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Abstract

:

The high concentrations of particulate matter (PM) in the atmosphere have adverse effects on both the environment and human health, as well as on urban and faunal biodiversity. Short-term events, such as the burning of fireworks, attributable to human activity, result in a significant and rapid increase in PM concentration levels within the atmosphere. We present findings derived from observations made using low-cost PM sensors deployed as part of the Environmental Monitoring Network in Querétaro, Mexico. These sensors utilize the Environmental Geo Monitoring Stations (EMGA) device, developed by the Institute of Geosciences at UNAM. The observation period spanned from 10 December 2023 to 10 January 2024, encompassed the Christmas and New Year holidays, and focused on PM2.5 concentrations, and a comparison with a similar period from 10 February 2024 to 10 March 2024 considered a typical activity period in the area. The results reveal two substantial increases in PM2.5 concentrations (from less than 50 µg/m3 to more than 340 µg/m3) over time and spatial distribution during this period, with notable increases observed during the festive season coincident with the Christmas and New Year celebrations. Specifically, prolonged periods exceeding up to 6 h were noted on festivity days. This research offers insight into the effects, trends, and spatial–temporal distribution of pollutants within the city of Queretaro, which may be used as a reference for other cities around the world.
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1. Introduction


Fine particulate matter (PM) with an aerodynamic diameter of less than 2.5 μm (PM2.5) has attracted global attention due to its effects on air quality, human health, and climate [1]. In urban areas, PM2.5 usually contains significant concentrations of inorganic and organic components, including black carbon, potentially toxic elements (PTE), and polycyclic aromatic hydrocarbons (PAH) [1,2,3], all of which pose health risks to humans and ecosystems. Once emitted into the atmosphere, this complex mixture of pollutants can be transformed based on ambient conditions and interactions among PM2.5 components with gaseous pollutants (e.g., SOx, NOx, COx, and volatile organic compounds). The atmospheric particulate system is particularly complex in urban areas due to (i) large emission volumes of PM2.5 components, (ii) gases released by anthropogenic sources, (iii) widespread distribution of emission sources, and (iv) climate. Hence, it is crucial to monitor short-term events to identify dates and spatial patterns of pollutant sources for environmental management and risk assessment [2,4]. PM2.5 is usually monitored by standard equipment in governmental networks. However, novel technologies such as low-cost sensors and environmental networks using biological indicators can provide insightful complementary particle pollution data recorded over months, years, or seasons [5,6,7,8].



New Year’s Eve is among the globally celebrated festivals as it marks the transition from the old year to the new year in the Gregorian calendar. In major cities, such celebrations directly impact the local environment, particularly the air quality [9,10]. The bursting and burning of firecrackers during New Year’s Eve festivities release substantial concentrations of PM2.5 and gases into the atmosphere. In Mexico, the use of firecrackers during the celebration of Christmas Eve is typical, providing a considerable impact on the air quality of urban areas, such as Queretaro City, in Central Mexico. Previous studies have documented the adverse effects of fireworks on air quality worldwide; for example, the significant increase in PM2.5 levels during the Diwali festival in India due to fireworks [10]. Moreover, there are regional and global effects of this anthropogenic activity, as the resultant atmospheric aerosols can alter Earth’s climate balance through direct (scattering and absorption of solar and longwave radiation), semi-direct (evaporation of cloud droplets due to solar absorption), and indirect (modification of cloud optical properties, lifetime, and albedo) effects [4].



The primary objective of burning fireworks as a recreational activity is to produce sound and light, with the secondary effect of causing emissions of gases and particles. The most common pyrotechnic mixtures comprise an oxidizer, a fuel, a source of carbon, and various additives such as chlorine donors to enhance color and other chemicals to modify appearance or sound [11]. Compounds affecting human health, such as hazardous pollutants (e.g., PM2.5 or dust), toxic gases (SOx, NOx), and almost any PTE, can be present in pyrotechnic emissions.



The use of commercial low-cost monitoring devices, such as Purple Air sensors and Smart Citizen Kit [12,13,14,15], both devices using the Plantower PMS5003 sensor, have created new opportunities for local and regional air quality monitoring. Although less precise than traditional monitoring equipment, these devices provide a cost-effective and accessible solution for environmental surveillance, enabling increased citizen participation in data collection and decision-making. Several studies conducted have demonstrated the usefulness and feasibility of low-cost PM2.5 sensors in monitoring air quality, providing valuable data for understanding air pollution and its impact on public health and environmental policies [15,16,17]. However, the use of low-cost sensors does not replace the use of reference devices with higher performance, and the performance characteristics differ from the traditional equipment [18], although they are useful to provide a better understanding of the spatial coverage and distribution of PM2.5 [19]. This study aims to measure and analyze changes in PM2.5 concentrations during the intense pyrotechnic burning activity on Christmas and New Year’s Eve in Querétaro City in central Mexico, by using low-cost PM2.5 sensors. In Mexico, pyrotechnic burning is a common practice during different festivities over the year, related to different local and regional celebrations. However, compared with other regions with intense firework activity during festivities [17,20], in Mexico, there is a lack of information on how that activity is spatial and time distributed in the urban areas. This research will contribute to a better understanding of fireworks’ impact on urban air quality during these celebrations and may provide valuable information for designing and implementing public policies aimed at mitigating their adverse effects.




2. Materials and Methods


2.1. Study Area


This study was conducted in the Metropolitan Area of Santiago de Queretaro City (Figure 1), which serves as the primary industrial and commercial hub of the El Bajio region, a macroregion located within the central Mexican plateau, approximately 250 km northwest of the Mexico City megalopolis. Queretaro’s urban area is situated on a high-altitude plateau, approximately 1900 m above sea level. The urban area is home to approximately 1.5 million inhabitants [21], concentrated across three municipalities: Querétaro, Corregidora, and El Marqués. The study area experiences a semi-arid climate (BSh), according to the Köppen–Geiger climate classification [22]. The average daily temperature ranges from 15 to 28 °C [21], with an annual accumulated precipitation of ca. 332 mm in 2023 [23].



The city hosts significant industrial activity, with approximately 28 industrial parks scattered throughout the metropolitan area. Moreover, owing to its strategic central location within the country, Queretaro serves as a major transportation hub, experiencing heavy traffic of cargo transport vehicles bound for Mexico City and other regions, as well as substantial local vehicle traffic. Industrial operations and the high volume of vehicular traffic represent potential sources of atmospheric pollutants, with temporal and geographical variations depending on human activity. In addition, Queretaro is immersed in a heavily industrial and agricultural region towards the west, which can contribute to the air pollutants measured in its atmosphere.




2.2. Instrumentation and Data Acquisition


In situ measurements were gathered from 11 sites within the Environmental Monitoring Network of the Metropolitan Area of Queretaro City initiated by the Instituto de Geociencias at the Universidad Nacional Autonoma de Mexico (IGc-UNAM), shown in Figure 1. This network is comprised of Environmental Geo Monitoring Stations (EMGA) designed and developed by the IGc-UNAM, which continuously monitors eight environmental variables in real-time: particulate matter (PM), PM2.5 and PM10 concentrations, temperature, atmospheric pressure, relative humidity, environmental noise, and intensity of the Earth’s magnetic field. Data is collected every 4 min and promptly transmitted to a data processing, storage, and visualization platform via the Internet. The design of the EMGA is simple and can be constructed in any electronic workshop, as it does not use surface-mounted devices; maintenance is simplified as all sensors are connected to the circuit board by cables. It can also be easily modified to delete sensors or include others (for more details, see [24]). This makes EMGA an attractive alternative to similar commercial monitors such as PurpleAir.



All EMGAs were installed outdoors, typically at a 5 to 10 m distance to streets and/or major avenues in the city, at heights ranging from 2 to 3 m above ground level. This study is focused specifically on PM2.5 temperature and relative humidity, continuously recorded over a period of up to 30 days spanning from 10 December 2023 to 10 January 2024. For reference, a similar period from 10 February 2024 to 10 March 2024 was recorded, considered a typical activity period in the area.



The EMGAs use a commercial low-cost Plantower PMS5003 optical particulate matter sensor for sizes of 2.5 and 10 µm where their concentrations are determined. The use and performance of these sensors have been scrutinized and discussed by various researchers [25,26,27,28], who proposed diverse methodologies for evaluating their accuracy and precision. The reliability of the data obtained with these sensors is subject to debate, particularly when compared with high-precision reference equipment. Nonetheless, multiple studies agree that data obtained from these sensors, although lacking the precision of high-performance equipment, are valuable for detecting atmospheric pollutants. Unlike high-precision equipment, which incurs substantial installation and maintenance costs, these sensors are affordable and facilitate the establishment of dense air quality monitoring networks at a reduced expense, enabling the observation of spatial discrepancies and seasonal variations in urban environments. These sensors are the ones integrated into low-cost commercial equipment networks like Purple Air, which boasts thousands of devices installed across the USA, with their performance and validity assessed in various studies [12,13,15,16].



In this study, raw mass concentration (µg/m3) data were selected from each sensor for PM2.5 with raw data collected every 4 min on the original time series [17]. Up to 30 days of data was analyzed for each of the 11 stations. The data series underwent hourly averaging for each sensor, followed by the application of a correction factor per hour to mitigate the standard error of underestimation in the sensor model, as described by [28]. Subsequently, a statistical analysis was conducted with an algorithm, applied to the data series to filter out outliers, excluding from the calculation of hourly averages any data points that deviated beyond one standard deviation of the data set (σ). This process effectively eliminated outlier data from the time series, enhancing its quality and reliability, and eliminating less than 10% of the data.





3. Results


3.1. Time Series


The time series of 1 h averages of the PM2.5 concentrations at three of the eleven sites are shown in Figure 2. These sites were selected based on the maximum values recorded during Christmas and New Year’s Eve celebrations: STATION-10 with the highest, STATION-19 with intermediate, and STATION-13 with the lowest values. We used those three reference stations to compare the maximum and minimum values during the 30-day record. Additionally, a comparison was made with a time series from STATION-10 (with the highest values recorded in this study), for a subsequent period of equal duration, characterized by a typical activity in the city without important celebrations. This was done to establish a pattern of variation among the spatially obtained results. The rest of the stations showed similar time series results.



STATION-10 (Figure 2a) and STATION-19 (Figure 2b) depict the temporal records of hourly averages from 10 December to 10 January, exhibiting typical variations for different days of the week, with PM2.5 values averaging below 50 µg/m3. The blank spaces represent periods during which the equipment did not record data attributable to specific site-related issues. Within the time series, two broad peaks are evident, showing a significant increase in the late hours of 24 and 31 December, considerably exceeding 150 µg/m3 and 300 µg/m3, respectively. These increases persist for at least 6 h during these specific events and coincide with the Christmas and New Year festivities, with the elevated PM2.5 recordings directly linked to fireworks burning in the vicinity. Traffic and industrial activity (among other factors) are the main contributors to PM2.5 concentrations in the environment, with average PM2.5 concentrations below 30 µg/m3.



Figure 2c illustrates the time series for STATION-10 from 10 February to 10 March 2024, displaying several peaks with high PM2.5 concentration values, of less than 30 min in duration. These peaks are probably due to isolated local events and are of much shorter duration than the peaks related to the festivities mentioned above. Figure 3 presents a comparison among three stations with the highest, intermediate, and lowest PM2.5 values (STATION-10, STATION-19, and STATION-13, respectively). For STATION-10 and STATION-19, a similar trend of increased PM2.5 concentrations was observed, albeit in varying proportions, between 24 December 2023 and 1 January 2024. For STATION-13, located in the middle of an industrial area and separated several kilometers from urban areas, during Christmas and New Year’s Eve, the human activity related to transit and industry was minimal, and there were no sources of firecrackers nearby, so the increase of the PM2.5 was minimal during these periods.




3.2. Meteorological Conditions and PM2.5 Relationship


Figure 4 compares the PM2.5 concentrations at STATION-10 with temperature and relative humidity. Figure 4a shows that the temperature had a daily variation between 10° C and 20° C. However, no specific correlation with the significant increase in PM2.5 concentrations was observed for 24–25 December and 31 December–1 January. Furthermore, during the period studied, there was no rainfall. Humidity showed daily variations (Figure 4b) but no correlation with the high PM2.5 concentrations. This suggests that the abrupt increase in these values is not correlated with meteorological conditions, indicating that the high concentrations of PM2.5 recorded are likely of an anthropic origin, associated with the burning of fireworks.




3.3. Diurnal Trends


Based on the typical patterns of PM2.5 emissions into the atmosphere, the PM2.5 concentrations were grouped to examine the daily variations and their dependence on human activities. This involved calculating hourly averages and filtering out outliers, as previously described. The data were then organized by day of the week, from Monday to Sunday, and further segmented by time of day, from 0 a.m. to 11:59 p.m.



STATION-10 (Figure 5a) and STATION-19 (Figure 5b) depicted notable increases in PM2.5 concentrations during the late hours of Sunday 24 and the early hours of Monday 25, as well as for Sunday 31 and Monday 01, corresponding to Christmas and New Year’s celebrations. This pattern coincides with periods of high pyrotechnic activity. STATION-13 (Figure 5c; with the lowest records for the studied period) exhibited a similar trend to Figure 5d, indicating that regular human activity such as transit and industry is the principal source of PM2.5, and the pyrotechnic activity in this area was less intense.



Figure 5d illustrates the daily PM2.5 records from 10 February to 10 March 2024, from STATION-19, representing typical activity patterns over four consecutive weeks. The graph highlights the days of the week that, on average, contribute to higher levels of PM2.5 in the environment, with notable peaks corresponding to peak traffic hours in the city, usually from 7 to 10 a.m. and 6 to 8 p.m.




3.4. Hourly Trends


To understand the specific daily variations, the time series are shown in polar form in Figure 6. This represents a daily radial axis of concentration of PM2.5 by each hour of the day, enabling visualization of hourly variations from 0 to 11:59 p.m. for each day within the date range of this study. Each different color represents a different day during the period analyzed.



Figure 6a,b depict the polar graphs, illustrating the hourly behavior of stations STATION-10 and STATION-19, respectively. Two curves can be observed, with a noticeable increase from 9 p.m. to 7 a.m. of the next day. This period coincides with the pyrotechnic burning starting around 9 p.m. on 24 December 2023, continuing until around 7 a.m. A similar behavior is observed from 31 December 2023 to 1 January 2024. This aligns with observations from the comparison of time series data for the study period. Figure 6c displays the polar projection for the STATION-13 sensor, which recorded the lowest concentration of PM2.5 during the studied period. Here, the burning of pyrotechnics was considerably lower compared to other stations in the city. Figure 6d shows the polar projection of STATION-10 for the period between 10 February and 10 March 2024. Although the daily trends differ from those of STATION-13, as they correspond to different social environments, a similarity in maximum averages can be observed. Neither of the two projections exhibit sustained peaks for several hours, as observed in STATION-10 and STATION-19.




3.5. Histograms


To evaluate the statistical impact of these short-term events, which nonetheless have a high environmental significance [9,29], histograms were constructed for each station for the period of this study. PM2.5 concentrations were grouped into ranges of PM2.5 concentrations of 5 µg/m3 each. A Gaussian (normal) distribution curve was fitted to the histogram to show the distribution of occurrence density for each PM2.5 concentration range.



Figure 7a–c present the histograms for STATION-19, STATION-10, and STATION-13, respectively, over the festivities period. It is observed that in STATION-19 and STATION-13, the distribution of PM2.5 concentrations extends up to 40 and 50 µg/m3, with very similar distributions. In the case of STATION-10, concentrations extend up to 50 and 60 µg/m3, with a similar but slightly higher distribution, compared to that of STATION-19 and STATION-13. Figure 7d illustrates the histogram of data recorded between February and March 2024 for STATION-19, representing normal anthropogenic activities. A distribution with a similar trend to those shown by Figure 7a–c is observed, but the 95% limits of the normal distribution are reduced to 40 and 50 µg/m3. This demonstrates that in longer time series, these short-lived events become diluted and challenging to detect, yet their environmental impacts remain significant.




3.6. Spatial Distribution of PM2.5


During the early hours of 1 January 2024, from 0 am to 7 am (GMT-6), EMGA sensors observed a notable increase in PM2.5 recordings, some of them up to 1000% higher than the usual values during the same hours. Figure 8a displays the maximum values recorded for 12 February 2024 (Monday), considered a random typical day of activity in the city. Figure 8b illustrates the spatial distribution of PM2.5 records, highlighting the highest readings observed at STATION-10, located in the central area of the city, for New Year’s Eve. During the celebration, the highest records of PM2.5 in this study were observed.



This region is recognized as one of the most densely populated areas in the city and is adjacent to two important industrial zones. Additionally, it is characterized by nearby neighborhoods where various regional and local festivities, such as religious festivals, occur more frequently than in other parts of the city. Conversely, the lowest readings correspond to STATION-13, located in the southwest area of the city. This site is positioned between the Bernardo Quintana Industrial Park and the Cimatario National Park ecological reserve and boasts one of the lowest population densities in the city. Despite experiencing intense activity on regular working days and hours, human activity, including both traffic and industrial activities, is notably diminished during the early hours of 1 January, compared to other parts of the city, resulting in the lowest PM2.5 recordings among all stations during that period. Table 1 presents the maximum PM2.5 concentration values recorded by the stations for 1 January and 12 February.





4. Discussion


The use of low-cost sensors presents a feasible and economical alternative for monitoring air quality in urban settings exposed to various sources of pollution. While these sensors may not offer the same level of precision as reference equipment, they serve as valuable tools for identifying the sources and dispersion of contaminants stemming from human activities, as well as their correlation with climatic variables like temperature, humidity, and other climate conditions [19,30,31,32,33]. The data presented in this study highlight contamination sources from burning pyrotechnics, over several hours and distributed across the city. They demonstrate the utility of low-cost monitoring networks to track such time-limited processes, and how they affect the environment spatially in a large city such as Queretaro.



Real-time recordings provided by sensors enable the observation of varying environmental conditions (deterioration of air quality), including changes in particulate matter concentration. Short-term fluctuations, spanning from minutes to hours, are frequently linked to human activity, which can exert significant short- and medium-term impacts on the environment. In this study, we analyze the substantial increase in atmospheric PM2.5 concentration resulting from burning fireworks. Spatially, Figure 8b illustrates station distribution and their peak values recorded during the early hours of 1 January 2024, showing considerable increases across most stations compared to typical values depicted in Figure 8a. The spatial distribution identifies areas where firework burning was more intense during that period, associating it as a source of contamination during short-term events.



Complementing spatial distribution, time series analysis reveals PM2.5 concentration variations over time. A significant increase is observed in PM2.5 concentrations recorded on 25 and 31 December across most stations, indicating a substantial rise in atmospheric pollutants generated during a few hours due to burning fireworks. Each station’s location reflects changes corresponding to the predominant human activity in its area. For instance, STATION-13, situated in an industrial area, exhibits no significant increase in PM2.5 concentration during these holidays, suggesting lower human activity compared to residential areas like stations 10 and 19. This underscores the anthropogenic influence on PM2.5 concentrations during short-duration events.



Weekly and hourly trends display a consistent pattern aligned with human activity, with PM2.5 concentration fluctuations marked by peak times of anthropogenic activity such as vehicular traffic and industrial operations. However, as depicted in Figure 7a,b and Figure 8a,b, pyrotechnic activity disrupts these trends, substantially elevating PM2.5 concentrations compared to periods of lower activity.



Real-time monitoring proves crucial, allowing for the recording and characterization of short-lived events in time and space. Despite their brief duration, such events significantly impact environmental conditions, potentially affecting human health and urban fauna diversity. Figure 8 demonstrates how high PM2.5 concentrations may go statistically unnoticed in longer-term records, with only more frequent concentrations observed in the normal distribution. This fact underscores the challenge of quantifying and associating short-term effects with other anthropogenic and environmental issues, such as forest fires, outdoor waste burning, accidental fires, and barbecues, among others.



The bursting and burning of firecrackers during festivities can cause important damage to human health every year. Consumer firework-related physical injuries can be devastating, leading to permanent vision loss, limb amputations, and, in some cases, death [34,35,36]. On the other hand, exposure to PM2.5 can cause acute and chronic health problems, with evidence showing that exposure to the particulate matter is linked to cardiovascular disorders such as heart attacks, heart failure, arrhythmias, and strokes [37,38]. More critical are the respiratory effects, such as asthma attacks and exacerbated respiratory symptoms like sneezing, wheezing, and shortness of breath, as exposure to PM2.5 is associated with those respiratory disorders [38,39,40]. In Mexico, the national regulations (NOM-025-SSA1-2021) establish a maximum exposure to concentration averages of 45 µg/m3 to prevent a health risk for the population [41]. This regulation is concordant with the US EPA 40 CFR part 50 [42]. The results presented in this work show how the increased PM2.5 concentrations considerably surpass the limits established by the Mexican and international regulations during the pyrotechnic burning activities. As a general diagnosis of the air quality situation in Queretaro during Christmas and New Year’s Eve, it can be said that the urban area presents a prominent spike of PM2.5 as a result of the intense burning of pyrotechnics among other materials such as bonfires.



With high concentrations of PM2.5 recorded during Christmas and New Year’s Eve, health issues manifest as cardiopulmonary problems, alongside visual and auditory overstimulation. The sudden loud noises and intense brightness of fireworks trigger fear and confusion among animals. Pet dogs often display signs of fear, particularly in response to noise, such as heightened activity, panting, vocalizations, blinking, and seeking out hiding spots [43]. It is worth noting that not all individuals respond identically to stress, which may explain why some do not exhibit obvious signs of fear [43].




5. Conclusions


The recording of environmental pollution through the use of low-cost sensors such as EMGA provides valuable data for monitoring human activity. This study highlights particularly short-term events such as burning fireworks. These brief events may go unnoticed in long-term time series of low resolution. Additionally, the importance of low-cost and dense environmental monitoring networks is demonstrated, providing data over long periods and enabling spatial analysis, thereby inferring anthropogenic impacts on environmental conditions. In this study, we show how two events lasting approximately 10 h resulted in particulate matter concentrations up to 10 times higher than on a regular day, surpassing any national and international regulations. This could have negative consequences for human health and urban fauna diversity. Analyzing these events can facilitate the design of mitigation measures to reduce environmental damage.
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Figure 1. Location of Querétaro city compared to other cities (in yellow) in central Mexico (a). The spatial location of the EMGA stations (indicated with numbers, e.g., 10 is STATION-10) from the environmental monitoring network of Querétaro city (b). 
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Figure 2. Time series showing increases in PM2.5 concentrations at three monitoring sites: (a) STATION-10; (b) STATION-19; (c) STATION-10. Vertical lines show the beginning of the Christmas and New Year’s Eve celebrations. Figures on different scales for the concentration of PM2.5. 
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Figure 3. Comparison among three time series showing increases in PM2.5 concentrations at three monitoring sites: STATION-10 in red; STATION-13 in blue; and STATION-19 in green. 
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Figure 4. Comparison with temperature (a) and humidity (b) dependence of the PM2.5 concentrations at STATION-10. 
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Figure 5. Trends by day of the week from Monday to Sunday, and by hour of the day. (a–c) illustrate the hourly and daily trend of PM2.5 concentrations during Christmas and New Year’s Eve. (d) shows the weekly trend for a regular season, from 10 February to 10 March 2024. 
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Figure 6. Polar representation showing trends of PM2.5 concentrations in hourly averages. Each different color indicates hourly averages for a full day of data. The radial axis shows the PM2.5 concentrations; Clockwise numeration shows the hourly distribution of PM2.5 from 0 to 23 h. 
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Figure 7. Histograms of PM2.5 concentrations grouped into 5 µg/m3 ranges and fitted to a normal distribution. (a–c) show the histograms for PM2.5 concentrations during Christmas and New Year’s Eve. (d) shows the histogram for a regular season, from 10 February to 10 March 2024. 
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Figure 8. Spatial distribution of maximum PM2.5 concentrations recorded in the monitoring network for 12 February 2024 (a); and for 1 January 2024 (b). 
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Table 1. Maximum PM2.5 concentrations were recorded at monitoring stations for 1 January and 12 February 2024.
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Max PM2.5 (µg/m3)




	
Station Name

	
1 January 2024

	
12 February 2024






	
STATION-19

	
160

	
28




	
STATION-12

	
265

	
50




	
STATION-10

	
346

	
42




	
STATION-11

	
267

	
52




	
STATION-18

	
178

	
43




	
STATION-13

	
56

	
39




	
STATION-01

	
198

	
51




	
STATION-03

	
112

	
34




	
STATION-17

	
231

	
26




	
STATION-07

	
274

	
53




	
STATION-22

	
255

	
58
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