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Abstract: Over the decades, air pollution has become a serious problem in Osorno, Chile. This study
aims to clarify the source of PM2.5 by comprehensively analyzing its chemical composition and
comparing it with meteorological conditions. The PM2.5 and filter samples were collected during
April 2019–August 2019 using a continuous particulate monitor. The analyses were conducted using
Image J software, ion chromatography, and backward trajectory. The ion composition and the PM2.5

were compared. The results on the PM2.5 and potassium (K+) concentrations indicated a correlation
factor of 0.93, indicating that biomass combustion, such as wood burning, is the dominant source
of PM2.5 in Osorno. High PM2.5 concentrations of over 170 to 1124 µg/m3 were observed in low
temperature, low precipitation, and low wind speed periods—meteorological conditions contributed
to the development of a thermal inversion layer. In addition, correlations of 0.61 to 0.67 were found
among the detected ions that are often found in seawater. The backward trajectory analyses showed
dominant air mass transport from the South Pacific Ocean, suggesting that part of the detected
PM2.5 was derived from the marine environment. Continuous monitoring and mitigation strategies
focusing on wood combustion activities are necessary to alleviate the current air pollution problem in
Osorno city.

Keywords: particulate matter; biomass burning; potassium ion; meteorological impact; thermal
inversion layer

1. Introduction

The city of Osorno is an urban city that had a population of 161460 in 2017 [1]; it is
located 938 km south of Santiago, the capital of Chile. It is situated in the northern part of
the Los Lagos Region in a fluvial valley defined by the confluence of the Rahue and Damas
rivers. The city has an area of 32.07 km2 (3207 hectares, ha), equivalent to 3.4% of the total
area of the commune of the same name (Figure 1). In recent years, particulate matter (PM)
air pollution has become a serious problem in southern Chile, including Osorno, especially
during the fall and winter seasons (April–September) [2]. For example, in 2014, for 169
days—nearly half of the days of the year—the PM2.5 (particulate matter of less than 2.5
µm) 24 h World Health Organization Guidelines (WHOG) of 15 µg/m3 were exceeded [3],
showing how poor the air quality was throughout the year. This air pollution is said to
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affect citizens’ health, and in 2019, approximately 5810 deaths were attributable to PM2.5 in
Chile [4].

Figure 1. Geographical location of the study area. Bar, 500 km.

The leading cause of air pollution in south-central Chile is considered to be the burning
of firewood, used as a primary source of energy. It is reported that 96.3% of the popu-
lation in Osorno uses firewood as a primary energy source for heating and cooking [2].
Many respiratory and cardiovascular diseases in Chile are related to wood burning, which
emits PM [5]. In cities where wood smoke is the leading cause of air pollution, posi-
tive correlations between ambient particulate levels and mortality, hospital admissions,
and acute respiratory infections for cardiovascular and respiratory diseases have been
observed [6–8]. Moreover, several human epidemiological studies have found a consistent,
strong relationship between PM exposure and lung and cardiovascular diseases [9–12].

Previous studies in Chile have investigated the correlation between PM2.5 and meteoro-
logical factors [13]. However, many studies have proven that the correlations between PM2.5
and meteorological factors vary with seasons and regions [14–16]. This study aims to clarify
the source of PM2.5 in Osorno city by comprehensively analyzing the chemical compositions
of PM2.5 and evaluating them in relation to meteorological conditions during part of the
autumn–winter period of April to August. Furthermore, we attempt to provide information
about the source and type of PM2.5 emissions and specific meteorological conditions.
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2. Materials and Methods
2.1. Aerosol Samples

Aerosol samples were collected at the experimental monitoring station Emprender-
ULagos, located at Colegio Emprender, Osorno (Figure 2 purple spot; latitude: 40◦34′25′′ S,
longitude: 73◦9′54′′ W, altitude: 95 m) during April 2019–August 2019. Osorno city
has an average altitude of 46.7 m above sea level (m.a.s.l.). It has a flat system of river
terraces of 941.82 ha, with altitudes between 10 and 40 m.a.s.l., representing 64% of
the inhabited and built surface of the urban system. Osorno is also characterized by
a steep hill system towards the west, north, and southwest, with altitudes between 40 and
100 m.a.s.l.—equivalent to 527.84 ha—representing the remaining 36% of the built urban
area. This detailed set of urban topographic characteristics constitutes an important factor
for the circulation of winds within the city, and there is an approximately 73 m difference
between the lowest and the highest points of the city.

Figure 2. A map showing the city of Osorno and the sampling site, Colegio Emprender Osorno.
Bar, 1 km.

Airborne PM2.5 was collected employing a continuous particulate monitor BAM 1020
(Met One Instruments Inc., Grants Pass, OR, USA), which automatically collects and
measures the PM2.5 using beta ray attenuation, designated to a U.S. EPA Federal Equivalent
Method [17]. Beta attenuation monitoring (BAM) is a widely used air monitoring technique
employing the absorption of beta radiation by solid particles extracted from airflow.

Met One BAM1020 Filter Tape P/N 460180 (LOT No. A25349276; Met One Instruments
Inc., Grants Pass, OR, USA) glass fiber filter rolls were used. Airflow was 16.7 L/min and
the monitor constantly collected samples at one spot per hour, collecting 24 spot samples
per day. In more detail, the count time on the BAM 1020 was set to 8 min for a PM2.5
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beta attenuation measurement; it performs the 8 min beta attenuation monitoring at the
beginning and the end of each hour, with a 42 min air sample period (701.4 L/h) in
between, for a total of 58 min. The other two minutes of the hour are used for tape
and nozzle movements during the cycle. Two filter rolls were used during the period of
this investigation. The first filter roll collected samples from 31 March 2019 to 15 June
2019, and the second filter roll collected from 15 June 2019 to 31 August 2019. For data
validation, internal data files were used from the official air quality monitoring system
of the Ministry of Environment, Chile. Additionally, the instrument performed a zero-
filter test every six months (before and after the autumn–winter seasons). Additionally,
48–72 h valid 1-h data points were collected to determine the background. The initial
zero-test allows us to determine the instrument noise and confirm the lower detection
limit (LLD). For an 8-min count cycle, the manufacturer indicates that the LLD should be
<4.8 µg/m3 for a 1-h measurement cycle and <1.0 µg/m3 for a 24-h measurement cycle. If
the LDD is exceeded, the equipment is subject to maintenance by the brand’s authorized
technical service (SETEC Ltda., Santiago, Chile). The uncertainty of the measurement
results is 16% [18]. BAM 1020 operators do routine tasks to ensure data output quality,
in conformance with the BAM 1020 operator’s manual. Data validation is carried out by
means of correlation analysis with the official PM2.5 monitoring station of the Ministry
of Environment, El Alba–Osorno, which compiles the methodology guidance defined by
the primary environmental quality standard for fine respirable particulate material PM2.5
(Decree 12/2011, Ministry of Environment, Chile), and by the regulation of stations for the
measurement of atmospheric pollutants (Decree 61/2008, Ministry of Health, Chile). Along
with the PM2.5 concentration (µg/m3), meteorological parameters such as temperature (◦C),
barometric pressure (hPa), relative humidity (%), wind direction (◦), and wind speed (m/s)
were also measured at this station. Rain fall (mm) was measured using a Rika Weather
Station RK600 (Hunan Rika Electronic Tech Co., Ltd. Hunan, China). The analysis utilized
WRPlot ViewTM (Lakes Environmental Software. Waterloo, ON, USA).

Furthermore, ambient temperature and pressure mapping was generated with the
dataset obtained by a Met One E-Sampler, a portable monitoring station (Met One Instru-
ments Inc., Grants Pass, OR, USA). A total of 78 measurement points was selected and
monitored for the thermal and atmospheric pressure analyses in Osorno city.

All times used in this study for measurements conducted in Osorno city were in
Chilean standard local time (CLT).

2.2. PM2.5 Analyses

PM2.5 variation analysis and comparison of PM2.5 and meteorological data were
conducted to find the relationship between PM2.5 and meteorological data and the seasonal
variation in PM2.5 concentration.

The PM2.5 concentration variation analyses were conducted to observe any seasonal,
monthly, or daily concentration variations.

2.3. Image J Analysis

Image J is an image analysis software that measures the area, mean, standard deviation,
lengths, angles, and minimum/maximum of an image. Either an entire image or a selected
image section can be used for this analysis [19]. Image J software was employed to analyze
the relationship between black carbon and PM2.5 concentration in this study.

All the filter samples were digitized using a scanner, and the grayscale was analyzed
with Image J. Then, by selecting the individual spots on the filter one by one—as shown
in the red square in Figure 3—a total of 1837 spots were measured. Finally, the mean data
of the measured spots were quantified by a gray color scale, and the corresponding PM2.5
concentration data obtained from the measuring site were compared with this data.
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Figure 3. An example of the filter samples used for the Image J analysis. The red square shows how
the samples were measured and all the times are indicated in Chilean standard local time (CLT).

2.4. Cartography

Cartographies were designed and generated with an interpolative geostatistical proce-
dure using ArcGis Desktop 10.5 software (Environmental Systems Research Institute, Inc.,
ESRI. Redlands, CA, USA. 2020)

2.5. Ion Chromatography Analyses
2.5.1. Sample Preparation and Ion Chromatography Settings

Six individual spots were combined as one sample to fulfill the minimum required
concentration for the chemical analyses. Six spots were chosen per combined sample to see
the daily variation.

Individual spots on the filter were cut into a 1 cm2 size and put together in a group of
six in a 12 mL polypropylene PP-16L test tube (Maruemu Co., Osaka, Japan). Polypropylene
test tubes were chosen instead of glass test tubes because, by using glass test tubes, the
elements contained in the glass (Si, Al, and more) may contaminate the sample and affect
the test results [20]. Then, 4 mL of deionized distilled water (DDW) generated by an Auto
Still WG262 (Yamato Scientific Co. Ltd., Yamanashi, Japan) was added and sonicated with
an Ultra Sonic Cleaner USK (AS ONE Co., Osaka, Japan) for 20 min at room temperature
(ca. 25 ◦C). The solution was then filtered with a Minisart® Syringe Filter, Pore Size 0.45 µm
(Sartorius AG, Göttingen, Germany) and a 5 mL Terumo syringe (Terumo Co., Yamanashi,
Japan) for excluding the core fractions of particulate matters.

The obtained data were then analyzed using ion chromatography. Anions (F−,
Cl−, NO2

−, Br−, NO3
−, PO4

3−, and SO4
2−) were measured with IC-20 (Dionex Co.,
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Sunnyvale, CA, USA) using an IonPac AS12A column (Thermo Fisher Scientific Co.,
Waltham, MA, USA) and an AERS 500 suppressor (Thermo Fisher Scientific Co.,
Waltham, MA, USA). The eluent was 2.7 mM Na2CO3 and 0.3 mM NaHCO3. The column
oven temperature was 30 ◦C. A total of 25 µL of the extracted sample was injected, and
the flow rate was 1.5 mL/min. The standard solution used for the anions was prepared
using a multi-anion standard solution (Br−: 100 mg/l, Cl−: 20 mg/l, F−: 20 mg/l, NO2

−:
100 mg/L, NO3

−: 100 mg/L, PO4
3−: 200 mg/L, SO4

2-: 100 mg/L in H2O) purchased from
FUJIFILM Wako Pure Chemical Co. (Osaka, Japan).

Cations (Li+, Na+, NH4
+, Mg2+, Ca2+, and K+) were measured with IC-2010 (Tosoh Co.

Tokyo, Japan) using a TSKgel Super IC–CR column (Tosoh Co. Tokyo, Japan), and a sup-
pressor TSKgel suppress IC–C (Tosoh Co. Tokyo, Japan). The eluent was 2.2 mM methane-
sulfonic acid and 1.0 mM 18-crown-6 ether. The column oven temperature was 45 ◦C. A
total of 30 µL of the extracted sample was injected, and the flow rate was 0.8 mL/min. The
standard solution used for the positive ions was prepared using a multi-cation standard
solution (Li+: 5 mg/L, Na+: 20 mg/L, NH4

+: 25 mg/L, K+: 50 mg/L, Mg2+: 30 mg/L,
Ca2+: 50 mg/L in 0.02 mol/L HNO3) purchased from FUJIFILM Wako Pure Chemical
Co. (Osaka, Japan). Four concentration levels of working calibration standard solution for
calibration curves were prepared by diluting the multi-standard solution. A good linear
correlation was found, with a coefficient of determination higher than 0.995 for anions and
0.997 for cations. The method detection limits (MDL) for the ion chromatography for the
solutions of anions and cations ranged from 0.012 mg/L for F− to 0.12 mg/L for PO4

3−,
and from 0.007 mg/L for Na+ to 0.027 mg/L for K+. The estimated uncertainties of the
detected ions in this study from the linear calibration curve were in the ranges of 2% for
SO4

2− to 8% for Ca2+.
From the ion chromatography measurement results, the two analyses described below

were conducted.

2.5.2. Comparison of PM2.5 Concentration and Individual Ions

The individual ion concentrations for both cations and anions were compared with the
total concentration of PM2.5 by a beta ray attenuation method. This comparison revealed
the ions that showed high correlations with PM2.5 concentrations.

2.5.3. Correlation of Selected Ions

Selected ions were compared to identify the correlations between individual ions.
Mainly, anions (F−, Cl−, NO2

−, Br−, NO3
−, PO4

3−, and SO4
2−), and cations (Li+, Na+,

NH4
+, Mg2+, Ca2+, and K+) were compared with Na+, Cl−, and K+, which were highly

detected in the ion chromatography results. Out of all the compared ions, one of the
top three ions that showed the highest correlation coefficient is shown in the result
section. The correlation coefficient was calculated using the CORREL function in Mi-
crosoft Excel® (2013). For this study, the correlation coefficients were classified as follows:
<0.29 (little if any correlation); 0.3–0.49 (low correlation); 0.5–0.69 (moderate correlation);
>0.7 (high correlation) [21–23].

2.6. Backward Trajectory Analysis

The backward trajectory model NOAA HYSPLIT [24] was employed to obtain long
distance air transport for the multi-component analysis. Three-day backward trajectories
were conducted for both days with high PM2.5 concentrations (5 July 2019) and low PM2.5
concentrations (19 July 2019) to observe the differences in the air transport between days
with both high and low PM2.5 concentrations. The highest selected was 0 m above ground
level at the measurement site, Colegio Emprender, Osorno. The time used for the analyses
was Coordinated Universal Time (UTC).
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3. Results and Discussion
3.1. PM2.5 Analyses
3.1.1. PM2.5 Variation Analysis

This analysis was conducted to observe the daily variation in PM2.5 concentration
using PM2.5 concentration data obtained from the sampling site. The daily variation
analysis was conducted to determine the peak hours of PM2.5 pollution.

Figure 4 shows the daily variation in PM2.5 concentration. The PM2.5 concentration
value showed large peaks between 19:00 and 23:00 (CLT), and two small peaks between 7:00
and 12:00 (CLT). These peaks occurred during the period in which many home activities
are carried out by the local people. The peaks between 07:00 and 12:00 (CLT) may be
due to meal preparation before school and work activities. The marked PM2.5 emissions
increase at 19:00 (CLT) could be due to people returning from school and work to homes,
increasing the demand for heating, along with various activities. In the last peak, at around
23:00 (CLT), the operation of heating devices to maintain comfortable temperatures in each
household resulted in more emissions from wood burning, to keep the house heated at
night. Furthermore, partially closing the draft hoods on heating equipment slows down
the generation of heat, which contributes to incomplete combustion of the wood. This
increasing trend in PM2.5 concentration at night can be seen in the top five highest PM2.5
concentration days. This result, showing two peaks in the morning and at night, is similar
to the results obtained in densely populated New York and Beijing—both PM-polluted
cities [16,25]. Many Chilean people use wood-burning devices for heating and/or cooking;
these devices emit fine and coarse particles that contain toxic atmospheric pollutants [15].

Figure 4. Daily variation in PM2.5 concentration from April 2019 to August 2019.

3.1.2. PM2.5 and Meteorological Factors

The previous study reported that temperature, relative humidity, and wind speed
influenced air pollutant concentrations [15,26]. In order to examine similar trends in Osorno,
6-h average meteorological data were compared with PM2.5 concentrations.

Figure 5a shows the relationship between PM2.5 concentration and temperature. The
high PM2.5 concentration events are often seen at air temperatures between 5 and 10 ◦C.
With the start of morning activities, increased emission of PM2.5 was associated with
the anticipated use of wood-burning stoves for heating. The periods with temperatures
below 5 ◦C did not show higher PM2.5 concentrations; a possible explanation is that the
lowest temperature hours often occur in the early morning, when people are asleep and
activities are limited. This idea accords with Figure 4, where at around 07:00 (CLT) the
PM2.5 concentration starts to increase. Daily temperature variation in Osorno city reported
by the Ministry of Environment showed that the early morning hours have the lowest
temperatures of the day [27].
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Figure 5. Correlation between PM2.5 concentrations and some meteorological factors are indicated:
(a) PM2.5 and temperature, (b) thermal analysis in Osorno city, (c) PM2.5 and precipitation, (d) atmo-
spheric pressure of Osorno city with a color scale in hPa, (e) PM2.5 and daily average wind speed, and
(f) wind rose in Osorno city during moderate air quality index days. Purple dots in (b,d) indicate the
Emprender-ULagos air monitoring station sampling site, with the horizontal scale of the bar at 1 km.

Figure 5b shows the thermal analysis in Osorno city, including the emergency alert-
level days of PM2.5 above 170 µg/m3 during fall–winter 2019. Low temperatures (ca. 4.3 ◦C)
were predominant in the north and northwest part of the city, coinciding with the highest
urban altitudes (ranging from 80 up to 122 m.a.s.l.). The second lowest temperatures (ca.
8.8 ◦C) were indicated in low altitude sections by the rivers; however, the ca. 40 to 60 m asl
section in the south part of the city showed higher temperatures (ca. 13.3 ◦C). During the
cold period, thermal inversions layers can form due to surface cooling, which prevents the
air from mixing and promotes heavy air pollution episodes [25,26,28–30]. Additionally, at
lower temperatures, increased emissions are associated with the combustion of firewood
for heating [31–33]. Since meteorological conditions contribute greatly to thermal inversion
layers, multiple factors, such as the thermal analyses done in this figure, must be conducted
to prove heavy air pollution events. The highest temperature periods (ca. 13.3 ◦C) were
observed in the south and southwest region of the city, on lands with altitudes ranging
from 60 to 80 m.a.s.l (supplementary materials Video S1). The river basins showed an
intermediate temperature profile during this period. Urban topography is a considerable
factor in thermal variations recorded during April to September in different parts of the
city, which increases the demand for firewood for heating.
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Figure 5c shows the relationship between PM2.5 concentration and precipitation. The
PM2.5 concentrations tended to be lower during precipitation events; this may be ex-
plained by the wash-out effect of the rain droplets [33]. In addition, it has been reported
that a high concentration of PM2.5 is associated with changes in the vertical structure of
clouds, which reduces the occurrence of local-scale precipitation [34–37], leading to less
precipitation. The relationship between air pollution and precipitation is complex. There-
fore, the obtained data should be considered one aspect of the PM2.5 concentration and
precipitation relationship.

Figure 5d shows the atmospheric pressure mapping generated through 78 measure-
ment points taken with an E-Sampler in Osorno city during fall–winter 2019. This figure
shows a high correlation with Figure 5b. High-pressure domains were in the north, north-
west, and northeast areas of the city (warm colors). From these areas, the displacement of
urban air masses took place towards the southern and eastern areas, with lower barometric
pressures (cold colors). The warm wind blowing from the north to the south indicates that
wind brings PM pollution to the southern region.

Figure 5e shows the relationship between PM2.5 concentration and wind speed. This
figure was based on the daily average instead of the six-hour averages of the other figures.
As the wind speeds decreased, the PM2.5 concentration increased. Therefore, the dispersion
of PM2.5 by strong winds is the most likely explanation. Additionally, these data indicate
that the source of the PM was near the measurement station, which implies that Osorno city
is the source of the PM2.5. Since Osorno city is located between Los Andes and the coastal
mountains, episodic meteorological conditions produce poor ventilation in the valleys,
and emissions due to anthropogenic activities [26,28,29,38,39]. Stagnant wind conditions
allow air pollutants to accumulate, resulting in elevated and localized concentrations of air
pollutants [16]. The topography influences PM2.5 concentrations even at the within-city
level [40].

Figure 5f shows that the wind rose, indicating the wind speed and direction at the
sampling site. The average wind speed was 0.32 m/s, with a calm wind frequency of
46.43%, resultant vector 20◦ (47%). Degrees (◦) represent the origin of the wind, i.e., 0◦,
blowing from the north direction. Data were obtained from 3702 h of recording and 61.88%
data availability. It can be seen that most of the particles came from 0–120◦ of the sampling
site, indicating that the wind within Osorno city blows mainly from the north to the south,
bringing PM to the sampling site. Since the wind continues to blow further south, it
is important to establish a monitoring station to obtain data (supplementary materials
Figure S1). Furthermore, the southwest region of the city has higher cases of respiratory
infectious diseases; this area requires additional attention. Although there is some evidence
to correlate respiratory infectious diseases and air pollution levels [41,42], it is important to
monitor PM and other meteorological parameters in this southwest region.

Figure 6 shows the relationship between Chilean air quality indexes (depending
on PM2.5 ranges) and meteorological parameters. Critical episodes of pollution, in both
pre-emergency (red triangles) and emergency (purple diamonds) indexes, are inversely
related to the minimum temperatures of the day—as Figure 6A shows; in the same way,
and as was mentioned before, critical episodes of air pollution are associated with the
lowest wind speeds and the absence of rain, as depicted in Figure 6B,C, respectively. Table 1
summarizes the meteorological data, according to the different air quality indexes (depicted
in different colors).
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Figure 6. Relationships between PM2.5, colored according to the Chilean air quality indexes defined
by the Ministry of Environment, and meteorological factors. (A) the lowest (minimum) temperature
of the day, (B) daily average wind speed, and (C) rain fall in 24 h.

Table 1. Summary of meteorological data, according to the air quality indexes defined by the Chilean
Ministry of Environment (Min. Environ).

24 h-Average
PM2.5 Range

(µg/m3)

Defined
Air Quality

(Min. Environ.)

Measured
24 h-Average
PM2.5 (µg/m3)

Days
(#)

RH
(%)

Tmin
(◦C)

Tmax
(◦C)

PB
(hPa)

Wind
Speed
(m/s)

Rainfall
(mm/24 h)

0–50 Good 27.4 ± 10.8 77 88.8 ± 7.1 9.3 ± 2.9 15.5 ± 3.4 1007 ± 5.6 0.35 ± 0.31 0.42 ± 0.36
51–79 Moderate 63.7 ± 9.7 26 89.1 ± 6.4 6.7 ± 2.7 13.6 ± 3.0 1009 ± 5.5 0.39 ± 0.47 0.21 ± 0.23

80–109 Alert 93.3 ± 11.2 18 88.6 ± 6.7 5.9 ± 2.7 13.7 ± 3.2 1012 ± 4.4 0.30 ± 0.38 0.14 ± 0.15
110–169 Preemergency 132.5 ± 16 17 88.3 ± 6.8 3.8 ± 2.7 13.1 ± 3.3 1012 ± 6.6 0.27 ± 0.27 0.09 ± 0.24
≥170 Emergency 228.0 ± 58.0 12 91.8 ± 3.9 2.5 ± 1.9 11.6 ± 2.0 1015 ± 4.7 0.11 ± 0.20 0.02 ± 0.04

Values, Mean ± SD.

3.2. Image J Analysis

In Figure 7, the PM2.5 concentrations increase exponentially as the grayscale values
decrease. This figure shows the grayscale analysis results. A lower grayscale mean value
indicates a darker filter color, and a higher grayscale mean value indicates a lighter filter
color. A smaller grayscale mean value indicates lots of darker PM, suspected to be soot or
rich in black carbon-containing pollutants, in the filter.

There are two possible reasons for this result. First, the filter color does not become
darker after a certain level because the PM derived from biomass burning may have greater
grayscale values with a lighter color, which does not show a correlation after a specific
level of PM concentration. Second, the design of the sampling device may allow PM to
accumulate in a focused spot, where a three-dimensional accumulation of PM2.5 occurs.
This pile-up effect of PM2.5 on the filter surface, depositing PM2.5 particles on top of each
other perpendicular to the filter surface, may decrease the Image J values.

This non-linear relationship with values less than 100 may suggest that the leading
cause of PM2.5 emissions is not fossil fuel-related combustion, which often emits large
amounts of soot and contributes to the darkness of the filter, showing high correlations
with the PM2.5 concentration [43]. Since it is said that 96% of the population in Osorno
uses firewood as a primary energy source [2], the non-linear relationship between the
grayscale mean and PM2.5 concentration over and under 100 seen in Figure 7 may indicate
a large contribution of PM2.5 from the incomplete combustion of firewood. It is said
that soot is formed from the incomplete combustion of biomass and conventional fossil
fuels [44]. However, it is suggested that increasing the combustion temperature promotes
soot aggregation and generates more mature primary particles [45]. Therefore, firewood
that burns at relatively low temperatures, compared to the internal combustion of fossil
fuels, generates particulate matter with less oxidized incomplete substances than soot with
relatively higher grayscale values. In Osorno, many households use fuels other than wood,
i.e., various wastes, for burning, so this may lower the temperature and become a part of
the reason for the incomplete combustion of wood.
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Figure 7. Image J analysis of grayscale mean value and PM2,5 concentration plot for each sampling
spot. The left bottom image in the balloon is a dark-colored PM2.5 sampling spot that indicates a
small number of grayscale mean values, and the right gray-colored spot image of the right balloon
image has higher grayscale mean values.

3.3. Ion Chromatography Analysis
3.3.1. Comparison of PM2.5 Concentration and Individual Ions

Figure 8a shows the monthly variation in PM2.5 concentration. Data for 19 May–
23 May 2019 was not obtained due to the malfunction of the beta ray attenuation unit for
PM2.5 measurements. However, the filter rolls collected PM during this period despite the
malfunction, so the individual ion data has no deficiencies.

The top five highest concentrations of PM2.5 were observed at 22:00 CLT on 2 August 2019
(1124 µg/m3), at 19:00 CLT on 5 July 2019 (1014 µg/m3), at 23:00 CLT on 30 June 2019
(982 µg/m3), at 23:00 CLT on 2 August 2019 23:00 (965 µg/m3), and at 21:00 CLT at
2 August 2019 (920 µg/m3) [26]. This observation is consistent with the data reported
by the official monitoring station of the Ministry of Environment in El Alba, located in the
central area of Osorno. The PM2.5 values were higher than 1000 µg/m3 during July 2019.
Additionally, June and July showed the highest winter PM2.5 averages. From these data, it
can be said that the winter season (June–August), on days with low temperatures, low wind
speed, and little precipitation, had the highest PM2.5 concentrations for the experimental
period of five months.

Figure 8 shows a clear similarity between (a) and (b), i.e., PM2.5 and K+ concentra-
tions. However, there are no similarities between PM2.5 and Na+ and Cl−, as indicated
in Figure 8a,c and Figure 8a,d. K+ is an index of biomass combustion, such as that with
firewood [46,47]. This result indicates that biomass combustion with K+ as an indicator has
a large impact on the PM2.5 pollution in Osorno.
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Figure 8. April 2019 to August 2019 (part of autumn–winter) monthly variation in (a) PM2.5 concen-
tration, (b) K+ concentration, (c) Na+ concentration, and (d) Cl− concentration.

3.3.2. Correlation of Selected Ions

Anions F−, Cl−, NO3
−, and SO4

2−, and cations Na+, NH4
+, Mg2+, Ca2+, and K+, which

were highly detected in the 3.3.1 ion chromatography results, were compared with each
other. Out of the 81 analyses, Na+ and K+, and K+ and F− showed moderate correlation
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coefficients of 0.67, respectively (Table 2, Figures S2 and S3). The highest correlation
coefficient value of 0.93 was observed with PM2.5 and K+, indicating a strong connection
between PM2.5 concentration and biomass burning.

Table 2. The correlation matrix between ions and PM2.5. The bold font indicates the highest correlation
coefficient value.

F− Cl− NO3
− SO4

2− Na+ NH4
+ Mg2+ Ca2+ K+ PM2.5

F− - 0.65 0.48 0.48 0.52 0.35 0.2 0.16 0.67 0.07
Cl− - - 0.42 0.58 0.62 0.29 0.38 0.2 0.58 0.51

NO3
− - - - 0.4 0.35 0.28 0.14 0.18 0.39 0.08

SO4
2− - - - - 0.4 0.01 0.18 0.29 0.2 0.17

Na+ - - - - - 0.35 0.61 0.55 0.67 0.59
NH4

+ - - - - - - 0.14 0.15 0.6 0.17
Mg2+ - - - - - - - 0.48 0.26 0.14
Ca2+ - - - - - - - - 0.19 0.06
K+ - - - - - - - - - 0.93

PM2.5 -

Figure 9 indicates a correlation of Cl− and Na+ with the coefficient value of 0.62. No
adjustments have been made to the outlying data. Outlying data at the bottom section
had a low Cl− concentration, below 0.1 mg/L. These sample spots were extracted and
compared with meteorological data sets. From Table 3, these low Cl− concentration cluster
spots had an average RH of 91(±9)%, but 15 out of 23 points indicated 0 mm precipitation,
and the rest of the 8 spots had 0.6 to 1.9 mm of precipitation. Additionally, those spots
showed an average wind speed of 0.25(±0.25) m/s, indicating a possible scenario of foggy
days with low wind speeds. Such weather conditions allow Cl− to escape from the PM
more readily, forming the low Cl− cluster. This phenomenon has been observed for a
few decades, yet the detailed mechanism is still not fully understood [48–50]. This trend
was also seen in Ca2+–Cl−, and Mg2+–Na+ from the same dates. Cl− can also be emitted
from biomass burning [51,52]. In addition, a part of the NO3

− replaces Cl− in NaCl to
produce NaNO3. The presence of NO3

− and Na+ in a certain ratio may produce NaNO3;
further oxidation of NOX may generate NO3

− ions through an oxidation process, which
then replace the Cl− ions.

Figure 9. Relationship between the detected ions; Na+ and Cl−.
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Table 3. Selective or faster removal process data for Figure 8. The data shown are 6-h averages. (Data
for August 31 are 4-h averages).

Date, Hours PM2.5
(µg/m3)

HR
(%)

Temp.
(◦C)

Wind Speed
(m/s)

Wind
Direction (◦)

Rainfall
(mm)

3 July, 18–23 361.5 91.8 8.1 0.2 4 0.0
29 July, 6–11 24.0 98.3 12.2 - - 0.0
29 July, 12–17 36.5 95.2 12.8 - - 0.9
29 July, 18–23 21.3 98.9 12.1 - - 1.6

26 August, 18–23 208.0 80.9 8.4 0.2 28 0.0
27 August, 0–5 60.2 99.1 3.9 0.0 0–28 0.0
27 August, 6–11 14.5 93.4 8.3 0.2 0 0.0

27 August, 12–17 12.7 89.4 12.9 0.5 0–22 1.0
27 August, 18–23 32.7 98.4 13.0 0.2 60–174 1.9

28 August, 0–5 14.7 97.9 10.2 0.8 4–174 1.0
28 August, 6–11 19.0 98.3 8.1 0.0 60–150 1.5

28 August, 12–17 18.3 74.4 11.5 0.5 150 0.0
28 August, 18–23 93.2 93.8 8.5 0.2 150–184 0.6

29 August, 0–5 19.8 98.2 7.3 0.0 34–184 0.6
29 August, 6–11 25.5 93.3 9.0 0.0 38 0.0

29 August, 12–17 11.8 74.3 13.0 0.8 38–40 0.0
29 August, 18–23 91.8 89.0 9.4 0.3 40 0.0

30 August, 0–5 28.8 96.9 8.1 0.0 0–40 0.0
30 August, 6–11 50.3 85.0 9.9 0.0 0 0.0

30 August, 12–17 16.2 67.8 14.1 0.3 0 0.0
30 August, 18–23 84.7 88.4 9.9 0.5 0–2 0.0

31 August, 0–4 91.0 95.7 7.4 0.0 0–2 0.0
31 August, 5–8 72.0 97.9 6.5 0.3 0 0.0

3.4. Backward Trajectory Analysis

A backward trajectory analysis was conducted to simulate the air mass movement
into Osorno. Figure 10a shows 5 July 2019 with a high PM2.5 concentration, and Figure 10b
shows 19 July 2019 with a low PM2.5 concentration. The backward trajectory analyses
conducted for both days with high and low PM2.5 concentrations showed a clear trend in
the air mass movement into Osorno city from the South Pacific Ocean. These trajectory
results suggest that marine aerosols may contribute to the PM2.5 in Osorno as a continuous
input. A portion of the water-soluble ions in PM2.5 contain some marine-origin particulate
matter; however, the total amount is somewhat limited. Thus, the marine-originated
particulate matter is considered a limited base component of PM2.5 in Osorno city. Na+

is an ion also derived from biomass burning, so it is important to understand that the
marine-derived Na+ is not the only source of Na+ detected from PM, since it is difficult to
distinguish one from another. As mentioned above, Osorno city receives air mass from
the South Pacific Ocean, and it is important to consider the effects of marine environment-
derived Na+ or Cl−, as it may affect data interpretation.
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4. Conclusions

In this investigation, a strong correlation factor of 0.93 was found between PM2.5
concentration and K+. This result indicates that the monitoring of K+ can be employed as
an index of biomass combustion, which is a leading cause of the high PM2.5 concentration
in Osorno city. Additionally, the topographical features of Osorno city cause the thermal
inversion layers to occur and cause increased concentrations of PM2.5.

A moderate correlation was found among the detected ions in PM2.5, which are often
found in marine aerosols. This finding accords with the relatively low mountains on the
west side of Osorno, allowing the air mass to reach the city and explaining the results
of the backward trajectory analyses, showing a prevailing air mass movement from the
South Pacific Ocean. However, the moderate correlation of marine-origin ions detected
shows the difficulty of assessing the contribution of marine-origin PM2.5 in Osorno city.
More importantly, the aforementioned PM2.5, which is generated from biomass burning
combustion and from the thermal inversion layer caused by the topographical features of
the Osorno city, contributed to high PM2.5 concentrations—reaching an emergency level
of 1124 µg/m3. Therefore, continuous monitoring and mitigation strategies focusing on
wood combustion activities are necessary to alleviate the current air pollution problem
in Osorno city.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/atmos13020168/s1, Video S1: a video image of the emergency day of the winter period of
Osorno city, an example from 18 July 2021; Figure S1: Wind rose separated by AQI; Figure S2: (a)
NH4

+ monthly variation, (b) Mg2+ monthly variation, (c) Ca2+ monthly variation, (d) F− monthly
variation, (e) NO3

− monthly variation, (f) SO4
2- monthly variation; Figure S3: Relationship between

two detected ions. (a) Na+ and K+, (b) K+ and F-, (c) Na+ and NO2.

https://www.mdpi.com/article/10.3390/atmos13020168/s1
https://www.mdpi.com/article/10.3390/atmos13020168/s1
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