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Abstract
This study investigates the Serra da Estrela megafire, located in Portugal, which
occurred in August 2022, aiming to explore how changes in weather conditions
can modify fire behavior in a fire burning during several days. The study uses
a set of fire–atmosphere coupled simulations, referred as EXPn. The MesoNH
atmospheric model was coupled to the ForeFire fire propagation model and
configured with three nested domains, each comprising a 150× 150 horizontal
grid, with resolutions of 1500 m, 500 m, and 250 m. Regarding the experiments,
EXP1 [IGN] corresponds to the ignition phase on 6 August, EXP2 [PYRO] to the
development of pyro-convective clouds on 10 August, whereas EXP3 [REAC]
represents the fire reactivation period on 15 August. The first and third periods
showed that smoke plumes were transported mainly within the boundary layer,
whereas in the second period pyro-convection reached the middle tropospheric
levels, allowing the formation of pyro-convective clouds. Such clouds were con-
firmed from radar and satellite observations. Beside the fire-generated clouds,
the study highlighted that propagation of the fire front can suddenly shift due to
the interaction between weather, fire and complex terrain. This study confirmed
the importance of the use of coupled atmosphere–fire models to represent fire
dynamics and their impact on local meteorology. In a global perspective, such
an approach provides a framework for assessing wildfire–atmosphere interac-
tions in diverse environments, supporting improved prediction of large wildfires.
Overall, it underscores the influence of evolving atmospheric conditions on fire
behavior, which is critical for understanding the development of megafires capa-
ble of burning over several weeks. This study highlights the crucial need to
expand our scientific understanding of fire behavior, enabling its application to
other regions worldwide.
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1 INTRODUCTION

Wildfires result from several chemical and physical pro-
cesses and interactions across different temporal and
spatial scales. These complex interactions range from
the combustion and release of energy from vegetative
fuels and the transfer of heat to adjacent fuels to inter-
actions with regional or large-scale atmospheric flow
(Sullivan, 2017). Fire behavior, in turn, can be summarized
by the fire triangle consisting of meteorology, fuel, and
topography (Countryman, 1972; Güngöroğlu, 2018). These
components interact in complex ways that directly influ-
ence fire spread, fire intensity, and the fuel flammability.

Given the complexity of wildfire development, con-
siderable efforts have been made to better understand
fire–atmosphere interactions, namely through numeri-
cal modeling. Several coupled models have been tested
to explore these fire–atmosphere processes; notably,
MesoNH/ForeFire, WRF-SFIRE, and ACCESS-Fire explic-
itly account for fire–atmosphere feedbacks and have
been applied in case studies worldwide. For instance,
both MesoNH/ForeFire and WRF-SFire have been used
to investigate major wildfires in Portugal (Campos
et al., 2023; Couto et al., 2024a, b; Vaz et al., 2025); in
Greece, similar analyses were conducted by Kartsios
et al. (2021); in Australia, the ACCESS-Fire system has
been applied (Peace et al., 2022, Peace et al., 2023);
and in the United States, Clough et al. (2025) and
Cheung et al. (2025), have employed WRF-SFIRE to
study fire–atmosphere dynamics. Additionally, Toivanen
et al. (2019) used the UK Met Office Unified Model cou-
pled with the McArthur fire spread model to simulate a
wildfire in Australia.

In recent years, extreme wildfires, commonly known as
megafires (exceeding 10,000 hectares; Linley et al., 2022)
have been reported around the world. For instance,
Australia’s ‘Black Summer’ fire season of 2019–2020
burned around 530,000 hectares (Peterson et al., 2021),
pushing several endangered species to the brink of local
extinction (Dickman, 2021). In Greece, the 2018 fire season
took 102 human lives (Kartsios et al., 2021) while during
2017, Chile had its most severe forest fires on record, with
over 500,000 hectares burned (de la Barrera et al., 2018).
On the other hand, other regions have reported an increase
of wildfires in the last decades, for example, the Indian
Himalayan region (Prabhakaran & Srivastava, 2025).
According to Almeida et al. (2024), Europe experienced
severe weather conditions in 2022 that resulted in more
than 800,000 hectares burned. Notably, regions historically
less vulnerable to wildfires, such as Slovenia and north-
eastern Italy, reported significant fire activity. Protected
areas also suffered substantially in 2022, with Portugal,
Spain, and Romania collectively experiencing over 270,000

hectares of wildfire damage. The 2023 fire season in the
Northern Hemisphere brought several catastrophic events.
In Greece, a single wildfire consumed 94,000 hectares
and caused 28 human fatalities. In Hawaii, wildfires com-
pletely destroyed a city, resulting in 100 recorded deaths.
In Canada, an unprecedented 15 million hectares burned
(Mayers, 2024). These escalating events strongly suggest
that climate change has intensified fire potential (Di
Virgilio et al., 2019).

The Iberian Peninsula is the European region with the
highest wildfire incidence, resulting in significant property
damage and fatalities (San-Miguel-Ayanz et al., 2020).
Portugal has experienced a long history of wildfires,
with severe events in the last decades, particularly in
2003, 2005, and 2017. Inadequate forest and landscape
management, demographic shifts, agricultural land aban-
donment and the expansion of monocultures, namely
maritime pine (Pinus pinaster) and eucalypt (Eucalyp-
tus globulus), have all contributed to increased danger of
fire (Bento-Gonçalves, 2021). In the climatic context, the
extreme fire seasons primarily resulted from anomalous
atmospheric synoptic patterns and extreme fire-weather
conditions (Gouveia et al., 2012; Trigo et al., 2006; Turco
et al., 2019). Carmo et al. (2021) studied the climatology
of extreme fire seasons in mainland Portugal and high-
lighted that northeasterly and easterly flows are the most
dangerous fire-weather conditions. Additional studies
have shown that large wildfires are closely correlated with
heatwaves and droughts in western Iberia (e.g., Rodrigues
et al., 2020). Climate change is projected to impact fire
weather in Portugal, with fire activity expected to increase
throughout the year, resulting in longer and more severe
fire seasons (Calheiros et al., 2021). Early evidence of this
trend was documented by Couto et al. (2022) in their study
of a 10-year period of winter fires’ activity in Portugal.
The authors highlighted the record number of fires during
winter 2021/2022, which was characterized by unusually
mild winter conditions.

Extreme wildfire events are characterized by high
intensity and significant energy release. They pose excep-
tional management challenges and frequently exceed
control capacities, resulting in tens of thousands of
hectares burned, severe damage to natural heritage and
wildlife, and human fatalities. In such cases, the energy
released can be so intense that the fire effectively creates
its own weather, triggering fire–atmosphere interactions
that enable the formation of pyro-convective clouds
or/and fire-generated tornadoes (Fromm et al., 2010;
Lareau et al., 2018; Lareau & Clements, 2017). These
phenomena can influence fire behavior, affecting the
rate of spread (ROS) and altering fire front directions
(Peterson et al., 2018). Beside fire–atmosphere interac-
tion phenomena influencing ROS, the establishment of
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megafires can also be associated with different factors
supporting progressive expansion of the burned area.
Changes in atmospheric conditions on a subdaily scale
can lead to unexpected fire behavior and consequently
a sudden increase in the burned area. For example,
convection-permitting simulations have suggested that
convective outflows producing gust fronts may affect
fire behavior in the Pantanal wetland, leading to rapid
spread and large burned areas (Couto et al., 2024c,
2025a). Furthermore, changes in the large and mesoscale
circulation along days can also lead to an erratic and
unpredictable expansion of the fire front, such as verified
in large fires occurring in southern Portugal (Purificação
et al., 2024, 2025).

The present study is based on the premise that fire
behavior over several weeks can vary considerably due
to changes in the synoptic circulation. To evaluate this
hypothesis, a set of fire–atmosphere coupled simulations
are used to explore fire behavior on three different days
over the three weeks during which the megafire in the
Serra da Estrela Natural Park was active. The simulations
were designed to assess fire spread across complex terrain,
the development of pyro-convection and related phenom-
ena, and to explore how evolving weather conditions can
affect fire behavior over extended periods.

The manuscript is structured as follows: Section 2
presents the study area, data and methodology, followed

by the results in Section 3. The results are discussed in
Section 4, followed by the limitations and challenges for
the study in Section 5, and conclusions in Section 6.

2 STUDY AREA, DATA AND
METHODOLOGY

2.1 Case study: August 2022

Serra da Estrela, in central mainland Portugal (Figure 1a),
straddles the Euro-Siberian and Mediterranean biogeo-
graphical regions. Although it covers just 1% of Portugal,
the Natural Park is a key area, supporting one-third of
the national flora, high plant endemism and a rich assem-
blage of vertebrate and invertebrate fauna. Designated a
Natura 2000 priority site (Evans, 2012; Silva et al., 2019),
the region now faces increasing threats – climate change,
rural abandonment and fuel accumulation (Jansen, 2011;
Moreira et al., 2010; Nunes et al., 2021).

In August 2022, a fire ignited in Garrocho burned over
20,000 ha (25% of the park) across 22 parishes in 20 days.
This region has a documented history of significant fire
events, notably those occurring in 1975, 1978, 2000, and
2017 (Lusa, 2022). Steep terrain, extreme fire weather
conditions, and operational challenges (including poor
helicopter maneuvering near the active front) exacerbated

F I G U R E 1 (a) Study area, the red square indicates the Serra da Estrela region and (b) the final burn area (pink shaded) obtained from
Sentinel-2 imagery dated 27 August 2022. [Colour figure can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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its spread (Mendonça et al., 2023), underscoring the urgent
need for integrated land-management strategies. Figure 1b
presents a false-color RGB composite from Sentinel-2
imagery on 27 August 2022, illustrating the final extent of
the affected area throughout Serra da Estrela.

2.2 Observation data

Table 1 below describes the observed data used in this
study. It used data from four surface weather stations
provided by the Portuguese Institute for Sea and Atmo-
sphere (IPMA), located within the study area (Figure S1).
The hourly data from the weather stations were used
for a point-to-point validation of the numerical simu-
lations. Large-scale atmospheric conditions were taken
from the operational archive of the European Centre for
Medium-Range Weather Forecasts (ECMWF), using the
Meteorological Archival and Retrieval System (MARS), at
a horizontal resolution of 0.125× 0.125 degrees.

Weather radar data from the Arouca/Pico do Gralheiro
(A/PG RADAR) dual-polarization system were used in this
study, specifically the correlation coefficient (Rho_HV)
field. This parameter measures the variability in the
shapes, sizes, and orientation of targets within the atmo-
spheric volumes scanned by the radar beam. Lower val-
ues indicate greater variability, whereas higher values
correspond to more uniform characteristics. Typically,
hydrometeors such as rain, snow, or ice crystals are
more uniform in shape, size, and orientation than, for
instance, smoke particles, and are therefore characterized
by higher Rho_HV values. Rho_HV thus helps distinguish
meteorological targets from smoke, with values exceeding

0.9 indicating condensed hydrometeors, and values below
0.6 typically associated with smoke (Pinto et al., 2022a).

Active Fire (AF) products derived from the Moder-
ate Resolution Imaging Spectroradiometer (MODIS), and
the Visible Infrared Imaging Radiometer Suite (VIIRS)
sensors were used. Both AF products were retrieved
from the National Aeronautics and Space Administra-
tion (NASA) Fire Information for Resource Manage-
ment System (FIRMS) to assess the wildfire’s temporal
evolution.

2.3 Numerical modeling

This fire event was studied using numerical modeling with
the MesoNH atmospheric model and the ForeFire fire
propagation model. The two models were coupled consid-
ering two-way interactions, in which the heat and vapor
generated by the fire are injected into the atmosphere,
while the near- surface wind drives the fire spread. Six
numerical simulations were conducted (Table 2).

The Non-Hydrostatic Mesoscale atmospheric model
(MesoNH) is a state-of-the-art limited-area model (Lac
et al., 2018) with non-hydrostatic dynamics and a set
of parameterizations that solve physical processes in
the atmosphere including shallow and deep convec-
tion, turbulence, cloud microphysics and radiation trans-
fer. Atmosphere–surface interactions are modeled using
SURFEX (Masson et al., 2013), a platform that includes
models for different surface types. The model has previ-
ously been used to study atmospheric conditions associ-
ated with the development of fires in Portugal (e.g., Couto
et al., 2022, 2025b; Purificação et al., 2024, 2025). ECMWF

T A B L E 1 Observed data used in this study.

Data Data retrieved Temporal Spatial

Weather stations Guarda (40.53◦ N, −7.28◦ W) 10-m wind gusts
(m⋅s−1); 2-m air
temperature (◦C);
2-m relative
humidity (%)

1 h –

Penhas Douradas (40.41◦ N, −7.56◦ W)

Aldeia do Souto (40.35◦ N, −7.39◦ W)

Covilhã (40.26◦ N, −7.48◦ W)

Synoptic charts ECMWF Wind (m⋅s−1) and
geopotential fields
(m2⋅s−2) at 850, 500,
and 250 hPa

Once a day
(1200 UTC or
1800 UTC)

0.125× 0.125 degrees

Remote sensing data Radar (40.85◦ N, 8.28◦ W) Rho_HV 10 min
(10 August 2022)

–

Satellite AQUA/TERRA
MODIS

AF products 06/10/15 August
2022

1 km

NPP/NOAA-20
VIIRS

375 m

Note: The table presents the dataset retrieval date, along with the temporal and spatial resolutions of each product.



CAMPOS et al. 5 of 22

T A B L E 2 Main features of simulations.

Simulation Start Coupled Ignition End

Coupled
simulations

MesoNH +
ForeFire

EXP1
[IGN]

Ignition – 5 August 2022
1800 UTC

6 August 2022
0000 UTC

6 August 2022
0220 UTC

6 August 2022
1200 UTC

EXP2
[PYRO]

Pyro-Clouds EXP2.1 10 August 2022
0000 UTC

10 August 2022
0600 UTC

10 August 2022
0630 UTC

10 August 2022
1800 UTC

EXP2.2 10 August 2022
0600 UTC

10 August 2022
1200 UTC

10 August 2022
1230 UTC

11 August 2022
0000 UTC

EXP3
[REACT]

Reactivation – 15 August 2022
0600 UTC

15 August 2022
1200 UTC

15 August 2022
1447 UTC

15 August 2022
1800 UTC

Not coupled MesoNH CTR Control EXP2 CTR2.1 10 August 2022
0000 UTC

– – 10 August 2022
1800 UTC

CTR2.2 10 August 2022
0600 UTC

– – 11 August 2022
0000 UTC

Note: The table lists the name assigned to each simulation, starting time, coupling time between the models, fire ignition time, and the end of the simulation.

operational analyses, updated every six hours, were used
as initial and boundary conditions.

ForeFire (Filippi et al., 2009) is a fire propagation
model that can be coupled to the MesoNH model. This
fire model enables simulation of the propagation of the
fire front, and the computation of energy and mass fluxes
emitted from the fire into the atmosphere. ForeFire has
previously been successfully tested in several events in
Portugal (Campos et al., 2023; Couto et al., 2024a,b).

In the two-way MesoNH/ForeFire coupling version
(Filippi et al., 2009), fire–atmosphere interactions are mod-
eled as follows: the atmospheric model drives the fire
propagation model by providing values for the surface
wind field at the first model level; In turn, the ForeFire
model calculates the sensible and latent heat fluxes and
the radiant temperature that are imposed at the first level
of the MesoNH atmospheric model. Currently, smoke is
treated as a passive scalar, with a constant release rate of
1 m2⋅s−1 over the burning area (Filippi et al., 2018) and,
despite being sent to MesoNH, does not interact with the
atmospheric environment, and hence is used exclusively to
visualize the plume. The fuel map used was derived from
Malinowski et al. (2020), who produced land cover/use
maps for Europe based on Sentinel-2 imagery and a ran-
dom forest classification approach. The resulting dataset
provides 10-m resolution information and distinguishes 13
land cover classes.

2.3.1 Simulations

The numerical experiments were done in three relevant
periods of the Serra da Estrela fire event, which are iden-
tified as EXP1 [IGN], EXP2 [PYRO] and EXP3 [REACT]
(Table 2). EXP1 [IGN] includes the ignition phase on 6

August; EXP2 [PYRO] comprises the period in which the
development of pyro-convective clouds has been docu-
mented, on 10 August; and EXP3 [REAC] concerns the
period of fire reactivation on 15 August. Due to computa-
tional constraints, two simulations were performed for 10
August in order to cover the entire diurnal cycle: one dur-
ing the morning of the fire ignition – EXP2.1 [PYRO]; and
the other in the early-afternoon ignition moment – EXP2.2
[PYRO]. In addition to these four coupled simulations, two
additional control simulations (CTR) were done for EXP2
[PYRO] using only the MesoNH atmospheric model, keep-
ing the same atmospheric configuration as in the coupled
experiment, but without activating the fire model.

Table 2 presents the main features of each simulation,
including the start, coupling, and end times, along with
fire ignition point details. For EXP1 [IGN] (6 August, day
of ignition) and EXP3 [REAC] (15 August, fire reactiva-
tion), ignition points, defined by coordinates and time,
were selected to match observed fire fronts based on offi-
cial reports (fogos.pt., 2022; Mendonça et al., 2023). On 10
August (EXP2 [PYRO]), the fire had already been active
since 6 August and in order to identify a plausible ignition
point, this study used satellite data from FIRMS/NASA, to
find an ignition point for the model.

The domains considered in the simulations are shown
in Figure 2. MesoNH was configured with three nested
two-way domains, with horizontal resolutions of 1500 m
(D1), 500 m (D2), and 250 m (D3), each consisting of 150
grid points (Figure 2a). The vertical grid consisted of 50
model levels, with the lowest level at 30 m above the sur-
face and the highest at 900 m at the top.

The turbulence 3D scheme (Redelsperger & Somme-
ria, 1981) was activated for the inner domains (Figure 2),
allowing the computation of horizontal and vertical flows,
while for the outer domain (Figure 2), the turbulence was
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F I G U R E 2 Horizontal configuration of the simulations: (a) horizontal configuration of MesoNH model. The outer domain at 1500 m
(D1-black); the intermediate domain at 500 m (D2-red) and the innermost domain at 250 m (D3-blue), and (b) fuel map used in ForeFire
model, obtained from Malinowski et al. (2020). The fire perimeter (black contour) in panel (a) was obtained from ICNF (2025). [Colour figure
can be viewed at wileyonlinelibrary.com]

defined in 1D mode (Cuxart et al., 2000). The param-
eterization of cloud microphysics (ICE3) allows for the
representation of five types of hydrometeors (Pinty &
Jabouille, 1998). The radiation scheme was based on the
Rapid Radiative Transfer Model (Mlawer et al., 1997) and
in all simulations convection was assumed to be explicit.

ForeFire was coupled to the innermost model (D3),
with fire model outputs requested at a high temporal res-
olution of 10 s. Unlike in previous studies, in which a
uniform fuel map was considered (Campos et al., 2023;
Couto et al., 2024a,b), in the present study, a non-uniform
fuel map with 15 fuel classes (Malinowski et al. (2020);
Figure 2b) was used, allowing for the differentiation of
various vegetation types and other surface features (e.g.,
roads, rocks). In all experiments, the ForeFire model has
been configured to release 0.005 kg of water vapor and gen-
erate a heat flow of 50,000 W⋅m−2 into the atmosphere
along the advancing fire front, for a “burn duration” of
200 s. The grid resolution of ForeFire was set to 10 m with
3800× 3800 grid points.

2.4 Model verification

The model verification was performed using in situ
data, radar and satellite. The near-surface meteorologi-
cal variables are presented in Figures S2–S5 based on
point-to-point validation. In all experiments, the model
captured well the evolution of the 2-m air temperature
with some underestimations, particularly during morn-
ing periods. Regarding humidity, the model reproduced
reasonably well overall the variations in the 2-m relative

humidity. Some overestimations were noted in Penhas
Douradas and Aldeia do Souto (especially in EXP2.1
[PYRO] and EXP3 [REAC]) while some underestima-
tions occurred in Guarda and Covilhã stations (evening
in EXP2.2 [PYRO]). The model generally underestimated
the 10-m wind gusts in experiments EXP1 [IGN], EXP2.1
[PYRO] and EXP2.2 [PYRO]. On the other hand, in EXP3
[REAC], the model tended to overestimate wind gusts
across the stations. A complete description may be found
in the Supporting information.

The validation of the simulated pyro-convective
clouds was performed using radar, and is presented in
Section 3.2.2. The fire model was validated using satellite
data (AF products), presented in Section 3.2.4.

3 RESULTS

3.1 Large-scale environment

This section provides an overview of the synoptic patterns
in the three periods under study. Figure 3a–c represents 6
August, Figure 3d–f represents 10 August, and Figure 3g–i
represent 15 August. The first column shows wind field
(speed and direction) and geopotential field at the 850-hPa
level. The second and third columns present the same
variables, but at 500 and 250-hPa levels, respectively.

Figure 3a shows a high-pressure center on 6 August
positioned northwest of Portugal, extending towards the
British Isles. A low-pressure system centered westward
of the Iberian Peninsula is observed in the geopoten-
tial height field at 850 hPa, which induces a south/

http://wileyonlinelibrary.com
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F I G U R E 3 Wind field, speed (m⋅s−1, shaded areas) and direction (arrows): (a–c) 6 August 2022 1200 UTC, (d–f) 10 August 1200 UTC,
and (g–i) 15 August 2022 1800 UTC. Columns represent the wind field at different levels, namely 850 hPa (left), 500 hPa (middle), and
250 hPa (right). [Colour figure can be viewed at wileyonlinelibrary.com]

southwesterly wind over the Iberian Peninsula (Figure 3a).
This circulation contributes to the advection of warm
and dry air from North Africa to the Iberian Peninsula
(not shown). In the 500 hPa geopotential height field, the
weak flow over Portugal is predominantly southwesterly
(Figure 3b). Westerly winds are identified over the Iberian
Peninsula in Figure 3c. The same figure also shows a
trough over the Azores Archipelago (39◦ N, 30◦ W), which
is found configuring an upper low-pressure core at 250 hPa
(Figure 3c).

On 10 August (Figure 3d), a low-pressure system at
850 hPa was found centered west of Portugal, approxi-
mately at 40◦ N and 14◦ W. It is noteworthy to mention
that this system is not exactly the same low-pressure iden-
tified on 6 August. Its development started on 7 August
at the upper levels and northwest of the Iberian Penin-
sula (not shown) and deepened to configure the cyclonic
circulation identified at 850 hPa, which induced south-
westerly winds at the same level over Portugal (Figure 3d).
A more intense low-pressure system is found at upper lev-
els, namely at 500 hPa (Figure 3e) and 250 hPa (Figure 3f).
The vertical axis of the cyclone’s upper level is slightly

tilted westward relative to the cyclone at 850 hPa. This
low-pressure system continues its development in the
following days, starting its dissipation stage as it moves
northeastwards (not shown).

On 15 August, Figure 3g displays the Azores anticy-
clone located over the Atlantic Ocean at 850 hPa, whereas
over the western Iberian Peninsula a distinct circulation
emerges compared to the previous days, with winds blow-
ing from northwesterly/westerly (Figure 3g). At the upper
levels, a trough is visible approaching Portugal from the
northwest (Figure 3h,i). The positioning of this cut-off low
over the Bay of Biscay produced predominantly westerly
winds over the north Iberian Peninsula.

3.2 Coupled simulations

3.2.1 EXP1 [IGN]: 6 August 2022

The atmospheric model, without coupling, is initialized
from the ECMWF analysis at 1800 UTC on 5 August 2022.
The fire propagation model is coupled and activated at

http://wileyonlinelibrary.com
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F I G U R E 4 Fire weather variables: (a–c) temperature at 2 m (shaded, ◦C) and wind at 10 m (vectors, m⋅s−1); (d–f) humidity at 2 m
(shaded, %) and wind at 10 m (vectors, m⋅s−1); (g–i) gusts at 10 m (shaded, m⋅s−1) and wind at 10 m (vectors, m⋅s−1) on 6 August 2022. The
fire perimeter (black contour) was obtained from ICNF (2025). [Colour figure can be viewed at wileyonlinelibrary.com]

0000 UTC on 6 August, and the fire is introduced at 0220
UTC (Table 2), since ignition occurred at 0218 UTC on 6
August 2022 (fogos.pt., 2022).

Figure 4 shows fire-related weather variables. Night-
time temperatures range from 10◦C to 22◦C, with lower
temperatures occurring at higher elevations. As dawn
approaches, temperatures begin to rise, exceeding 30◦C in
some regions at 1200 UTC (Figure 4a–c). Relative humid-
ity evolves inversely to temperature. During the night the
relative humidity is higher, especially in the northwest
and northeast areas of the domain. At the end of the

simulation, 1200 UTC, in most of the domain the humid-
ity is below 40% (Figure 4d–f). The simulation indicates
the existence of strong wind gusts from the Southeast dur-
ing the night, highlighting orographic effects. From 0900
UTC, wind gusts increase across the region (not shown).
As expected, the highest mountainous areas present the
highest gust values (Figure 4g–i).

In addition, the entire figure shows that the pres-
ence of mountains in the region causes an increase in
temperatures on the leeward side (Figure 4b), consistent
with the decrease in relative humidity (Figure 4e) due to

http://wileyonlinelibrary.com
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adiabatic heating. While this effect does not directly influ-
ence fire spread, strong gusts are still simulated in the fire
area at 1200 UTC (Figure 4i).

Figure 5 illustrates the turbulence field near the sur-
face (model first level) (shaded areas, m2⋅s−2), the 10-m
wind and the smoke variable near the surface (contour,
dimensionless), which was plotted at a threshold of 0.01.
The south/southeasterly wind pushed the fire front north-
westward (Figure 5a,b). The highest turbulence values are
above the fire front, with values around 8 m2⋅s−2. The
largest wind vectors, indicating higher intensities, align
with the orography and appear to influence the fire front’s
development, as it spreads toward the northwest. Also,
high values of turbulence outside the fire domain highlight
the interaction between topography and the atmospheric
flow (not shown). The model simulated the fire front mov-
ing north during the initial hours (Figure 5a,b) and, from
0900 UTC, the fire front became larger and propagated
northwestward (Figure 5c,d).

Figure 6 depicts two vertical cross-sections (south–
north) identified in Figure 5c,d, illustrating turbu-
lence (Figure 6a,b) and vertical velocity (Figure 6c,d).
Cross-sections were chosen to intersect regions of max-
imum turbulence along the fire front. The simulation
indicates that the highest air turbulence values occur over
the fire (Figure 6a,b). The highest values were reached

at 1200 UTC, with turbulence ranging between 7 and 8
m2⋅s−2, with the convective column reaching an altitude
of about 3000 m (Figure 6b). The fire induces vertical
upward motions as seen in Figure 6c,d. At 1200 UTC,
an upward current of 8 m⋅s−1 was simulated to occur
over the fire (lighter-shaded areas, Figure 6d). A down-
draft (indicated by the darkest shading) is evident in the
figure just ahead of the fire-induced updraft. Other less
intense updrafts and downdrafts in the figure highlight
the interaction of the southerly current with the orogra-
phy, which is also likely to be affected by the ongoing fire
itself.

3.2.2 EXP2 [PYRO]: 10 August 2022

Figure S6 shows two satellite images taken on the same
day during the two satellite overpasses over mainland Por-
tugal, highlighting active-fire spots (marked in orange),
fire plumes (smoky areas), and cloud cover (white).
Figure S6a corresponds to the TERRA satellite’s morning
pass around 1100 UTC while Figure S6b corresponds to
the AQUA satellite’s afternoon pass around 1400 UTC.
The presence of cumulus clouds in Figure S6b shows that
there were favorable conditions for daytime atmospheric
instability.

F I G U R E 5 Zoomed into
the fire area: turbulence field
near surface (shaded, m2⋅s−2),
winds at 10 m (arrows, m⋅s−1),
smoke variable thresholded at
0.01 near surface (red contour,
dimensionless), orography
(black contours, m) at: (a) 0600
UTC, (b) 0900 UTC, (c) 1100
UTC and (d) 1200 UTC on 6
August 2022. The dashed lines
(A, B) represent cross-section
locations. Red dot represents
fire ignition simulated on 6
August 2022 (see Table 2).
[Colour figure can be viewed at
wileyonlinelibrary.com]
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F I G U R E 6 Vertical
cross-section (south–north)
under lines A and B shown in
Figure 5: (a,b) turbulence field
(m2⋅s−2) and (c,d) vertical
velocity (m⋅s−1) at two time
points – 1100 UTC and 1200
UTC on 6 August 2022. [Colour
figure can be viewed at
wileyonlinelibrary.com]

Figures 7 and 8 show the radar data for two selected
periods, showing the vertical cross-sections across the
plume derived from radar observations. Figure 7a–d cor-
responds to EXP2.1 [PYRO] (Part I), while Figure 8a–d
refers to EXP2.2 [PYRO] (Part II). Line A–B represents
the cross-section across the plume. Although the hotspot
is not precisely located at point ‘A’, the plume pattern
indicates that its position is in close proximity. Starting at
1340 UTC on 10 August 2022 (Figure 7a), higher Rho_HV
values (depicted in yellow/lighter-shaded areas) begin
to appear above the plume, which generally remains
characterized by lower Rho_HV values (identified in
green/darkest shading), except for an area near point B,
at the northern end of the section. These later high val-
ues are attributed to ground clutter contamination. This
vertical structure suggests condensation or glaciation at
higher altitudes and a persistent pure smoke plume at
lower levels. Over the following 30 min, the glaciated
region descends slightly and is advected northward
(Figure 7b–d). Despite this advection, it remains con-
nected to the underlying smoke plume that was generated
by the fire. In the second observation period (Figure 8a–d),

higher Rho_HV values are detected at 1700 UTC on 10
August (Figure 8a), peaking at 1730 UTC (Figure 8b), with
smoke observed between zones of condensed material
(yellow colors/lighter-shaded regions). Both observational
sequences confirm the presence of condensed mate-
rial atop the fire plume, indicating pyrocumulus cloud
formation.

As previously mentioned, simulations were run to
assess the model’s ability to reproduce fire-induced cloud
development. Figure 9 illustrates evolution of the fire
front for the two numerical experiments, EXP2.1 [PYRO]
(Figure 9a–d) and EXP2.2 [PYRO] (Figure 9e–h), using
the same variables as in Figure 5. In EXP2.1 [PYRO],
during the morning (Figure 9a,b), maximum turbulence
values (4–5 m2⋅s−2) occur over mountainous terrain, with
wind driving the fire front westward. After 1200 UTC,
turbulence intensifies and the fire front shifts north and
northwestward (Figure 9c,d). In EXP2.2 [PYRO], initial
southerly winds drive the fire front northward at 1700
UTC (Figure 9e). However, by 1900 UTC (Figure 9f),
a shift to westerly winds directs the fire spread east-
ward (Figure 9f,g) and the highest turbulence values

http://wileyonlinelibrary.com
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F I G U R E 7 Plane position indicator (PPI) of radar reflectivity (low elevation) in horizontal projection (units: dBz) and vertical section
of correlation coefficient (adimensional), inserted at each indicated time, August 10, 2022,A/PG RADAR. A vertical section was applied over
the black segment. Part I represents the EXP2.1 simulation. [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 8 Plane position indicator (PPI) of radar reflectivity (low elevation) in horizontal projection (units: dBz) and vertical section
of correlation coefficient (adimensional), inserted at each indicated time, August 10, 2022, A/PG RADAR. A vertical section was applied over
the black segment. Part II represents the EXP2.2 simulation. [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 9 Zoomed into the fire area: turbulence field at surface (shaded, m2⋅s−2), winds at 10 m (vectors, m⋅s−1), smoke variable
thresholded at 0.01 near surface (red contour, dimensionless), orography (black contours, m) for EXP2.1 [PYRO] experiment at: (a) 0800
UTC, (b) 1000 UTC, (c) 1200 UTC and (d) 1300 UTC on 10 August 2022, and for EXP2.2 [PYRO] experiment at: (e) 1700 UTC, (f) 1900 UTC,
(g) 2000 UTC and (h) 0000 UTC on 10 August 2022. The dashed lines (c,d) represent cross-section locations. Red dot represents fire ignition
simulated for 10 August 2022 (see Table 2). [Colour figure can be viewed at wileyonlinelibrary.com]

(9–10 m2⋅s−2) are observed near the fire front. From 2200
UTC onward, a further wind shift sustains the westward
propagation (Figure 9h).

The two-dimensional field of vertically integrated
hydrometeors is analyzed to assess the presence of
hydrometeor concentrations within the innermost
domain, particularly in the fire area (not shown). In both
simulations, hydrometeor concentrations were observed
at specific times near the fire area. Based on this analy-
sis, vertical cross-sections (south–north) were plotted at
these times to examine the pattern of the fields at higher
altitudes. Figure 10 displays the vertical velocity field,
turbulence, and total hydrometeor concentration, thus
providing insight into the dynamic and microphysical
structure of the pyro-convective event.

Figure 10a–c shows the results at 1300 UTC for
EXP2.1 [PYRO] and Figure 10d–f shows the results at
1900 UTC for EXP2.2 [PYRO]. For EXP2.1 [PYRO] sim-
ulation, a slight turbulent vertical column is observed,
with values ranging around 3 m2⋅s−2 (Figure 10a) and
ascending velocities above 3 m⋅s−1 (Figure 10b), reaching
altitudes of up to 4000 m. This vertical motion promoted
condensation aloft, with a small core presenting hydrom-
eteor concentrations of up to 0.8 g⋅kg−1 between 3000
and 3200 m (Figure 10c). In EXP2.2 [PYRO], stronger
updrafts reached 7000 m, accompanied by turbulence

values up to 20 m2⋅s−2 (Figure 10d) and vertical velocities
of 20 m⋅s−1 (Figure 10e). Hydrometeor concentrations
were significantly higher in this case, reaching 6 g⋅kg−1

at upper levels (Figure 10f), indicating intense convec-
tive development, and the formation of a pyro-convective
cloud.

Thus, both experiments show evidence of condensa-
tion in altitude, though it was more pronounced in EXP2.2
[PYRO], which exhibited higher hydrometeor concen-
trations associated with an updraft exceeding 7000 m in
altitude.

To assess whether cloud formation resulted from
fire-induced processes, two control simulations (CTR2.1
and CTR2.2), one for each EXP2 [PYRO] subperiod, were
performed using only the atmospheric model, with all
other settings identical (Table 2). Figure S7 shows the same
fields, in the same sections, at the same times as those
shown in Figure 10 in order to facilitate comparisons. In
both control runs, vertical velocity and turbulence were
significantly weaker in the fire region, with no evidence of
the strong updrafts seen in the coupled simulations; only
boundary layer-driven motions were reproduced. Further-
more, no hydrometeors were detected at altitude in any of
the cases. This leads to the conclusion that the formation
of the clouds is a result of the impact of the fire on the
atmosphere.

http://wileyonlinelibrary.com
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F I G U R E 10 Vertical cross-section (south–north) under line C shown in Figure 9d for the EXP2.1 [PYRO] experiments over the
variables: (a) turbulence field (m2⋅s−2), (b) vertical velocity (m⋅s−1) and (c) hydrometers concentration (g⋅kg−1) at 1300 UTC on 10 August
2022. Vertical cross-section (south–north) under line D shown in Figure 9f for EXP2.2 [PYRO] experiments over the variables: (d) turbulence
field (m2⋅s−2), (e) vertical velocity (m⋅s−1) and (f) hydrometers concentration (g⋅kg−1) at 1900 UTC on 10 August 2022. [Colour figure can be
viewed at wileyonlinelibrary.com]

3.2.3 EXP3 [REAC]: 15 August 2022

According to Mendonça et al. (2023), the fire was declared
“controlled” on 15 August, but a miscalculated helicopter
maneuver reignited the fire. This simulation focuses on
the reactivation observed around 1447 UTC in the Vale das
Moreiras region (see Table 2 for details).

Figure 11 illustrates turbulence (shaded, m2⋅s−2) and
10-m wind (vectors, m⋅s−1). The front progresses eastward,
with turbulence increasing over time (Figure 11b–d). The
figures also show the presence of higher values of turbu-
lence far from the ignition point, highlighting the impor-
tant role of local orography. The westerly flow, with wind
gust intensity increasing between 1600 and 1800 UTC,
peaked at more than 20 m⋅s−1 over the fire area (Figure S8).
A concurrent rise in humidity and a drop in temperature
were also noted throughout the day (not shown).

Figure 12 shows the E vertical cross-section (west–east)
(see Figure 11) of turbulence and vertical velocity fields
at 1600 UTC and 1700 UTC. Turbulence maximums
from the fire extend up to 2000 m, with peak val-
ues (8 m2⋅s−2) near the surface. The increase in turbu-
lence is also aligned with strong updrafts in the verti-
cal velocity field (lighter-shaded regions), reaching up
to 7 m⋅s−1.

Figure S9 shows the water vapor field at four key
time steps previously analyzed from each simulation.
Concentration is higher near the surface and decreases
with altitude, approaching zero, as expected, near the top
of the atmosphere. Surface values exceed 11 g⋅kg−1 on
10 August 2022. In the case of intense pyro-convective
activity (Figure S8c), a filament is seen penetrating the
dry atmosphere, aligning with the previously identified
pyro-convective cloud region.

http://wileyonlinelibrary.com
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F I G U R E 11 Zoomed
into the fire area: turbulence
field near surface (shaded,
m2⋅s−2), winds at 10 m (vectors,
m⋅s−1), smoke variable
thresholded at 0.01 near surface
(red contour, dimensionless),
orography (black contours, m)
at: (a) 1500 UTC, (b) 1600 UTC,
(c) 1700 UTC and (d) 1800 UTC
on 15 August 2022. The dashed
line (E) represents the
cross-section location. Red dot
represents fire ignition
simulated at 15 August 2022
(see Table 2). [Colour figure can
be viewed at
wileyonlinelibrary.com]

3.2.4 Burned area: Model–observation
comparison

To assess the agreement between simulated fire progres-
sion and ground truth, a visual intercomparison was made
for each experimental phase. An RGB false-color compos-
ite derived from Sentinel-2 was used to highlight burned
areas. Figure 13 shows the simulated fire spread with the
ForeFire model (in blue color ramp) alongside all avail-
able AF product (triangles) detections for each date. As AF
products represent instant moments, they do not capture
subdaily fire evolution. Meteosat data were excluded due
to low spatial resolution.

Figure 13a presents the simulation for the first day,
6 August 2022, showing a northward spread. However,
AF data suggest the actual progression was toward the
northwest, with continued burning still occurring in that
direction on 7 August (indicated by black triangles),
showing discrepancies between model and observation.
Figure 13b,c corresponds to simulations for 10 August
(EXP2.1 [PYRO] and EXP2.2 [PYRO], respectively), both
aligning well with observed active-fire areas, though the
model overestimated the extent of the burnd. Figure 13d
shows the comparison of results for EXP3 [REAC].
The simulation shows that the fire spread eastward, in

agreement with observations that show the fire develop-
ing in the same direction. However, due to unavailability
of NOAA-20 (N20) sensor data on this date, the imagery
relies on TERRA sensor data, which have a coarser spatial
resolution.

4 DISCUSSION

The Serra da Estrela fire broke out on 6 August 2022,
devastating over 20,000 hectares. Given the fire’s spatial
extent and duration, computational constraints restricted
the simulations to three key periods: 6 August (initial igni-
tion), 10 August (pyro-convective cloud activity), and 15
August (intense reactivation).

According to IPMA, mainland Portugal was experi-
encing a severe meteorological drought in August 2022,
marked by two heatwaves (29 July to 14 August and 20
to 29 August). The Palmer Drought Severity Index (PDSI)
classified 60% of the territory under severe drought and
40% under extreme drought conditions (IPMA, 2022).
Additionally, the Fire Weather Index (FWI) (Wagner, 1987)
ranged between 30 and 40, indicating high to very
high fire danger levels (IPMA, 2022). Both drought and
fuel availability indices exceeded the 2000–2019 average.

http://wileyonlinelibrary.com
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F I G U R E 12 Vertical
cross-section (west–east) under
line E shown in Figure 11 over
the variables: (a,b) turbulence
field (m2⋅s−2) and (c,d) vertical
velocity (m⋅s−1) at (a,c) 1600
UTC and at (b,d) 1700 UTC on
15 August 2022. [Colour figure
can be viewed at
wileyonlinelibrary.com]

The extended dry period led to reduced fuel moisture,
further intensifying the fire activity (IPMA, 2022). Numer-
ous studies have linked heatwaves and droughts to
more frequent extreme wildfires worldwide (Hegedűs
et al., 2024; Libonati et al., 2022; Mario et al., 2024;
Nojarov & Nikolova, 2022; Pausas & Keeley, 2021; Ruffault
et al., 2020). Parente et al. (2019) found a strong corre-
lation between heatwaves and the timing and geographic
distribution of extreme wildfires in Portugal.

In the larger-scale context, the study identified the
development of low-pressure systems centered west of the
Iberian Peninsula, initially observed only at lower levels
(6 August) and, later (10 August), extending to the upper
levels. In both patterns, south/southwesterly winds char-
acterized the low-level flow over Portugal. The second sce-
nario was recently highlighted configuring an atmospheric
blocking system in early July 2022 (Couto et al., 2025b).
The system’s semistationary favored the advection of
warm, dry air from North Africa, which maintained favor-
able fire-weather conditions in the Iberian Peninsula for
several days. During the reactivation period (15 August),
the approach of a trough and the development of a cut-off

centered in the Bay of Biscay favored a strong northwest-
erly/westerly flow over the western Iberian Peninsula. At
the regional scale, the simulation revealed a pattern of
near-surface high temperatures and low relative humidity.
Higher elevations had lower temperatures, which dropped
overnight and remained lower until morning (EXP1 [IGN]
and EXP2.1 [PYRO]). Daytime heating led to rising tem-
peratures and further decreased relative humidity (EXP2.2
[PYRO] and EXP3 [REAC]). The wind gust field analysis
revealed the highest wind gusts at night at higher altitude
regions (e.g., EXP1 [IGN]).

The changes in the atmospheric circulation directly
influenced fire spread intensity and direction along the
event. On 6 August, the simulation indicated that the wind
field favored spread toward the north/northwest. On 10
August, the two numerical experiments showed different
scenarios: in the first, during the morning, the fire front
continued moving northward, while the second experi-
ment, during the afternoon, showed multiple directional
changes, initially advancing to the north, then shifting to
east, and later turning to west. On 15 August, the wind
favored an eastward fire propagation.

http://wileyonlinelibrary.com
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F I G U R E 13
Comparison between the
simulated fire spread (blue
ramp color), active fire hotspots
(triangles), and the RGB
false-color composite derived
from Sentinel-2 imagery for the
following dates: (a) 6 August
2022 (EXP1 [IGN]); (b) 10
August 2022 (EXP2.1 [PYRO]);
(c) 10 August 2022 (EXP2.2
[PYRO]); and (d) 15 August
2022 (EXP3 [REAC]). The
colors of triangles in panel (a)
represent different days.
[Colour figure can be viewed at
wileyonlinelibrary.com]

Vertical cross-sections of the simulations highlighted
the fire’s impact on the atmosphere, revealing strong
updrafts and turbulent current flows originating from the
fire. Among the three simulated periods, the most intense
ascending currents were simulated on 10 August, coin-
ciding with the development of pyro-convective clouds.
Notably, in EXP2.2 [PYRO], these updrafts reached alti-
tudes of up to 7000 meters and exhibited higher vertical
velocities, along with strongest turbulence. In contrast,
on the other days, updrafts peaked at altitudes between
3000 and 4000 meters with lower velocities and also
weaker turbulence. Additionally, simulations performed
for EXP2.2 without the ForeFire model (CTR) did not
exhibit strong updrafts or turbulence, demonstrating that
the presence of fire altered the atmosphere. Atmospheric
turbulence plays a key role in both fire spread and smoke
dispersion (e.g., Heilman, 2023). Fire, in turn, generates
heat and intense vertical flows that produce additional
turbulence. For instance, Clements et al. (2008) reported
that fire-induced turbulence can reach five times the

intensity of atmospheric turbulence. Efforts to better
understand these processes have included numerical fire
simulations (e.g., Mueller et al., 2014) as well as in situ
measurements (e.g., Desai et al., 2023). In Portugal, the
MesoNH/ForeFire modelling system has already been
applied to understand pyro-convective events. Couto
et al. (2024a) reported a vertical convective column
reaching up to 10 km in the Pedrógão Grande fire, with
turbulence values exceeding 10 m2⋅s−2 throughout the
column. In Quiaios’s fire, Campos et al. (2023) identified
updrafts reaching middle levels, associated with smaller
turbulence values of around 2 m2⋅s−2 at altitude; how-
ever, their simulations employed prescribed fire scenarios
and did not incorporate dynamic fire spread. Conversely,
Couto et al. (2024b) simulated updrafts extending up
to 7 km using the full MesoNH/ForeFire coupled sys-
tem, with turbulence values around 6 m2⋅s−2. Using the
ACCESS-Fire model for wildfires in Australia, Peace
et al. (2022) simulated pyro-convective cloud develop-
ment up to 15 km in altitude with updrafts reaching
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32 m⋅s−1, while Peace et al. (2023) reported a cloud top
reaching 12 km.

It is noteworthy that the EXP2.2 [PYRO] simulation,
which exhibited stronger vertical velocities, also produced
higher hydrometeor concentrations. Latent heat released
during cloud microphysics processes further enhances the
strength of the updrafts. This confirms that the presence of
fire significantly modified the local atmosphere, facilitat-
ing the development of fire-induced convective clouds.

Both simulations for 10 August indicate a widespread
burned area and the presence of multiple active-fire fronts.
As documented by Mendonça et al. (2023), this scenario
may have supplied additional energy to the environment,
further accelerating the fire’s growth and expansion. These
combined factors likely enabled the fire to generate suf-
ficient energy to sustain vertical development, ultimately
leading to the observed pyro-convective activity. The sim-
ulations of 10 August indicated a strong fire–atmosphere
coupling from the formation of pyro-convective clouds.
Pyrocumulus (PyroCu) and pyrocumulonimbus (PyroCb)
clouds have been associated with enhanced fire inten-
sity and its dynamics can lead to changes in the fire
front’s propagation (e.g., Castellnou et al., 2022; Fromm
et al., 2010; Rodriguez et al., 2020). In contrast, the two
other simulated periods exhibited significantly lower
smoke plume altitudes, suggesting that fire behavior
on those days was primarily driven by wind and influ-
enced by the complex topography, rather than by strong
fire-induced convective processes. Beyond the complexity
of fire–atmosphere interactions revealed in the studies
mentioned above, the spread of fires is also influenced by
mesoscale environmental conditions (Pinto et al., 2022b).

Concerning the fire propagation and total burned area,
the visual comparison between the simulated burn area
and observational data shows generally good agreement
in the direction of fire spread across the analyzed dates,
although some discrepancies are noted. On 6 August 2022,
for instance, the model simulated northward fire progres-
sion, while the active-fire data showed a northwestward
spread. However, the coarse spatial and temporal reso-
lution of active-fire hotspot data limits the accuracy of
comparisons between simulations and observations.

Finally, climate change is contributing to an increased
frequency of droughts and an extended fire season (Pausas
& Keeley, 2021). To mitigate the impacts of megafires,
it is crucial to implement innovative monitoring and
firefighting methodologies, as well as enhanced forest
management strategies. Although megafires account for
a small fraction of global wildfires, they have the most
severe consequences for biodiversity (Duane et al., 2021;
Tedim et al., 2020) and natural parks’ attractiveness
(Andrade et al., 2023). Beyond the immediate destructive
effects, wildfires also lead to significant postfire impacts

on affected regions, including soil erosion, changes in
the hydrological regime, and increased risk of land-
slides. Following the wildfire in Serra da Estrela, rainfall
in September and October of the same year triggered
flooding events (Almeida et al., 2024). Landslides were
also reported, resulting in road closures and adversely
impacting local tourism (Almeida et al., 2024).

5 LIMITATIONS AND
CHALLENGES

Simulating a megafire is particularly challenging due to
the complexity of the processes involved, the large spatial
and temporal scales, and the substantial computational
resources required. In this study, a coarser spatial reso-
lution of 250 m was adopted compared to earlier 80-m
simulations (Campos et al., 2023; Couto et al., 2024a, b).
Despite this limitation, the model successfully repro-
duced pyro-convective cloud formation, showing that
lower-resolution configurations can still provide valuable
insights while remaining computationally feasible. Since
the second simulated period favored cloud development,
one of the challenges was identifying the meteorolog-
ical clouds and those that would form from the fire’s
convective column. In this context, radar imagery with
high temporal resolution enabled a more comprehen-
sive assessment of the entire period during which clouds
existed, making it possible to identify clouds originating
from pyro-convection. High-resolution simulations fur-
ther complemented the analysis by providing detailed
insights that would otherwise remain undetected, helping
to bridge gaps in observational data.

The present study also used a non-uniform fuel map
in the ForeFire fire propagation model in addition to
previous studies for Portugal, which allowed a more
realistic representation of vegetation distribution and
non-burnable areas, enhancing the credibility of fire
behavior simulations. However, fuel is aggregated into
simplified categories which does not capture the full struc-
tural and chemical diversity of real vegetation. Regarding
the fire model, the ForeFire model does not account for
firefighting actions, which may lead to simulated fire
spread in areas where suppression was effective. Also,
external factors that strongly influence fire dynamics, such
as turbulence induced by firefighting aircraft (Mendonça
et al., 2023) and the projection of firebrands capable of
triggering secondary ignitions and merging fire fronts, are
also not represented.

These limitations introduce uncertainty and high-
light the need for continued model development. As
emphasized by Coen (2018), many of these challenges
are inherent to coupled fire–atmosphere systems, arising
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for example from their numerical configuration and
computational constraints. Nevertheless, coupled models
remain powerful tools as they explicitly represent bidirec-
tional fire–atmosphere interactions, allow the exploration
of processes not directly observable in the field, and pro-
vide essential insights into wildfire dynamics.

6 CONCLUSION

This study examined the 2022 wildfire in the Serra da
Estrela Natural Park, a touristic destination and biodiver-
sity hotspot in Portugal. Insights on fire behavior on three
days were assessed from a fire–atmosphere coupled model
approach, aiming to explore how changes in weather con-
ditions can modify fire behavior in a medium term.

The synoptic analysis highlighted changes in large-
scale atmospheric circulation over the study period,
demonstrating that megafires developing over several
days are vulnerable to these changes, which can directly
influence the direction of fire front propagation. The
study identified the development of low-pressure systems
centered west of the Iberian Peninsula, which produced
southerly and southwesterly winds over Portugal at
850 hPa. Furthermore, the approach of an upper-level
trough associated with a cut-off low in the Bay of Biscay
favored Northwesterly/Westerly winds in the study region.
The impacts of these changes on the fire behavior were
assessed by employing the MesoNH/ForeFire coupled
system, which highlighted different scenarios during
the event:

1. In the period encompassing fire ignition (EXP1 [IGN]),
6 August, the large-scale circulation brought warm,
dry air from North Africa into the Iberian Peninsula,
and a south/southeasterly flow was simulated near
the surface. Such airflow influenced fire spread over
the mountainous terrain, with the fire front spreading
to north/northwest on 6 August, whereas the smoke
plume remained within the lowest levels.

2. A similar fire-weather condition was identified in the
second period (EXP2-[PYRO]), 10 August. However,
the winds favored propagation of the fire front to the
north/northwest in the morning of 10 August, and
in different directions in the afternoon, initially to
the north, then shifting to east, and later turning to
west. Unlike the previous period [EXP1–IGN], the sim-
ulated periods on 10 August showed the convective
plume reaching the middle levels and enabling the
formation of pyro-convective clouds. In this context,
the model successfully reproduced pyro-convective
clouds, in good agreement with radar and satellite
observations.

3. In the third period (EXP3–[REACT]), a strong
north/northwesterly flow was seen on 15 August, lead-
ing to cooler and more humid weather conditions
in the region. At the fire scale, the wind favored an
eastward fire propagation, and the smoke plume was
transported in the lower troposphere.

The simulations effectively captured key
fire–atmosphere interactions, demonstrating the model’s
robustness and potential for operational forecasting. The
regional meteorological conditions and local topographic
features contributed to pyro-convection and fire spread
on a smaller scale. However, this study highlights that
megafire events, which last for several days or weeks, are
directly affected by changes in weather conditions, which
can either favor or hinder fire evolution.

Overall, the findings underscore the value of
high-resolution coupled fire–atmosphere models for
advancing the understanding of wildfire dynamics, as
they explicitly simulate the two-way interactions between
fire and atmosphere, thereby enabling more realistic fore-
casts of extreme events. Furthermore, their integration
into operational platforms enhances decision-making for
firefighting strategies and evacuation planning, reducing
uncertainties and increasing the effectiveness of early
warning protocols.

Given the ecological significance of natural parks, such
as the Serra da Estrela region, improving the fire prediction
capabilities is essential to support effective wildfire man-
agement and safeguard biodiversity, which have an impor-
tant role for the recreational tourism activities developed
in the park.
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