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Abstract: We present an analysis of the spatio-temporal trends derived from long-term burned area
(BA) data series. Two global BA products were included in our analysis, the FireCCI51 (2001–2019)
and the FireCCILT11 (1982–2018) datasets. The former was generated from Moderate Resolution
Imaging Spectroradiometer (MODIS) 250 m reflectance data, guided by 1 km active fires. The
FireCCILT11 dataset was generated from Land Long-Term Data Record data (0.05◦ ), which provides
a consistent time series for Advanced Very High Resolution Radiometer images, acquired from the
NOAA satellite series. FireCCILT11 is the longest time series of a BA product currently available,
making it possible to carry out temporal analysis of long-term trends. Both products were developed
under the FireCCI project of the European Space Agency. The two datasets were pre-processed to
correct for temporal autocorrelation. Unburnable areas were removed and the lack of the FireCCILT11
data in 1994 was examined to evaluate the impact of this gap on the BA trends. An analysis and
comparison between the two BA products was performed using a contextual approach. Results of the
contextual Mann-Kendall analysis identified significant trends in both datasets, with very different
regional values. The long-term series presented larger clusters than the short-term ones. Africa
displayed significant decreasing trends in the short-term, and increasing trends in the long-term data
series, except in the east. In the long-term series, Eastern Africa, boreal regions, Central Asia and
South Australia showed large BA decrease clusters, and Western and Central Africa, South America,
USA and North Australia presented BA increase clusters.
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1. Introduction
Fire is a global phenomenon that affects ecosystems and the atmosphere [1–4]. It is
a critical component of the Climate System and therefore it has been identified as one
of the Essential Climate Variables (ECVs) by the Global Climate Observing System [1].
Consequently, Fire Disturbance was selected as one of the projects of the Climate Change
Initiative (CCI) Programme of the European Space Agency (ESA). FireCCI aims to produce
consistent, long-term and global Burned Area (BA) datasets, mostly oriented towards
climate modellers [5]. This BA information is critical to assess the environmental impacts
of biomass burning, as well as to analyse fire regime characteristics and temporal changes.
During the last two decades, several global BA datasets have been produced and
made available to the international community [6]. The most reliable ones are based on the
Moderate Resolution Imaging Spectroradiometer (MODIS) sensor, including the MCD64A1
(NASA’s official product: [7]) and the FireCCI51 (ESA CCI’s official product: [8]). The
spatial resolution of these datasets is 500 m and 250 m, respectively, and they cover a time
span of 20 years (2001 up to date).
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Despite the interest of short time series products, several authors have indicated
the convenience of generating a longer time series to extend the analysis of global fireenvironment relationships [1]. Climate modellers [6,9] recommended extending the BA
datasets backwards, using historical data, to improve their knowledge on climate dynamics [10]. The obvious choice for a long-term product would be based on the Advanced
Very High Resolution Radiometer (AVHRR) sensor, on board the National Oceanic and
Atmospheric Administration (NOAA) satellites since 1979. However, the lack of a global
and consistent archive of AVHRR-NOAA data at its full original resolution (approx. 1 km2 )
was preventing the community from undertaking this effort. An alternative was to use a
coarser resolution dataset, based on the Global Area Coverage (GAC: 4 × 4 km) format
of the AVHRR sensor. NASA delivered a corrected time series, named Land Long-Term
Data Record (LTDR, [11]), which assembles GAC data at 0.05-degree resolution from 1981
to 2021 (although after 2018 the dataset is quite noisy).
In spite of the challenges of detecting BA from this coarse resolution, with the limited
spectral resolution of AVHRR and lacking active fire information, a BA product based on
this time series has been recently released within the FireCCI project. The product is named
FireCCILT11 [12], and covers the period from 1982 to 2018. It was based on a previous beta
version published in 2019 [13], trying to mitigate its temporal inconsistencies.
Trend analyses have been quite common in the remote sensing literature, including
for temperature [14] and vegetation [15–17]. The trend analysis of global BA datasets has
been conducted at a regional [18–20] and global [21–23] scale. These studies aimed to
detect regional variations of trends, to identify contrasting temporal changes. For instance,
Andela, et al. [21] analysed global trends in BA, showing regions with increasing and
decreasing trends, linked mainly to regional land use changes.
Regarding BA analysis, regional studies used long-term data but global studies used
short-term data, although they were not limited geographically. Silva, et al. [18] analysed
the spatial and temporal trends of BA in the Iberian Peninsula and Urbieta, et al. [19] studied
spatio-temporal changes in fire frequency and size in Spain. Both of these studies dealt
with time series for over 30 years. Zubkova, et al. [20] analysed changes in fire activity in
Africa from 2002 to 2016, while Andela, et al. [21] analysed long-term trends in burned area
for the period 1998–2015, based on the fourth version of Global Fire Emissions Database
(GFED4, [24]). Earl and Simmonds [23] studied global and regional spatiotemporal fire
trends from 2001 to 2016 using active fires of MODIS (MOD14A1), and Forkel, et al. [22]
analysed global and regional BA trends from 1996 to 2015 with GFED4 and FireCCI50
data [5].
The objective of this study was to analyse global trends in BA using the FireCCILT11
long-term BA product, which extends almost 20 years (1982–2018) backwards from the
other available BA datasets. The introduction of FireCCILT11 is a novelty in this kind of
analysis. We aimed to detect areas where BA time series displayed significant positive or
negative trends, and evaluate whether trends were consistent at different time spans and
spatial resolutions.
2. Materials and Methods
The three main steps of our trend mapping methodology are shown in Figure 1.
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2.1.3. Analysis of Burned Area Datasets
Several factors were considered to analyse the impact of the datasets on the detection
of trends. First, the impact of spatial resolution was tested by running the process on each
product at several resolutions: the original detail of the FireCCILT11 product (0.05◦ ), the
summary BA provided by the official formatted product at 0.25◦ , and the commonly used
climate modelling grid at 0.5◦ resolution.
Another important issue was the potential effect of the 1994 gap of the FireCCILT11
product. To test the effect of this gap, in addition to the original FireCCILT11 dataset (used
as control), three BA products were created using several criteria to fill the 1994 gap by
means of: (a) the maximum value of BA at each grid cell in the time series, (b) the minimum
value of BA at each grid cell in the time series, (c) the mean value of BA at each grid cell in
the time series.
2.2. Pre-Processing
Second, the input data were pre-processed according to the previous dataset analysis
(Section 2.1.3). Unburnable areas were discarded using a global Land Cover (LC, [30,31])
product. Temporal autocorrelation was detected using the Durbin-Watson statistic [32],
and was removed using trend-preserving prewhitening [33].
2.2.1. Unburnable Mask
Global and annual LC information is available from the ESA’s CCI Land Cover v2.0.7
(CCI-LC, [30]) product and the Copernicus Climate Change Service (C3S) Global Land
Cover (C3S-LC, [31]) products v2.1.1. These products are annual, CCI-LC from 1992 to
2015 and C3S-LC from 2016 to 2020, and the combination of both extends from 1992 to
2020. They have a spatial resolution of 300 m and are fully consistent with each other [34].
We generated a burnable land mask [12], reclassifying the land cover information into
burnable and unburnable binary classes, and resampling it to the AVH09 resolution (0.05
degrees) using the criteria that if any pixel is burnable then the whole grid cell is classified
as burnable. Unburnable areas correspond to the land cover classes bare soil, water, urban
areas, and permanent snow and ice, while the burnable areas are all the vegetated classes in
the land cover products. After that process, a single land cover mask was created, keeping
only the grid cells that were burnable during the whole time series, to avoid no-data issues
in the dataset.
2.2.2. Temporal Autocorrelation
Trend analysis requires pre-processing to mitigate the effects of temporal autocorrelation [33,35]. Temporal autocorrelation is the absence of independence between observations
in a time series. It may lead to false rejections of the null hypothesis (type I error) and to
overestimation of trend significance [36], and affects the variance of the Mann-Kendall test
statistic [35]. We relied on the Durbin-Watson test [32] to assess temporal autocorrelation
and on the pre-whitening procedure of Wang and Swail [33] to remove it. The pre-whitened
time series displays the same trend as the original series, but their data are free of temporal
autocorrelation [33].
2.3. Trend Detection
After addressing the spatial resolution, unburnable areas and temporal autocorrelation in both datasets, and the 1994 data gap issue in the long-term dataset, annual BA
spatiotemporal trends were analysed.
Contextual and temporal trends were generated with the contextual Mann-Kendall
(CMK) approach [15] and the slope estimation for annual data. The Mann-Kendall
test [37,38] is a classic non-parametric test to assess monotonic trends [39], which addresses each cell independently, assuming independent data. Neeti and Eastman [15]
developed the contextual Mann-Kendall (CMK) test, a version of the original test that
assesses trends in a 3 × 3 cell spatial neighbourhood centred at each cell in a regular grid.
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The rationale for the CMK test is to rely on local spatial autocorrelation, which takes into
account a cluster of neighbour pixels, reducing the noise contributed by remote trends of
individual pixels and producing more reliable trend significance estimates [40]. However,
the CMK test also assumes data independence, but reliance on a local spatial window
reduces the data variance, resulting in increased likelihood of false trend detection [35].
This effect was taken into account by adjusting the variance, following the approach of
Douglas, et al. [36].
The slope of the BA trend in each grid cell was estimated with the non-parametric
Theil-Sen (TS) regression [41,42]. This slope estimator is given by the median of the slopes
calculated between observations at all pair-wise time steps. The TS estimator is very robust
to the presence of outliers, such that it can tolerate up to 29.3% (breakdown point) bad
observations in its input data-points without degradation of its slope estimation accuracy.
This estimator is recommended for time series with large inter-annual variability such as
annual BA, or data gap such as 1994 in the FireCCILT11 product. The significance of CMK
trend was tested using the Z-score, selecting a confidence level of 95% (p ≤ 0.05), with the
Z test statistic following standard normal distribution.
3. Results
3.1. Burned Area Dataset Analysis
As explained in Section 2.1.3, the BA datasets (FireCCILT11 and FireCCI51) were
resampled individually to three spatial resolutions (0.05◦ , 0.25◦ , 0.5◦ ) to learn which one
was more consistent to detect BA trends on a global scale. CMK was calculated for each
resolution of each product, as shown in Figure 2 in the case of FireCCILT11. The 0.5◦
resolution maintained a high trade-off between spatial detail and trend detection in order
to study global patterns. In addition, the 0.5◦ spatial process was faster than higher
resolutions and required less computational power. Higher resolutions (0.05◦ and 0.25◦ )
presented slight trends and were more disaggregated than the lowest resolution. For these
reasons it was decided to perform the analysis at 0.5◦ spatial resolution.
Additionally, the effect of the 1994 gap was analysed for the four datasets (control,
max, min, and mean). These datasets were generated at 0.5◦ and CMK was performed.
Figure 3 shows the comparison among the significant trends, with a confidence level of
95%, in the different datasets. The three datasets created showed values with differences
of less than 30% from the control dataset in negative significant trends and less than 15%
in positive significant trends. The max and the min datasets obtained 13% less negative
trends than the control dataset, while the mean dataset had a 10% more. Regarding positive
trends, the maximum dataset obtained 29% less trends, the minimum dataset 6% more and
the mean dataset 3% less than the control dataset.
These results showed that CMK and the Theil-Sen estimator are very robust to the
presence of outliers, since they can tolerate a substantial fraction of bad observations
without losing accuracy. The results were not much affected when the missing observations
for 1994 were replaced with either the maximum, the minimum or the mean of all observed
values. Due to the consistent trends, the dataset was generated with the control approach,
without the year 1994.
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Figure 3. Comparison between the significant trends in the four datasets (confidence level of 95%).

Despite choosing the most consistent dataset according to previous analyses, limitations were found in the dataset. The trend detection procedure reflected all these
imperfections contained in the products. First, continental regions [24] were used for
computing the BA data for the FireCCILT11 product. This regional adaptation has the
potential to introduce discontinuities in trends between regions. For instance, a strong
border effect was found in South America. In particular, this effect occurs at the border of
two continental regions [24] Northern Hemisphere South America (NHSA) and Southern
Hemisphere South America (SHSA). This border effect was more evident at lower spatial
resolution because the aggregation of pixels and trends makes it more visible. When
the resolution was higher, such as the original resolution (0.05◦ ), this border effect was
smoother, as well as in the remaining trends (Figure 2). Second, some anomalous trends
or discontinuities were found in the FireCCILT11 product in the year 2000, when there
was a change in the sensor, namely from AVHRR-2 (1982–2000) to AVHRR-3 (2001–2018).
This type of problem affected 5% of clusters (30 out of 594) with significant trends, and
corresponding to BA commission errors in the FireCCILT11 product. Those clusters were
visually identified and excluded from further analysis. Despite that, FireCCILT11 got a
consistent BA in NHSA and the remaining continental regions. No other anomalies were
found in FireCCI51.
3.2. Contextual Mann-Kendall Test and Slope Estimation
3.2.1. Short-Term Series
In the case of the short-term (2001–2018) dataset, spatial trends are shown in Figure 4.
Significant trends (with a confidence level of 95%) are shown in Figure 5. Large decrease
clusters were predominant with respect to smaller increase clusters. Burned area change
trends vary regionally. Northern tropical Africa presented decreasing trends, while Equatorial Africa showed a combination of decreasing (East) and increasing (West) trends. The
traditional fire regions of South America (Los Llanos and El Gran Chaco) had negative
trends, while the new fire areas in the Central and North East showed positive trends. In
North America, mostly positive trends were observed, particularly in the SE of USA. Asia
presented decreasing trends in Central Asia, and increasing trends in India and Central
Siberian Plateau. Finally, Australia presented decreasing BA clusters in the North, and
increasing trends in the South.
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The common time series of FireCCILT11 (Figure 6) with FireCCI51 was analysed
and it showed similar trends, although the short-term series of FireCCILT11 presented
smaller clusters. The detection resolution of FireCCI51 allowed more accurate measures
and trends. Despite that, both products in the common time series showed mostly high
spatial similarities. Figure 7 shows the spatial correlation between FireCCI51-FireCCILT11
in the period 2001–2018. High spatial correlations are displayed with Pearson correlation
(r) > 0.75 in pixels of all regions.
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to detect large fires. The difference in fire sizes detection could also affect the type of BA
trends studied.
In both the short and the long time series analysed in this study, Africa presented the
most important temporal trends, with a larger tendency to BA decrease, particularly in the
most recent decades. A controversy was recently observed on whether those changes are
related to increased cropland activity or to changes in precipitation patterns [20]. However,
when considering the longer time series, increases in BA trends were observed in several
regions of Northern and Southern tropical Africa, while Eastern Africa shows the most
significant decreases (Figure 11).
In South America, the decrease in BA was predominant in our short-term series (2001–
2018), likewise in Andela, et al. [21] and Forkel, et al. [22] studies, but when analysing the
full time series, significant increases were observed in Central South America, which has
been the most deforested region in the last decades [51]. North America showed a BA
increase in both time series [21,22], except in boreal regions which presented BA decrease
in the long-term series.
Central Asia displayed a decrease in BA in both time series like Andela, et al. [21],
Giglio, et al. [24], Hao, et al. [52] and Forkel, et al. [22], due to a wetter climate and increased
grazing [52]. In Northwest Asia, a change in forest use practices caused a BA decrease
in long-term series [53]. Finally, the Australian BA decreased in the north within the
first years [21,22] and increased in the long-term series, while the opposite happened in
the south, although Andela, et al. [21] suggested BA decrease in the short time series
(1998–2015).
Development of the global FireCCILT11 product relied on a spatial stratification based
on the GFED regions, which has the potential to cause discontinuities in spatio-temporal
BA patterns at the border between those regions. However, such effects are absent at
the great majority of borders. In a few cases, it is possible that the exact location of a
border effect will have been determined by the transition between GFED regions (most
notably between Europe (EURO) and Boreal Asia (BOAS). However, we believe this is just
the sharpening of actual, non-artefactual changes in trends, because there is evidence of
steep gradients in fire drivers, not only at the Europe/Boreal Asia border, but also at the
border between Boreal and Temperate North America. In the latter case, Jolly, et al. [54]
found a rather abrupt change in trends of fire season length between the Western USA and
Canadian sides of the border, with a strong increase in season length on the American side
and no trend on the Canadian side, similarly to the BA trends we detected. Two recent
studies support our detection of a decreasing BA trend in Western Russia, although not
exactly overlapping the large patch shown in Figure 11. Wu, et al. [55] detected significantly
negative BA trends, based on data from GFED4, which accounts for small fires (unlike
the MODIS MCD64A1 and the FireCCI51 products). Ryzhkova, et al. [53] performed a
dendrochronological study in Karelia, near the border with Finland and reported a decrease
in BA, albeit over the period 1930–2000, much longer than those covered by satellite data.
Drobyshev, et al. [56] provide additional indirect evidence, in the form of contrasting fire
weather severity trends (1901–2017) during the fire season, which decreased in Scandinavia
and increased in Western Russia. It is also worth noting that the patch with significantly
decreasing BA trend detected in Western Russia, although very large, occurs in a region
that does not burn extensively. We acknowledge that most of this evidence is circumstantial,
but our analysis is unique in mapping BA annually stretching back to the early 1980 and,
therefore, no independent BA data set is available for comparison with of our results.
5. Conclusions
This spatiotemporal analysis has shown the BA global trends and patterns in a longterm series. Understanding global BA trends and regional patterns is very important to
elucidate the dynamics of fire occurrence and the effect of climate change. Mann-Kendall
analysis showed BA trends in a contextual approach, displaying consistent patterns and
clusters. Although the spatiotemporal analysis was robust and the patterns were consistent
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across products and other studies, the results must be carefully analysed, considering the
abovementioned limitations of the FireCCILT11 product.
Spatiotemporal trends showed significant differences in the short and long-term series.
The short-term series presented smaller significant clusters, and more scattered patterns,
and the long-term series displayed larger significant clusters. The common time series
in both products showed similar trends and high correlation, although FireCCI51 trends
were more consistent and larger due to the original resolution. Comparing significant
trends between both short periods (1982–2000 and 2001–2018) of the FireCCILT11 product,
small agreement clusters were found and trend changes were common. Different trends in
short-term periods and long-term periods were found due to different patterns present in
the time series.
Future research will seek to interpret the causes of the BA trends detected. An analysis
that relates BA trends with different variables, such as land cover, land use change and
climate change, will improve understanding of fire regimes and their dynamics.
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