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The availability of high-resolution reference datasets representing in space and time and with high accuracy
areas affected by fires is strategic for the validation of remotely-sensed Burned Area (BA) products. This paper
proposes a methodology designed to build a burned area reference dataset from Sentinel-2 (S2) images at
continental scale by implementing a stratified random sampling scheme. Representative sample units are
selected across biomes and regions with high/low fire activity; each unit covers the extent of a S2 tile (~10 000
km?) where image time series are classified with a supervised Random Forest algorithm to extract fire perimeters
by exploiting visible to near and short-wave infrared S2 wavebands at 10 to 20 m spatial resolution. Time series
have to satisfy requirements on maximum cloud cover, maximum time interval between consecutive images and
minimum length to be suitable for being selected and processed. The proposed methodology was applied to Sub-
Saharan Africa for the year 2019 to select 50 S2 sample units where time series were processed to deliver fire
reference perimeters for accuracy assessment of regional BA products. Average series length is 140 days with the
longest series in the savanna biome (maximum length is 355 days, 29 consecutive S2 images) and a total of 695
S2 images were processed to build the 2019 reference dataset. This dataset was compared to burned areas
derived from very-high resolution Planetscope images over five S2 tiles obtaining 15.5% omission and 11.6%
commission errors. To exemplify the use of this reference dataset, S2 perimeters were used to validate the NASA
MCD64A1 Collection 6 and the ESA FireCCI51 BA products. The reference dataset has been added to the Burned
Area Reference Database (BARD) (Franquesa et al., 2020) and is publicly available at https://doi.org/10.219
50/VKFLCH.

1. Introduction of the BA products with independent reference data sets (not used in the

product’s generation phase) that represent the spatial and temporal

Regional and continental Burned Area (BA) products derived from
Earth Observation (EO) data provide spatial and temporal distribution
of the areas affected by fire everywhere in the World. These products are
increasingly exploited for monitoring, management and planning ap-
plications. However, EO BA products are suitable geospatial datasets if
they provide consistent and accurate estimates of the areas affected by
fires. The availability of global EO data in the recent decades led to the
delivery of an increasing number of large-scale BA products (Barbosa
et al., 1999; Chuvieco et al., 2019; Mouillot et al., 2014; Lizundia-Loiola
et al., 2020; Oton et al., 2021), requiring additional effort for the esti-
mation of their spatio-temporal accuracy. Validation is the comparison

* Corresponding author.

distribution of the surfaces affected by fire with an intrinsic greater
accuracy. At global, continental and regional scales, systematic collec-
tion of reliable and representative in situ fire data is not feasible and
reference datasets are built from EO data that allow systematic obser-
vation of the Earth surface (Boschetti et al., 2009). However, the design
of a sampling scheme for the selection of validation units is still a critical
step (Stehman, 2001, 2009; Olofsson et al., 2014; Padilla et al., 2017;
Stehman and Foody, 2019; Franquesa et al., 2020). Validation units,
where reference and product comparison is carried out, should be
representative of the distribution of fires in space and time; they could
be selected a-priori based on expert driven reasons and criteria (Gaveau
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et al., 2021) or based on a sampling strategy for robust estimations of
accuracy metrics (Boschetti et al., 2016). At regional and global scales,
source satellite data for deriving fire reference perimeters has largely be
provided by Landsat missions (Padilla et al., 2014, 2015; Boschetti et al.,
2016; Padilla et al., 2017; Chuvieco et al., 2018; Boschetti et al., 2019;
Rodrigues et al., 2019). Recently, higher spatial resolution Sentinel-2
(S2) images have also been exploited, eventually to complement Land-
sat imagery (Hall et al., 2021), although, to the author’s knowledge, no
sampling design has been proposed for the selection of validation units.

In this paper, we propose a method for selecting sampling units over
Sub-Saharan Africa to build a burned area reference dataset from S2
time series. Validation units are selected with a design tuned to the
characteristics of the S2 tiling grid system and to represent major fire
regimes of Africa in its different ecoregions. The method proposed here
builds on the experience inherited from the sampling approach imple-
mented for validating global BA products (Lizundia-Loiola et al., 2020;
Franquesa et al., 2022). Previous works proposed a multi-temporal
stratified random sampling for building fire reference perimeters with
sampling units selected based on Thiessen Scene Areas (TSAs) designed
over the World-wide Reference System (WRS-2) of Landsat scene path
and row coordinates (Padilla et al., 2018; Boschetti et al., 2019;
Boschetti et al., 2016). The design of the TSAs for Landsat frame-based
archiving geometry guarantees that sampling units are contiguous and
not overlapping while, at the same time, assuring direct access to im-
agery archive for downloading and processing. However, the approach
based on TSAs could not be implemented straightforward to the S2 tile-
based grid due to overlapping tiles, hence a specific strategy is proposed
here. In our approach, the validation unit, the region where fire refer-
ence perimeters are provided and compared to the BA products, is made
coincident to the S2 tile areas; in this way, validation unit and validation
tile are used as synonymous and identify an area covering approximately
~10 000 km2. As suggested by Lizundia-Loiola et al., (2020) and
Franquesa et al., (2022), over each unit we selected a S2 image time
series to build the reference dataset. In the framework of the Fire_cci
project (ESA Climate Office, 2022), the proposed approach has been
applied to Sub-Saharan Africa for the year 2019 to generate a reference
dataset (RD) for the validation of the FireCCISFD20 BA product (Chu-
vieco et al., 2022, 2021) (CEDA Archive, 2022). In this paper, we present
the sampling scheme and the assessment of the accuracy of the 2019 RD
by comparison with perimeters obtained from Very High Resolution
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(VHR) multi-spectral Planetscope images. Moreover, the RD dataset has
been used to validate the NASA MCD64A1 Collection 6 (MCD64A1) and
the ESA FireCCI51 BA products over Sub-Saharan Africa for the year
2019. Indeed, these products, although with coarse spatial resolution,
still represent the only multi annual source of information on the dis-
tribution of burned areas globally and their inter-comparison and ac-
curacy assessment is largely addressed in the literature.

2. Data

A total of 50 S2 tiles used as sample units for the year 2019 over Sub-
Saharan African (25°N-35°S) were selected with a stratified random
sampling scheme to represent all conditions in terms of land cover/
vegetation and fire characteristics/conditions. Stratification was based
on i) major Olson biomes (Olson et al., 2001) and ii) the distribution of
areas of high and low fire activity (FA) based on the annual amount of
area burned. Five additional tiles were selected based on Planetscope
data availability (long time series according to cloudiness) for assessing
the accuracy of the S2 fire reference perimeters.

2.1. Olson biomes

The first criterion for spatial stratification was based on the Olson
world ecoregion map (Olson et al., 2001, Fig. 1) to identify seven
aggregated biomes (Padilla et al., 2014). Biomes less prone to fire
(“Deserts and Xeric Shrublands” and “Mangroves”) were grouped into
the “Others” category. Since categories descend from a global map, only
five aggregated biomes that are present in Africa were considered:
“Tropical Forest”, “Tropical and Subtropical Savanna”, “Temperate
Grassland and Savanna”, “Mediterranean Forest” and “Others” (Fig. 1a).

2.2. FireCCI51 BA product

Strata of high/low fire activity within each biome were identified
based on the 2019 annual amount of area burned derived from the
global FireCCI51 BA product (Lizundia-Loiola et al., 2020) (Fig. 1b). The
MODIS Fire_cci version 5.1 products (FireCCI51) comprise maps of
global burned area covering the period 2001-2020 developed and
tailored for use by climate, vegetation and atmospheric modellers, as
well as by fire researchers or fire managers. The FireCCI51 product is

.+ Sub saharan region
m Mediterranean Forest
[ Other

) Temperate Grasslands
B Tropical Forest

[ Tropical Savanna

= > 500

"ﬁ_,:. ol

Fig. 1. a) The biomes over Sub-Saharan Africa derived from Olson ecoregions (Olson et al., 2001); b) total area burned [km?] derived from the 2019 FireCCI51 BA

product for grid cells of 0.25°.
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delivered at different spatial resolutions: the full resolution pixel prod-
uct (0.002246° - ~250 m), monthly BA estimates with daily record of
Day Of the Year detection (DOY), and the grid product (0.25°), showing
the total annual amount of burned area within each grid cell. The
FireCCI51 BA product is derived with a hybrid algorithm that combines
MODIS highest resolution near-infrared (NIR) surface reflectance and
active fire information from the thermal channels; details on the algo-
rithm can be found in Lizundia-Loiola et al., (2020).

2.3. Sentinel-2 grid and time series

S2 data are acquired by two multispectral sensors (Sentinel-2A and
2B), operating on polar sun-synchronous orbits since July 2015 and July
2017, respectively, and featuring a decametric resolution (from 10 to 60
m depending on the spectral band) (European Space Agency, 2015). S2A
and 2B joint revisiting time is five days, or even shorter on areas covered
by multiple orbits. Overlapping areas are greater at higher latitudes (Li
and Roy, 2017), thus limited in our study area.

S2 data are released as surface reflectance data corresponding to 110
x 110 km tiles in WGS84 datum and UTM projection. Each tile
composing the S2 tiling grid is aligned with the UTM zone in which it
falls; adjacent tiles aligned with the same UTM zone overlap by 10 km,
while overlapping surface of non-aligned tiles could be higher. The grid
is not aligned with the orbit acquisitions, and the swath width (290 km)
is larger than the tile size: for these reasons i) most of the S2 tiles are
fully covered by an orbit, while some others are only partially covered;
ii) a specific tile can be covered (partially or fully) by multiple orbits.
These characteristics were considered in the design of the sampling
approach proposed in this work (Fig. 4).

2.4. Planet time series

PlanetScope (hereafter Planet) is a constellation of approximately
130 satellites operating since 2018. The multi-spectral sensor mounted
on this platform is characterized by four bands: three in the visible
wavelengths (b1: 455-515 nm; b2: 500-590 nm; b3: 590-670 nm) and
one in the NIR wavelengths (b4: 780-860 nm). The most recent third
generation of Planet sensors (known as SuperDove or PSB.SD) is
currently in orbit carrying a five spectral band multispectral sensor
(Visible 4+ NIR + Red Edge). The spatial resolution of Planet images is 3
m for all bands and imagery is captured along the swath as a continuous
strip of single frame images known as “scenes” (Lemajic et al., 2018).
More details on the characteristics of Planet data can be found in Frazier
and Hemingway (2021).

We queried the 2019 Planet archive (Planet Team, 2022) to identify
five sites where cloud-free time series covering about 2/3 months were
available for the major fire regimes (Fig. 2). For each Planet date,
multiple scenes were downloaded and mosaicked (example mosaics are
provided in Annex C).

3. Methods

We propose a sampling scheme for the selection of sample units
tailored on the peculiarities of the S2 acquisition and tiling grid system
that builds on the experience inherited from the sampling approach
implemented at global scale for Landsat-8 data (Lizundia-Loiola et al.,
2020; Franquesa et al., 2022). The flowchart of the procedure is pre-
sented in Fig. 3 and comprises the following major steps: sample unit
selection (Step 1), burned area mapping from image pair (Step 2) and
extraction of cumulative maps over the time series (i.e., fire perimeters
dataset, Step 3). The sampling scheme was applied to identify units over
Sub-Saharan Africa and to build a S2 reference dataset for the year 2019.

3.1. Sampling scheme

The proposed sampling scheme implements a stratified random
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Fig. 2. S2 tiles sampled for extracting fire perimeters from S2 times series (n =
50, blue square polygons) and the S2 tiles used for comparison with Planet fire
perimeters (red square polygons). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

sampling approach with strata selected to cover major biomes of Africa
and high and low fire occurrence (i.e., Fire Activity) (Step 1, Fig. 3)
through the following major tasks: identification of S2 tiles suitable as
sample units, stratification, definition of the time series and sampling.

3.1.1. Identification of sample units

Each sample unit covers approximately a S2 tile area (~10 000 km?)
where consecutive pairs of S2 images are available to build a time series.
Hereafter, the terms “unit” and “tile” are used as synonymous. The S2
tiling grid was directly used for the selection of the validation units to
simplify data downloading and processing (Padilla et al., 2014, 2015;
Boschetti et al., 2016; Padilla et al., 2017). However, in order to provide
robust statistical sampling and avoid overlapping between units, two
criteria were applied to select suitable tiles. First, only S2 tiles fully
covered by a single orbit, hence with same acquisition date over the
tile’s footprint, are retained (green polygons in Fig. 4b); tiles not entirely
covered by almost one of the orbits are discarded (red polygons in
Fig. 4a).

The second problem to be solved was found when S2 tiles overlap
adjacent UTM zones (yellow polygons in Fig. 4c). In these cases, keeping
both overlapping tiles would increase sampling probability of the
common land area; hence, only one S2 tile was randomly selected and
retained. The population of S2 tiles suitable for sampling was the result
of the available tiles after applying the two previous filtering conditions
to the S2 tiling grid system.

3.1.2. Biome and fire activity stratification

The two stratification layers described in 2.1 and 2.2 were used to
characterize fire regimes at continental scale based on ecoregions and
fire occurrence as proposed by previous sampling designs for validation
of global BA products (e.g., Padilla et al., 2017; Boschetti et al., 2016).
Each tile was labelled with the major Olson biome and then with high/
low fire activity based on the yearly amount of area burned as derived
from the 2019 FireCCI51 grid BA product (Lizundia-Loiola et al., 2020).

Each sample tile was assigned to either the high or low fire activity
category with a threshold value calculated for each biome as the 20th
percentile of the cumulated burned areas (Padilla et al., 2017, Boschetti
etal., 2016). In order to compute this value, tile total BA was normalized
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Fig. 3. Flowchart of the proposed sampling and classification scheme. A sample unit is a S2 tile where time series are collected with time interval between
consecutive S2 scenes At [days], CC [%] scene level cloud cover percentage and CCeym [%] cumulated cloud cover, L is the length of the time series [days].
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Fig. 4. a) example S2 tiles not suitable (red) as sample units since they are not fully covered by any single orbit (blue lines); b) example S2 tiles suitable (green) as
sample units since they are fully covered by the same orbit (blue lines); ¢) example S2 tiles overlapping adjacent UTM zones where yellow colour represents randomly
selected tiles while light blue and orange highlight discarded tiles belonging to UTM zones 28 and 29, respectively. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

with respect to the total biome’s BA and tiles were sorted in increasing
order to extract the value of the 20th percentile (Table 2).

3.1.3. S2 time series selection
Tiles were used for building the sampling population only if time
series of S2 images satisfied the following requirements:

1. Cloud cover: scene cloud cover (CC) < 15% and cumulated cloud
cover (CCeuym) < 30%

2. Time interval between consecutive S2 images (At) < 15 days

3. Length of the time series (L) > 100 days

226

To select the optimum scene cloud cover a preliminary analysis on
the availability of S2 images was performed (Annex A). The percentage
of land cloud coverage for each S2 image (CC < 15%) was extracted
from metadata. An additional upper limit for the maximum allowed
cumulated cloud cover (CCcyn) over the series was set to preserve the
greatest possible clear area within the sample tile. CCcyn, is computed as
the cumulated cloud cover percentage over the tile as read in the met-
adata. Even if this condition overestimates actual pixel level cloud cover,
it is the only feasible way to guarantee a-priori cloud free time series.
This value is a trade-off between clear sky time series and time series
length: the greater cloud cover is allowed, the longer the time series
(since it is combined with maximum allowed time interval) and the
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smaller the resulting portion of land surface that can be used for
extracting reference perimeters of cumulative burned area.

Given the maximum cloud cover allowed, the time series was built by
setting the maximum time interval (At) and the minimum length (L).
The signal of burned conditions in multi-spectral images depends on
several factors among which pre-fire land cover characteristics and post-
fire vegetation regrowth; hence, we imposed short time interval (At <
15 days) to reduce the likelihood of losing burned areas in those eco-
systems where the duration of the post-fire spectral signal is very short
(Padilla et al., 2014). Given the frequency of acquisition of the combined
A&B Sentinel-2 missions, this condition can be satisfied in almost all
biomes of Africa with the exception of regions where cloud cover is more
persistent and/or number of tiles very low, such as in the case of
“Mediterranean Forest”.

Since frequency of observation of S2 could be greater than one image
every 15 days, a further filter was applied within the 15-day period to
select the image with lowest cloud cover. This step was deemed neces-
sary to further ensure clear sky conditions in the times series by, at the
same time, reducing image redundancy and processing effort.

3.1.4. Sampling cardinality definition
The total number of tiles to be sampled is distributed among strata
based on Eq. (1) (Padilla et al., 2017).

1N/ BA,

where for each stratum h, ny, is proportional to the number of tiles to be

(€8]

sampled, BA; is the average total annual burned area and Nj, is the
stratum total number of tiles available for sampling that depends on the
parameters set for the definition of the time series (3.1.3). Severe cloud
cover could significantly decrease Ny, from the potential population of
available sampling tiles as identified in 3.1.1 and Ny, changes from year
to year. For smaller strata, a minimum ofn;, = 2 was assigned. In the case
of the generation of fire reference perimeters for the year 2019, we set
the total number of sample tiles N equal to 50 and distributed among the
strata based on Eq. (1).

3.2. Extraction of fire reference perimeters

S2 times series over all tiles were processed to extract reference
burned areas with a Random Forest (RF) algorithm implemented in the
Google Earth Engine (GEE) cloud-computing platform that is largely
used by the Remote Sensing community since it makes available ready-
to-use satellite data and products (Google Earth Engine, 2022) (Roteta
et al., 2021). For each tile, consecutive S2 image pairs were classified
and cumulative burned perimeters for each tile were generated
following the methodology described in Franquesa et al., (2022). Each
S2 image pair was classified with a supervised classification RF algo-
rithm (Breiman, 2001) to map areas burned between the two dates (pre-
fire t1, post-fire t2). The RF classifier was instructed with post-fire
spectral indices NBR (Normalized Burn Ratio), NBR2 and NDVI
(Normalized Difference Vegetation Index) and their temporal differ-
ences (A1) and training polygons for burned/unburned areas selected
by photointerpretation of RGB false colour composites of the S2 bands.
Output classification is composed of burned and unburned polygons as
well as cloud regions as derived from the S2 Scene Classification (SC)
layer. Output classification was compared, for each pair of S2 images, to
RGB false colour composites and training polygons modified by adding
new polygons, if necessary, to achieve the most accurate classification.
The burned polygons were cumulated over the time series by retaining
the date of detection (Day Of the Year — DOY). Output BA reference files
were delivered as Open Geospatial Consortium (OGC) Geopackages
containing the following categories: burned and unburned, not observed
areas or not valid pixels (i.e., regions where the surface conditions could
not be observed and assigned to neither of the two burned and unburned
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categories).
The attribute table of the vector layers is composed of the following
fields (Franquesa et al., 2020):

—

. PreDate: acquisition date of the image taken before the occur-
rence of the fire yyyymmdd (year, month, day);

PostDate: acquisition date of the satellite image taken after the
fire that is assumed as the burn date of the burned class polygons:
yyyymmdd (year, month, day);

Prelmg and PostImg: the pre- and post-fire S2 image names;
Area: area of the polygon in square metres [m?].

ii.

iii.
iv.

The classification procedure was applied to the sampled S2 tiles (N =
50) as well as to the additional sites selected for the comparison with
Planet fire perimeters (n = 5).Over the five Planet site, S2 dates for
extracting fire perimeters were selected as close as possible to Planet
dates. For the year 2019, in order to cover all sampled tiles, more than
650 pairs of S2 images were processed (10-15 pair for each sample tile).

3.3. Evaluation of fire perimeters accuracy

Planet time series were processed similarly to S2 images (3.2): a
supervised RF algorithm was applied to each image pair within each site
with training polygons collected over burned and unburned areas. The
training set was collected independently with respect to the training
used for S2 time series. Since only visible and NIR bands were available
for Planet multispectral images, input layers to the RF algorithm were:
post-fire (t2) and pre-post difference (As¢1) values of blue, green and
red visible bands (b1, b2, b3), NIR band (b4) and NDVI. Planet fire
perimeters were visually checked against RGB false colour composites to
guarantee the highest possible accuracy.

S2 and Planet perimeters were compared over the area covered by
the Planet mosaics for the five sites shown in Table 1. To quantify the
agreement, we computed the confusion matrix for each site (Table 3)
and accuracy metrics for the Burned Area (BA) category (Table 4). The
Dice Coefficient (DC) (Dice, 1945) is a synthetic metric combining
omission and commission varying in the range [0, 1], the closest to 1 the
best. It is a similarity index, it provides a single measure that combines
the information of the separate class-specific metrics Ce and Oe (Padilla
et al.,, 2015) and it has been exploited before as a measure of the ac-
curacy of the burned category (Cabral et al., 2018).

The Relative Bias (relB) is the difference between total burned area in
the classified (S2) and reference (Planet) BA maps normalized by the
total reference BA (Planet): positive (negative) relB values highlight
overestimation (underestimation) errors.

3.4. Accuracy assessment of BA products: MCD64A1and FireCCI51

The S2 fire reference perimeters were exploit to assess the accuracy
of the NASA MCD64A1 Collection 6 (Giglio et al., 2018) and the ESA
FireCCI51 (Lizundia-Loiola et al., 2020) standard global BA products.
Each product was first vectorized and then subset over the tile’s extent
and reference data were reprojected from the original UTM zone to
MODIS sinusoidal projection. Spatial subsets of the BA products were
temporally composited to cover the period of the reference data (first
and last date of the S2 time series). From tile by tile comparison we
derived the confusion matrix (Table 3) and the accuracy estimates of
each product and their standard errors were computed according the
sampling design (Table 5) applying the formulas described in Franquesa
et al., (2022) (Section 3.3.2).

4. Results

4.1. Sampling population and sample tiles

A total of 1672 S2 tiles out of 2958 covering Sub-Saharan Africa were
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Table 1
Location and characteristics of Planet image time-series in the sites selected for the accuracy assessment of the S2 burned perimeters.
Site Location Coord Area [km2] Time period N dates Length [days] N scenes S2 tile
(Lat-Lon)
1A Tambacounda (Senegal) 13,8822 N 1588.2 14/01/2019-12/03/2019 6 57 72 28PFA
13,3713 E
1B Niokolo-Koba (Senegal) 13,0017 N 1245.5 17/01/2019-20/03/2019 4 62 33 28PGV
12,9552 E
2C Kinshasa (DRC) —4,7076 N 1367.3 13/06/2019-27/08/2019 3 75 33 33MXQ
16,0736 E
3A Capenga (Mozambique) —18,6329 N 974.7 30/07/2019-26/10/2019 5 88 38 36KYE
35,6433 E
3B Chimoio (Mozambique) —18,6558 N 1229.5 23/07/2019-14/09/2019 3 53 43 36KWE
33,5820 E
Table 2 identified as suitable for sampling since they guarantee non-overlapping
able

Threshold values identified for stratification of each biome into strata of
high/low fire activity.

Biomes Threshold [km?]
Tropical Forest 620
Tropical and Subtropical Savanna 2367
Temperate Grassland and Savanna 1646
Mediterranean Forests 364
Others 103
Table 3
The confusion matrix: e; is the amount of area burned [m?].
S2 Planet Row total
Burned Unburned
Burned e €12 €14
Unburned €21 €an €a
Col. total e en
Table 4
Accuracy metrics computed from the confusion matrix.
Accuracy metric name Formula
Commission error Ce — €12
€1+
Omission Error Oe — €21
e
Dice Coefficient DC = 2e11
2e11 +e12 +ea1
Relative Bias relg — &2 —€n
€41

Table 5

The number of S2 tiles suitable for sampling in 2019 N for each biome and high/
low fire activity stratum (Np;gh, Niow) and the number of S2 tiles to be sampled n
based on Eq. (1) for each biome and stratum of high/low Fire Activity.

Biomes N (Nhigh + Niow) n (FApigh + FAiow)
Mediterranean Forest 6(2+4) 4(2+2)
Tropical Savanna 646 (192 + 454) 34 (20 + 14)
Temperate Grassland and Savanna 68 (13 + 55) 4(2+2)
Tropical Forest 65 (29 + 36) 4(2+2)

Others 446 (14 + 432) 4(2+2)

Total 1231 (250 + 981) 50 (28 + 22)
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sample units (Fig. 5a).

We applied the proposed method for the year 2019 and queried the
GEE S2 catalogue in the selected tiles (i.e., n = 1672) to identify where
time series were available under the conditions outlined in 3.1.3;
resulting tiles are shown in Fig. 6 together with information on biome,
length of the time series ([days]) and number of S2 images composing
the time series. The total number of available S2 tiles for the year 2019 is
lowered by approximately 26% (n = 1231) due to cloud cover mainly
over tropical regions.

By stratified random sampling we selected the 50 S2 tiles listed in
Annex B together with additional tiles used for comparison with Planet;
tile selected by sampling are displayed in Fig. 6¢. Tiles are distributed
among the strata as summarized in Table 5 with greatest proportions in
the “Others” (~27%) and “Tropical Savanna” (~52%); besides being the
largest biomes, these biomes have the clearest, hence longest, time se-
ries. In “Mediterranean Forest”, the very low number of available tiles
prevented from applying the criterion of the minimum series length (L >
100 days) and all available tiles were used for sampling. Following Eq.
(1), the total number of tiles to be sampled was distributed among the
strata: 68% of the tiles fell in the “Savanna” class being one of the largest
and most affected by fires. Despite the larger number of S2 tiles available
in “Others” and “Tropical Forest”, compared to “Mediterranean Forest”,
the low amount of burned area detected in the FireCCI51 BA product led
to a reduced number of S2 tiles to be sampled in those biomes.

4.2. Sentinel 2 reference fire perimeters

Over the sampled tiles, a total of 695 S2 images were processed in
GEE for extracting fire reference perimeters. Example tile’s input/output
for tile 35LMD (Tropical Savanna, High Fire Activity, Zambia) are
shown in Fig. 7: burned areas are first identified by supervised RF
classification for each S2 image pair (Fig. 7a and Fig. 7b) and then
combined in a synthetic BA dataset by preserving information on the
date of detection of burn conditions for each polygon (Fig. 7c).

The S2 reference dataset, named ’FireCCI_Africa_2019_S2/, includes
50 reference data files derived from S2 time series. The temporal length
of these reference files varies between 35 and 355 days: 6% of which
were <100 days long (i.e., those corresponding to the Mediterranean
Forest biome), 86% were between 100 and 200 days long and 8% more
than 200 days long. The total area of reference data is 0.5 x 10° km?, of
which 19% (94,374.36 km?) corresponds to the burned category, 70%
(347,505 krnz) to the unburned and 11% (53,776.45 kmz) to the un-
observed category. Table 6 shows the burned area and total area mapped
by biome.
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Fig. 6. The 2019 S2 tiles available for sampling with a) major biome, b) length of the time series [days] and c¢) number of S2 images for each time series. Red
polygons in panel ¢ show the 50 S2 tiles sampled for building the RD. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

B 2019-07-17
2019-08-01

Fig. 7. a) S2 time series over a sample tile (35LMD, Zambia, Tropical savanna High); b) fire polygon derived with RF classification for each S2 image pair; c)
synthetic fire reference perimeters over the series length.

4.3. Comparison with Planet and global BA products
Table 6

This table shows the area burned and total area mapped (burned + unburned
area) in the S2 reference data summarized by biome. BA (%) corresponds to the
burned area percentage with respect to the total area mapped.

The comparison of S2 fire perimeters with Planet reference showed a
general good and satisfying agreement among the two datasets consid-
ering that products from Plant have a very high resolution. Fig. 8 pre-
sents fire polygons extracted from Planet time series over two example
Mediterranean Forest 42.05 35084.44 0.12 sites in northern Africa (1A) and central Africa (2C) and the agreement

BIOME BAref (km?) Area mapped (km?) BA (%)

impica] Sa‘g’““"; . Sgggg'gé 22%;’2';2 f:gg maps (bottom row). In the figure, Planet perimeters are shown with
emperate Grasslan . . . . . . . ) .

Tropical Forest 2468.60 35919.90 20.79 dlfferent colour.s to highlight DOY of detection w%thm. th.e Plfmet time
Others 4.80 34814.59 0.01 series for each site; the agreement maps show spatial distribution of the
Total 94374.37 441879.37 21.38 RD accurately mapped burned/unburned polygons (green), commission

(blue) and omission (red) errors.
Table 7 summarizes confusion matrices for the five sites where the
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Fig. 8. Planet fire perimeters (top) and agreement maps (bottom) for two sites: northern Africa 1A (a, b) and central Africa 2C (c, d).

Over the five sites: confusion matrices (TP = true positive, TN = true negative, FP = false positive, FN = false negative), accuracy metrics (omission error = OE,

Table 7
commission error = CE, Dice coefficient = DC, relative bias = relB), total area burned in the Planet and S2.
Tot BA Planet [km?] Tot BA S2 [km?] TP [km?] TN [km?] FP [km?] FN [km?] OE [%] CE [%] DC [%] relB
1A 176.18 184.29 173.36 1401.13 10.92 2.82 1.60 5.93 96.19 0.05
1B 228.06 218.57 206.47 1005.36 12.10 21.59 9.47 5.54 92.46 —0.04
2C 432.87 436.69 349.98 839.83 86.71 82.89 19.15 19.86 80.50 0.01
3A 94.26 98.97 79.82 716.79 19.15 14.43 15.31 19.35 82.62 0.05
3B 525.98 460.03 420.28 670.83 39.74 105.69 20.09 8.64 85.25 -0.15
All 1457.35 1398.54 1229.92 4633.95 168.63 227.43 15.6 11.6 86.13 —0.04
comparison with Planet has been carried out and accuracy metrics for northern savanna regions. Overall accuracy metrics are OE = 15.5%, CE
each site and overall. The site level Dice coefficient — which provides a = 11.6% and DC = 86%.
Several factors can influence the disagreement between S2 and

Planet BA maps and among them the difference in acquisition date is
rather relevant especially during the fire season. Fig. 9 shows the tem-

measure of the balance between commission and omission errors — is
poral distribution of acquisition dates for S2 and Planet. Although Planet

greater than 80% with highest value in 1A, northern Africa, (DC =
96.2%) and lowest value in 2C, central Africa, (DC = 80%). Lowest
commission and omission errors are estimated for the two sites in the
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Fig. 9. Acquisition dates for S2 (red) and Planet time series (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

images were selected to minimize the time difference of the first and last
image of the series with respect to S2 data, average date difference is 1.8
and 3.4 days for the pre- and post-fire image, respectively. Overall, the
time difference is in the range +6 days with greatest values over site 2C
(i.e., last Planet image was acquired 6 days earlier than last S2) and site
3B (i.e., last Planet image was acquired 3 days later than last S2); as a
consequence, these sites show the greatest commission and omission
errors (~20%), respectively.

The S2 reference perimeters were used to validate the burned areas
detected by the MCD64A1 and the FireCCI51 global products for the
total population of suitable sampling tiles (i.e., 1231), obtaining the
error estimates summarized in Table 8. These results could be consid-
ered as representative of Sub-Saharan Africa despite the reduced num-
ber of sampled tiles in tropical regions, where also burned area is low,
compared to other regions where more tiles for sampling are available
(e.g., tropical savanna).

Fig. 10 shows an example over S2 tile 35LKG, Zambia, with fire
reference perimeters derived from S2 and the agreement maps obtained
for the MCD64A1 and FireCCI51 BA products. Agreement maps show
spatial distribution of correctly classified burned areas as well as omis-
sion and commission errors.

5. Discussion and conclusions

In this paper we present a method for building a dataset of fire pe-
rimeters derived from Sentinel-2 images over Sub-Saharan Africa. We
propose a design for selecting sample units distributed over the conti-
nent and representing major fire regimes. Previous work addressed the
same issue with Landsat data used as source for fire reference perimeters
(Boschetti et al., 2019 Padilla et al., 2014); in these works, sampling
units were built from Thiessen scene areas (TSAs) constructed from the
Worldwide Reference System-2 (WRS-2). TSAs were defined from the
centroid of each Landsat frame, and provided a spatial partitioning of
the Earth’s surface suitable for selecting a sample of non-overlapping
areas for the estimation of unbiased and statistically robust accuracy
metrics. In order to address the same issue and by assuming S2 tiles as
sample units, we considered the peculiarities of the S2 tiling system,
which includes tiles not covered by the same orbit and/or tiles over-
lapping due to different UTM zones. Hence, the population of S2 tiles

Table 8
Error estimates [%] for the global BA products and their standard error (in
parenthesis).

DC CE OE relB
MCD64A1 58.1 (0.03) 20.9 (0.02) 54.1 (0.04) —41.8 (0.04)
FireCCI51 60.5 (0.03) 24.9 (0.02) 49.3 (0.04) -32.4 (0.04)
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suitable for random sampling was built by keeping only the tiles fully
covered by a single orbit (thus assuring same date of acquisition/
observation of the surface), and by discarding double tiles from adjacent
UTM zones. These tiles represented a large enough population for
sampling in all biomes with the exception of the biome “Mediterranean
Forests”, where very few tiles are available and are all located in South
Africa.

Besides the stratification by biomes, the dynamic criteria to be
satisfied for the creation of the reference dataset (stratification by fire
activity, cloud cover, time interval between consecutive images and
length of the series) create a sampling population that could change
from year to year, thus requiring repeating the procedure yearly when a
multi-annual dataset has to be generated. For example, in the case of
Africa and the year 2019, these conditions further reduced the number
of tiles suitable for sampling by 26% (from 1672 to 1231).

The higher frequency of observation of S2 sensors, given by the
combination of A&B missions (nominal five days) allowed us to use a
low maximum cloud cover on single S2 images, as there was a higher
probability to find an image with this cloud cover in the required time
interval of 15 days (nominally 3 images available) compared to one
Landsat image available every 16 days. This permitted the use of a
threshold of 15% scene cloud cover compared to previous works based
on Landsat data (Padilla et al., 2017; Boschetti et al., 2019), which used
a 30% and 70% threshold, respectively. The new condition introduced
for maximum cumulated cloud cover further guaranteed to obtain clear
sky time series for building reference BA tiles.

The threshold values set for the CC and CC.yn, along with the time
interval, allows to previously know the total population of sampling tiles
for which it will be possible to obtain reference perimeters. This avoids
having to repeat sampling due to the lack of suitable images from which
to extract the fire perimeters thus saving time and project resources. On
the other hand, the length of the time series is a feature that would have
a significant impact on the accuracy metrics of a BA product, so long
clear sky reference units are preferable for assessing spatial agreement
(Franquesa et al., 2022). Indeed, omission and commission errors might
be biased by the difference of the date of detection in the reference and
product under validation; this difference can be due to several factors
such as cloud cover, difference in algorithm for BA mapping, frequency
of observation of source EO data.

When date difference becomes relevant, reference datasets obtained
from pairs of images (e.g., 8-16 days long) rather than time series
(>100 days, as in our case) tend to bias spatial agreement between
reference and product to be validated, especially in those BA products
with lower temporal reporting accuracy. Similarly, when using long
time series to build the reference data, the mismatch in the dates of
observations with different sensors (e.g., S2 and Planet, as shown in
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Fig. 10. Sentinel-2 fire perimeters (a) and maps showing the agreement, omission and commission error with respect to FireCCI51 (b) and MCD64A1 (c) for the S2

tile 35LKG in northwestern Zambia.

Section 4.3, Fig. 10) is also accommodated in the validation protocol. In
order to assess BA product’s temporal accuracy (agreement of fire dates)
a different approach should be used and reference should be provided by
source data that provide the greatest reliability of the date of detection
(e.g. active fires rather than burned areas).

The criteria detailed above hindered the use of all tiles as sample
units. Since in some cases S2 tiles had to be discarded, the continental
land area is not fully covered, as shown in Figs. 5 and 6. We run a t-test to
determine if the populations of i) all tiles covering Africa, ii) tiles ob-
tained after removing overlapping and iii) tiles for the year 2019 with
suitable time series for fire perimeters generation from long units were
statistically different in terms of total burned area. We obtained that, at
the biome level, there is no statistically significant difference between i)
and ii); the introduction of conditions on maximum allowed cloud cover,
on the contrary, introduced a bias towards less cloudy regions within the
biomes thus leading to a significant difference between ii) and iii) for
“Tropical Forest” (p < 0.01**) and “Tropical and Subtropical Savanna”
(p < 0.05%). For these two biomes, the difference becomes not statisti-
cally significant by lowering the maximum allowed length to 90 days
and 60 days, respectively, thus confirming the cloud cover is the major
influential factor.

Despite these limitations, the proposed procedure offers some
advantages:

1. a reasonable way for sampling S2 tiles geographically and for
querying the S2 archive;

a strong approach for selecting suitable S2 time series over the
sample tiles and to extract fire reference perimeters with least cloud
cover, including an additional condition on cumulated cloud cover
implemented for the definition of the time series of S2 images.

2.

The proposed supervised approach implemented in GEE and based
on the Random Forest (RF) algorithm guarantees highly accurate fire
perimeter delineation with input training data collected by photointer-
pretation for each image pair. Furthermore, the use of consecutive S2
images with a maximum time lag of 15 days retains burned areas with
greatest separability. Even if S2 data potentially allow for a lower time
distance between image pairs, the effort involved in classifying time
series with a high number of images would not be affordable and not
desirable in a cost benefit scenario. Indeed, redundancy generated by
the high S2 frequency of acquisition was exploited by selecting the
clearest sky image within the 15-day period.

We compared S2 to Planet fire perimeters assuming the latter as
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reference; this way we achieved validation stage 1 of the hierarchy
proposed by the Committee on Earth Observation Satellites’ Land
Product Validation Subgroup (CEOS-LPVS) (https://lpvs.gsfc.nasa.gov/,
accessed May 2022). Stage 1 refers to product accuracy assessment
carried out for a small set of locations and time periods, as in our case.
The comparison led to good overall errors metrics. At site level, error
metrics can be as low as CE < 6% and OE < 2% as in the case of site 1A in
the “Tropical Savanna” biome where long cloud free series are available.
Notice that these metrics only refer to the five sites where the Planet
time series were available thus the lack of systematic comparison and
statistically robust sampling does not allow generalizing accuracy levels
to the entire S2 reference dataset. However, at present there is no EO
mission that could provide data with greater spatial resolution and
systematic acquisition for the implementation of a sampling design.

Several factors can influence the difference in burned area mapped
from S2 and Planet. Among them, observation date (Fig. 9) is relevant
and could lead to biased omission and commission errors. Burned area
products generated from high/medium resolution sensors, that are
characterized by a lower temporal resolution, can be affected by a
greater uncertainty in burning date of burning; this uncertainty can be
increased by cloud presence, in our case in both S2 and Planet source
images (Pinto et al., 2020). Moreover, simultaneity of Planet and S2
imagery is very difficult to achieve over the same portion of the Earth
surface due to the non-systematic Planet acquisitions and sensor sys-
tems. Assuming Planet perimeters as reference dataset, an omission
error could be obtained when the S2 acquisition date is later than the
first Planet date or the opposite for the last date of the time series (i.e.,
Planet later than S2), and a fire occurs between these misaligned dates.
On the contrary, commission errors could appear when the S2 acquisi-
tion date is earlier than the first Planet date or the opposite for the last
date of the time series (i.e., Planet earlier than S2). Since the criterion
adopted to select the S2 images for the comparison was to reduce the
time lag with respect to Planet acquisition date, this type of error is not
systematic and predictable. Although the use of image time series re-
duces the impact of this issue, it can still be relevant especially when the
fire season is ongoing and fires burn significant amount of land every
day.

Another important source of error is the difference in spatial reso-
lution of the image data: S2 decametric resolution (10/20 m) is lower
than Planet’s (resolution 3 by 3 m). This difference leads to a coarser
perimeter of the polygons inducing commission/omission errors when
compared to VHR products; moreover, along the border of the burned
areas, low severity and partially burned conditions often occur thus also
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leading to errors. However, our results highlight that when S2 and
Planet time series had the greatest simultaneity of acquisition dates,
such as in the case of sites 1A and 1B, we obtained the greatest agree-
ment (DC > 92%) with best values for site 1A where OE < 2%.

The validation of the two global BA products (MCD64A1 and Fire-
CCI51) with the S2 reference perimeters showed a clear underestimation
of the BA over continental Africa, a situation that is reflected by the relB
values ranging from —44.9 to —36.2%. Indeed, a larger underestimation
by BA products from coarse resolution products is expected due to their
limitation in the detection of small fires (Campagnolo et al 2021; Ramo
et al., 2021; Roteta et al., 2019). Accuracy assessment of these two BA
products with reference data derived from S2 imagery are very scarce in
the literature and only a few examples can be found on a regional scale
(e.g., Katagis and Gitas 2021) and/or for specific land covers (e.g., Hall
et al., 2021). Therefore, our results can only be compared with similar
accuracy assessments performed for Africa using reference data ob-
tained from Landsat data. This is the case of Padilla et al., (2018) who
validated both BA products for the year 2016 following a similar
methodology to produce the reference data, that is, by using time series
longer than 100 days. As shown in Table 9, our results are very similar to
those obtained by Padilla et al., (2018). Other validation activities of the
two BA products (MCD64C6 and FireCCI51) have been carried out with
other data sources showing a large variability of accuracy metrics
depending on local conditions and the source reference data (e.g. Pinto
et al., 2020). The dataset we produced provides a consistent source of
reference fire perimeters at the continental scale.

Even if the need of medium resolution global BA product has been
shown as necessary to solve the underestimation of coarse resolution
products, efforts are still on going to fully exploit available data (Landsat
and Sentinels) and processing capabilities to deliver products required
by the scientific community.

In conclusion, we consider the agreement results between the S2
reference dataset and Planet a proof of the quality of the S2 burned area
maps derived for the specific purpose of generating a database of
reference perimeters for validation of moderate resolution continental
scale burn products. The proposed method would be tested elsewhere to
investigate what criteria for the sampling selection need to be adapted in
order to obtain S2 reference datasets for other biomes (e.g., temperate or
boreal regions.

The dataset of fire reference perimeters derived over Africa for the
year 2019 has been produced in the framework of the Fire _cciproject
(ESA Climate Office, 2022) for the validation of Burned Area (BA)
regional products. However, the dataset could be suitable for other ap-
plications and studies where detailed fire perimeters (decametric
products) derived consistently over long time series are necessary and/
or for the validation of EO-based products. The 2019 reference dataset
encompasses different fire seasons over the Northern Hemisphere of the
African continent but for validation purposes this issue should not
hamper accuracy evaluation; moreover, we propose a repeatable
approach that could be applied to different time periods to fit regional
fire seasonality.

The reference files generated for this article have been added to the
Burned Area Reference Database (BARD) (Franquesa et al., 2020) and
are freely available at https://doi.org/10.21950/VKFLCH (Stroppiana
et al., 2022).
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Table 9
Estimated accuracy of MCD64A1 and FireCCI51 obtained in this study and in
Padilla et al., 2018. Standard errors of the estimates are shown in parenthesis.

This study Padilla et al (2018)

MCD64A1 FireCCI51 MCD64A1 FireCCI51
DC 58.1 (0.03) 60.5 (0.03) 53.6 (0.06) 56.4 (0.04)
CE 20.9 (0.02) 24.9 (0.02) 20.4 (0.02) 25.7 (0.02)
OE 54.1 (0.04) 49.3 (0.04) 59.6 (0.06) 54.5 (0.05)
relB —41.8 (0.04) -32.4 (0.04) —49.2 (0.07) —38.8 (0.07)
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