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Abstract: Increased knowledge of the meteorological conditions that lead to mega-fires is important
to prevent wildfires and improve firefighting. This study analyses the atmospheric conditions that
led to the largest forest fire ever observed in Portugal in 2019. The fire burned an estimated total area
of around 9000 hectares in 12 h. The study is based on two simulations performed with the Meso-NH
atmospheric model. The control simulation was configured in a single and large domain with 2500 m
resolution, whereas a second simulation was configured using the grid nesting technique with an
inner domain with 500 m resolution. The fire developed under typical summer conditions, under the
influence of the Azores anticyclone and the presence of the Iberian thermal low. The weather pattern
included intense northwest winds in the western region of the Iberian Peninsula. In the fire area, the
wind speed was around 7 m s~! with maximum wind gusts of 15 m s~!, favouring the rapid spread
of the fire and characterising the event as a wind-driven fire. This study demonstrates the benefits of
the use of large domains and high-resolution numerical simulations to explore the regional and local
effects, which are crucial for the evolution of some fires.

Keywords: wind-driven fires; orographic effects; fire weather conditions; Meso-NH model

1. Introduction

Atmospheric conditions are a dominant factor in fire spread and intensity at several
spatial and temporal scales [1,2], sometimes leading to extreme forest fires with large and
destructive effects [3]. Additionally, complex terrain can significantly influence meteoro-
logical conditions due to the interactions with the atmospheric flow. Such interactions are
crucial in extreme fire behaviour [4,5]. For example, many extreme fires are due to the
interaction of the fire front with the environmental conditions found in a mountainous
landscape, which can increase the rate of propagation of the fire front [6,7].

The important role played by orography in fire evolution has been extensively docu-
mented over the last century. However, the importance of the orography in creating fire
weather conditions is still considered an open field in the context of mountain meteoro-
logical phenomena [8,9]. Nowadays, the fundamentals of the mountain meteorological
phenomena that affect fire behaviour are better understood and known as diurnal mountain
winds, dynamic channelling, Foehn winds, low-level jets, and mountain waves [10].

In general, strong winds can favour wind-driven fires, which are characterised by
the head of the fire being spread faster by the wind in the centre than on the flanks of
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the fire [11]. Many wind-driven fires occur in coastal mountainous regions, for example,
California [12,13], France [14], and Greece [15,16], all of which present a complex terrain
and a Mediterranean climate with hot and dry summers.

Considering the synoptic conditions associated with the occurrence of large fires in
France during recent decades (1973-2013), [14] showed that most of the large fires occurred
under the “Atlantic Ridge’ synoptic weather type, which combines an anticyclone ridge
over the eastern Atlantic and a cyclonic anomaly stretching from the North Sea to Cen-
tral/Eastern Europe and the Mediterranean basin. In Portugal, the frequent development
of the Iberian low thermal system in the summer [17,18] increases the pressure gradients
between the Iberia centre and the anticyclone ridge over the Atlantic, inducing strong
winds which create favourable conditions for fire spread.

Nauslar et al. (2018) [19] carried out a study to characterise the meteorological factors
that drove two extreme wind-driven fire events in California in 2017. The authors high-
lighted the important roles that both climate variability and meteorological factors have on
extreme fires in terms of preconditioning fuel abundance, flammability, and driving fire
spread. Recently, a study about significant forest fires on Madeira Island [20], using high-
resolution numerical simulations, stressed the impact of the orography, mainly through the
generation of a deep Foehn effect. The study showed the importance of this effect on the
development of large forest fires in the lowest regions of the island.

In recent years, some studies have aimed to study fire-atmosphere interactions over
complex terrain using several techniques, including the coupling of fire and atmospheric
models [21-24]. A coupled simulation may reproduce the total burnt area, showing the
predominance of wind-driven propagation, in which the fire behaviour is mainly driven by
the mean flow [16].

Portugal has the highest total number of fires and the second-largest total burned
area in Europe [25]. The fire seasons of 2003 and 2005 [26,27], as well as the mega-fires
of June [28,29] and October 2017 [30], showed the vulnerability of the country to the
occurrence of such extreme events. The episodes had a high impact on social (dozens of
fatalities), economic, and environmental levels. In general, these extreme fire events are
associated with extreme meteorological conditions [28,31] or climatic phenomena, such as
intense heat waves, as verified by the fire season of 2003 [26,32].

Some mega-fires occur without extreme meteorological conditions and should be
studied to understand how the fire propagates in a short time period. For example, the
largest forest fire in Portugal, which occurred in 2019, was characterised by a rapid spread
and burned approximately 20 km in length in the first 12 h [33]. The smoke plume was
unusually extensive and was detected in southern Portugal [34]. This episode in Vila de
Rei county has been considered in order to understand the atmospheric environment asso-
ciated with a forest fire occurring over complex terrain from simulations with convection
explicitly resolved.

The high-resolution simulations resolve fine-scale meteorological processes, including
convection, clouds’ microphysics, and surface forcing, which is poorly represented in coarse-
resolution global models. The use of high resolution improves the complex topography
representation, land—sea contrast, and land cover heterogeneities. The atmospheric model
used in the present study, the Meso-NH, can be used to perform simulations in LES mode,
which should be studied as a fine representation of the atmospheric effects of surface fluxes,
namely those produced by fires and the consequent retroactive effects, as shown in [35],
a numerical study about the Aullene wildfire that occurred on the mountainous island
of Corsica.

Moreover, this study aims to complement previous studies developed under the
“Iberian Centre for Research and Forest Firefighting” framework (CILIFO, www.cilifo.eu,
last accessed 29 June 2022), namely in the context of characterisation of meteorological
environments of historical wildfires [20,28].


www.cilifo.eu
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The paper is organised as follows. Section 2 presents the study region, as well as the
data used and modelling aspects. In Section 3, the results are presented, followed by the
discussion in Section 4. The conclusions are given in Section 5.

2. Study Area and Data Sources
2.1. Study Area

Vila de Rei is located in the centre of Portugal at 39°40'31.08” N; 8°8/48.444"” W
(Figure 1c). The regional geography contributes to the local climate, which is Mediterranean
with continental influences. July is the windiest month, with an average hourly wind speed
of 3.5 m/s, and the wind direction is predominantly from the north [36].

...............................

Figure 1. (a) Meso-NH configuration and Vila de Rei location with orography obtained from the
SRTM database with the large domain at 2500 m resolution (CTRL and EXPD1) and the inner domain
at 500 m (EXPD2) resolution; (b) Timeline of the period simulated in the larger and inner domains;
(c) Study Region—Map of local orography from Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER), Global Digital Elevation Model (GDEM)—Version 3.

The local terrain was analysed with data from the Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER), Global Digital Elevation Model (GDEM)—
Version 3, with a spatial resolution of 1 arc second, approximately 30-m horizontal posting
at the equator. The region of Vila de Rei is surrounded by hills and valleys with large
differences in altitude (500 m). Further from the village, a ridge of bigger mountains is
located to the north and northeast, and a smaller mountain is located to the west and
southwest (Figure 1c).

The years 1986 and 2017 were marked by large wildfires in the Vila de Rei region,
when more than 12,000 ha and 19,000 ha burned, respectively [37-39]. The present case
study is the wildfire that occurred on 20 July 2019. It started at 1500 UTC with a total burnt
area of 9249 ha.
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2.2. Data Sources

To understand the environment associated with large fires, it is recommended to use
results from limited-area meteorological models. For example, a set of procedures adopted
for forest fires based on the safety protocol, “Lookouts, Anchor Points, Communications,
Escape Route, and Safety Zones (LACES)”, are used by the National Authority of Civil
Protection to implement safety procedures and to prevent serious accidents in wildfire
suppression [40]. The contribution of scientific research performs a major role in this regard.
It can fit from the anchor points and escape routes based on the knowledge of fire weather
conditions and orographic effects to define strategies before and during firefighting, as
provided to changes in these factors [41]. To analyse the meteorological conditions during
the event, different data were used. In this subsection, the observation of data used is
presented, as well as the numerical experiments that complement the observations.

2.2.1. Meteorological Data

Data from the national automatic weather stations network were obtained from
the Portuguese Institute for Sea and Atmosphere (IPMA) for 20 and 21 July 2019. Two
meteorological stations near the fire area, namely Alvega (39°27/39.97" N; 8°1'37.09"”
W) and Tomar (39°35/31.66" N; 8°2226.31” W), were used in the study, as indicated in
Figure 1c. The data from the atmospheric sounding launched in Lisbon (38°45'58.260" N;
9°7'42.430"” W) at 1200 UTC on 20 July 2019 was obtained from the University of Wyoming
(https:/ /weather.uwyo.edu/upperair/sounding.html, accessed on 30 May 2022).

Images of the High-Resolution Visible (HRV) channel, with a sampling distance at a
nadir of 1 km and time resolution of 15 min, of the Spinning Enhanced Visible and InfraRed
Imager (SEVIRI) onboard geostationary Meteosat satellites are also used in the study. The
data were obtained from the Earth Observation Portal (https://eoportal.eumetsat.int/,
accessed on 17 May 2022).

The mean sea level pressure and surface wind speed fields were downloaded from
the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis, namely
the ERA5 dataset (https://cds.climate.copernicus.eu/, accessed on 17 December 2021).

2.2.2. Numerical Modelling

The study is based on atmospheric modelling with the Meso-NH model. It is a
mesoscale non-hydrostatic research model developed by the Centre National de Recherches
Météorologiques (CNRM/Météo-France) and the Laboratoire d”Aérologie (http://mesonh.
aero.obs-mip.fr/mesonh55/, accessed on 13 September 2021). The model can run real
cases or idealised cases in 3D, 2D, or 1D form. It is a set of prognostic variables, includes
the potential temperature 0, the pressure, the subgrid turbulent kinetic energy, three
velocity components, and the mixing ratios of up to seven hydrometeors species (vapour,
cloud droplets, raindrops, ice crystals, snow, graupel, and hail). The model runs under
the anelastic approximation and solves the conservation equations of mass, momentum,
humidity, scalar variables, and the thermodynamic equation [42].

The model was run over a large domain, with 500 x 500 grid points and a horizontal
resolution of 2500 m, with the main objective of characterising the peninsular scale flow,
namely the development of the west Iberian sea breeze system and thermal low. This
simulation is called the control simulation (CTRL); see Figure 1a. In order to study the
local circulation, a second simulation (EXP) was performed over a smaller domain, using
the grid-nesting technique. As shown in Figure 1a, the coarser domain has a horizontal
resolution of 2500 m (D1: 150 x 200 grid points), and the inner domain has a 500 m
resolution (D2: 200 x 250 grid points). For the inner domain, the higher resolution is
used to better represent the complex terrain characteristics of the region. The model
orography is built from the Shuttle Radar Topography Mission (SRTM) database. The
surface is characterised using the ECOCLIMAP vegetation database and the FAO soil
texture database (sand and clay) [43]. The vertical configuration was established with
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50 stretched levels by the model and following the topography. The simulations were
initialised and forced using the ECMWF operational analysis, updated every 6 h.

The physical configuration of the model is similar to those successfully used in previ-
ous studies [20] using the schemes shown in Table 1. For the turbulence, in the inner 500 m
resolution domain, the full 3D turbulent fluxes scheme was activated, while in the 2500 m
domain, only the vertical fluxes were considered (1D scheme) [44,45]. The deep convection
was not parametrised, while the shallow convection was parameterised only in the larger
domain using the EDKF scheme [46]. The clouds microphysics was parametrised in both
domains with a scheme that considers five types of hydrometeors (ICE3) [47]. Finally,
the surface fluxes were computed using the externalised SURFEX model coupled to the
Meso-NH [48].

Table 1. Parametrisations schemes used in the present study by the Meso-NH model.

CTRL EXP
Parametrization 2500 m 2500 m 500 m
Turbulence 1D 1D 3D
Convection None None None
Shallow convection EDKF EDKF None
Cloud microphysics ICE3 ICE3 ICE3
Radiation ECMWF ECMWF ECMWF

The CTRL was run between 0600 UTC on 20 July and 1200 UTC on 21 July. For the
EXP, the model was initiated at 0600 UTC on 20 July only for the larger domain, whereas
the inner domain run started at 1200 UTC on 20 July (Figure 1b), both ending at 1200 UTC
on 21 July 2019.

3. Results
3.1. Overview of the Fire Event

The land cover information for the burned area is available in Figure 2a. The data
used is from the Corine Land Cover (CLC), the 5th CLC inventory (CLC2018), coordinated
by the European Environment Agency (EEA), which presents 44 land cover classes with a
minimum mapping unit of 24 hectares. The major classes found in the burned area were 324
(transitional woodland /shrub) and 322 (moors and heathland), which together represent
83% of the burned area (Figure 2a). The land cover classes were converted into types of fuel
models according to the Northern Forest Fire Laboratory (NFFL) classification, presented
in [49]. In Table 2, the correspondences between CLC classes and fuel types are described
(adapted from [16]).

Table 2. Conversion matrix of CLC 2012 land uses to NFFL fuel models (Adapted from [16]).

CLC Code NFFL Fuel Model Description
121 14 No fuel
241 3 Tall grass (76 cm)
242 1 Short grasses (30 cm)
243 7 Southern rough
311 9 Hardwood litter
312 10 Timber (litter and understory)
322 6 Dormant brush, hardwood slash
324 7 Southern rough
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Figure 2. (a) Corine Land Cover from the 5th CLC inventory (CLC2018) for the total burnt area. The
SW-NE vertical cross-sections are marked as D-D’, E-E’, F-F" and G-G’. These cross-sections are
used for the wind speed analysis given in Section 3.4; (b) Fuel models presented in the burned area
according to the Northern Forest Fire Laboratory (NFFL) classification presented in [49].

Figure 2b shows the fuel models present in the burned area. The majority of the burned
area is represented by 2 fuel models: 6—dormant brush, hardwood slash and 7—southern
rough. Both are from the group brush, according to [49]. They represent 87% of the fuel in
the Vila de Rei wildfire and correspond to 70% pine trees and 17% eucalyptus [34].

According to the satellite image (Figure 3a), a smoke plume with two distinct di-
rections was observed in the late afternoon of 20 July 2019, going south-eastward and
north-eastward and creating a “butterfly shape”. Figure 3b displays the Skew-T/Log-P
diagram at 1200 UTC over Lisbon, whereas Figure 3c shows the vertical wind speed profile
simulated by Meso-NH at the fire’s start point. In Figure 3b, it can be seen that air tempera-
ture exceeded 25.8 °C with a dew point temperature of around 16.8 °C near 100 m altitude.
The figure also shows that the wind direction was from the north at lower levels and the
southwest in the middle levels (wind barbs). Figure 3c shows two layers with more intense
airflow; the first one was found lower than 1000 m altitude, and the second was between
4000 and 6000 m altitude. A wind speed of almost 9 m s~ is simulated at 1500 UTC in the
lower layer (=600 m altitude) and 10 m s~ ! at 1800 UTC (Figure 3c).

After that, there was a decrease in the wind magnitude, with values of 9 m s~ at
2100 UTC, whereas at 0000 UTC, the wind speed decreased to 7.5 m s~ 1 at the same level.
In the higher windy layer (4000-6000 m), the wind speed maximum was around 10 m s !
during the entire period. This layer of maximum wind speed corresponds to the change in
the wind direction shown in Figure 3b.

1
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Figure 3. (a) Satellite images of the fire smoke plume over Vila de Rei’s wildfire in the afternoon
of 20 July 2019 at 1800 UTC; (b) Skew-T log-P diagram observation in Lisbon on 20 July 2019 at
1200 UTC; (c) Vertical wind speed profile at the fire’s start point during 20 and 21 July 2019.

3.2. Model Verification

The model validation is made from a simple comparison between observed and
simulated time series of the CTRL and EXP simulations. The meteorological variables at
2 m, namely the air temperature and relative humidity, as well as the wind gusts at 10 m,
are considered in the validation (Figure 4). The comparison is made for the two closer
meteorological stations during the period between 20 and 21 July 2019. The orange box
represents the period simulated with the inner domain and the red box the more significant
fire period.

The air temperature observed is higher than simulated in the afternoon of 20 July
2019 and in the morning of 21 July, with a maximum of 36 °C at 1400 UTC in Alvega
(Figure 4a). At the same time, the maximum air temperature is 32.1 °C in Tomar (not
shown). Considering the Tomar meteorological station, Figure 4b shows that the model
well simulates values of relative humidity for the domain with 2500 m resolution. In
Alvega, the minimum relative humidity observed is 27.2% (not shown) and 41.2% in Tomar
(Figure 4b) at 1400 UTC on 20 July 2019. Therefore, the comparison of the observations
shows that the air temperature and relative humidity simulated are close to the observations.
Despite some overestimation of the wind speed at the Alvega station (not shown), the wind
simulated in the inner domain of the EXP experiment is closer to the observations most of
the time at the Tomar station. In Tomar (Figure 4c), the wind speed observed is 7.8 m s~! at
1700 UTC on 20 July, which is underestimated by the model. However, in Alvega, the wind
speed observed is 6.3 m s~! at 1400 UTC (not shown). The comparison allows the use of
higher resolution simulations to analyse the evolution of the airflow during the period.
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Figure 4. Comparison of the meteorological variables between the CTRL and EXP simulations with
observations from the weather automatic stations during the inner domain period (orange box) and
wildfire period (red box): (a) air temperature ( °C) at 2 m in Alvega; (b) relative humidity (%) at2 m
in Tomar, and (c) wind speed (m s~ 1) at 10 m in Tomar.

3.3. Synoptic Environment

Figure 5a shows the synoptic condition during the fire event in Vila de Rei. According
to the mean sea level (MSL) pressure and wind speed at the surface on 20 July 2019 at
1800 UTC, the Azores anticyclone is centred south-eastward of the Azores archipelago
(35° N, 25° W) with pressure values on the coastline of Portugal between 1015 and 1020 hPa.
The winds are stronger near the coastline, coherent with the wind barbs shown in Figure 3¢
and observed over Lisbon. Moreover, the wind strength showed a maximum above
10 m s~ ! and less than 4 m s ! over the Iberian Peninsula. Figure 5a also shows a depression
centred over eastern Iberia with pressure values lower than 1008 hPa. In order to better
understand and characterise the Iberian depression, the mean sea level pressure simulated
by the Meso-NH in the CTRL simulation is analysed (Figure 5b). It is possible to see the
strong west—east pressure gradient between the coastline of Portugal, with 1018 hPa, and a
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low-pressure region over the Iberian Peninsula, which presents values lower than 1008 hPa.
The MSL pressure pattern is similar to that reported in other studies on the summer
circulation over the peninsula [18]. The vertical structure of air temperature, potential
temperature, and the wind over the Iberian Peninsula are shown along the W-E cross-
section marked as A-A’ in Figure 5b—f. Figure 5c shows high near-surface temperatures
above 35 °C in the centre of the peninsula. The plot of potential temperature shows the
existence of a well-mixed and deep boundary layer up to an altitude of more than 3000 m
in central Iberia (Figure 5d). The strong boundary layer west—east potential temperature
gradient over coastal land regions and the increase in the boundary layer height through
the centre of the peninsula is very noticeable. Therefore, the atmospheric thermal structure
clearly indicates the thermal origin of the depression, i.e., of the Iberian thermal low. In
response to strong temperature and pressure gradients, stronger wind speeds occur along
the coast during the afternoon of 20 July (Figure 5e,f), where the values reach more than
14 m s~! at 1800 UTC (Figure 5f). In the peninsula’s inner region, characterised by a very
deep mixing layer and low horizontal pressure gradient, near the thermal low centre, the

wind is weak, under 2 m s~ 1.
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Figure 5. (a) Mean sea level pressure and surface wind speed at 1800 UTC on 20 July 2019, according
to the ECMWF re-analyses; (b) Mean sea level pressure over the Iberian Peninsula from the Meso-NH
simulation on 20 July 2019 at 1800 UTC; (c) Temperature at 1800 UTC; (d) Potential Temperature at
1800 UTC; and wind speed (e) at 1500 UTC and (f) at 1800 UTC.
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3.4. Mesoscale Environment and Fire Weather Conditions

In order to identify the mesoscale conditions that influenced the fire behaviour, this
section concentrates on the analysis of the fire weather variables at simulation with 2500 m
resolution, followed by analysing the evolution of the high-resolution wind field (results
from the 500 m resolution).

The fire started under high temperature and low relative humidity conditions that are
relatively common during the summer period. Although temperatures around 40 °C were
simulated and observed, in the south and central inner regions of the Iberian Peninsula, the
air temperature near Vila de Rei was about 30 °C in the middle of the afternoon (1500 UTC,
not shown) when the fire started. The air temperature decreased in the late afternoon, with
values of 25 °C at 1800 UTC (Figure 6a) and a minimum of 20 °C at 0400 UTC (not shown).
This evolution indicates that, during the period of fire spread, the meteorology did not
favour higher temperatures throughout the night, as is sometimes observed during large
fires in regions of complex terrain [19,20].
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Figure 6. Fire weather conditions in the Iberian Peninsula at 1800 UTC on 20 July 2019 obtained from
EXP results: (a) Air temperature at 2 m ( °C); (b) relative humidity at 2 m; (¢) wind gusts and wind
direction (arrows) at 10 m; and (d) wind speed and direction (arrows) at 5000 m altitude.

The relative humidity field also followed a common evolution throughout the fire
period. The model simulates an increase in the relative humidity in the afternoon, with
values higher than 60% in northern Spain, and almost all Portuguese territory, whereas in
southern Portugal and central and southern Spain, the values remain below 30% (Figure 6b).
Furthermore, the relative humidity is higher on the western coast during the night and
early morning (not shown).

The evolution of the wind field is analysed, taking into account the wind gust and the
wind direction at 10 m over the Iberian Peninsula. The simulation shows that the northwest
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wind prevails over all of Portugal, with increasing intensity from the middle afternoon,
namely in the southern region. Wind gusts from 5 m s~ ! over the central Iberian Peninsula
until 15 m s~ ! in central and southwest coastal Portugal were simulated (not shown). At
the end of the afternoon (1800 UTC), there is a generalised reduction of wind speed over the
peninsula, except over some regions, in particular in the region of the Tagus valley south of
Vila de Rei, where maximum wind gusts between 13 and 17 m s~ ! are found (Figure 6c).
The wind speed and direction at 5000 m altitude at 1800 UTC over the Iberian Peninsula
are shown in Figure 6d. The figure shows the wind direction is predominantly from the
southwest over the region of Vila de Rei, with wind speeds between 8 and 10 m s~ .

Figure 7a shows the orography of the finer domain at 500 m resolution and the
intersection of two vertical cross-sections with the surface. The EXP simulation wind speed
is plotted (Figure 7b,c) on these two cross-sections so that the burned area is aligned with
the two directions of the smoke plume (remember Figure 3a,b). At 2200 UTC, the wind
field in the vertical section B-B’ (Figure 7b) shows a layer at around 500 m altitude, with a
wind speed higher than 10 m s~ 1. As seen, the surface of this vertical plane is middling flat
and, in addition, the cross-section is aligned with the dominant lower tropospheric (wind
direction, the wind speed profile is horizontally quite homogeneous).
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Figure 7. (a) Orography of the regional area; (b) Vertical cross-sections of the wind speed (m s~!) by
EXP simulation on 20 July 2019 at 2200 UTC along B-B’; (c) and C-C’.

The near-surface wind gusts and direction at the local burned area on 20 July 2019 are
shown in Figure 8. The wind direction at 10 m is predominantly from the northwest during
the entire period. It is noteworthy that the near-surface wind gusts in Vila de Rei’s wildfire
vary from 10 m s~! up to 12.5 m s~! at 1500 UTC, with the maximum up to 15 m s~!
(Figure 8a). The maximum wind speed of 15 m s~ ! is found at 1800 UTC in the southeast
of Vila de Rei (Figure 8b). Figure 8c, corresponding to 2100 UTC, indicates some locales
southeast of Vila de Rei with the maximum wind values corresponding to the zone where
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4.2

the wildfire was active. The same figure shows the wind gusts (<7.5 ms™!) in the northeast
of the burned area. During the night, the wind weakens, with gusts below 10 m s~ ! in
most of the burned area at 0000 UTC on 21 July, except in some regions with a maximum of
12.5m s~! (Figure 8d).
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Figure 8. Wind gusts (coloured), wind direction (arrows), and orography (contour) of the local
burned area by 500 m resolution on 20 July 2019 (a) at 1500 UTC, (b) 1800 UTC, (c) 2100 UTC, and
(d) 0000 UTC on 21 July 2019.

The intersection of four vertical cross-sections of the wind speed field intersecting the
burned area is shown in Figure 9 along SW-NE cross-sections during the time evolution of
the fire. The wind speed reached between 8 and 10 m s~ ! at 1500 UTC in the D-D’ section
when the fire started (Figure 9a). In both the E-E” and F-F’ sections, the wind speed reached
10 m s~ ! near the surface at 1800 UTC and 2100 UTC, as shown in Figure 9b and Figure 9c,
respectively. From Figure 9b, a maximum wind speed around 500 m altitude is simulated,
with values less than 12 m s~ ! at 1800 UTC. After that, the wind speed maximums are
found inside some regions of values still higher than 12 m s~! in the burned area of the
F-F’ vertical cross-section at 2100 UTC (Figure 9c¢). Figure 9d shows that the wind speed is
lower near the surface over the burned area in the G-G’ vertical cross-section, with values
between 6 and 10 m s~ ! at 0000 UTC on 21 July. Also, this figure indicates a decrease in the
wind speed magnitude during the night. From this moment, the wind speed continues to
decrease in magnitude for the next hours (not shown).
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Figure 9. Wind Speed (contours) along the vertical cross sections by EXP simulation on 20 July
2019 (a) at 1500 UTC, (b) at 1800 UTC, (c) at 2100 UTC (d), and at 0000 UTC, with the burned area
(red markers). The vertical cross-sections D-D’, E-E’, F-F" and G-G’ show the wind speed vertical
cross-sections (see Figure 2a for locations).

4. Discussion

The atmospheric conditions associated with the largest forest fire that occurred in Por-
tugal in 2019 have been presented based on a set of numerical simulations with convection
explicitly resolved and observational data.

In a synoptic-scale context, some weather patterns may be verified over the Iberian
Peninsula in the summer season. The lower temperatures and higher relative humidity
over the northern and western Iberian Peninsula are due to northwest dominant flow,
which is a consequence of the interactions between the large-scale west mid-latitude
circulation, the Azores anticyclone centred in the North Atlantic Ocean, and the breeze
system organised at a peninsular scale. Over the southern and eastern Iberian Peninsula,
dry air and higher temperatures during the afternoon force a thermal low system, which
is also called the Iberian thermal low. The position of these two systems creates a strong
seasonal northwest wind over Portugal, locally known as “Nortada”, and a coastal low-
level jet [50,51]. This phenomenon, which is more frequent in summer, is induced by the
contrast between the daytime heating of the sea and land in the early afternoon, which leads
to an increase in wind intensity on the west coast of Portugal. Vila de Rei county is found in
a region where the occurrence of large fires is favoured, also characterised as the southwest
cluster (SW_CLU) [52], and presents the same atmospheric circulation identified in this
study. Here, the wind gusts are simulated near the surface, with values between 15 and
17.5m s~ !, and the mean wind speed reached 10 m s~! near 600 m altitudes. In relation
to the coastal low-level jet, the results presented are coherent with other studies for wind
speed field at the surface [50] and the altitudes of the maximum wind speed [51].

A layer with strong northwest winds was reproduced below 1 km altitude. This layer
favoured the transport of the smoke plume to southern Portugal, previously identified
by [34], as seen in Figure 3. In addition, a strong southwest wind at higher altitudes is
responsible for the second smoke plume north-eastward of Vila de Rei, as observed in the
satellite images (Figure 3).

The meteorological observations showed a maximum air temperature above 36 °C,
a minimum relative humidity around 40%, and a wind speed below 7 m s~1, values that
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were well reproduced by the numerical simulations. According to the simulations, the
wind gusts in wildfire areas varied between 10 and 15 m s~ !, with maximum values during
the afternoon. The strong northwest wind was the main factor inducing the high spread
rate of the fire front and increased the burned area in a short time. The fire propagation
was clearly driven by the wind field, well-marked by the intensification of the airflow on
the burning slope. The burned area in Vila de Rei demonstrates a shape similar to many
wind-driven fires, with the fire’s centre spreading faster than the flanks, which propagated
in the direction of the prevailing wind.

Although the fire weather conditions over the Vila de Rei region and the wind gusts
did not reach values more extreme than those reported during other forest-fire events,
for example, in central Greece [16] or on Madeira island [20], the wildfire propagated
faster than in those events. In the case of central Greece, for example, the maximum air
temperature was 39 °C, the minimum relative humidity was 21%, and the maximum wind
gusts were 25.2 m s~ 1. On Madeira Island, the air temperature was above 35 °C, the relative
humidity values were around 15%, and the wind gust maximum reached 30 m s~ 1.

The study confirms that the connection between large scale environment, mesoscale
circulation, and complex terrain can create a variety of significant effects on fire, including
the intensification of airflow near the surface, which can produce the development of large
fires in a short time, mainly when the topography is aligned with the synoptic flow.

5. Conclusions

This study aimed to identify the atmospheric conditions associated with the largest
forest fire in Portugal in 2019 using simulations with convection explicitly resolved. The
fire mainly spread along a valley and propagated onto the surrounding hills, a region
characterised by the presence of pine trees and eucalyptus.

In the synoptic conditions, the interaction between the atmospheric circulation system,
namely the Azores anticyclone centred near the Azores archipelago and the Iberian thermal
low produces an effect in wind intensity on the west coast of Portugal known as the
coastal low-level jet. This phenomenon is observed in the lowest troposphere, with a
maximum wind speed situated at 600 m altitude. A change in surface wind direction was
observed, prevailing from the northwest at lower levels, which favoured the transport of
the smoke plume to southern Portugal, while as height increased, it shifted the direction to
the southwest, inducing the transport of the smoke plume to the northeast of Vila de Rei,
as observed in the satellite images.

The evolution of the event was driven by a combination of factors that led to enhanced
fire danger, namely the orographic aspects and airflow configuration. The burned area in
Vila de Rei expanded due to the intensification of the airflow near the surface in the first
hours and produced a wind-driven fire event characterised by the rapid spread of the fire
front in a short time.

The Meso-NH model was able to represent the fire weather conditions. The increase
in the resolution to 500 m enabled a better representation of the surface, as well as the
interaction of atmospheric flow in the region with the surface and the wind behaviour to
understand the evolution of the burned area over the period. The large domain covering
the Iberian Peninsula allowed us to study the large mesoscale phenomena, namely the
Iberian thermal low.

The case study contributes to improving the knowledge of large fire occurrences in
Portugal, the European country most affected by forest fires. The numerical modelling
helped to understand the dynamics behind the swift burning behaviour. Weather pattern
recognition can facilitate the identification of favourable conditions for the development of
large fires, which is important to prevent fires and improve firefighting.

The numerical coupling between a fire model and an atmospheric model allows a
better understanding of the mechanisms driving the fire spread and may have consequences
for the operational sector [35,53,54]. Thus, as further work, the authors suggest the use of
coupled simulations for a better understanding of the interaction between the fire weather
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conditions and orographic effects influencing the fire propagation, which was not the
objective of this study.
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