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Abstract: Fire is a recurrent disturbance in Mediterranean ecosystems. Data assemblage from forest
fire services can provide useful information for understanding climate controls on daily fire hazard or
long term trends. Located at the driest range of the Mediterranean bioclimate, and with contrasting
socio-political systems compared to the European area, the southern Mediterranean ecosystems
are subjected to more extreme climate and social events. This could potentially lead to unique fire
regimes and trends worth being characterized for prevention plans and ecosystem management.
However, the region is far less documented, due to missing or inhomogeneous fire records, leaving
local authorities with no management strategies when large fires happen. We filled this knowledge
gap for Lebanon by combining high spatial resolution Landsat data with high temporal resolution
VIIRS (S-NPP and NOAA-20) and MODIS (MCD14ML) hotspots to characterize the seasonal and
interannual fire regime over the 2001–2020 period. Numerous small fires were hardly detected by
global remote sensing. We estimated that 2044 ha burn annually, representing 0.58% of the wildland
cover, with no significant trend over the period, but with non climate-related fires detected during
the year experiencing socio-political troubles. The spatial and temporal resolution of this dataset
identified a particular prolonged fire season up to November, and an unusual bimodal fire season
peaking in July and November. We related these features to the prolonged autumnal soil drought and
high August air humidity in the region. This updated fire regime in Lebanon illustrates the benefits
of this combined approach for data-scarce regions and provides new insights on the variability of fire
weather types in the Mediterranean basin.

Keywords: fire; remote sensing; Landsat; MODIS; Mediterranean basin; Lebanon

1. Introduction

Wildfire is among the main shaping factors of Mediterranean ecosystems [1], affecting
between 700,000 and 1 million hectares of Mediterranean forests worldwide each year [2].
Due to the particularly fire-prone conditions of the Mediterranean climate [3], fires are
intrinsic to the functioning of Mediterranean forests. The rainy and cool winter season posi-
tively affects biomass production and therefore increases the fuel load and fire frequency [4],
while the long, dry summer season, with high evaporation and low precipitation, causes
the live fuel to be at its lowest moisture content and optimum flammability [5].

In addition to climate forcings, changes in traditional land use, as well as population
movements and lifestyles where humans are responsible for the ignition of more than 95% of
all fires [6], lead forest fires to increase after the 1970s in the Mediterranean basin (MB) [7–9],
causing adverse impacts on economic, social and ecological assets [7,9]. Changes in fire
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suppression strategies or firefighting also led to a recent decrease in the European area of
the basin since the 1990s in France [10] and the 2000s in Spain, Italy, and Portugal. Therefore,
national and international research has been addressing this natural disturbance, but is
mostly focused on the European area of the MB (France, Greece, Italy, Portugal, and Spain)
where fire events have been registered since the 1970s [11], an obligate prerequisite for
studying fire regimes, defined as a list of the measurable components of frequency, intensity,
type and seasonality of fires [12].

Studies conducted in the Eastern and Southern areas of the MB are more limited, and
systematic uniform documentation of fires is still lacking [13–15]. However, Mediterranean
synthesis actively relies on these national databases to extrapolate future fire hazards over
the whole region [16], benefiting from southern MB case studies where particular local
fire-prone climates, such as extreme heat waves [17], already happen and could spread
more frequently on the northern Mediterranean ridge in the future.

When looking at the Eastern area of the MB, to date, there are no complete scientific
studies to provide proper wildfire regimes over long periods, as several non-homogenous
and low-accuracy statistics are available [18–21]. Getting a clear picture of the long-term
spatially explicit fire regime in the region would help to understand future threats on forest
sustainability as a response to climate, but mostly social conflicts affecting the region [22].

As part of this effort, tentative maps of fire risk, fire-prone areas, fire occurrence, and
fire potential have been previously generated for Lebanon, located at the Eastern ridge of
the MB [18,19,23–26], but hardly capture the full and precise picture of fire seasonal timing,
surface burnt and the location of fire contours.

To fill this knowledge gap in the region, and more generally in scarcely documented
areas such as Lebanon, we proposed an approach combining freely accessible global BA
products derived from coarse and moderate spatial resolution sensors available since the early
2000s, such as the MODIS-derived Fire Products (MCD45A1, MCD14ML) (500–1000 m) [27,28]
and the ESA FireCCI51 (250 m) [29,30]. However, they often fail to accurately capture
small fires [31–33], with the smallest reliably detectable fire size with MODIS products
being 120 ha [34]. We then proposed to rely on using available medium spatial resolution
sensors such as the Landsat-OLI and the Sentinel-2 MSI (respectively, 30 and 20 m) [35–37],
requiring more time-consuming processing chains to derive BA and visual checking to limit
commission errors and reach international standards [37,38]. Landsat data have, however,
a long return interval (15 days), not allowing for precise dating of the fires, limiting further
analysis on daily fire hazards. We proposed to use fire hotspots as MCD14ML data, widely
used as a surrogate to date fire patches and internal fire spread [39–43], compensating for
the temporal weakness of Landsat.

Based on the local need for fire regime analysis in the Middle East, which has been
subjected to recent socio-political issues affecting forest resources, the lack of local reliable
fire data and the panel of available tools for fire detection, the aims of this study were
(a) to assemble a multisource and multi-method remote-sensing fire information for a GIS
database of visually checked and dated wildfire events in Lebanon for the last 20 years,
(b) assess this database by comparison with previous fire inventories, in order to (c) charac-
terize the fire regime (extent, seasonality, and interannual variability) and trend in regard
to the main fire weather.

2. Materials and Methods
2.1. Study Area

The study area included the wildland areas (forests, shrublands, and grasslands)
over Lebanon (between latitudes 33◦ and 35◦ N and longitudes 35◦ and 37◦ E) (Figure 1).
According to Köppen’s classification, Lebanon is within the Mediterranean climatic zone
(Csa) characterized by a typical Mediterranean climate, with hot and dry summers and
mild, wet winters [44]. The country’s particular geography, topography, and demography
make it an important biodiversity hotspot [45].
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Located on the eastern shore of the Mediterranean Sea, Lebanon has a total surface
area of 10,452 km2, with two parallel north-to-south mountain ranges, called the Lebanon
and Anti-Lebanon, extending throughout the length of the country and separated by the
Beqaa valley. Most of Lebanon’s forests are aggregated within the Lebanon mountain
range, and its wettest western slope is the most ecologically diverse [46] and the most
fire-prone [26]. Lebanon is covered by two main ecoregions, the Eastern Mediterranean
conifer–sclerophyllous–broadleaf forests and the Southern Anatolian montane conifer and
deciduous forests (source: Terrestrial Ecoregion of the World TEOW, [47]).

Wildland vegetation (forests, shrublands, and grasslands) covers 33.33% of the Lebanese
territory, or about 348,440 ha, of which 87.8% are forests and shrublands and 12.18% are
grasslands [48]. Lebanon’s forests are rich in various coniferous and oak species, including
Pinus brutia, Pinus halepensis, Pinus pinea, Cedrus libani, Abies cilicica, Juniperus excelsa, Quer-
cus calliprinos, and Quercus infectoria among others. Pine forests represent 14.91% of the
forests and are the most inflammable species [49], followed by oak forests [50], which are
the most abundant, occupying the largest forest area (52.42%), and the emblematic cedar
(Cedrus libani), occupying 0.83% of the country [51].

The country is divided into 8 governorates: Akkar, Baalbek-Hermel, Beqaa, Mount-
Lebanon, Beirut, Nabatiyeh, North, and South.

Based on the land cover/land use map of 2017 [48], the governorates with the highest
forest and shrubland cover are Mount-Lebanon, Baalbek-Hermel, and North, with, respec-
tively, 80.1 103 ha, 71.5 103 ha, and 40.2 103 ha, followed by Nabatiyeh, South, Beqaa, and
Akkar, with, respectively, 29.3 103 ha, 28.8 103 ha, 28.3 103 ha and 27.2 103 ha, while the
governorate of Beirut is considered as totally covered by urban land (Table 1).
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permission from [47], 2022, World Wildlife Fund).
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Table 1. Forests/shrubland and grassland cover (103 ha) in Lebanon per governorate (adapted
from [48]) and their respective percentage cover.

Akkar Baalbek-
Hermel Beqaa Mount-

Lebanon Nabatiyeh North South

Total Area (103 ha) 79.0 285.3 141.3 197.3 110.0 118.7 92.4
Forests and Shrubs (103 ha) 27.2 71.5 28.3 80.1 29.3 40.2 28.8

% of Forests and shrubs 34.4 25.0 20.0 40.6 26.6 33.9 31.1
Grass (103 ha) 2.9 2.7 6.2 9.4 11.4 3.5 6.1

% of Grass 3.6 0.9 4.3 4.7 10.3 2.9 6.6

2.2. Data
2.2.1. Active Fire Data: NASA FIRMS

In the absence of exhaustive fire registration in Lebanon, we considered the precise
dates and locations of fires based on NASA’s Fire Information for Resource Management
System (FIRMS) detecting soil surface temperature anomalies captured by the middle and
thermal infrared sensors [52,53], as widely used as a seed for automated fire perimeter
detections in global remotely sensed burnt area (BA) mapping algorithms [54].

NASA’s FIRMS distributes near real-time (NRT) active fire locations of satellite obser-
vation from NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS) and Visible
Infrared Imaging Radiometer Suite (VIIRS). MODIS active fire/thermal hotspot locations,
available since 2000, represent the center of a 1 km pixel that is flagged by the algorithm
as containing one or more fires within the pixel [55]. VIIRS active fire/thermal hotspot
locations, available since 2012, have an improved spatial resolution of 375 m with better
nighttime performance [56]. Data were freely downloaded from https://firms.modaps.
eosdis.nasa.gov/download/create.php (accessed on 1 July 2021).

We used the MODIS Collection 6 MCD14ML product (2001–2011), VIIRS S-NPP
(2012–2019), and VIIRS NOAA-20 (2020) datasets as setting dating and location to further
target Landsat processing chains for the semi-automated analysis (described in Section 2.2.3).

2.2.2. Burnt Area Data

As hotspots can still miss some small fires, due to their return time of 12 h, we also
assembled BA from global remote sensing, not captured by thermal anomalies during
fire spread, but by difference in the reflectance between pre- and post-fire images. This
information was used for both Landsat fire location identification as a supplementary
information, and as a final comparison dataset for an evaluation purpose. We downloaded
and used the following information:

• ESA FireCCI51: this database is developed as part of the ESA Climate Change Initiative
(CCI) Program. FireCCI51 is a monthly global BA product available for 2001–2019
with a spatial resolution of 250 m based on MODIS red and near-infrared reflectance
and thermal anomaly data (full description of the product is found in [29,30]). The
data was downloaded from https://climate.esa.int/en/projects/fire/data/ (accessed
on 1 July 2021);

• MCD64A1: This monthly global BA product is available from November 2000 to
present with a spatial resolution of 500 m based on MODIS data (Terra and Aqua).
This new version has a refined algorithm, allowing it to capture smaller fires compared
to older versions (e.g., MCD45A1) (full description of the product is found in [28]). The
data was downloaded from https://modis-land.gsfc.nasa.gov/burn.html (accessed
on 1 July 2021);

• National fire inventory: The available national fire records were provided by the
National Center for Remote Sensing of the CNRS-L (National Council for Scientific
Research, Beirut, Lebanon). Fire information was gathered from many sources: the Al-
Nahar newspaper (1983–2003), Lebanese Civil Defense (2002 and 2003), the Ministry
of Environment (1994–1998), the Ministry of Agriculture (1996–2002), and Beirut fire
stations (1998). These fire records (in paper form) were treated and provided by the

https://firms.modaps.eosdis.nasa.gov/download/create.php
https://firms.modaps.eosdis.nasa.gov/download/create.php
https://climate.esa.int/en/projects/fire/data/
https://modis-land.gsfc.nasa.gov/burn.html
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CNRS-L as Excel tables describing the location, date, and type of vegetation burnt
(database described in [19]);

• The University of Balamand and the Ministry of Environment technical fire reports:
Yearly fire technical reports are produced, since 2008, through collaborative work
between the Institute of the Environment at the University of Balamand (UOB) and
the Ministry of Environment (MoE) within the USAID-PEER project. They provide
monthly BA extent and numbers based on fire ID cards filled by the Internal Security
Forces and copied to the Ministry of Environment (adapted from http://ioe-firelab.
balamand.edu.lb/pages/ProfileCountryAnnex5.aspx, accessed on 1 July 2021).

2.2.3. Landsat Data Processing

We processed Landsat 7 (ETM +) and 8 (OLI) (from 2001 to 2015) and Sentinel-2
(MSI) (from 2016 to 2020) atmospherically corrected and orthorectified images within
the BAMTs freeware to generate fire contours over Lebanon’s wildland areas, using the
Google Earth Engine (GEE) version of the Burned Area Mapping Software (BAMS) [57] as
a semi-automated tool for BA detection.

BAMTS calculates the three spectral indexes NDVI [58], NBR [59] and NBR2 [60]
(full description of the tool is found in [61]). The user has to define the date of burning
to determine a pre- and post-burn period, and the target area where the 3 indices are
represented in an RGB color scale. The user then defines a burnt and unburnt area, used as
a training zone for a random forest classifier [62] for a supervised classification via change
detection of the NDVI, NBR, and NBR2 composites.

Each fire was first located using NASA’s FIRMS, national registration, ESA FireCCI51,
or MCD64A1, to target a BAMTs processing zone. Finally, each produced fire polygon was
visually interpreted and manually refined until the desired visual accuracy was obtained,
so that commission errors (fire polygons being detected in agricultural lands, for example)
were removed manually, and omitted BAs were reprocessed by enlarging and multiplying
the training zones. The procedure is time-consuming but ensures a visual validation hardly
provided by automated methods.

In addition to this semi-automated method (requiring fire dates for setting pre- and
post-fire reflectance), we used an additional rule-based method [63,64], as FIRMS’ fire
signal might miss some small fires lasting less than 6 h. This rule-based method allowed the
detection of BAs following the application of 5 valid rules based on the spectral properties
of BAs as compared to the pre-fire unburnt vegetation and to the spectral signatures of
other LC types found in post-fire satellite scenes with no omission errors. Fires overlapping
with previously detected fire polygons were removed, and newly identified fires were all
visually checked to keep only wildland fires occurring on forests, shrubs, and grasslands,
and for which visual changes in reflectance were observed to prevent commission errors.

2.2.4. Climatic Data

To assess the consistency of the identified fire regime (seasonality and interannual
variability) with the fire weather in the region, we computed the widely used Fire Weather
Index (FWI). The FWI and DC (Drought Code) were computed using the “fwi” function
of the “cffdrs” R-cran package, and from midday 10-m height wind speed (km.h−1), air
relative humidity (%), temperature (C), and 24-h rainfall (mm).

After finding many gaps in the climatic data obtained from various meteorological sta-
tions in Lebanon, we used the Era5-Land dataset [64]. Era5-Land is an open-source climatic
dataset with a global spatial resolution of 9 km, simulated hourly by global high-resolution
numerical integrations of the ECMWF land surface model driven by the downscaled me-
teorological forcing from the ERA5 climate reanalysis, including an elevation correction
for the thermodynamic near-surface state. The climatic variables downloaded over Beirut
(33.68◦ N, 35.5◦ E), representative of the coastal mountain ecosystem where most fires occur,
were air temperature (K) at 2 m, dew point (K) at 2 m, eastward (u) and northward (v)
components of the 10 m wind (m.s−1), and total precipitation (m) for the period 2001–2020

http://ioe-firelab.balamand.edu.lb/pages/ProfileCountryAnnex5.aspx
http://ioe-firelab.balamand.edu.lb/pages/ProfileCountryAnnex5.aspx
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to compute the subsequent climatic variables of relative humidity and wind speed. Relative
humidity (%) was computed using the “RH” function of the “humidity” R-cran package
from temperature and dew point. Wind speed (m.s−1) was computed using the “uv2ds”
function of the “rWind” R-cran package from u and v components of the wind.

2.2.5. Statistical Analysis

From the newly generated wildfire database of fire polygons, we provided the main
descriptors of the fire regime in Lebanon. We calculated the fire numbers, the annual and
monthly BA, and the temporal trend of BA within the 2001–2020 period. All the analysis was
performed with the R-cran freeware (https://www.r-project.org/, accessed on 1 July 2021).

We first provided a fire size distribution analysis as an indicator of fire size threshold
accuracy according to the self-organized criticality hypothesis (SOC) [65,66]. According
to this hypothesis, the fire size distribution follows a linear decrease, and any disruption
might reflect missing fires, particularly smaller ones [13]. For the fire size distribution
analysis, we fitted a linear regression between the log10-scaled fire number (Nfires) and the
log10-scaled fire size class (Sfire) according to Equation (1):

Nfires = a + k Sfire, (1)

where a is a constant and k is the slope of the regression, as an indicator of the dominance
of small fires compared to large fires.

The Shapiro–Wilk test of normality was performed using the “shapiro.test” function in
R to test the normality of our data [67–69].

FWI, DC, climatic variables (relative humidity, wind speed, temperature, and precip-
itation), and fire regime (fire-size seasonality and interannual variability) analysis were
investigated using the boxplot tools [70–72] to compute the median, standard deviation
interval and the 95% upper and lower confidence interval, including outliers. Seasonality,
interannual variability of BA, and fire number were also calculated.

The temporal trend of BA over time was performed using a bootstrapped Theil–Sen
test [73] for the significance of the trend by evaluating the slope and intercept confidence
interval on a selection of 100 random samples of data within our data. The Theil–Sen
test is robust to outliers and tends to yield accurate confidence intervals even with non-
normal data and non-constant error variance. The Theil–Sen test is used in temporal
trend analysis, including fire data (e.g., in [30,74]). The Theil–Sen test was computed with
the “TheilSen” function of the “Openair” R-cran package (https://cran.r-project.org/web/
packages/openair/openair.pdf, accessed on 1 July 2021).

To better understand the temporal trend, breakpoints (or cut-offs) occurring in the
time series were tested. Breakpoints were identified when the mean and standard deviation
of a given period significantly exceeded the mean and standard deviation of another period.
To evaluate the number of breakpoints, the relative sum of squares (RSS) within each period
is evaluated, as well as the Bayesian index criteria (BIC) for breakpoints varying from 0 to
5. We retained the number of breakpoints when the BIC was minimum and the RSS was
no longer decreasing when increasing the breakpoint number. This test is used in climate
data analysis to test for the temporal accuracy of the datasets and detect any potential
changes in sensors or meteorological stations, for example. It was used here to detect
potential breakpoints in the BA time series following abrupt changes due to non-climatic
events [75,76]. Breakpoints in BA can happen during changes in firefighting policies, wars,
or abrupt social events. The breakpoint analysis was performed using the “breakpoints”
function of the “strucchange” Rcran package (https://cran.r-project.org/web/packages/
strucchange/strucchange.pdf, accessed on 1 July 2021).

3. Results
3.1. Burnt Area in Lebanon: General Information

We generated a new GIS BA database (vector map with polygons) for Lebanon (Figure 2)
for the period 2001–2020. A total of 1585 fires were detected, burning an estimated surface

https://www.r-project.org/
https://cran.r-project.org/web/packages/openair/openair.pdf
https://cran.r-project.org/web/packages/openair/openair.pdf
https://cran.r-project.org/web/packages/strucchange/strucchange.pdf
https://cran.r-project.org/web/packages/strucchange/strucchange.pdf
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of 40.9 103 ha for the period 2001–2020, meaning that 2.05 103 ha.year−1 (±75.4 ha) were
burnt (of which 59.28% occurred in forests and shrubs), representing 11.76% of the wildland
areas in Lebanon. With 347.4 103 ha of burnable wildlands, 0.58% of this area was then
burnt each year in Lebanon, leading to a mean fire return interval of 172.4 years. This
average rate varied from 1.75% in the governorate of Akkar to 0.08% in the governorates of
Baalbek-Hermel and Beqaa (Table 2). Wildfires burnt the most in the Nabatiyeh governorate,
with a total of 13.1 103 ha burnt (representing 32.1% of the total BA detected), followed
by the governorate of Akkar, with a total of 10.5 103 ha burnt (representing 25.8% of the
total BA) (Table 2). At the eco-region level, the majority of BA occurred in the Eastern
Mediterranean conifer–sclerophyllous–broadleaf forests (83.9%), while only a small fraction
(16.1%) occurred in the Southern Anatolian montane conifer and deciduous forests.
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Table 2. Burnt area (BA 103 ha) and percentage of BA per year, per governorate and vegetation type
for Lebanon for the period 2001–2020.

Akkar Baalbek-
Hermel Beqaa Mount-

Lebanon Nabatiyeh North South Total

BA (103 ha) 10.5 1.21 0.72 9.46 13.1 3.39 2.45 40.9
% of BA 25.8 2.9 1.8 23.1 32.1 8.3 6 100

% wildland burnt.year−1 1.75 0.08 0.1 0.52 1.61 0.38 0.35 0.58
% forests and shrubs

burnt.year−1 0.82 0.04 0.07 0.5 1.12 0.31 0.25 0.39

% grass burnt.year−1 10.67 0.92 0.22 0.75 2.86 1.19 0.8 1.97

Over the 20 year period, 62.3% of the BA burnt once, 21.6% burnt twice, and 9%, 3.8%,
2%, 0.7%, 0.4%, and 0.1% burnt, respectively, three to eight times (Figure 3).
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Figure 3. Fire frequency in Lebanon for the period 2001–2020.

A total of 35.07% (556 out of 1585) of the fire polygons and 60.7% (24.8 103 ha out
of 40.9 103 ha) of the BA could be dated based on the MCD14ML and VIIRS hotspots
with a minimum (ignition date) and maximum (extinction date) burn date. The remaining
1029 fires were only dated yearly based on the acquisition date of post-fire Landsat scenes. A
total of 330 dated fires had individual sizes larger than 10 ha. All polygons had a calculated
surface area (ha) and were used to calculate the fire size distribution, the temporal trend
and breakpoints, and the interannual variability, while only daily dated polygons were
used for the calculation of seasonal variability. Fires detected had a size range varying
between 0.03 ha and 789.4 ha. As the fire detection threshold was equal to 5 ha in the
rule-based tool [63], only fires ≥ 5 ha (1441 fires out of which 412 fires are dated) were then
considered for the fire number analysis.

3.2. Data Quality Checking

Fire number is critical information, highly dependent on the minimum fire size con-
sidered [77] and the resolution of satellite information. To define the minimum fire size
properly captured by our method, Figure 4 represents the fire size distribution for the
whole of Lebanon. The observed breakpoint at 0.8 (log10 scale) indicates incomplete data
due to missing fires below the threshold of 6.3 ha (=0.8 on a log scale). The fire number for
fires larger than 6.3 ha is then considered only as complete information. When comparing
national reports previously published, we found large discrepancies in the total fire number
(Table 3). None of the available datasets (National inventories, UOB/MoE) were consistent,
neither on the mean fire number nor on its interannual variability, highlighting the need
for cautious use of this information when fire types (vegetation affected) and minimum fire
size are not specified.
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Figure 4. Fire size distribution plot for Lebanon comparing fire number (Y-axis, log10 scale) and fire
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represented in red.

Table 3. Yearly fire number for the period 2001–2020 in Lebanon from different sources: UOB/MoE
(adapted from http://ioe-firelab.balamand.edu.lb/pages/ProfileCountryAnnex5.aspx, accessed on
1 July 2021) and the national fire inventory (Adapted from [18]) compared to our new database. NA:
unavailable data.

Dataset 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

This study (all fires) 96 146 71 64 11 64 206 39 60 130
This study (fires ≥ 5 ha) 94 143 59 60 10 61 204 38 59 125

UOB/MoE NA NA NA NA NA NA NA 179 157 295
National fire inventory 393 2654 2075 569 675 666 675 507 370 578

Dataset 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

This study (all fires) 54 31 114 44 59 114 31 68 115 68
This study (fires ≥ 5 ha) 52 22 106 41 51 103 22 42 98 51

UOB/MoE 53 95 50 152 85 199 79 8 55 NA
National fire inventory 355 429 466 NA NA NA NA NA NA NA

As a quality assessment of our dataset, yearly BA compared to previous studies or
global remote sensing is provided in Table 4. We observed an overall high underestimation
(84%) of yearly BA in MCD64A1 for the period 2004–2019, with no BA captured for half
of the study period. ESA FireCCI51 and UOB/MoE also showed an underestimation of
the yearly BA, respectively, by 25.16% (2002–2019) and 37.1% (2008–2019). There were
discrepancies between high resolution and global dataset, as ESA FireCCI51 resulted
mostly in missing small fires, but also, as in the years 2006 and 2010, some large fires in
ESA FireCCI51 appeared as scattered smaller fires when using finer resolution Landsat
data (Figure 5).

http://ioe-firelab.balamand.edu.lb/pages/ProfileCountryAnnex5.aspx
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Table 4. Yearly burnt area (103 ha) for the period 2001–2020 in Lebanon from different sources:
UOB/MoE (Adapted from http://ioe-firelab.balamand.edu.lb/pages/ProfileCountryAnnex5.aspx,
accessed on 1 July 2021), ESA FireCCI51 [29,30], and MCD64A1 [28] compared to our new database.
NA: unavailable data.

Dataset 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

This study 1.65 3.30 1.49 1.13 0.25 4.30 5.76 1.15 1.34 4.29
ESA FireCC51 0 1.08 0.91 1.24 0.21 7.40 4.70 0.11 1.67 3.57

UOB/MoE NA NA NA NA NA NA NA 0.83 0.77 4.31
MCD64A1 0 0 0 0.24 0 1.12 1.15 0 0 0.59

Dataset 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

This study 1.19 1.09 2.46 0.71 1.22 1.94 0.42 0.67 3.01 3.52
ESA FireCC51 0.13 0.88 0.85 0.23 0.51 1.50 0.24 0.43 1.04 NA

UOB/MoE 0.25 0.84 0.15 1.81 0.60 1.43 0.23 0.13 0.90 NA
MCD64A1 0 0.10 0.31 0 0.14 0 0.12 0 1.17 NA
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method (red polygons) in (a) 2006 and (b) 2010.

In conclusion, our database, from a consistent and homogeneous fire identification
method and by being visually checked for every single fire over the 2001–2020 period,
can be considered reliable for fires larger than 6.3 ha, with acknowledged missing fires
below this threshold compared to the national census. The fine resolution data generated

http://ioe-firelab.balamand.edu.lb/pages/ProfileCountryAnnex5.aspx


Fire 2022, 5, 141 11 of 22

significantly more BA than global remote sensing data in this region dominated by small-
to-medium-size fires.

3.3. Annual Burnt Area and Fire Number

As a major description of the fire regime, we first tested the temporal trend and
breakpoints of the 20-year period. Figure 6a represents the yearly BA and the number of
fires for the period 2001–2020 in Lebanon for each vegetation type (forest/shrublands and
grasslands). The average annual fire number (≥5 ha) was estimated to be 72.05 fires.year−1

(±47.18 fires). The years with the highest number of fires were 2007 and 2002 with, respec-
tively, 204 and 143 fires detected. The years with the highest BA were 2007, 2006, and 2010
with, respectively, 5.76 103 ha (4.19 103 ha in forests and shrublands), 4.30 103 ha (3.39 103 ha
in forests and shrubs), and 4.29 103 ha (1.90 103 ha in forests and shrublands) burnt.
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The interannual variability of BA in forests/shrublands and grasslands was similar,
with a constant distribution between these two vegetation types. We did not find any
significant trend in BA (p = 0.54, slope = −31.76) nor a breakpoint during the study period.

Figure 6b represents the yearly median, standard deviation, 95% confidence interval,
and outliers of fire sizes (Log10 ha) in Lebanon. A strong interannual variability of fire
sizes is observed. The years 2005, 2006, 2012, and 2020 experienced the highest median fire
size values. Even though a small number of fires occurred during these years, the median
size of the fires was larger than those of the years with the highest yearly BA, 2007 and
2010. The largest fire events were observed in 2019 (789.4 ha), 2006 (674.6 ha), and 2013
(598.7 ha), corresponding to high-fire years, illustrating the high contribution of large fires
in the interannual variation of the total BA. Very small fires (below 0.1 ha) were detected
after 2016 when using Sentinel-2 data and should be removed for temporal consistency.

3.4. Fire Seasonality

We also investigated the seasonal fire distribution based on the dated fires as an addi-
tional component of the fire regime. Figure 7a represents the monthly pattern of average
BA and the average number of fires in Lebanon for the period 2001–2020. We identified the
main fire season to cover June to November. The months with the highest average number
of fires detected were September, July, and June with, respectively, 5.6 (±5.4), 5.5 (±5.3),
and 5.3 (±8.3) fires. However, the highest average monthly surface burnt was detected in
November, July, and October with, respectively, 64.3 (±125.2), 61 (±105.7), and 57.4 (±106)
ha (Table 5). The seasonality of BA then showed a bimodal distribution with two distinct
peaks. During the fire season, the lowest monthly BA values were observed in August
30.2 ha (±46.7), quite unusual for a Mediterranean climate. When looking at vegetation
types affected by fires, we observed this bimodal distribution for forest/shrublands with
67.2 ha and 61.5 ha in November and October, and 39.6 ha and 58.4 ha in June and July,
respectively. In grasslands, the month of July was the most fire-prone at 67.5 ha, while in
other months a constant burnt area of ~37 ha was observed.
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Table 5. Monthly average BA (±SD) (ha) and monthly average NBF (number of fires; ≥5 ha) (±SD)
in Lebanon during the fire season for the period 2001–2020. SD: standard deviation.

Fire Season Monthly BA (ha) ±SD (ha) Monthly NBF ±SD

June 38.1 74.2 5.3 8.3
July 61 105.7 5.5 5.3

August 30.2 46.7 4.7 4.6
September 36.3 64.5 5.6 5.4

October 57.4 106 4.7 5.9
November 64.3 125.2 1.2 2.3

We investigated further how the high-burning months were driven by larger fires.
Figure 7b, representing the monthly fire size distribution as a boxplot, shows that the
months with the highest average BA (November, July, and October), correspond to the
months with the highest median and the upper 95% confidence interval of the fire size
distribution. This illustrates the same process as observed for the interannual variability,
where the seasonal course of large fires drove the seasonal course of the total BA.

3.5. Fire Weather

To strengthen our findings on the temporal trend and seasonal variation of BA in
Lebanon, we finally investigated if the particular interannual and seasonal variations in BA
were related to the fire weather representative of the coastal region where most fires occur.
We provided the monthly and interannual FWI, drought code (DC) and major climate
variables in Figures 8–10.
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DC appeared to increase from May to September with low interannual variability (thin
boxplot), then decreased from October to December (Figure 8a). However, extremely high
DC values (upper boxplot 95% confidence and outliers) were maintained up to November
for some years, suggesting the potential maintenance of drought until late in November for
some extreme years, but with high interannual variability. The resulting FWI (Figure 8b)
experienced the highest medians for the driest period of July to September period, while
extreme daily FWI values could be observed from April to November, supporting the
observed fire season extending to November. No major decrease in median FWI for
August was observed, however, the most extreme values were more often observed in July,
September, October and November, rather than August, supporting our earlier result on
the bimodal seasonal BA distribution.

When investigating the climatic variables individually (Figure 9), we observed a strong
seasonality in temperatures with the highest median values in July and August, but extreme
values above 25 ◦C occurred over the whole dry season from April to early November,
with no significant differences between months. Throughout the year, stable seasonality of
median relative humidity (varying around 70%) and wind speed (varying around 2 m.s−1)
were observed. However, we identified that the most extreme values of air dryness and
high wind speed, acknowledged to promote fires, were absent in August. November, July,
and October were actually the months that combined the highest DC and the occurrence of
extremely high wind speed, high temperature extremes, and low RH.
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When looking at the interannual variability of the FWI (Figure 10) and testing its
relationship with the interannual BA, we identified the years 2002, 2007, 2010 and 2019 as
demonstrating the highest peaks. This corresponded to the highest fire years, except for the
years 2006 and 2020, which demonstrated high BA but rather low FWI values, suggesting
additional controls as human impacts prevailed in some years.

4. Discussion
4.1. Data Quality Assessment

Our bibliographical review did not find any homogeneous, classified or organized
national records on wildfires in Lebanon, as previously reported [18,78,79], thus motivating
our full reconstruction from a standardized method. Previous studies mostly described
the extent and numbers of wildfires based on coarse resolution MODIS global fire prod-
ucts, or inconsistent information provided by different national authorities (such as the
ministry of Agriculture, the Ministry of Environment, Civil Defense, etc.) [23,24,78,79]. Our
results present the advantage of generating a BA database derived from an objective and
homogeneous methodology using medium resolution sensors (Landsat ETM+ and OLI,
and Sentinel-2 MSI) for the 2001–2020 period in Lebanon.

The semi-automated BAMTS [61] and the rule-based method [63] used in our approach
relied on a fine visual validation step of each fire polygon, thus minimizing commission
errors. BAMTs additionally allowed the manual modification of the polygons to minimize
omission errors, these errors being usually high with global fire products (e.g., MODIS
products) [32,61]. The combination of the two tools allowed for an estimated accurate
detection for fires ≥6.3 ha. This threshold was higher than the 1 ha threshold obtained
when forest services were available, as in Tunisia [13], or the 0.5 to 3 ha threshold observed
in European datasets [66]. In the absence of accurate national statistics, our study still
improved the detection of small fires compared to the 120 ha minimum fire size reliably
captured by global fire products such as MODIS [34]. Moreover, the high temporal resolu-
tion of MODIS and VIIRS hotspots allowed the precise dating of fires [54,80] representing
more than 60% of the total BA, and provided enough data for daily fire weather assessment.
Around 40% of the actual BA was not detected by fire hotspots, in accordance with previous
studies [41] where 50% of fires referenced from crowdsourcing were not captured by fire
hotspots. Further efforts in performing remote sensing analysis based on ignition reports
from forest services should be developed.

4.2. A Unique Bimodal Fire Seasonality in the Mediterranean Basin

From this BA database, we could provide a thorough analysis of the fire regime in
Lebanon. Our results revealed a strong seasonality of BA in forests/shrublands charac-
terized by a bimodal distribution over the fire season extending from June to November,
consistent with previous studies in the region [79]. The BA was minimal in August (11.32%
of the BA in the FS) whilst peaks appeared in the early and late fire season, in July (20.17% of
the total BA in the FS) and October–November (44.43% of the total BA in the FS). The high
fire activity observed in the early fire season was mostly in shallow-rooted grasslands, as
they dry out faster than deep-rooted trees and shrubs at the beginning of the fire season and
burn in July. A high intra-annual variability is expected in a Mediterranean-type climate
characterized by successions of wet-mild and dry-hot seasons affecting the availability of
fuel biomass and water status [4], and consequently fire activity [81]. We could highlight
here, however, a particular fire seasonality in Lebanon when compared to the MB. Our
first original result was the late end of the fire season, until the end of October or even
November, rarely observed in the MB. For example, a standard fire season from June to
September is usually assumed for the whole MB [16], omitting these late fires. When
looking at country levels across the MB, a fire season from June to September was observed
in Tunisia on the southern ridge of the MB [13], extending to October in the most southern
part of the country, and from July to August in Italy [82,83], Greece [84], Bulgaria [85], or
the Iberian Peninsula [86]. Our main result was the bimodal seasonal fire distribution and
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the reduced fire activity in August, hardly ever observed in the MB. The largest burnt area
is usually observed during August in neighboring countries such as Turkey [87], countries
on the Southern MB such as Tunisia [13], Algeria [15], and Morocco, and European Mediter-
ranean countries such as Spain [14]. Similarly to Lebanon, a high fire activity and BA
were observed during the late fire season (September–October) in Mediterranean Southern
California, driven by the very hot and dry Santa Ana winds blowing during autumn when
live vegetation moisture content is minimal [88,89]. Summer fog can also be hypothesized
as a potential high-air humidity constraint limiting plant desiccation during summer [90].
In Lebanon, the summer season is the season with the less frequent dry relative air humidity
value [79], lowering the fire weather danger that should be carefully investigated in further
fire weather analysis.

In line with other previous studies in the Mediterranean region [91,92], we found that
the fire activity in Lebanon was driven by severe climatic conditions occurring during
the dry season. The relative air humidity seasonality, more so than the FWI, was a good
predictor of fire seasonality. A low number of days with dry RH values occurred during
August, compared with October–November, during which more days had lower RH
values combined with high temperatures, high wind speed, and high DC. Consistent
with previous studies in the region [93], we found that the prevailing conditions during
October–November caused the occurrence of the largest wildfires over the fire season. At
the end of the dry season, the fire weather was intensified by the low moisture content
of the forest litter reduced to below 5% [94]. When coupled together, low RH with high
WS and drought conditions drove large wildfires [95]. These results could complement
the existing current efforts in early fire alert systems: the “RISICO system”, relying on
the Fire Weather Index (FWI) [96], implemented in 2011 at the CNRS Remote Sensing
center, and the “Fire Danger Forecast” at the University Of Balamand (FireLab, Institute of
the Environment) [97] computed from a cross-tabulation between the FWI forecast data
provided by the EFFIS (coarse spatial resolution 10–16 km) and Lebanon’s fire risk map [26].

4.3. Interannual Burnt Area and Trends

Based on our data, between 2001 and 2020, we could provide the keystone informa-
tion that, on average, 0.58% of the wildland cover burnt annually in Lebanon, similarly
to France (0.53%) and Greece (0.57%) [98], which is higher than the value observed in
Tunisia (0.19%) [13] but considered on the lower range of percentage of wildland burnt
in other MB countries such as Algeria (0.85%) [99], Portugal (3.31%), Spain (0.84%), and
Italy (1.14%) [98]. We could also conclude on the absence of a significant BA trend, as
observed in other non-European Mediterranean countries such as Tunisia, Algeria, and
Morocco [13–15], but in contrast with the general decreasing BA trend in the Southern
European Mediterranean region (Portugal, Spain, Greece, France, Italy) [77,100]. With
generally increasing drought conditions [101], the negative trend can be explained by the
increasing efforts invested in fire management and prevention in most European Mediter-
ranean countries [10,77,102]. The absence of a trend in Lebanon could be caused by an
absence of trend in climatic conditions when the national strategy for forest fire manage-
ment has not yet been fully implemented [79,103,104]. Fire activity drivers in Lebanon
should be further analyzed in future studies, especially as climate change projections in the
MB forecast an increase in temperatures and drought conditions, leading to a higher fire
risk and larger fires [16,105–107], and ongoing social troubles may affect fire hazard more
than the climate itself.

In addition to this general result, we could show that Lebanon experienced a high
interannual variability of BA, common in MB countries such as Tunisia [13] and neighboring
Syria [108]. Extreme fire years were 2007, 2006, and 2019 as previously reported [79]. The
high fire activity can be associated with both climatically and anthropogenically unusual
events. In 2007, the average conditions in Southern Europe and the Middle East region were
warmer (1–2 ◦C) [109]. During the summer, the region was affected by an intense drought
episode well documented in the literature [110], causing major wildfire breakouts not
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only in North African countries such as Algeria [15] but also in European Mediterranean
countries including France, Italy, and Greece [100]. The most documented forest fires
were in Greece, and were reported to be the most extensive and destructive in its recent
history [111], due to a combination of extreme meteorological events including the intense
drought and three consecutive heat waves [112]. While previous studies have shown a
significant correlation between BA and summer drought in Mediterranean countries [113],
FWI extremes were also high during the high fire activity in 2007 in Lebanon. In the
Mount Lebanon governorate, the 2007 fires were reported to destroy as many trees as the
total amount burnt during the Lebanese 15 year-long civil war (1975–1990) [103], which
gave rise to Lebanon’s National Strategy for Forest Fire Management in 2009, currently
being updated for a more efficient application [94]. Beside these climate considerations,
the high fire activity in 2006 was accompanied by political and social conflicts and a
series of protests and sit-ins that began on 1 December 2006, followed by the “July war
of 2006” that lasted about a month from July 12th to August 14th. The July war caused
major environmental damages, including direct damage to the Lebanese forests, especially
in Southern Lebanon where bombing incineration caused the majority of the forest fire
outbreaks as previously reported [114–116]. It is interesting to note that in areas of conflict,
the use of intended fire as a political means to dislocate civilian populations and military
forces, resulting in increased forest fires, has recently been documented (Turkish Kurdistan,
Syria, Iraq) [117–120]. During the July war of 2006, the main bombing locations in Lebanon
were the South (South and Nabatiyeh governorates) and the Beqaa valley (Baalbek-Hermel
and Beqaa governorates); together they accounted for about 52% of the BA observed.
During 2006, the fires were also the largest, reaching more than 670 ha in size. On one hand,
the ongoing conflicts caused a shortage in labor supply and the inaccessibility of several
agricultural fields, which increased, directly and indirectly, the risk of fires as a result of
a change in land use and land cover [121]. On the other hand, firefighting efforts were
re-directed towards helping the internal displacement of the population [122]. Ineffective
intervention and decreased fire suppression efforts in times of conflict lead to the burning
of larger areas [108].

5. Conclusions

The goals of this study were to create an objective and fine-resolution GIS database of
fire events, and to date these events by merging satellite sensors and processing tools. We
aimed to characterize the fire regime (extent, trend, seasonality, and interannual variability)
in Lebanon, a data-scarce area mostly affected by small fires. Our results show that we
could improve and reconstruct, with a standardized reproductible method (providing the
requested international standards on the data quality), the fire history since 2001 with a
precision close to countries with fire service reports, and precising the previous fire reports
delivered for the country. This method is potentially transferable to other data-scarce
areas, even if ignitions leading to very small fires < 6.3 ha are still missing. Based on
this positive experience for the efficiency of semi-automated tools to reconstruct the fire
regime for regional studies, this analysis could be extended back to 1984 with the rule-
based automated method, and provide yearly updates with higher resolution Sentinel for
a long-term observatory in the region. The combination of remote sensing with ground
information on the dating and reporting of fire events from fire services should also be
enhanced to increase the spatial and temporal accuracy in small fire identification, still
poorly represented by global remote sensing datasets, even in fire hotspots.

The release of this database could first reveal the particular fire regime of Lebanon, with
a bimodal seasonality and an extended fire season, quite unique in the MB. To strengthen
and support this finding, we showed that the seasonality of air-relative humidity and wind
speed individually, combined with rare but recurrent prolonged droughts until November,
could mostly explain this unusual seasonal fire distribution. The database is available to
the scientific community and local institutions for management planning, further under-
standing and modelling of the spatial-temporal fire hazard, and early warning systems.
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