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Abstract

The 2025 fire season in Portugal was marked by large fires, underscoring the vulnerabil-
ity of the forested areas to fire. The study analyzes the main meteorological conditions
during a critical period of fire activity and addresses the following question: Why can the
northeast (NE) weather pattern be so critical for fire danger in Portugal? Fire severity in the
Arouca wildfire, the largest fire of the period, was estimated using a methodology that inte-

grates foundation vision models with computer vision algorithms. ECMWF analyses and
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winds were nearly easterly. Furthermore, strong low-level winds and atmospheric stability
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constrained vertical plume growth, favoring horizontal smoke transport. In addition, the
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study highlights that Arouca’s fire had 88% of its area affected with moderate to high sever-
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emphasizing the need for high-resolution atmospheric modeling to identify fire-prone
regions under specific synoptic patterns.

Keywords: fire meteorology; orographic effects; fire-prone regions; atmospheric modeling;
Meso-NH; Sentinel-2; SAMGeo

1. Introduction

Understanding fire danger at the local scale is critical for citizens and decision-makers
and encompasses multiple elements. In the context of wildfire activity, while climatic
conditions can define fire seasons, once initiated, fire development results from the interac-
tion of many factors, including fuel availability, topography, and meteorology. Therefore,
how does meteorology affect or relate to wildfire behavior in Portugal? In recent years,
this simple question has guided several Portuguese studies aiming to understand the
atmospheric environments during large wildfires [1-8]. These studies represent efforts to
identify large-fire meteorological precursors and to provide a solid foundation for future
advancements in the fire meteorology framework. In addition, the improved knowledge
comes from the use of different methodologies and case studies.

For instance, for one of the most dramatic Portuguese wildfires, datasets from nu-
merical modeling and observations showed how a Mesoscale Convective System (MCS)
developing in a dry thunderstorm environment can influence fire activity by its convective
dynamics and generation of gusty winds at the surface, as well as its potential for natural
fire ignition [1,2]. However, atmospheric modeling has been used in numerous other case
studies, either through the application of convection-permitting simulations only [2—6] or
through its coupling with a fire-propagation model [7,8]. In the first context, numerical
experiments revealed the atmospheric circulation during large wildfires and, in some cases,
exposed the effects of airflow interacting with local and isolated mountains, which can
enhance fire danger or drive fire spread [3-5]. Despite their high computational costs,
hectometric-scale simulations, typically ranging from 1 km to 100 m, have been crucial
for improving our understanding of atmospheric processes at finer scales, although some
challenges remain [9].

The occurrence of extreme wildfires has increasingly highlighted the role of meteo-
rological factors in fire behavior worldwide and has demonstrated how these events can
vary depending on the combination of atmospheric elements across different scales [10-16].
Studies reporting fire phenomena (e.g., plume-dominated fire behavior, rotating pyrocon-
vective plume, fire tornadoes, and fire spotting) have become more common in the last
years [17-23], and they also indicate that some fire-prone regions begin to emerge, with
their forested areas being more susceptible to fire activity and large wildfires, as seen in
Sweden [24], Alaska [25-27], South Korea [28], China [29,30], among others. Therefore,
the current reality continues to drive the development and improvement of the Numeri-
cal Weather Prediction (NWP) models, particularly by incorporating fire-related aspects
into their code [31,32]. From this perspective, some studies have started to explore fire—
atmosphere interaction, fire plume dynamics, and pyroconvective clouds during some
Portuguese wildfires [7,8].

All these works are complemented by studies that aim to identify fire-weather con-
ditions through the calculation of fire danger indices. Indices like the Fire-Weather Index
(FWI), Hot-Dry-Windy (HDW) index, Burning Index (BI), Forest Fire Danger Index (FFDI),
Haines Index, Wildland-Urban Interface Index, among others, allow us to assess wildfire
risk based on the meteorological and fuel conditions, providing crucial information for early
warning and mitigation practices. In Portugal, these indices are applied in a climatological
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context or for specific events during wildfire outbreaks too [33-37]. Recently, advances
have been made in FWI calculations based on high spatiotemporal resolution atmospheric
simulations over southern Portugal [6]. Additionally, although there has been a trend
towards an early build-up of fire danger after the 2000s [38], an increase in fire occurrence
during the winter of 2021/22 and the occurrence of a large fire in January 2022 indicates
that climate variability may create atmospheric conditions propitious for fire development
even during the winter season [3].

In 2025, Portugal experienced an extreme fire season. Although the number of rural
fire events decreased compared to the previous decade, the total burned area increased
substantially, making 2025 one of the most severe years in recent times [39]. In particular,
it was the fourth year with a total burned area above 250,000 ha, only behind 2005, 2003,
and 2017 [39]. Furthermore, although Portugal has experienced other extreme fire seasons
associated with climate conditions that favor fuel availability, the 2025 fire season still
highlights the vulnerability of Portuguese forests to fire. This scenario emphasizes that
wildfires are a recurring problem that requires ongoing management and measures to
prevent and mitigate the impacts of these events. It is therefore crucial to accurately
assess fire danger based on mesoscale atmospheric circulation and multiple meteoro-
logical elements.

Finally, regarding weather patterns that favor fire danger in Portugal, several have
been documented in the literature [40,41]. Our study focuses on a specific weather pattern
documented by [40]. The authors stated that when the Azores high extends over the Bay
of Biscay, the northeasterly circulation (NE hereafter) aggravates fire-weather summer
conditions by increasing temperature and decreasing humidity, but without significant
variations in the wind intensity. Therefore, given the presumed importance of northeasterly
winds across northern Portugal, this research aims to provide evidence of the role of
orographic effects in enhancing fire danger under such weather patterns, in light of the
following question: Why can the NE weather pattern be so critical for fire danger in
Portugal? We discuss the main meteorological conditions during a critical period of active
fires in northern Portugal, thereby contributing to the current efforts to better understand
the role of terrain in fire danger and behavior in real cases, as well as to the broader
meteorological context. The paper is structured as follows: Section 2 describes the data
and methodology adopted; Section 3 presents the results and their analysis; and Section 4
discusses the results. Conclusions and future perspectives are given in Section 5.

2. Materials and Methods
2.1. Study Period

On 28 and 29 July, multiple significant wildfires were active simultaneously in Portugal,
including the Arouca, Ponte de Lima, Penafiel, Cinfaes, Penamacor, and Nisa fires, placing
considerable pressure on national firefighting resources. Here, we consider Arouca’s
wildfire as the main representative case, whereas the wildfire that affected Penafiel County,
the Serra da Boneca fire, was defined as a secondary case. In 2025, wildfires significantly
affected Arouca, burning about 5896 hectares [39], mainly in forested areas. During that
period, access restrictions and safety measures led to cancelled visits and immediate losses
for the local tourism sector [42].

The Arouca region, located in northern Portugal, is characterized by a temperate
Mediterranean climate with a strong Atlantic influence, featuring mild, wet winters and
warm to hot, dry summers, with pronounced seasonal variability in precipitation (e.g., [43]).
The northern region’s complex mountainous terrain plays a key role in modulating local
atmospheric conditions, frequently intensifying wind fields through orographic effects
and increasing fire-weather severity. These combined climatic and topographic charac-
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teristics make the northern region particularly vulnerable to wind-driven wildfire events
during summer.

Arouca is a municipality in northern Portugal, located in the district of Aveiro, covering
an area of 329 km?. It is a largely rural, mountainous territory with a population of around
21,000 inhabitants [44]. The local landscape is strongly shaped by rugged relief and deep
valleys, especially those associated with the Freita Massif and the Paiva River. Steep slopes
that mark elevation differences and exposed geological formations are common features of
the area and help to explain its integration into the Arouca Geopark network [45,46].

The Paiva River plays a central role in the municipality, acting as both an ecological
corridor and a structuring element of human occupation. More recently, the river valley has
also become a key asset for nature-based tourism, with infrastructures such as the Paiva
Walkways attracting a growing number of visitors. The local economy remains largely
based on agriculture, livestock farming, and forestry, while tourism linked to natural
and landscape values has gained increasing importance in recent years. All these factors
make the region vulnerable to wildfires, which can easily impact various sectors of the
local economy.

2.2. Models Data

The main methodology is atmospheric modeling that represents various dynamic
and physical processes observed in the Earth’s atmosphere, providing insights into and
supporting the understanding of processes underlying real cases.

The large-scale environment was characterized by using the European Centre for
Medium-Range Weather Forecasts (ECMWF) analysis, accessed through the Meteorological
Archival and Retrieval System (MARS) [47]. The dataset has a horizontal resolution of
0.125 x 0.125 degrees and was extracted for 0000 UTC, 0600 UTC, 1200 UTC, and 1800 UTC.
The atmospheric circulation analysis and weather pattern identification were based on the
wind field at 850 hPa, 500 hPa, and 250 hPa levels.

At the regional scale, limited-area models have been critical for advancing the knowl-
edge of atmospheric processes at finer scales. The non-hydrostatic mesoscale atmospheric
model Meso-NH plays an important role in mesoscale atmospheric studies, especially
within the French meteorological community [48]. In Portugal, it has been successfully
used to improve knowledge of different atmospheric phenomena, for example, related
to orographically induced clouds and precipitation [49], desert dust outbreaks in Portu-
gal [50], fire—atmosphere interaction [7], downward solar radiation at the surface [51], the
atmospheric impacts of lakes and reservoirs [52], among others.

The study covers the northwestern IP, which comprises the following three main
mountain ranges: the Cantabrian Mountains, the Central System, and a small portion
of the Iberian System. The arrangement of these mountains forms the Northern Plateau
(Figure 1a). To study the mesoscale environment during active fires and the orographic
influence on increasing fire danger, the following two simulations were performed: EXP1
and EXP2, using a two-way grid nesting technique. Both experiments have a nested
configuration with an outer domain designed at 2.5 km resolution (300 x 300 grid points),
covering a large part of the Iberian Peninsula (Figure 1a) and an inner domain at 0.5 km
resolution (500 x 500 grid points), covering northern Portugal (Figure 1b). The vertical
grid, configured with 50 stretched levels, follows the terrain and has the first level at
30 m. The initial and lateral boundary conditions are provided by the ECMWF analysis,
updated every 6 h. The difference between the experiments lies in the topography database;
the EXP1 considers the Shuttle Radar Topography Mission (SRTM) database, whereas in
EXP2, the topography is set to zero across the entire domain. The latter was performed
without the mountain systems, providing evidence of the role of the mountains in the
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northern Iberian Peninsula in intensifying potential wind gusts and enhancing fire danger
in northern Portugal under specific atmospheric circulations. It is noteworthy that neither
experiment considers the effects of fire on the atmosphere.
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Figure 1. Study region and model configuration. (a) Model configuration showing the 2500 m and
500 m (blue square) horizontal resolution domains and orography (m, shaded areas) obtained from
the SRTM database; (b) inner domain at 500 m resolution. The symbols indicate Arouca’s wildfire
location (blue dot) and regions (other color dots) where orographic effects were identified, whereas
color lines represent vertical cross-sections to be discussed in Section 3.

Both experiments were configured with the standard Meso-NH physical parameteri-
zations package to represent the main atmospheric physical processes. At these resolutions
(2.5 km and 0.5 km), deep convection is explicitly resolved, while shallow convection
parameterization was only activated at the outer domain. For this study, we use the Eddy-
Diffusivity /Kain-Fritsch (EDKF) Shallow Convection Scheme from the parameterization
of dry updrafts and shallow cumulus [53]. The turbulence scheme is based on a prognostic
equation for turbulent kinetic energy (TKE) [54]. It employs a one-and-a-half-order closure
method that relies on TKE and a mixing length derived from BL89 [55]. The large domain
uses a 1D version, in which only the vertical turbulent fluxes are taken into account. In
the inner domain, the 3D version is applied, accounting for all the turbulent fluxes. The
cloud microphysics represented by the one-moment mixed-phase scheme ICE3 predicts
the mixing ratio of five categories of hydrometeors. In addition to water vapor, the scheme
considers two categories of liquid water (e.g., cloud droplets and raindrops) and three
categories of ice particles (e.g., ice crystals, snow or aggregates, and graupel) [56]. The
ECMWEF radiation package is used to parameterize the radiative transfer in the atmosphere,
based on the Rapid Radiative Transfer Model [57]. Radiation terms are updated every
900 s, whereas the timesteps are 8 s and 1.6 s in the outer and inner domains, respectively.
Finally, surface energy exchanges are parameterized according to different schemes using
the SURFEX platform of surface models [58].

The experiments were performed for the period between 28 July at 1200 UTC and
30 July 2025 at 0000 UTC for the large domain and from 1800 UTC on 28 July for the
inner domain. Using a configuration (e.g., spatial resolution and physical parameteriza-
tion package) consistent with previous studies that explored the role of local effects in
producing atmospheric conditions favorable to fire spread in Portugal, this study seeks to
investigate the meteorological factors that can contribute to enhancing fire danger from
surface—atmosphere interactions under a specific and well-known weather pattern.
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The Meso-NH simulation is initialized from an atmospheric state (the ECMWF analy-
sis) that has already undergone a quality control process and global data assimilation. Since
the ECMWEF analysis is physically consistent and based on observations, Meso-NH acts as a
dynamic downscaling process increasing the spatial resolution and detailing smaller-scale
processes associated with terrain, turbulence, and cloud development, on a base that is
already considered faithful to reality. This process uses physical parameterizations exhaus-
tively validated in the literature. Furthermore, error margins have already been widely
documented in previous works that used the same physical configuration presented in this
study. For instance, the model has been widely validated for key near-surface fire-weather
variables at the same horizontal resolution and physical parameterizations used here
(2 m air temperature and relative humidity, and 10 m wind speed and wind gusts)
(e.g., [4,5]). Overall, the experiments show occasional under- or over-estimation, but
the model is able to reproduce the main behavior of these variables. Reported mismatches
at 1.5 km have been linked to coastal influences and fire impacts near stations (e.g., [3,6]). In
this study, the model is primarily used to investigate surface-atmosphere interactions that
are difficult to validate directly, such as orographically driven downslope winds associated
with mountain gravity waves, which are poorly captured at coarser resolutions and by the
sparse weather station network in mountainous regions. Here, the sounding launched in
Lisbon is compared with the results at 2.5 km (Figure S1). The sounding confirmed a stable
profile characterized by anticyclonic shear, a feature successfully captured by the model’s
vertical profile. However, a discrepancy exists regarding surface temperature, namely, high
surface temperatures around 30 °C. This may be attributed to the model’s spatial resolution
(2.5 km), which could not be enough to resolve the complex coastal processes of the Lisbon
area. This simple comparison aims to mitigate the study’s limitations regarding validation
against observations.

2.3. Burn Scar Assessment

Computer Vision has evolved to extract knowledge about Earth surface features from
satellite imagery, supported by advances in image processing algorithms, machine learning
models, deep learning architectures, and foundation models (FMs). FMs are trained on
large amounts of data and are adaptable to a wide range of application domains [59-61]. In
recent years, Vision Foundation Models (VFMs) have emerged and shown potential for
object and semantic segmentation, scene classification, and object detection, among other
tasks [62].

Sentinel-2 imagery [63] was used to determine the area of the burned scars (Figure S2).
The images are radiometrically and atmospherically corrected, corresponding to a raster
of 2016 x 1872 pixels. The dates considered were 17 June 2025 (pre-event, Figure S2a)
and 1st August to 5th September 2025 (post-event, Figure S2b). The images contain over
3,773,952 pixels, with each pixel representing an area of 0.01 ha on the ground. The
cover area is approximately 37,740 ha. The data are referenced in the EPSG:4326—WGS
84 coordinate reference system.

Segmentation, defined as the separation of foreground objects from the background,
is a fundamental step for subsequent analysis and interpretation. In this context, the
Segment Anything Model (SAM) developed by Meta Artificial Intelligence was used to
segment fire scar boundaries [64—66]. SAM was applied to satellite imagery through the
open-source Python package Segment Anything Geospatial (SAMGeo), SAMGeo Version 1.
This package is available on PyPI and conda-forge and integrates several additional Python
libraries [65,67-70]. A region of interest (ROI) which includes the burned scars was defined.
The Arouca wildfire was centered at latitude 40.9790° N and longitude 8.2613° W, while
the secondary case (Serra da Boneca’s wildfire) was centered at latitude 41.0888° N and
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longitude 8.3793° W. SAMGeo was applied using various initialization parameters to
automatically generate masks representing the fire scars. Initially, the masks were in
raster format and converted to vector format. Then, the masks were filtered to eliminate
isolated and spurious zones based on their size and location. The fire perimeter burned
area boundary was measured. Within this perimeter, burned and unburned patches were
identified using the Normalized Difference Vegetation Index (NDVI), Normalized Burn
Ratio (NBR) spectral indices, or soil and terrestrial vegetation.

The NDVI is the most commonly used vegetation index and is highly informative
about the vegetation physiological conditions, the vegetation distribution over geograph-
ical areas, and the vegetation dynamics [71-73]. The NDVI combines the red (R) and
near-infrared (NIR) wavelengths and ranges from —1 to 1, where higher values indicate
denser and healthier vegetation. NBR is an index that highlights burned areas in large fire
zones and combines the NIR and shortwave infrared (SWIR) wavelengths. Lower NBR
values are associated with burned surfaces; values close to zero indicate recently burned
areas. In contrast, high positive NBR values correspond to unburned, dense, and healthy
vegetation [74-76].

To estimate burn severity, the delta NBR (dANBR) was calculated as the difference
between pre-fire and post-fire NBR. Highest dNBR values indicate more severe damage,
while negative dNBR values may indicate post-fire vegetation regrowth. The Burn Severity
information could be used in post-fire emergency response and restoration planning [77].
Burn severity was classified using dNBR according to the thresholds proposed by the
United States Geological Survey (USGS) [78], which define severity levels ranging from
enhanced post-fire regrowth to high burn severity.

2.4. Meteorological Satellite Imagery and Fire Activity Data

The large-scale analysis is complemented by satellite imagery information using the
water vapor channel (6.3 um, °C) with 2.0 km spatial resolution, obtained from the Flexible
Combined Imager (FCI) spectral imaging instrument onboard the geostationary satellite
METEOSAT-12, formerly the Meteosat Third Generation (MTG) Imager 1 [79]. The FCI
instrument supports the geostationary spectral imaging mission of the MTG program and
comprises channels across 16 spectral ranges, covering visible to infrared wavelengths.
The High-Resolution Fire Index (HRFI) dataset has 4 spectral channels at VIS 0.6 pm, NIR
2.2 um, IR 3.8 um, and IR 10.5 um, with a spatial resolution of 0.5 km for the visible and
near-infrared channels and 1 km for the infrared channels.

Fire activity was determined using satellite information from the Fire Information for
Resource Management System (FIRMS) [80]. The active fire product data used were derived
from the Visible Imaging Radiometer Suite (VIIRS) sensor aboard the joint NASA/NOAA
Suomi National Polar-orbiting Partnership (5-NPP), NOAA-20, and NOAA-21 satellites, as
well as information for each location across the globe at least twice a day. The VIIRS active
fire product has a nominal spatial resolution of 375 m at nadir, enabling the detection of
small fires and improving spatial agreement with the burned-area perimeter [81].

3. Results

This section presents the results on wildfire characteristics in the Arouca region,
followed by the analysis of atmospheric dynamics on different scales.

3.1. Arouca’s Wildfire, Burn Scar Area, and Fire Severity

Active fires were detected overnight, spreading westward, and by the afternoon, they
had already encompassed a large burned area (Figure 2). The smoke plume followed the
same direction, being transported westward (Figure 2, top left corner).
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41°N

VIIRS active fires
29/07/2025

o 01-03h

o 13-15h

Figure 2. Fire characteristics on 29 July 2025 showing VIIRS active fires extracted from the S-NPP,
NOAA-20, and NOAA-21 satellites. A true color image highlighting the smoke plume transport
derived from wildfires is found in the top left corner. The red square indicates the fire location.

The SAMGeo model allowed the segmentation of objects with similar intensity values
into groups, in which the burn scars corresponding to both cases were identified. Also,
other groups were recognized and filtered. For the Arouca wildfire, the area and perimeter
values are 6110 ha and 54.5 km for the first burn scar, 890 ha and 18.7 km for the second
burn scar, and 840 ha and 19.4 km for the third burn scar. In the Sierra da Boneca, the area
and perimeter are 1610 ha and 27.6 km, respectively. This information allows the analysis
of the spatial extent of the fire-affected area, estimated at 7720 ha. In addition, the seg-
mented objects are used as masks to analyze burned and unburned areas and to assess fire
severity (Figure 3).

41°6'N

41°0'N

i Reference

| Arouca: 1, 2, 3.
ierra da Bonec:

T
8°24'W

Figure 3. Burn scars detected by the SAMGeo model corresponding to 1 August 2025. Numbers 1-3
correspond to the Arouca fire, while number 4 corresponds to the Serra da Boneca fire.

Information from multispectral indices such as the NDVI and NBR highlights areas of
vegetation, water bodies, rivers, soils, and burn scar (Figure S3). In the NDVI image, the
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highest vegetation values within the burn scar extent mask are associated with riparian ar-
eas following the drainage network. Thresholding was applied to segment pixels classified
as vegetation in NDVI images and as burned area in NBR images. For the NDVI images,
a threshold value greater than 0.25 was applied; for the NBR, a value greater than zero
was selected. Figure 54 shows the segmentation results of the NDVI and NBR within the
boundary delimited by the SAMGeo mask. Finally, the area of vegetation pixels derived
from the NDVI and the pixels corresponding to burn scars were measured (Table 1).

Table 1. Measurement of burned and unburned areas (ha) from NDVI and NBR segmented regions.

NDVI NBR
Unburned (ha) Burned (ha) Unburned (ha) Burned (ha)
1 3955 2158 3386 2727
2 516 371 377 510
3 317 528 187 659
4 698 919 460 1156

The NBR is better at detecting burned areas when compared with the NDVI, since
the SWIR enhances spectral separability. After a visual inspection, we found that urban
or bare-soil pixels were classified as burned areas. For this reason, to assess fire severity
within each burn scar, we used the burned-area mask based on the NBR index. Fire severity
results are shown in Figure 4 and Table 2. The primary case had 88% of its area affected,
with dNBR values ranging from moderate to high severity, whereas the second case had
77% of its area affected (Figure S5).

Reference

Burn Severity (dNBR)
= Enhanced Regrowth, High ™= Unburned =~ == Moderate-low Severity ™ High Severity
=9 Enhanced Regrowth, Low Low Severity ™= Moderate-high Severity

Figure 4. Burn severity of the fire corresponding to pre-fire (17 June 2025) and post-fire (5 September
2025) conditions.
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Table 2. Burn severity levels based on the USGS-proposed dNBR thresholds, in ha.
High Low Low Moderate Moc!erate High
Burn Scar Regrowth Regrowth Unburned Severit Low High Severit
8 & y Severity Severity y
1 8 72 272 1066 1573 1707 1415
2 2 4 7 113 134 178 449
3 0 1 4 51 74 160 556
4 0 0 12 193 371 590 450

3.2. Meteorological Conditions
3.2.1. Large-Scale Environment

Figure 5 shows the evolution of the deep-layer Azores anticyclone, centered at
38° N/20° W at upper-levels (250 hPa) on July 25 and 26, 2025 (Figure 5a,b). However,
mainland Portugal was under the influence of an upper-level trough, associated with a low-
pressure system centered near western France on July 25 (Figure 5a). On the following two
days, as the cyclone moved towards northern Italy, the high-pressure system weakened at
altitude, and a jet stream crossed the United Kingdom and France in a NW/SE orientation
towards the Mediterranean Sea on July 28 (Figure 5c). At that moment, an upper-level
low-pressure system was visible between the Madeira and Azores archipelagos, while
mainland Portugal was under the influence of the dissipating stage of the anticyclone in
altitude, i.e., the system no longer presented a well-defined counterclockwise circulation at
altitude. On July 29 (Figure 5d), the main study period, mainland Portugal was affected by
the approach of an upper-level ridge, associated with the anticyclone development of the
previous days.

30

20

il 4B T Y
10°E 20°W
(c) (d)

Figure 5. Wind speed (m-s~1, shaded areas) and direction (arrows) at 250 hPa for (a) 25 July 2025 at
0000 UTC, (b) 26 July 2025 at 0000 UTC, (c) 28 July 2025 at 0000 UTC, and (d) 29 July 2025 at 0000 UTC.
The contour lines represent the geopotential height (dam).

Figure 6 shows the wind speed at middle levels, where the influence of the Azores
anticyclone is evident during the days preceding the study period. On July 25 (Figure 6a),
the anticyclone was identified centered east of the Azores archipelago, being observed closer
to the Portuguese coast on July 28 (Figure 6b). During the study period, the northward-
shifted system, positioned close to mainland Portugal, favored a northerly circulation over
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the northwest of the Iberian Peninsula, especially during the night and in the morning of
29 July (Figure 6¢). This circulation weakened during the afternoon and toward the end of
the day (Figure 6d).

Figure 6. Wind speed (m-s~1, shaded areas) and direction (arrows) at 500 hPa for (a) 25 July 2025 at
0000 UTC, (b) 28 July 2025 at 0000 UTC, (c) 29 July 2025 at 0600 UTC, and (d) 29 July 2025 at 1800 UTC.
The contour lines represent the geopotential height (dam).

In the lower troposphere, at 850 hPa (Figure 7), the presence of the Azores high-
pressure system centered northwest of Iberia is evident (AA, Figure 7). As the anticyclone
moves northeast of the Azores archipelago, the system approaches mainland Portugal,
inducing northerly winds over the region associated with the system’s eastern edge
(Figure 7a). An intensification of the 850 hPa winds is observed in the Northwest of
the Iberian Peninsula during the night and in the morning of July 29 (Figure 7a), followed
by weaker winds in the afternoon (Figure 7b).

30

50°N

30°N

10

Figure 7. Wind speed (m-s~1, shaded areas) and direction (arrows) at 850 hPa on 29 July 2025: (a) at
0600 UTC, and (b) at 1200 UTC. AA indicates the Azores Anticyclone. The contour lines represent
the geopotential height (dam).

The air mass dynamics between the central Atlantic and northern Portugal during the
period of the wildfires are assessed using water vapor satellite imagery (6.3 pm; Figure S6)
from 28 to 29 July. In the morning of July 28 (Figure Sé6a), the Iberian Peninsula remained
under the influence of a relatively moist air mass (Figure S6a, blue arrows), likely a remnant
of the frontal trough observed between July 25 and 26 (Figure 5a,b). Concurrently, a dry
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subtropical air transport, driven by the Azores anticyclone (yellow arrows), was observed
near the eastern coast of the British Isles (51° N, 10° W).

Between July 28 and 29 (Figure S6b—d), the approach of an extratropical cyclone (L)
from the central Atlantic is evident around 50° N, as well as the development of a baroclinic
wave (BW) near the British Isles (Figure S6c,d). The system’s occluded front shifted the
mean flow southward, transporting warm, dry subtropical air into northern Portugal and
disrupting previous moisture transport. This BW development amplified the southward
advection of dry air, establishing a meridionally displaced warm front over northern Spain.
These dynamics effectively reflected atmospheric blocking conditions, significantly altering
the regional moisture profile.

The presence of dry air in the western sector of the BW warm front is observed in the
vertical profiles of the EXP1 simulation (Figure 8). Figure 8a shows dry weather conditions
in all isobaric levels, a clear anticlockwise windshear between the middle (~600 hPa) and
upper (100 hPa) troposphere, and a strong inversion below 900 hPa. The simulation
showed a water vapor mixing ratio vertical profile with values around 7 g/kg near the
surface (Figure S7). The stable conditions are also emphasized by the extremely low values

observed in the Convectively Available Potential Energy (CAPE) index and the high values
in the Lifted (LFTD) and Showalter (SW) indices (Figure 8a,b).

Meso-NH simulation

Meso-NH simulation
| Lat: 41.0888 | Lon: —8.3793 | date: 2025-07-29 - 06:00 UTC |
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Figure 8. SkewT/LogP on July 29, 2025: (a) at 0600 UTC, and (b) at 1200 UTC. Data obtained from
the EXP1 simulation at horizontal resolution of 0.5 km. The solid red and green lines represent

temperature and dew point temperature, respectively. The dashed purple line represents the profile
path. The CIN is represented by the blue shaded area.

Such stable conditions persisted through the entire study period between the morning
and noon of July 29, suggesting drier vertical profiles and stronger inversions as the warm
front of the BW advanced eastward to the western sector of Spain (Figure Sée f, red line;
Figure 8b), possibly enhancing fire danger through the low relative humidity and inversion
of the surface winds. In addition, the mean flow at the cold sector of the BW showed
similar characteristics to those observed during an Anticyclonic Rossby wave breaking
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event (Figure S6d—f; AWB), with the amplification of a meridional ridge at the rear side
of the extratropical cyclone and the southward motion of the trough located at the warm
sector of the front [82]. Those conditions are consistently associated with the development
of high-pressure systems below the upper-level ridge, the development of low-pressure
systems to the NW and SE of the upper-level ridge [82], and the onset of atmospheric
blocking events and meteorological heat waves [83].

3.2.2. Mesoscale Analysis

This section focuses on the Meso-NH simulations, aiming to elucidate the large
mesoscale dynamics [EXP1 at 2.5 km resolution] and the effects of mountain-scale processes
on local airflow and fire danger amplification [EXP1 and EXP2 at 0.5 km resolution]. In
particular, 10 m wind gusts are analyzed, given their potential to influence fire behavior
over short timescales and their strong spatial variability over complex terrain. In the Por-
tuguese context, wind gusts have emerged as a critical variable in assessing wildfire danger.
This variable was examined focusing on convective outflows during the Pedrégao Grande
wildfire [2], whereas recent evidence from Madeira [4] and northern mainland Portugal [3]
underscores the role of topographically induced wind gusts. Consequently, while standard
fire-weather indices remain fundamental, it is important to integrate wind gusts into the
analysis of fire danger, as they can cause extreme fluctuations in fire propagation.

The winds associated with the general circulation of the anticyclone blow between
the Cantabrian Mountains and the central system, maintaining a semi-stationary condition
along the 29 July (Figure 9a—c). These winds are from the NE over the Northern Plateau
and are directed towards northern Portugal. The winds are mostly from the east over the
northern region of Portugal and near the Arouca region (blue dot).
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Figure 9. Orography (m, shaded areas) and wind vectors at 10 m from the outer domain at 2.5 km
horizontal on June 29, 2025: (a) at 0000 UTC, (b) at 0600 UTC, and (c) at 1200 UTC. Blue dot indicates
Arouca’s wildfire location.

Figure 10 presents a dominant condition observed throughout the study period.
The wind field at 10 m showed relatively low values, below 10 m-s~! near the surface
(Figure 10a). This dry flow, with low precipitable water values (20 mm; Figure 10b), is
colder over the Plateau and in high-altitude regions and slightly warmer in regions below
500 m, near the Portuguese coast and in the south of the domain (Figure 10c). The total
accumulated precipitation during the entire period of the EXP1 numerical experiment
indicates that only weak orographic precipitation occurred in northern Iberia (Figure 10d).
Anticyclone circulation is favorable for fire activity, given the associated fair-weather condi-
tions, allowing high temperatures and low relative humidity throughout the diurnal cycle,

as well as due to the inhibition of the formation of deep precipitation systems.
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Figure 10. Fire-weather conditions from the EXP1 outer domain simulation. July 29, 2025, at 0900 UTC:
(a) wind magnitude at 10 m (m-s~1, shaded areas), (b) precipitable water (mm, shaded areas), (c) air
temperature at 2 m (°C, shaded areas), and (d) total accumulated precipitation (30-h period) (mm,
shaded areas). Arrows represent wind direction at 10 m and contours indicate orography at 500 m
intervals. Red dot represents fire location.

After describing the spatiotemporal aspects of the main fire-weather conditions, the
local effects are further investigated. The complex terrain of northern Portugal perturbs the
atmospheric flow, increasing near-surface turbulence and influencing wind gusts. Therefore,
this variable should also be taken into account in wildfire danger assessment. Figure 11
shows that as the NE wind reaches the northern Portuguese mountains, intense wind
gusts exceeding 20 m/s are identified, especially when the wind is nearly easterly. The
simulation indicates that this flow strengthened after 0000 UTC (Figure 11a,b), leading to
an increase in wind gusts overnight. Wind gusts reached their maximum of about 25 m/s
around 0600 UTC (Figure 11c), losing intensity during the morning as the wind no longer
affected the mountains from a direction almost perpendicular to them (Figure 11d—f).

To better understand the effects of orography on wind field, seven vertical cross-
sections were considered along the mountains where the strongest wind gusts were iden-
tified (Figures 1b and 11c,d). The vertical cross-sections shown in Figure 12 indicate that
the strong wind gusts are linked to downslope flow on the leeward side of the mountains,
where vertical velocity reaches values around 3—4 m-s~! (DD’ and FF/, Figures 12b and 12d,
respectively), occasionally exceeding 5 m-s~! (CC’, Figure 12a). Over the Arouca region,
these effects are weaker but still present (EE’, Figure 12c). In some cases, this disturbance
in the flow is reflected in the generation of gravity waves (FF’, Figure 12d). The remaining
vertical cross-sections are shown in Figure S8. Furthermore, a slight warming of the air
associated with these effects can be seen in the vertical sections of potential temperature
and, in certain situations, extends down to near-surface levels (Figure S9).

https://doi.org/10.3390/fire9030111


https://doi.org/10.3390/fire9030111

Fire 2026, 9, 111 15 of 25

30
25
8°W 7°W 20
(c)
3 g S S Y B TR
e - e S
o g
or i f 15
4 Gl
10

Figure 11. Inner domain EXP1 wind gust (m-s~!, shaded areas) field and wind direction (arrows)
(a) at 2100 UTC on July 28, 2025; July 29, 2025: (b) at 0300 UTC, (c) at 0600 UTC, (d) at 0900 UTC,
(e) 1200 UTC, and (f) 1800 UTC. The red dot represents Arouca’s fire location. Contours indicate
orography at 500 m intervals. Red dot represents fire location.
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Figure 12. Vertical cross-sections of vertical velocity (m-s~1, shaded areas) for (a) CC’, at 0900 UTC;
(b) DD’, at 0600 UTC; (c) EE’, at 0600 UTC; and (d) FF’, at 0900 UTC. Vertical cross-sections are
indicated in Figure 1b. The dotted red lines in c) represent the maximum longitudinal extent of the
fire perimeter.

Therefore, the results show that when NE winds reach northern Portugal, some areas
exhibit extreme wind gust values when these winds are nearly easterly, indicating a local
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danger associated with the region’s complex terrain. The impact of orography was verified
using the EXP2 simulation, which did not consider topographic elevations. Figure 13a
clearly shows that the intense gusty winds only appear when orography is considered,
indicating the nature of the gusty winds with differences greater than 10 m-s~!. These peak
wind gusts did not directly drive the Arouca fire in some areas. Figure 13b illustrates the
conditions within the fire perimeter, where the discrepancy between the two simulations
is less pronounced. In Figure 13c, relative to the purple dot, EXP1 shows slightly higher
wind gust speeds during the early morning hours; however, from the morning of the
29th onward, EXP2 values exceed those of EXP1. In Figure 13d (yellow dot), a clear
orographic effect is observed, with EXP2 maintaining significantly lower and more stable
wind speeds, whereas EXP1 exhibits high-amplitude fluctuations in wind gust magnitude.
Notably, the two simulations present a marked contrast and show how local mountains
influence fire danger during the critical fire-active period and under a specific weather
pattern (Figure S10).
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Figure 13. Difference between the wind gusts (m-s~ !, shaded areas) at 10 m in the numerical
experiments, i.e., EXP1 minus EXP2, at 0700 UTC on 29 July 2025: (a) 500 m-resolution domain
and (b) zoom over the fire zone. Black contours represent the Arouca fire perimeter, taken from:
https:/ /mapping.emergency.copernicus.eu/activations/EMSR824 /aois/ (accessed on 18 February
2026). Temporal evolution over wind gust (m-s~1) at purple point (c) and yellow point (d). The
blue line represents EXP1, while the orange line represents EXP2. The yellow and purple points in
(b) correspond to the yellow and purple boxes in (c) and (d), respectively.

4. Discussion and Summary

This study investigates the meteorological conditions during a critical fire outbreak,
focusing on the Arouca wildfire on 29 July 2025 and addressing the following central
question: Why can the NE weather pattern be so significant for fire danger in Portugal?

Fire burn severity in the Arouca wildfire was estimated using a methodology that
integrates foundation vision models with computer vision algorithms. A pre-trained
foundation model was first employed to delineate the burn scar from Sentinel-2 imagery.
Based on this segmentation, the NDVI, NBR, and dNBR were computed and subsequently
processed using computer vision-based segmentation and classification algorithms to
measure burned and vegetated areas and to quantify fire severity. Results indicate that
88% of the Arouca fire experienced moderate-to-high burn severity.
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The topic of fire meteorology has been increasingly explored in recent years, highlight-
ing several mesoscale phenomena that can increase fire danger in different regions. In the
last few years, a solid background has been built from the use of atmospheric modeling
applications in Portuguese case studies of large fires and in fire meteorology. Atmospheric
conditions can directly influence fire behavior. For example, in October 2017, the passage
of Hurricane Ophelia, associated with strong south/southwest winds, favored extreme
wildfire outbreaks [9]. Recently, a cyclonic circulation was documented influencing fire
weather in the Iberian Peninsula by remaining stationary west of Portugal and advecting
warm, dry air from North Africa [6]. Some other weather patterns have also been identi-
fied as favorable for precipitating systems and lightning production during the summer.
In this case, there is an increasing possibility of natural fire ignition in some regions of
Portugal [84].

The results represent a step towards understanding how large-scale meteorological
conditions can influence wildfire development in Portugal, particularly by considering
the positioning of synoptic-scale systems. The Azores anticyclone was highlighted as the
dominant meteorological system during the fire outbreak. Anticyclone systems have also
been identified during other fire events in Portugal. For instance, in a large fire during the
wintertime, an anticyclone was centered in the Biscay Gulf, which favored easterly winds
over the North Iberian Peninsula [3]. In that case, the orographic effect was triggered in the
mountains surrounding the Montesinhos Natural Park, where a fire front was driven by
downslope winds created from the interaction between airflow and local terrain. Another
study documenting the Azores anticyclone positioning was related to the “Vila de Rei’
wildfire that occurred in 2019. The eastern sector of the Azores anticyclone, interacting
with the thermal low over the Iberian Peninsula, increased the horizontal temperature
and pressure gradients over the western Iberian Peninsula, producing intense winds at
the lowest levels of the atmosphere. When interacting with the complex terrain of central
Portugal, local orographic effects were triggered, intensifying fire spread and causing a total
burned area of almost 10,000 ha in 24 h [5]. The influence of the Azores anticyclone and its
NE winds was also documented to have enhanced fire-weather in Madeira Island through
orographic effects, as well as to have produced large fires [4]. In all these cases, convection-
permitting simulations were used to assess the meteorological conditions during wildfire
evolution. The high-resolution simulation helped us identify specific features of fire danger
in northern Portugal when the NE weather pattern is present, which can be enhanced by
orographic effects.

Interactions between weather systems and regional orography create favorable con-
ditions for fire ignition and spread worldwide. The well-known Santa Ana Winds are
downslope winds that play an important role in producing recurrent large extreme wildfire
events in California [85,86]. Synoptic conditions interacting with the Andes Mountains can
produce large fires through orographically induced winds [87,88], whereas the position
and slow motion of anticyclones on the Andes’ east side have also influenced fire activ-
ity [89]. In addition, downslope winds were identified in isolated mountains by driving
fire propagation and creating fire-weather conditions conducive to fire, which are directly
linked to the geometry and orientation of such a barrier relative to the mean airflow (e.g.,
Madeira Island, Hawaii, and Canary Islands) [4,90,91].

Although studies highlight the fire danger favored by large-scale weather patterns,
our study sought to provide real evidence of the role that the positioning of such patterns
can have in intensifying active fires or enhancing fire danger. The study shows that, even
though it was not directly affected by extreme wind gusts from orographic effects, Arouca’s
wildfire was intensified, influenced by the mean winds westward of the mountains in
the North. In general, a simulation without the Iberian Peninsula orography reveals
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the terrain’s impact on the wind gust field, mainly in regions where orographic effects
considerably increase wind gust intensity near the surface.

The schematic illustrates that when the Azores anticyclone is positioned in such a
manner that the E/SE sector affects the North region of the Iberian Peninsula (Figure 14,
PHASE 1), the northerly winds align with the mountains’ chains in the region, namely, the
Northern Plateau, being channeled toward northern Portugal when they are found to be
northeasterly winds or nearly easterly in some regions (Figure 14, PHASE II). In this region,
the local mountains interact with this airflow, triggering orographic effects (Figure 14,
PHASE III). The orographic effects are evident in meteorological fields, such as wind gusts
at 10 m. This study uses wind gusts at 10 m as a variable indicative of fire weather, given
that they can directly influence fire behavior. In an orographic context, intense wind gusts
can persist for many hours as the mesoscale circulation remains semi-stationary. Regarding
the vertical structure of the atmosphere, which is crucial for determining the behavior of
the smoke plume and the generation of pyroconvective clouds [7,92,93], the Skew-T/logP
diagram from the 0.5 km simulation helped us to understand why the convective plume did
not rise vertically but was instead advected toward the Atlantic Ocean, likely remaining
within the boundary layer. Strong low-level winds at 950 hPa, together with a stable
atmosphere associated with the anticyclone, supported these environmental conditions
and fire plume behavior, thereby inhibiting the formation of pyroconvective clouds.

PHASEI PHASEII

Anticyclone positioning NE winds over the
Northern Plateau

Northern Portugal

AA - Azores Anticyclone # Strong gust winds
0

PHASEIII - Downslope winds and orographically
induced fire-prone regions from strong wind gusts

Downward motion

P—

Intense winds <«u—
below 950 hPa h

Figure 14. Schematic representation of dynamical processes during the critical fire period.

The study reveals why the NE pattern can be important in a fire danger context
in Portugal, namely, due to the orographic effects that are triggered over the northern
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mountains. However, some challenges remain. The correlation between weather patterns
and wildfires is difficult to establish because fire frequency depends largely on human
factors, and fire danger can exist without fire occurrence. Moreover, orographic effects
should be in phase with regions that are largely forested, for example.

5. Conclusions and Future Perspectives

Artificial intelligence proved to be an effective approach for delineating and measuring
burn scars in Arouca’s wildfire. The use of foundation models, trained on large volumes of
information and applicable across different research domains, enabled a fast and reliable
characterization of fire extent while significantly reducing the need for extensive data
labeling. The integration of traditional computer vision techniques complemented the
use of foundation models, allowing a more precise quantification of the affected areas.
The results supported the identification of the most impacted zones and highlighted that
riparian environments show a higher degree of conservation during fire events. Overall,
this work demonstrates the potential of combining foundation models with classical vision
methods for post-fire assessment and environmental monitoring. Future research will
focus on incorporating additional geospatial information and expert knowledge to support
decision-making processes aimed at identifying areas with higher fire occurrence and
defining mitigation and emergency-response strategies.

Concerning the meteorological aspects, the case study was simulated using a limited-
area setup of the Meso-NH model. The 0.5 km simulation demonstrated that mountains
in northern Portugal play a crucial role in shaping local meteorology and fire danger
conditions by enhancing wind gusts. Here, the study draws attention to a critical fire
period but highlights the challenges of identifying fire danger when considering synoptic
and smaller-scale meteorological conditions.

The large-scale analysis confirmed the influence of the Azores anticyclone before
and during the study period. As it moved eastward, the eastern edge of the anticyclone
induced northerly winds over the Bay of Biscay, transporting relatively dry air and leading
to conditions analogous to those observed during atmospheric blocking events. Since this
circulation pattern primarily affected the northern region of the Iberian Peninsula, the effect
of the northeasterly winds was predominant over the Northern Plateau. Previous studies
have considered only results from low-resolution global models, highlighting large-scale
meteorological patterns during wildfire events. Here, fine-scale analysis indicated that the
NE wind pattern, driven by large-scale circulation, can trigger orographic effects in the
local mountains across northern Portugal, intensifying fire danger by increasing wind gusts
near the surface. This study reveals the growing need to account for orographic effects
when assessing fire danger and encourages extending this approach to future events with
similar synoptic conditions, thus providing insights for earlier warnings and mitigation
practices. Furthermore, the fire burn severity estimated for Arouca’s wildfire revealed
that 88% of its area was affected with moderate-to-high severity, suggesting enhanced fire
danger over northern Portugal during the transport of dry air and a NE displacement of
the surface wind.

In a broader context, this study is part of efforts to increase knowledge of meteoro-
logical factors at different scales that can lead to the development of large wildfires in
Portugal. The hectometric-scale simulation underscores the benefits of increasing NWP
model resolution, particularly for capturing smaller-scale phenomena that were neglected
in previous works about weather patterns and wildfires in Portugal. The study shows
the meteorological conditions during a critical fire-active period and identifies fire-prone
regions which can be taken into consideration in fire management and prevention, namely,
when synoptic conditions are similar to those documented in the present study.
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Finally, this case study highlights the need for increased long-term efforts to accurately
predict fire danger on a local scale by also accounting for vegetation characteristics in
order to improve fire danger assessments. A mountain’s impact on fire danger due to
its enhancement of surface wind gusts is highly relevant to planning. The present study
intends to serve as a background for the ongoing efforts to improve atmospheric modeling
by using a fire-atmosphere coupled system in LES mode. Therefore, scientific advancement
is expected by using fire—atmosphere coupled simulation to explore the main aspects of
Arouca’s fire at the fire scale, namely, its fire plume dynamics and its interaction with
the environment.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fire9030111/s1, Figure S1. Thermodynamic profiles on 29 July
2025 at 1200 UTC from: (a) sounding launched from Lisbon (Available online at: https://weather.
uwyo.edu/upperair/sounding.shtml, accessed on 11 February 2025), and (b) simulated by the Meso-
NH model at 2500 m resolution. The solid red and green lines represent temperature and dew
point temperature, respectively. The dashed purple line represents the profile path. CAPE and CIN
areas are shaded in red and blue, respectively; Figure S2. Pseudocolor images from the Sentinel-2
satellite on: (a) 17 June 2025 and (b) 1 August 2025. Before and after the wildfire event occurred on
29 July 2025. The burn scars are observed in reddish tones two days after the event (b); Figure S3.
(a) Normalized Difference Vegetation Index of burn scars corresponding to 1 August 2025 in northern
Portugal, and (b) Normalized Burned Ratio of burn scars corresponding to 1 August 2025 in northern
Portugal; Figure S4. Thresholded image from the Normalized Difference Vegetation Index (left panel),
and thresholded image from the Normalized Burned Ratio (right panel); Figure S5. Classified burn
severity image, showing areas from moderate to high severity; Figure S6. Satellite imagery from the
METEOSAT-12 water vapor channel (6.3 um, °C) at (a) 0600 UTC, (b) 1200 UTC, and (c) 1800 UTC of
June 28 and (d) 0000 UTC, (e) 0600 UTC, and (f) 1200 UTC of June 29. Yellow arrows represent the
transport of dry air; light blue arrows represent the transport of moist air; purple (orange) dashed
lines represent the limits between the polar (subtropical) and subtropical (polar) air masses; red (blue,
purple) lines represent warm (cold, occluded) fronts. L and BW are used to point out the regions
near the centers of a low-pressure system and a baroclinic wave, respectively, while AWB is used
to point out the region near an anticyclonic Rossby wave break; Figure S7. MRV (mixing ratio of
water vapor) vertical profile from the 500 m simulation, on 29 July 2025 at 0600 UTC; Figure S8.
Vertical cross-sections of vertical velocity (m-s~1, shaded areas) for AA’, at 0600 UTC (top), BB, at
0600 UTC (middle), and GG’, at 0900 UTC (bottom). Vertical cross-sections are indicated in Figure 1b;
Figure S9. Vertical cross-sections of potential temperature (Kelvin, shaded areas) for (a) CC’, at
0900 UTC; (b) DD’, at 0600 UTC; (c) EE’, at 0600 UTC; and (d) FF’, at 0900 UTC. Vertical cross-sections
are indicated in Figure 1b; Figure S10. Difference between the wind gusts (m-s~!) at 10 m in the
numerical experiments at 500 m horizontal resolution, i.e., EXP1 minus EXP2, on 29 July 2025.
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