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Abstract


A major fire occurred in the wildland–urban interface in southern Portugal, on 13 July 2022, becoming uncontrolled due to weather conditions. This study investigates how atmospheric dynamics increased fire danger in Mainland Portugal during early July 2022. The synoptic circulation from European Centre for Medium-Range Weather Forecasts (ECMWF) analysis and mesoscale conditions from Meso-NH model simulation at 1.5 km resolution revealed atmospheric conditions before and during the fire. Fire risk was assessed using the Fire Weather Index (FWI) from Meso-NH outputs. A blocking pattern was configured by an upper-level low-pressure system in early July, remaining semi-stationary west of Mainland Portugal until 18 July. The counter-clockwise circulation of the cut-off low resulted in dry, warm air advection from North Africa, enhancing fire danger over the Iberian Peninsula. In southern Portugal, a jet-like wind with strong east/southeasterly flow from Gibraltar Strait favored rapid fire spread. This circulation below 1 km altitude from the Mediterranean Sea enhanced fire danger through strong winds, independent of the large-scale blocking pattern. This study presents an atmospheric scenario for evaluating fire danger in Southern Portugal, important for pre-firefighting management that complemented previous studies for the region. Also, high-resolution FWI calculations using Meso-NH emphasized the importance of improved temporal and spatial resolution for fire danger assessment.
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1. Introduction


In Mediterranean and temperate biomes, protected areas are becoming increasingly susceptible and vulnerable to wildfire, which can damage ecosystems if they exceed their resilience threshold, endanger species and threaten people [1]. In 2022, several wildfires occurred throughout mainland Portugal, presenting some peculiarities. The cross-border wildfire that started in the Montesinho Natural Park burned an area of almost 2400 ha in Northern Portugal during the winter season [2]. In August 2022, a large wildfire spread in the Serra da Estrela Natural Park with a total burned area of at least 25,000 ha. This event was active for several days and its short-term damage and losses were provisionally estimated at ~€38M, without taking into account secondary damages arising from flooding and post-fire water contamination [3] and impacts in other economical activities, namely in the tourism sector [4].



Protected areas and their unique landscapes and biodiversity also contribute significantly to rural development in marginal areas by attracting nature-based tourism, creating jobs, and supporting local economies [5]. The stakeholders of the Vale do Guadiana Natural Park (PNVG), for example, recognize the impact of climate change in favoring wildfires, as the fact that biodiversity losses due to the fires directly affect the PNVG’s attractiveness [6]. However, wildfires also become significantly more complex where human activity is higher, particularly in wildland–urban interfaces (WUI) [7]. In these areas, high fuel loads coexist with residential and industrial buildings, and pose serious challenges to wildfire management, especially in guaranteeing people’s safety and infrastructure’s protection [8], as well as evacuation planning, e.g., [9,10,11]. The challenge is further intensified in areas with few safe escape routes, where evacuation options are limited and when warning times are short [12].



Therefore, increasing knowledge of wildfire spreads for specific regions is crucial to improving early warning systems for extreme events, and thus triggering pre-suppression activities and enhancing community preparedness. In this context, weather information can support fire danger forecasts, particularly relevant in complex WUI. Synoptic patterns are recognized in several regions as producing favorable conditions for large and extreme wildfires [13,14,15,16], in particular when acting as blocking systems and interacting with complex terrain. Little et al. [17] showed that persistent geopotential height positive anomalies at 500 hPa were associated with heatwaves and increased wildfire activity during a 20-year period. However, a large part of the blocking systems is related to stationary anticyclones near the surface, which favor fair weather, keeping temperatures high and relative humidity low for several days and sometimes characterizing heatwave conditions. This synoptic configuration was recently highlighted contributing to fuel drying and extensive wildfires over Eastern Siberia [14] and increasing fire danger in North China [18,19]. The high-pressure system dynamics, namely their positioning and slow displacement, have also influenced wildfires in extreme South of Brazil [20]. In the Saudi-African high-pressure system, it is known to favor wildfires in the western Alborz Mountains (Iran) [21]. These anticyclonic patterns can also be embedded within Omega-type blocking systems, such as reported during an uncommon extreme heat period in Northern France and Southern United Kingdom during September 2023 [22].



Furthermore, anticyclones over the western United States generate strong, dry, hot, and gusty winds that blow from inland desert regions toward the Pacific Ocean along the Southern California coast [23]. Known as the Santa Ana winds, these winds are channeled through the mountain landscapes [24,25,26], which intensifies their speed and raises their temperature, factors that contribute to creating highly favorable conditions for fast and catastrophic wildfires [27,28,29]. In Northern California, these intense downslope winds are referred to as Diablo winds [30] and have been associated with extreme fire behavior and highly destructive WUI wildfires [31,32,33]. Similarly, anticyclonic anomalies centered over the Southeastern Pacific Ocean can induce strong, hot, and dry downslope easterly winds known as Puelche winds in Southern Chile [34] and which are linked to peak fire days [35]. Tomašević et al. [36] highlighted the importance of antecedent climatic conditions and synoptic-scale patterns in shaping fuel loads and mesoscale dynamics that drive fire behavior. Kartsios et al. [37] emphasized the complex terrain’s influence in altering the mean airflow during two extreme wildfires that reached the WUI of two coastal urban settlements in the Attica Region (Greece), and which resulted in over 100 fatalities in July 2018. In many coastal areas, fire activity is driven by multiple interconnected factors: (a) fuel accumulation resulting from landscape-linked value chain dynamics, as well as from conservation policies that restrict land use intensity in areas of high ecological value; (b) extensive wildland–urban interfaces, which strain firefighting resources by dispersing them across large areas and compromise safety due to the low density of escape routes that can quickly become blocked in panic situations; and (c) high population densities during peak fire season, which increase the number of ignition events and the risk of fatalities.



The Algarve region in Southern Portugal is well known for presenting the key socio-ecological characteristics that can favor large and extreme wildfires occurrence [38,39,40], in particular a high amount of aboveground biomass and low live fuel moisture content during the summer [41]. Moreover, Purificação et al. [42,43,44] analyzed several wildfires case studies from recent decades, demonstrating how the interaction between atmospheric circulation and complex local topography played a critical role in modulating fire behavior and enhancing fire spread. These episodes, represented by convection-permitting simulations, demonstrated the fire weather conditions sensitivity to local topographic features. However, the unique dynamics of each wildfire event pose challenges to generalize fire behavior and conditions across specific regions.



This study is based on the premise that synoptic configuration information alone is insufficient to predict the fire evolution in Southern Portugal, and that in-depth knowledge of atmospheric conditions is crucial for identifying and accurately forecasting wildfire risk. Therefore, this case study aims to explore the main meteorological factors associated with a WUI wind-driven fire that occurred in Algarve’s lowlands. The following section details both the case study and the methodology. Section 3 presents the results, which are then discussed in Section 4. The main conclusions are outlined in Section 5.




2. Materials and Methods


2.1. Case Study


This study explores the wildfire that occurred in Algarve’s lowlands (southernmost part of Mainland Portugal), which started at 2230 UTC on 12 July 2022, in the western area of the Ria Formosa Natural Park. The most active fire spread period occurred on the afternoon of 13 July, with fire spreading westward across the golf courses and luxury villas in Quinta do Lago. The total burned area was 742.06 hectares and the fire scar illustrated in Figure 1 reveals that although fire started in the Natural Park perimeter, namely in the Gambelas area, it spread over vegetation in the WUI toward Almancil and Quarteira (Loulé municipality), and consumed shrubland, traversed a golf course, and reached accommodation units in Quinta do Lago. The wildfire also destroyed the support house of the São Lourenço Golf Club and consumed a farm in Ferrarias, leading to the evacuation of animals from the property. The extensive damage to the properties highlights the economic impact that wildfires can have on local communities.




2.2. Large-Scale Meteorological Fields


The large-scale atmospheric circulation and air physical properties were assessed from the operational archive of the European Centre for Medium-Range Weather Forecasts (ECMWF), using the Meteorological Archival and Retrieval System (MARS), at a horizontal resolution of 0.125 × 0.125 degrees at 0000 UTC, 0600 UTC, 1200 UTC, and 1800 UTC [45].



The large domain displayed in Figure 2a covers Eastern Canada, the United States, the North Atlantic Ocean, North Africa, and Europe, and it is used to explore large-scale atmospheric dynamics. The following meteorological fields were considered for the traditional synoptic levels (850 hPa, 500 hPa and 250 hPa): air temperature and relative humidity at lower levels; wind (speed and direction); potential vorticity; and ozone mass mixing ratio at upper levels, for the period from 1 to 20 July. The goal of the analysis is to explain the main synoptic configurations before, during, and after the wildfire in the Faro region.




2.3. Mesoscale Atmospheric Environment


The Meso-NH atmospheric model [46] was used to explore the mesoscale circulation over the study region. The Meso-NH is a non-hydrostatic limited-area model of the French research community, allowing the representation of the dynamical motions and physical processes that occur in the Earth’s atmosphere. The model was configured with a single domain of 1500 m resolution and 400 × 400 grid points, covering Southern Portugal and Southwest Spain, including the Gibraltar Strait (Figure 2b). The vertical grid is designed with 60 sigma levels, not equally spaced, stretching gradually from 20 m, near the bottom, to 600 m, near the top, with the top close to 19 km altitude. The experiment began at 1800 UTC on 12 July and ended at 0000 UTC on 14 July, encompassing the fire ignition and the most critical period of fire spread (Figure 2c). Such a configuration was chosen aiming to represent on a regional scale the atmospheric conditions during the wildfire and in a resolution better than the ECMWF analysis, while still maintaining low computation costs.



In our study, the model physical configurations were similar to those successfully used by Couto et al. [2] and do not consider the fire effects. For instance, at such a horizontal resolution, the model explicitly resolves deep convection and the shallow convection is parameterized using the Eddy Diffusivity Kain-Fritsch (EDKF) scheme [47]. The cloud microphysics was parameterized according to the ICE3 scheme [48], which considers five types of hydrometeors (cloud droplets, raindrops, graupel, snow, and ice crystals). The radiation parameterization was based on the Rapid Radiative Transfer Model [49], and the turbulence was parameterized using a 1.5 order closure 1D scheme [50]. The externalized surface model SURFEX [51] allows surface fluxes to be calculated based on different schemes, depending on the surface type (e.g., nature, urban, ocean, lake). The digital elevation model used on MESO-NH was obtained from the Shuttle Radar Topography Mission (SRTM) database [52]. Here, two numerical experiments were performed, namely EXP1 considering all aspects mentioned above, and a second experiment (EXP2) that was run without orography (i.e., elevation equal to zero for the entire domain), aiming to verify the role played for the regional topography in the atmospheric circulation in this specific event.



A model verification is found in Appendix A and was made by comparing the simulation of meteorological variables (wind intensity and direction at 10 m, air temperature and relative humidity at 2 m) with observation at the meteorological station closest to the event. The observation data at the meteorological station of Faro was obtained from the OGIMET platform available online and from the SYNOP code [53]. Figure A1 shows the comparison between air temperature, relative humidity and wind (speed and direction). The model underestimates the air temperature between 1900 UTC of 12 July and 0900 UTC on 13 July 2022 (Figure A1a) and consequently overestimates the relative humidity on the same period (Figure A1b). These differences can be partly explained by the fact that we are comparing 1.5 km resolution model data with local values observed at a land station located very close to the coastline. During the afternoon of 13 July 2022, the model effectively captures the air temperature evolution well, as well as the relative humidity evolution in Faro station. Regarding wind speed, Figure A1c shows that the model reproduced wind intensity variations reasonably well overall, despite some under- or overestimation of the values in the morning of 13 July 2022. The wind direction was well captured by the simulation during the entire verification period (Figure A1d).



The Meso-NH output was also used to compute the Fire Weather Index (FWI) [54] for the Algarve region. This index comprises five sub-indices that quantify the effects of fuel moisture and wind on fire behavior [54,55]. For this case study, air temperature and relative humidity at 2 m, as well as wind speed at 10 m from the model, were used. Precipitation during the 24 h prior to the simulation was assumed to be zero in the initial conditions.



The sub-indices related to fuel moisture content include the Fine Fuel Moisture Code (FFMC), the Duff Moisture Code (DMC), and the Drought Code (DC) [54,55]. The FFMC was calculated using meteorological variables derived from the model, while DMC and DC were held standard, based on values reported by the Portuguese Institute for Sea and Atmosphere, I. P. (IPMA) [56]. The Buildup Index (BUI), representing the total amount of fuel available for combustion, was then calculated from the DMC and DC. The Initial Spread Index (ISI), indicating the potential rate of fire spread, was computed by combining the FFMC with the model-derived wind speed. Finally, the Fire Weather Index (FWI) was calculated, providing an assessment of fire danger conditions across the study area.



The FWI calculated from the Meso-NH outputs was also compared with the daily FWI obtained from the ERA5 with 0.25 degree of resolution [57].




2.4. Back-Trajectories


In this study, the Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT), developed by NOAA’s Air Resources Laboratory [58], was employed. The backward trajectories calculations were performed online [59]. Data were retrieved for three different locations, altitudes, and time points throughout the study period. The model uses the Global Data Assimilation System (GDAS) with a 1-degree latitude-longitude resolution. The backward trajectories were used to assess the origin of the air parcels and their dynamics during the study period. Initially, the origin of air parcels in the fire region and during the event was considered, followed by an instant during the blocking stage and the dissipation stage. These data helped to understand and validate the atmospheric dynamics during the period, supporting the large-scale and mesoscale analyses.





3. Results


3.1. Large-Scale Circulation


In the upper troposphere, jet stream dynamics conditioned the development of trough-like regions over the North Atlantic Ocean at the beginning of the period on 2 July (Figure 3a). The jet stream is located between 50° N and 60° N, with a high-altitude trough negatively tilted at 55° W and 42° N, and an NNW/SSE oriented axis, as well as a smaller ondulation in a segment of the jet stream with N/S oriented axis over the North Atlantic Ocean in 30° N and 37° W. Figure 3b shows a small ondulation at 40° W and 38° N that intensified in the following days. Figure 3c,d show that this region was not directly influenced by the jet stream dynamics, which appears to be moving northward over the Western Atlantic Ocean, directed to Iceland and reaching central Europe in an almost clockwise circulation. On 8 July (Figure 3d), a well-defined trough was identified in the Azores region, which was amplified on 10 July as a jet stream approached from the west (Figure 3e). These regions are associated with positive vorticity, mainly in the more amplified trough around 25° W/40° N on 9 July 2022, at 0000 UTC (Figure 4a). Figure 3f indicates that this circulation continues to deepen in the following hours, with an almost closed cyclonic circulation at 0000 UTC on 11 July, still presenting a core of positive vorticity (Figure 4b).



Figure 5a shows a positive potential vorticity core westward of Portugal at 0000 UTC on 12 July, as well as an upper air cyclonic vortex already configuring a closed circulation at 0000 UTC on 12 July (Figure 5b). The system is characterized by a cut-off low with a closed circulation and detached from the main jet stream directed northward of the United Kingdom (Figure 5b). The counter-clockwise circulation presents higher ozone values at 250 hPa and a cold core at 500 hPa, as shown in Figure 5c and Figure 5d, respectively. The presence of ozone concentration and potential vorticity within the system serves as a stratospheric air tracer indicator in the upper troposphere.



The evolution of the wind field at 500 hPa is displayed if Figure 6. The U-like circulation pattern found eastward of the Azores archipelago (Figure 6a) follows the trough configuration identified at 250 hPa (see Figure 3e analysis). This region is displaced eastward during the period until it has a closed, counter-clockwise circulation centered west of Portugal on 12 July (Figure 6b). The figure clearly shows that the cut-off low is not directly influenced by the jet stream that remains northward. From this moment on, we consider the system to have entered the blocking stage.



Figure 6c shows the upper air cyclonic vortex still centered at 35° N/18° W on 13 July, which was found in a semi-stationary condition westward of the Iberian Peninsula. The cut-off low system centered slightly to the north on 15 July and 18 July but remained at almost the same longitude (Figure 6d and Figure 6e, respectively). The blocking stage period finished on 18 July, when the upper air cyclonic vortex started moving northeastward toward the Biscay Gulf, as seen on 19 July (Figure 6f).



The stationary low system favored the warm air mass advection from North Africa toward the Iberian Peninsula. Figure 7a shows air temperatures between 25 °C and 30 °C at 850 hPa on 12 July 2022 at 1800 UTC. This air mass is also dry with relative humidity below 20% at the 850 hPa level (Figure 7b). This warm and dry air advection is confirmed by the temperature (T) and dew point temperature (Td) vertical profiles, as well as the high temperatures of almost 30 °C at 1500 m above ground level (a.g.l) displayed on the Skew-T/log-P diagram obtained from the EXP1 simulation on 13 July (Figure 8). This environment persisted during the period when the warm air mass extends northward in a ridge pattern toward the Biscay Gulf, as observed at 700 hPa on 16 July (Figure 7c) and at 850 hPa on 18 July (Figure 7d). The atmospheric circulation affecting Portugal during this period, associated with this blocking system, is able to increase the fire danger condition at the surface; however, it is insufficient to explain fire behavior, since it rapidly spread westward.




3.2. Mesoscale Circulation


The first experiment described in Section 2 (EXP1) was used to explore the regional circulation. The high temperatures (around 35 °C) and low relative humidity (below 30%) near the surface (Figure 9a and Figure 9b, respectively) mark the fire weather conditions in Southern Portugal on 13 July, a typical summer condition for the region. However, the wind field at levels below 1 km shows intense southeast/east winds affecting the region throughout the day. At the 500 m a.g.l., for example, strong winds from the Strait of Gibraltar region directly affect the Algarve region in the afternoon (Figure 9c). The vertical wind profile shown on the right side of the thermodynamic diagram (Figure 8) confirms wind shear, which is east/southeast near the surface, and shifts direction with altitude, following the large-scale circulation described in the previous section. This jet-like wind below 1 km was also associated with strong wind gusts at 10 m, with intensities of the order of 20 m·s−1 (Figure 9d). During the afternoon, the intensification of the wind in the mountainous regions of the Algarve was also due to the combined effects of the sea and valley breezes.



To assess the role of the Algarve’s mountains and the Strait of Gibraltar’s topography in establishing the strong winds that affected the Algarve during the fire event, a second numerical experiment with no orography was carried out. Figure 10a,b shows the wind gust classes, highlighting the hachured wind intensities between 10 and 15 m·s−1 (lines) and above 15 m·s−1 (stars). The results indicate a decrease in wind intensity when the orographic effect is removed from the simulation. This impact is more expressive over the Algarve, where strong winds were not simulated (Figure 10b). The difference between the simulations is shown in Figure 10c, with the reddest regions located over the mountainous regions. The results indicate that orography plays an important role in wind intensification near the surface.




3.3. Backward Trajectories


To understand the dynamics of the event, backward trajectories were computed for three different moments and regions along the study period. Figure 11a shows that on 13 July, when the fire was active in the Western Ria Formosa Natural Park, the airflow affecting Southern Portugal came from the Mediterranean Sea at 100 m a.g.l., whereas a southerly flow was found in the middle and upper levels. The latter agrees with the large-scale circulation configuration previously described, i.e., the presence of a cyclonic vortex centered westward of the Iberian Peninsula, favoring the southerly flow over the Western Iberian Peninsula. However, the airflow near the surface indicates the presence of a secondary circulation embedded within the main large-scale circulation.



Figure 11b displays the backward trajectory on 14 July, showing three primary air parcels’ trajectories related to this circulation pattern. The upper level (green line) is marked by the transport of air parcels from the West of the North Atlantic Ocean that enter a circular trajectory West of the Iberian Peninsula on 9 July. The same aspect is observed at mid-levels (blue line), with the air parcels being transported from the North Atlantic Ocean and higher latitudes days before. However, at lower levels (850 hPa, red line), the figure shows that the system contributed to the transport of air parcels from North Africa that flowed over the Sahara Desert during 7–9 July. This result suggests the transport of dusty air over the Portuguese coast into the system.



At the end of the period, the backward trajectories that reach the Biscay Gulf on 19 July clearly show the stationary condition of the meteorological circulation westward of the Iberian Peninsula at upper levels (Figure 11c). The same figure shows that air parcels that were transported from the United States in the upper levels (green line) over the North Atlantic for 3 days were retained in a circular motion for several days before reaching the Biscay Gulf on 19 July. At that moment, the air parcels at middle levels (blue line) are still from the south, whereas at low levels (red lines) there is still an influence of air masses from the Mediterranean Sea.



The backward trajectories, combined with ECMWF analyses, provided insight into the dynamics of the event, both regarding the circulation influencing the fire region and the development and persistence of the blocking system. On the day of the wildfire, the trajectories confirmed the presence of airflows from different directions affecting the region and at different altitudes. This is consistent with the vertical wind profile (Figure 8) and the wind pattern shown in Figure 6c, which showed that the wildfire area was influenced by southwesterly winds aloft and east to southeasterly winds near the surface (Figure 9d and Figure A1d). In the upper troposphere (10,000 m; Figure 11b,c), the trajectories revealed the eastward transport of air parcels that remained embedded in a counterclockwise circulation for several days, consistent with the establishment of the upper-level cut-off low shown in Figure 5 and Figure 6. Additionally, the lower-troposphere trajectories (Figure 11b) indicate the transport of Saharan dust into the blocking system, consistent with the cyclonic circulation at 850 hPa (Figure 7a).




3.4. Fire Weather Index


Figure 12 displays the FWI from the ERA5 and calculated from the Meso-NH outputs. Figure 12a shows exceptional fire risk for almost the entire region, except on the coast where values are lower. However, the coarse resolution of ERA5 does not allow for the identification of specific regions, as well as the fire risk in a subdaily scale.



The results considering the Meso-NH outputs show that fire-weather in the Algarve varies spatially and temporally on a regional scale. For instance, the high-resolution simulation highlights the horizontal gradient in the region, which enhances fire danger toward more inland regions. Moreover, FWI varied throughout the day, rising as the temperature increased and relative humidity decreased during the daytime, and as wind speed increased, as illustrated at 0600 UTC (Figure 12b). At this time (Figure 12b), higher FWI values were found in areas experiencing stronger winds encompassing the low and highlands of Central Algarve. Figure 12c–f show maximum and extreme FWI values in the afternoon northward and decreasing in the evening to high and moderate values (Figure 12g). In the wildfire region, FWI was from high in the early morning to very high in the afternoon, followed by a moderate danger in the evening. The ERA5 dataset provides daily FWI values calculated at 1200 UTC (Figure 12a), whereas the Meso-NH outputs allow for results with higher temporal and spatial resolution (Figure 12b–g).





4. Discussion


This case study addresses the topic of fire-weather, in particular synoptic patterns that contributed to increased fire danger in Southern Portugal. In a meteorological context, the fire that occurred in a WUI was an example that synoptic configuration can not be sufficient to explain fire behavior, which rapidly spread westwards from the ignition, in opposition to the predominant southerly flow observed at 850 hPa and above.



Several studies draw attention to the persistence of anticyclones near the surface creating conditions conducive to wildfire spread. In Portugal, the role of anticyclones’ positioning in creating favorable fire weather conditions is recognized from several studies [2,44,60,61,62,63], in particular when local conditions can lead to an intensification of the fair weather conditions, as verified during three large forest fires on Madeira Island [64]. Unlike these previous studies, this study draws attention to an upper-level low-pressure system that configured a blocking pattern.



In the synoptic context, the development of an upper-level trough and its eastward displacement led to a low-pressure system in the middle and upper levels of the troposphere. In its blocking stage, the system developed in July 2022 remained quasi-stationary, close to the Portuguese coast, characterized by a counterclockwise circulation that extended throughout the troposphere. This characteristic favored the advection of a warm and dry air mass from North Africa to the Iberian Peninsula at lower levels, namely at 850 hPa. This blocking pattern was associated with heatwave conditions and the hottest days of that year. According to the IPMA, the study period was marked by the persistence of extremely high maximum temperatures, particularly on 13 July [56]. Besides the warm air advection from North Africa towards the Iberian Peninsula, the positioning of the system also transported dusty air parcels from the Sahara Desert, assessed by backward trajectory calculation of air parcels within the cyclonic circulation. This case study also provides further evidence of the role played by cut-off lows contributing to dust outbreaks in the Western Iberian Peninsula after dust is mobilized in the Sahara Desert. The cut-off lows are already known to favor dust transport out of the Sahara Desert also in other seasons, such as autumn [22], winter [65] and spring [66,67].



Regarding mesoscale aspects, it is worth noting the circulation below 1 km altitude, characterized by strong winds that significantly contributed to the rapid spread of the fire fronts. The prevailing wind direction was from the east, in agreement with the model results. A circulation pattern originating over the Mediterranean Sea was identified and confirmed through backward trajectory analysis calculated for the fire region. The orographic effect responsible for accelerating the flow in the mountainous terrain surrounding the Strait of Gibraltar was also verified through a simulation excluding topography. Recently, winds from the Strait of Gibraltar were identified influencing a large wildfire in the mountainous region of Western Algarve [42]. In the present case study, this circulation is a secondary feature, not directly associated with the atmospheric blocking system.



In addition to atmospheric circulations occurring near the surface, the atmospheric environment in the fire scale can produce several microscale phenomena, such as Vorticity-driven Lateral Spread (VLS) [68], vortex development [69], and pyro-convective clouds [70]. These processes are not considered in the present study, as the simulation focuses on meteorological phenomena only.



Wildfire danger was assessed from the FWI, which responds to the atmospheric conditions near the surface and consequently to weather patterns. In Greece, Papavasileiou et al. [16] identified five synoptic patterns associated with fire weather conditions. Among these, the authors highlighted the most critical pattern associated with extreme fire weather severity, namely the 5th Critical Fire Weather Pattern (CFWP-5), characterized by positive anomalies in the 500 hPa geopotential height field, with high temperatures, dry conditions, and strong winds. This pattern exhibited the highest frequency of days with extreme fire conditions, as indicated by the FWI, ISI, FFMC, and DSR indices. Unlike the authors who use ERA5 data of 0.25° resolution, the present study enhances the FWI spatial discretization. This is particularly important for regions with complex topography, where coarse-resolution data (0.25°) fail to adequately capture local variability and fire weather dynamics. However, the preliminary results from this case study suggest that the Fire Weather Index (FWI) exhibits notable spatial variability, in addition to its diurnal fluctuations. For instance, the high resolution FWI maps revealed that the wildfire in the WUI of Faro occurred under high FWI values in the early morning, very high values during the day, and moderate FWI conditions in the evening. Moreover, the findings indicate that increasing the model resolution enhances the representation of surface–atmosphere interactions, thereby improving the estimation of local wildfire risk through more refined FWI calculations.




5. Conclusions


This study presents a case study of a wind-driven fire in Southern Portugal to show the complexity of the wildfire system in terms of large-scale atmospheric circulation and wildfire risk in a coastal wildland–urban interface.



The meteorological analysis, supported by multiple data sources, helped to explore several aspects of atmospheric dynamics. The results showed the upper air dynamics during the establishment of the blocking pattern in early July 2022. The upper-level configuration gave rise to a trough on 8 July, which deepened and formed an upper-level low-pressure system. This system configured atmospheric blocking between 11 July and 18 July, favoring the maintenance of almost stationary weather conditions able to influence the vegetation state for several days over the Iberian Peninsula, namely high air temperatures and low relative humidity at the surface. In addition, the blocking pattern also contributed to the transport of air parcels from the Saharan desert toward the region.



This study provides important insights into wildfire risk in Southern Portugal, particularly the role of low-level atmospheric circulation below 1 km altitude from the Mediterranean Sea. This regional-scale flow enhanced fire danger by generating strong winds in the area—winds that were not driven by the prevailing large-scale atmospheric blocking pattern. Such circulation was a key factor in the wind-driven fire that occurred in the wildland–urban interface of Faro on 13 July 2022. The study also showed that this circulation is further intensified by the development of combined sea and valley breezes.



Finally, the benefits of Meso-NH outputs in supporting the Fire Weather Index (FWI) calculation are strongly highlighted in this study. Certain regions may present environmental conditions that are not adequately captured by some fire danger indices, particularly when low-resolution data are used, as confirmed in this study by considering the FWI obtained from the ERA5. This limited resolution can result in a poor representation of key atmospheric processes, potentially leading to false alarms or underestimations in fire danger assessments. The preliminary experiment demonstrated that the FWI exhibits significant spatial and temporal variability. In the Algarve region, higher FWI values were observed in the interior areas. Furthermore, in this case study, strong winds identified in the lowlands—where the fire propagated—also contributed to elevated FWI values. A clear diurnal variation was observed, with the highest FWI values occurring during the daytime, corresponding to the ‘very high’ category. However, the FWI in the wildfire-affected area had decreased to a moderate level at the end of the day.



To conclude, the present study demonstrates that, in the context of wildfire risk in southern Portugal, large-scale atmospheric conditions alone may be insufficient to capture the full extent of fire danger. When regional-scale processes are considered, additional risk factors become evident. In particular, a circulation pattern originating over the Mediterranean Sea generated strong winds in the extreme South of Portugal, contributing to the rapid westward spread of the fire. It is noteworthy that this study did not consider the effects of fire on the atmosphere and then local fire-atmosphere interaction phenomena were not represented.



Coupled fire–atmosphere simulations are expected as future work and should complement the present study, enabling a more detailed exploration of fire dynamics in the context of WUI fires. Such a study will show the benefits of using a coupled fire-atmosphere system for decision-making and evacuation strategies in urban interface during large fires. Furthermore, tourism is a central economic driver in Southern Portugal, particularly in the Algarve, and wildfires pose serious threats by endangering visitors and by degrading natural environments that constitute the core of the regional tourism product. In line with broader calls for integration of wildfire hazards into destination management plans and resilience in tourism [71,72,73,74], this case study, although exploring the meteorological environment, will support future work of integrating fire risk assessment into tourism planning, essential to protect both local economies and visitor safety.
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Figure A1. Time series point-to-point comparison of (a) air temperature (°C), (b) relative humidity (%), and (c) wind speed (m·s−1) and (d) direction (°) from the Faro weather station located near to the wildfire. The comparison is made using the EXP1 simulation. 
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Figure 1. Fire scar (black contour) identified from Sentinel-2 imagery on 18 July 2022, indicating locations affected by the fire on 12–13 July 2022. 
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Figure 2. (a) Large domain of the ECMWF data covering the North Atlantic Ocean and the Meso-NH domain (blue square), (b) Meso-NH domain with 1.5 km resolution covering Southern Portugal and Gibraltar Strait. The orange dot represents the wildfire location and the red dot describes the sounding location obtained from the EXP1, (c) timeline of the study period used by the ECMWF Analysis (blue/gray), Meso-NH experiments (red rectangle), and fire period (orange rectangle). 
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Figure 3. Wind speed (m·s−1, shaded areas) and direction (arrows) at 250 hPa during the blocking pattern formation period: (a) 2 July 2022, at 0000 UTC, (b) 4 July 2022, at 0000 UTC, (c) 6 July 2022, at 0000 UTC, (d) 8 July 2022, at 0000 UTC, (e) 10 July 2022, at 0000 UTC, and (f) 11 July 2022, at 0000 UTC. 
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Figure 4. Potential vorticity (K·m2·kg−1·s−1) at 250 hPa (a) at 0000 UTC on 9 July 2022, and (b) at 0000 UTC on 11 July 2022. 
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Figure 5. Large-scale fields at 0000 UTC on 12 July 2022 for: (a) Potential vorticity (K·m2·kg−1·s−1) at 250 hPa, (b) Wind speed (m·s−1, shaded areas) and direction (arrows) at 250 hPa level, (c) Ozone mass mixing ratio (kg·kg−1) at 250 hPa level, and (d) Air temperature (°C) and wind direction (arrows) at 500 hPa level. 
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Figure 6. Wind speed (m·s−1, shaded areas) and direction (arrows) at 500 hPa level: (a) 10 July 2022, at 0000 UTC, (b) 12 July 2022, at 0000 UTC, (c) 13 July 2022 at 0000 UTC, (d) 15 July 2022, at 0000 UTC, (e) 18 July 2022, at 0000 UTC, and (f) 19 July 2022, at 0000 UTC. 
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Figure 7. Large-scale fields: (a) Air temperature (°C) at 850 hPa at 1800 UTC on 12 July 2022, (b) Relative humidity (%) at 850 hPa at 1800 UTC on 12 July 2022, (c) Air temperature (°C) at 700 hPa at 0000 UTC on 16 July 2022, and (d) Air temperature at 850 hPa at 0000 UTC on 18 July 2022. Arrows in (a,b,d) represent wind direction at 850 hPa, whereas the blue line in (c) the geopotential (m2·s−2) field configuration. 






Figure 7. Large-scale fields: (a) Air temperature (°C) at 850 hPa at 1800 UTC on 12 July 2022, (b) Relative humidity (%) at 850 hPa at 1800 UTC on 12 July 2022, (c) Air temperature (°C) at 700 hPa at 0000 UTC on 16 July 2022, and (d) Air temperature at 850 hPa at 0000 UTC on 18 July 2022. Arrows in (a,b,d) represent wind direction at 850 hPa, whereas the blue line in (c) the geopotential (m2·s−2) field configuration.



[image: Fire 08 00362 g007]







[image: Fire 08 00362 g008] 





Figure 8. Skew-T/LogP diagram at 0600 UTC on 13 July 2022 obtained from the EXP1 simulation at 1.5 km resolution at coordinates points: 37.15° N and 8.37° W. 
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Figure 9. Mesoscale features at 1500 UTC on 13 July 2022: (a) air temperature at 2 m and wind direction (arrows), (b) relative humidity at 2 m and wind direction (arrows), (c) wind speed (m·s−1) and direction (arrows) at 500 m a.g.l, and (d) wind gusts (m·s−1) at 10 m and wind direction (arrows). The red dot represents the fire location. 






Figure 9. Mesoscale features at 1500 UTC on 13 July 2022: (a) air temperature at 2 m and wind direction (arrows), (b) relative humidity at 2 m and wind direction (arrows), (c) wind speed (m·s−1) and direction (arrows) at 500 m a.g.l, and (d) wind gusts (m·s−1) at 10 m and wind direction (arrows). The red dot represents the fire location.



[image: Fire 08 00362 g009]







[image: Fire 08 00362 g010] 





Figure 10. Wind gusts (m·s−1) at 10 m at 0600 UTC on 13 July 2022: (a) EXP1 simulation with orography, (b) EXP2 simulation with no orography, and (c) difference between the numerical experiments, i.e., EXP1 minus EXP2. The red dot represents the fire location. 
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Figure 11. Backward trajectories from the HYSPLIT model ending (a) at 0000 UTC on 13 July 2022, (b) at 0000 UTC on 14 July 2022, and (c) at 0000 UTC on 19 July 2022. 
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Figure 12. (a) FWI on 13 July 2022 at 1200 UTC obtained from ERA5 at 0.25-degree resolution; Zoom over the Algarve’s region showing FWI calculated from the Meso-NH outputs with 1.5 km resolution on 13 July 2022 (b) at 0600 UTC, (c) at 0900 UTC, (d) at 1200 UTC, (e) at 1500 UTC, (f) at 1800 UTC, and (g) at 2100 UTC. The color bar is consistent with the FWI classes used by [55]. The black line represents the Algarve region. 
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