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Abstract: The catastrophic impact of wildfires on the economy and ecosystems of Mediterranean
countries in recent years, along with insufficient policies that favor disproportionally high funding
for fire suppression, demand a more comprehensive understanding of fire regimes. Satellite remote
sensing products support the generation of relevant burned-area (BA) information, since they provide
the means for the systematic monitoring of large areas worldwide at low cost. This research study
assesses the accuracy of the two publicly available MODIS BA products, MCD64A1 C6 and FireCCI51,
at a national scale in a Mediterranean country. The research period covered four fire seasons, and
a comparison was conducted against a higher-resolution Sentinel-2 dataset. The specific objectives
were to assess their performance in detecting fire events occurring primarily in forest and semi-
natural lands and to investigate their spatial and temporal uncertainties. Monthly fire observations
were processed and analyzed to derive a comprehensive set of accuracy metrics. We found that
fire size has an impact on their detection accuracy, with higher detection occurring in fires larger
than 100 ha. Detection of smaller (<100 ha) fires was favored by the 250 m FireCCI51 product, but
not from MCD64A1 C6, which exhibited less than 50% detection probability in the same range.
Their spatial estimates of burned area exhibited a fairly satisfactory agreement with the reference
data, reaching an average of 78% in detection rate. MCD64A1 C6 exhibited a more consistent
spatial performance overall and better temporal accuracy, whereas FireCCI51 did not substantially
outperform the former despite its finer resolution. Additional research is required for a more rigorous
assessment of the variability of these burned area products, yet this research provides further insight
and has implications for their use in fire-related applications at the local to the national scale.
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1. Introduction

Wildfires constitute a complex worldwide phenomenon, burning annually an area
approximately equivalent to the size of Europe [1]. Despite being a natural disturbance
process in many ecosystems, at the same time they pose imminent and unpredictable
threats to human lives and properties, especially in certain regions. Cases of such highly
destructive wildfires include those during the summer of 2018 in Australia and North
America [2], the deadly fire in a wildland—urban interface area near Athens in Greece
during the same summer, which resulted in the loss of a hundred people [3], and the recent
extreme fires in Greece again that swept across vast areas of forests and built-up zones. Due
to the unpredictable climatic variations that affect weather-driven hazards, such as drought
periods and heat waves, the occurrence and severity of wildfires are projected to change
even more over the coming years [4]. Of course, we cannot neglect the human-related
causes of ignitions (e.g., arsons) or human interventions in the landscape that have severely
altered fire regimes over the last decades, in regions such as the Mediterranean [5] or the
Amazon [6].
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Detailed and consistent information on burned areas at various spatial scales is there-
fore of great importance for fire managers, agencies and countries in order to quantify the
ecological and economic impacts of fires, to provide reliable statistics, to identify agents that
control fire activity and to implement effective pre-fire plans and mitigation measures [7].
Furthermore, long-term records on burned areas are essential for the scientific community
and climate modelers for validating dynamic global vegetation and emission models [8,9].

Satellite remote sensing has significantly supported the generation of burned area
(BA) information during the past decades, since it provides the means for the system-
atic monitoring of large areas worldwide at low cost [8]. Polar-orbiting sensors such as
MODIS (Moderate Resolution Imaging Spectroradiometer), VIIRS (Visible Infrared Imag-
ing Radiometer suite) and MERIS (Medium Resolution Imaging Spectrometer) have been
traditionally utilized for monitoring fire activity [10-12] at the regional to the global scale.
At the cost of medium to low nominal resolution (250-1000 m), these sensors provide the
advantage of daily or near-daily imagery acquisitions that can be used for operational activ-
ities including early detection, fire suppression and direct impact assessment [12]. Global
BA products provide the essential pixel-level information that can be further processed to
provide the size and distribution of single fire events over space and time [10,13]. Though
finer resolution BA assessments from Landsat or Sentinel-2 satellites are now becoming
available [14,15], yet these cannot compete with the systematic and long-term coverage
provided by the former systems.

Several global BA products have been developed in the past two decades, with MODIS-
derived ones being the predominant source for monitoring fire activity worldwide. The
latest publicly available versions include the MCD64A1 Collection 6 at 500 m [1] and the
ESA FireCCI51 product at 250 m [16], which cover the longest period among BA products,
from 2000 onwards. Other BA products that have been released are the SPOT-Vegetation
(1 km) and PROBA-V (333 m) Copernicus BA [17], GLOBCARBON (1 km) [18], the MERIS
FireCCI41 (300 m) [19], or the GFED (Global Fire Emissions Database) (0.5°) [20]. Besides
the inherent spatial resolution bias, the reliability of these products is affected by the quality
of input data, the specific algorithms used for surface reflectance correction and processing,
and other factors such as clouds, land cover type or fire persistence [21].

The detection and mapping capabilities of the implemented algorithms in the global
BA products have improved over the years; however, there are still uncertainties in the
global estimates of the area burned. For example, the actual burned area has been underes-
timated by global products compared with regional ones [22,23], although MODIS-derived
products present a relatively good alternative for national reporting in North America or
Russia [2]. Other studies have reported significant variations in spatial estimates and fire
detections among different BA products [24,25], which are emphasized at smaller spatial
scales and fire sizes smaller than 100 ha [14]. Therefore, accuracy evaluation or validation
of these satellite products is necessary to determine their usefulness.

A standard procedure for validation of global BA products is their comparison with
independent reference datasets generated from higher-resolution sensors [26,27]. This can
be achieved by applying statistical methods of stratified spatial and temporal sampling,
resulting in a qualitative evaluation over different biomes and conditions [28]. Nonetheless,
the major limitation in regional or global validation studies is the unavailability or limited
existence of low-error reference data. Instead, the relative performance of satellite BA
products can be assessed by means of intercomparison [24]. MODIS-derived BA products
have been utilized in several studies across different regions and ecosystems in recent years,
with their spatial and temporal accuracy being thoroughly assessed. These studies focus on
typical (tropical forests, savannas, grasslands) [6,25,29,30] or less fire-prone (boreal forests
or tundra) ecosystems [31] with the time period of investigation commonly spanning,
with few exceptions, few seasons as a result of the limited availability of higher-resolution
reference datasets, especially when extensive spatial scales are considered.

In this work we conducted validation of the two publicly available MODIS BA prod-
ucts, MCD64A1 C6 and FireCCI51 for the country of Greece. Our research was based
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on a comparison of these products against higher-resolution Sentinel-2 reference data,
spanning a period of four consecutive fire seasons from 2016 to 2019. More specifically,
we evaluated the detection accuracy of the MODIS products, and then evaluated their
spatial estimates of burned area and temporal uncertainties. The analysis was conducted
at the fire-patch scale in typical Mediterranean ecosystems and across different fire sizes,
excluding agricultural fires. Although MODIS BA datasets have been utilized in validation
studies for five Mediterranean countries over multiple years, the comparisons are con-
ducted mostly against national field-based reports of burned areas [2,32,33]. To the best
of our knowledge, validation of the most recent MODIS BA products at the national level
in the Mediterranean is quite limited. Following our recent preliminary study [34], this
research could provide additional insight into the spatial-temporal scale at which these
products can be reliable to end users for various applications, such as deriving individual
fire events, compiling reports and analyzing fire regimes at the local to the national scale.

2. Study Area

Greece is one of the five large countries of the European Mediterranean region, with
a total area of approximately 132,000 km? (Figure 1). The climate of the country is typically
Mediterranean, with mild, rainy winters and hot, dry summers. The primary vegetation
classes range from forests to (transitional) woodlands, shrublands and grasslands. The typ-
ical Mediterranean vegetation types that can be found are shrubs of evergreen/hardwood
broadleaves, sclerophylous oak shrubs, pine forests (P. Halepensis and P. Brutia) and the
most drought-resistant phryganic ecosystems.
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Figure 1. The study area is the country of Greece. The colored triangles show the reference fire
locations, determined by Sentinel-2 images. (Basemap sources: Esri, Garmin, USGS, NOAA, NPS).

Fires constitute one of the major disturbances of Greek forests and wildland areas, with
most fires being induced directly or indirectly by human activity and occurring in altitudes
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of less than a thousand meters. More than 50% occur in evergreen broadleaf shrubs, 15% in
pine forests (P. Halepensis and P. Brutia), only 6% in deciduous oak forests, 11% in grasslands,
and 4% in agricultural lands [35]. The abundance of WUI (wildland—urban interface) zones,
the abandonment of rural activities in forest land leading to the increase of fuel load,
insufficient forest and fire management practices, and climate conditions are among the
principal agents that further contribute to increasing fire risk and more intense wildfires
in the region [36,37]. In the previous decade the number of fires in Greece decreased
compared to the 2000s [38]; however, the total burned area exhibits notable differences
annually (Figure 2). It is worth observing how the annual burned area increases in years
with fewer fire events, particularly in the period from 2017 to 2020.
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Figure 2. Fire statistics for the years 2009-2021 for Greece derived by the European Forest Fire
Information System (EFFIS) reports (https:/ /effis.jrc.ec.europa.eu/apps/ effis.statistics / effisestimates,
accessed on 1 October 2021).

3. Datasets
3.1. Burned-Area Products

The two global BA products that were selected for this research are the publicly
available MCD64A1 Collection 6 [1] and the ESA FireCCI51 [16]. Both are based on
the integration of surface reflectance measurements and standard products generated
by the MODIS sensors onboard the Terra and Aqua satellite platforms. The latest ver-
sions of these broadly used products cover a common period from 2001 to 2019, thus
facilitating validation and comparison studies at the continental to the global scale. The
MCD64A1 (C6) hybrid algorithm combines MODIS Terra and Aqua daily surface reflectance
(MOD09GHK/MYD09GHK) products at 500 m with MODIS active fire data (MOD14A1
and MYD14A1, respectively) at 1 km in order to detect and map daily fires at 500 m. The
algorithm exploits the spectral information from red (0.65 um) and infrared (1.24 um and
2.13 um) reflectance bands to estimate a burn-sensitive vegetation index and then apply
a dynamic threshold on the time series of composite imagery to detect candidate burned
pixels [1]. The C6 is an improvement on the previous MCD64A1 C5.1 and MCD45A1 [39]
versions, since it detects more burned area in total, has increased sensitivity in detecting
smaller fires, and reduces the temporal uncertainty in the estimation of the date of the
burn [24,26]. This product has been also utilized for generating additional fire global
datasets [40] and the Global Fire Atlas [10].

The FireCCI51 product was developed to complement existing BA products by pro-
viding higher spatial resolution at 250 m. It is funded under the ESA’s Climate Change
Initiative program and is an improvement on the previous versions FireCCI50 [41] and
FireCCI41 [42]. The product algorithm integrates daily Terra MODIS red (R) and near-
infrared (NIR) reflectance measurements (MOD09GQ) and MODIS monthly active fire
data (MCD14ML) to identify and map burned areas. This two-phase algorithm initially
identifies candidate seed pixels (burned) and then applies a region-growing algorithm
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within a ten-day window post-fire. Details regarding the algorithm structure and its latest
improvements can be found in the publication by Lizundia-Loiola et al. [16]. FireCCI51
exhibits similar errors to those of the previous version, although it presented lower errors
of omission and commission than MCD64A1 and improved detection capability of smaller
fires in a validation study in sub-Saharan Africa [16].

3.2. Validation Dataset

The validation dataset consists of higher-resolution fire perimeters derived by Sentinel-
2 images for the years 2016 to 2019 (Figure 1). Part of this dataset was initially generated in
the framework of the Greek National Observatory of Forest Fires (NOFFi) and its Object-
based burned area mapping (OBAM) service [43]. The NOFFi-OBAM is an on-demand
service that has been operating from 2016 to the present, and is activated upon request by
local forest offices after fire events usually larger than 100 ha, though wildfires of smaller
sizes have also been mapped in specific cases [44]. Because NOFFi-OBAM is an on-demand
service, we performed a cross-check of the existing reference dataset, comprising 140 fire
events, with the Greek Fire Service official statistics. We discovered that a number of
small and larger fires throughout the years had not been mapped. Therefore, we had to
conduct a classification of approximately 50 more fires, following the general methodology
implemented by NOFFj, in order to complement the validation reference set for the needs
of this research.

The burned area classification method is fully automated and follows a supervised
learning approach in which two Sentinel-2 images, pre- and post-fire, are utilized for
labelling automatically a set of training patterns via empirical rules. Then, an initial pixel-
based classification is applied using this training set by means of a support vector machine
(SVM) classifier. The latter is subsequently smoothed following a multiple spectral-spatial
classification (MSSC) approach, which increases the mapping accuracy of the final burned-
area delineation [45]. The generation of the reference dataset followed the general criteria
defined by the Global Burned Area Satellite Product Validation Protocol [27], which refer to
the temporal window for the selection of the high-resolution images, the selection of cloud-
free images or images with less than 10% cloud coverage and the thematic consistency of
the final reference maps.

4. Methods
4.1. Generation of Low-Resolution Fire Database

The first part of the methodology included the acquisition of the two BA datasets
for the time period of this study and its subsequent processing to derive individual fire
events for the whole of Greece. While in several studies the analysis and comparison of BA
information are performed at the pixel level, we opted for an approach that would consider
comparison at the fire-patch level between the low- and high-resolution datasets.

The monthly 500 m MCD64A1 Cé6 dataset was downloaded as GeoTiff images for the
years 2016 to 2019, via the Application for Extracting and Exploring Analysis Ready Samples
(AppEEARS) service (https:/ /lpdaacsvc.cr.usgs.gov/appeears/, accessed on 1 October
2020) [46]. The product includes layers of burn date (Julian days), burn date uncertainty,
first and last day of detection, plus QA information. The images were reprojected in the
local UTM zone and masked to the country’s exact extent. We selected all pixels flagged
as land and having valid data according to the QA layer for every year, but only for the
months from May to October (Julian days 92 to 305), which correspond to the official
fire season in Greece. The vast majority of forest and wildland fires occur within this
period. Likewise, the 250 m FireCCI51 dataset was acquired as monthly GeoTiff images
via the official portal (https://geogra.uah.es/fire_cci/firecci51.php, accessed on 1 October
2020) [47] for the same time period. The product files contain per-pixel information on the
Julian date of burn, confidence level and the land cover of the pixel labelled as burned. The
same basic reprojection and masking processes were implemented for these time series.
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Our research focused on the basic Mediterranean land cover types affected by fires
and did not include regular seasonal burns due to farming practices or following harvests
that, for example, occur in large agricultural areas of the country. Furthermore, MODIS-
derived assessments over burned croplands have been reported as quite inaccurate due
to their size and spatiotemporal heterogeneity [48]. Therefore, BA pixels located over
agricultural land, according to the annual MODIS (MCD12Q1) Land Cover Type (https:
/ /lpdaac.usgs.gov/products/mcd12q1v006/, accessed on 20 October 2020) product [49],
were also excluded.

The final processing step of the BA time series was to perform a spatial and temporal
aggregation of the pixels to generate annual databases consisting of single fire events.
Based on the location and date of burn information of each pixel, a pixel clumping process
was followed based on: (i) spatial adjacency containing neighboring diagonal pixels (eight
possible neighbors) or with a maximum distance of one pixel, and (ii) temporal difference
of the spatially adjacent pixels that did not exceed 16 days. This “cut-off” or temporal
distance value is related to the temporal uncertainty of the BA products and may affect the
size and number of the resulting fire patches, particularly when larger values are selected
to minimize uncertainty [21,29]. We opted for the 16-day maximum sequential day after
performing several tests that ensured the consistency of the fire patches for the study area.

4.2. Assessment of Spatial and Temporal Accuracy of BA Products

The validation methods for global BA products commonly rely on cross tabulation
comparisons between the product and a sample of independent reference data, resulting in
the generation of error matrices at the pixel level. Based on these matrices, several standard
accuracy metrics are estimated: omission and commission errors, the relative bias of maps
or the dice coefficient (DC) [26,41,50]. If the sampling design of the validation includes
multiple locations over extended time periods and intercomparison is considered as well,
then the product is also assessed for its quality [26]. Another approach is the comparison by
means of regression between the proportion of the burned area reported by the product and
the proportion reported by the reference maps, within a specified coarse-resolution grid
cell. The latter is applied to compensate for mixed pixels in the low- or coarse-resolution
maps and thus for the low-resolution bias introduced [1,27]. Several variations of the
aforementioned methods have been utilized in relevant studies; in any case, the validation
strategy should be related to the potential use of the product by the end users.

In this work our initial intention was to assess the fire detection capability of the
MODIS BA products for Greece over the four fire seasons. Hence, we compared the number
and location of fire events derived by these against the reference fires derived by Sentinel-2
imagery. In this perspective, complete or partial intersections of fire polygons between
MODIS and reference maps counted as true detections. Errors of omission (OE) and
commission (CE) were calculated from the standard error matrix for the fire counts, without
accounting for true negative (correctly detected non-fire polygons) data. In addition, the
dice coefficient (DC) [50,51] was calculated, which is a balanced measure that summarizes
OE and CE of a given class and considers these equally important. A high DC value means
that there is a higher probability that the product will identify as burned the same pixel
or area identified as burned by the reference dataset. The equations for calculating these
metrics are as follows:

OE=1— M;/S2 M)
CE=1- Mtr/Mtotul (2)
DC=2*%* Mtr/(sz + Miotar) ®)

where M, is the number of correct fire detections by MODIS BA products, S2 is the Sentinel-
2 reference fires and M, is the total number of fires mapped by MODIS BA products.
The next step in our analysis was to assess the spatial accuracy of the BA products
at the fire-patch level. Initially we compared the total areas mapped on an annual basis
by the two products in their original resolution against the Sentinel-2 reference areas.
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Secondly, a cross tabulation was performed by overlaying the resampled product and
reference maps in order to estimate errors on burned area estimates. Consequently, the
proportion of the area per fire patch not mapped by the product was characterized as
omission error, whereas the related proportion of the fire patch erroneously mapped was
characterized as commission error. In this case we did not include contributions to CE of
burned areas from fires that did not overlap with any reference polygon. These correspond
to “pure commissions”, which obviously can have an impact on overall accuracy and CE,
as mentioned by Campagnolo et al. [29]. Equations (1)—(3) were likewise utilized, but
here the error matrix elements included burned area measurements instead of fire counts.
Accordingly, S2 refers to the corresponding area mapped by the reference data, My
refers to the area mapped by the resampled 20 m MODIS products to match the Sentinel-2
resolution, and M;, is the intersection of the resampled MODIS and Sentinel-2 burned area.

The spatial agreement between the product and reference maps was further evaluated
by estimating the proportion of the reference burned areas that was correctly mapped by
the MODIS products. This metric can be useful for determining the detection rate (DR)
of the products while accounting for the difference among the resolutions of the datasets
involved [31,52]. The DR corresponds to the actual MODIS area burned divided by the
reference (Sentinel-2) area. Due to the much higher resolution of the Sentinel-2 reference
maps, very small fires <10 ha (approximately half a 500 m MODIS pixel) were sieved, and
the metrics were estimated for two different fire size groups: (i) all fires > 10 ha (includes
smaller and larger fires), and (ii) fires > 100 ha (includes larger fires). This size group
consideration is justified since the average size of fires in Greece is approximately less than
40 ha [38], except for the years with extreme events.

We assessed the temporal accuracy of the two MODIS BA products in terms of the
reported start date of all correctly detected fires. In the MODIS-derived databases, for
each identified fire the burn dates (Julian days or DOY) were summarized and descriptive
statistics (min, max, mean, etc.) were calculated. Then, the absolute difference between
the minimum burn date (DOY) of each individual fire and the start date reported by the
corresponding Sentinel-2 reference perimeter was calculated. The date information in the
reference data was utilized due to its high reporting accuracy, after being additionally
cross-checked with the Greek Fire Service’s official fire statistics. This comparison was
performed for all spatially overlapping fires.

5. Results and Discussion
5.1. Fire Detection

The first part of our assessment focused on the detection capability of the two BA prod-
ucts by considering the number and location of fires occurring mainly in non-agricultural
vegetated land. The aggregated accuracy measures from all years show that both prod-
ucts achieved similar mediocre dice coefficient (DC) scores for fire sizes > 10 ha (Table 1).
MCD64A1 C6 had higher omission (OE = 0.52) but less commission error (CE = 0.19) than
FireCCI51 (OE = 0.36, CE = 0.40), respectively. MCD64A1 C6 is consistently “missing”
smaller fires of less than 100 ha, with an error ranging from 50 to 54% for all years. A distin-
guishable difference is visible for 2016, when FireCCI51 displayed quite good performance
in detecting fires with size smaller than 100 ha (OE = 0.15). According to the reference data,
a total of 48 fires were mapped in 2016, with the 21 classified as smaller ranging from 25 to
97 ha. While FireCCI51 detected 18 out of the 21 small fires, the MCD64A1 detected only
1. In the 2017 fire season, more than 55% (47) of the fires were classified as small by the
reference map, with 14 being smaller than 25 ha. As a result, MCD64A1 detected only 8
(OE =0.51) and FireCClI51 detected 17 (OE = 0.46) out of the 47 events less than 100 ha. The
250 m FireCCI product demonstrates better detection of smaller fires for all seasons when
considering the whole dataset (>10 ha), but at the same time it has more false detections
(commissions) every year than MCD64A1 C6.

The detection capability of the two products increased substantially when fires <100 ha,
according to the reference dataset, were excluded. In fact, MCD64A1 C6 benefitted the most,
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since it achieved a noteworthy reduction in OE by 70% (0.16 from 0.52) overall. Likewise,
FireCCI51 displayed a significant reduction in OE (0.22 from 0.36), although it performed
better than MCD64A1 only for the 2018 season (OE: 0.19 vs. 0.31). This indicates that the
SWIR spectral information is still important in detecting larger fires.

Table 1. Confusion matrix and accuracy metrics considering fire detections by MCD64A1 C6 and
FireCCI51 in Greece (2016-2019). The dice coefficient (DC), omission (OE) and commission (CE)
errors are estimated for all fires (>10 ha); only the OE is estimated for larger fires (>100 ha).

Size > 10 ha Size > 100 ha
Product M, Miotar S2 OE CE DC M, S2 OE
06 Eecm w e % o oy om m T i
07 gellm a4 e 2 o 0% om 2 B ox
W8 pecm 13 s P s o o 13 ® o
09 Eecdm 2 s % oy om  om 1 ® on
el fecds o a0 ™ 0% om0 w7 om

5.2. Spatial Accuracy

The burned area mapped by the two MODIS BA products per fire season is displayed
in Figure 3. These numbers correspond to the total reported area and not only to the
spatially coincident fires between each product and the Sentinel-2 reference map. FireCCI51
reports the largest area for every year compared to MCD64A1 C6 but also to the Sentinel-2
reference BA. More specifically, FireCCI51 reports from approximately 5% (2016, 2017,
2018) to 30% (2019) more area than Sentinel-2. Larger differences between the products are
estimated for 2016 and 2019, with FireCCI51 mapping 20% and 33% more area, respectively.
The total area for all years reveals that MCD64A1 underestimates (63,214 ha) and FireCCI51
overestimates (75,233 ha) the actual burned area (69,300 ha), by almost the same percentage
(8%). While concrete conclusions cannot be drawn from these 4 years of examination, the
products’ estimates seem to follow the general trend of the reported actual burned area.

30,000
® MCD64A1 (C6)
25,000
® FireCCI51
o .
20,000 § g Sentinel-2
= ]|~
<
= 15,000
i
<
-l
10,000 ® §
al= o
a 3
5,000 2
0
2016 2017 2018 2019

Figure 3. The annual total burned area (in hectares) reported for Greece by MCD64A1 C6, FireCCI51
and Sentinel-2 datasets.
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The spatial accuracy of the two products in terms of burned area mapped was assessed
at the fire-patch level by conducting comparisons only for spatially coincident fires with
the reference perimeters. At a first glance, the aggregated DC values display similar yet
satisfactory performance for the two products, considering both size groups (Table 2). An-
nual differences in DC values between them are marginal, except for 2018, when MCD64A1
C6 outperformed FireCCI51 by 11% (0.82 vs. 0.73). In general, the BA products exhibit
a fairly consistent performance over the four seasons. Examining the OE, CE errors at fire
sizes >10 ha show that FireCCI51 has lower omission rates, except for 2018 (0.31 vs. 0.20),
which compensates for its constantly higher commission rates than MCD64A1. For fire
sizes larger than 100 ha, we notice that accuracy rates are similar or improving mostly by
a slight percentage. Larger reductions are observed in the CE of FireCCI51, ranging from
approximately 14% (0.26 from 0.30, 2017) to 20% (0.20 from 0.25, 2016; 0.22 from 0.27, 2019).
The slight differences in overall accuracy and metrics can be attributed to the fact that more
than 90% (65,100 ha) of the total burned area mapped by the reference data corresponds to
fire sizes larger than 100 ha.

Table 2. Confusion matrix and accuracy metrics for the burned area mapped by the MODIS BA
products in Greece (2016-2019), considering the spatially coincident fires with Sentinel-2 reference
data. The same metrics as in Table 1 are estimated, for two size groups. Brryr is the common area
mapped by MODIS and Sentinel-2, Byjop is the area mapped by MODIS only and Bg; is the actual
area mapped by Sentinel-2.

Burned Area (Size > 10 ha) Burned Area (Size > 100 ha)
Product BTRUE BMOD BSZ OE CE DC BTRUE BMOD BSZ OE CE DC

MCD64A1 19,398 23,445 25,992 0.25 0.17 0.77 19,374 23,412 25903 025 0.17 0.79
FireCCI51 20,807 27,576 27,114 0.23 0.25 0.76 20,227 25,410 26,213 023 0.20 0.78

MCD64A1 15,624 21,334 19,263 0.19 0.27 0.77 15,337 20,792 18,732 0.18 0.26 0.78
FireCCI51 14,560 20,756 16,684 0.13 0.30 0.78 14,006 18,928 15,821 0.11 0.26 0.80

MCD64A1 8195 9660 10,272 0.20 0.15 0.82 8195 9660 10,272 020 0.15 0.82
FireCCI51 7247 9454 10,521 0.31 0.23 0.73 7247 9454 10,521 031 0.23 0.73

MCD64A1 5873 7914 7618 0.23 0.26 0.76 5859 7897 7543 022 025 0.76
FireCCI51 6318 8268 7700 0.18 0.27 0.77 5992 7711 7247 017 022 0.80

MCD64A1 49,090 62,353 63,145 0.22 0.21 0.78 48,765 61,575 62,450 022 0.21 0.79
FireCCI51 48,932 66,054 62,019 0.21 0.26 0.76 47,442 61,503 59,802 021 0.23 0.78

2016

2017

2018

2019

Total

The detection rates vary from year to year, ranging from 75 to 81% for MCD64A1 and
69 to 82% for FireCCI51 (Figure 4). The latter exhibits better results than MCD64A1 for all
years except 2018, when MCD64A1 outperforms the ESA product (80% vs. 69%). The total
detection rate over these 4 years is 77.7% (49,089 out of 63,146 ha) and 78.9% (48,933 out of
62,019) for MCD64A1 C6 and FireCCI51, respectively, which indicates similar performance
overall. The above results are presented for all fires >10 ha, since changes in DR scores
were insignificant when smaller fires (accounting for less than 7% of the total reference BA)
were excluded.
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Figure 4. Annual estimations of correctly detected burned area (ha) in Greece and corresponding
detection rates (DR) by the MODIS BA products.

5.3. Temporal Accuracy

Examination of the temporal uncertainties of global BA products is commonly ac-
complished by comparing the time difference between the pixel labeled as burned by the
product and the spatially overlapping active fire data by MODIS or VIIRS products [53].
In our study we estimated differences in reported start dates between the MODIS and the
Sentinel-2 databases at the fire-patch level. We found that 31% of the total fires (28 out of
91) detected by MCD64A1 C6 occurred on the same day as the reference fires, 82% within
two days, and 90% within 3 days, with a mean absolute difference of 1.5 days (Figure 5).
For FireCCI51, 18% of the total fires (21 out of 118) occurred on the same day, 62% occurred
within two days and 90% within 8 days, with a mean absolute difference of 3 days. Our
findings corroborate previous reports regarding the higher temporal accuracy of MCD64A1
C6 [1] and the lower precision of FireCCI51 in burn date estimation [16].

40 -
m MCD64A1 C6
FireCCI51

Mdycpeaar = 1.51 days
Sdycpeans = 2.11 days

15 - Mdg;.cc, = 3.02 days
Sdeirece = 3-15 days

Number of fires

0 1 2 3 4 5 6 7 8 9
Absolute difference (Days)

Figure 5. Histogram of absolute temporal difference (in days) between MODIS and Sentinel-2
reference fires for all years. The difference is calculated between the minimum DOY of each MODIS
fire and the start date of the corresponding reference fire. The mean (Md) and standard deviation (Sd)
of the absolute differences in days are also presented.

5.4. Overall Product Performance

The two BA products were assessed for their accuracy in fire detection and mapping
over four fire seasons in Greece and for their temporal precision. While we did not
completely account for sub-pixel accuracy in our research, nevertheless we conducted
our analysis by taking into account the effect of different fire sizes in both detection and
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mapping capabilities of the low-resolution products. To this end, two types of error matrices
were generated, namely, one with its elements containing single fire detections and the
other including burned area measurements.

In terms of fire detection, the individual performance of MCD64A1 (Collection 6) and
FireCCI51 appears to be year- and size-dependent, as reported in similar research [29,52,54].
When only fires larger than 100 ha are included in the comparison with the reference data,
their performance can be considered quite satisfactory. Despite its lower resolution than
the 250 m product, MCD64A1 C6 displays higher detection accuracy than FireCCI51, with
the exception of one fire season (2018). This indicates that the integration of richer spectral
information in the algorithm results in more reliable detection of fire scars larger than
100 ha [41].

When smaller fires, between 10 and 100 ha, are included in the assessment, the
accuracies fluctuate annually for each product. Here, FireCCI51 outperformed MCD64A1
only for 2016 (DC: 0.73 vs. 0.62) while demonstrating a larger range of DC values, from 0.58
to 0.73. The higher resolution of FireCCI51 contributes to an increased sensitivity in the
detection of small fires [16,41]; however, the lower omission rates come at the cost of higher
commission rates. For MCD64A1 C6, levels of omission errors were substantially higher
than those of commission errors [26]. Moreover, the number of fires with sizes less than
100 ha, especially those less than 50 ha, appears to greatly affect detection capability, as in
the fire season of 2017. Here, it should be mentioned that part of the false detections can be
attributed to errors introduced by the MODIS agricultural mask used to remove fires over
croplands [48,54]. Consequently, residual detections of rather small size (3 to 5 pixels) were
considered commissions and affected mainly the FireCCI51 product performance.

Regarding the burned area’s agreement with the reference dataset at the fire-patch
level, both algorithms exhibit in general a comparable and consistent performance, judging
by the aggregated dice coefficient and detection rate scores over the four years of study.
The consideration of different fire size groups does not have a pronounced impact on the
accuracy metrics due to the largest proportion (>90%) of the actual burned area belonging
to fires larger than 100 ha. Nevertheless, slight-to-moderate improvements are observed
for both products when the smaller size group is excluded. The 250 m FireCCI51 product
detects more actual burned area (lower OE) regardless of size and displays higher commis-
sion than MCD64A1 at smaller fire sizes for all years. At fires larger than 100 ha, FireCCI51
achieves larger reductions in commission errors than MCD64A1; however, its performance
cannot be considered outstanding since it presents higher DC values only for the years 2017
and 2019. This indicates that the finer 250 m resolution does not provide distinct benefits
over spectral information when mapping larger fires.

We provide a few indicative examples of the performance of the two relevant algo-
rithms implemented in the BA products of our research. These were selected in order to
highlight certain points and weaknesses already mentioned in the discussion. What is
quite noticeable in these examples (Figure 6) is the implementation of the region-growing
algorithm of FireCCI51. More specifically, while it appears to correctly detect small fires
about 40-50 ha that are not detected by MCD64A1 C6, on the other hand the delineation
of two of these areas is quite inaccurate, resulting in large commission errors (upper and
lower right panel). The mapped areas were found to be around 4 to 7 times larger than the
actual area burned. Secondly, in the example provided in the lower left panel in Figure 6,
a fire in a sparsely vegetated area that burned approximately 500 ha is detected only by
MCD64A1 C6. The SWIR information utilized by the MCD64A1 algorithm undoubtedly
assists in fire detection; however, because of the size of the burn, we would expect detection
by the 250 m product. It is not quite clear from these examples if the land cover type affects
performance, as FireCCI51 detects the smaller fires occurring in low-vegetated land but
fails to detect the larger one occurring in a similar landscape.
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Figure 6. Fire polygons derived from the MODIS BA products overlaid on Sentinel-2 fire perimeters.
The background consists of Sentinel-2 false color images over various locations in Greece displaying
recent burns during the summer of 2016. (a,b) Small fire scars, approximately 45 to 50 ha each, that
are detected by FireCCI51 only. However, the region-growing algorithm delineation is less than
accurate in two of the three scars, resulting in an overestimation of the actual area; (c) A fire scar of
550 ha is detected only by MCD64A1 C6. The burned area is mainly occupied by open spaces with
sparse vegetation.

6. Conclusions

In this study we assessed the accuracy of two publicly available satellite burned area
products, MCD64A1 C6 and FireCCI51, against reference data derived from Sentinel 2 for
Greece from 2016 to 2019. Our findings corroborate to some extent similar national and
regional validation studies and highlight certain strengths and inherent limitations of the
products, arising primarily from their low spatial resolution. Here, fire size remains a critical
agent affecting the detection capability of MODIS algorithms. FireCCI51 demonstrated
higher sensitivity in detecting fires between 10 and 100 ha, whereas MCD64A1 C6 had less
than 50% detection probability in the same size range. Both performed substantially better
when only fires in forest and semi-natural areas larger than 100 ha were compared, even
though FireCCI51 did not outperform MCD64A1 C6 overall. We assume that exploitation
of richer spectral information or combination of finer spectral and spatial resolution is
preferable at larger fire sizes, both for the detection and the mapping of fires. In terms of
spatial agreement with the reference burned area, the detection rates of the total actual
burned area do not differ significantly between the two products (~78%), even though
MCD64A1 C6 underestimates and FireCCI51 overestimates the burned areas in general.
The latter exhibits lower omission rates in the mapped burned area for most seasons, but
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equal or higher levels of commission error than MCD64A1 C6, regardless of fire size. Lastly,
MCD64A1 C6 demonstrates higher accuracy in reporting the burn date than FireCCI51 at
the fire-patch scale, which agrees with the results of previous studies.

Even though higher spatial detail is more advantageous for providing accurate statis-
tics and implementing fire management practices, MODIS time-series information is con-
sidered valuable for characterizing fire regimes, understanding their interactions with
climate changes and quantifying emissions. Their effective usage undoubtedly requires
prior knowledge for their behavior and performance under various climate conditions
and ecosystems. Further work is required for a more rigorous assessment at the country
level by including additional fire seasons, thus increasing the sample size. This would
enable, for example, a more robust investigation of the impact of land cover diversity on
the performance of the burned area products. In conclusion, we believe our research could
provide additional insight on the reliability and usage of global MODIS products at the
local to the national scale in these Mediterranean areas.
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