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Abstract: This work presents an analysis of fire events recorded in Isla Salamanca Natural Park
and their impact on the air quality in the district of Barranquilla, with an emphasis on 2020 due to
the increase in the number of ha burned by forest fires that year. The analysis was based on the
data provided by the environmental authority for 2015-2020. The average number of ha burned
in 2020 was 50% (events recorded since 2015), with a total area of fires corresponding to 256.9 ha,
which is of concern considering the ecological importance of the park and its proximity to the district
of Barranquilla, Colombia. The study evaluated the spatial-temporal distributions of forest fires
and their possible direct effects on air quality. For 2020, it was found that the maximum hourly
measurements of the Tres Ave Marias station for particulate matter less than 2.5 (135.013 pg/ md)
corresponded to the recorded event that occurred in June 2020, whereas those of the Mévil station
for PMyg (263.98 ug/ m?) and PM, 5 (278.7 ug/ md) corresponded to the events of 28 June 2020, and
9 August 2020. These concentrations were higher than the standard values of the average maximum
limits for 24 h established in the current Colombian regulations, and both events coincided with fire
events reported by the environmental authorities, where a total of 249 ha of Isla Salamanca Natural
Park were burned. These things considered, it was evident that the Policia station had the highest
concentrations of pollutants on average.

Keywords: wildfires; Colombia; Barranquilla; Isla Salamanca Natural Park; air quality; fire season;
hotspot; area burned

1. Introduction

Air pollution is an environmental problem that must be addressed worldwide [1]. The
main harmful pollutants to human health and well-being are considered as the following;:
particulate matter (PM) less than 10 microns (PM;j) and PM less than 2.5 microns (PMy5),
nitrogen dioxide (NO,), sulfur dioxide (SO,), ozone (O3), and carbon monoxide (CO) [2-5].

The World Health Organization (WHO) showed in 2016 that air pollution had caused
4.2 million premature deaths per year in cities and in rural areas of low- and middle-income
countries and that these deaths were due to exposure to PM; 5 [6]. World health statistics
2022 affirms that 99% of the world population breathes unhealthy levels of PM and NO,,
and people in low- and middle-income countries are exposed to air pollution at levels
exceeding WHO air quality limits [7]. Various studies indicate that PM generates a negative
impact on human health [8,9] due to exposure to fine particles which increases the risk of
cardiovascular, cerebrovascular, and respiratory complications [10-15], and further, that
NO; is associated with respiratory diseases (e.g., asthma) [16].

Forest fires produce a variety of compounds such as carbon monoxide, nitrogen oxides,
particulate matter, hydrocarbons, and other organic compounds [4,5] which are present in
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smoke caused by intentional burning and agricultural activities, and are considered a severe
problem in many regions, especially in developing countries [17,18]. Biomass burning gen-
erates a mixture of PM;g and PM; 5 and other compounds (NOx and VOCs) [19]. Biomass
burning in South America represents 30% of the total overall contribution [20,21]. This is a
pollution source related to the events of burning in the Amazon region in particular [22],
and those that have occurred in the savannah of northern South America, with substantial
contributions to pollution levels in the tropical Northern Hemisphere [21,23]. Air masses
with pollutants from biomass burning can be transported long distances, affecting air
quality in urban areas that are broadly influenced by local anthropogenic activities [24].
Nevertheless, this long-range transport can cause high levels of pollutants in urban ar-
eas [24-26], as in the case of the observations at a station in Venezuela, where smoke
layers were transported from the Andes towards the Pacific Ocean to the Galapagos Is-
lands [22], with the consequence of health risks for populations distant from the source of
pollution [27,28]. Some authors evaluated the influence of long-term transport of smoke
aerosols and their impact on air quality in the state of New York, United States, recording
an increase in average concentrations of PM; 5 which exceeded the permissible limits after
a fire event [25]. Therefore, studies related to biomass burning have stated that PM is
the pollutant that is most harmful to public health [24,29], and the impact of long-range
transport PMj 5 from forest fires has been associated with hospital admissions and cardio-
vascular mortality [30]; further, research indicates that vulnerable populations (children,
the disabled, or the elderly, etc.) are the most affected from fire exposure [31].

Large pollution events due to biomass burning are expected to be more recurrent as
climate change progresses, owing to high greenhouse gas concentrations [31-34]. Previous
studies have shown that under the scenarios of climate change, the frequency and intensity
of air pollution would rise with increases in PM; 5 concentrations [26]. However, the
intensity of some forest fires has anthropogenic causes due to human direct or indirect
disturbance to fire regimes as a result of changes in land use, agricultural expansion,
deforestation, use of resources, and waste management [21,32,35,36], which increases for
communities located at the wildland—urban interface [32].

In Latin America, in 2019, approximately six million hectares were burned in Bolivia,
Brazil, Colombia, Paraguay, and Peru, in regions mostly located within protected areas
of native vegetation [32,37], and in 2020, other episodes of wildfire in this area occurred
during the dry season. The burn area patterns between 2000 and early 2021 show the
following: forest fires in Bolivia were associated with the impact of extreme events and
cover land loss; fires in the Brazilian savannah (Cerrado) in the dry season have increased in
frequency and intensity, with a tendency for forest fires to occur every 2 or 3 years; wildfires
in Paraguay have been linked with an increase in deforestation; forest fires in Mexico have
been related to drought periods; and changes in land-cover and land-use and extreme
drought events in central Chile accelerated large fires during 2016-2017 [32].

Northern Colombia belongs to the Caribbean Region, where the Isla Salamanca Natu-
ral Park is located, which is a protected area with three types of forest: mangrove (red, salty,
and yellow mangrove), tropical dry, and riparian forest. The park was declared an Area
of Importance for the Conservation of Birds (AICA), and together with the Sanctuary of
Fauna and Flora of the Ciénaga Grande de Santa Marta, was declared a Ramsar site and a
biosphere reserve by UNESCO [38]. Currently, the Isla Salamanca Natural Park is subject to
recurrent forest fires due to the illegal extraction of resources by inhabitants of the park or
its surroundings, who build wire fences to catch animals faster, commercialize them, and in
this way, obtain income for their sustenance [39]. Despite these episodes of fires, there are
few studies on their impact on air quality in the surrounding area, especially Barranquilla.

However, a recent investigation carried out in the district of Barranquilla evaluated the
variations in the concentrations of PM;g, PM; 5, and ozone O3 between the dry and rainy
seasons and the contribution of local sources such as the burning of biomass through the Isla
Salamanca Natural Park [40]. Moreover, another study carried out in Barranquilla identifies
the contributions of marine sea spray, re-suspended soil, and vehicular traffic as the main
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sources of air pollution by particulate matter. Also, PM, 5 included two mixed sources
were found to be fuel oil combustion with fertilizer industry emissions, and secondary
aerosol sources with building construction emissions [41]. The impact of forest fires on air
quality has been the subject of various investigations, and previous studies conducted by
researchers who evaluated the contribution of forest fires to fine particles during burning
episodes, and how these emissions affect health and contribute to the climate change [42,43],
the latter since fine particles have an important impact on the climate and are responsible
for a positive radiative formation [44—46]. A study in the Colombian Caribbean for the
period 2003-2015 concluded that the burned area and fire emissions will be increased as
result of land-cover change in the region [47]. On the other hands, the average contribution
of biomass burning to PM; 5 was of 20-30% for Soledad and Malambo located in the
Colombian Caribbean [48]. Also, the contribution of a biomass burning episode by 2020 in
Colombian Caribbean region (La Guajira department) was 52% above the daily average to
PM;jg, and on 45% above the daily average to PM; 5 [49]. In Colombia during 2018 were
evaluated the health impacts associated to biomass burning PM; 5, with about 52 mortality
cases between related to cardiovascular affections and respiratory disease [50].

Barranquilla is characterized by being one of the cities that has had the most economic
growth in the Colombian Caribbean, especially in relation to fertilizer factories; cement,
iron ore, and steel industries; waste incineration; civil works projects; and increase vehicular
traffic [41,51,52]. Therefore, emissions produced from these activities are added to those
from forest fires, complicating the situation in terms of the impact on air quality and its
consequent effect on public health of the population in general.

The objective of this study was to evaluate the dynamics of air pollutants in the district
of Barranquilla, Colombia, during the most significant forest fire events in 2020 in the
Isla Salamanca Natural Park and thus establish the frequency of incidents that reduce
air quality.

2. Materials and Methods
2.1. Study Area

The district of Barranquilla is considered one of the most important cities in the
Colombian Caribbean Region, with an estimated population of 1.2 million inhabitants,
which represents 11% of the population of this region. It is located between the intersection
of the Caribbean Sea shore and the Magdalena River in northern Colombia (Figure 1). The
district has an area of approximately 166 km? and accounts for 29% of the region’s GDP as
a result of commercial, industrial, and port-related economic activities [53].

The region is characterized by two climatic seasons, namely, wet and dry. The wet
season occurs between April and November, and the dry period occurs from December to
March. The temperature oscillates between 23 °C and 31 °C, and its annual average relative
humidity is 80%. Rain occurs from May to October with 70 to 178 mm /month; annually,
the average duration of rainfall events is approximately 14 days [54].

Isla Salamanca Natural Park is located 40 km from of Barranquilla (10°56' N and
74°27" W), and its altitude varies between 0 and 6 m.a.s.l. It has a warm climate with
temperatures that fluctuate between 28 °C and 30 °C, and it has an area of approximately
56,200 ha. Its main ecosystems are dry mangrove forest, semidry tropical forest, mixed for-
est, and thorn bush forest. The study area provides ecosystem services such as (i) Preserve
samples of estuarine and marine ecosystem mosaics of the Ciénaga Grande de Santa Marta
such as mangroves, coastal lagoons, dry forest, sub-xerophytic forest and sedimentary
bottoms, as specialized habitats for hydrobiological resources, migratory, resident, endemic
and/or fauna. in some degree of threat. (ii) Contribute to the generation, protection and
maintenance of environmental goods and services such as fishing, recreation, collection and
filtration of sediments and nutrient cycling, to support sustainable human development in
the area of influence [38].
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Figure 1. Map of the study area.
2.2. Air Quality and Meteorological Data

To analyze, the influence of fires on the air quality in the district of Barranquilla, the
hourly concentrations of four criteria pollutants (PM;g, PM, 5, CO, and O3), temperature
(°C), relative humidity (%), wind direction, wind speed (m/s), and precipitation (mm)
were obtained from three monitoring stations located in the area of interest, namely, Policia
(10°58/55.89" N, 74°47'17.73" W), Tres Ave Marias (11°01'12.95" N, 74°48'28.54" W), and
Movil (11°01'09.61"” N, 74°51'01.61” W). The three monitoring stations used Beta Gauge
monitors for PM (model MP101M from Environment S.A.), Photometric UV monitors for
O3 (model O342M from Environment S.A), and Non-dispersive Infrared Photometer for
CO (model CO12M). Calibration and data validation are developed by EPA Barranquilla
Verde, following USEPA method: EQPM-0404-151 for PM;y, EQPM-1013-211 for PM; 5,
EQOA 0206-148 for O3, and RFCA 0206-147 for CO [55]. The data were supplied by
EPA Barranquilla Verde [56], the entity in charge of monitoring air quality data, and
meteorological variables for the study area. It is important to mention that the Policia,
Tres Ave Marias, and, Movil stations have data for pollutants (PM;g, PM; 5, O3, CO), since
1 January 2018 and for meteorological data since 1 January 2019, for which an adjustment
of the study periods was made, according to the availability of data [40,57]. The 95%
confidence interval of measured concentration of each pollutant was estimated as the
statistic given by a Student’s ¢-distribution with n—1 degrees of freedom, which considers
the sample size, the sample mean, the expected mean value, and the sample standard
deviation [58-60].

The records of fire events were extracted from the database of National Natural Parks
of Colombia [61]. Episodes of forest fires in Isla Salamanca Natural Park have been frequent
in recent years. Between 2017 and 2020, there were approximately 24 fires that burned
an average of 389.64 ha of cattails, mangroves, and semidry forest. In 2020, there were
multiple severe episodes that were characterized by being the most frequent and intense
fires that have occurred: one fire started on May 6 and was active for 9 days, and then, on
June 18, another fire occurred that lasted approximately 11 days, followed by an episode
on August 8 that burned the greatest area of the park [61]. These records have led to states
of alert due to the increase in concentrations of PM; 5 in the district of Barranquilla, as
occurred during the June 18 event [62].
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2.3. Processing and Statistical Analysis of the Data

To ensure homogeneity of the data, the multiple imputation method was applied to
obtain the missing data using MICE package for R [63] (see Appendix A, Table A1 which
shows percentage of missing data), and the daily average concentrations of atmospheric
pollutants were calculated. It is important to specify that the imputation missing data
affected mainly PM;g and PM; 5 values from the year 2020. In addition to the analysis of
the spatiotemporal distribution was performed using the conditional probability function
(CPF) and bivariate polar graphs for the concentrations of PM;g and PM; 5 of each of the
monitoring stations to evaluate the behavior and dynamics of the pollutants in the study
area using the Openair package [64] of the R statistical software [65].

To link the fire episodes with the concentrations of the pollutants, the exceedance
index of normed values was applied during the burning period, to calculate the exceedance
of the standards, the arithmetic mean is taken of concentrations measures by the stations
of monitoring and these averages are compared with the maximum permissible level [66],
according to Colombia environmental regulations (see Table 1).

Table 1. Criteria pollutants maximum permissible level.

Pollutant Maximum Permissible Level (ug/m3) Averaging Time
50 Annual
PMyg
75 24h
25 Annual
PM; 5
37 24h
50 24h
SO,
100 1h
60 Annual
NO,
200 1h
05 100 8h
5000 8h
Cco
35,000 1h

To estimate the relationship between the concentrations of pollutants and the meteoro-
logical variables at the three monitoring stations, and the Spearman correlation coefficient
was applied. These statistical analyses were performed using Rstudio software.

2.4. Backward during Wildfires

To perform the analysis of the back trajectory of particulate matter pollution sources
per hour recorded by the stations for the June and August 2020 fire episodes, the Hys-
plit model was implemented, using the web version of the NOAA HYSPLIT trajectory
model. This was achieved with meteorological reanalysis data from the Global Data As-
similation System (GDAS, https://www.ready.noaa.gov/HYSPLIT_traj.php, accessed on
13 September 2022) like has been done in other studies [67,68]. The parameters established
for the calculation were: heights above ground level (agl) for the analysis 100 m, 500 m
and 800 m; Total analysis time was the duration of the fire episodes; start time midnight
and multiple backward trajectories were simulated starting every 2 h. Taking into account
that the use of trajectory models during prolonged events can achieve better results than
analyzing individual trajectories [69,70].

3. Results
3.1. Spatial-Temporal Distribution of Fires in Isla Salamanca Natural Park

Based on the information provided by the National Parks, the entity in charge of
monitoring fires in the area of interest, for 2015 to 2020, 35 forest fires were recorded, of
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which 46% were intentionally caused and 54% were attributed negligence. Additionally, in

-74°48.00"

the annual fire data set, the largest number and total area of fires occurred in 2020 with a
cumulative area of 256.9 ha burned (Table 2).

Table 2. Data on fires recorded in Isla Salamanca Natural Park.

Year Number of Fires Total Hectares Burned
2015 7 115.97

2016 4 10.2

2017 7 101.84

2018 3 9.9

2019 5 21

2020 9 256.9

As shown in Figure 2, the fires were mostly concentrated in the western zone of
Isla Salamanca Natural Park, located near the district of Barranquilla. The two largest
fire episodes with an affected area greater than 100 ha occurred within the hotspot zone
identified in the study due to the high incidence of fires. The Hotspot was obtained
according to the number of fires, in the study the fire-prone areas were identified. A “fire-
prone’ area is defined as a region with above-average fires during the study period [71,72].
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Figure 2. Spatial-temporal distribution of fire events in Isla Salamanca Natural Park.

3.2. Overview

Table 3 shows in terms of correlations between pollutants, the statistical analysis of
the data showed a positive correlation between PM;y and PM; 5 (Rho = 0.67, p = <0.001)
at all stations. For CO and O3, a significant and negative correlation was observed at the
Moévil (Rho = —0.53, p = <0.0001) and Policia (Rho = —0.25, p = <0.0001) stations. On the
other hand, O3 had a significant and negative correlation with the PM at the Movil station;
this station also presented the highest values of O3. The data were analyzed for the period
from 2019 to 2020.
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Table 3. Spearman correlations between pollutants and meteorological variables for all monitoring
stations (2019-2020).

Station O3 PMj PM, 5 Dir. Wind Vel. from the Wind Temp. Rel. Hum. Precip.
CcO —0.197 0.157 0.224 0.013 0.011 —0.037 0.174 —0.024
O3 1 0.005 —0.058 —0.053 0.26 0.549 —0.686 —0.034
Policia

PMyg 0.005 1 0.671 —0.037 0.15 —0.078 0.145 —0.085

PM, 5 —0.058 0.671 N/A 0.076 0.054 —0.132 0.234 —0.062

CcO —0.537 0.093 0.169 —0.093 0.112 0.082 —0.076 0.197

. O3 1 —0.235 —0.255 0.069 —0.114 0.189 —0.062 —0.211
Movil PMy, 0235 1 0.714 —0.109 0.061 —0.106 0.15 —0.105
PM; 5 —0.255 0.714 1 —0.039 0.092 —0.055 0.066 —0.095
CcO 0.076 0.266 —0.367 0.426 —0.357 —0.366 —0.358 —0.576
Tres Ave O3 1 0.185 —0.205 —0.034 0.058 0.157 —0.457 —0.189
Marias PMyo 0.185 1 0.199 0.142 —0.128 —0.331 —0.141 —0.426
PM, 5 —0.205 0.199 1 —0471 0.46 0.297 0.575 0.538

3.3. Circulation and Regional Transport

During 2020, when the most significant episodes were recorded, the distribution of
pollutants was analyzed considering the direction and speed of the wind. The pink graph of
contaminants. The results also indicate that the concentrations of pollutants were generally
higher when the air pockets of the northeast (selected pollutants) reached velocities of
approximately 3 m/s.

Figure 3 presents the effect of the regional transport of pollutants such as PM, measured
at the Tres Ave Marias and Movil stations. In general, the predominant direction was
northeast with a significant influence from the south for some pollutants. These trends are
consistent with the graphs of the CPF (Figure 4) and bivariate polar graphs (Figure 5). CPF
graphs indicate the probability of a selected concentration of each wind direction, while the
bivariate polar graphs used a generalized additive model to interpolate between averaged
data points for the wind direction and speed [73].

3.4. Cases of Exceeding the Regulated Values

The analysis of exceeding the standards for PM;g, PM; 5, O3 and CO aimed to compare
the maximum permissible values of the data obtained from the stations with the national
standard (Resolution 2254 of 2017). Among the results, the levels of PM at the stations
mostly complied with the regulations (Figure 6). For PMyy, a total of 119 cases exceeded
the mean concentration limit of 24 h (75 pg/m?), with 2020 being the year that recorded the
highest number compared to those in 2018 and 2019. For PM; 5 the higher percentage of
exceeding the average national limit of 24 h (37 jig/m?) was equivalent to 4% in the records
for 2020. On some days, the concentrations of O3 also exceeded this limit.

Table 4, the maximum hourly measurements at Tres Ave Marias station for PMyg
(1424.33 pg/ m?3) and PM, 5 (135.013 ug/ m?) corresponded to events on 14 May 2020,
and 23 June 2020, while those at the Mévil station for PMjg (263.98 pg/m?) and PM, 5
(278.7 ug/ m3) corresponded to events on June 28, 2020, and August 9, 2020; these levels
exceeded the average maximum limits of 24 h. Both events coincided with fire events
denounced by the environmental authorities that results in a total of 249 ha of the Isla
Salamanca Natural Park being burned. At the time, the average wind direction was
northeast with a speed of 3 m/s.
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Figure 3. Pollutants rose for particulate matter (PMjg and PM; 5) (2020). (a) Movil station. (b) Tres Ave
Marias Station. (c) Policia station.

Figure 4. Graph of the conditional probability function (CPF) of concentrations of PM;g and PM; 5
(2020); (a) Movil station, (b) Tres Ave Marias station; (c) Policia station.
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Figure 5. Bivariate polar graph of concentrations of PMjg and PM; 5 (2020); (a) Mévil station, (b) Tres
Ave Marias station; (c) Policia station.
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Figure 6. (a) Number of times the PM; 5 standard values were exceeded (2018-2020); (b) number of
times the PM; standard values were exceeded.
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Table 4. Descriptive statistical analysis and stations of interest (2018-2020).

Standard 95% Confidence Interval

Station Pollutant N Minimum  Maximum Average ..
Deviation Lower Upper
CcO 26,304 0 7030.28 445.92 563.45 439.11 452.73
Policia O3 26,304 0 228.936 27.21 15.2 27.03 27.39
PMyg 26,304 0 329.54 49.37 28.96 49.02 49.72
PM; 5 26,304 0 275.08 16.82 14.41 16.65 16.99
CO 26,304 0 7411.93 391.42 344.92 387.25 395.59
Tres Ave 05 26,304 0 172.09 34.98 14.22 34.81 35.15
Marias PMyg 26,304 0 1424.33 38.06 28.94 37.71 38.41
PM; 5 26,304 0 135.01 14.25 12.09 14.10 14.40
CO 26,304 0 221.00 312.06 200.46 309.64 314.48
Mévil (@ 26,304 0 2627.24 88.44 142.25 86.72 90.16
PMyg 26,304 0 263.98 4211 27.45 41.78 42.44
PM; 5 26,304 0 278.70 14.76 11.32 14.62 14.90

These results indicate that there is a considerable level of affectation in the air quality
of the city of Barranquilla when large-scale fires occur (>100 Ha burned) and with wind
speed conditions greater than 3 m/s, since with Fires of minor characteristics did not show
any exceedance of the normed values. It is important to highlight that these results are
subject to improvement when more data is available to be able to analyze a significant
period of years.

On the other hand, Figure 7 show the data reports an increase in PMjg concentrations
during the episode of 12 May 2020 of approximately 100.70 pg/m? at the Tres Aves Marias
station. During the biomass burning event of 18 June 2020, PM; registered an increase
in its maximum permissible levels at the three monitoring stations, this being the most
representative at the Tres Ave Marias station with a daily concentration of 163.32 pg/m3.
PMj 5 reports an increase in the permissible limits of 40.65 g/m? at the Policia station after
the fire event on 5 May 2020 (Figure 8), this case is consistent with studies carried where
the increases in PM; 5 concentrations occur after the fire event [25].

PM 3 pigfm?

Movil station

Policia station

TresAve N arias Station  =s=sss« Maximun standard 24 b

Figure 7. Daily concentrations of particulate matter (PMy() In the fire period from 1 March 2020 to
31 August 2020. Dashed lines identify the allowed number of exceedances per 24 h.
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Figure 8. Record of daily concentrations of particulate matter at three monitoring stations a. PM 5.
In the fire period from 1 March 2020 to 31 August 2020. Dashed lines identify the allowed number of
exceedances per 24 h.

3.5. Backward during Wildfires 2020

The analysis of the backward was carried out during the most shocking fire episodes
that developed during the year 2020 (18-28 June and 8-15 August) in which more than
200 hectares of the Isla de Salamanca natural park were burned. For the analysis, The Hy-
brid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) was implemented.
According to multiple studies, this model is one of the most used for the calculation of
atmospheric dispersion and backward [74,75]. For the reanalysis data, GDASI (1° resolu-
tion) was used, which has been used successfully for trajectory calculations regardless of
topography and diversified land-use areas [76]. For this analysis, we worked with heights
of 100 m, 500 m and 800 m.

Figure 9 analyzed the Policia and Tres Ave Marias station because it was the station
that registered an increase in the regulated values according to Colombian legislation for
June 2020, coinciding with one of the fire episodes.

A Policia station
~—— Height 100 m
Height 500 m
—— Height 800 m
# Fire > 100 ha June 2020
[ 1sla Salamanca Natural Park
[ Barranquilla

0 7.5 15 km

Figure 9. Cont.
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A Policia station
—— Height 100 m

Height 500 m
— Height 800 m
# Fire > 100 ha AUGUST 2020
[ 1sla Salamanca Natural Park
[ Barranquilla

0 7.5 15 km

4 3 Ave Maria estation
~— Height 100 m
Height 500 m
~—— Height 800 m
# Fire > 100 ha June 2020
[ 1sla Salamanca Natural Park
[ Barranquilla

0 725 15 km

©)

Figure 9. Backward of the air masses arriving in the stations (A) Policia station June 2020. (B) Policia
station august 2020. (C) Tres Ave Marias Station June 2020.

4. Discussion

Although government policies have improved the monitoring of pollutants and fire
records in urban areas of Colombia, there is a scarcity of data and little record on these air
pollutant measurements inside and outside urban areas, which makes it difficult to study
air quality and its relationship with prolonged fires registered in the area of interest. The
results obtained in the present study help to understand the behavior of the atmospheric
regime of the study area and how it can impact the air quality of the district of Barranquilla
as a result of the forest fires that occur in the Isla Salamanca Natural Park. Although the Isla
Salamanca Park it is a protected area, it has a predominance of forest fires, mostly caused
by anthropogenic activities.

The results of the correlations are consistent with the results obtained in Duarte et al.
(2021) [40], which indicates that O3 concentration may be associated with meteorological
conditions related to the formation of sea breeze circulations that favor the improvement of
O3 production. In addition, a significant and positive correlation between O3 and tempera-
ture is observed since this has a greater influence on the generation of O3 [77,78]. While the
Policia station recorded the highest average values in terms of pollutant concentrations.
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Instead, the correlations of particulate matter with meteorological variables are weaker
than those recorded by ozone. According to Jacob and Winner (2009) [79], this occurs due to
the diversity of particulate matter components, the complex coupling of particulate matter
to the hydrological cycle, and various compensatory effects.

Regional atmospheric biomass burning events can increase the particulate matter
concentrations according Rojano et al., 2021 [49], and can be seen in Figure 6, which
shows 4% of exceedance percentage for PM, 5 in the year 2020. Overall, the pollutant
data showed an increase in the concentrations of PM;g and PM; 5, coinciding with the
largest fire episodes that occurred in 2020, and this information allowed the identification
of a relationship between the magnitude of the fire and the increase in the pollutant
concentrations measured by the stations because fires with smaller burned areas did not
differ among the observers located in the field. It is important to note that the alterations in
the air quality for the episodes were not constant; that is, every day that the fires occurred,
there were no high levels due to the dynamics of the area. Although the concentrations
of particulate matter during the study are not extreme, it can generate a future risk to the
health of the nearby population, especially the susceptible population [80,81].

In addition, the results showed a good correlation among the different sampling
sites for the two groups of correlations: concentration data compared with environmental
conditions and concentration data between different pollutants. Taking into account the
magnitude of the recorded fire episodes and the predominance of northeasterly winds in
the district of Barranquilla, in some cases, the fires affected the air quality in Salamanca
Island Park, with greater impacts at the Tres Ave Marias and Mévil stations.

Backward of the air masses for the fire episodes show an alteration in air quality, for
the Tres Ave Marias station, for prolonged fires and with burning areas greater than 100 ha
and if the directions of the air masses direct the air masses to the area. For the Policia station,
alteration was evidenced during the June 2020 fire but not for the August fire, which shows
that there is no direct relationship for that specific area. This episode can be attributed to
the mineral dust from African deserts that in June 2020, took place in the Caribbean [82,83].

It is important to note that a large amount of the pollutants detected by the stations are
generated from productive processes carried out in the city, as evidenced in recent studies
conducted for the city [40,41,51]. This result is consistent with the results of the analysis
of the climatological variables since they showed that most of the pollutants move in the
opposite direction of Barranquilla, so the impact during prolonged fires is not visible.

A limitation of our study is the lack of information on the concentrations of pollutants
over a long period, as there are only data from 2018 to 2020, despite having available reports
by National Parks about Isla Salamanca Park fire events between 2015-2020, that so it was
not possible to analyze the dynamics of a longer time series.

5. Conclusions

In this study, the OpenAir package of the Rstudio program was used to analyze the
impact of events recorded in the Isla Salamanca Natural Park, and these events had a great
impact due to the magnitude of the burns (>100 ha). Through numerical analysis, we found
a relationship between the generation of PM and large-scale fire episodes recorded between
June and August 2020.

It is important to indicate that the area of interest does not have enough stations
to adequately evaluate fire episodes since the observations in the field do not cover a
large portion of the area of interest. In that sense, remote sensing is a tool that facilitate
monitoring (i.e., to identify land us change that could cause a forest fire event), predicting
of disaster risk, and managing wildfires.

The results of this study allow us to present a systematic analysis of the impact of
forest fires in Isla Salamanca Natural Park and the direct effect that these fires have on
the air quality of the district of Barranquilla. The results were consistent with those of
other studies regarding the finding at the Movil station regarding the increase in the O3
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and decrease in CO. It is important to note that meteorological variables, especially wind
direction and speed, strongly affect the concentration and dispersion of pollutants.

Finally, the absence of fire management policies hinders the protection and conserva-
tion of natural ecosystems such as mangroves, grasslands and scrub in natural protected
areas, also implementation of doings to prevent wildfires spreading in susceptible areas.
Therefore, inter-institutional and communities work are required to advance in more ef-
fective actions to control of these events and their implications in terms of air quality and
consequent affect to health.
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Appendix A

Table Al. Percentage of missing data for each air quality monitoring stations.

Parameter/ Policia Station Tres Ave Marias Station Movil Station

Variable 2018 2019 2020 2018 2019 2020 2018 2019 2020

CcO 8% 7% 19% 9% 10% 7% 8% 4% 3%

O3 7% 40% 16% 11% 10% 18% 8% 3% 38%
PM; 5 21% 22% 21% 24% 18% 39% 36% 16% 69%
PMyg 22% 12% 19% 22% 16% 39% 25% 10% 56%
Dir. Wind 9% 17% 11% 3% 8% 0.05%
Wind speed 8% 17% 11% 3% 8% 0.05%
Temp. 9% 17% 11% 3% 7% 0.32%
Rel. Hum 9% 18% 11% 4% 12% 0.40%
Precip. 4% 15% 12% 3% 20% 0.03%
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