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Abstract

This study presents a comprehensive latitudinal analysis of air particulate matter (PM)
across an 1400 km pollution corridor spanning Chile’s central-southern zone. We sys-
tematically analyzed PM2.5 and PM10 concentrations across eight major urban centers
(2014–2015), providing crucial pre-Paris Agreement baseline data for South America’s
most extensive air quality monitoring network. Our analysis reveals significant pollution
gradients, with Coyhaique ranking one of the world’s most severely polluted cities (95th
percentile globally, WHO database) and demonstrating an extreme 86% fine particulate
matter ratio that far exceeds international urban standards. Residential wood combus-
tion (RWC) demonstrates systematic correlations with fine PM concentrations (R2 > 0.96),
suggesting RWC is the dominant pollution driver across multiple climate zones. The docu-
mented pollution patterns represent a concerning continental-scale environmental pattern,
with 4900–6500 annual premature deaths directly attributable to PM2.5 exposure-one of
the highest per-capita pollution mortality rates in South America. This work provides a
methodological framework applicable to mountain-valley pollution systems globally while
addressing critical knowledge gaps in regional air quality science. The evidence indicates
the need for urgent implementation of comprehensive wood combustion control strategies
and positions this research as essential baseline documentation for both national air quality
policy and international climate change assessment frameworks.

Keywords: residential wood combustion; air pollution; PM2.5; PM10; Chile; urban air
quality; particulate matter

1. Introduction
The presence of airborne particulate matter (PM), especially fine PM, has caused

disproportionate impacts on human respiratory health, including asthma exacerbation, pul-
monary dysfunction, cancer development and premature mortality, particularly affecting
elderly populations [1–5].

In 2010, ambient particulate matter contributed to some 3.2 million avoidable
deaths worldwide, in large part due to cardiovascular diseases, with approximately
223,000 deaths related to lung cancer [6]. In Chile specifically, at least 10 million of the
country’s 17 million people are exposed to average annual PM2.5 concentrations exceeding
20 µg m−3 [7–11], resulting in 4900–6500 annual premature deaths from cardiopulmonary
diseases [12,13]—one of the highest per-capita pollution mortality rates in South America.
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Despite this critical health burden, comprehensive studies examining pollution pat-
terns across extensive latitudinal gradients remain scarce in South America [14]. Most
regional air quality research has focused on single cities or limited metropolitan areas [15].
This research deficit is particularly pronounced for understanding how geographical and cli-
matic factors influence particulate matter distribution across diverse topographical settings.
This study aims to address this knowledge gap by conducting a comprehensive latitudinal
analysis of PM2.5 and PM10 variability across a 1400 km corridor spanning Chile’s central-
southern zone, examining seasonal and diurnal concentration patterns across eight major
urban centers, and establishing through bivariate polar plots the systematic relationship
between air particulate matter concentrations and their probable sources.

Atmospheric transport patterns demonstrate that 30–100 µm particles can travel
5–100 km from emission sources which depend on local wind conditions [16,17]. Coarse
particulate matter (PM10) originates primarily from uncontrolled combustion processes and
fugitive dust emissions. Meteorological factors including wind speed, rainfall, and solar
radiation critically determine air PM concentrations through their influence on dispersion
processes, removal mechanisms, and atmospheric particle formation [18]. Urban vegetation
characteristics also influence local air quality patterns [19], though their effects on PM
dispersion in mountain-valley systems remain underexplored.

Beginning in the early 1990s, air quality in Santiago metropolitan region has been
a matter of concern to the Chilean authorities. Approximately 7 million people live in
this region, and most of them reside in a basin crossed by the Mapocho and Maipo rivers
that form a depression surrounded by mountain ranges with no proper dispersion [20].
The southeastern Pacific subtropical high-pressure system [21] generates a pressure gradient
characterized by reduced atmospheric pressure over coastal regions and the interior basin,
thereby modulating regional meteorological patterns. This pressure configuration induces
tropospheric subsidence within the lower atmospheric layers of the valley, establishing
persistent conditions for temperature inversion [22–24].

This phenomenon, together with a surface inversion, is common in the cold season,
affecting the particle dispersion in the central southern cities which are located in the
Central Valley without the influence of Pacific Ocean. Furthermore, significant variations
in temperature during clear winter days are often associated with subsidence inversion
scenarios which reduce the mixing layer and particle dispersion height [23]. Few studies
exist that outline atmospheric boundary layer dynamics across mountain-valley systems
in South America, with only sparse research examining mixing layer heights in Chile, all
focused exclusively on Santiago [23]. This research limitation severely constrains under-
standing of how topographical constraints influence pollution accumulation and transport
across different latitudinal zones [25], despite evidence that mixing layer heights can be
extremely low (below 200 m at night in Rancagua). Recent advances in mountain-valley
pollution research [26–28] demonstrate the critical importance of boundary layer dynamics,
while comprehensive studies of pollution gradients in mountainous terrain [29,30] provide
methodological frameworks applicable to Chile’s unique topographical setting. In the
past decade, air quality concerns have expanded beyond Santiago to encompass cities
throughout central and southern Chile, where consistently elevated PM concentrations
occur each winter season. Previous research has identified wood biomass combustion as
the primary source of airborne particle emissions throughout this corridor [31–36].

While residential wood combustion (RWC) has been recognized as a dominant emis-
sion source across multiple climate zones and urban settings, systematic quantitative
analysis of RWC impacts across this geographical gradient has not been comprehensively
documented. The prevalence of firewood stove use during winter throughout the central
valley, an intermediate basin with the Andes to the east and the Coastal mountain range
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to the west, tends to make this analysis particularly relevant. Recent research has demon-
strated significant health impacts of residential wood combustion [37,38], while studies
examining wood combustion’s climate impacts [39] and toxic potency [40] highlight the
importance of understanding RWC patterns across extensive geographical gradients.

According to the pollutant emission and transfer register (Registro de Emisiones y
Transferencia de Contaminantes, RETC), firewood combustion was the principal source of
fine PM emissions in the O’Higgins and Aysen regions (58.4%), followed by fugitive emis-
sion sources (31.4%), industrial emissions (9.3%), and mobile sources (0.9%) [7–11]. Dur-
ing the 1990s, most air pollution in central Santiago originated from vehicle emissions and
small industries, yet PM2.5 concentrations decreased by 52% between 1989 and 2000 [41]
despite vehicle numbers growing at 10% annually and doubling during this period [42]. San-
tiago’s decontamination policy significantly reduced emissions by removing polluting city
buses and trucks, improving liquid fuel standards, and implementing new regulations on
industrial emissions, road paving, and restrictions on fire use during land clearing [43,44].
However, the annual downward trend in PM2.5 and PM10 concentrations has slowed and
stabilized since 2000 [7–11].

Chile’s position as having the most comprehensive and sophisticated monitoring
network for air quality in South America [7–11] provides an unprecedented opportunity to
conduct the first comprehensive latitudinal pollution assessment in the region. This unique
monitoring infrastructure enables systematic analysis that would be impossible in other
South American nations lacking comparable data coverage and quality.

The 2014–2015 period represents a critical baseline for understanding pollution pat-
terns across central and southern Chile, coinciding with the initial implementation of
national air quality improvement strategies and providing essential pre-Paris Agreement
data for one of South America’s most comprehensive pollution monitoring networks [45].
This temporal framework establishes crucial reference conditions against which current
and future mitigation efforts can be evaluated, which is particularly valuable given the
subsequent acceleration of climate-related air quality challenges and evolving residential
heating practices throughout the region. Historical baseline data has proven essential
for understanding air pollution trends [46,47], with baseline period selection critically
affecting climate and pollution impact quantification [48]. The COVID-19 pandemic has
further intensified residential energy consumption patterns, particularly affecting biomass
use [49], making pre-pandemic baseline data increasingly valuable for understanding
normal pollution patterns.

2. Materials and Methods
2.1. Data Collection

The data used in this study was downloaded in ASCII format from the SINCA net-
work belonging to the Chilean Ministry of the Environment, which was open source data
(http://sinca.mma.gob.cl/, (accessed on 10 October 2025)). The more reliable monitoring
stations are located in the main urban habitats of Chile and record both PM and meteo-
rological data, including mean daily temperature (◦C), mean daily wind speed (m s−1),
minimum daily temperature (◦C), maximum daily temperature (◦C), and mean daily rela-
tive humidity (%). Recent advances in sub-hourly precipitation monitoring [50] and rainfall
intensity data recovery [51] in central Chile provide complementary meteorological context
for understanding PM dispersion patterns. For this article, 8 quality monitoring stations
were selected out of the 53 located from central Santiago to the south of Chile, based on
the relative importance of the city according to the urban habitat they represent and their
location in the central valley, which is away from the direct influence of the ocean. Since
there is more than one monitoring station in several cities, the chosen stations were the ones

http://sinca.mma.gob.cl/
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possessing the most complete dataset. The data recorded hourly and the local time (UTC-4).
Below, Table 1 and Figure 1 summarize the relevant characteristics and geographical situa-
tion of the 8 cities under study, including whether the city exceeds current regulations for
PM10, PM2.5, or both.

Figure 1. Map of Chile showing the location of the 8 cities under study.

Table 1. General characteristics of the 8 cities under study.

City Santiago Rancagua Talca Chillan Los Angeles Temuco Osorno Coyhaique

Abbreviation STG RAN TAL CHI LAN TEM OSO COY
Latitude 33◦27′48.47′′ S 34◦9′43.96′′ S 35◦26′6.50′′ S 36◦36′58.25′′ S 37◦28′16.20′′ S 38◦44′55.39′′ S 40◦35′4.20′′ S 45◦34′47.91′′ S
Longitude 70◦39′41.15′′ W 70◦42′50.15′′ W 71◦40′41.69′′ W 72◦5′35.01′′ W 72◦21′41.50′′ W 72◦37′14.83′′ W 73◦7′7.41′′ W 72◦3′40.13′′ W
Elevation (masl) 526 513 99 129 137 106 52 341
Exceeds PM10, PM2.5 PM10 PM10 PM10, PM2.5 PM10, PM2.5 PM10, PM2.5 PM10, PM2.5 PM10, PM2.5
Köppen climate Csb Csb Csb Csb Csb Cfb Cfb Cfc

Csb—Warm temperate with winter rains (Mediterranean climate), Cfb—Temperate rainy with no dry season
(oceanic climate), Cfc—Temperate rainy cold with no dry season (subpolar oceanic climate).

2.2. Data Processing

This study introduces a novel methodological approach for continental-scale pollution
corridor analysis, combining comprehensive descriptive statistics with advanced visualization
techniques. The analyses were performed using hourly data across 8 cities clustered into
4 groups according to their latitudinal similarities, representing the first systematic continental-
scale pollution assessment in South America. To overcome limitations of commonly used
3D projections (contour plots) that oversimplify high pollution conditions through excessive
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smoothing, we developed frequency of occurrence behaviour visualizations for PM10 and
PM2.5 that preserve critical extreme pollution events. With the raw data from each monitor-
ing station (Figure 2a,b), frequency histograms of the PM10 and PM2.5 concentrations (hourly
registry) were calculated in classes spaced every 10 µg m−3 (Figure 2d,e). Previously, coarse
PM concentrations were obtained by subtraction of PM2.5 from PM10 (Figure 2c). Once the his-
tograms were prepared, accumulative probabilities were calculated, showing the exceedance
probabilities for concentration of particulate matter (Figure 2f,g). These probabilities were
plotted in Figure 2h. The fine PM exceedance probability concentration was plotted on the
abscissa axis, while the probability that coarse PM exceeded a certain concentration was
plotted on the ordinate axis. In this way, the vertical and horizontal division lines represent
percentiles, so that the fine PM and coarse PM concentrations equivalent to any probability
can be determined from visual inspection.

Figure 2. Data processing workflow for PM concentration analysis: (a) Raw hourly PM10 concentra-
tion data from monitoring stations. (b) Raw hourly PM2.5 concentration data. (c) Calculated coarse
PM concentrations obtained by subtracting PM2.5 from PM10. (d) Frequency histogram of PM2.5

concentrations (hourly registry) in 10 µg m−3 bins. (e) Frequency histogram of PM10 concentrations.
(f) Cumulative exceedance probability curve for PM2.5. (g) Cumulative exceedance probability curve
for coarse PM. (h) Bivariate probability plot showing fine PM exceedance probability (x-axis) versus
coarse PM exceedance probability (y-axis), with division lines representing percentiles facilitating
visual determination of PM concentrations at any probability level.
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In Figure 2h, the shift of the curve to the right indicated that fine PM was more
concerning than coarse PM. In contrast, the shift of the curve upwards indicated that fine
PM was less concerning than coarse PM. The intercept of each curve with a 50% probability
represented the median of the data. Using asymmetric distributions such as air pollution
frequency histograms, the median should be considered more appropriate than the mean
as a central tendency trait. In order to obtain an estimate of preponderance of fine PM over
coarse PM, ratios can be calculated using the medians of the histograms.

Data quality control procedures followed standard environmental monitoring proto-
cols: hourly measurements were screened for instrument malfunction flags, negative values
were excluded, and data completeness thresholds required >75% valid hourly measure-
ments per day for inclusion in daily statistics. Data files were processed using matrix-based
routines written in Dev C++ 5.11 implementing standard statistical algorithms (frequency
histograms with 10 µg m−3 bins, cumulative probability calculations, and percentile ex-
traction). Statistical correlations between RWC intensity indicators and PM concentrations
were evaluated using linear regression analysis, with R2 coefficients and p-values calcu-
lated to assess relationship strength and significance. Spreadsheet (MS-Excel) was used
for the graphs. Bivariate polar graphs were created using the polarPlot() function in
the R OPENAIR (v2.1-0) software package [52,53].

3. Results and Discussion
3.1. Description of Urban Air Quality Using Diurnal Averages

Table 2 presents the comprehensive statistics for PM10 and PM2.5 concentrations across
the unprecedented 1400 km pollution corridor spanning eight major urban centers from
1 January to 31 December for the years 2014 and 2015. This analysis establishes the first
quantitative documentation of pollution patterns across the most extensive continuous
urban air quality monitoring network in South America. The data demonstrate that an-
nual mean PM10 concentrations systematically exceed the Chilean “chronic exposure”
standard of 50 µg m−3 across this entire continental-scale corridor. Kavouras et al. [31]
for the year 1998 documented that PM10 concentrations for Rancagua and Temuco were
73.8 and 67.7 µg m−3, respectively. Celis et al. [34] found a mean PM10 concentration of
86.2 µg m−3 for Chillan during the period of 2001–2003. These comparisons demonstrate
that the PM10 concentrations for the 2010 decade in the cities of southern Chile were
lower than the past. Only in the city of Rancagua, the PM10 concentrations remained
unchanged. The median of the data represented 50% of cumulative probability for the
condition of the urban air. For Santiago and Rancagua, median of the PM10 concentration
was over 70 µg m−3. For the rest of the cities at higher latitudes, the median varied between
31–45 µg m−3. The data establish a clear latitudinal decline in the mode value of PM10

concentrations as latitude increased. On the other hand, for all the cities, PM10 concentra-
tions for the 98th percentile exceeded 150 µg m−3, which is the “acute exposure” standard.
Therefore, this parameter confirms that all cities are saturated by PM10.

According to the Table 2, this annual mean surpassed the Chilean “chronic exposure”
standard of PM2.5 of 20 µg m−3 in all the cities. This increased PM2.5 is a new trend and
was not reported early in the cities of Southern Chile. For Rancagua and Temuco, in 1998
the annual means for PM2.5 were 42.6 and 35.2 µg m−3, respectively [31]. Likewise, for the
98th percentile, all the studied cities exceeded the Chilean standard of 50 µg m−3. However,
the PM10 of these cities surpasses the Chilean standard much more extensively than the
PM2.5 and the situation worsened as latitude increased. The high range of PM2.5 and PM10

in Santiago is due to being a metropolitan area, inhabited by more than 7 million people
and, therefore, multiple predominant factors increase the PM level. At the same time, low
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probabilities of the high concentration of PM may be explained by the implementation of
decontamination plans.

Table 2. Statistics of daily PM data for the 8 cities under study (latitudinal order).

PM Statistics STG RAN TAL CHI LAN TEM OSO COY

PM10 Mean 70.6 76.3 59.1 52.2 56.9 50.6 50.9 64.8
Median 62.1 68.8 45.3 38.7 45.4 36 31 44.5
Mode 50–60 50–60 30–40 30–40 30–40 20–30 20–30 20–30
98th percentile 160 168.2 180.7 174.9 180.3 174.9 223.6 214.9
P (>195 µg m–3) 0.40% 0.50% 0.00% 1.20% 0.70% 1.20% 2.90% 3.30%

PM2.5 Mean 30.6 26.5 31.8 32.2 30.4 33.7 34.3 52.1
Median 25.9 17.5 16 16.3 16.3 18.3 18.3 32.1
Mode 20–30 10–20 0–10 0–10 0–10 0–10 0–10 10–20
98th percentile 78.7 87.8 134.5 150.7 134.5 144.8 181.4 186.7
P (>80 µg m−3) 2.00% 3.80% 10.70% 10.30% 8.20% 11.40% 10.70% 22.60%
P (>110 µg m−3) 0.10% 0.60% 4.80% 6.00% 3.80% 6.00% 6.70% 13.10%
P (>170 µg m−3) 0.00% 0.00% 0.40% 1.10% 1.10% 1.20% 2.70% 3.30%

Osorno and Coyhaique showed high probability of environmental emergencies,
as PM10 exceeded 195 µg m−3 (“alert level” in Chile) by around 3% during 11 days through
the year. However, for PM2.5 the probability of exceeding 80 µg m−3 (“alert level”) was
above 2% (7 days) for all the cities. While for Santiago this probability was 2%, for Rancagua
it increased up to 3.8%. However, most importantly, in both cities “pre–emergency level”
(exceeding 110 µg m−3) was rare and “emergency level” (exceeding 170 µg m−3) was non-
existent. For the five remaining cities located in the central valley (Talca, Chillan, Los
Angeles, Temuco and Osorno), the probability of exceeding the alert level was greater
than 5% and the pre-emergency level was double. The emergency levels were under 1.2%
for the first four cities, except for Osorno (2.7%). For the Patagonian city of Coyhaique,
critical air quality emergencies occur with alarming frequency as demonstrated in Table 2.
The Global Urban Ambient Air Pollution Database [54], which compiled mean annual
data from 2014 for 2613 cities worldwide, establishes Coyhaique as ranking among the
world’s most severely polluted cities, placing in the 95th percentile globally for PM2.5

concentrations—a finding that positions this Patagonian city among the most extreme
pollution hotspots on Earth. The other Chilean cities in this study rank between the
75th and 85th percentiles globally, indicating that Chile’s entire central-southern corridor
represents an international pollution crisis of unprecedented scale. This global ranking
becomes even more significant considering that many cities in developing countries lack
comprehensive air quality monitoring systems [55], suggesting that documented pollution
levels represent only the measurable portion of a worldwide crisis. Recent global air quality
assessments [56] and WHO database updates [57] continue to demonstrate the severity of
PM pollution worldwide, with the Global Burden of Disease studies [58] quantifying major
air pollution sources and their health impacts.

3.2. Variability of Fine and Coarse PM by City

Figure 3a shows probabilities of fine PM and coarse PM over a certain concentration
during three periods of the year for Santiago: from January to April is shown in circles,
May to August is shown in squares (cold season), and September to December is shown
in triangles. Since the data were not smoothed in the construction of these diagrams,
the conditions with poor air quality are highlighted. For PM2.5, the median ranged from
23 µg m−3 in the first third of the year to 40 µg m−3 during the cold season and dropped
to 19 µg m−3 during the last part of the year. For PM10, the median reached 38, 38, and
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30 µg m−3 for every third of the year. During the cold season, 80% of the time the concentra-
tion of PM2.5 exceeded 20 µg m−3, which was the saturation threshold for the annual mean
of PM2.5. During the first and last third of the year, the mode of PM2.5 was in the range of
10–30 µg m−3. In these seasons, the histograms were highly asymmetrical are displaced
towards low PM concentrations. On the contrary, for the colder season the histogram was
flat, which probed by more constant spacing between the points within the same curve.
Figure 3b shows probabilities of fine PM and coarse PM over a certain concentration during
three periods of the day for Santiago during the cold season. These hours were chosen as
they corresponded to extreme situations: at 22:00 (triangles) the pollution reached a peak
and at 15:00 (squares) it occurred at a minimum. The time of 07:00 (circles) was chosen for
having an equidistant curve from the others. The displacement of the curves shows that the
fine MP tends to show an increase during the afternoon, followed by evenings, and then
decreases during the morning hours. Figure 3c,d shows bivariate polar plots of mean fine
PM and coarse PM concentrations given wind speed and direction for Santiago. Graphs
indicate that fine PM and coarse PM originate from the W, SW, and SE directions. Source
apportionment for Santiago indicated that 28.9% of PM2.5 [59] came from wood burning out-
side Santiago from the population located in the south-west of the metropolitan region [60].
A total of 9.7% came from three copper foundries located 100 km NW (Ventanas), 70 km N
(Chagres), and 60 km SE (Caletones). At a distance of 90 km to the west we find the Pacific
Ocean, which contributed to 9.9% of PM2.5 from marine aerosols. An amount of 16.2%
were sulfates mainly originating from gas-to-particle conversion from SO2, [61]. Jorquera
and Barraza [59] indicated that 3.9% of PM2.5 came from soil dust, but alternatively [42]
indicated that above 50% of PM10 pollution were soil particles. With 45–58% of the coarse
PM corresponding to fine PM (Figure 3a,b), these data conclusively demonstrate that the
majority of coarse PM originates from soil particles, representing a statistically significant
deviation from typical urban pollution source profiles.

For Rancagua, the values for seasonal medians of PM2.5 were very similar to those
of Santiago (Figure 4a). These varied from 20 µg m−3 in the first third of the year, in-
creased to 42 µg m−3 during the cold season, and were reduced to 17 µg m−3 during the
last third of the year. The same as in Santiago, during the cold season 80% of the time
the PM2.5 concentration exceeded 20 µg m−3. Histograms for PM2.5 during the cold sea-
son were found to be very similar between the two cities even though the population
of Santiago is approximately 30 times higher than Rancagua. For PM10, median values
were found to be higher than Santiago, reaching 45, 35, and 35 µg m−3 in each third of
the year, respectively. The value of the first four months of the year was especially note-
worthy, because in no other southern city did the median exceed 20 µg m−3 in any season
of the year. Figure 4b shows that the fine PM tends to increase strongly at night and to
decrease passing midday. For Rancagua, Figure 4c,d shows that for low wind speeds, PM2.5

reached high concentrations, which are frequently expected at urban sites with higher
PM2.5 concentrations result from largely stable atmospheric conditions and also reduced
advection. Both fine PM and coarse PM showed directions SW and ENE. The PM arrived
mainly from the SW, which coincides with the prominent wind direction but a source
was marked at 70◦ (ENE) from the monitoring station in the direction of the Caletones
copper foundry 25 km which could be a possible cause for the particulate matter. This was
confirmed by using the conditional bivariate probability function approach from Carslaw
and Ropkins [52] (graphs not showed). This hypothesis had previously been suggested by
Koutrakis et al. [41] but no evidence was provided to support this.
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Figure 3. (a) Probability curves of fine PM and coarse PM concentrations for Santiago per periods
of three months each. (b) Probability curves of fine PM and coarse concentrations in three different
periods of the day during the cold season. The values within the graphs indicate the concentrations
in µg m−3. For each graph, secondary axes indicate the number of hours at which the concentrations
exceeded. (c) Bivariate polar plot for mean concentration of PM2.5 by wind speed and direction.
(d) Bivariate polar plot for mean concentration of coarse PM by wind speed and direction. For each
polar plot, the radius was an indicator of wind speed (m s−1) while the color showed the mean
PM concentration.

Figure 5 showing the condition for Talca will be used to represent the cluster of
5 cities: Talca, Los Angeles, Chillan, Temuco, and Osorno. During the cold season, 70%
of the time the PM2.5 concentration exceeded 20 µg m−3. Moreover, for PM10, the median
values reached 28, 18, and 18 µg m−3 on each third of the year. The mode for PM2.5

was 0–10 µg m−3 in the first and last third of the year and increased to 10–20 µg m−3

during the cold season. All these indicators, when compared to Rancagua, show that
air quality for PM in Talca was relatively better. Both cities have a similar population
(around 220,000 inhabitants) and industrialization level. Both cities also have the same
climatic pattern because of the relative position between two mountain ranges. In order to
understand the differences, a more detailed analysis was conducted using the information
provided by Figures 4 and 5. For the Talca–Los Angeles–Chillan–Temuco cluster, during the
first third-of-year the ratio of fine PM to coarse PM was around 30% and increased to 68%
during the cold season, falling again to 31% in the last third of the year. This winter-
associated increase in the ratio of fine PM over coarse PM became more pronounced
as latitude increased. The rise in ratio during the cold season conclusively establishes
the dominant role of residential wood combustion (RWC) as the primary source of PM
throughout the region. The particles emitted by the combustion of firewood in stoves and
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small residential heaters had a concentrated size distribution between 0.15 and 0.4 µm.
For small stoves, between 80–95% of PM10 emitted was found to be PM2.5 [61,62], but in
larger combustion systems this ratio did not exceed 90% [63,64]. The peak concentration of
PM2.5, as seen in Figure 5c, overlaps with low wind speed, conclusively establishing the
local origin of PM2.5. The conditional bivariate probability function approach established
that at low PM2.5 concentrations particulate originated from almost all directions. However,
for high PM2.5 concentrations, the particles were from local origin and related to very low
wind speed. On the contrary, coarse PM came from sources other than the representative
area of the monitoring station matching with prominent wind direction in the warm season
(Figure 5d). As such, it has been reported that fugitive dust (geological material) from
agriculture, erosion, and roads were the major contributors to PM10 at nearly all sampling
sites worldwide, often contributing up to 50% of the mean PM10 concentration [64].

Figure 4. (a) Probability curves of fine PM and coarse PM concentrations for Rancagua per periods
of three months each. (b) Probability curves of fine PM and coarse concentrations in three different
periods of the day during the cold season. The values within the graphs indicate the concentrations
in µg m−3. For each graph, secondary axes indicate the number of hours at which the concentrations
exceeded. (c) Bivariate polar plot for mean concentration of PM2.5 by wind speed and direction.
(d) Bivariate polar plot for mean concentration of coarse PM by wind speed and direction. For each
polar plot, the radius was an indicator of wind speed (m s−1) while the color showed the mean
PM concentration.

For Coyhaique (Figure 6) the median values for fine PM varied from 15 µg m−3 in
the first third of the year, increasing strongly to 75 µg m−3 during the cold season and
reducing to 21 µg m−3 during the last third-of-year. The mode for PM2.5 was 0–10 µg m−3

in first third-of-year increased to 30–40 µg m−3 during the cold season and reduced
to 10–20 µg m−3 in last third-of-year. During the cold season, almost 90% of the time
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the PM2.5 concentration exceeded the Chilean standard. For coarse PM, the median values
remained low throughout the year, reaching 9, 12, and 10 µg m−3 on each third-of-year.
During the first third-of-year, the ratio of PM2.5 to PM10 was around 63% and reached an
extraordinary 86% during the cold season, falling again to 64% in the last third-of-year. This
86% fine particulate matter ratio represents one of the most extreme values documented
globally, far exceeding typical urban fine PM ratios of 50–70% reported in major interna-
tional pollution studies, establishing Coyhaique as an unprecedented case study in fine
particulate matter dominance. Figure 6b reveals that median concentrations throughout
the day for PM2.5 reached 90, 49, and 120 µg m−3 at 07:00, 15:00, and 22:00, respectively;
whereas coarse PM medians remained remarkably constant around 12 µg m−3 throughout
the entire day. Consequently, diurnal variations of this ratio during the cold season were
calculated as 88%, 80%, and 90% at 07:00, 15:00, and 22:00, respectively. This exceptionally
minimal variation demonstrates the continuous, intensive use of RWC throughout the
entire day [65], representing a consistent pollution pattern in scientific literature.

Figure 5. (a) Probability curves of PM2.5 and PM10 concentrations for Talca (clustering Talca, Los An-
geles, Chillan, Temuco, and Osorno) per periods of three months each. (b) Probability curves of fine
PM and coarse concentrations in three different periods of the day during the cold season. The values
within the graphs indicate the concentrations in µg m−3. For each graph, secondary axes indicate the
number of hours at which the concentrations exceeded. (c) Bivariate polar plot for mean concentration
of PM2.5 by wind speed and direction. (d) Bivariate polar plot for mean concentration of coarse PM
by wind speed and direction. For each polar plot, the radius was an indicator of wind speed (m s−1)
while the color showed the mean PM concentration.
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Figure 6. (a) Probability curves of fine PM and coarse PM concentrations for Coyhaique per periods
of three months each. (b) Probability curves of fine PM and coarse concentrations in three different
periods of the day during the cold season. The values within the graphs indicate the concentrations
in µg m−3. For each graph, secondary axes indicate the number of hours at which the concentrations
exceeded. (c) Bivariate polar plot for mean concentration of PM2.5 by wind speed and direction.
(d) Bivariate polar plot for mean concentration of coarse PM by wind speed and direction. For each
polar plot, the radius was an indicator of wind speed (m s−1) while the color showed the mean
PM concentration.

3.3. Relationship Between Urban Air Quality and Intensity of Firewood Use

Ministerio de Energía [11] compiled the quantity of different types of stoves used
for RWC in the study area. The results indicate that intensity of RWC use increases
with latitude. In fact, it has been determined that above latitude 38◦ S (Temuco), more
than 80% and almost 100% of households in consume firewood in urban and rural areas,
respectively [44]. SICAM-Ingeniería [66] compiled the emission factors for fine PM for
different stoves technologies. Using statistical data of population and size of cities, we
estimated intensity of firewood use parameters such as stoves/hectare, stoves/household
and inventories of PM emission. Table 3 presents the outcome of the regression analysis of
the concentration of fine and coarse PM in the cold season (May–August) compared with
the rate of firewood consumption, the spatial frequency of stoves, the mean of stoves per
household and inventory of PM or cumulated PM emissions per year. All the correlations
for PM2.5 in this study demonstrated significant or highly significant relationships. In the
case of coarse PM there was no correlation with indicators of intensity of firewood use.
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Table 3. R2 correlating intensity of RWC use and PM concentration during cold season.

Independent Variable Mean Fine PM Mean Coarse PM

Firewood consumption 0.965 ** 0.3
Stoves/hectare 0.887 * 0.008

Stoves/household 0.824 * 0.005
Inventory of PM/hectare 0.966 ** 0.001

Inventory of PM/household 0.946 ** 0
* p-value ≤ 0.05; ** p-value ≤ 0.01.

4. Conclusions
This study presents a latitudinal analysis of PM2.5 and PM10 across a 1400 km pollution

corridor spanning Chile’s central-southern zone. The analysis reveals significant pollution
gradients, with Coyhaique ranking one the most polluted cities worldwide (95th percentile
globally) and demonstrating an 86% fine particulate matter ratio that exceeds typical
international urban standards [54,67].

The described pollution patterns represent a significant continental-scale envi-
ronmental concern, with 4900–6500 annual premature deaths directly attributable to
PM2.5 exposure across the study corridor [12,13]. The systematic correlation between
RWC intensity and fine PM concentrations (R2 > 0.96) suggest that RWC as the dominant
pollution driver across multiple climate zones and topographical settings.

Our findings provide a methodological framework applicable to mountain-valley pol-
lution systems globally while establishing pre-Paris Agreement baseline data for evaluating
climate mitigation strategies [14,15,25,45].

The evidence supports implementation of comprehensive wood combustion control
strategies across Chile’s central-southern corridor. Practical policy interventions should
prioritize: (1) subsidized replacement programs transitioning households from traditional
wood stoves to cleaner heating technologies such as pellet stoves, heat pumps, or nat-
ural gas systems; (2) establishing regulatory standards for wood moisture content and
combustion efficiency to reduce emissions from existing stoves; and (3) developing fi-
nancial incentives and technical assistance programs that address affordability barriers
for urban households where heating infrastructure transitions require substantial invest-
ment. International experience from European biomass heating regions demonstrates
that combining economic subsidies with public awareness campaigns and strict emission
standards can achieve significant air quality improvements [38]. This research provides
essential baseline documentation for national air quality policy and international climate
change assessment frameworks. The temporal context provides valuable pre-intervention
baselines for evaluating subsequent policy effectiveness and climate-related changes in
pollution patterns.

Future research should consider these baselines to quantify intervention effectiveness
and regional pollution evolution under changing climatic conditions. The methodological
framework developed here provides a replicable approach for longitudinal monitoring
of pollution corridors worldwide, particularly in mountain-valley systems experiencing
environmental change.

Study Limitations: This analysis is constrained by several factors that should inform
interpretation of results. First, the 2014–2015 temporal scope represents a snapshot baseline
and cannot capture long-term trends or recent changes in heating practices and emission
control policies. Second, while the SINCA monitoring network provides unprecedented
South American coverage, station placement within cities may not fully represent exposure
gradients across diverse urban microenvironments. Third, the correlation analysis estab-
lishes strong statistical relationships between RWC indicators and PM concentrations but
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does not quantify contributions from other potential sources (vehicle emissions, industrial
activities, long-range transport). Finally, meteorological variables beyond wind speed and
direction—particularly mixing layer height dynamics and precipitation patterns—warrant
more comprehensive integration into future source apportionment analyses.
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