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Abstract: Unmanned aerial vehicles (UAVs) have become popular in recent years and are now used
in a wide variety of applications. This is the logical result of certain technological developments that
occurred over the last two decades, allowing UAVs to be equipped with different types of sensors
that can provide high-resolution data at relatively low prices. However, despite the success and
extraordinary results achieved by the use of UAVs, traditional remote sensing platforms such as
satellites continue to develop as well. Nowadays, satellites use sophisticated sensors providing
data with increasingly improving spatial, temporal and radiometric resolutions. This is the case for
the Sentinel-2 observation mission from the Copernicus Programme, which systematically acquires
optical imagery at high spatial resolutions, with a revisiting period of five days. It therefore makes
sense to think that, in some applications, satellite data may be used instead of UAV data, with all the
associated benefits (extended coverage without the need to visit the area). In this study, Sentinel-2
time series data performances were evaluated in comparison with high-resolution UAV-based data,
in an area affected by a fire, in 2017. Given the 10-m resolution of Sentinel-2 images, different
spatial resolutions of the UAV-based data (0.25, 5 and 10 m) were used and compared to determine
their similarities. The achieved results demonstrate the effectiveness of satellite data for post-fire
monitoring, even at a local scale, as more cost-effective than UAV data. The Sentinel-2 results present
a similar behavior to the UAV-based data for assessing burned areas.

Keywords: post-fire management; forest regeneration; fire severity mapping; multispectral imagery;
Sentinel-2A; unmanned aerial vehicles; Parrot SEQUOIA

1. Introduction

In recent years, forest fires (i.e., large and destructive fires that spread over a forest or area of
woodland) have received increasing attention due to their effects on climate change and ecosystems.
Forest fires occur regularly, vary in scale and impacts and are inherent to terrestrial ecosystems [1].
Weather, topography and fuel are the three major components that define the fire environment and
are directly related with the evolution of land use [2]. Portugal is one of the southern European
countries most affected by forest fires, but it is also affected by rural fires [3]. In other words, not
only do fires over forests affect the country, but the combination of environmental factors and human
settlement may also cause harm to people or damage property or the environment [4]. Several factors
contribute to the country being so severely affected: the Mediterranean climate, which benefits fuel
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accumulation and dryness along with the existence of flammable vegetation types; high ignition
density; poor fire-suppression capabilities; and institutional instability [5]. Thus, forest fire impacts
are attracting more and more attention not only from the scientific community, but also from public
entities worldwide [5]. In the Portuguese case, this awareness is increasing, especially in the north and
in the center of the country [6].

In this context, remote sensing platforms are being used as a capable tool for mapping burned
areas, evaluating the characteristics of active fires and characterizing post-fire ecological effects and
regeneration [7]. In the past decade, the use of unmanned aerial vehicles (UAVs) has increased
for agroforestry applications [8] and are now being used for forest fire prevention [9], canopy fuel
estimation [10], fire monitoring [11,12] and to support firefighting operations [13]. Likewise, studies
using UAV-based imagery in post-fire monitoring have been concerned with surveying [14], calibrating
satellite-based burn severity indices [15], assessing post-fire vegetation recovery [16], mapping fire
severity [17,18], studying forest recovery dynamics [19] and sapling identification [20]. Despite being
a cost-effective and a very versatile platform for remote sensed data acquisition that is capable of
carrying a wide set of sensors, its usage in surveying big areas can be constrained due to legal [21]
and technological limitations such as its autonomy and payload capacity [8]. On the other hand,
traditional remote sensing platforms such as satellites continue to be widely used to obtain data with
increasingly improved spatial, temporal and radiometric resolutions. Satellites still offer a quick way
to evaluate forest regeneration in post-fire areas. However, lower spatial resolutions (compared with
UAV data) often mean that satellites are used for studies only at regional or national scales [22-26].
The Copernicus Programme, from the European Union’s Earth Observation Programme, was created
with the goal to achieve a global, continuous, autonomous, high-quality, wide-range Earth observation
capacity. The different satellite missions belonging to this program make it possible to obtain accurate,
timely and easily accessible information to improve the management of the environment, as well as to
understand and mitigate the effects of climate change and ensure civil security. Therefore, access to
medium- and high-resolution satellite data with a high temporal resolution are accessible for free [27],
namely, the Sentinel-2 Multispectral Instrument (MSI) [28]. A wide range of spectral bands are available
from visible to shortwave infrared (SWIR) which allows, in a post-fire monitoring context, severity
determination of fire disturbances along with multi-temporal monitoring for burnt areas. This type of
data is ideal for monitoring fire disturbances in Mediterranean regions that affect several crops and
have extents ranging from some hectares to several square kilometers [29]. In this specific context,
Sentinel-2 MSI data were used for exploring spectral indices of burn severity discrimination [30-34], as
well as to assess burn severity in combination with Landsat data [35,36]. They were also used to take
into account the available multi-temporal data in order to evaluate burned areas at a national level [37]
and to assess post-fire vegetation recovery mapping of an island [38].

In this study, we evaluated an area that was severely affected by a fire disturbance in 2017 with an
estimated extent greater than 300 ha. The area is located in north-eastern Portugal, and forested areas
composed of maritime pine (Pinus pinaster) were significantly affected along with houses, wood storage
buildings, agricultural structures and vehicles. This was therefore a fire that could be considered small,
its analysis and monitoring could be possible to carry out using aerial high-resolution data acquired by
a UAV. Every year, thousands of fires similar to this occur in Portugal, covering the north and center of
the country in particular with small patches of burnt areas.

To assess the effectiveness of satellite data in studying this specific type of area, Sentinel-2 MSI
data were used to characterize the area before the fire disturbance, allowing an assessment of the fire’s
severity and multi-temporal analysis to be performed (2017-2019). Moreover, to compare the spatial
information provided by the Sentinel-2 MSI (10-m spatial resolution), a UAV flight campaign was
carried in part of the study area to acquire multispectral data with a very-high resolution. This is
precisely the central question of this study: what is the potential use of new generation free-access
satellite images (Sentinel-2) to monitor small-scale burnt areas. To the best of our knowledge, this is the
first study that uses freely available satellite data to analyze a burnt area of relatively small dimensions
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and conclude that the results were in line with those obtained by high-resolution data acquired by
a UAV. Although more studies are needed that cover different areas with different complexities and
different vegetation covers, this study allowed us to conclude that satellite data have great potential, in
certain cases, to replace high aerial-resolution data acquired by UAVs. This would allow analyzing
post-fire areas (even small ones) at the national level, representing considerable savings in time
and money.

2. Materials and Methods

2.1. Study Area

The study area, highlighted in Figure 1, is located in the north-eastern region of Portugal within
the municipality of Sabrosa (41°20740.4"" N, 7°36’04.5”” W), near the villages of Parada do Pinhao and
Vilarinho de Parada. This area was severely affected by a wildfire that began at 12:59 p.m. on 13 August
2017 and was reported as extinguished at 03:16 a.m. on 14 August 2017 [39]. The area is characterized by
a warm and temperate climate, an average annual temperature of 13.1 °C and an annual precipitation
averaging 1139 mm. July and August are the months with the highest mean temperatures (21 °C) and
lower precipitation (28 mm). This area was selected due to its easy accessibility and representativeness,
since the species in the area are common for the region. It is mostly populated by maritime pine,
deciduous species such as Quercus pyrenaica and Castanea sativa Mill. and some riparian species,
shrubland communities and parcels used for agriculture and silviculture purposes. Moreover, the
burned area was greater than 100 ha, which fit the majority of the fire events (93%) that occurred in
Portugal during 2017 [6].
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Figure 1. Overview of the study area along with the fire extent and area surveyed by the unmanned
aerial vehicle (UAV).

2.2. Remote Sensing Dataset

The satellite imagery data used in this study were acquired by the Sentinel-2 MSI. Spectral data
products provided by MSI ranged from the visible to the shortwave infrared (SWIR) parts of the
electromagnetic spectrum. In total, there were 13 available spectral bands (B) at different spatial
resolutions: (1) at 10 m—B2 (490 nm), B3 (560 nm), B4 (665 nm) and B8 (842 nm); (2) at 20 m—B5
(705 nm), B6 (740 nm), B7 (783 nm), B8a (865 nm), B11 (1610 nm) and B12 (2190 nm); and (3) at 60 m—B1
(443 nm), B9 (940 nm) and B10 (1375 nm) [28]. Data were obtained from the Copernicus Open Access
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Hub with an absence of clouds over the study area from June 2017 to October 2019. These epochs were
selected due to being related to the last available period before the fire disturbance (June, July and
August 2017), including the first cloud and smoke-free post-fire data (September 2017). The imagery
was atmospherically corrected using the Sen2Cor [40].

Regarding UAV data, the senseFly eBee (senseFly SA, Lausanne, Switzerland) was used to acquire
both RGB and multispectral imagery. A Canon IXUS 127 HS sensor with 16.1 MP resolution was used
for RGB imagery acquisition, and the Parrot SEQUOIA sensor was used for multispectral imagery
acquisition. The multispectral sensor comprised a four-camera array with 1.2 MP resolution acquiring
green (530-570 nm), red (640-680 nm), red edge (730-740 nm) and near infrared (NIR) (770-810 nm)
imagery. Its radiometric calibration was performed using a target prior to the flight. Two flights with
the same mission plan (one per sensor) were performed on 11 July 2019. The RGB flight was performed
at a 425-m height, covering an area of 230 ha, with a spatial resolution of 0.12 m. The imagery overlap
was 80% front and 60% side, for a total acquisition of 91 georeferenced images (related to a ground
system of geographic coordinates) distributed through eight strips (approximately 11 images per strip).
As for the multispectral flight, it was carried out at a 215-m height, covering approximately 150 ha,
with a spatial resolution of approximately 0.25 m; it had an 80% front overlap and 60% side overlap, for
a total acquisition of 260 images per spectral band (12 strips with approximately 22 images per strip).

A pre-processing of UAV-based imagery is required before it is ready for use. Thus, Pix4Dmapper
Pro version 4.4.12 (Pix4D SA, Lausanne, Switzerland) was used for the photogrammetric processing
of the UAV imagery, and common tie points were identified in the provided imagery according to
their geolocation and internal and external camera parameters. This enabled the computation of dense
3D point clouds that were further interpolated using inverse distance weighting (IDW) to obtain the
following orthorectified outcomes: an orthophoto mosaic from the RGB imagery, digital elevation
models (DEMs) and four radiometric bands from the multispectral imagery that could then be used
for the computation of vegetation indices. DEMs were not used in the scope of this study, and the
orthophoto mosaic was used for visual inspection only.

2.3. Data Processing and Analysis

Both satellite and UAV multispectral datasets were used to compute vegetation indices.
Sentinel-2-based vegetation indices were used to assess the fire severity and to perform the post-fire
multi-temporal analysis of the study area. Similar vegetation indices were computed using UAV data
for a single epoch, allowing a comparison of both sets of results.

2.3.1. Computation of Spectral Indices

The satellite data were used to compute the normalized burn ration (NBR) [41] as in Equation (1).
This index relates to vegetation moisture content by combining the NIR (B8) and SWIR (B12) parts of
the electromagnetic spectrum [42], and is generally accepted as a standard spectral index to assess

burn severity [41,43].

NIR — SWIR
NBR = NIR + SWIR M

Moreover, the normalized difference vegetation index (NDVI) [44] was calculated using a NIR
band (B8) and a RED band (B4) from Sentinel-2 MSI data. NIR and RED bands from the UAV-based
multispectral data were also used to compute the equivalent index, as in Equation (2). NDVI is widely
used to analyze the vegetation condition in different contexts [8].

NIR - RED

NDVI = QIR T RED @)
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2.3.2. Post-Fire Multi-Temporal Analysis

The multi-temporal analysis performed in this study relied on the time series data provided by
the Sentinel-2 MSI. From the available data, a set of four epochs was selected for each year (2017 to
2019), corresponding each one to the months of June, July, August and September, with the dates of the
selected data presented in Table 1. This period was selected (June, July and August 2017) in order to
include data prior to the fire disturbance, along with the same months in following available years (2018
and 2019). Some data outside these periods were affected by clouds and had to be discarded. Moreover,
it was decided to not consider any data from October to May in order to avoid false assumptions from
the natural seasonal behavior of the species in the study area (e.g., the absence of leaves in deciduous
tree species in the winter time, and potential interference of undergrowth vegetation in winter and
spring time). The selected months assured that the trees were fully developed and that undergrowth
vegetation interference was minimal [45].

Table 1. Days corresponding to the Sentinel-2 data selected for multi-temporal analysis. June, July and
August 2017 correspond to data before the fire disturbance.

Month
Year
June July August September
2017 4 14 13 22
2018 24 29 23 12
2019 29 19 13 12

The difference normalized burn ration (ANBR), calculated by subtracting the post-fire raster data
from the pre-fire raster as in Equation (3), was used to perform the burn severity level classification as
proposed by the United States Geological Survey (USGS) [46,47], enabling an understanding not only
the severity of the burned areas, but also of unburned areas within the study region. Pre- and post-fire
NBRs were the NBR of a date before and after the fire disturbance, respectively. In burned areas, the
NBR showed higher values before the fire and lower values after the fire. The ANBR was the difference
between the NBRs of both epochs: positive values represented areas with a higher fire severity, while
values close to or lower than zero represented unburned areas and/or vegetation regrowth. For each
classified severity level, the mean NDVI value was calculated per analyzed month. The mean NDVI
value was also estimated for the whole burned area.

dNBR = PrefireNBR — PostfireNBR 3)

To evaluate the post-fire recovery, a similar analysis was performed using the difference NDVI
(dNDVI) by subtracting the NDVI of first post-fire (September 2017) from the NDVI values from each
analyzed month from 2018 and 2019. This way, positive values represented an increase in the NDVI
and, consequently, a potential recovery zone, while the inverse was true for values close to or less
than zero.

The data analysis was carried in the opensource geographical information system (GIS) QGIS
(version 3.4.12-Madeira) and functions from the Geographic Resources Analysis Support System
(GRASS GIS) [48] and from the System for Automated Geoscientific Analyses (SAGA GIS) [49] were
also used.

2.3.3. Sentinel-2 MSI and UAV Comparison

The Sentinel-2 MSI data acquired on 9 July 2019 were compared to the UAV-based multispectral
imagery (two days difference). The NDVI maps produced from both datasets were compared. The
UAV-based NDVI at its original spatial resolution (0.25 m), its resampling to half the resolution and
its resampling to same resolution as the Sentinel-2 MSI (5 and 10 m, respectively) were used for this
comparison. A total of 116 ha (~35%) of the burned area (Figure 1) was evaluated. This is precisely the
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most complex area, containing a greater variety of tree species, agricultural fields and infrastructure.
The resampling of the UAV NDVI was performed using the “r.resamp.stats” function from GRASS GIS
in QGIS, by specifying the grid cell sizes (5 X 5 m and 10 X 10 m) and assigning the aggregated mean
values to each cell. The correlation among the different NDVIs (UAV-based and satellite-based) was
performed using the “r.covar” function from GRASS GIS.

Moreover, the geospatial variability of the Sentinel-2 NDVI was compared with the UAV NDVI at
the three different spatial resolutions. The mean values of each evaluated NDVI were quantified in a
50 x 50 m grid. The size of this grid, representing five times the Sentinel-2 resolution, was selected
to smooth the transition zones of vegetation cover. Then, the local bivariate Moran’s index (MI) [50]
and the bivariate local indicators of spatial association (BILISA) [51] were applied as in Anselin [52] to
assess the spatial relationship between the NDVIs computed from both datasets. The local bivariate MI
was used to assess the correlation between a defined variable (satellite NDVI) and a different variable
in the nearby areas (UAV NDVI). BILISA was used to measure the local spatial correlation, forming
maps of clusters with similar behaviors and enabling an assessment of their spatial variabilities and
dispersion. These cluster maps were divided into four classes based on the correlation of a value
with its neighborhood: high-high (HH); low-low (LL); high-low (HL); and low-high (LH). This
analysis was made using GeoDa software (version 1.14.0) [53]. The required weights map was defined
using an eight-connectivity approach (3 x 3 matrix) and 999 random permutations were used in the
BILISA execution.

3. Results

3.1. Sentinel-2 Post-Fire Monitoring

The fire severity map calculated using the dNBI from the pre-fire NBI (August 2017) and the first
post-fire NBI (September 2017) are presented in Figure 2. From the 361 ha representing the study area,
42% (151 ha) presented a high severity, 44% (160 ha) showed a moderate severity and 38 ha (11%)
presented a low severity. Only 3% of the area (12 ha) was estimated not to have been affected by the fire
disturbance. A visual inspection of these areas allowed us to conclude that unburned and low-severity
areas represented infrastructures, or corresponded to bare soil or fields used for agriculture along with
some tree stands. Moderate severity areas included shrubland communities, agriculture terrains and
trees, while high-severity areas mostly included highly density forest stands.
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41°21.0'N

41°20.4'N
41°20.4'N

B unburned

[ Low severity

[ Moderate severity
B High severity

0 500 1000 m
s |

7°37.2°W 7°36.6'W 7°36.0'W 7°35.4'W 7°34.8'W

41°19.8'N

41°19.8'N

Figure 2. Fire severity classification of the study area.

The Sentinel-2 multi-temporal data enabled us to characterize the study area throughout the
analyzed period. Figure 3 presents the pre- and post-fire NDVI (August and September 2017,
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Figure 3a,b) and the NDVI from September of the two subsequent years (2018 and 2019, Figure 3c,d).
The fire disturbance is clearly observable from the NDVI data and some forestry recovery is noticeable
in the north, north-eastern and south-western parts of the study area. This is especially distinguishable
in 2019 (Figure 3g).
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Figure 3. Normalized difference vegetation index (NDVI) of the study area in: (a) September 2017, (b)
August 2017, (c) September 2018 and (d) September 2019. The difference NDVI (ANDVI) compared to
September 2017 in (e) August 2017, (f) August 2018 and (g) August 2019.

The mean NDVI value was extracted for each severity level and unburned area for the months of
June, July, August and September during 2017-2019, as well as for the whole area affected by the fire.
Figure 4 presents these results. When analyzing the values obtained from the whole area (Figure 4a),
the decline of NDVI values (-56%) after the fire disturbance (August to September 2017) is clearly
noticeable. From September 2017 to June 2018, a growth of 52% in the mean NDVI value was verified,
while in the homologous period in 2019 the growth was 33%. When separately analyzing each year,
the values declined each month, with less noticeable results from August to September.
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Figure 4. Mean values of the normalized difference vegetation index (NDVI) of the study area (a) and
for each severity level (b) in the months of June, July, August and September of 2017, 2018 and 2019.
The orange dashed line marks the fire disturbance date.

This tendency is reflected when observing the mean NDVI values per severity level (Figure 4b).
The mean NDVI value of the unburned area was relatively constant, with a standard deviation of 0.03.
Similarly, the area classified as low severity presented a standard deviation of 0.06. On the other hand,
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high-severity areas presented higher post-fire increases (with a standard deviation of 0.06 considering
2018 and 2019 values, and 0.17 overall), and the mean NDVI value presented growths of 93% from
September 2017 to June 2018 and 42% from September 2018 to June 2019. For the moderate severity
areas, these increases were 39% for September 2017 to June 2018, and 32% for September 2018 to June
2019, with a standard deviation of 0.04 (0.12 for the whole period). By comparing June 2018 to June
2019, the mean NDVI values for the high-, moderate- and low-severity areas and unburned areas
presented variations of 32%, 16%, 1% and —2%, respectively.

When analyzing the post-fire dINDVIs (Figure 5) relating the differences in the first post-fire data
(September 2017), a similar trend was observed. By analyzing the mean differences per year, an overall
mean difference of 0.12 was verified in 2018, while in 2019 this difference was 0.20. In both years the
same trend was verified, with the higher differences verified in areas with high severity, followed by
moderate-severity areas. Both unburned and low-severity areas presented lower differences, with
a mean difference of 0.06 for the two classes in 2018, an increase to 0.08 in 2019 for the low-severity
areas and the same value maintained for the unburned area. The values declined from June to August
and remained similar in September. When comparing July 2018 to July 2019, an overall increase of
0.09 was verified in the mean dNDVI values, representing increases of 0.14, 0.07, 0 and —0.01 for high,
moderate, low-severity and unburned areas, respectively. A visual representation of the pre- and
post-fire ANDVIs for the two subsequent years is presented in Figure 3e—g.
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Figure 5. Mean values of the difference normalized difference vegetation index (ANDVI) of the study
area for each severity level in the months of June, July, August and September during 2018 and 2019.

3.2. Comparison of UAV-Based and Sentinel-2 MSI Data

As mentioned in Section 2.3.3., the UAV-based multispectral data covered 116 ha of the study area.
This was used to perform a comparison between the Sentinel-2 NDVI and the UAV-based NDVI at
different spatial resolutions (Figure 6). The statistics of the different spatial resolutions of the UAV
NDVI (Table 2) were similar in their mean values, while the minimum, maximum and standard
deviation values tended to be greater for higher spatial resolutions. In regards to the NDVI computed
from the Sentinel-2 dataset, a small difference was verified for the mean value, while the minimum,
maximum and standard deviation values were similar to the UAV NDVI at a 10-m spatial resolution
(Figure 6¢).
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Figure 6. Normalized difference vegetation index (NDVI) computed from the multispectral data

obtained from the unmanned aerial vehicle at 0.25 m (a) and the resamples to 5 m (b) and 10 m (c), as
well as the NDVI computed from the Sentinel-2 MSI data (d).

Table 2. Basic statistics of the normalized difference vegetation index of the different UAV-based spatial
resolutions and the Sentinel-2.

Num. of Pixels Minimum Mean Maximum STD

UAV 0.25 m 1690 x 10* -0.39 0.51 0.99 0.23
UAV 5 m 457 x 104 -0.10 0.51 0.93 0.21
UAV 10 m 1.14 x 104 -0.09 0.51 0.91 0.20
Sentinel-2 1.14 x 104 -0.06 0.49 0.92 0.20

41°20.7'N

41°20.4'N

The confusion matrix presented in Table 3 shows the correlation between all NDVIs. All resolutions
of the UAV-based NDVIs showed a good correlation and increased as the spatial resolution became
closer to the satellite resolution.

Table 3. Correlation matrix between the normalized difference vegetation index of the different
UAV-based spatial resolutions and the Sentinel-2.

UAV 0.25 m UAV5m UAV 10 m Sentinel-2A
UAV 0.25 m 1.00 - - -
UAV 5 m 0.85 1.00 - -
UAV 10 m 0.91 0.93 1.00 -
Sentinel-2 0.84 0.90 0.93 1.00

Geospatial correlation was conducted using a 50 X 50 m grid, resulting in a total of 479 cells.
The mean value of the satellite NDVI was compared with each UAV resolution, and the results are
presented in Figure 7. The MI value for all approaches was 0.634. Generally, all approaches presented
a similar behavior in the BILISA relationships, where 59% of the cells presented a p-value lower than
0.05: 81% of cells presented an HH or LL correlation (39.3% and 41.4%, respectively), 11% presented an
LH correlation and only 8% presented an HL correlation.
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Figure 7. Mean value of the normalized difference vegetation index (NDVI) computed using the

multispectral data obtained from an unmanned aerial vehicle (UAV) at 0.25 m (a) and the resamples to
5m (b) and 10 m (c), as well as the NDVI computed from the Sentinel-2 Multispectral Instrument (MSI)
data (d) in the 50 x 50 m grid. Bivariate local indicators of spatial association (BILISA) cluster maps
between the NDVI map from Sentinel-2 and the UAV-based NDVIs at different spatial resolutions of
0.25m (e), 5 m (f), and 10 m (g). Associations with a p-value < 0.05 are highlighted with a black border.

4. Discussion

This study evaluates the usage of free-access multi-temporal Sentinel-2 data to perform post-fire
monitoring over an area of 361 ha in the north-eastern Portugal. The dNBI (Figure 2) was used to
assess fire severity, which enabled estimation and delineation of the area affected per severity level.
Both high and moderate severity classes represented the majority of the burned area (a total of 86%,
corresponding to 311 ha), demonstrating a high incidence of fire disturbance in the forest stands
present in the area. Moreover, both classes also presented the lowest post-fire NDVI values (Figure 4,
September 2017). The same trend has been verified by other studies, noting that values decrease as
fire severity rises [32]. On the other hand, unburned and low-severity areas were mostly located on
the perimeter of the fire disturbance. These areas had easier access, due to the existence of roads
and of priority protection by the authorities due to the proximity to settlements and infrastructures.
These results are corroborated by the mean NDVI value of the multitemporal analysis (Figure 4),
which shows similar values to the pre-fire data in the low-severity and unburned areas along with
lower NDVI differences after the fire event (Figure 5). An example of a riparian stand that resisted
fire disturbance is shown in Figure 8. On the other hand, areas classified with a high or moderate
fire severity presented higher difference in the NDVI values during the analyzed period. This can
be justified by the resprouting of some species and by the regeneration of others, as is the case with
maritime pine, which has physical characteristics that allow its survival (thick bark and reproduction
procedures) [54]. Moreover, the trend of NDVI values declining over the months can be justified by the
presence of some undergrowth cover that dries out due to the absence of precipitation and increase of

air temperature [55].
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Figure 8. Overview of a stand that resisted the fire disturbance. Its location in the study area is (a)
marked with a white cross and (b) visualized in the UAV-based orthophoto mosaic. Data from July 2019.

The UAV-based multispectral imagery acquired in the 116 ha of the study showed similar results
when compared to the Sentinel-2 data. These findings have already been verified for Word View-2
1-m spatial resolution data [14], but never for Sentinel-2. In fact, for this type of application, the
Sentinel-2 proved to be a more cost-effective approach that was able to cover wider areas, providing a
short revisit time (five days) and delivering a wider spectral range. UAV-based multispectral data
acquisition, on the other hand, can provide similar or higher temporal resolutions, but in a more
time-consuming and expensive way, with costs increasing significantly for bigger areas [56]. This
is an issue, since at least two human resources are needed who will make multiple trips and spend
several days of work in order to meet a similar revisit time [57]. Furthermore, multiple batteries are
needed to cover a considerable area. Ferndndez-Guisuraga et al. [14] used the Parrot SEQUOIA for
UAV-based data acquisition during the post-fire monitoring of a 3000-ha area and faced several issues
in the process. The overall procedure was time-consuming and computationally demanding, with data
acquisition taking two months to conduct (resulting in a total of 100 h), and further data processing
taking approximately 320 h. Some of these data then had to be discarded due to sensor malfunctions
during the flights, in addition to radiometric anomalies found in the acquired images and further
data storage problems. The experiment carried out by Fernandez-Guisuraga et al. [14] allowed the
suitability of UAV-based multispectral imagery to be determined when more information in terms
of spatial variability in heterogeneous burned areas is needed. Other authors have explored fire
severity measuring using UAV-based RGB imagery [17], but some limitations that directly impact its
accuracy have been found such as the influence of canopy shadows, photogrammetric errors in canopy
modelling and inconsistent illumination across the imagery. However, all remaining applications
in terms of fire monitoring can be accomplished using satellite imagery, including those provided
by Sentinel-2 MSI. Despite the great effectiveness of the satellite data for post-fire monitoring at a
local/regional scale, some applications may require a significantly higher spatial resolution, making
UAVs necessary, as is the case in individual tree monitoring [58], which cannot be conducted with
satellite data with a decameter resolution or in real-time fire monitoring applications [12]. Thus, the
complementarity of the two types of data are proven.

5. Conclusions

In this article, the potential of the use of satellite optical time series images from the ESA Copernicus
Programme was addressed for monitoring relatively small areas affected by forest fires. In areas with
sizes up to the one presented in this study (~400 ha), the use of small and very flexible UAVs for
the analysis of post-fire vegetation recovery would be perfectly possible. However, the use of UAVs
would result in a more laborious and expensive UAV tasks, requiring several visits to a field. Thus,
in this study, Sentinel-2 MSI data were used to compute NBRs before and after fire disturbances in
order to measure their extents and severity using difference NBR (ANBR). Subsequently, NDVI was
also calculated to assess forestry recovery in the study region from 2017 to 2019. The NDVI from the
Sentinel-2 MSI data was compared with UAV-based high-resolution data at different spatial resolutions
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(0.25, 5 and 10 m) to access their similarities. The results demonstrated the effectiveness of satellite data
for post-fire monitoring, even at a local scale. The Sentinel-2 MSI data presented a similar behavior
to the UAV-based data in assessing burned areas. The confusion matrix, calculated for Sentinel-2
and UAYV, showed high correlations between all NDVIs (i.e., 0.83, 0.90 and 0.93 for 0.25, 5 and 10 m
spatial resolutions, respectively). Furthermore, the median and extreme values were very similar,
differing no more than 0.02 for the mean, 0.04 for the minimum and 0.01 for the maximum. Thus, the
availability of multi-temporal Sentinel-2 MSI data with frequent revisit times enables the severity of
fire disturbances to be identified and, in a post-fire context, for the recovery of forests to be monitored
and their evolutions observed when compared to pre-fire vegetation status. In this way, Sentinel-2 data
can be automatically used to monitor burned areas. However, this approach should be evaluated in
other areas with different fire extensions and vegetative covers, as well as in broader post-fire periods.
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