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Abstract

:

To optimize suppression, restoration, and prevention plans against wildfire, postfire assessment is a key input. Since little research has been carried out on applying Sentinel-2 imagery through an integrated approach to evaluate how environmental parameters affect fire severity, this work aims to fill this gap. A set of large forest fires that occurred in northwest Spain during extreme weather conditions were adopted as a case study. Sentinel-2 information was used to build the fire severity map and to evaluate the relation between it and a set of its driving factors: land cover, aspect, slope, proximity to the nearest stream, and fire recurrence. The cover types most affected by fire were scrubland, rocky areas, and Eucalyptus. The presence of streams was identified as a major cause of the reduced severity of fires in broadleaves. The occurrence of fires in the past is linked to the severity of fires, depending on the land cover. This research aims to help fire researchers, authority managers, and policy makers distinguish the conditions under which the damage by fire is minimized and optimize the resources allocated to restoration and future fire suppression.
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1. Introduction


Wildfires can have beneficial effects on societies and ecosystems [1,2]. Conversely, wildland fires can turn into extreme wildfire events, which cause a measurable impact on the socio-economic scenario in terms of very large economic losses [3,4], can affect human health and mortality, and can contaminate water supplies [5]. Wildfires can also turn into wildfire disasters, which mainly occur when they provoke fatalities and affect human systems. Wildfire disasters may also have a measurable impact on ecology [6,7,8], due to their impact on biodiversity and soil degradation [9], significant influence on atmospheric chemistry and composition, gas and aerosol emissions [10], and contribute to altering the Earth’s climate and radiation budget [11].



Although some recent studies suggest that there is a slightly declining trend in the number of fires around the world [12,13], some other analyses point to a coupling between global warming and wildfire probability [14,15]. In 2017 and 2018, a large number of extreme fire events occurred in many parts of the world, including the US, Canada, Chile, the Mediterranean, Russia, and even Greenland [16]. In the particular case of Spain, the 2017 warm season was more severe than usual; that year, Spain was the second most affected country in the European Union in terms of both burned area and number of fires, just behind Portugal [17]. The large forest fires (LFFs) that occurred in Galicia (Spain) and Portugal were analyzed in Molina-Terrén et al. [18].



Forest fires are a substantial concern for public authorities in the European Union. In Mediterranean Europe, 2.6% of the wildfire events for the period 1980 to 2006 involved approximately 75% to 80% of the total burned area [19,20]. Although they are a global phenomenon, there is no universal definition for a large forest fire (LFF) [21]; however, in the European Union, LFFs are considered to be those that burn an area larger than 500 ha [22,23].



Once an LFF has occurred, a strategy for restoration or land recovery must be studied: on-site treatments [24] and restoration activities are evaluated [25,26], the evolution of the burned wildland is monitored [27,28], and the likely future downstream impacts due to flooding, landslides, and soil erosion are estimated [29]. To perform this decision-making process in postfire management, the characterization of the burned areas becomes a key input. This information is obtained by assessing fire severity, which is considered the magnitude of ecological change caused by fire [24] in both vegetation and soil [30]. Wildfire risk reduction also benefits from this line of research, especially in the case of LFFs under extreme weather conditions [31]. The characterization of unburned patches in LFF is also an active area of research since they play an important role in ecosystem dynamics and wildfire risk [32,33].



Burn scar mapping and characterization are fundamental inputs for an aerosol emissions estimation, carbon cycle modeling, hazard assessment, resource management, and policy creation [34]. A few years ago, wildfires had to be characterized through fieldwork, while the original situation was recorded on gross forestry maps. Apart from the very low reliability of these information sources, they were barely comparable due to their different natures. Nowadays, remote sensing has been consolidated as the main technique for assessing fire severity. Satellite sensors allow the measurement of the impact of fires by comparing pre- and postfire information. Remote sensing products are inexpensive, do not entail safety hazards, and provide rapid information for large areas [35]. For example, Abatzoglou et al. [36] applied the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor to assess at a global scale the relation between fire activity, climate variability, and anthropogenic influence. Satellite models can also be transferred to platforms such as the Google Earth Engine, enabling a ready-to-use remote sensing product for the public [37].



Landsat has been the most explored program for decades. The operational land imager (OLI) aboard Landsat-8 generates high quality multispectral images at 30 m resolution with a revisiting time of 16 days [38,39]. The Sentinel-2 satellite missions of ESA’s Copernicus program, specifically designed for vegetation sensing, were launched in 2015 and 2017. They have led to significant increases in the available Earth surface acquisition data, both in spatial (10 m to 30 m) and temporal (five-day revisit) domains [40]. However, the application of Sentinel-2 imagery in fire severity assessment is still underdeveloped [41,42,43]. In fact, to date, six documents were published in Scopus under the search Title-Abs-Key (“sentinel-2” AND (“fire severity” OR “fire assessment”)).



Optical sensors allow the evaluation of fire severity through several indices that consist of numeric combinations of reflectance values from different spectral bands. The normalized difference vegetation index (NDVI) [44] and (differenced) Normalized Burn Ratio (NBR) [45] are the most commonly used indices [24].



Beyond the assessment of the fire impact on a location, a deeper understanding of the relations between the biophysical variables involved in the wildfire would facilitate postfire management. The fundamental biophysical variables that affect the spread and the fire intensity are meteorology (wind and air moisture), topography (elevation, slope, and aspect), and fuel (type of vegetation and moisture of vegetation) [46]. The correlation between some of these physical variables and the fire severity was described by Pereira et al. [47] and Mitsopoulos et al. [48].



Moreover, while there is a large body of scientific literature in the analysis and development of spectral indices derived from satellite data [49], there is little research on the relationship between fire severity and biophysical variables through satellite remote sensing. Amos et al. [50] demonstrated the suitability of Sentinel-2 imagery to separate burning severity levels. Further, they performed a short investigation into the association of six environmental variables—elevation, slope, aspect, fraction vegetation cover, terrain roughness index, and land cover—and fire severity, but no significant correlations were found. Soil erosion prediction is a physical parameter that can be mapped in conjunction with fire severity by using Sentinel-2 data [51,52].



Due to its relatively recent release, the potential of Sentinel-2 for wildland assessment needs to be further verified [40]. This paper presents a case study of burned area mapping and fire severity assessment by Sentinel image analysis. Fire severity was compared between the following variables: land cover, aspect, slope, proximity to the nearest stream, and fire recurrence. Indeed, no papers were found in Scopus under the search Title-Abs-Key (sentinel-2 AND fire AND (“land cover” OR “land use”) AND (moisture OR recurrence)). The fires that integrate this case study occurred under similar meteorological conditions. This represented an opportunity to analyze other key environmental variables that have been less studied to date.



The next section presents the geographic context of the eleven wildfires analyzed, as well as the methodology followed to compare the variables affecting fire severity. The results and the interpretation performed are found in Section 3, and the conclusions are summarized in Section 4.




2. Materials and Methods


2.1. Study Area and Datasets


The studied region is Pontevedra, the southwestern province of Galicia, on the Atlantic coast of Spain. Although Galicia represents only 6% of the national surface area, between 2006 and 2015, it registered an approximate average of 29.2% of Spanish LFFs and 19.4% of the total burned forest area by LFFs [53,54].



This is an event-based study: it involves the eleven largest wildfires of the 215 that arose between 14th and 16th October 2017 in Pontevedra. The location and the burned area of each wildfire are collected in Figure 1: five fires burned over 500 ha, and all of them burned over 79 ha. In that October, a total of 19,919 ha burned, and 3 fatalities occurred in Pontevedra. A drought was declared in the region in January, and it still persisted through October. The temperature reached in the affected region on 14th October ranged from 25.6 to 30.5 °C and from 26.5 to 34.8 °C on 15th October. In most of the region, between the 14th and 15th of October, the air relative humidity fell below 30% and wind speed varied from 17 to 22 m/s [55]. In brief, the fires stared under similar meteorological conditions, which was an opportunity to analyze other environmental variables that have a substantial impact on wildfire behavior.



The study was based on the imagery from Sentinel-2. It consists of a partnership of twin satellites flying in the same orbit but phased at 180° to give a revisit frequency of 5 days. These satellites are a mission of the Copernicus program designed by the European Commission in partnership with the European Space Agency (ESA). Their goal is to provide information about Earth’s surface that is useful for a wide range of applications in a variety of areas. The mean orbital altitude of these satellites is 786 km, their orbit inclination is 98.62°, and their geographical coverage consists of the band of latitude extending from 56° South (Isla Hornos, Cape Horn, South America) to 83° North (above Greenland) [56].



No geometric and radiometric corrections needed to be applied to the Sentinel-2 data acquired, since such operations are included in the product used (Level-1C). Images from Sentinel’s MSI have a radiometric resolution of 12 bits, enabling the detection of 4095 potential light intensity values [56]. The spectral band specifications are presented in Table 1.



The input images for this study were selected pursuing a low cloud percentage, a similar phenological stage, and the lowest elapsed time between the wildfires and the pre- and post-wildfire situations. They consisted of 4 images: for the northern part of Pontevedra, two images were recorded on 10 October 2017 for prefire and 30 October 2017 for postfire. For the southern part of Pontevedra, the pre- and postfire dates were 10 October 2017 and 14 November 2017. Images count with geometric and radiometric correction, which facilitates the methodology.




2.2. Methodology


The Sentinel-2 images were used to build up the fire severity map. Once the map was created, the aforementioned biophysical variables that affect fire spread and severity were analyzed. Sentinel image analysis and available regional cartography were combined. The biophysical variables were calculated and combined with severity to find possible correlations.



2.2.1. Burned Areas Detection and Fire Severity


The burned areas were detected through the NBR index; this index is sensitive to chlorophyll content, vegetation humidity, and ashes [45,57]. The NBR combines NIR and SWIR wavelengths through the Formula (1):


   NBR    =  (  NIR − SWIR  )  ⁄  (  NIR + SWIR  )  .    



(1)







Prefire, healthy vegetation has very high near-infrared reflectance and low reflectance in the shortwave infrared portion of the spectrum. However, recently burned areas have relatively low reflectance in the near-infrared and high reflectance in the shortwave infrared band [58,59]. Consequently, a high NBR value generally conforms to healthy vegetation covers and bare ground, while recently burned areas present low NBR values.



The difference between NBR pre- and postfire values was used to measure the impact that fire had on the burned areas and thus to detect fires [58], as expressed by Formula (2). This magnitude, sometimes called dNBR (differenced NBR), exploits the changes in pixels caused by fire. The dNBR is currently one of the most consolidated indicators to analyze fire severity with very different fuel types among different ecosystems and geographic areas [24,60].


   dNBR    =      NBR    prefire   −   NBR   postfire   .    



(2)







The discrimination of fire severity levels was carried out by establishing threshold values over the dNBR index. The threshold values were adapted from those used by Key et al. [58]. In the next sections, the relationship between fire severity and the following variables was investigated: land cover, aspect, slope, proximity to the nearest stream, and fire recurrence.




2.2.2. Land Cover


In regard to fire behavior, land cover is a critical factor since the amount of fuel and its spatial distribution strongly influence fire spread [61]. There is no land-cover cartography available in Spain dating from 2017 with a resolution comparable to Sentinel-2 products. For this reason, the land-cover mapping was calculated in this work by supervised classification of the Sentinel images. The training areas were defined based on the photointerpretation of aerial images provided by the Spanish Plan for Aerial Orthophotography (PNOA) 2015 [62].



The land cover classes were defined through a simplification of the classes used in the European program CORINE Land Cover [63], which is the base for the Information System on Land Use in Spain (SIOSE) [64]. Eight classes of land cover were considered, based on a field survey, as well as on shared characteristics and distinguishable physiognomies:




	
Rocky areas: consist of scrubs on rocky outcrops.



	
Crops: mainly composed of orchards, vineyards, pastures, and annual crops.



	
Anthropogenic areas: composed of infrastructures and urban areas, including gardens, slopes, urban trees, and surrounding vegetation.



	
Scrubland: most common scrubs are woody shrubs that can reach up to 2 m high, mainly Ulex sp., Cytisus sp., and Erica sp.



	
Eucalyptus sp.



	
Conifers: the most common is Pinus sp.



	
Broadleaves: includes Quercus sp., Castanea sp., Acacia sp., and other typical riverside Galician species.








Training areas were distributed around all the study regions to obtain representative data according to different aspect, slope, age, and phenology. Every training sample was over 900 pixels for the scrubland cluster, equivalent to 36.4 hectares. The classification algorithm applied was the maximum likelihood, which uses probability densities for the categories to predict the inclusion of a pixel in each [65,66].



The classification was performed using Sentinel bands (resampled to 20 m). Given that the vegetation phenology varies throughout the year, the potential for canopy discrimination through remote sensing images also depends on the image date. For this reason, the land-cover classification procedure was tested on images from different seasons. The accuracy of classifications was evaluated through a sample of ground control points. The cover of the sample points was identified over the PNOA of 2015 [62]. The image that provided optimal results in terms of seasonal analysis was the one dated 24th April 2017.




2.2.3. Topography and Physiography


A second driving factor for fire spread and fire severity is the characteristics of the terrain. The wildfire spread rate is the result of a complex interaction between topography, fuel, and vegetation [67]. Most authors agree that topographic, physiographic, and fuel conditions strongly affect fire severity when weather conditions are not extreme [68,69]. Physiography is defined as the range of topographic variation encountered within a focal landscape, as aspect, slope, and distance to streams [70]. In contrast, there is disagreement when conditions are extreme, as is the case for the analyzed wildfires. Extreme meteorological conditions can induce high spatial variations in wildfires in terms of location on the fire perimeter and time of day of burning. The correlation of fuels, topography, and weather in such mixed-severity fires remains poorly understood [71]. As mentioned in Section 2.2, the weather conditions during the eleven wildfires occurred during similar weather conditions, and this facilitates the analysis of other biophysical variables.



This study considers the soil moisture in riverbanks, which is usually one of the neglected variables affecting forest fires. This moisture is absorbed by the vegetation, thus eventually resulting in lower fire severity. The spatial analysis of this moisture source remains under-investigated, as opposed to the temporal analysis in relation to a precipitation regime [72], as well as the presence of streamflows, which has been reviewed in the context of hydrologic drought [73]. The soil moisture was expected to be seriously lowered all over the studied region because of two reasons: it underwent a prolonged drought, and most of the region has primarily sandy soils [74]. In view of this, the proximity to streams was tested as an approximation of the soil moisture.



The impact of fuel and weather on wildfire severity has undergone more active research than that of topographic variables. Thus, to clarify the influence that topography and physiography have in fire severity on temperate Spanish wildland, the following variables were analyzed:




	
Aspect: defined as the orientation of the slope, the aspect map was generated from the Digital Terrain Model, 5 m resolution, dating from 2009, provided by the official cartographic services [75]. The resulting values for every pixel were categorized into four sectors: 90°—amplitude: 315°–45° was north-facing, 45°–135° was east-facing, 135°–225° was south-facing, and 225–315° was west-facing.



	
Terrain slope: as in the previous case, the slope map was generated from the Digital Terrain Model provided by the official cartographic services [75]. The resulting values for every pixel were categorized into four classes: below 20%, 20–40%, 40–60%, and over 60%.



	
Distance to nearest stream: the cartography of streams at a 1:10,000 scale provided by the regional official services [76] was considered to discriminate surrounding areas that could potentially benefit from the available soil moisture. A buffer of 50 m was used for the final streams map. Beyond that length, the influence provided by streams is neglected. Sentinel-2 data could not be used to provide a smaller buffer because they have not enough resolution to provide this information.








The area for every parameter in the resulting maps was obtained in hectares, and then relative values were obtained for the severity of each fire.




2.2.4. Fire Recurrence


Prescribed fires are infrequent in Galicia. Once a land burns, depending on the fire severity, most of the vegetation might be destroyed, and the soil conditions might be altered. Then, in an ecosystem such as that analyzed in this work, after a fire, the ground is rapidly covered by germinating plants, among which short-lived species are abundant [77], or by resprouting plants. Seeds can be present in the burned soil or can arrive from unburned neighboring areas [78], in which pioneer plants are dominant [79]. A different vegetation pattern would entail a different wildfire behavior.



In addition, the reduction in soil and vegetation evolution may obstruct either soil organic matter formation or limit the establishment of plant species, which foster erosive processes [80]. Erosion, in turn, impedes vegetation restoration, causing a decrease in soil moisture. The vegetation that prevails in such conditions would ignite easier and burn faster than the prefire vegetation.



Another consequence of fires is the abandonment of prefire crops. Crops usually function as firebreaks because firefighting is easier over them and because of their geographic association with human presence, facilitating a quicker response [81]. Once they are no longer exploited, unmanaged fuel begins to cover the area, increasing fire proneness.



Consequently, the occurrence of past fires determines the available fuel, the spatial patterns of fire, and the firefighting conditions, so fire recurrence should be analyzed as a factor that potentially correlates with the severity of new wildfires. The fire recurrence for the regions analyzed in the present study was extracted from Regos [82], which includes the fire recurrence of the whole Galician Spanish Region from 2000 to 2017. The author developed the fire recurrence map through the data acquired from the MODIS, specifically from the product MCD64A1. The period 2000–2016 was used to build the recurrence map.






3. Results and Discussion


3.1. Burned Area Detection and Fire Severity Mapping


Following the methodology described in Section 2.2.1, maps of burned areas and resulting dNBR were generated. They are shown in Figure 2. The fire severity discrimination was performed by applying the threshold values presented in Table 2 to the dNBR map. The determination of these values was based on the approach followed by Key et al. [58]. The first threshold, referred to as the unburned–burned threshold, was chosen at the 200 value by analyzing the frequency distribution of the dNBR values. Furthermore, four classes were considered with different levels of forest fire severity. This is in accordance with the characteristics of wildfires occurred in Pontevedra [83,84], and it matches the number of severity classes adopted by the European Forest Fire Information System (EFFIS) [85] and the United States Department of Agriculture (USDA) [86]:




	
Low severity (2): this class includes areas where stems of trees and shrubs were partially affected.



	
Moderate severity (3): this class includes areas where less than 50% of tree canopies were scorched, and some shrubs remained unburned.



	
High severity (4): a burned area falls in this class if more than 50% of tree leaves were scorched but not burned, as well as some small branches of shrubs (see Figure 3a).



	
Very high severity (5): in this class, the leaves and the thin branches of trees and shrubs were burned. Just stems and thick branches remained standing (see Figure 3b).








In the generated cluster map, a low step filter was applied to remove isolated pixels. The final severity map is shown in Figure 2d. The total burned area in each level of severity is also included in Table 2. The area-weighted average fire severity for the entire affected area was 3.8.




3.2. Land Cover


As it can be appreciated in Figure 1, wildfire 8 affected the largest area by far (8075 ha). For this reason, it is shown in Figure 4 as an example of the obtained vegetation map.



The Sentinel-based classification was validated through photointerpretation of orthorectified images at 25 cm spatial resolution dating from 2015 [62]. A sample of 420 randomly distributed points around the studied area was used to compute the confusion matrix and is presented in Table 3. An overall accuracy of 89.8% was obtained for this thematic map.



The area of land-cover classes was analyzed for every severity level. The absolute and relative values were obtained. The relative values are presented in Table 4, which also includes the area-weighted average severity for every cover class. The results reveal significant differences among the types of cover. For instance, 17.7% of the low-severely damaged surface corresponds to broadleaves, while this percentage decreases to 8.7% in the very high-severely damaged areas. The most pronounced difference between the lowest and highest severity degrees is shown in scrubland: 9.7% of the surface affected by low severity corresponds to scrubland, while it rises to 25.8% in the areas with very high severity. Furthermore, this is the cover with the highest average severity. Strong differences among high–low damaged areas also appear in crops and anthropogenic areas, but in the opposite direction. Anthropogenic areas only include 1.2% of the very high severity class, whereas they account for 6.2% of the low severity areas. They both present the minimum average severity. These results seem to be linked to the available woody fuel in each type of cover. Fire suppression efforts are an important explicative factor since they are usually focused on anthropogenic areas. The proximity to streams for certain covers is another variable that may explain some of these results and is analyzed in the next section.



To better appreciate the aforementioned links between land cover and fire severity, Figure 5 illustrates a detail of both thematic maps for the wildfire 8. The fire was extinguished in many crops and broadleaf surfaces or caused less damage than other types of cover.




3.3. Topography and Physiography


The maps depicting aspect, slope, and distance to the closest stream were obtained for the studied fires following the methodology described in Section 2.2.3. Images for fire number 8, the largest one among the set of fires occurring within the study period, are shown in Figure 6.



The relation between fire severity and aspect of burned areas is presented in Table 5. The average fire severity for each slope shows no significant variation. However, the analysis of the relative presence of the different orientation classes in every fire severity class reveals that the west-oriented (135°–225°) hills accounted for the largest burned at all damage levels. This is consistent with the physiography of the analyzed regions since most of the hydrographic basins face this orientation. In addition, when the fires started to break out on 14th October 2017, south–southwest wind prevailed [55], which influenced the propagation of the primary fire and the induction of new fires. The relative areas also reveal that the north orientation was clearly less affected by the highest levels of severity. An example can be found in the wildfire 2 case, where the aspect map in the northern part of the affected area clearly matches the fire severity distribution.



The relation between fire severity and slope is presented in Table 6. The analysis of this parameter for every severity class shows a similar distribution: for every severity class, more than 74% of the terrain presented slopes under 40%; slopes over 60% represent 6.2% of the areas affected by severity 5 and 9.2% of the areas affected by severity 2. The average fire severity is 3.0 for every slope class. In summary, no correlation was observed between slope and fire severity. One reason may relate to the fact that, according to the slope map, the terrain in the area of study is not steep: only 8% of the burned areas have slope values over 60%, while 73% are under 40%.



As mentioned above, the soil moisture was considered from the spatial point of view by classifying the burned area into two groups, depending on their proximity to a stream. This variable was analyzed together with fire severity and is shown in Table 7. It can be seen that the higher the fire severity was, the lower the area burned near a stream. Additionally, in a visual inspection of severity, vegetation and stream maps seem to be correlated; Table 8 shows the relative values of land cover in stream areas. This analysis reveals that 27.0% of the burned riverbank was occupied by broadleaves, while they only involved 12.0% of the whole burned surface. This correlation could explain the better behavior of broadleaves to fire severity that was noted in the previous section.



The three described thematic maps of wildfire 8 are presented at a greater resolution in Figure 7: aspect, slope, and proximity to streams, together with fire severity. The contour of the burned area was added to all of them. No appreciable influence of slope on fire severity was found. North-faced (315°–45°) hills possessed a mild trend to lower severity.



As shown in these results, riverbanks are associated with fire refugia, which are of increasing interest to ecology. Biodiversity can retreat to them and, once the conditions change, expand [87].




3.4. Fire Recurrence


Finally, a recurrence map was obtained, as explained in Section 2.2.4. According to the available data, 5% of the territory has been affected by three or more fires in the period 2000 to 2016, 32% by two fires, and 35% by one fire. Figure 8 corresponds to the map built from the information gathered.



The numeric comparison between fire severity and fire recurrence is illustrated in Table 9 and Table 10. Both contain the relative values in relation to the burned area, the former for each fire severity level, and the latter for each fire occurrence category. Table 9 shows that 47.8% of the areas affected by very high severity correspond to level two of wildfire occurrence. According to Table 10, 75.2% of the burned area that experienced two previous fires underwent fire severity of high (4) or very high (5), and 77.1% for areas with three previous fires. These results reveal that the vegetation might be sufficiently restored from one wildfire to the next.



The relationship between fire occurrence and high severity levels shows that a wildfire can alter the characteristics of the vegetation. Wildfires may involve a selection of species; a biomass restoration is more likely to be performed by those species with greater postfire resprouting capabilities or that are better adapted to burned environments. The success of these species also has the consequence of a high uniformity in the ecosystem, which makes fire suppression more difficult in future fires. Additionally, soil degradation entails less soil moisture retention, which makes the biomass living there more prone to burn. Another effect lies in human postfire behavior: agriculture and forestry tend to be discontinued, and thus, prevention activities and fire suppression resources are also discontinued.





4. Conclusions


The fire severity map for the eleven largest wildfires that occurred in October 2017 in northwest Spain was created using Sentinel-2 imagery. Wildfires broke out under extreme weather conditions in terms of temperature, wind speed, and air moisture. The influence that the topographic and physiognomic variables or wildfire recurrence have on the behavior of fire under such conditions is not well known. To fill this gap, an intercomparison was performed between fire severity, aspect, slope, proximity to waterways, and fire recurrence. It was facilitated by the spatial homogeneity of meteorological conditions. The analysis includes a detailed, accurate land-cover map and the analysis of the relationship of this parameter with fire severity.



Sentinel-2 capabilities have great potential to improve the understanding of the effect that the aforementioned factors have on wildfire behavior simultaneously. In fact, the relations between the different land-cover types and fire severity were more precisely described than the current official maps allow. An overall accuracy of 89.8% in the land cover map was achieved. Considering the obtained map, the most affected cover types by fire were, from higher to lower impact, scrubland, rocky area, and Eucalyptus.



Some conclusions were derived from the integrated analysis performed through the environmental variables and fire recurrence. While research on soil moisture as a variable affecting wildfire has been focused on its temporal variation, the present work considered its spatial variation in relation to streams. Fire severity tends to be lower in areas that are not farther than 50 m from a stream. This could be caused by the prolonged drought over primarily sandy soils. Under these conditions, the gradient of soil moisture in riverbanks is high, providing moisture to riverside vegetation. Broadleaves occupied 27.0% of this area, although they accounted for only 12.0% of the total area. This challenges the assumption that Broadleaves always resist the fire spread better than conifers and Eucalyptus. The higher severity occurred in the west-faced areas, which can be explained by the orography and the wind direction during the fire.



With regard to the occurrence of fires within the 17 years before the analyzed wildfires occurred, the severity increased with two or three fire occurrences. The rationale lies in the human postfire response: agriculture, farming, and forestry tend to be discontinued, which reduces the efforts in prevention work and the resources for fire suppression.



In view of the limited research on the combination of remote sensing information and physical variables, this work describes a method to exploit state-of-the-art remote sensing imagery to find how prefire variables affected fire severity. This research aims at helping fire researchers, authority managers, and policy makers to distinguish the conditions under which the damage by fire is minimized and the resources allocated to restoration and future fire suppression are optimized.



Some remarkable future lines of research might include the precise monitoring of fire dynamics and the role played by streams and underground water in fire severity. Through open-access remote sensing products, postfire wildland management has the chance to take a major step in improving the cost and precision of the involved magnitudes—fuel type, physiography, and fire history—compared to the method of aerial photointerpretation. Then, the efficacy and the cost-effectiveness of the decision process in wildland management could be improved.
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Figure 1. Location and burned areas of the analyzed fires. 
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Figure 2. Fire mapping: (a) prefire Normalized Burn Ratio (NBR); (b) postfire NBR; (c) dNBR; (d) fire severity. 
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Figure 3. Photos of forests affected by the highest fire severity levels: (a) 4; (b) 5. 
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Figure 4. Land-cover map for wildfire number 8. 
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Figure 5. Detail of thematic maps of wildfire 8: (a) whole affected area; (b) fire severity; (c) land cover with superimposed burned area perimeter. 
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Figure 6. Environmental variables on wildfire 8: (a) aspect; (b) slope; (c) 50 m-buffer around streams. 
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Figure 7. Detail of the wildfire number 8 maps with the contours of burned areas: (a) fire severity; (b) orientation; (c) slope; (d) proximity to streams. 
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Figure 8. Fire recurrence for wildfire 8, expressed as the number of times that the area burned from 2001 and before the analyzed wildfires occurred. 
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Table 1. Specifications of spectral bands provided by Sentinel [56].






Table 1. Specifications of spectral bands provided by Sentinel [56].





	Band
	Central Wavelength (nm)
	Bandwidth (nm)
	Spatial Resolution (m)





	Band 1—Coastal aerosol
	443
	20
	60



	Band 2—Blue
	490
	65
	10



	Band 3—Green
	560
	35
	10



	Band 4—Red
	665
	30
	10



	Band 5—Near Infrared (NIR)
	705
	15
	20



	Band 6—NIR
	740
	15
	20



	Band 7—NIR
	783
	20
	20



	Band 8—NIR
	842
	115
	10



	Band 8A—NIR narrow
	865
	20
	20



	Band 9—Water vapor
	945
	20
	20



	Band 10—Shortwave Infrared (SWIR) (Cirrus)
	1375
	30
	60



	Band 11—SWIR
	1610
	90
	20



	Band 12—SWIR
	2190
	180
	20
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Table 2. Threshold values of dNBR (×103) and burned area for each severity level.
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Severity Class

	
NBR Value

	
Surface (ha)

	
Surface (%)




	
Minimum

	
Maximum






	
Unburned area

	
−1200

	
200

	

	




	
2

	
200

	
270

	
1412.2

	
8.7




	
3

	
270

	
440

	
4878.0

	
30.0




	
4

	
440

	
660

	
5964.3

	
36.6




	
5

	
660

	
1300

	
4019.8

	
24.7




	
Total

	

	

	
16,274.3

	
100.0
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Table 3. Confusion matrix of the land-cover verification for the wildfires.
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Sentinel-Based Classification

	

	




	
Reference Classes

	
Rocky Area

	
Crops

	
Anthropogenic Area

	
Scrubland

	
Eucalyptus

	
Conifers

	
Broadleaves

	
Sea

	
Stream

	
Total

	
Commission Error (%)






	
Rocky area

	
50

	
1

	
3

	
0

	
0

	
0

	
0

	
0

	
0

	
54

	
7.4




	
Crops

	
0

	
70

	
2

	
0

	
0

	
0

	
0

	
0

	
0

	
72

	
2.8




	
Anthropogenic area

	
2

	
5

	
48

	
0

	
0

	
0

	
0

	
0

	
0

	
55

	
12.7




	
Scrubland

	
0

	
3

	
1

	
53

	
0

	
0

	
4

	
0

	
0

	
61

	
13.1




	
Eucalyptus

	
4

	
0

	
0

	
3

	
58

	
1

	
2

	
0

	
0

	
68

	
14.7




	
Conifers

	
1

	
0

	
0

	
3

	
2

	
27

	
2

	
0

	
0

	
35

	
22.9




	
Broadleaves

	
0

	
1

	
1

	
1

	
0

	
0

	
51

	
0

	
0

	
54

	
5.6




	
Sea

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
10

	
0

	
10

	
0.0




	
Stream

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
10

	
11

	
9.1




	
Total

	
57

	
80

	
56

	
60

	
60

	
28

	
59

	
10

	
10

	
420

	




	
Omission error (%)

	
12.3

	
12.5

	
14.3

	
11.7

	
3.3

	
3.6

	
13.6

	
0

	
0

	

	




	
Overall accuracy (%)

	
89.8
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Table 4. Relative land-cover values for each severity class (%).






Table 4. Relative land-cover values for each severity class (%).





	
Land Cover

	
Fire Severity Class

	
Area-Weighted Average Fire Severity




	
2

	
3

	
4

	
5






	
Rocky area

	
13.8

	
17.0

	
24.7

	
18.7

	
3.9




	
Crops

	
12.4

	
7.9

	
5.3

	
2.5

	
3.3




	
Anthropogenic area

	
6.6

	
4.2

	
2.6

	
1.2

	
3.3




	
Scrubland

	
9.7

	
11.9

	
20.3

	
25.8

	
4.1




	
Eucalyptus

	
26.7

	
32.0

	
27.2

	
32.4

	
3.8




	
Conifers

	
13.1

	
12.3

	
9.0

	
10.7

	
3.7




	
Broadleaves

	
17.7

	
14.7

	
11.0

	
8.7

	
3.6




	
Total (%)

	
100

	
100

	
100

	
100

	
3.8
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Table 5. Relative values of aspect in relation to area for each fire severity (%).






Table 5. Relative values of aspect in relation to area for each fire severity (%).





	
Aspect of the Burned Surface

	
Fire Severity Class

	
Area-Weighted Average Fire Severity




	
2

	
3

	
4

	
5






	
315°–45°

	
27.0

	
26.6

	
20.9

	
15.8

	
3.6




	
45°–135°

	
20.6

	
20.2

	
21.6

	
26.2

	
3.9




	
135°–225°

	
21.5

	
21.4

	
23.7

	
24.7

	
3.8




	
225°–315°

	
31.9

	
32.8

	
34.5

	
33.7

	
3.8




	
Total

	
100

	
100

	
100

	
100
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Table 6. Relative values of slope in relation to area for each fire severity (%).






Table 6. Relative values of slope in relation to area for each fire severity (%).





	
Slope (%)

	
Fire Severity Class

	
Area-Weighted Average Fire Severity




	
2

	
3

	
4

	
5






	
0–20

	
39.3

	
36.2

	
34.7

	
31.8

	
3.0




	
20–40

	
35.2

	
38.1

	
40.0

	
43.0

	
3.0




	
40–60

	
17.2

	
18.1

	
18.2

	
19.3

	
3.0




	
>60

	
9.2

	
8.5

	
7.7

	
6.2

	
3.0




	
Total

	
100

	
100

	
100

	
100

	
3.0
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Table 7. Relative values of the proximity to streams in relation to area for each fire severity (%).






Table 7. Relative values of the proximity to streams in relation to area for each fire severity (%).





	
Proximity to the Closest Stream

	
Fire Severity Class

	
Area-Weighted Average Fire Severity




	
2

	
3

	
4

	
5






	
>50 m

	
86

	
88

	
90

	
91

	
3.7




	
≤50 m

	
14

	
12

	
10

	
9

	
3.6




	
Total

	
100

	
100

	
100

	
100
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Table 8. Relative values of the land cover in relation to area for each level of proximity (%).






Table 8. Relative values of the land cover in relation to area for each level of proximity (%).





	
Land Cover

	
Distance to Nearest Stream




	
>50 m

	
≤50 m






	
Rocky area

	
10.4

	
20.9




	
Crops

	
7.3

	
5.9




	
Anthropogenic area

	
2.8

	
3.2




	
Scrubland

	
16.1

	
18.2




	
Eucalyptus

	
30.9

	
29.4




	
Conifers

	
5.5

	
11.3




	
Broadleaves

	
27.0

	
10.3




	
Total

	
100

	
100











[image: Table] 





Table 9. Relative values of fire recurrence in relation to area for each fire severity (%).






Table 9. Relative values of fire recurrence in relation to area for each fire severity (%).





	
Fire Recurrence

	
Fire Severity Class

	
Area-Weighted Average Fire Severity




	
2

	
3

	
4

	
5






	
No fire occurred

	
52.1

	
40.3

	
23.5

	
11.6

	
3.3




	
1 fire

	
28.9

	
35.4

	
36.4

	
33.2

	
3.8




	
2 fires

	
17.0

	
21.2

	
34.9

	
47.8

	
4.1




	
3 fires

	
2.1

	
3.1

	
5.3

	
7.4

	
4.1




	
Total

	
100

	
100

	
100

	
100
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Table 10. Relative values of fire severity in relation to area for each level of fire recurrence (%).






Table 10. Relative values of fire severity in relation to area for each level of fire recurrence (%).





	
Fire Recurrence

	
Fire Severity Class

	
Total




	
2

	
3

	
4

	
5






	
No fire occurred

	
16.3

	
42.9

	
30.6

	
10.2

	
100




	
1 fire

	
7.2

	
30.4

	
39.0

	
23.5

	
100




	
2 fires

	
4.5

	
20.3

	
38.9

	
36.3

	
100




	
3 fires

	
3.7

	
19.2

	
39.7

	
37.4

	
100
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