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Abstract

:

Although wildfires are a common disturbance factor to the environment, some of them can cause significant environmental and socioeconomic losses, affecting ecosystems and people worldwide. The wildfire identification and assessment of their effects on damaged forest areas is of great importance for provision of effective actions on their management and preservation. Forest regrowth after a fire is a continuously evolving and dynamic process, and the accuracy assessment of different remote sensing indices for its evaluation is a complicated task. The implementation of this task cannot rely on the standard procedures. Therefore, we suggested a method involving delineation of dynamic boundaries between conditional categories within burnt forest areas by application of spectral reflectance characteristics (SRC). This study compared the performance of firmly established for fire monitoring differenced vegetation indices—Normalized Difference Vegetation Index (dNDVI) and Normalized Burn Ratio (dNBR) and tested the capabilities of tasseled cap-derived differenced Disturbance Index (dDI) for post-fire monitoring purposes in different forest environments (Boreal Mountain Forest (BMF), Mediterranean Mountain Forest (MMF), Mediterranean Hill Forest (MHF)). The accuracy assessment of the tree indices was performed using Very High Resolution (VHR) aerial and satellite data. The results show that dDI has an optimal performance in monitoring post-fire disturbances in more difficult-to-be-differentiated classes, whereas, for post-fire regrowth, the more appropriate is dNDVI. In the first case, dDI has an overall accuracy of 50%, whereas the accuracy of dNBR and dNDVI is barely 35% and 36%. Moreover, dDI shows better performance in 16 accuracy metrics (from 17). In the second case, dNDVI has an overall accuracy of 59%, whereas those of dNBR and dDI are 55% and 52%, and the accuracy metrics in which dNDVI shows better performance than the other two indices are 11 (from 13). Generally, the studied indices showed higher accuracy in assessment of post-fire disturbance rather than of the post-fire forest regrowth, implicitly at test areas—BMF and MMF, and contrary opposite result in the accuracy at MHF. This indicates the relation of the indices’ accuracy to the heterogeneity of the environment.
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1. Introduction


Wildfires are a common disturbance factor to the environment. However, under particular conditions, some of them can turn into extreme wildfire events, causing a disproportionate amount of losses [1] and environmental damage, including land degradation and biodiversity loss. The detection of disturbances and post-fire regrowth monitoring is vital for ecological research and management purposes. Forest regrowth after a fire is a dynamic process, and it is a challenging task to provide an effective, easy-to-use, and cost-effective tool for monitoring and evaluating such a process. Field surveys are expensive, time-consuming, and focused on a specific fire-affected area. In the current climate change conditions and constantly increasing number and frequency of wildfires, our society and different stakeholder organizations need a universal tool for monitoring post-fire regrowth in various environments, in easily accessible or hard-to-reach areas.



Remote-sensing data and methods are successfully used to monitor post-fire forest recovery [2]. Many researchers consider forest recovery the intensity of the subsequent regrowth process (i.e., the return of vegetation and initiation of successional processes) [3,4]. Traditionally, in the context of remote sensing, for classification and mapping forest regrowth dynamics, spectral vegetation indices (VIs) are being used. VIs indirectly assess the changes occurred in the biophysical characteristics of the vegetation after a fire. Most often, these characteristics are Leaf Area Index, photosynthetic activity, water content, and moisture stress [5,6], and the indices used for their assessments are Normalized Difference Vegetation Index (NDVI) [7,8,9,10] and Normalized Burn Ratio (NBR) [9,10,11,12]. These indices involve the spectral reflectance characteristics (SRC) of vegetation in the Red and Near-infrared (NIR) bands for NDVI calculation and in the NIR and Short-wave infrared (SWIR) bands for NBR calculation to provide information on vegetation status. The spectral reflectance in the Red, NIR, and SWIR bands is affected to varying degrees when the vegetation is under stress or as a consequence of catastrophic events (e.g., wildfire). Due to the loss of vegetation, exposure, and drying of the underlying soil, the largest post-fire changes occur in the NIR and SWIR regions of the electromagnetic spectrum [13,14], whereas the visible bands show measurable changes [15]. Although the reflectance in the Red, NIR, and SWIR bands could be influenced by various biophysical factors [16], the behavior of NBR and NDVI is quite similar [17]. The healthy and green vegetation, characterized by high biomass, induce strongly positive indices values, while values close to zero indicate that vegetation is sparse, under stress, or dead. Conversely, the negative values indicate bare soils and no vegetation cover [13,18].



NBR can be used to reliably assess the burn severity in different parts of the fire-affected territories–the lower the NBR values, the greater the damage [14]. NDVI has been primarily used for short-term recovery assessments [4], while NBR could be used to characterize recovery both in short-term and long-term assessments [3,19]. The changes in forest vegetation cover can be measured using imageries captured in pre-fire and post-fire dates and calculation of differenced indices values (dNDVI and dNBR) [13]. However, the vegetation response to fire and post-fire recovery differs noticeably depending on pre-fire vegetation status, vegetation type, and biogeographical region [20]. The methods calculating dNDVI and dNBR support the study of forest ecosystem disturbance, however, they are not accurate enough to study the recovery in forest ecosystems after a fire. The main reasons are the differences in fire disturbances, species diversity, undergrowth characteristics, and different regenerative abilities of forests with various environmental conditions. In the academic literature, ambivalent reports exist on the effectiveness of spectral indices for monitoring post-fire vegetation regrowth [21,22]. None of the spectral indices has better performance in various ecosystems, scale, and time lag conditions in assessing post-fire disturbances and regrowth [23].



In recent publications, Disturbance Index (DI) [24] was proven as a relatively effective approach for detecting forest disturbance and monitoring its change [25,26,27]. The application of DI is considered a more accurate technique, compared to the standard monitoring methods, using VIs to assess the recovery of undergrowth [28]. The high accuracy of the index is based on linear orthogonal transformation of multispectral satellite images—Tasseled Cap Transformation (TCT) [29,30], which increases the degree of identification of the three main components changing during fire—soil, vegetation, and moisture [31]. Healey et al. [24] calculated DI, which is a linear combination of the three TC indices—Brightness (TCB), Greenness (TCG), and Wetness (TCW). The concept of DI assumes that burnt forests are usually characterized by higher values of TCB and lower values of TCG and TCW compared to unaffected forest areas. The areas affected by the fire have high positive TCB values and low negative TCG and TCW values, therefore, displaying high DI values, and vice versa, unaffected forest areas show low DI values [24]. The DI highlights the unvegetated spectral signatures associated with stand-replacing disturbance and separates them from all other forest signatures. When viewed sequentially, the time series of DI images provide a direct way to highlight pixels that changed from the average to a disturbed forest condition [24]. Different transformation matrices exist adjusted to the type of satellite sensor and its data [32,33,34]. Compared to Landsat, Sentinel-2 has a better spatial, spectral, and temporal resolution. It can be assumed that the DI using Sentinel-2 data would be with higher accuracy in forest recovery assessments.



The objectives of this study were to compare the reliability of dNDVI, dNBR, and dDI to assess forest disturbances and regrowth dynamics after a fire in three different forest environments. This goal was achieved by applying linear regression analyses for thematic accuracy assessment and introducing a method involving delineation of dynamic boundaries for spatial accuracy assessment. Very High Resolution (VHR) aerial or satellite images and multispectral satellite images were used as reference data in the accuracy assessment procedure (AAP).




2. Test Sites and Preliminary Assessment of the Character of the Fire Events


The assessment of indices performance for forest disturbance and post-fire regrowth monitoring was performed on tree test sites within different forest environments. They were selected based on fire characteristics, the degree of forest ecosystems disturbances, and the landscape characteristics of the natural environment. The selected test sites are Boreal Mountain Forest (BMF), Mediterranean Mountain Forest (MMF), and Mediterranean Hill Forest (MHF) and are located next to Bistritsa, Ardino, and Perperek, Bulgaria (Figure 1).



2.1. Boreal Mountain Forest (BMF)


The Boreal Mountain Forest test site (1430–1760 m above sea level (a.s.l.)) (Figure 1b) is situated on the northeastern slope of Vitosha Mountain, close to the capital city—Sofia, in one of the first nature reserves in Bulgaria—Bistrishko Branishte. Over 50% of its area is predominantly covered by 100 to 120 years old spruce trees. In 2001 a strong storm (tornado) fell 75.4 ha of the spruce trees. As a consequence, a bark beetle outbreak encompassed separated small areas in 2004, causing 600 ha of dead trees. On 1 July 2012, a fire broke out in the reserve. It affected 70 ha of predominantly dry and dead forest vegetation [36]. The slopes in this test site are steep (mean value of slope inclination 21°, maximum 33°), which condition the development of highly erodible shallow soils (Leptosols) with shallow depth to bedrock. The climate is mountainous, and the slopes predominantly have northwest and north exposures, defining cold and wet conditions for vegetation development. According to the Köppen climate classification, the climate belongs to the Continental (Boreal) type [37].




2.2. Mediterranean Mountain Forest (MMF)


The Mediterranean Mountain Forest test site (660–990 m a.s.l.) is situated in the southeastern part of the Rhodope Mountains, near Ardino town, where a significant fire occurred on 29 July 2016 (Figure 1c). The affected area is 100 ha with main tree species—Scots pine (Pinus sylvestris L.) and Black pine (Pinus nigra Arn.). The native vegetation in the region refers to the Thracian province of the European deciduous forest area. However, due to extensive erosion processes in the 1950s and the expansion of bare lands, large-scale afforestation with coniferous species has been performed [38]. The mean value of slope inclination is 16°, and the maximum is 27°. Soils are shallow Luvisols. The climate is Continental-Mediterranean, modified by the mountainous conditions. The winters are mild, and summers are dry and hot. The slopes have predominantly east, southeast, and south exposures and define warm and dry conditions for vegetation development. According to the Köppen climate classification, the climate belongs to the hot-summer Mediterranean climate type [26].




2.3. Mediterranean Hill Forest (MHF)


The Mediterranean Hill Forest test site (360–440 m a.s.l.) is situated in the northeastern part of the Rhodope Mountains, near Perperek village (Figure 1d). A fire occurred on 21 November 2015 and affected an area of 30 ha with mixed and coniferous forests. The mixed forests consist of Turkey oak (Quercus cerris L.), hornbeam (Quercus frainetto T e n), and Oriental hornbeam (Carpinus orientalis M i l l.) with Mediterranean elements. Similarly to the MMF, due to expanded erosion, afforestation with Black pine (Pinus nigra Arn.) has been performed [38]. The climate is Continental-Mediterranean. The soils are Chromic Cambisols. The Mediterranean Hill Forest has a lower altitude and gentler slopes (mean value of slope inclination of 10° and maximum 17°) than the other test sites. The slopes are with northeast exposures. The climate conditions for vegetation development are similar to those of the MMF site (hot-summer Mediterranean climate type) [37]. However, the character of the relief and gentler slopes define lower vulnerability to soil erosion and more favorable conditions for vegetation regrowth.




2.4. Preliminary Assessment of the Character of the Fire Events


The ecosystems most affected by the fire forest were those of the Boreal Mountain Forest. The pre-fire forest state here was the worst, with completely dry forest stands, which served as a perfect fuel for the wildfire, additionally favored by the climatic conditions in the summer. The steep slopes influenced the rapid spread of the fire and hindered its suppression. As a result, the forest was destroyed.



In the Mediterranean Mountain Forest, the fire occurred in the mid-summer under hot and dry climatic conditions. Due to frequent and prolonged droughts, the forest ecosystems in this part of Bulgaria have been under stress in the recent summers [39,40]. The topography influenced the wildfire as well, but the forest was not entirely damaged, as it was in the Boreal Mountain Forest.



The fire in the Mediterranean Hill Forest occurred during winter. The cold and humid conditions, the higher moisture content in the forest ecosystems, and the comparatively gentler slopes determined the lower intensity of the fire and affected forest ecosystems less.



The Mediterranean forests differ from the boreal ones in their management policy. After the fires, the damaged forest stands were removed by sanitary loggings in 2017 (MHF) and 2018 (MMF).





3. Methodology and Data Used


The general methodological approach considers assessment of indices performance, aiming at their comparison of pre- and post-fire events at the test sites. The essence of the comparison of indices performance consists of their accuracy evaluation in assessing forest damage and subsequent forest regrowth in different forest environments.



In terms of post-fire monitoring (i.e., regrowth and disturbance), a variety of acquisitions available was utilized, which constitutes Sentinel-2 and Landsat family satellite optical data, as well as VHR aerial and satellite optical data.



3.1. Data and Data Processing


3.1.1. Classified Data


The differenced spectral indices (dDI, dNBR, and dNDVI) were considered as classified raster thematic maps. The images used were acquired between 2012 and 2022 (Table A1). The data processing of multispectral satellite images included basic operations, such as georeferencing, resampling, subsetting, etc. Resampling was required because of the difference in the spatial resolution of the used Landsat 7 ETM +, Landsat 8 OLI, and Sentinel-2 data. The spatial and spectral characteristics of the individual sensors are presented in Table A4 [41]. The classified output rasters are with a spatial resolution of 20 m. Erdas Imagine 2014, Version 14, Madison, AL, USA, and Quantum GIS, Version 3.16, Beaverton, OR, USA software were used for the purpose of data processing operations. Statistical analyses were performed on SigmaPlot, Version 14.5, San Jose, CA, USA software. Landsat and Sentinel satellite data are freely available through the online platform of the U.S. Geological Survey—Earth Explorer [42], and Sentinel data only—through the Copernicus Open Access Hub [43].




3.1.2. Reference Data


VHR Aerial and Satellite Data


The VHR satellite data used are from World View (WV) (2/3) and GeoEye (GE) (1) sensors of MAXAR technologies (Table A2). The processing of the optical data was performed via the extensive cloud-based Earth Observation platform—Sentinel-Hub (c)—SH, provided by “Synergise” (Slovenia). Imageries with zero cloud cover were selected over the test sites, dated before and after the fire events. As a result, four processed image output data products were generated: NDVI RGB pseudo color integer and NDVI rasters, both with 2.0 m spatial resolution, PAN-sharpened, multi-band imagery with 0.6 m spatial resolution, and three-band imagery consisting of the infra-red channels only with 2.0 m spatial resolution.



In addition to the VHR satellite data, aerial images acquired in 2013, 2016, and 2017 (Table A2) were used in the AAP. Their spatial resolution is ≤0.4 m. The aerial images were validated with ground reference and control points—ground reference points—at least 1 point every 30 km2, control points—at least 1 point every 100 km2. Root Mean Square of the ground reference points <0.5 m. The aerial images were orthorectified using standard algorithms and procedures for the orthogonalization of aero-photos. The aerial images were also radiometrically corrected. Both individual alignment of one photo and block alignment of all photos were performed (Table A2).




Multispectral Landsat and Sentinel data


Landsat and Sentinel-2 images acquired between 2013 and 2022 were also used as reference data in the AAP (Table A3) for the purpose of generation /extraction of SRC profiles.






3.2. Spectral Indices Used for Post-Fire Monitoring


Table 1 presents the vegetation indices formulas.



DI calculation was based on TCT applied on stacked multi-band images. The outputs from this procedure were TCT multi-band images containing three layers—TCB, TCG, and TCW. Decomposition was applied on each of them. The next step was the calculation of the normalized values of the TC components—the mean and standard deviations (SD) calculation and the normalized values of the TC components. These spectral normalization steps were taken to normalize the radiometric change. The normalization was conducted as follows:


nTCW = (TCW − E{TCW})/(St.Dev(TCW))



(1)






nTCB = (TCB − E{TCB})/(St.Dev(TCB))



(2)






nTCG = (TCG − E{TCG})/(St.Dev(TCG))



(3)




where E{TCB}, E{TCG}, and E{TCW} represent the mean TC Brightness, Greenness, and Wetness of the mature forest class, respectively. SD (TCB), SD (TCG), and SD (TCW) are the corresponding standard deviations within the mature forest class, and hence nTCB, nTCG, and nTCW indicate the Brightness, Greenness, and Wetness normalized by the statistics of a “mature forest” class, respectively. The “mature forest” class was identified using Corine High-Resolution Layers [45]. After the normalization, the three component indices were combined linearly to acquire DI [24] as follows:


DI = nTCB − (nTCG + nTCW)



(4)








3.3. Accuracy Assessment Procedure (AAP)


In this study, the accuracy assessment procedure (AAP) includes an evaluation of the indices’ thematic accuracy and their spatial accuracy.



3.3.1. Thematic Accuracy Assessment


For the purposes of thematic accuracy, we used regression analyses between the forest regrowth output maps, calculating dDI and traditionally used dNDVI and dNBR. The rationale behind this approach is that dNBR and dNDVI have already been proven in monitoring fire disturbance and regrowth [5,17], and dDI is unknown and unexplored for these purposes. In the regression analysis, we calculated the standard error of estimate (SEE) and the coefficient of determination (Rsqr).




3.3.2. Spatial Accuracy Assessment


The spatial AAP consists of several steps presented in Figure 2.



The post-fire disturbance classes include: (i) Unaffected (UA), slightly affected (SA), moderately affected (MA), and highly affected (HA) by the fire event areas, and the post-fire regrowth classes are (ii) areas with low regrowth intensity (LRI), moderate regrowth intensity (MRI), and high regrowth intensity (HRI). The post-fire classes indicate the forest regrowth dynamics a few years after the fire event. However, due to the severe damage to the forest vegetation after the fire event, the differentiation of the post-fire classes was very difficult for the Boreal Mountain Forest test site. For that reason, that area was divided into two categories: Vegetated areas (VA) and non-vegetated areas (NVA) (See Section 4 and Section 5). The differentiation of the individual classes is based on the SRCs of each of them. The SRCs are determined by the combined use of VHR aerial and/or satellite data and independent multispectral satellite data. The spatial resolution of the VHR data ranges between 0.5 and 2 m and, in this study, substitutes the field survey of the affected areas. Using VHR images instead of field data has been imposed as a standard practice in Earth Observation [46,47,48,49]. In this study, VHR data were used for the individual disturbance and regrowth categories identification in different point locations, and multispectral satellite data—for generation of SRCs of these categories and delineation of dynamic boundaries based on supervised classifications. Supervised classifications were performed on the independent multispectral satellite images and on the output indices rasters. The independent satellite images could be Landsat 7, 8, 9, or Sentinel-2 images, depending on the satellite source used in the indices’ generation. Indices utilizing Sentinel-2 image for their calculation used Landsat image in the AAP as independent multispectral satellite data, and vice versa. If the output index raster is Landsat-based, the independent data are Sentinel-2-based.



Two sample types, representative of each of the individual categories, were used in the spatial AAP: Sample points and sample polygons. Table 2 and Table 3 summarize the number of sample points and the area of sample polygons. In sampling, we aimed to have a sufficient number of point samples and large enough areas of polygon samples. However, due to intra-categorical heterogeneity for some categories, the number and area of samples differ. More samples were used for the categories with a possibility of error in interpretation.



Figure 3, Figure 4 and Figure 5 show the VHR data used for categorization of affected by wildfires test sites (a and b; g and h), the sample point locations for generation of spectral profiles of the individual categories, and training samples for supervised classifications applied on multispectral reference data (c; i), and the output indices rasters obtained after spatial AAP (d,f,g; j,k,l).



Due to the disaster events that had previously occurred (tornado and bark beetle outbreak) and destroyed almost entirely the coniferous forest vegetation, the differentiation of the individual disturbance categories after the fire was difficult in the Boreal Mountain Forest test site. The only possible differentiation in disturbance categories was the division of the territory into vegetated and non-vegetated areas. Figure 3a shows the state of the Boreal Mountain Forest test site at the end of November 2011, represented on WV2 pan-sharpened satellite image in band combination Green-Blue-Red (in the polygon boundaries). Figure 3b shows the post-fire state in 2013, presented in an aerial image. As a reference, a multispectral satellite image for spectral profiles generation of the sample point locations was used Ls7ETM+ image, acquired on 19/08/2013 (Figure 3c). The output indices rasters were calculated for the period between 29/06/2012 and 19/08/2013. They are shown in Figure 3 as follows: dDI (d), dNBR (e), and dNDVI (f).



The differentiation of post-fire forest regrowth was done using the aerial image from 2013 as a basis (Figure 3g) and NDVI raster, calculated on the WV2 image acquired on 18/09/2018 (Figure 3h). The spectral profiles of point locations were generated using Ls8 OLI image, acquired on 04/09/2016 (Figure 3i). The categorized indices rasters are shown in Figure 3j–l. They represent the vegetation regrowth to 13/07/2016.



The post-fire disturbance categories for the Mediterranean Hill Forest test site were differentiated using a GE1 pan-sharpened image with band combination Blue-NIR-Red, acquired on 19/05/2013 (in the polygon boundaries) and an aerial image from 2017 (Figure 4a,b). The applied band combination was preferred as it distinguishes the individual types of forest vegetation precisely (Figure 4a). The deciduous species are presented in bright green, and the coniferous species—in dark green. The spectral profiles were generated on Sentinal-2A image acquired on 15/07/2017 (Figure 4c). The locations of sample points are presented on Figure 4 b and c. The output categorized indices rasters were calculated using Landsat 8 OLI images, acquired on 16/05/2013 and 20/05/2017 (Figure 4d–f).



The forest regrowth categories were differentiated using the aerial image from 2017 (Figure 4g) and a WV2 pan-sharpened image acquired on 04/08/2021 (Figure 4h). The spectral profiles were generated on Landsat 8 OLI image, acquired on 18/07/2021 (Figure 4i). The locations of sample points are presented on Figure 4 h and i. The output indices rasters were calculated using Sentinel 2A images acquired on 15/07/2017 and 03/08/2021 (Figure 4j–l).



The post-fire forest disturbance categories for the Mediterranean Hill Forest test site were differentiated using aerial images acquired in 2013 and 2017 (Figure 5a,b). The spectral profiles for the point locations were generated on Sentinel 2A image, acquired on 10/07/2016 (Figure 5c). The output indices rasters were calculated using Landsat 8 OLI images acquired on 12/07/2013 and 21/08/2016 (Figure 5d–f).



The forest regrowth categories were differentiated using the aerial image from 2017 (Figure 5g) and a WV3 pan-sharpened image acquired on 17/06/2022 (Figure 5h). The spectral profiles were generated on Landsat 9 OLI-2 image acquired on 04/07/2022 (Figure 5i). The output indices rasters were calculated on Sentinel 2A images acquired on 24/08/2017 and 14/06/2022 (Figure 5j–l).





3.4. Error Matrix and Accuracy Metrics


The accuracy metrics were calculated using confusion (error) matrices for each test site and for each period of observation. The confusion matrices compare the classified output indices rasters and categorized reference data in two ways: For the entire territory of the test sites and for the territory of sample polygones only. The Error matrix consists of an N × N array where N is the number of classes (categories) in the data. The columns represent the reference data or the ground truth, and the rows represent the mapped categories generated based on remotely sensed data [50].



Overall accuracy (OA) shows the proportion of correctly mapped reference data. Overall accuracy is traditionally expressed as a percentage with 100% accuracy being a perfect classification where all reference sites were classified correctly [50].



Errors of omission (EO) refer to reference sites (the real class or category), and Errors of commission (EC) refer to the classified results. EO and EC are calculated by reviewing the reference and classified sites for incorrect classifications. Separate EO and EC are calculated for each class/category. The sum of incorrect EO classifications accounted in the columns of the error matrix is divided by the total number of reference sites, and the sum of incorrect EC accounted in the rows of the error matrix is divided by the total number of classified sites [50].



Producer’s Accuracy (PA) represents the map accuracy from the perspective of the map producer, and User’s Accuracy (UA)—from the perspective of the map user. PA shows how often the real features on the ground (the reference data) are correctly illustrated on the classified map, and UA represents how often the class on the map is actually presented on the ground. PA is calculated as the number of reference sites classified accurately divided by the total number of reference sites for that class. The UA is calculated by dividing the total number of correct classifications for a particular class by the total of mapped classes [50].





4. Results


4.1. Thematic Accuracy Assessment


Thematic accuracy assessment was performed by application of statistical regression analysis between the output maps of forest regrowth using dDI and traditionally used differenced dNDVI and dNBR indices (Table 4). The linear regression analysis encompasses both—pre-fire and post-fire periods for the three test sites. Results showed a stronger dependency between dDI and dNBR, compared with the dependency between dDI and dNDVI, especially for the post-fire monitoring period. There are also differences between the observed dependencies between individual test areas. That indicates the influence of local environmental conditions on the indices’ performance and, respectively, on their thematic relatedness. The highest observed dependency is between dDI and dNBR for the Mediterranean Mountain Forest test site and the weakest for the Boreal Mountain Forest. The dependency between dDI and dNDVI was highest for the Mediterranean Hill Forest in the pre-fire period (Table 4).



The test sites, having greater intra-territorial differences (MMF and MHF), were distinguished by higher standard error of estimate (SEE) values. Moreover, the SEE increased with the increase of intra-territorial differences. Assessing post-fire disturbance (soon after the fires), the values of SEE were lower than in the post-fire regrowth (a few years after the fires). A few years after the fires, the intra-territorial differences increased due to differences in vegetation development patterns within the territory. The lowest observed SEE was the Boreal Mountain Forest test site, where the intra-territorial differences were the weakest due to the landscapes’ characteristics and slower vegetation regrowth. The SEE in the Boreal Mountain Forest test site slightly increased a few years after the fire due to post-fire regrowth.



Figure 6 and Figure 7 graphically present the linear regression analyses between dDI and dNBR and between dDI and dNDVI for post-fire disturbance and post-fire regrowth processes. The graphs clearly show the stronger linear dependence between the indices soon after the fires (in the post-fire disturbance assessments) (Figure 6). In the post-fire regrowth period, the linear dependence decreased (Figure 7). In general, the dependencies between the individual indices followed the expected pattern: dDI values increased when dNBR values increased, while in terms of dNDVI, the tendency is the opposite—higher dNDVI values corresponded to lower dDI values.




4.2. Accuracy Metrics


dNDVI was distinguished as the index with the highest accuracy and lowest percentage of errors for post-fire disturbance in the Boreal Mountain Forest test site, whereas dDI was the index with the worst performance. The results for post-fire regrowth accuracy were similar. However, the overall accuracy in this case was comparatively low (50–55%). dNDVI showed better performance in the two extreme categories, especially in those showing high regrowth intensity. dNBR, on the contrary, has better performance in the category showing low regrowth intensity. The optimal performance for the moderate regrowth intensity was dDI (Table 5).



The spectral reflectance curves for the regrowth categories showed strong convergence between the categories with high regrowth intensity and moderate regrowth intensity. It could be noticed that dDI was distinguished with better accuracy metrics in the category with moderate regrowth intensity comparing these two categories. dNBR and dNDVI showed worse performance in the category with high regrowth intensity, but in general, the differences between these two indices were lower than dDI (Figure 8b).



dDI showed optimal performance in post-fire disturbance assessment in the Mediterranean Mountain Forest and in the Mediterranean Hill Forest test sites. dDI has higher overall, producer’s, and user’s accuracy and the lowest percentage of errors. The advantages of dDI were indisputable, especially in the Mediterranean Hill Forest test site.



The OA was higher in the Mediterranean Mountain Forest test site. It ranged between 58% and 76% for the individual indices. The OA of dDI was between 61% and 76%, depending on the approach used in the AAP (entire area or key areas of the test site involved in the AAP). dNBR and dNDVI had an equal performance in post-fire disturbance assessment in the Mediterranean Mountain Forest and Mediterranean Hill Forest test sites (Table 6).



Analysis of the spectral curves showed better differentiations of the unaffected (UA) by the fire territories in the Mediterranean Mountain Forest test site and strong convergence of the other three forest disturbance categories (Figure 9). The differentiation of the individual forest disturbance categories was clearer in the Mediterranean Hill Forest test site. The most distinguishable were the moderately affected and highly affected territories. Stronger convergence was observed in the less affected areas (unaffected (UA) and slightly affected (SA)) (Figure 9b). There was very little difference in the accuracy metrics’ values between the individual indices for the unaffected areas in the Mediterranean Mountain Forest. However, dDI had slightly better performance. In the remaining three categories, which are more difficult to distinguish, dDI had better performance by several percentages, reaching up to 10% difference for the EO for the MA category (Table 6).



The dDI showed a significant advantage over dNBR and dNDVI in the hard-to-differentiate disturbance categories (unaffected (UA) and slightly (SA)) in the Mediterranean Hill Forest test site. That was especially noticeable for the category UA. The difference in accuracy between dDI and the other two indices ranged between 5% and 50%. dDI had 50% better performance for the Error of Omission and the Producer’s Accuracy of the category UA. dNDVI percentage difference for the same accuracy metrics was 18%. The difference in the Error of Omission and User’s accuracy for the category UA between dDI and the other two indices was 28% (Table 6).



The OA for the post-fire regrowth assessments ranged between 44% and 69% for the individual indices in the Mediterranean Mountain Forest and Mediterranean Hill Forest test sites. These values also depend on the approach applied for accuracy calculation. The highest OA (69%) had dNDVI in the Mediterranean Hill Forest. dNDVI was also distinguished with optimal performance in the Mediterranean Hill Forest (Table 7). The analysis of the forest regrowth categories spectral curves showed there was almost complete convergence between the three categories in the Mediterranean Hill Forest, while in the Mediterranean Mountain Forest, there was albeit a weak differentiation (Figure 10). dNDVI had between 11% and 38% better accuracy metrics when assessing the accuracy for the low regrowth intensity and (LRI) and moderate regrowth intensity (MRI) categories. Clearly distinguishable was the difference with dDI. The difference between those indices was 38% for the LRI and 27% for the MRI categories.





5. Discussion


5.1. Baseline Principles for Assessment of Indices Performance


The thematic validation of classified dynamic processes was performed by comparing the classified map with independent reference products illustrating similar processes and/or related to them indicators and application of statistical regression analysis as a proven good practice for thematic validation of map models and products based on remotely sensed data [51]. The evaluation of spatial accuracy, however, is a far more challenging task. The quantitative assessment of spatial accuracy imposes a spatial constraint on dynamic processes, their categorization, and delineation of boundaries between these categories. For that reason, we suggested a method involving delineation of dynamic boundaries between conditional categories within the affected by fire forest areas. We call the boundaries dynamic because they change over time and depend on the current state of the studied object. Fire creates heterogeneity in the landscape, which impacts the dynamic of the forest regrowth process [13]. Moreover, the regional biophysical characteristics, such as topography, climate, hydrography, soil, and vegetation, also affect the regrowth process, creating specific intra-system dynamics. Consequently, the classification of such a process should not be categorical (i.e., low recovery, moderate recovery, or high recovery) but have to account quantitatively for the process dynamics. However, for the purposes of the AAP only, we suggested the division of the affected test sites into conditional categories with dynamic boundaries, delineated for each individual site and each individual monitoring period—soon after fire for assessment of post-fire disturbance and mid-term after fire for assessment of post-fire regrowth. In potential future monitoring, the boundaries will change their location again, depending on the impact of the natural environment. The spread of the conditional categories will also differ.



The differentiation of the individual categories was based on the SRCs of each of them and application of supervised classification. This procedure involved the entire test area and was initiated to avoid subjectivity in the determination of threshold indices values for the individual land cover change categories. Determination of threshold indices values is a standard practice in remote sensing monitoring but setting identical threshold indices values in monitoring dynamic processes, such as forest regrowth would be illogical and irrelevant. The involvement of supervised classifications in the process of delineation of dynamic boundaries for the individual categories is a fundamental principle in the proposed methodology. The application of supervised classifications on each of the newly involved satellite imagery enables the dynamic normalization of natural processes—forest disturbance or forest regrowth.



The traditional approaches for accuracy assessment of thematic maps require a selection of sample units of a thematic map, which have to be further compared thematically and spatially to reference or ground truth data (e.g., field observations, aerial images, other independent data sources) [50,52]. The sample units could be pixels, a block of pixels, or a map polygon. Furthermore, the sample units and, generally, the sampling process should be designed in a manner guaranteeing the reliability of the accuracy assessment [50]. The validation of thematic maps using sample units is a general requirement when mapping large territories. However, the selected test sites for validation and accuracy assessment in this study are between 10 and 100 ha. The large wildfires taking place in Bulgaria rarely exceed this area. Taking this into consideration, we assumed that a more appropriate approach was to involve the entire test area in the process (i.e., 100% of the classified map to be compared to 100% of the reference raster), taking into account the differences induced by the relief and topography. The proposed approach involves stratified random sampling dividing the studied area into smaller groups, or strata, based on shared characteristics. In this paper, the stratification objects were the conditional categories, but rather the sample selection to be performed after the classified map generation [50], the categories were defined in advance based on the spectral reflectance of sample point locations and polygons selected on VHR aerial/satellite data. In this procedure, the same sample point locations for both classified and reference rasters were used. The categorization of indices was based on the indices’ values in these point locations. The categorization of multispectral reference data, on the other hand, was based on the SRC in the point locations, verified using VHR data.



However, we assume that the approach for automatic generation of the individual categories in the reference data increases the probability of error in the categorization itself. For that reason, in addition to the suggested approach using supervised classifications of the entire area, we proposed a second approach that uses stratified sample polygons instead. The area of sample polygons is large enough to be considered a representative sample of the individual categories. In both approaches, the final steps consisted of intersecting the categorized indices rasters (classified data) and categorized reference satellite or polygon data. The AAP was finalized with an estimation of class-specific and overall accuracy measures and their associated uncertainties based on independent reference data.




5.2. Performance of dNDVI, dNBR, and dDI for Post-Fire Monitoring


Various post-fire monitoring studies have reported differences in spectral vegetation indices performance that depend on the vegetation state in the observed ecosystems. The differences in post-fire vegetation state are determined primarily by the temporal pattern of the observation (immediate post-fire observation, one and/or several years of post-fire observations), vegetation type pattern, seasonal differences, and environmental conditions [21,53,54]. These results confirm the conclusions obtained in the present study. The three test sites are distinguished by both environmental conditions and management practices. Due to the landscape characteristics of the area: The wetter and colder habitat, steep slopes, and shallow soils, where erosion processes are more pronounced, the Boreal Mountain Forest test site had the slowest post-fire vegetation regrowth among the three test sites resulting in fragmented and less-developed vegetation.



The Mediterranean Hill Forest test site was distinguished with optimal conditions after the fire and with the lowest damage. The sanitary logging in this test site was not significant. Burnt trees in a small territory have been removed (Figure 5b). This fact, as well as the characteristics of the terrain, does not favor the development of intensive erosion processes, and the vegetation has better conditions to recover. Amongst the three test sites, the Mediterranean Hill Forest had the optimal environmental condition for vegetation regrowth.



The Mediterranean Mountain Forest test site was significantly affected by the fire, which was also the reason for sanitary logging of a large part of the forest vegetation (Figure 4b). This fact, as well as the landscape characteristics (steep terrain and soil erosion, slopes exposure, heat-moisture ratio), determines less favorable conditions for vegetation regrowth than those in Pereper-ek, yet better than in the Boreal Mountain Forest test site.



The results demonstrating the influence of the post-fire environment actual state of the forest’s regrowth confirm the results of Chen et al., 2022 [27]. Using DI as a factor re-moving phenological interference within the area of observation, they assessed the impact of local forest ecology on the post-fire vegetation regrowth and found a clear correlation between the index and various topographic and climatic factors. Amongst the studied factors, elevation, and slope exposure, through their influence on the heat-moisture ratio, stand out as factors with the highest impact on forest vegetation regrowth. In mountainous areas, colder habitats distinguish with lower recovery rates than warmer ones [27], creating conditions for weaker intra-territorial differences.



As a complementary, the comparison of SEE from linear regression between dDI and dNBR illustrates the intra-territorial differences between test sites, as well as the related sensitivity of the indices in terms of regrowth and disturbance (Figure 11). Thus, it is absolutely clear that the accuracy of the method depends on the homogeneity of the considered natural environment. In areas where dense forest area is present pre-fire but completely burned post-fire, accuracy will increase (as in MMF test site). Despite that, any heterogeneous pixels (e.g., water, houses, roads, and bare areas at pre-fire but shrubs at post-fire) will decrease it. That is why at the MMF test site, the SEE is highest for both post-fire disturbance and post-fire regrowth.



The thematic validation, performed by linear regression analyses, showed the most significant dependency between dDI and dNBR, developed for monitoring burned areas. The spatial accuracy assessment also confirmed this trend in dDI performance. In assessing post-fire disturbances, the index showed a distinct advantage over the other two indices. That is especially valid when studying disturbance processes in more difficult-to-differentiate disturbance classes in more forested areas (such as MHF) (Table 6 and Figure 9b) and regrowth processes in less forested areas (such as BMF test site) (Table 5, Figure 8b). dNDVI showed to be more appropriate to assess forest regrowth in more forested areas. This index had a better performance in more difficult-to-be-differentiated regrowth classes, namely in such areas (such as MHF) (Table 7 and Figure 10b).



As shown in the present study, the spectral vegetation indices are suitable for fire-affected territories differentiation. Due to their sensitivity to forest structure and moisture content, spectral indices integrating SWIR bands demonstrate to be more suitable for long-term vegetation regrowth rather than immediate post-fire monitoring [24]. On the contrary, spectral indices involving only visible and near-infrared bands in their calculation are more appropriate for post-fire monitoring immediately after a fire, when the magnitude of change in vegetation’s chlorophyll content is highest [4,23,55]. However, in some post-fire monitoring studies of areas with drier conditions, NBR and dNBR exhibit better performance in the assessment of immediate disturbances [55].



The accuracy of dNBR decreases with increasing time distance from the fire and with the progress of vegetation regrowth [54] when the differentiation of individual vegetation regrowth categories becomes more challenging. As the obtained results in this study showed, the involvement of a larger range of spectral information, applying TCT-based indices instead of limited band ratios increases the accuracy when assessing fire impact on vegetation [29,55,56,57]. Although TCT-based indices show to be suitable for post-fire monitoring soon after a fire, the traditional approach for the accuracy assessment of their performance, relying on a static threshold to separate burned from unburned areas, increases the rate of error when assessing post-fire effects at a longer time distance from the fire [23]. The limitations of accuracy assessment procedures based on static indices threshold were reported in other studies as well [58,59]. According to Chu and Guo (2014) [59], the differences provoked by environmental variation and vegetation stratification should be considered when suggesting a reasonable operating model for post-fire monitoring. Therefore, post-fire monitoring of environments with high landscape variability should adopt a flexible approach, taking into account specific adjustments for each landscape type [58]. Although considering particular threshold indices values for different ecosystems, aiming to avoid misclassification, to be established practice [53,60], the limitations of this approach for more general and automated post-fire monitoring applications are obvious. Establishing reliable automatic methods for various environments normalization so they could be equally evaluated at all different sites is a challenging task [58]. The proposed approach for AAP, involving delineation of dynamic boundaries based on the particular SRC of all studied environments (three test sites and their current state during two periods of observation), demonstrated its potential for assessment of the performance of individual spectral indices for monitoring of dynamic processes, such as post-fire vegetation regrowth. The results clearly showed the advantages of TCT-based dDI over the indices involving separate band ratios (dNBR and dNDVI).



A follow-up comparison shows that, interestingly, the performance of indices at test site MHF is the opposite, where the dNDVI and dNBR outperforms much better for forest regrowth, rather than the forest disturbances (Figure 12). Although the dDI keeps, it is a trend with better performance at forest disturbances. This observation is in agreement with the results obtained during the spatial accuracy assessment. The change at MHF is related with the test site characteristics (e.g., more forested areas), where the environmental conditions are the most favorable for vegetation regrowth amongst the studied forest environments. As mentioned before, that is the reason the OA of dNDVI for forest regrowth to be much higher for MHF, rather than for the other two test areas. The significant difference in the OA between forest regrowth and disturbances at the MMF test site may also be a result of the severe logging activities at the post-fire conditioning greater heterogeneity in this forest environment.



These observations confirm the results obtained in the AAP and the suitability of the proposed methodology to assess the performance of the selected indices with respect to the environmental characteristics of the studied area.





6. Conclusions


Monitoring post-fire processes occurring in various ecosystems is an important and complex task that needs to consider the impact of different environmental factors. It is widely accepted that there is no spectral index that can effectively estimate post-fire disturbances or regrowth processes in every environment, scale, and time lag condition [23]. This statement was confirmed in the present study as well. For this reason, the focus should be directed toward simple but effective techniques for the normalization of environmental differences. In this regard, the proposed approach for dynamic categorization of post-fire processes could be a helpful tool. Based on it, the capabilities of dNDVI, dNBR, and dDI for-post-fire monitoring in different forest environments were tested, and several outcomes stand out:




	
dDI showed to be more appropriate to distinguish intermediate classes in less forested areas, with slow processes of forest vegetation regrowth (such as BMF test site).



	
dDI had an optimal performance in monitoring post-fire disturbances. dDI showed to be suitable for studying disturbances in more difficult-to-be-differentiated classes in more forested areas (such as MHF).



	
dNDVI showed to be more appropriate for assessing forest regrowth in more forested areas. This index had better performance in more difficult-to-be-differentiated regrowth classes (such as MHF).








However, the proposed approach is still in the experimental phase. In order to be refined, the method should be upgraded with the inclusion of additional spectral indices, and more fires occurring in various environments to be studied. In addition, the obtained in this study results should be further validated by applying the proposed approach for dynamic categorization of post-fire processes on sites with similar environmental characteristics. A relevant improvement would be a suggestion of a technique on how to reduce the level of uncertainty in the interpretation of spectral indices. Regular field measurements of the actual fire impact on various ecosystems would bring valuable information for more accurate specifications of the SRCs and limitations of uncertainty in the interpretation of spectral indices. For that reason, despite the advantages of the proposed approach, the obtained results should be interpreted cautiously.
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Table A1. Data used for calculation of dDI, dNBR and dNDVI for the purposes of AAP.






Table A1. Data used for calculation of dDI, dNBR and dNDVI for the purposes of AAP.





	

	
BMF

	
MMF

	
MHF






	
Landsat 7 ETM+ & Landsat 8 OLI

	
29/06/2012

	
16/05/2013

	
12/07/2013




	
19/08/2013

	
20/05/2017

	
21/08/2016




	
Sentinel 2A

	
13/07/2016

	
15/07/2017

	
24/08/2017




	

	
03/08/2021

	
14/06/2022











[image: Table] 





Table A2. VHR aerial/satellite (WV02; WV03, and GE01) reference data.






Table A2. VHR aerial/satellite (WV02; WV03, and GE01) reference data.





	

	

	
Aerial Images

	
SATELLITE DATA




	
Test Site

	
Date of Fire

	
2013

	
2016

	
2017

	
2011

	
2013

	
2018

	
2021

	
2022






	
BMF

	
1 July 2012

	
✓

	
✓

	

	
21 Nov.

	
18 Sep.

	




	
MMF

	
29 July 2016

	
✓

	

	

	

	
19 May

	

	
4 Aug.




	
MHF

	
21 Nov. 2015

	
✓

	

	
✓

	

	

	

	

	
17 June
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Table A3. Multispectral satellite images used as reference data in AAP.






Table A3. Multispectral satellite images used as reference data in AAP.





	

	
BMF

	
MMF

	
MHF






	
Landsat ETM+

	
19/08/2013

	

	




	
Landsat 8 OLI

	
04/09/2016

	
18/07/2021

	




	
Landsat 9 OLI-2

	

	
04/07/2022




	
Sentinel 2A

	

	
15/07/2017

	
10/07/2016
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Table A4. Spatial and spectral characteristics of the sensors used for spectral indices calculation. The spectral resolution of Landsat data ranges between the indicated wavelengths [41], whereas the spectral resolution of Sentinel-2 data is centered at the indicated wavelength [61].






Table A4. Spatial and spectral characteristics of the sensors used for spectral indices calculation. The spectral resolution of Landsat data ranges between the indicated wavelengths [41], whereas the spectral resolution of Sentinel-2 data is centered at the indicated wavelength [61].





	

	
Landsat 7 ETM+

	
Landsat 8 OLI

	
Sentinel 2




	
Band

	
Spectral Resolution

	
Spatial

Resolution

	
Spectral

Resolution

	
Spatial

Resolution

	
Spectral Resolution

	
Spatial Resolution






	
B1

	
0.45–0.52

	
30

	

	

	
0.443

	
60




	
B2

	
0.52–0.60

	
30

	
0.45–0.51

	
30

	
0.49

	
10




	
B3

	
0.63–0.69

	
30

	
0.53–0.59

	
30

	
0.56

	
10




	
B4

	
0.77–0.90

	
30

	
0.64–0.67

	
30

	
0.665

	
10




	
B5

	
1.55–1.75

	
30

	
0.85–0.88

	
30

	
0.705

	
20




	
B6

	

	

	
1.57–1.65

	
30

	
0.74

	
20




	
B7

	
2.08–2.35

	
30

	
2.11–2.29

	
30

	
0.783

	
20




	
B8

	

	

	

	

	
0.842

	
10




	
B8a

	

	

	

	

	
0.865

	
20




	
B9

	

	

	

	

	
0.94

	
60




	
B10

	

	

	

	

	
1.375

	
60




	
B11

	

	

	

	

	
1.61

	
20




	
B12

	

	

	

	

	
2.19

	
20
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Figure 1. Overall view of the test site locations on the territory of Bulgaria (a) and the test sites: BMF—8/2012 (b), MMF—10/2016, (c) and MHF—06/2016 (d). Background images source: Google Earth high-resolution image [35]. 
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Figure 2. Schematic representation of spatial AAP. 
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Figure 3. Boreal Mountain Forest test site: Input VHR data used for categorization of affected by wildfires test sites (a,b; g,h), output rasters from unsupervised classifications on multispectral satellite composite images (c,i), and output indices rasters obtained after spatial AAP (d,e,f; j,k,l). 
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Figure 4. Mediterranean Mountain Forest test site: Input VHR data used for categorization of affected by wildfires test sites (a,b; g,h), output rasters from unsupervised classifications on multispectral satellite composite images (c,i), and output indices rasters obtained after spatial AAP (d,e,f; j,k,l). 
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Figure 5. Mediterranean Hill Forest test site: Input VHR data used for categorization of affected by wildfires test sites (a,b; g,h), output rasters from unsupervised classifications on multispectral satellite composite images (c,i), and output indices rasters obtained after spatial AAP (d,e,f; j,k,l). 
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Figure 6. Linear regression graphs, showing the dependence pattern between dDI and dNBR and between dDI and dNDVI for post-fire disturbance. 
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Figure 7. Linear regression graphs showing the dependence pattern between dDI and dNBR and between dDI and dNDVI for post-fire regrowth. 
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Figure 8. Spectral curves for the individual categories differentiated in the BMF test site: (a) Post-fire disturbance (Ls7 ETM+, 19/08/2013) and (b) post-fire regrowth (Ls8 OLI, 04/09/2016). 
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Figure 9. Spectral curves for the individual post-fire disturbance categories differentiated in (a) the MMF (S2A, 15/07/2017) and (b) MHF (S2A, 10/07/2016) test sites. 






Figure 9. Spectral curves for the individual post-fire disturbance categories differentiated in (a) the MMF (S2A, 15/07/2017) and (b) MHF (S2A, 10/07/2016) test sites.



[image: Fire 06 00290 g009]







[image: Fire 06 00290 g010 550] 





Figure 10. Spectral curves for the individual post-fire regrowth categories differentiated in the (a) MMF (Ls8 OLI, 18/07/2021) and (b) MHF (Ls9 OLI-2, 04/07/2022) test sites. 
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Figure 11. Comparison of the SEE as output from linear regression (i.e., dDI ~ dNBR), illustrating intra-territorial differences between test sites, as well as the method sensitivity to the post-fire regrowth (PFR) and post-fire disturbances (PFD). 






Figure 11. Comparison of the SEE as output from linear regression (i.e., dDI ~ dNBR), illustrating intra-territorial differences between test sites, as well as the method sensitivity to the post-fire regrowth (PFR) and post-fire disturbances (PFD).



[image: Fire 06 00290 g011]







[image: Fire 06 00290 g012 550] 





Figure 12. Comparison of estimated OA for forest disturbance and forest regrowth of the three difference indices. The graph shows higher accuracy of the forest disturbance rather than the forest regrowth, implicitly at test areas—BMF and MMF, despite the contrary result in accuracy at MHF. 
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Table 1. Spectral indices used for classified raster thematic maps.
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	Spectral Index
	Abbreviation
	Formula
	References





	Normalized Difference

Vegetation Index
	NDVI
	       ρ   N I R     −     ρ   R E D       ρ   N I R     +     ρ   R E D       
	[7]



	Differenced Normalized

Difference Vegetation Index
	dNDVI
	NDVI post-fire − NDVI pre-fire
	[12]



	Normalized Burn Ratio
	NBR
	       ρ   N I R     −     ρ   S W I R       ρ   N I R     +     ρ   S W I R       
	[11]



	Differenced Normalized

Burn Ratio
	dNBR
	NBR pre-fire − NBR post-fire
	[13]



	Disturbance Index
	DI
	   n T C B   −     n T C G   +   n T C W     
	[24]



	Differenced Disturbance

Index
	dDI
	DI post-fire − DI pre-fire
	[44]
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Table 2. Number of the sample points and area of the sample polygons used for each individual post-fire disturbance category in the different test sites (VA, vegetated area; NVA, non-vegetated area; UA, unaffected; SA, slightly affected; MA, moderately affected; HA, highly affected).
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Post-Fire Disturbance




	

	
BMF (70 ha)

	
MMF (100 ha)

	
MHF (30 ha)




	

	
VA

	
NVA

	
UA

	
SA

	
MA

	
HA

	
UA

	
SA

	
MA

	
HA






	
Sample points (num)

	
10

	
10

	
10

	
8

	
10

	
14

	
6

	
6

	
7

	
8




	
Sample polygons (ha)

	
6.62

	
3.87

	
5.14

	
3.83

	
3.17

	
3.62

	
3.2

	
2.74

	
3.67

	
2.3
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Table 3. Number of the sample points and area of the sample polygons used for each individual post-fire regrowth category in the different test sites (LRI, low regrowth intensity; MRI, moderate regrowth intensity; HRI, high regrowth intensity).
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Post-Fire Regrowth




	

	
BMF (70 ha)

	
MMF (100 ha)

	
MHF (30 ha)




	

	
LRI

	
MRI

	
HRI

	
LRI

	
MRI

	
HRI

	
LRI

	
MRI

	
HRI






	
Sample points (num)

	
10

	
10

	
10

	
19

	
18

	
18

	
12

	
10

	
13




	
Sample polygons(ha)

	
2.38

	
3.77

	
2.29

	
20.94

	
5.64

	
7.64

	
2.11

	
2.73

	
9.16
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Table 4. SEE, Rsqr, and N values derived for linear regression analyses between dDI and dNBR and between dDI and dNDVI.
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dDI BMF

	
dDI MMF

	
dDI MHF




	

	
SEE

	
Rsqr

	
N

	
SEE

	
Rsqr

	
N

	
SEE

	
Rsqr

	
N






	
Post-fire disturbance




	
dNBR

	
0.19

	
0.77

	
779

	
0.39

	
0.93

	
4740

	
0.34

	
0.84

	
330




	
dNDVI

	
0.274

	
0.53

	
779

	
0.66

	
0.8

	
4740

	
0.345

	
0.84

	
330




	
Post-fire regrowth




	
dNBR

	
0.291

	
0.34

	
7020

	
0.67

	
0.78

	
4740

	
0.52

	
0.66

	
2989




	
dNDVI

	
0.326

	
0.17

	
7020

	
0.89

	
0.6

	
4740

	
0.694

	
0.39

	
2989
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Table 5. Accuracy metrics, calculated for dDI, dNBR, and dNDVI for the BMF test site, for post-fire disturbance and post-fire regrowth raster outputs, on the basis of the entire fire area (using multispectral satellite image as reference data) and on the basis of key areas of the fire (using sample polygons as reference data). OA—Overall accuracy; EO—Error of omission; EC—Error of commission; PA—Producer’s accuracy; User’s accuracy; VA—Vegetated area; NVA—Non-vegetated area; LRI—Low regrowth intensity; MRI—Moderate regrowth intensity; HRI—High regrowth intensity. The values indicating best performance are marked with red color.
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BMF Post-Fire Disturbance




	

	
OA

	
EO VA

	
EO NVA

	
EC VA

	
EC NVA

	
PA VA

	
PA NVA

	
UA VA

	
UA NVA

	

	

	

	






	
Entire Area of the Fire




	
dDI

	
55

	
49

	
42

	
44

	
46

	
51

	
58

	
56

	
54

	

	

	

	




	
dNBR

	
62

	
47

	
28

	
34

	
40

	
53

	
72

	
66

	
60

	

	

	

	




	
dNDVI

	
72

	
40

	
16

	
21

	
33

	
60

	
84

	
79

	
67

	

	

	

	




	
Key Areas of the Fire




	
dDI

	
75

	
29

	
22

	
29

	
22

	
71

	
78

	
71

	
78

	

	

	

	




	
dNBR

	
85

	
18

	
14

	
18

	
14

	
82

	
86

	
82

	
86

	

	

	

	




	
dNDVI

	
91

	
11

	
8

	
11

	
8

	
89

	
92

	
89

	
92

	

	

	

	




	
BMF Post-fire Regrowth




	

	
OA

	
EO LRI

	
EO MRI

	
EO HRI

	
EC LRI

	
EC MRI

	
EC HRI

	
PA LRI

	
PA MRI

	
PA HRI

	
UA LRI

	
UA MRI

	
UA HRI




	
Entire Area of the Fire




	
dDI

	
43

	
59

	
44

	
75

	
76

	
32

	
60

	
41

	
56

	
25

	
24

	
68

	
40




	
dNBR

	
51

	
30

	
59

	
68

	
23

	
43

	
68

	
70

	
41

	
50

	
77

	
57

	
32




	
dNDVI

	
50

	
36

	
59

	
58

	
43

	
49

	
58

	
64

	
41

	
50

	
57

	
51

	
42




	
Key Areas of the Fire




	
dDI

	
54

	
62

	
23

	
67

	
70

	
21

	
56

	
38

	
77

	
33

	
30

	
79

	
44




	
dNBR

	
65

	
13

	
35

	
60

	
13

	
31

	
60

	
87

	
65

	
43

	
87

	
69

	
40




	
dNDVI

	
55

	
13

	
65

	
61

	
23

	
46

	
61

	
87

	
35

	
56

	
77

	
54

	
39
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Table 6. Accuracy metrics, calculated for dDI, dNBR, and dNDVI for the MMF and MHF test sites for post-fire disturbance raster outputs on the basis of the entire fire area (using multispectral satellite image as a reference data) and on the basis of key areas of the fire (using sample polygons as reference data). OA—Overall accuracy; EO—Error of omission; EC—Error of commission; PA—Producer’s accuracy; User’s accuracy; UA—Unaffected; SA—Slightly affected; MA—Moderately affected; HA—Highly affected. The values indicating best performance are marked with red color.
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MMF Post-Fire Disturbance




	

	
OA

	
EO UA

	
EO SA

	
EO MA

	
EO HA

	
EC UA

	
EC SA

	
EC MA

	
EC HA

	
PA UA

	
PA SA

	
PA MA

	
PA HA

	
UA UA

	
UA SA

	
UA MA

	
UA HA






	
Entire Area of the Fire




	
dDI

	
61

	
17

	
51

	
58

	
34

	
33

	
44

	
64

	
23

	
83

	
49

	
42

	
66

	
67

	
56

	
36

	
77




	
dNBR

	
58

	
17

	
57

	
68

	
31

	
35

	
47

	
70

	
27

	
83

	
43

	
32

	
69

	
65

	
53

	
30

	
73




	
dNDVI

	
58

	
17

	
57

	
68

	
31

	
35

	
47

	
70

	
27

	
83

	
43

	
32

	
69

	
65

	
53

	
30

	
73




	
Key Areas of the Fire




	
dDI

	
76

	
12

	
42

	
43

	
8

	
18

	
38

	
28

	
20

	
88

	
58

	
57

	
92

	
82

	
62

	
72

	
80




	
dNBR

	
72

	
12

	
42

	
62

	
5

	
19

	
43

	
30

	
26

	
88

	
58

	
38

	
95

	
81

	
57

	
70

	
74




	
dNDVI

	
72

	
12

	
42

	
62

	
5

	
19

	
43

	
30

	
26

	
88

	
58

	
38

	
95

	
81

	
57

	
70

	
74




	
MHF Post-fire Disturbance




	
Entire Area of the Fire




	
dDI

	
50

	
16

	
62

	
72

	
43

	
42

	
63

	
66

	
52

	
84

	
38

	
28

	
57

	
58

	
37

	
34

	
66




	
dNBR

	
35

	
66

	
69

	
75

	
52

	
69

	
78

	
68

	
69

	
34

	
31

	
25

	
48

	
31

	
22

	
32

	
59




	
dNDVI

	
36

	
34

	
75

	
81

	
58

	
69

	
68

	
72

	
44

	
66

	
25

	
19

	
42

	
31

	
32

	
28

	
56




	
Key Areas of the Fire




	
dDI

	
56

	
10

	
72

	
74

	
14

	
42

	
64

	
44

	
45

	
90

	
28

	
26

	
88

	
58

	
36

	
56

	
69




	
dNBR

	
36

	
69

	
75

	
79

	
16

	
66

	
83

	
58

	
57

	
31

	
25

	
21

	
84

	
34

	
17

	
42

	
64




	
dNDVI

	
47

	
31

	
69

	
82

	
20

	
48

	
71

	
59

	
70

	
67

	
31

	
18

	
80

	
52

	
29

	
41

	
59
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Table 7. Accuracy metrics, calculated for dDI, dNBR, and dNDVI for MMF and MHF test sites for post-fire regrowth raster outputs on the basis of the entire fire area (using multispectral satellite image as a reference data) and on the basis of key areas of the fire (using sample polygons as reference data). OA—Overall accuracy; EO—Error of omission; EC—Error of commission; PA—Producer’s accuracy; User’s accuracy; LRI—Low regrowth intensity; MRI—Moderate regrowth intensity; HRI—High regrowth intensity. The values indicating best performance are marked with red color.
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MMF Post-Fire Regrowth




	

	
OA

	
EO LRI

	
EO MRI

	
EO HRI

	
EC LRI

	
EC MRI

	
EC HRI

	
PA LRI

	
PA MRI

	
PA HRI

	
UA LRI

	
UA MRI

	
UA HRI






	

	
Entire Area of the Fire




	
dDI

	
55

	
53

	
59

	
33

	
48

	
68

	
26

	
47

	
41

	
67

	
52

	
32

	
74




	
dNBR

	
58

	
67

	
50

	
17

	
57

	
44

	
33

	
33

	
50

	
83

	
43

	
56

	
67




	
dNDVI

	
58

	
70

	
43

	
21

	
56

	
44

	
35

	
30

	
57

	
79

	
44

	
56

	
65




	

	
Key Areas of the Fire




	
dDI

	
53

	
21

	
80

	
53

	
47

	
66

	
34

	
79

	
20

	
47

	
53

	
34

	
66




	
dNBR

	
50

	
65

	
35

	
20

	
21

	
74

	
44

	
35

	
65

	
80

	
79

	
26

	
56




	
dNDVI

	
44

	
73

	
40

	
21

	
24

	
76

	
52

	
27

	
60

	
79

	
76

	
24

	
48




	

	
MHF Post-fire Regrowth




	

	
Entire Area of the Fire




	
dDI

	
52

	
39

	
74

	
36

	
59

	
66

	
32

	
61

	
26

	
64

	
41

	
34

	
68




	
dNBR

	
55

	
67

	
65

	
24

	
63

	
61

	
30

	
33

	
35

	
76

	
37

	
39

	
70




	
dNDVI

	
59

	
77

	
48

	
21

	
53

	
57

	
27

	
23

	
52

	
79

	
47

	
43

	
73




	

	
Key Areas of the Fire




	
dDI

	
54

	
33

	
76

	
39

	
61

	
82

	
18

	
67

	
24

	
61

	
39

	
18

	
82




	
dNBR

	
64

	
66

	
55

	
23

	
59

	
70

	
13

	
34

	
45

	
77

	
41

	
30

	
87




	
dNDVI

	
69

	
73

	
38

	
20

	
49

	
64

	
10

	
27

	
62

	
80

	
51

	
36

	
90
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