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Abstract

:

Fire severity is a key fire regime characteristic with high ecological and carbon cycle relevance. Prior studies on boreal forest fires primarily focused on mapping severity in North American boreal forests. However, the dominant tree species and their impacts on fire regimes are different between North American and Siberian boreal forests. Here, we used Sentinel-2 satellite imagery to test the potential for using the most common spectral index for assessing fire severity, the differenced Normalized Burn Ratio (dNBR), over two fire scars and 37 field plots in Northeast Siberian larch-dominated (Larix cajanderi) forests. These field plots were sampled into two different forest types: (1) dense young stands and (2) open mature stands. For this evaluation, the dNBR was compared to field measurements of the Geometrically structured Composite Burn Index (GeoCBI) and burn depth. We found a linear relationship between dNBR and GeoCBI using data from all forest types (R2 = 0.42, p < 0.001). The dNBR performed better to predict GeoCBI in open mature larch plots (R2 = 0.56, p < 0.001). The GeoCBI provides a holistic field assessment of fire severity yet is dominated by the effect of fire on vegetation. No significant relationships were found between GeoCBI components (overall and substrate stratum) and burn depth within our fires (p > 0.05 in all cases). However, the dNBR showed some potential as a predictor for burn depth, especially in the dense larch forests (R2 = 0.63, p < 0.001). In line with previous studies in boreal North America, the dNBR correlated reasonably well with field data of aboveground fire severity and showed some skills as a predictor of burn depth. More research is needed to refine spaceborne fire severity assessments in the larch forests of Northeast Siberia, including assessments of additional fire scars and integration of dNBR with other geospatial proxies of fire severity.
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1. Introduction


Wildfire is a natural disturbance that can drastically alter ecosystem composition, structure, function, and carbon stock [1,2]. Fires in boreal forests occur in remote and often inaccessible areas, burning large areas, and are of particular concern given the biome’s large carbon stocks that are mostly contained in soil organic matter [3,4,5,6]. Therefore, remote sensing measurements are essential for quantifying the impact of fire in boreal forests, including the effect on ecological processes such as tree mortality, post-fire recovery, and carbon emissions [7]. Remotely sensed data provide powerful and cost-effective tools for mapping fire extents from local to global scales and assessing the degree of environmental changes caused by fire [8,9,10].



The environmental impact of wildfires in boreal regions differs from fires in other climate regions due to soil composition and climate conditions [7]. Boreal soils generally consist of a thick organic layer known as duff, which stores large amounts of carbon and acts as an insulating and protective layer for the underlying mineral soils and permafrost [11]. The organic carbon content builds up over time due to slow decomposition rates associated with cold temperatures and moist soil conditions [12]. This duff layer can be partially or completely consumed by fires and represents the majority of carbon emissions from boreal forest fires [13,14,15]. Previous studies showed that burn depths of 30 cm or more in organic soils can occur during severe fires [16,17,18], and as a result, the carbon combustion per unit area for boreal forests is among the largest on Earth [19]. Consumption of the duff layer and the vegetation can also lead to deepening of the active layer in areas with permafrost, which generates further carbon emissions due to higher fuel availability and, in some cases, complete permafrost degradation [20,21,22].



Climate change is intensifying boreal fire regimes by influencing the occurrence of lightning-ignited fires [4,23], fire size and regional burned area, and the timing of burning within the fire season [24]. Late season burning, for example, may lead to deeper burning in the soil organic layer because of drier fuel conditions and increased fuel availability within the seasonally thawed active layer [24]. These factors, together with gradients of soil moisture, influence the combustion of aboveground herbaceous and woody vegetation, belowground organic soils, and dead organic matter on the surface [24,25,26]. Because boreal fire frequency and burned area are increasing with climate change, carbon emissions from fires form an important positive feedback for climate warming [24,27,28]. Therefore, it is important to quantify the variability of boreal fire impacts within and across burns in order to better understand climate-fire feedbacks.



Fire severity usually refers to the immediate impacts of fire on the local environment and integrates post-fire measurements of the magnitude of fuel consumption (e.g., tree mortality, soil alteration, vegetation, and soil organic material consumption) [8,9]. The most commonly used field protocol for assessing fire severity is the Composite Burn Index (CBI) [8]. The CBI is a visual assessment tool to rapidly assess fire severity on a site. This index estimates the magnitude of fire effects for four different vegetation strata and the soil substrate and is therefore more strongly related to aboveground fire severity than belowground fire severity [8]. A modified version of the CBI, called the Geometrically structured CBI (GeoCBI), was proposed to take into account the influence of vegetation cover on reflectance of the different strata within a field site [29]. Field measurements are often combined with the Normalized Burn Ratio (NBR) [7,8,30,31,32], which is the most commonly used spectral index for assessing fire severity. This index combines near infrared (NIR) and short-wave infrared (SWIR) reflectance. As vegetation is consumed by fire, the NIR reflectance decreases, whereas the SWIR reflectance is relatively high due to the low moisture content of the burned areas [33]. Bi-temporal differencing of pre-fire and post-fire NBR images results in the differenced Normalized Burn Ratio (dNBR), which elucidates the fire-induced changes in NIR and SWIR reflectance [8]. The dNBR demonstrated skill as an indicator for aboveground severity due to its sensitivity to the decrease in vegetation greenness and landscape moisture content [7,34]. In addition, the dNBR can, to some extent, predict burn depth and belowground combustion [35]. Because burn depth strongly determines belowground combustion and influences post-fire regeneration, it is a commonly used proxy for fire severity in boreal forests [15,35]. The Siberian boreal forest covers approximately two thirds of the circumpolar boreal biome and is dominated by permafrost landscapes with large carbon stocks [36]. However, due to the inaccessible nature of these forests, very little research about forest fires has been conducted in this area, and the effects of these fires on the ecosystem remain poorly understood [37]. The majority of fire severity assessments have been conducted in boreal North America, mostly using Landsat imagery [7,31,32,34,38,39,40,41]. The most common tree species in boreal North America are black spruce (Picea mariana), white spruce (Picea glauca), jack pine (Pinus banksiana), lodgepole pine (Pinus contorta), aspen (Populus spp.), and birch (Betula spp.) [42]. Of these tree species, the majority of fires occur in black spruce stands [35]. Studies conducted in Alaska [34] and western Canada [39] found that spruce forests had the highest dNBR values on average, whereas deciduous forests had the lowest values. Overall, the results of prior studies that focused on the relationships between field and remotely sensed fire severity in boreal North America vary widely [7]. For example, some studies found strong linear relationships between CBI and dNBR when considering all vegetation types [34,39]. Other studies showed high correlations for specific vegetation types (R2 ranged between 0.58 and 0.83) [34,43], whilst Epting et al. [31] and Hoy et al. [38] reported much lower correlations for others (R2 ranged between 0.01 and 0.67). Non-linear models led to higher dNBR–CBI correlations [39,43,44,45]. Compared to boreal North America, fire regimes in Siberian boreal forests are substantially different due to the dominance of different tree species [46]. Siberian boreal forests are dominated by larch (Larix spp.) and Scots pine (Pinus sylvestris) species that cover approximately 50% and 20% of the forested areas in Siberia [47]. Satellite inferences showed that surface fires are more prevalent in larch forests in Siberia than in North American forest ecosystems [46]. These surface fires consume parts of the soil organic layer and the understory vegetation, yet the majority of trees survive due to their thick bark [48,49]. In the beginning of summer, surface fires can spread rapidly along the forest floor through the upper litter layer and the dead grass, resulting in low severity fires as the moisture content of most surface and ground fuels limits deep burning into the organic soils. Later in the season, or in dense stands with ladder fuels, surface fires can transition into high severity crown fires [47].



This study is the first, to our knowledge, to assess fire severity in Siberian larch ecosystems using a combination of field and satellite data. To do so, we derived dNBR from Sentinel-2 Multi-Spectral Instrument (MSI) imagery. The main objective of this paper is to evaluate the potential of dNBR derived from Sentinel-2 imagery as a proxy for fire severity in larch forest ecosystems in Northeast Siberia by evaluating its relationship with field data of fire severity.




2. Materials and Methods


2.1. Study Area


Our study sites in the Republic of Sakha (Russia) were located within two major fire events from 2017 and 2018 that burned approximately 800 and 910 km2, respectively, near Batamay (63°31′N; 129°23′E) and Yert (62°01′N; 125°47′E) towns (Figure 1a). Most fires in Siberian boreal forests are considered to be surface fires, yet Rogers et al. [46] showed that Northeast Siberia experienced large areas of high severity stand-replacing fires in the last decades. We found evidence of surface and stand-replacing fire regimes in both fire scars. Lightning has been reported as the main cause of fires in high-latitude regions of Siberia [47]. Lightning ignitions occur especially during dry thunderstorms that are common during the summer months in Siberia. Dry conditions, strong winds, and evaporation of precipitation associated with these events create the conditions for rapid fire spread once ignited. In addition to lightning ignitions, human-caused ignitions occur near roads and settlements. Temperatures in Yakutsk vary between 18.7 °C (mean July temperature) and −42.6 °C (mean January temperature), and the mean annual precipitation rate is 234 mm [50]. Both sites lie in the zone of continuous permafrost, whose thickness varies widely within the Republic of Sakha, ranging from 70 to 1000 m [51]. Forests in both fire scars were characteristic of central Yakutia and largely dominated by a single larch species (i.e., Larix cajanderi) and with presence of Scots pine (Pinus sylvestris), silver birch (Betula pendula), alder species (Alnus spp.), and willow species (Salix spp.). Surface vegetation included cowberry (Vaccinium vitis-idaea), bog blueberry (Vaccinium uliginosum), crowberry (Empetrum nigrum), rhododendron (Rhododendron dauricum), dog-rose (Rosa acicularis), spirea shrub (Spiraea spp.), juniper (Juniperus spp.), fireweed (Epilobium angustifolium), moss (e.g., Ceratodon purpureus, Aulacomnium palustre), and lichen. Composition, structure, and moisture content of these surface fuels influence fire characteristics and effects. For example, cowberry (Vaccinium vitis-idaea), one of the dominant shrub species within these forests, may act as a fire supporter, enhancing fire spread through fuels such as mosses, lichen, and litter [52].




2.2. Field Data


Between 30 July and 22 August 2019, we sampled a total of 53 plots within both study sites, including 41 burned plots and 12 unburned plots (Figure 1b,c). We selected burned plots within a wide range of fire severity, vegetation composition, and landscape position based on geospatial data layers and visual assessment.



Each field plot was represented by a 30 m by 30 m quadrant which was selected within a relatively homogeneous and larger patch of vegetation and fire severity. Centroid coordinates and elevation were recorded using a high-precision GPS handheld device (GeoExplorer 7 series, Geo 7X, Trimble, 1 m horizontal and vertical accuracy). Geolocation of field plots was post-processed using information from the nearest reference station (Scripps Orbit and Permanent Array Center (SOPAC), Seismic Station Yakutsk, 62°01′51″N, 129°40′49″E, elevation: 103.41 m) providing decimeter accuracy. We also determined slope and aspect using a clinometer. Within each plot, we established a 30 m by 2 m belt transect in the north-south direction intersecting the plot’s centroid using a similar design to Boby et al. [15], Rogers et al. [35], and Dieleman et al. [53]. Plots were allocated a moisture class, representing the potential moisture available for plant growth, according to a six-point scale, ranging from xeric to subhygric, as defined by Johnstone et al. [54]. This classification is primarily based on plot-level topographic drainage adjusted for soil texture and presence of permafrost. In the Yert fire scar, we also measured the active layer depth. Active layer depth was measured twice, with 1 m increments between both measurements, every 7.5 m along the belt transect, making for ten measurements per plot. Active layer depth was on average 127 cm (standard deviation: 27.8 cm) in burned plots and 98 cm (standard deviation: 26.9 cm) in unburned plots.



In burned plots, we investigated soil organic surface layers every 7.5 m along the transect (5 profiles per plot). For each soil profile, we measured the distance from the residual soil surface down to the A-horizon and the depth of the following organic horizons as defined by Manies et al. [55]: litter (dead plant materials such as leaves, bark, needles, and twigs), lichen, live moss, dead moss, fibric (slightly decomposed organic matter that contains more roots than recognizable moss parts), mesic (moderately decomposed material with few recognizable plant parts), and humic (highly decomposed material at the interface with the A-horizon with no identifiable plant parts). For sample points next to larch trees, we also recorded the distance between the residual SOL and the uppermost adventitious root on 1–2 roots per tree (Figure 2a). Adventitious roots are fine lateral roots that develop at shallower soil horizons as the trees grow in response to the dieback of their initial root system caused by colder and wetter conditions deeper in the soil column [56,57]. Adventitious roots remain visible on the bole of trees many years after the fire. Many studies showed that the position of these fine roots in the soil column can be used to estimate the height of the pre-fire soil surface and burn depth [15,17,35,58]. In addition, we measured total SOL depth and the distance from the top of the moss layer down to the highest adventitious root in unburned plots. We reconstructed pre-fire soil depth in burned plots based on a linear relationship between total SOL depth and the height of adventitious roots above the forest floor derived from these measurements in unburned plots (Figure 2b). The burn depth at each sample point was then estimated by subtracting the residual SOL depth from the retrieved pre-fire SOL depth. To account for the large heterogeneity in the consumption of duff observed in burned plots, we retrieved similar soil profiles at the base of ten additional trees randomly selected outside the belt transect within each plot. The final value for burn depth at the site-level was calculated as the average of (1) mean burn depth from its five soil cores and (2) burn depth calculated from the depth of burn at the ten trees.



In each plot, species and mortality status (i.e., alive, killed by the fire, dead before the fire and charred, and unknown) were recorded for every tree whose visible rooting system fell more than half within the belt transect. To estimate stand age, basal tree disks or cores were sampled from five trees of the dominant cohort.



In order to account for differences in vegetation structure and composition, we grouped our field plots in two forest types using a hierarchical clustering technique, called agglomerative clustering. In this bottom-up approach, each field plot was initially considered as an individual cluster. At each iteration, the pairs of clusters that minimally increased the linkage distance, a measure of dissimilarity between plots, were merged. This step was repeated until all plots were linked together in a hierarchical tree or dendrogram (Appendix A, Figure A1). Plot-level estimates of larch tree density, larch proportion, and stand age were standardized by subtracting mean values and dividing by the standard deviations (Table 1). Using these variables, we applied the Ward’s method as linkage method in which the increase in total within-cluster sum of squared error was minimized [59,60]. In four burned plots and three unburned plots, we found mixed Cajander larch-Scots pine open forests where vegetation structure and soil properties differed from the larch-dominated plots. Due to their limited number and different characteristics, these plots were not included in this study. In total, 17 burned plots were assigned to dense, young-aged (50–70 years old) larch-dominated stands, and 20 burned plots were assigned to open, mature (110–130 years old) larch-dominated stands (Figure 3). Using the permafrost-landscape classification of Fedorov et al. [61], we estimated the spatial distribution of both forest types within Yert and Batamay fire scars as well as in the Republic of Sakha (Appendix B, Figure A2). All our field plots lie in the same vegetation unit that consists of larch forests characterized by low shrub and low shrub/lichen-moss covers. This vegetation landscape occupies 15.4% of total land area in the Republic of Sakha [61] and, respectively, 63.2% and 64.6% in Batamay and Yert fire scars.



Fire severity was visually assessed within each plot using the GeoCBI [29]. Through a continuous numeric scale ranging from 0 to 3, cumulative impacts of fire with respect to pre-fire conditions were gauged over the vertical structure of our forest stands (Figure 4). Using a hierarchical and multi-layered sampling design, the GeoCBI field protocol divides the plot into five different strata: (1) substrates (ground surface, litter, duff), (2) herbs, low shrubs, and trees less than 1 m, (3) tall shrubs and trees of 1 to 5 m, (4) intermediate trees of 5 to 20 m, and (5) trees higher than 20 m. Each stratum was divided into several subcategories which were evaluated independently using several criteria (e.g., percentage consumption of soil layers and vegetation, char height on the bole of trees, resprouting from burned vegetation (see Appendix C for the comprehensive list of criteria used in the field to compute the GeoCBI)). These subcategories were then assigned decimal values between 0 and 3, spanning the possible range of fire severity from no effect to high effect. The scores for each stratum were obtained by averaging the scores for all criteria and weighted by their fraction of coverage (FCOV) to compute the GeoCBI as follows:


  GeoCBI =     ∑    m 1     m n        CBI  m  ×   FCOV  m        ∑    m 1     m n      FCOV  m    ,  



(1)




where m refers to each individual stratum and n is the number of strata [29].




2.3. Imagery and Pre-Processing


Pre-fire and post-fire Sentinel-2 imagery processed to Level-1C were acquired from the Copernicus Open Access Hub website (https://scihub.copernicus.eu/, Table 2). For each scar, cloud-free pre-fire and post-fire scenes were selected at the beginning of the summer, respectively, one year prior to and one year after the fire event. Selecting images from the peak of the growing season, when unburned vegetation is green and lush, showed enhanced contrasts with burned areas [8]. Level-1C images were atmospherically corrected using the Sen2Cor Tool (version 2.8) [62] and converted to Level-2A Bottom-of-Atmosphere (BOA) reflectance (surface reflectance product). The Atmospheric Correction (AC) module of the Sen2Cor Tool is an adaptation of the Atmospheric and Topographic Correction (ATCOR) software [63] and includes the following parameters: (1) aerosol type (rural/continental or maritime), (2) atmosphere type (mid-latitude summer or mid-latitude winter), and (3) ozone content [62,64]. The last two parameters were configured according to the scenes’ geographic location and climatology. A prerequisite for this was that all auxiliary data were present in the Level-1C input data [62]. Aerosol optical thickness (AOT) was derived at 550 nm based on the correlation between Sentinel-2 SWIR (B12), red (B4), and blue (B2) bands using the DDV (dense dark vegetation) algorithm [65]. To retrieve the water vapor column content, the Sen2Cor processor applied the Atmospheric Pre-corrected Differential Absorption algorithm [66] on Sentinel-2 bands B8A and B9. The rural aerosol type, the mid-latitude summer atmosphere, and an ozone content value of 331 DU (Dobson units) were used to correct each image for atmospheric effects. For the Yert fire, two separate tiles were mosaicked to cover the entire fire scar (Table 2). Pixel values in the overlapping area between the tiles were derived from the master image as part of the mosaicking procedure. No spectral disruptions between the images were visible after mosaicking.



The NBR was computed for each image using the 20 m resolution Sentinel-2 bands 8A (NIR) and 12 (SWIR) (Equation (2)), and dNBR was obtained from the temporal difference of NBR between pre-fire and post-fire scenes (Equation (3)) [8]. Although dNBR can theoretically vary between −2 and 2, values close to zero indicate unburned area and values close to 1 indicate severely burned area.


  NBR =   NIR − SWIR   NIR + SWIR    



(2)






  dNBR =   NBR   pre − fire   −      NBR    post − fire    



(3)







To correlate dNBR with GeoCBI and burn depth values sampled in the field, we averaged the index values within a 3 × 3 pixels window (60 × 60 m) centered around the plot locations. This approach minimized the effect of potential satellite misregistration [67].




2.4. Statistical Analysis


All data analyses were performed using R statistical software version 4.0.3 [68]. The cluster analysis was performed using the “agnes” function [69] from the R package “cluster” [70] with the dissimilarity metric and clustering method selected as “euclidean” and “ward”. Prior to performing t-tests to evaluate differences in fire severity variables (GeoCBI, dNBR, burn depth) between forest types, we checked for the homogeneity of variances using Levene’s test in the “car” package [71]. To investigate the relationships between the dNBR and the field data, we fitted linear regression models and derived a non-linear saturated growth model form using the R package “stats”. For each regression model, we determined the coefficient of determination (R2) and the root-mean-square-error (RMSE). We calculated three regression models for each relationship including (1) the dense young plots, (2) the open mature plots, and (3) the combined dataset. All statistical tests in this study were conducted at the 5% significance level.





3. Results


Differenced Normalized Burn Ratio (dNBR) maps of the two fire events around Yakutsk are shown in Figure 5. The spatial distribution of dNBR differed between the two fire scars. The Batamay fire showed a distinct pattern with a large core area of high dNBR values surrounded by areas of lower values. Of these areas, the western and the eastern parts of the scar experienced fires in 2001 and 2005, respectively (Appendix D, Figure A4). Only two plots were sampled in these previously burned areas. In the Yert fire scar, intermediate to high dNBR values were more homogeneously spread across the fire perimeter (Figure 5).



Our field plots had dNBR values ranging between 0.19 and 1.06 (Table 3). Field-based and remotely sensed severity indices and their distribution were relatively similar across both forest types (GeoCBI: p = 0.74, dNBR: p = 0.43, two sample independent t-tests), with an average GeoCBI score of 2.49 for the dense larch dominated forests and 2.43 for the open forests (Figure 6, Table 3). However, a significant difference in burn depth was found between forest types (p < 0.05). Burn depth was, on average, 24.2% higher in open mature stands than in younger and more dense stands.



To evaluate the potential of dNBR for assessing fire severity within our study area, we derived several regression models with field data as response variables (Figure 7 and Table 4). A significant linear correlation was found between GeoCBI and dNBR using data from all vegetation types (R2 = 0.42, p < 0.001, Figure 7a). The correlation between GeoCBI and dNBR was still significant for study plots grouped by forest types (p < 0.05 for dense plots, p < 0.001 for open plots). The highest R2 and the lowest RMSE were reported for the open forest type with values of 0.56 and 0.33, respectively (Table 4).



The relationship between dNBR and the substrate component of the GeoCBI was weaker when considering all strata (for all plots: R2 = 0.17, p < 0.05, Figure 7b). No significant relationships were found for either of the two forest types (p = 0.05 for dense forests, p = 0.15 for open forests).



Neither the overall CBI nor the substrate CBI correlated strongly with burn depth (Figure 7c,d). This relationship was slightly stronger when only dense young plots were considered yet remained statistically insignificant (Table 4).



Lastly, the dNBR was tested as a predictor for burn depth using two regression model forms: (1) linear model (Figure 7e) and (2) non-linear model based on a saturated growth model form (Figure 7f). We found a weak linear relationship between dNBR and burn depth using all plots (R2 = 0.20, p < 0.05). The saturated growth model performed slightly better with higher R2 (0.22) and lower RMSE (1.77) values (Table 4). The strongest relationships for dNBR with burn depth were observed in dense young plots, while the regressions in open, more mature stands showed no relationships for both linear and saturated growth models (Figure 7e,f). The linear and the saturated growth regression models yielded similar performance for the dense young plots (R2 = 0.63).




4. Discussion


This is the first study to use Sentinel-2 imagery for the assessment of fire severity in Siberia, where the majority of the global boreal forests are located. Sentinel-2’s improved spatial resolution and radiometric accuracy enables higher fire severity classification accuracies and stronger relationships with field data of fire severity in Mediterranean forest and shrubland ecosystems [72,73]. The relatively short revisit time of five days of the Sentinel-2 constellation also increases the chances for acquiring cloud-free imagery compared to Landsat 8. Our study confirms the potential of Sentinel-2 imagery for fire severity assessments in boreal forests.



Despite the different dominant tree species and fire regimes, our results confirm earlier findings from studies in black spruce-dominated forests of North America. Our study shows that the dNBR is especially useful as a predictor of aboveground severity, as inferred from the relatively strong relationship between the dNBR and the GeoCBI [74]. To a lesser extent, the dNBR also demonstrated potential as a predictor of burn depth, which is a proxy of belowground fire severity. This finding corroborates earlier works that demonstrated statistically significant but not always strong relationships between the dNBR and the burn depth in black spruce forests of Alaska and Canada [32,35,40,74,75].



Another similarity to prior work is the saturation of the dNBR for high severity plots [7,34]. The dNBR clearly captures differences between low-to-moderate severity plots (e.g., GeoCBI values lower than 2) and high severity plots. However, in high severity plots with GeoCBI values higher than 2.5, the dNBR is not capable of discriminating between subtle differences (Figure 7a). This same rationale applies to the relationship with burn depth as response variable (Figure 7e). Considering these limitations, the dNBR may serve as a useful discriminator between the effects of surface and stand-replacing fire within fire perimeters. Nevertheless, ecosystem-specific characteristics such as drainage conditions, tree species composition, and tree density may confound the dNBR’s ability to differentiate between subtle differences in high severity burning. This is also in agreement with ecosystem-specific relationships between the dNBR and the field measurements of severity derived in North American boreal forests. For example, Allen and Sorbel [34] found significant variation in the regression equations and the strength of the relationship between dNBR and CBI among vegetation community types.



In this study, discriminating between dense and open larch-dominated forest eco-systems improved predictive relationships in some cases compared to regressions that included data from all plots combined. For example, the linear regression model between dNBR and GeoCBI performed better for open mature plots. On the contrary, a strong correlation between dNBR and burn depth was found in dense young plots. A possible explanation for this could be that the post-fire images from dense forests capture more of the ground surface as a result of crown fires. In open forests, most fires are surface fires, leaving most of the tree foliage undamaged. This underlines the need for and the importance of sufficient field calibration of remotely sensed indices such as the dNBR for use as fire severity predictors. This is especially the case in ecosystems for which no prior field calibration has been conducted. More field calibrations are needed for Siberian larch ecosystems to make more accurate estimates of burn depth and fuel consumption from fires.



Some studies have questioned the effectiveness of unitless measure of fire severity such as CBI or GeoCBI for fire severity assessment in boreal forests [76]. We found that the overall GeoCBI was not correlated with the absolute depth of soil organic layers consumed by fire. The linear regression model investigating the relationship between the individual substrate component of the GeoCBI and the burn depth did not improve this relationship. Belowground fire severity (i.e., burn depth or organic layer consumption) is a particularly important characteristic of boreal fire regimes as the majority of boreal fire carbon emissions come from belowground carbon combustion [13,14,15]. To some degree, our findings support the idea of the dNBR’s superiority as an indicator of aboveground fire severity (Figure 7a). However, our results also clearly show that the dNBR has potential as a predictor of belowground fire severity in larch ecosystems of Northeast Siberia, especially when considering differences in vegetation structure (Figure 7e,f). Aboveground and belowground severities are also partly correlated [35,74], which may explain the lower yet significant relationships that we observed between the dNBR and the burn depth for our dataset. The reduced performance of the dNBR as a predictor of burn depth also highlights that belowground fire severity and combustion cannot be derived solely from spectral data. The ground surface is often obscured by branches and foliage or located in the shadow of trees, influencing the reflectance of the organic soil surface acquired by satellites [7]. Synergistic use of the dNBR with information on landscape position, fuel type and density, and fire weather is necessary to further refine spatially explicit estimates of fire severity in larch-dominated forests. In addition, field calibration of the dNBR for fires in the extensive larch forest ecosystems of Northeast Siberia requires additional field measurements covering gradients of fuel types and fire severity. Such combinations are necessary since accurate and spatially resolved estimates of burn depth could significantly reduce uncertainties in carbon emissions estimates from Siberian forest fires.




5. Conclusions


This study evaluated the differenced Normalized Burn Ratio (dNBR) for assessing fire severity in larch forests of Northeast Siberia using Sentinel-2 imagery. Geometrically structured Composite Burn Index (GeoCBI) and burn depth into the organic soil were used as ground truth. The dNBR was a relatively strong predictor of the GeoCBI, a field measurement that assesses fire-induced ecosystem changes with larger weight to fire-induced vegetation changes than soil changes. The dNBR captured variability of low to high severity fires within burn scars but was unable to discriminate between subtle differences in high severity fires. We also found that the dNBR holds some predictive power for estimating burn depth in larch-dominated forests in Siberia. However, the burn depth–dNBR relationship was not sufficiently strong to warrant the stand-alone use of this index as burn depth predictor. The results confirmed that discriminating between vegetation types is important when assessing fire severity from spaceborne imagery. Tree density exhibited a clear influence on the performance of the relationships between field and remotely sensed fire severity proxies.



Our study is the first to assess the relationship between the remotely sensed dNBR and field measurements of fire severity over the larch-dominated forest of Northeast Siberia and calls for additional field calibration to cover different fuel types. These efforts are necessary steps towards the implementation of a spaceborne fire severity index for use in a regional fire emissions model for Northeast Siberia.
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Appendix A. Hierarchical Agglomerative Clustering Results
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Figure A1. Dendrogram of the agglomerative clustering performed on the 46 field plots from both Batamay and Yert fire scars using larch (Larix cajanderi) density, larch proportion, and stand age data. In total, 23 plots were assigned to each forest type. 
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Appendix B. Spatial Distribution of Forest Types within Both Fire Scars
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Figure A2. Spatial distribution of the larch-dominated forests within (a) Batamay and (b) Yert fire scars using the permafrost-landscape classification of Fedorov et al. [61]. 
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Appendix C. Geometrically Structured Composite Burn Index Feld Protocol
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Figure A3. The field form proposed by De Santis et al. [29] for estimating fire severity as Geometrically structured Composite Burn Index (GeoCBI). 
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Appendix D. Fire History within Batamay Area
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Figure A4. Map of the 2017 Batamay fire perimeter. Burned area data were derived from the Collection 6 MCD64A1 product [77]. Some areas within the scar experienced fires in 2001 and 2005. Two plots were sampled in these previously burned areas. The background image is the 30 m resolution tree cover product from the Global Forest Cover Change (GFCC30TC, v003) dataset for 2015 [78]. 
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Figure 1. Study domain within the boreal forest of Northeast Siberia, Russia. (a) Fire scar locations in the Republic of Sakha (in brown), Russia (in yellow). The Batamay fire (red dot) burned between 25 June and 8 August 2017. The Yert fire (yellow dot) burned between 30 June and 21 July 2018. Sentinel-2 Multi Spectral Instrument (MSI) post-fire false color composites (level 2A, RGB–8A43) of (b) the Batamay fire (6 June 2018), and (c) the Yert fire (12 June 2019). White round markers depict the locations of burned plots, while triangular markers represent locations of unburned plots. 
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Figure 2. Adventitious root height (ARH) method used to retrieve pre-fire soil organic layer (SOL) depth in burned plots. (a) Picture showing adventitious roots on the bole of a burned tree. ARH is defined as the distance from the uppermost root to the residual soil surface. (b) Linear relationship between the pre-fire SOL and the ARH above forest floor (ARHab = ARH + residual SOL depth) derived from 148 paired SOL-ARH measurements in unburned plots. 
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Figure 3. Forest types sampled within our study domain. (a) The actual number of burned and unburned plots in each forest type. Field pictures of typical unburned stands are shown for (b) dense, young aged larch-dominated (Larix cajanderi) forests, and (c) open mature larch-dominated forests. 
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Figure 4. Field pictures depicting gradient of fire severity (from intermediate to high) in (a), (b) dense young larch-dominated forests, and in (c), (d) open mature larch-dominated forests. GeoCBI: Geometrically structured Composite Burn Index; dNBR: differenced Normalized Burn Ratio. 
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Figure 5. Differenced Normalized Burn Ratio (dNBR) maps of (a) the Batamay fire scar (2017) and (b) the Yert fire scar (2018). The colored dots represent the different forest types. The background images are post-fire Sentinel-2 SWIR band (B12) images. 
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Figure 6. Field and remotely sensed fire severity indices in both forest types: (a) Geometrically structured Composite Burn Index (GeoCBI), (b) differenced Normalized Burn Ratio (dNBR), and (c) burn depth. Results of the two-sample independent t-tests performed to evaluate differences in mean values across forest types are indicated as p values. The horizontal black line within each box represents the median and the white dot indicates the mean. 
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Figure 7. Scatterplots and model relationships between field and remotely sensed fire severity indices. (a) GeoCBI–dNBR; (b) GeoCBIsub–dNBR; (c) BD–GeoCBI; (d) BD–GeoCBIsub; (e) BD–dNBR, linear model; (f) BD–dNBR, non-linear model (saturation growth model form). GeoCBI: Geometrically structured Composite Burn Index; GeoCBIsub: substrate component of the GeoCBI; dNBR: differenced Normalized Burn Ratio; BD: burn depth; R2: coefficient of determination; RMSE: root mean square error. The shaded area indicates the 95% confidence interval. More results are summarized in Table 4. 
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Table 1. Descriptive statistics of forest structure and composition variables used in the hierarchical agglomerative clustering. LC: Larix cajanderi; LC prop.: larch trees proportion.
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Descriptive Statistic

	
Dense Forest

	
Open Forest




	
LC Density

(Trees m−2)

	
LC Prop.

(0–1)

	
Stand Age

(Years)

	
LC Density

(Trees m−2)

	
LC Prop.

(0–1)

	
Stand Age

(Years)






	
n

	
17

	
17

	
17

	
20

	
20

	
20




	
Mean

	
2.00

	
0.80

	
55.30

	
0.55

	
0.65

	
112.00




	
Standard deviation

	
1.30

	
0.13

	
17.70

	
0.44

	
0.35

	
33.30




	
Minimum

	
0.63

	
0.51

	
9.00

	
0.07

	
0.09

	
63.00




	
Maximum

	
4.63

	
1.00

	
67.00

	
1.35

	
1.00

	
214.00
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Table 2. Summary attributes of Sentinel-2 image acquisition for both fire scars.
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Fire Event

	
Data

	
Image Date

	
Row

	
Tile

	
Satellite






	
Batamay (2017)

	
Pre-fire

	
29/06/2016

	
32

	
T52VER

	
S2A




	
Post-fire

	
09/06/2018

	
32

	
T52VER

	
S2A




	
Yert (2018)

	
Pre-fire

	
17/06/2017

	
75

	
T51VXJ

	
S2A




	
17/06/2017

	
75

	
T51VXK

	
S2A




	
Post-fire

	
12/06/2019

	
75

	
T51VXJ

	
S2B




	
12/06/2019

	
75

	
T51VXK

	
S2B
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Table 3. Descriptive statistics of field and remotely sensed indices used to assess fire severity for each forest type. GeoCBI: Geometrically structured Composite Burn Index; dNBR: differenced Normalized Burn Ratio.
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Descriptive Statistic

	
Dense Forest

	
Open Forest




	
GeoCBI

	
dNBR

	
Burn Depth

(cm)

	
GeoCBI

	
dNBR

	
Burn Depth

(cm)






	
n

	
17

	
17

	
17

	
20

	
20

	
20




	
Mean

	
2.49

	
0.69

	
8.00

	
2.43

	
0.63

	
9.94




	
Standard deviation

	
0.54

	
0.26

	
1.86

	
0.51

	
0.21

	
1.77




	
Minimum

	
1.33

	
0.19

	
4.06

	
1.53

	
0.24

	
6.68




	
Maximum

	
3.00

	
1.06

	
10.7

	
3.00

	
0.89

	
12.8
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Table 4. Linear and non-linear (saturated growth model form) modeling results for each forest type and the pooled dataset. GeoCBI: Geometrically structured Composite Burn Index; GeoCBIsub: substrate component of the GeoCBI; dNBR: differenced Normalized Burn Ratio; BD: burn depth; R2: coefficient of determination; RMSE: root mean square error. Each row of this table corresponds to a panel of Figure 7, indicated by small letters (a–f).
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y–x

	
Dense Forest (n = 17)

	
Open Forest (n = 20)

	
Combined (n = 37)




	
y = a + b(x)

	
a

	
b

	
R2

	
RMSE

	
p

	
a

	
b

	
R2

	
RMSE

	
p

	
a

	
b

	
R2

	
RMSE

	
p






	
GeoCBI–dNBR(a)

	
1.69

	
1.17

	
0.31

	
0.44

	
0.02

	
1.29

	
1.81

	
0.56

	
0.33

	
<0.001

	
1.51

	
1.44

	
0.42

	
0.39

	
<0.001




	
GeoCBIsub–dNBR(b)

	
2.13

	
0.67

	
0.24

	
0.30

	
0.05

	
2.22

	
0.55

	
0.11

	
0.32

	
0.15

	
2.17

	
0.61

	
0.17

	
0.31

	
0.01




	
BD–GeoCBI(c)

	
4.41

	
1.44

	
0.18

	
1.63

	
0.09

	
7.52

	
0.99

	
0.08

	
1.65

	
0.22

	
6.34

	
1.10

	
0.08

	
1.92

	
0.09




	
BD–GeoCBIsub(d)

	
2.61

	
2.08

	
0.16

	
1.65

	
0.12

	
10.02

	
-0.03

	
<0.01

	
1.72

	
0.98

	
6.87

	
0.85

	
0.02

	
1.98

	
0.40




	
BD–dNBR(e)

	
4.06

	
5.73

	
0.63

	
1.09

	
<0.001

	
8.07

	
2.97

	
0.12

	
1.61

	
0.13

	
6.51

	
3.88

	
0.20

	
1.80

	
0.006




	
y = x × (a[x] + b)-1

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
BD–dNBR(f)

	
0.08

	
0.03

	
0.63

	
1.09

	
<0.001

	
0.09

	
0.01

	
0.10

	
1.63

	
<0.001

	
0.09

	
0.01

	
0.22

	
1.77

	
<0.001
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