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Abstract

Biomass burnings (including forest, grassland, peatland and agricultural fires) have important impacts on
global terrestrial and atmospheric systems, affecting land cover, surface albedo, and the atmospheric
concentration of greenhouse gases, chemically reactive species and aerosols. Several products have been
generated in the last years to estimate total burned area, but uncertainties remain, particularly those associated
to small and low intensity fires. Impact of climate and societal changes modify traditional fire regimes,
extending fire seasons, increasing fire severity or introducing fire in sensitive areas.

The Fire_cci project of the European Space Agency Climate Change Initiative aims to generate consistent
time series of burned area products to assess the extent of biomass burnings, as well as their spatial and
temporal characteristics. Fire impacts on atmospheric and terrestrial processes are assessed, including
modifications of vegetation patterns and biomass availability.

The global burned area products of the Fire_cci program currently available are derived from MERIS FRS
and MODIS 250m sensors and cover the period from 2001 to 2016. These global burned area products are
complemented with a small-fire database generated from medium resolution sensors (Sentinel-2 and Sentinel-
1) for the African continent. BA algorithms for new Sentinel-3 sensors (OLCI and SLSTR) are also being
developed. Validation of the global products is based on a statistical sampling design of 1200 Landsat scenes.
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1. Introduction

Fire has shaped human history from the very beginning. It has been used to cook, change vegetation
composition, hunting and creating harder tools. Nowadays, fire is still used widely to transform land
use, improve soil nutrients, help hunting, mining and other human activities (Bowman et al., 2013;
Hantson et al., 2015). Current estimations show that 3.5-4 Mkm? are burned every year (Alonso-Canas
and Chuvieco, 2015; Giglio et al., 2013). Fire mainly affects tropical forests and savannas in Africa,
Brazil and Indonesia, temperate forest and grasslands in USA, South America and Eurasia, and boreal
forest in Siberia and N. America. Fire effects include impacts on atmospheric composition, carbon
budgets and vegetation dynamics. Global estimates of fire emissions are between 1 and 3 Pg C year—1
(van der Werf et al., 2010). Fire reduces tree cover and in consequence the ability of terrestrial
ecosystems to sequester carbon (Yue et al., 2014).

Even though the current understanding of climate-fire interactions is limited, there is also increasing
evidence on their mutual influence (Hantson et al., 2015; Kloster et al., 2012; Yue et al., 2015).
Climate has a strong influence on all aspects of the fire regime. It is related to seasonal timing
temperature and humidity, as well as wind (that helps spreading the fire). Climate also influences the
nature and availability of fuel, through its influence on the productivity and type of vegetation.
Expected temperature (dryer vegetation conditions) and rainfall changes are likely to increase wildfire
frequency in some regions, while others may experience decrease in fire activity as a result of
decreased biomass production (Krawchuk et al., 2009). On the other hand, fires also affect climate.
GHG and aerosol emissions, as well as albedo changes (from vegetation to soil) affect overall radiation
budget, although their impacts are not yet well defined. For instance, the impact of increasing boreal
forest fires on climate warming may be limited or even result in regional cooling because of the
negative forcing from increased surface albedo following a fire (snow albedo is much higher than
vegetation’s). Climate modelling studies suggest that aerosols derived from burning may lengthen or
intensify periods of drought in the Equatorial regions. The relevance of fires in the global terrestrial
system has pushed the development of fire modules within Dynamic Global Vegetation Models
(DGVM), such as the SPITFIRE (Yue et al., 2015).

The global impacts of fire justify a growing interest of deriving global burned area products. This
is the basis of selecting Fire disturbance as one of the Essential Climate Variables (ECV) defined by
the Global Climate Observing System (GCOS). These ECVs are intended to have a systematic and
long-term record of observations that are relevant for climate modelling. Many of these variables can
be systematically retrieved using different satellite Earth observation systems, and therefore GCOS
has provided different guidelines for creating international programmes to generate those ECVs
(GCQOS, 2016).The European Space Agency (ESA) responded to this petition by creating the Climate
Change Initiative (CCI) programme in 2010. The ESA CCI programme includes 13 variables, covering
atmospheric, oceanic and land ECVs, which are systematically derived from up to date satellite sensors
(Hollmann et al., 2013).

Fire disturbance (defined as the extent and characteristics of burned areas) was one of those
variables included in the ESA CCI programme in 2010. Since then, the project teams have generated
global databases of burned areas (BA), with the adequate auxiliary information to fit climate
modellers’ needs. This paper presents the main outputs of the Fire_cci project, including review of
user needs, data generation, validation and assessment. In addition to global products, a small fire
database (SFD) has been generated for Sub-Saharan Africa, which will not be covered in this
manuscript.
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2. Methods
2.1. User requirement analysis

Since the main target community of the CCI programme are climate modellers, a survey was
conducted to better understand user needs and prepare product specifications accordingly. The review
of Mouillot et al. (2014) identified the main uses of BA products and the specific demands of
modellers. This work was extended by dedicated questionnaires to different users of BA products,
including carbon and atmospheric chemistry modellers, fire ecologists and civil protection services.
As a result of the literature review and user interviews, several priorities for global BA products were
identified:

(i) Long-term series data for understanding the long-term fire, climate and vegetation interaction.

Temporal consistence should be assured within a 5% threshold.

(if) Temporal resolution should be daily data at the original spatial resolution of the sensor, weekly,

10-day or monthly basis on global scale.

(iii)Spatial resolution of the product should be 5-25 hectares for regional analysis and 0.25 to 0.5

degrees at global scale.

(iv)Maximum omission and commission errors should be below 15%, with demonstrated

systematic and adequate validation using internationally agreed validation protocols.

(v) Error traceability and uncertainty characterization should be included in both the pixel and grid

products, in a manner that can be easily understood and utilized by users in various applications.

(vi)Easy access to data, including auxiliary information and metadata on burned cover, burn patch

distribution and burn severity/efficiency.

2.2. Product specifications

Following recommendations from users, two sets of Fire_cci BA products were defined. They
include pixel outputs (at the level of spatial detail of each sensor) and grid products (global summaries
at coarser spatial resolution, which better fits climate models’ resolution). Each product included a set
of auxiliary variables to help the main user communities. They are:

e Pixel product: continental tiles of monthly BA, including three variables: date of burned,
confidence level and land cover burned (extracted from the Land Cover CCI project, Kirches
et al., 2013). The product is delivered in GeoTIFF format.

e Grid product at 0.25x0.25 degree resolution cells accumulating data every 15 days. It includes
23 layers: total burned area in the period, standard error, fraction of burnable area, fraction of
observed area, number of fire patches, and total BA in each of 18 different land covers. These
files are distributed in NetCDF-CF format.

Both data sets are supported by metadata provided as XML in the case of the pixel product and
embedded in the NetCDF format for the grid product.

2.3. Burned Area algorithm

A set of BA algorithms have been developed within the Fire_cci project adapted to the different
input sensors:

e Continental scale for the small fire database. They are based on Sentinel-1 radar (SAR), and
Sentinel-2 MSI (optical) data.

e Global scale: MERIS (300 m) on board ENVISAT, MODIS (250m) on board TERRA and
OLCI and SLSTR on board the Sentinel-3 satellite. This paper focuses on these datasets.

The MERIS BA algorithm combined temporal changes in near infrared (NIR) reflectance with
location of active fires (Alonso-Canas y Chuvieco, 2015). A similar approach was followed for the
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MODIS sensor, in this case including only information from the highest resolution channels (250 m),
to complement current NASA BA products based on 500 m resolution data (Giglio et al., 2013). Both
algorithms detect burned pixels in two phases. The first one aims to detect seed pixels (those more
clearly burned), thus minimizing commission errors, while the second one applies a contextual
criterion to discriminate the complete BA patch from the seed pixels, aiming to reduce omission errors.

Before the seed phase was carried out, a monthly composite of images was generated. The
compositing criterion was based on selecting the nearest day to the closest hotspot of each pixel. This
criterion tried to identify those days when the fire signal had the highest contrast from the background,
avoiding clouds, cloud shadows and other artefacts.

Once the composite was created, the seed phase tried to identify the most clearly burned pixels.
Since burned areas are very diverse worldwide and therefore the changes in reflectance may greatly
vary among different ecosystems, the selection of seeds was guided by a regional-adapted statistical
approach. Detection thresholds were established for each 10x10 degree tile and each monthly period
based on the probability distribution function of the NIR reflectances of the pixels detected as active
fires in that region and period. A criterion to maximize separability between the distribution functions
of burned and unburned pixels was applied to establish a spatio-temporal threshold. This was
complemented with other temporal change thresholds in NIR reflectances to further assure that pixels
selected were actually burned. Once the seeds were detected, a contextual criterion was applied to
extend the seeds to their neighbours that were likely to be burned as well. This region-growing process
was based on the NIR values, and the change in red and NIR reflectance between the seed pixels and
the surrounding ones. A similar approach was applied to the MODIS R and NIR channels, adapting
several thresholds to better suit the MODIS sensor characteristics.

The BA algorithm was processed globally for both sensors. For MERIS full resolution images the
time series made public includes the period from 2005 to 2011 (Chuvieco et al., 2016), while for
MODIS images, the processed period spans from 2001 to 2016 (Chuvieco et al., 2018). Both BA
products are made publicly available and freely downloadable (https://geogra.uah.es/fire_cci/ last
accessed June, 4" 2018).

2.4. Validation

The reference data used for the validation was derived from pairs of Landsat images consecutive in
time, following CEOS Cal-Val guidelines (Boschetti et al., 2009). Reference fire perimeters were
derived from a semi-automatic algorithm and revised visually by two interpreters. Final sampling
included 1200 Landsat pairs following a stratified random sampling design (Padilla et al., 2017).
Accuracy measurements were derived from the error matrix, obtained from the cross tabulation
between product and reference maps: overall accuracy (OA), commission error (CE) ratio, omission
error (OE) ratio, Dice coefficient (DC), bias (B) and the relative bias (rel B), the last two referring to
the trend towards under or overestimation of BA.

3. Results
3.1. Spatial trends

Figure 1 includes an example of the global BA datasets for 2016 based on the MODIS Fire_cci v5.0
product (called FireCCI50 for short). The most extensive burnings occurred in the Tropical regions,
particularly in the African continent, followed by the Northern regions of Australia, Central Brazil,
Venezuelan and Colombian Llanos, and Southeast Asia. A second belt of burned regions is noticeable
in the temperate grasslands and croplands of central Asia, and Southeast USA. The boreal forests of
Russia and Canada have also an important role in global biomass burnings.
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Figure 1 - Global Burned area of 2016 from FireCCI50

3.2. Temporal trends

Average yearly BA was 3.81 Mkm?, approximately the size of India and France combined. Years
with largest BA were 2004 and 2011 with more than 4.16 Mkm?, while only 2013 and 2016 had less
than 4 Mkm?. These global trends are very similar to the GFED4, the most widely used BA database,
which accounts for the same years an average total value of 3.38 Mkm?, with yearly variations between
2.87 and 3.77 Mkm?. Recent estimations from the MODIS BA product MCD64 c6 increase the
estimations of our product by 15%. Figure 2 shows the seasonal and multiyear cycle of burn activity
comparing our results with the GFED4, MCD64 c6 and the MERIS Fire_cci v4.1 (FireCCl41) BA
databases.
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Figure 2 - Temporal trends of burn area in different global BA products

A clear seasonal pattern is observed throughout the years, with two peaks. The first one is located
in December-January, which corresponded mainly to the dry season of the Northern Hemisphere
(tropical burnings of Sub-Saharan Africa, Northern Australia, SE Asia, Central America and Northern
fringe of South America). The second occurred in July-September and referred to the burnings of the
Southern Hemisphere tropical regions of Africa and South America, the grasslands and agricultural
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burnings of South Asia, the temperate forest burnings of the Mediterranean, USA and Australia, and
the Boreal regions of Canada, Russia and Alaska. The four BA databases agreed quite well, although
MCD64 provided generally higher values. The GFED4 product, based on MODIS images, and the
Fire_cci products showed similar trends, with a tendency to overestimate BA in the peak of December-
February in the case of the FireCCl41 product.

3.3. Spatio-temporal patterns of the pixel product

Figure 3 illustrates an example of the pixel products generated from the FireCCI50 dataset. It
includes the date of detection and provides a much higher resolution than the grid product to analyse
spatial and temporal patterns.
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Figure 3 - Day of detection for Sub-Saharan Africa for the year 2008.

As it may be expected, two parallel fringes are observed, one in the Northern Hemisphere Tropical
belt (Senegal, Ivory Coast, Ghana, Nigeria, Cameroun, Central African Republic, Chad and Sudan),
mostly burned at the beginning or end of the year, in coincidence with the dry season of the Northern
Hemisphere Tropics, and another one to the South of Equator, where a dry season occurs between June
and September. Angola, Zambia, Zimbabwe, South Africa, Mozambique, Madagascar and Tanzania
are the most affected countries in this latter region. Pixel products can be used for different objectives,
both at global and regional scales. The Fire_cci pixel product has been used to analyse burn shapes
(Chuvieco et al., 2018; Chuvieco et al., 2016), which is an interesting variable to better understand
fire propagation patterns.

3.4. Validation

At global scale and for the time period with available data, the accuracy of FireCCI50 expressed by
the Dice coefficient (DC) was 0.365 (standard error = 0.026). This value is significantly higher than
for the FireCCI41 product (DC=0.248 with SE= 0.030), but lower than for the MCD64A1 c6 product
(DC=0.478 with SE=0.031). Similarly this is expressed by the commission and omission error ratios
(Ce and Oe), 0.512 (0.020) and 0.708 (0.30) for FireCCI50, 0.643 (0.045) and 0.810 (0.030) for
FireCCl41, and 0.353 (0.016) and 0.622 (0.038) for MCD64A1l c6 respectively. FireCCI50
underestimates a fraction of 0.402 (0.058) of the BA reported in the reference data, as expressed by
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the relative bias (relB), slightly less than MCD64A1 c6, 0.415 (0.056), and lower than FireCCl41,
with a vaule of 0.468 (0.094).

We should point out that these errors are most likely inflated, as they do not take into account
reporting accuracy inaccuracies. This means that pixels correctly classified as burned may be labelled
as omission errors when detected after the reference date of the Landsat multitemporal pairs used for
generating reference files. Similarly, pixels correctly detected as burned but labelled a few days after
the beginning of the Landsat multitemporal pair may be considered as commission errors. To analyse
these impacts, three large areas (around 250,000 km?) were selected in Australia, Canada and
California from where national fire perimeters were available. The omission and commission errors
for these sites were much lower than those observed for the global sample (commission 0.22 to 0.4
and omission 0.35 to 0.5) for the FireCCI50 product.

4. Conclusions

This paper has shown results provided by the Fire_cci project, included in the Climate Change
Initiative programme of the European Space Agency. The first assessment of these results provides
coherent spatial and temporal trends, with similar patterns as the most widely used global BA products.
Preliminary validation shows a high overall accuracy, but also high omission and commission errors
of the burned class, which should partially be related to the temporal reporting accuracy and the impact
of small fires in some regions.
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