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Resumen

Los incendios forestales representan una amenaza significativa para los ecosistemas,
la biodiversidad y la salud humana, lo que resalta la importancia de realizar un seguimiento y
una evaluacion precisa de su impacto. En este trabajo se utilizan simulaciones con HYSPLIT
e imagenes satelitales de MODIS de la NASA para estimar fuentes y niveles de contami-
nacion asociados al incendio forestal iniciado en enero de 2024 en el Parque Nacional Los
Alerces, provincia de Chubut, Argentina. A partir de simulaciones y datos observados, se
estimd una biomasa de 650 Mg/ha, valor consistente con estimaciones reportadas en la
literatura. Ademas, se estima la distribucion y concentracion de material particulado en las
areas afectadas, identificando niveles de contaminacion superiores a 100 pyg/m?® en zonas
cercanas. El estudio combina modelado computacional, datos satelitales y analisis ambiental,
y busca contribuir a la evaluacion del impacto ecolégico y sanitario de los incendios forestales
en ecosistemas sensibles.

PALABRAS CLAVES: Incendios forestales, estimacién de fuente, contaminacién atmosférica,
dispersién atmosférica, HYSPLIT.
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Abstract

Forest fires pose significant threats to ecosystems, biodiversity, and human health,
highlighting the importance of accurate tracking and assessment of their impact. The sources
and levels of wildfire contamination were determined using HYSPLIT simulations and NASA
MODIS satellite imagery. The forest fire that started in January 2024 in Los Alerces National
Park, located in Chubut Province, Argentina, is presented as a case study. By adjusting
the simulation with observed data, the biomass was estimated to be 650 Mg/ha, a value
consistent with estimates reported in the literature. The distribution and concentration of airborne
particulate matter in the affected areas were estimated. Thus, this study assessed
contamination levels in nearby areas, revealing significant air quality impacts, with pollution
levels exceeding 100 pug/m?3. This research adopts a multidisciplinary approach to deepen
our understanding of the ecological and human health impacts of forest fires in sensitive
ecosystems, with the goal of contributing to more effective conservation strategies and
enabling future prevention and mitigation efforts.

KEYWORDS: Forest fire, Source estimation, Air pollution, Atmospheric Dispersion, HYSPLIT.

INTRODUCCION

Forest fires pose significant threats to ecosystems, biodiversity, and human health,
highlighting the importance of accurate tracking and assessment of their impact. The
frequency and intensity of forest fires worldwide can be linked to shifts in climate patterns,
including prolonged periods of drought and increased temperatures (Jones et al., 2022).
However, emissions vary widely due to differences in fuel types, burning conditions, and
other environmental factors. The destruction of wildlife habitats and an increase in air, water,
and soil pollution can pose significant risks to communities living both in the proximity to fire
and in adjacent areas (U.S. Environmental Protection Agency, 2009; Keywood et al., 2015).
Thus, it is important to recognize that wildfire impacts can extend well beyond the immediate
area of the blaze.

Wildfires emit a combination of gaseous compounds, including carbon monoxide, nitrogen
oxides, organic compounds, and particulate matter (PM) into the atmosphere. Specifically,
fine particulate matter (PM2.5), from natural and anthropogenic sources, has been linked to
various health effects, including respiratory diseases, cardiovascular disorders, neurological
impairments, altered behaviors and increased mortality (Grant & Runkle, 2022; Kurtz et al.,
2024; Orona et al., 2020; Tesone et al., 2018). Elevated levels of gases and PM released
during wildfires can have enduring effects on human health and the environment (Reisen et
al., 2015). It was estimated that approximately 340,000 annual deaths can be associated with
landscape fire smoke worldwide (Johnston et al., 2012). Recent studies suggest that wildfire-
PM is more toxic than equal doses of urban-PM (Aguilera et al., 2021; Franzi et al., 2011).
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In 2022, according to the Copernicus Atmosphere Monitoring Service (CAMS), the South
American wildfire season had the highest estimated emissions in the last 20 years (Copernicus
Atmosphere Monitoring Service, 2022). Los Alerces National Park (LANP), located in Chubut
Province, Argentina, is a UNESCO World Heritage Site (UNESCO World Heritage Centre,
2017) renowned for its exceptional natural beauty and biodiversity, including the iconic alerce
forests. Covering an area of 263,000 hectares, the park  serves as a vital sanctuary for
diverse flora and fauna within the Patagonian Forest and Andean highlands ecosystem.
Recent events have highlighted the susceptibility of LANP to forest fires, as demonstrated
by the outbreak of a fire in the Bahia Rosales area of Lake Futalaufquen. Fueled by adverse
weather conditions characterized by low humidity, extreme heat, and strong winds, the fire
rapidly spread across the landscape, consuming thousands of hectares of wilderness.

Understanding the dispersion of pollutants from wildfires is crucial for assessing
their long-term impact, particularly on air quality. In this context, there is an urgent need
for comprehensive strategies to mitigate the impacts of wildfires on forest ecosystems and
communities (McKenzie et al., 2004). Therefore, accurate modeling of pollutant dispersion
and long-term air quality monitoring in selected regions are essential for informing public health
interventions, guiding land-use planning decisions, and promoting sustainable development
strategies, especially in fire-prone areas.

Although several dispersion models such as AERMOD (Brode, 2006) and the Community
Multiscale Air Quality Modeling System (CMAQ) (U.S. Environmental Protection Agency, 2024),
exist, we selected the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model for its precision and efficiency in simulating atmospheric pollutant dispersion and
deposition across different temporal and spatial scales (NOAA Air Resources Laboratory,
2024). This robust and well-known modeling technique has been employed in various contexts,
such as volcanic eruptions (Troparevsky et al., 2022), radiation-related incidents (Rolph et al.,
2014), city air pollution (Li et al., 2017), airborne desert dust transport (Alebic¢-Jureti¢ et al.,
2024) and for wildfire dispersion (Souto-Oliveira et al., 2023). It is essential to emphasize that
accurately estimating the source of fires, often characterized by multiple points of origin, is
critical for comprehending various aspects, including the extent of biomass burned and how
fire behavior varies based on the materials consumed. Our group has previously employed
HYSPLIT to estimate the concentration, transport, and dispersion of airborne particles emitted
after the wetland fire of Parque Nacional “Ciervo de Los Pantanos” in Buenos Aires, which
lasted 4 days from August 18th to 21st in 2022 (Besteiro et al., 2024).

The aim of this work is to utilize the HYSPLIT model to estimate the multiple points
of origin and simulate the dispersion of air pollution contaminants resulting from the forest
fire that occurred in LANP last January 2024. Our goal is to offer detailed insights into the
spatial distribution and concentration of pollutants by incorporating NASA Moderate Resolution
Imaging Spectroradiometer (MODIS) satellite imagery (Justice et al., 2002). We compared
MODIS images with simulations from the HYSPLIT model to analyze pollutant extent and
movement across the affected region with a finer spatial resolution. This approach enhances
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the understanding of how atmospheric conditions and topography interact to influence the
dispersion patterns of pollutants from the forest fire.

Materials and Methods

Los Alerces National Park Wildfire Scenario

Los Alerces National Park (LANP) is a UNESCO World Heritage Site located in the
Chubut province of Argentina covering over 263,000 hectares (lat. 42°48'27" S, long. 71°53'56"
W) (Figure 1). LANP was established primarily for the conservation of the Patagonian cypress
and alerce forests, which are among the oldest trees on the planet. In this area, winters are
rainy and snowy, while summers are dry with cool nights. LANP boasts a complex network
of lakes (Futalaufquen, Verde, Kriiger, Rivadavia, Menéndez, and Amutui Quimei), rivers
(Arrayanes River), streams and wetlands, supporting a wide array of flora and fauna.

The wildfire ignited on January 26th and persisted for approximately 2 weeks; it broke out
in the Bahia Rosales area of Lake Futalaufquen within LANP. The fire progression was fueled
by the park’s dense vegetation, the terrain’s morphology and unfavorable weather conditions,
including low humidity, extreme heat, and strong winds. Within a few days, it exceeded the
5,000-hectare mark (ElI Chubut, 2024). As the fire spread beyond the park boundaries into
the surrounding Chubut province, the resulting smoke significantly impacted the population.
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Figure 1: Map of Los Alerces National Park (LANP) A: Argentina showing Chubut Province in light red (Lat. 42°S-
46°S, Long. 65°- 71°W). B: LANP (lat. 42° 48' 27" S, long. 71° 53' 56" W), in dark red situated in the northwest of
Chubut Province. C: The area outlined in red represents the LANP boundary with the buffer zone in light green
(adapted from Pérez A. et al., (2016)).
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HYSPLIT Dispersion Model

The HYSPLIT software, developed by the National Oceanic and Atmospheric
Administration (NOAA), is a robust modeling tool designed to simulate the transport and
transformation of atmospheric contaminants which followed previous pioneering works
(Draxler & Hess, 1997). By integrating meteorological data from different sources, HYSPLIT
calculates the movement, concentration, and deposition of pollutants across diverse spatial
and temporal scales. The model utilizes both Eulerian and Lagrangian methods to simulate
pollutant transport dynamics. Euler’'s method entails solving equations governing atmospheric
flow within discrete spatial and temporal grids, while the Lagrangian approach tracks virtual
particles representing pollutants. This combined methodology enables HYSPLIT to accurately
predict the dispersion of contaminants from different sources, specifically from a fire source.
It is worth noting that the efficacy of HYSPLIT has been validated for modeling air pollution
in various scenarios (Choi et al., 2020).

The system of equations (1) forms the basis for determining particle concentration,

U(t)=U + U'(t)

U'(t)= U(t)-U (1)

;o 0.5
oy = (n. ZUJHJE)

where U(t) represents the wind velocity at a specific time, U is the temporal mean of the
wind velocity and oU is the standard deviation of the wind velocity. The 3D calculation of
particle concentration is composed of two key steps. The first step involves advection, where
the trajectory of particles is calculated using  the mean wind field obtained from the input
meteorological data file. This advection step essentially determines the movement of particles
through the atmosphere over time. Equation (2), incorporates the effects of turbulence to
refine the particle positions. Turbulent winds introduce fluctuations in the airflow, adjusting
the position of particles to their mean trajectory.

Pina(t + At) = Prean(t + At) + U'(t + At)At 2)

In (3) the horizontal turbulent velocity components at the current time U’ (t + At) are
computed from the turbulent velocity components at the previous time U’(t), introducing an
auto-correlation coefficient (R) that depends on the time step, the Lagrangian time scale
T,, and a computer-generated random component (U”). An exponential velocity auto-
correlation is assumed.
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U'(t + At)= R(AOU'(1)+U /1 — R(AL)
(3)

() - ()

Equations (1)-(3) constitute the framework for the model, derived from the integral model
developed by (Draxler & Hess, 1997).

Meteorological and Validating Data

Meteorological data from the NOAA website’s Global Data Assimilation System (GDAS)
were utilized for this study. The GDAS dataset includes crucial information such as wind speed,
direction, temperature, humidity, and atmospheric pressure, collected at different spatial and
temporal scales (Stunder, 2004). The quality and resolution of GDAS data play a crucial role
in ensuring accurate trajectory simulations, making it a preferred dataset for studies using
the HYSPLIT model (Su et al., 2015).

Geographic data of the LANP area were employed to retrieve meteorological data with
a spatial accuracy of 1 degree. Additionally, satellite imagery from the MODIS and National
Polar-Orbiting Partnership (Suomi-NPP) Visible Infrared Imaging Radiometer Suite (VIIRS)
(Cao et al., 2013) sensors provided valuable information for comparing and validating the
wildfire simulation results. All data were collected from January 26th to January 30th.

Pollutant Source Location

The simulation using the HYSPLIT model focused on predicting the spread of pollutants
from the wildfire site over several days. While the actual wildfire spanned from January 26th to
February 21st, 2024 encompassing the burning of approximately 6,900 hectares (El Chubut,
2024), the simulation was conducted for a duration of 5 days (January 26th to January 30th),
for the first 12 hours of each day. These initial 5 days were deemed critical as they captured
the most intense phase of the wildfire’s progression, providing valuable insights into the early
stages of pollutant dispersion and its potential impact on the surrounding environment.

The exact location of the wildfire incident was determined using satellite imagery and fire
detection algorithms provided by NASA’s Fire Information for Resource Management System
(FIRMS) (Davies et al., 2019). This precise geolocation data enabled accurate modeling of
the wildfire’s spread and dispersion patterns, enhancing the reliability of the simulation results.

Data extracted from FIRMS provides the location of the wildfire, with approximate
coordinates 42°48'11" S Lat. and 71°36'32" W Long. (Figure 2). These coordinates denote the
general area where the wildfire originated and developed after 5 days. As shown in Figure 2, red
areas represent thermal anomalies detected using infrared sensors which generally indicate
the presence of fires or extreme heat.
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Figure 2: FIRMS image for the first 5 days of the LANP fire. Red areas represent cumulative thermal anomalies
detected using infrared sensors during the first 5 days.

Pollutant Source Estimation

For source estimation (tons/hectare), different elements were considered, such as forest
density, mean tree height, and the fraction of forest effectively burned. For density calculations
we considered the study on wood volumetric density to assess forest biomass in Brazilian
Amazonia (Fearnside, 1997); the estimations integrating tree height into pantropical forest
biomass estimates (Feldpausch et al., 2012) and a high-resolution canopy height model of
the Earth (Lang et al., 2023). From these sources, we considered a wood density of 0.69 g/
cm? and assumed an average tree height of 10 meters in that region from which we obtain an
areal biomass density of 69,000 tons per hectare. Additionally, it is known that approximately
1,000 hectares were affected in LANP over the first 5 days (Infobae, 2024).

If the whole forest were burned up this would imply a highly overestimated initial
condition of 575,000 tons per hour as input for the HYSPLIT model. As a result, it would
produce an excessive pollution concentration, measured in micrograms per cubic meter
(Mg/m?3). To obtain concentration levels consistent with reported wildfire pollution values,
we considered an effective emitted fraction of 1% of the total estimated biomass. This
concentration level is in line with the observed pollutant levels during forest fires in Uttarakhand,
India, reported by Singh (2016), which reached up to 400 pg/m?3. Wind, humidity, and the
fact that only a percentage of the trees are burned are the potential physical reasons for this
adjustment. Furthermore, these estimations not only provided hourly emission rates but also
yielded an evaluation of biomass in Megagrams per hectare (Mg/ha).

From our calculations, with the proposed initial condition, we obtain a biomass of
650 Mg/ha. We can compare our results with other estimations obtained when different
methodologies were used. As reported by Blundo et al. (2021), a 300 to 500 Mg/ha was
estimated for the northwestern Argentine zone. Furthermore, a study that focuses on fire
emissions in Patagonia, particularly in Andean cypress forests (Defossé et al., 2020),



ISSN 2591-5320

Revista Abierta de Informatica Aplicada Vol. 10 N° 1 (octubre, 2026): 1-15
Forest wildfire air pollution plume dispersion: A case ...

Besteiro, A. & Piotrkowski, R.

obtained estimates of biomass between 300 and 450 Mg/ha for Trevelin, Cerro Centinela, and
La Colision sites. Additionally, Bertolin et al. (2015) provided relevant biomass estimations for
the Lago Guacho, La Torta, and La Colisién sites in the Patagonian zone obtaining 565, 543,
and 631 Mg/ha, respectively. Thus, our estimation of 650 Mg/ha suggests that our approach
aligns with the findings of these previous studies.

Taking this information into account, we considered an emission rate of 5,750 tons
per hour, with the initial release lasting for 120 hours. After running the simulation, the
concentration of wildfire pollutants was analyzed. Results were obtained in pg/m?, providing
insights into the spatial distribution and intensity of pollutant dispersion.

Results and Discussion

HYSPLIT Simulation and Satellite Image Comparison

We conducted a series of HYSPLIT simulations for the wildfire incident at LANP spanning
5 days, from January 26th to January 30th , 2024 in conjunction with MODIS satellite imagery.
These simulations illustrate pollutant levels using color gradients, providing insight into
the extent of contamination. While MODIS imagery typically shows a broad grey plume,
HYSPLIT simulations offer a more detailed depiction of the actual dispersion pattern, revealing
the true extent of pollution (Figure 3).

The left panels of Figure 3 show the simulated wildfire, where contamination levels
exceeding 100 pg/m?® are depicted in yellow, particularly in areas near the wildfire source. The
circles centered at the source with radii of 20 kilometers illustrate the extent of contamination,
highlighting areas potentially affected by the wildfire’'s emissions. We compared HYSPLIT
outputs with MODIS images (Figure 3 - right panels), where the plume appears much thinner
than the width of the area marked in the HYSPLIT simulation.
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Figure 3: HYSPLIT simulations (left panels) and MODIS images (right panels) from January 26th to January
30th. Pollutant levels exceeding 100 ug/m? are shown in the yellow areas. Pollutant concentration gradually
decreases with distance from the primary source as shown in the blue, green and cyan areas.
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Pollution in Nearby Towns

We selected five towns near Los Alerces National Park as representative examples
to evaluate the extent of pollution dispersion from the wildfire: Esquel, Cholila, Trevelin,
Corcovado, and Tecka (Figure 4).

e
:

Ol:hnlila

Wildfire
Source

LANP

}
\. Esquel

Teck
] oeca

l = O Corcovado

Figure 4: Map of the vicinity of Los Alerces National Park (LANP) in Chubut, showing yellow points for the nearby
towns (Cholila, Esquel, Trevelin, Corcovado, and Tecka), a red point indicating the wildfire source within LANP,
the park area highlighted in green, and the national border outlined in violet.

Contamination levels for the initial day of the wildfire are shown in Table 1. The data
highlights the significant impact of the wildfire on air quality, with contamination levels exce-
eding 100 ug/m?® in Esquel and Cholila, which are relatively closer to the wildfire source.
Even towns farther away, such as Corcovado or Tecka, experienced detectable levels of
contamination, albeit at lower concentrations.

Town Population Distance to Source Pollution
(Km) Level (pg/m?)
Esquel 32,758 25 >100
Cholila 2,228 35 >100
Trevelin 7,908 30 >10
Corcovado 1,820 80 >0.1
Tecka 1,237 100 >1

Table 1: Pollution level for each town. Population is extracted from the General Directorate of Statistics and Cen-
suses (Direcciéon General de Estadistica y Censos, 2009).
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The contamination levels in five towns over a five-day period, from January 26th to
January 30th , are shown in Figure 5. It is evident that the closest towns to the pollution
source, Esquel, Cholila and Trevelin, experienced significantly higher contamination levels,
while towns, Corcovado and Tecka, located farther away registered lower but measurable
levels of contamination.

Pollution in nearby towns

>100
) W Esquel B Cholila
"E‘ W Trevelin  WTecka
o >10
3 B Corcovado
h =
c
o =1
F=]
£
[
8 >0.1
- =
Q
Q

0
Jan. 26 Jan. 27 Jan. 28 Jan. 29 Jan, 30
Days

Figure 5: Pollution levels (ug/m?3) in nearby towns from January 26th to January 30th.

Table 2 compares the areas with pollution levels exceeding 100 pg/m? as determined by
HYSPLIT simulations to the plume areas observed in MODIS satellite images over a period of
five consecutive days. There is a significant difference in the size of these areas throughout
the analyzed period. For instance, on January 26th , the HYSPLIT simulation area reached
7,600 km?, while the MODIS plume area was 370 km?, representing 4% of the simulation area.
By January 30th , the HYSPLIT area peaked at 10,500 km?, with the MODIS plume area at
1,219 km?, accounting for 11% of the simulation area. These figures reflect fluctuations in
the intensity and extent of pollution in the region during this timeframe. Generally, the areas
identified by HYSPLIT with particle concentrations over 100 ug/m? are larger than the plume
areas detected by MODIS. This difference occurs because MODIS and HYSPLIT provide
related but distinct information. MODIS plumes indicate regions with the highest particle
density, while HYSPLIT simulations cover broader areas, including regions with lower but
still significant concentration levels. The percentage comparison of the MODIS plume area
to the HYSPLIT simulation area provides a measure of the correlation between the observed
plume areas and the simulated density distribution.

Date HYSPLIT MODIS Plume/Simulation
Yellow Simulation Plume Area (%)
Area (km2) (km2)
Jan. 26 7,600 370 4
Jan. 27 - 1,351 -
Jan. 28 8,400 381 4
Jan. 29 7,225 4,201 58
Jan. 30 10,500 1,219 11

Table 2: Yellow area in the HYSPLIT simulation, plume area in MODIS images and the ratio plume/simulation
areas. No HYSPLIT area above 100 ug/m? was obtained for the January 27th simulation.
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Conclusions

This study employed HYSPLIT software to simulate the dispersion of pollutants resulting
from a wildfire incident in LANP. By utilizing meteorological data and emission estimates,
the simulation provided valuable insights into the spread and impact of wildfire emissions on
surrounding areas.

We focused on three main objectives. First, we estimated the amount of burned biomass
using the simulation outputs. Second, we conducted a qualitative comparison between the
HYSPLIT simulation and satellite imagery. Third, we quantitatively studied the impact and
expansion of pollutants in areas adjacent to LANP.

The findings highlight the critical importance of monitoring and mitigating the environmental
and health impacts of wildfires, particularly in regions with vulnerable populations and
ecosystems. The data obtained from the simulation can inform emergency response efforts,
facilitating the implementation of targeted measures to protect communities and mitigate
the spread of pollutants.

This study emphasizes the need for proactive wildfire management strategies and
ongoing surveillance to safeguard the health and well-being of communities near forests all
over the world. By incorporating advanced modeling techniques and real-time data analysis,
authorities could better anticipate and respond to wildfire events, reducing the risk of adverse
impacts on both human health and the environment.

Through a multidisciplinary approach, this research endeavors to enhance our
understanding of the ecological and human health implications of forest fires in sensitive
ecosystems, ultimately contributing to more effective conservation strategies and disaster
preparedness measures.
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