportation [2]. The mix of PM and other gases in the atmosphere creates aerosols [3] that are monitored because the constant exposure and inhalation of aerosols is associated with adverse human health effects, such as respiratory diseases in individuals exposed to high PM2.5 concentrations [4,5]. Moreover, recent studies have shown that there is a potential role of aerosols in spreading the COVID-19 virus [6,7,8] and increasing mortality [9,10].



During the year 2020 as the COVID-19 pandemic spread around the world, lockdowns or mobility restrictions were enforced to stop the spread of the virus. Lockdowns stopped non-essential activities and non-essential travelling, which meant some anthropogenic sources of air pollution stopped emitting pollutants to the air. Under this situation, the effect of lockdowns on PM10 and PM2.5 has been studied in many cities around the world [11,12,13]. An overall reduction of PM concentrations has been reported around the world, however, some regions, such as Lombardy, Italy, have detected no significant changes in PM concentrations during the lockdown [14]. The effect of lockdowns needs to be studied, including other possible sources of air pollution active at the time, such as wildfires or dust, which are not affected by lockdowns. Furthermore, other sources of abrupt changes in air pollutants such as wildfires or soil erosion due to a drought happened around the same time as the lockdowns, thus presenting unique opportunities to study the effect of abrupt changes of PM concentrations due to policy intervention and unique events.



On 27 February 2020, the first imported case of COVID-19 was detected in Mexico City [15]. Then, on 11 March, the first imported case was detected in Monterrey. In Guadalajara, the first two imported cases of COVID-19 were detected on 14 March 2020. Local transmission officially started in Mexico City on 24 March 2020. That same day, the federal government enacted the first measures nationwide to contain the spread of the virus. The national lockdown was in place from 23 March to 30 May 2020, and during that time, restaurants, bars, and non-essential stores were closed, education moved online, work from home was encouraged, and massive events were cancelled [16]. After 30 May, every state enacted local measures, including mask-wearing mandates.



In this study, we assess the effect of a shock on anthropogenic sources of air pollutants using AOD and PM concentration data in three major agglomerations in Mexico. Data from the dry season (March, April, and May) were used because in June, the rainy season starts, and rain washes out air pollutants [17]. We propose the use of a structural change test to examine changes in PM concentrations caused by lockdowns and other contributions such as wildfires or soil erosion. Furthermore, we implement a robust statistical analysis to assess the effect of meteorological conditions and to quantify the changes of average PM concentrations during the dry season in 2020. Even though the effect of lockdowns on air quality has been studied in many cities around the world [12,18], the methodology applied in this paper has not been used before in air quality studies. Additionally, only one study about the effect of lockdowns on ozone in Mexico City was available [19] at the time of writing. Therefore, we intend to contribute to understanding the effect of lockdowns and the effect of other sources of air pollution such as wildfires and dust in three different Mexican urban agglomerations under different environmental conditions. This study is relevant because some of these effects will probably sharpen in the face of climate change.




2. Materials and Methods


2.1. Study Areas


Mexico is located in North America and has a border to the north with the United States and to the south with Guatemala and Belize. In 2020, according to the census [20], Mexico had a population of 126 million people. There are three main urban agglomerations in Mexico: Greater Mexico City (GMC), home to 21.8 million people, the metropolitan area of Guadalajara (MAG), home to 5.1 million people, and the metropolitan area of Monterrey (MTY), with 5.3 million inhabitants. In total, 25.5% of Mexico’s population live in any of these three agglomerations. Figure 1 shows the locations of each of the urban agglomerations as well as the locations of meteorological and air quality stations used in this study.



We processed MODIS-derived aerosol optical depth (AOD), particulate matter (PM10 and PM2.5) concentrations measured with ground stations, and meteorological data collected at the same place as air quality monitoring stations. PM has been chosen due to the adverse effect it has on human health and because it is mainly produced by anthropogenic sources.




2.2. AOD Data


Aerosols are the blend of liquid droplets and small particles such as particulate matter and dust in a gas, such as the air. AOD is defined as the measure of aerosols distributed within a column of air from the Earth’s surface to the Top of Atmosphere (TOA) [3]. Previous research has shown that AOD has a strong correlation with PM2.5, measured with ground stations [21]. Therefore, AOD can be used as an indicator of PM2.5 concentrations in Mexico City, Guadalajara, and Monterrey.



The MODIS Terra and Aqua combined Multi-Angle Implementation of Atmospheric Correction (MAIAC) Land AOD at a 1 km pixel resolution [22] was used because its resolution is adequate for urban studies. Monthly averages of MAIAC-AOD centered in GMC, MAG, and MTY from April 2015 to 2022 and May 2015 to 2022 were processed with Google Earth Engine [23].




2.3. Greater Mexico City (GMC) Ground Stations’ Data


The Meteorological Monitoring Network REDMET reports the temperature, the relative humidity, the wind direction, and the wind speed every hour in 26 locations around GMC [24]. Hourly concentrations of PM10, PM2.5, O3, NO, and NO2 are measured by the Air Quality Monitoring Network RAMA in 25 locations around GMC [25]. Only stations with PM10 or PM2.5 data in April and May 2020 and 2021 were chosen (M1–M14 in Table A1). Meteorological and PM data from April and May 2015–2022 are described in Table A1 in the Appendix A.




2.4. Metropolitan Area of Guadalajara (MAG) Ground Stations’ Data


The secretary of environment and territorial development of the Jalisco state government manages the SIMAJ (Sistema de Monitoreo Atmosférico de Jalisco), which operates 10 ground stations that measure the air quality in MAG (SEMADET, 2021). The pollutants PM10, NO, CO, NO2, NOx, and O3 are measured every hour. For this study, only four stations: ATE, OBL, VAL, and MIR, shown in Figure 1, were chosen because they report PM10 in April and May 2015–2022, however data were only available until 2020. Only the station MIR reported PM2.5 in April and May 2019 and 2020. Meteorological data (air temperature, relative humidity, wind speed, and wind direction) are also reported by stations ATE, OBL, VAL, and MIR, as described in Table A1.




2.5. Metropolitan Area of Monterrey (MTY) Ground Stations’ Data


The secretary of environment of the Nuevo Leon state manages SIMA (Sistema Integral de Monitoreo Ambiental), with 14 ground stations in the MMA. Each station reports meteorological parameters such as air temperature, relative humidity, precipitation, wind speed, and wind direction. Furthermore, hourly concentrations of PM10, PM2.5, NO, CO, NO2, and O3 are also reported. Eight stations, described in Table A1 with no missing data from April and May 2020 and 2021, were chosen.




2.6. Methodology


The spatial distribution of AOD was observed with MODIS data from April and May 2015–2022. The concentrations of AOD were obtained at the centroids of the basic geographic area defined by INEGI [20]. Box plots were used to compare concentrations in that period in the three cities. Therefore, the effect of lockdowns on annual AOD concentrations was observed. The immediate effect of lockdowns on PM concentrations was assessed using the Chow test [26], which is used to test if a break takes place at a given period in a time series, typically used to study the effects of economic shocks or structural changes (a dramatic shift in the way an economy works). We consider lockdown restrictions as an external shock to PM emissions.



A multiple linear regression between meteorological variables (temperature, relative humidity (RH), wind speed, and wind direction), AOD, and PM (10 and 2.5) was performed to analyze the effect of meteorological variables to AOD and PM concentrations. In 90% of the models, wind speed and wind direction were statistically significant variables, whereas temperature and RH were not always statistically significant. Therefore, the effect of meteorological variables on PM concentrations was assessed using the quantile regression at 75% between wind speed and PM concentrations, which has been previously used to assess the effect of wind speed on aerosol optical depth [13].



The methodology of this study is depicted in Figure 2. The statistical significance of the differences in PM concentrations using monthly data was assessed using the non-parametric Mann–Whitney U test, which is frequently used in air quality studies comparing differences in pollutant levels [27,28]. A significance level of 95% (p < 0.05) was used. Finally, the effect of an abrupt change on anthropogenic sources of air pollution in yearly concentrations was determined using the number of days exceeding the national standard for air quality. In Mexico City, lockdown restrictions were the abrupt change, whereas in Monterrey, it was the drought, causing dust, and in Guadalajara, wildfires caused abrupt changes in sources of air pollution.





3. Results


3.1. Aerosol Optical Depth (AOD)


The boxplots in Figure 3 show the distribution of AOD in Mexico City (GMC), Guadalajara (MAG), and Monterrey (MTY) in April and May 2015–2022. The spatial distribution in April and May 2019–2021 of AOD is shown in the Appendix B in Figure A1.



In Mexico City, in April 2015–2019, AOD had an increasing trend, and in 2019 the highest AOD values were measured. In contrast, in 2020, AOD dropped to the levels of 2018. In April 2021, AOD levels increased and were the highest in the period 2015–2022. In April 2022, AOD levels were similar to levels in April 2018. In May 2015–2017, an increasing trend was measured. In May 2018, high winds (higher than usual) were reported, and pollutants were dispersed across the city and AOD levels were low [29]. AOD levels in May 2020 were lower than in May 2017 and 2019. In May 2021, AOD levels were akin to levels in May 2015. In May 2022, AOD levels increased compared to the previous year.



In Guadalajara, in April and May 2020, AOD levels were the lowest measured in the period 2015–2022. In contrast, AOD levels in April and May 2021 were higher than the previous years. AOD levels in April 2022 were back to levels of previous years, such as 2018 and 2019, but in May 2022 AOD levels were on average higher than the previous year.



In Monterrey, in April 2015–2019, AOD levels had a decreasing trend, and the lowest levels were measured in April 2019. In April 2020–2022, AOD levels had an increasing trend, reaching maximum levels in April 2022. On average, AOD concentrations in May 2015–2018 decreased in Monterrey. However, in May 2019, the highest AOD levels ever were detected. AOD levels in May 2020 were low, with an increasing trend from May 2020 to 2022.




3.2. Effect of Lockdowns on PM (10 and 2.5) Concentrations


Figure 4 shows the time series of daily average PM concentrations from 1 January 2020 (Day of the Year (DOY) 1) to 31 May 2020 (DOY 152) at the three study sites.



Figure 4 shows a declining trend for PM10 in GMC and MTY and an increasing trend of PM2.5 in GMC. Furthermore, Figure 3 shows no trend for PM2.5 in MTY and no trend for PM concentrations in MAG. During the lockdown, mobility and non-essential industries were reduced, and therefore, it is assumed that less pollutants were present and a reduction in PM concentrations was expected.



The Chow test was applied to assess structural changes on the first day of the lockdown (23 March 2020) in the PM concentration time series. The results of the Chow test are shown in Table 1.



According to the results of the Chow test shown in Table 1, in Mexico City, a significant reduction of PM10 was found on 23 March 2020. Additionally, in Guadalajara, a significant reduction of PM2.5 was found on the same date. However, in Monterrey, no reduction was found at that time. Moreover, an inflection point was found at DOY 41 (10 February 2020) with data from Monterrey, which implies an effect on PM concentrations by a source different to mobility restrictions.



3.2.1. PM10 Mean Concentrations’ Comparison


The Mann–Whitney non-parametric test was used to assess particulate matter (10 and 2.5) concentration differences in April and May 2020 and 2021 compared to the average PM concentrations of the previous five years. The percentage changes in PM10 concentrations at stations around the three study sites are shown in Table 2.



In April 2020, most stations in the three agglomerations reported decreased PM10 concentrations compared to the average of the five previous years, except for stations CUA (GMC) and ATE (MAG) that reported no significant changes. Both stations are located near residential areas with green areas, and therefore, in those stations, PM10 is more likely from natural sources rather than anthropogenic sources. The comparison of the PM10 levels in April 2021 with average levels in April 2015–2019 yielded decreased concentrations in most stations except for ACO, FAC, and UIZ in GMC, SE and CE (increased) in MMA, BJU in GMC, and SO, NTE, NE2, and SE2 in MMA (no significant change).



In May 2020, PM10 concentrations decreased in the three metropolitan areas except for station CUA in Mexico City, where no significant change was detected in comparison to average levels from May 2015 to 2019. PM10 concentrations in May 2021 were lower than the average in May 2015–2019 before the pandemic in all stations in Mexico City. Stations FAC, SE, CE, NTE, and SE2 reported similar PM10 levels in May 2021 to pre-pandemic levels. PM10 in the three urban agglomerations is usually associated with anthropogenic sources such as road abrasion, land operations in rural areas [30], and dry soils [31].



Considering the changes in all stations in Mexico City, there was a decrease of 14.29% in PM10 concentrations during April 2020 and 3% in April 2021, in comparison to the previous five-year average. In May 2020, PM10 concentrations decreased by 27.5% and 23.94% in May 2021, compared to the average in May 2015–2019. In Monterrey, in April 2020, PM10 concentrations decreased by 33.62% and increased by 2.76% in April 2021 compared to the average in April 2015–2019. In May, PM10 decreased by 36.63% and 9.70% in 2020 and 2021, respectively, in comparison to the average in May 2015–2019. In Guadalajara, PM10 concentrations decreased by 8.18% in April 2020 and 19.58% in May 2020 compared to the previous five-year average.




3.2.2. PM2.5 Mean Concentration Comparison


The percentage changes in PM2.5 concentrations around GMC, MTY, and MAG are shown in Table 3.



As shown in Table 3, only stations BJU and NEZ reported an average increase of 13.81% and 18.85%, respectively, in PM2.5 concentration during April 2020 (strictest lockdown), in comparison to the average concentration of the previous five years. The biggest decrease of PM2.5 concentrations in Greater Mexico City in April was measured at station TLA in Tlalnepantla, where an industrial park is located. The lowest decrease (6.87%) was detected at station CCA at the National Autonomous University’s campus. In Monterrey, the concentration at station CE increased during 2020. This station is in the city center with many important avenues nearby. Therefore, the increase can be attributed to local sources of PM2.5.



Comparing PM2.5 concentrations during 2021 with the average PM2.5 concentration during 2015–2019 showed a decrease of concentration in most stations in Mexico City and an increase in most stations in Monterrey. Urban stations BJU and NEZ in Mexico City reported an increase of 10.86% and 12.59%, respectively, during April 2021. In Monterrey, only stations NO and NE2 reported a decrease of the PM2.5 concentration in April 2021, compared to the average PM2.5 concentration in April 2015–2019.



In May 2020, all stations reported a decrease in PM2.5 concentrations except for stations BJU (no significant change) and NEZ (16.8% increase) in Mexico City. Therefore, the mobility restrictions enacted to prevent the spread of COVID-19 helped to reduce the overall PM2.5 concentrations in the three agglomerations.



In May 2021, compared to the average concentrations from May 2015 to 2019, PM2.5 concentrations were significantly reduced in Mexico City and Monterrey, except for station BJU in Mexico City that did not have a significant change and station NEZ in Mexico City, whose PM2.5 concentration increased by 13.82%. The fewer restrictions still enacted during May 2021 caused a generalized decrease in PM2.5 concentrations in the three major Mexican agglomerations.



In general, considering all stations in Mexico City, PM2.5 decreased by 13.79% in April 2020 and by 8.34% in April 2021 compared to the average in April 2015–2019. In May 2020, the PM2.5 concentration in Mexico City decreased by 12.82% and in May 2021 decreased by 23.20% compared to the average in May 2015–2019. Considering all stations in Monterrey, the PM2.5 concentration decreased by 9.11% in April 2020 and increased by 11.07% in April 2021, in comparison to the average in April 2015–2019. In May 2020, the PM2.5 concentration decreased by 38.32%, and in May 2021 it decreased by 35.26%, in comparison to the average in May 2015–2019. In Guadalajara, the PM2.5 concentration decreased by 3.16% and 27.84% in April and May 2020, respectively. An explanation of these findings can be found in the Section 4.





3.3. Effect of Winds on PM Concentrations


A multiple linear regression between meteorological variables (temperature, relative humidity (RH), wind speed, and wind direction) and PM (10 and 2.5) was performed to analyze the effect of meteorological variables on PM concentrations. In 90% of the models, wind speed and wind direction were statistically significant variables, whereas temperature and RH were not always statistically significant. Therefore, the effect of meteorological variables on PM concentrations was assessed using the quantile regression at 75% between wind speed and PM concentration. Previous studies have used quantile regression to assess the effect of wind speed on aerosol optical depth [13,32]. Statistically significant relations between wind speed and PM concentrations are summarized (p < 0.05) in Table 4. Furthermore, the surface wind maps of the three cities are available in the Appendix B, Figure A2.



Most stations in Monterrey lack wind speed data from 2017 and 2018. Only stations CE and NO have PM10 and all meteorological data from 2015 to 2021. In Guadalajara, only station OBL has PM10 and meteorological data from 2015 to 2020, while all the others have missing data. In Mexico City, almost all stations have missing wind speed data for at least one year, except for stations MER, SAG, UAX, and VIF, which report PM and meteorological data for the whole period.



Negative relations between wind speed and PM concentrations indicate that the more intense the winds, the lower the PM concentration; therefore, PM is locally produced, and intense near-surface winds help to “clean” the air. The positive relations indicate that PM is transported by the wind from other parts of the city. Stations reporting positive relations are in the suburbs, whereas stations reporting negative relations are mostly in urban areas due to anthropogenic sources such as transportation.



In Figure 5, the relations between wind speed and PM concentrations at stations in Monterrey, Guadalajara, and Mexico City are shown. Notice that the higher the wind, the lower the PM concentration is. Additionally, the monthly profiles of PM10 and PM2.5 are very similar at station MER in Mexico City. The meteograms of all stations with a significant relation between wind speed and PM concentration are shown in the Appendix B Figure A3, Figure A4 and Figure A5.




3.4. Days Exceeding Air Quality Norm


The effect of abrupt changes in anthropogenic sources of PM in monthly concentrations was assessed by computing the number of days of official “good air quality” in a month. In Mexico, the official Mexican Standard NOM (NOM-025-SSA1-2014), approved by all Mexican states in 2014, sets the maximum amounts of PM10 and PM2.5 considered as “good air quality levels” to a 24 h average maximum of 75 μg*m−1 for PM10 and a maximum 24 h average of 45 μg*m−1 for PM2.5. According to the World Health Organization (WHO), exceeding 2 or 3 days of the national standard is still considered as good air quality. The number of days that NOM-2014 was exceeded in the three agglomerations in April and May 2015–2021 is shown in Figure 6.



3.4.1. Exceedances of PM10


In Mexico City, stations CUT and TAH exceeded the NOM-2014 limit for PM10 twice and station VIF three times in April 2020. All these stations are in the outskirts of the city, in rural-like areas. In April 2021, the NOM for PM10 was exceeded 9 times in ACO, 10 times in CUT, once in FAC, 3 times in CAM, MER, and UIZ, twice in TAH, and 11 times in VIF. PM10 is associated with dry soils and little vegetation [31]. In March and April 2021, one of the worst droughts in Mexico occurred [33,34], which caused dry soil wind erosion in rural areas around Mexico City and contributed to the increase in PM10.



In Monterrey, stations NE and SE2 exceeded the recommended PM10 limit once, while SO and NE2 exceeded the limit twice in April 2020. The number of exceedances of the PM10 limit in April 2021 was similar to previous years: PM concentrations exceeded the limit 73 times, whereas in 2019 it exceeded the limit 62 times. In Guadalajara, the limit was exceeded only once at station MIR in April 2020. Therefore, strict lockdown measures helped to improve the air quality in the three agglomerations. However, the relaxation of lockdown measures enacted in April 2021 did not benefit air quality, especially in Monterrey where the times over the limit were particularly high. In addition, the 2021 drought was particularly severe in the north of the country, causing dry soils and dust in Monterrey’s surrounding areas.



In May 2020, the PM10 limit was exceeded seven times in Mexico City (CUA, CUT, SAG, and UIZ once each, and VIF three times) and none in Monterrey. In contrast, in May 2021, stations CUT and VIF exceeded the PM10 limit once each, whereas in Monterrey the limit was exceeded 15 times, once in SE, CE, and NTE, twice in NE2 and SE2, and 4 times in CE and SO, respectively. In Guadalajara, the limit was exceeded only once in May 2020. Mobility restrictions and closing non-essential businesses in Monterrey had a positive effect on air quality within the national recommended limits.




3.4.2. Exceedances of PM2.5


In April 2020, the PM2.5 limit was exceeded only once at NEZ station in Mexico City, and it was exceeded 10 times in Monterrey (once in NTE, NE2, and SE, twice in NE and SO, and 3 times in CE). Moreover, in Guadalajara, PM2.5 concentrations did not exceed the limit. In April 2021, in Mexico City, the limit was exceeded 18 times, and 16 times in Monterrey. Therefore, local anthropogenic sources seemed to be the largest emitters of PM2.5 into the air in April 2021.



In May 2020, the PM2.5 limit was exceeded 13 times in Mexico City and none in Monterrey and Guadalajara. In May 2021, the limit was not exceeded in any of the three cities. Thus, the effect of the COVID-19 lockdown in the three major urban agglomerations in Mexico helped to improve the air quality in May 2020 and 2021, more than in April of the same years.






4. Discussion


During the 2020 lockdown, anthropogenic air pollution sources were reduced due to mobility restrictions and some industrial shutdowns to stop the spread of the SARS-CoV-2 virus in Mexico. This shock to the sources of air pollution in Mexico was a unique opportunity for better understanding and identifying anthropogenic and natural sources of air pollution. As a result, better air quality improvement policies could be developed for Mexico City, Guadalajara, and Monterrey.



In Mexico City, AOD concentrations in April and May 2020 were similar to those of previous years. However, in April 2021, AOD concentrations were the highest since April 2015. This was due to wildfires in areas surrounding Mexico City. During the pandemic, the spatial distribution of AODs shifted towards the more densely populated areas of the city. According to the mobility plan of the local government, commuters usually move from the suburbs to the city center for work, however, during the lockdown, these commutes were significantly reduced, and thus, the spatial distribution of AOD changed. Studies in other regions of the world, such as New Delhi, have shown that there is a difference in aerosol concentrations between urban and rural areas; in this case, urban areas have higher aerosol concentrations [35], whereas in Mexico City, the rural areas surrounding the center tend to have higher aerosol concentrations due to the unique layout of the city. Therefore, it is important to consider the local physical, climatic, and economic characteristics of the region under study.



The trend analysis shown in Figure 3 shows that PM10 concentrations began to decrease at the beginning of the lockdown in Mexico City, where mostly, the soil in the rural areas is bare during the dry season, so wind abrasion causes an increase in PM10 in the form of dust. In addition, the Tula refinery complex is located 80 km northwest of the city. Wind patterns contribute to long-range transport of PM2.5 from the refinery to the city center [36]. During the closure, the refinery continued to operate as it was considered an essential industry. However, the PM2.5 reductions observed in Mexico City were mainly due to a reduction in vehicle traffic on the roads.



In Guadalajara, we measured a decrease in AOD in April and May 2020 which can be explained by lockdown measures, the reduction of vehicles on the roads, and the reduction of industrial production around the city of Guadalajara. According to the results presented in Table 1, the lockdown was not a very strong external shock to PM concentrations, however, it caused some reductions in PM concentrations. PM sources in Guadalajara are vehicles, industry in the suburbs, and natural sources from the naked soils in the suburbs, mostly used for agriculture. During the lockdown, agriculture was not halted but non-essential industries were stopped. Therefore, the decrease of PM concentrations in Guadalajara was due to less traffic and less industry operations. In contrast, a significant external shock to aerosol sources in Guadalajara happened in May 2017 when wildfires in the suburbs affected the air quality.



According to the analysis shown in Table 2 and Table 3, mobility restrictions in Guadalajara in 2020 did not seem to have a significant effect on the PM2.5 concentrations. Therefore, other sources of PM2.5 were considered as the main contributors to PM2.5 concentrations, namely forest fires. Previous studies with data from the USA in 2020 have shown that there were many wildfires in that year, and they are a main contributor to PM2.5 concentration exceeding the National Ambient Air Quality Standard [37]. A contribution of wildfires in 2020 in northern Colombia to PM2.5 concentrations was also found by Bolaño-Diaz et al. [38].



In 2020, a large forest fire in the forest to the east of the center of Guadalajara was reported in the news on 10 February 2020 [39]. According to the Risk Atlas of the Metropolitan Area of Guadalajara [40], during the dry season (February to May) in Guadalajara, winds blow from west to east, and at night the winds are more intense. Therefore, considering the direction of the winds, PM from forest fires would be transported towards the city, and this would explain the increase in PM2.5 concentrations detected by ground stations near the urban core of Guadalajara. The wind circulation in Guadalajara and the surrounding area is discussed in detail by Magaña et al. [40]. In Monterrey, AOD concentrations did not significantly decrease in April 2020. However, a reduction was detected in May 2020 which can be explained as a result of the mobility restrictions and the reduction of industrial activities in Monterrey. Table 1 shows that the lockdown did not cause a significant change in PM concentration trends. However, another external shock to PM sources was detected in Monterrey. The rural areas around Monterrey are used mostly for agriculture. Furthermore, the city is in a dry climate region that favors dust events from dry soils and high winds to be a major source of PM. Moreover, from June 2020 to June 2021, Monterrey was hit by a severe drought [33], which caused dryer soils and less agriculture production in the surrounding rural areas that, in combination with high winds, enhanced wind erosion. This could be the reason why PM concentrations were higher in 2020 and 2021 than in previous years. Table 3 shows an increase in AOD concentrations in the years 2020, 2021, and 2022, which may contribute to draughts and dust as aerosols enhance the absorption of solar radiation which is related to the suppression of rain [41,42]. In April and May 2020, the limit recommended by the NOM-2014 was exceeded several times in Mexico City. However, in Monterrey and Guadalajara, PM10 concentrations were within the recommended limits during these months. Consequently, lockdown measures improved the air quality in Monterrey and Guadalajara.



The relationship between wind and PM concentrations showed that in most cases, the high winds caused lower PM concentrations due to the transport of pollutants from the urban area to the outskirts of the city. This indicates that pollutants were produced locally. However, some stations showed a positive relation between wind speed and PM concentrations, which can be attributed to dust and dry soils in rural-like areas. In these cases, the wind contributes to the displacement of these particles into the city and PM concentrations cannot be reduced with lockdown measures [36].




5. Conclusions


The lockdown, as an external shock to air pollution sources, had different effects on air quality in the cities studied here. In Mexico City, it is clear that the reduction in mobility due to the lockdown improved the air quality; however, in Guadalajara, an external shock affecting the air quality was detected in 2017. The drought and extreme water stress in the north of Mexico in 2021 caused an increase in PM concentrations, so it can be considered a significant external shock to air pollution.



PM2.5, which is more related to anthropogenic sources, was significantly reduced during the lockdown in April and May 2020. However, one year later in April and May 2021, with some restrictions still in place, concentrations increased again, but in most cases, did not reach the levels of the pre-pandemic years. In order to design policies to improve the air quality in urban areas, anthropogenic and natural sources of air pollution need to be taken into account. Measures such as work-from-home could be helpful to reduce anthropogenic sources of air pollution, but it is necessary to consider environmental phenomena that cause wildfires and droughts when designing policies to permanently reduce PM concentrations and AOD in urban areas.
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Table A1. Stations selected for this study in Mexico City, Guadalajara, and Monterrey.






Table A1. Stations selected for this study in Mexico City, Guadalajara, and Monterrey.





	
Code in Map

	
Station

	
PM10

	
PM2.5

	
Meteorology 1

	
Location

	
Data Availability (%)




	
Greater Mexico City

	
PM10|PM2.5






	
M1

	
ACO

	
Yes

	
No

	
Yes

	
Acolman

	
100




	
M2

	
BJU

	
Yes

	
Yes

	
Yes

	
Benito Juárez

	
85.71|85.71




	
M3

	
CUA

	
Yes

	
No

	
Yes

	
Cuajimalpa

	
100




	
M4

	
CUT

	
Yes

	
No

	
Yes

	
Cuautitlán

	
100




	
M5

	
FAC

	
Yes

	
No

	
Yes

	
FES Acatlán

	
100




	
M6

	
MER

	
Yes

	
Yes

	
Yes

	
La Merced

	
100|100




	
M7

	
NEZ

	
No

	
Yes

	
Yes

	
Nezahualcóyotl

	
100




	
M8

	
SAG

	
Yes

	
Yes

	
Yes

	
San Agustín

	
100|100




	
M9

	
SFE

	
Yes

	
Yes

	
Yes

	
Santa Fé

	
85.71|100




	
M10

	
TAH

	
Yes

	
No

	
Yes

	
Tláhuac

	
100




	
M11

	
TLA

	
Yes

	
Yes

	
Yes

	
Tlalnepantla

	
100|100




	
M12

	
UAX

	
No

	
Yes

	
Yes

	
UAM Xochimilco

	
100




	
M13

	
UIZ

	
Yes

	
Yes

	
Yes

	
UAM Iztapalapa

	
85.71|85.71




	
M14

	
VIF

	
Yes

	
No

	
Yes

	
Villa de las Flores

	
100




	

	
Metropolitan Area of Guadalajara

	
PM10|PM2.5




	
G1

	
ATE

	
Yes

	
No

	
Yes

	
Atemajac

	
88.98 *




	
G2

	
OBL

	
Yes

	
No

	
Yes

	
Oblatos

	
90.82 *




	
G3

	
MIR

	
Yes

	
Yes

	
Yes

	
Miravalle

	
76.59|89.14 **




	
G4

	
VAL

	
Yes

	
No

	
Yes

	
Vallarta

	
90.80 *




	

	
Metropolitan Area of Monterrey

	
PM10|PM2.5




	
T1

	
SE

	
Yes

	
Yes

	
Yes

	
La Pastora

	
96.67|71.97 ***




	
T2

	
NE

	
Yes

	
Yes

	
Yes

	
San Nicolás

	
98.31|30.26 ***




	
T3

	
CE

	
Yes

	
Yes

	
Yes

	
Obispado

	
95.61|76.04 ***




	
T4

	
NO

	
Yes

	
Yes

	
Yes

	
San Bernabé

	
97.99|54.37 ***




	
T5

	
SO

	
Yes

	
Yes

	
Yes

	
Santa Catarina

	
98.70|61.80 **




	
T6

	
NTE

	
Yes

	
Yes

	
Yes

	
Escobedo

	
91.87|16.13 ***




	
T7

	
NE2

	
Yes

	
Yes

	
Yes

	
Apodaca

	
94.22|54.56 ***




	
T8

	
SE2

	
Yes

	
Yes

	
Yes

	
Juárez

	
95.98|15.74 ***








* 2015–2020, ** 2019–2020, *** 2015–2021. 1 In all cases, meteorological data are available in the same percentage as PM10.
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Figure A1. AOD distribution in GMC, MTY, and MAG in May 2019–2021. 
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Surface wind maps.
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Figure A2. (a) Surface wind maps in Mexico City (red point) at daytime and nighttime. (b) Surface wind maps in Guadalajara (red point) at daytime and nighttime. (c) Surface wind maps in Monterrey (red point) at daytime and nighttime. 
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Meteograms from Mexico City, Monterrey, and Guadalajara of stations with a significant relation (quantile regression) between wind speed and PM are shown in Figure A3, Figure A4 and Figure A5. In all cases, the blue line represents PM10 concentrations, and the red line represents PM2.5 concentrations.
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Figure A3. Meteograms for stations in Monterrey with a significant relation between wind speed and PM concentrations. Blue bars represent days over the PM10 maximum established by the national standard for air quality. The yellow bars indicate exceeding both PM10 and PM2.5 maxima. 
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Figure A4. Meteograms for stations in Guadalajara with a significant relation between wind speed and PM concentrations. Blue bars represent days over the PM10 maximum established by the national standard for air quality. 
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Figure A5. Meteograms for stations in Mexico City with a significant relation between wind speed and PM concentrations. Blue bars represent days over the PM10 maximum established by the national standard for air quality. The yellow bars indicate exceeding both PM10 and PM2.5 maxima, and the red bars show days over the limit for PM2.5. 






Figure A5. Meteograms for stations in Mexico City with a significant relation between wind speed and PM concentrations. Blue bars represent days over the PM10 maximum established by the national standard for air quality. The yellow bars indicate exceeding both PM10 and PM2.5 maxima, and the red bars show days over the limit for PM2.5.
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Figure 1. Locations of Guadalajara, Monterrey, and Mexico City, and locations of the stations used in each city. The light grey areas are urban areas, whereas dark green areas are forest and/or mountains. All stations report meteorological and PM data. See Table A1 in the Appendix A for more information about the stations. 
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Figure 2. Flow diagram of the methodology of this study. 
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Figure 3. AOD (dimensionless) in GMC, MAG, and MTY in April and May 2015–2022. 
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Figure 4. PM concentrations at (a) GMC, (b) MTY, and (c) MAG from 1 January to 31 May 2020. The lockdown period is marked in yellow (from 23 March 2020, DOY 83). 
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Figure 5. Representative meteograms showing the relations between wind speed and PM at stations in (a) Mexico City, (b) Monterrey, and (c) Guadalajara. Red bars show days that the PM2.5 limit was exceeded, and blue bars show exceedance of the PM10 limit. In the figure, PM10 is represented by a blue line and PM2.5 by a red line. The wind speed and direction are shown in the bottom of each panel. 






Figure 5. Representative meteograms showing the relations between wind speed and PM at stations in (a) Mexico City, (b) Monterrey, and (c) Guadalajara. Red bars show days that the PM2.5 limit was exceeded, and blue bars show exceedance of the PM10 limit. In the figure, PM10 is represented by a blue line and PM2.5 by a red line. The wind speed and direction are shown in the bottom of each panel.



[image: Atmosphere 14 00596 g005]







[image: Atmosphere 14 00596 g006 550] 





Figure 6. Number of days that exceeded the PM10 and PM2.5 limits in Mexico City (a,b). Number of days that exceeded the PM10 and PM2.5 limits in Monterrey (c,d). Number of days that exceeded the PM10 limits in Guadalajara (e). In all cases, the period is April and May 2015–2021. 
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Table 1. Chow test.
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At Day of the Year (DOY) 83, 23 March 2020




	

	
PM10

	
PM2.5






	
Mexico City

	
F = 12.392, p-value = 1.06 × 10−5

	
F = 0.88454, p-value = 0.4151




	
Guadalajara

	
F = 0.93567, p-value = 0.3946

	
F = 4.2504, p-value = 0.01609




	
Monterrey **

	
F = 0.17646, p-value = 0.8384

	
F = 1.107, p-value = 0.3333








** There was an inflection point found at DOY 41 (10 February 2020) rather than at DOY 83.
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Table 2. Changes in PM10 concentrations (%) in April and May 2020 and 2021 in GMC, MTY, and MAG. Red numbers indicate not statistically significant changes.






Table 2. Changes in PM10 concentrations (%) in April and May 2020 and 2021 in GMC, MTY, and MAG. Red numbers indicate not statistically significant changes.





	

	

	
April (%)

	
May (%)

	
April

	
May




	

	

	
2020 vs. av

	
2021 vs. av

	
2020 vs. av

	
2021 vs. av

	
Z Score






	
Greater Mexico City

	
ACO

	
−14.77

	
21.61

	
−38.11

	
−18.91

	
−2.77 **

	
−3.08 **

	
−6.75 **

	
−3.37 **




	
BJU

	
−3.46

	
0

	
−8.9

	
−18.25

	
−1.27 +

	
−0.4 +

	
−2.78 *

	
−3.47 **




	
CAM

	
−28.63

	
−2.4

	
−46.27

	
−31.21

	
−5.62 **

	
−0.56 +

	
−6.43 **

	
−6.11 **




	
CUA

	
0

	
−3.25

	
0

	
−5.98

	
−0.12 +

	
−1.2 +

	
−0.15 +

	
−1.06 +




	
CUT

	
−6.22

	
−2.47

	
−10.14

	
−20.58

	
−1.42 +

	
−1.07 +

	
−1.87 *

	
−3.43 **




	
FAC

	
−28.71

	
29.28

	
−78.6

	
0

	
−2.46 *

	
−3.65 **

	
−6.75 **

	
−0.05 +




	
MER

	
−17.69

	
−12.3

	
−23.06

	
−53.52

	
−3.61 **

	
−2.44 *

	
−4.4 **

	
−6.72 **




	
SAG

	
−10.79

	
−21.46

	
−4.23

	
−12.53

	
−1.98 *

	
−5.68 **

	
−0.67 +

	
−1.14 +




	
SFE

	
−18.51

	
−15.69

	
−28.37

	
−35.2

	
−3.61 **

	
−3.96 **

	
−5.02 **

	
−6.08 **




	
TAH

	
−7.53

	
−5.81

	
−77.95

	
−41.15

	
−1.58 +

	
−0.28 +

	
−6.16 **

	
−5.96 **




	
TLA

	
−32.62

	
−37.9

	
−27.67

	
−50.97

	
−5.87 **

	
−6.09 **

	
−5.19 **

	
−6.72 **




	
UIZ

	
−4.76

	
17.55

	
−7.79

	
−18.71

	
−1.23 +

	
−2.89 **

	
−2.22 *

	
−2.98 **




	
VIF

	
−12.12

	
−6.88

	
−6.55

	
−4.21

	
−2.87 **

	
−0.12 +

	
−0.87 +

	
−0.91 +




	
Total

	
−14.29

	
−3.06

	
−27.51

	
−23.94

	

	

	

	




	
Monterrey Metropolitan Area

	
SE

	
−30.07

	
21.01

	
−37.89

	
1.31

	
−3.86 **

	
−1.95 *

	
−5.26 **

	
−0.02 +




	
NE

	
−36.71

	
−17.86

	
−37.38

	
−33

	
−5.49 **

	
−2.44 *

	
−6.01 **

	
−5.4 **




	
CE

	
−35.13

	
18.07

	
−42.81

	
4.15

	
−5.15 **

	
−2.35 *

	
−5.88 **

	
0.12 +




	
NO

	
−56.44

	
−23.28

	
−53.93

	
−30.01

	
−6.58 **

	
−3.4 **

	
−6.75 **

	
−4.99 **




	
SO

	
−34.38

	
6.19

	
−38

	
−9.32

	
−4.75 **

	
0.01 +

	
−5.71 **

	
−1.77 *




	
NTE

	
−31.74

	
9.73

	
−25.32

	
−2.01

	
−4.93 **

	
−0.41 +

	
−5.01 **

	
−0.67 +




	
NE2

	
−20.93

	
−2.17

	
−33.73

	
−11.08

	
−2.57 **

	
−0.64 +

	
−5.37 **

	
−2.87 **




	
SE2

	
−23.52

	
10.39

	
−24

	
2.35

	
−3.99 **

	
−1.61 +

	
−5.81 **

	
−0.04 +




	
Total

	
−33.62

	
2.76

	
−36.63

	
−9.70

	

	

	

	




	
Metropolitan Area of Guadalajara

	
ATE

	
0

	

	
−15.02

	

	
−0.32 +

	

	
−3.6 **

	




	
MIR

	
−15.29

	

	
−29.25

	

	
−3.6 **

	

	
−4.47 **

	




	
OBL

	
−2.14

	

	
−14.43

	

	
−0.49 +

	

	
−3.15 **

	




	
VAL

	
−15.29

	

	
−19.64

	

	
−2.5 *

	

	
−3.23 **

	




	
Total

	
−8.18

	

	
−19.585

	

	

	

	

	








Statistical significance: + p > 0.05, * p < 0.05, ** p < 0.005.
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Table 3. PM2.5 concentration changes in GMC, MTY, and MAG (p < 0.05 significance level). Numbers in red indicate no statistically significant change detected.






Table 3. PM2.5 concentration changes in GMC, MTY, and MAG (p < 0.05 significance level). Numbers in red indicate no statistically significant change detected.





	

	
Station

	
April (%)

	
May (%)

	
April

	
May






	
Greater Mexico City

	

	
2020 vs. av

	
2021 vs. av

	
2020 vs. av

	
2021 vs. av

	
Z Score




	
BJU

	
0

	
−10.86

	
0

	
0

	
−1.49 **

	
−1.6 +

	
−3.2 **

	
−5.12 **




	
CAM

	
−29.21

	
0

	
−31.32

	
−29.66

	
−5.31 **

	
−0.7 +

	
−4.8 **

	
−5.36 **




	
CCA

	
−6.87

	
−17.86

	
−14.75

	
−26.4

	
−2.07 *

	
−1.9 *

	
−2.6 **

	
−4.15 **




	
MER

	
−17.73

	
−2.67

	
−20.4

	
−32.99

	
−3.99 **

	
−0.007 +

	
−3.9 **

	
−5.71 **




	
NEZ

	
18.85

	
12.59

	
16.48

	
13.82

	
−2.89 **

	
−1.45 +

	
−1.16 +

	
−1.99 *




	
SAG

	
−15.89

	
−5.53

	
−7.49

	
−25.99

	
−3.57 **

	
−0.007 +

	
−1.54 +

	
−3.98 **




	
SFE

	
−17.63

	
−23.95

	
−25.69

	
−41.16

	
−3.45 **

	
−6.09 **

	
−4.42 **

	
−6.26 **




	
TLA

	
−40.02

	
−24.56

	
−22.79

	
−33.93

	
−6.36 **

	
−4.42 **

	
−4.46 **

	
−5.75 **




	
UAX

	
−16.7

	
−5.34

	
−17.89

	
−26.35

	
−3.8 **

	
−1.11 +

	
−2.8 **

	
−4.2 **




	
UIZ

	
−12.74

	
−5.25

	
−4.35

	
−29.33

	
−2.83 **

	
−1.08 +

	
−1.67 *

	
−5.19 **




	
Total

	
−13.79

	
−8.34

	
−12.82

	
−23.20

	

	

	

	




	
Monterrey Metropolitan Area

	
SE

	
7.67

	
39.89

	
−32.18

	
−19.52

	
−0.09 +

	
−2.63 **

	
−4.27 **

	
−2.88 **




	
NE

	
−9.29

	
3.43

	
−21.23

	
−27.23

	
−2.07 *

	
−0.27 +

	
−3.57 **

	
−4.25 **




	
CE

	
43.43

	
60.12

	
−34.7

	
−34.57

	
−3.3 **

	
−4.22 **

	
−2.67 **

	
−1.56 +




	
NO

	
−42.75

	
−14.6

	
−54.55

	
−46.53

	
−5.31 **

	
−2.23*

	
−6.33 **

	
−3.54 **




	
SO

	
−20.1

	
0.63

	
−37.32

	
−23.18

	
−3.96 **

	
−0.05 **

	
−5.39 **

	
−4.2 **




	
NTE

	
−30.2

	
3.19

	
−58.76

	
−52.51

	
−3.51 **

	
−0.03 +

	
−6.26 **

	
−6.15 **




	
NE2

	
−30.86

	
−20.86

	
−44.72

	
−42.95

	
−1.64 *

	
−2.84 +

	
−6.06 **

	
−6.03 **




	
SE2

	
9.26

	
16.74

	
−23.06

	
−35.6

	
−0.67 +

	
−1.48 **

	
−3.63 **

	
−4.35 **




	
Total

	
−9.11

	
11.07

	
−38.32

	
−35.26

	

	

	

	




	
Guadalajara

	
MIR

	
−3.16

	

	
−27.84

	

	
−0.4 +

	

	
−2.68 **

	








Statistical significance: + p > 0.05, * p < 0.05, ** p < 0.005.
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Table 4. Statistically significant relations between wind speed and PM concentrations. The relation can be positive (pos), negative (neg), or non-existent (no). Not available (na).






Table 4. Statistically significant relations between wind speed and PM concentrations. The relation can be positive (pos), negative (neg), or non-existent (no). Not available (na).





	

	
Station

	
Relation

	
Pollutant






	
Greater

Mexico City

	
ACO

	
Pos

	
PM10




	
BJU

	
No

	
na




	
CUA

	
Neg

	
PM10




	
CUT

	
Neg

	
PM10




	
FAC

	
No

	
na




	
MER

	
Neg

	
PM2.5




	
NEZ

	
Neg

	
PM10




	
SAG

	
Neg

	
PM2.5/PM10




	
SFE

	
Neg

	
PM2.5




	
TAH

	
Neg

	
PM10




	
TLA

	
Neg

	
PM10




	
UAX

	
Neg

	
PM2.5




	
UIZ

	
Neg

	
PM2.5




	
VIF

	
Pos

	
PM10




	
Monterrey Metropolitan Area

	
SE

	
No

	
na




	
NE

	
No

	
na




	
CE

	
No

	
na




	
NO

	
Neg

	
PM2.5




	
SO

	
Neg

	
PM10/PM2.5




	
NTE

	
No

	
na




	
NE2

	
Pos

	
PM10




	
SE2

	
No

	
na




	
Metropolitan Area of Guadalajara

	
ATE

	
No

	
na




	
OBL

	
No

	
na




	
VAL

	
No

	
na




	
MIR

	
Neg

	
PM10/PM2.5
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