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A B S T R A C T   

Tropical savannas and grasslands are the most frequently burned biome in the world, and fire has an important 
role in sustaining ecosystem processes. Modern management of fires in savannas has roots in traditions stretching 
back centuries, and nowadays earth observation data is incorporated extensively in fire management practices. In 
tropical savannas in particular strongly seasonal monsoonal climates allow relatively low severity prescribed 
burning in the early part of the dry season (EDS) with the goal of preventing more destructive late dry season 
(LDS) fires. In many regional contexts it is common that a specific, fixed date is used officially to indicate when 
the window of safe burning has expired and the EDS transitions to the LDS, based on the experience of local or 
regional fire management authorities. This approach, while practical, neglects inter-annual variability in 
meteorological conditions and timing of onset of more dangerous fire weather. In this study, we pro-pose a 
remote sensing-based method for determining when this EDS window expires for five savanna-dominated con
tinental-scale regions. By taking ad- vantage of the fact that conditions allowing night-time burning occur later in 
the dry season, we use day and night-time active fire detections from the MODerate Resolution Imaging Spec
troradiometer (MODIS) instruments to set a flexible date of transition between the EDS and LDS. The vast ma
jority of tropical savannas have very variable (std. dev. ≈ 20–40 days) transition dates, though this is somewhat 
modulated by fire frequency. Fuel connectivity rather than fuel condition appears to be a strong driving factor 
behind this variability. We find that especially national parks and protected areas have a high proportion of 
potentially more severe burning in the LDS, though areas with well-established EDS burning programmes are 
reducing this impact.   

1. Introduction 

Tropical savannas are the world’s most burned biome, accounting for 
more than two thirds of global burned area annually (Werf et al., 2017; 
Giglio et al., 2013). Fires in these regions occur typically frequently, 
with average return times of a few years and some areas even experi
encing annual burning. Much of the flora is adapted to such a frequent 
fire regime through e.g. thicker bark, raised canopies, fast resprouting or 
seeds which germinate when exposed to fire (Groom and Lamont, 2015; 
Chief et al., 1987; Simon and Pennington, 2012). Disturbance from fire 
plays a key role in sustaining ecological function, dynamic processes, 
and biodiversity in savanna ecosystems (Scholes and Walker, 1993; 
Scholes and Archer, 1997; Sankaran et al., 2005). Fire-related processes 

are argued to have been a driving force in the creation of savannas 
worldwide (Beerling and Osborne, 2006). 

Tropical savanna regions generally have two distinct seasons in a 
year, a 4–6 month wet season where most or all of the rainfall in any 
given year occurs, and a dry season in which very little or no rainfall 
occurs (Archibald et al., 2019). Fires in tropical savannas occur pre
dominantly during the dry season. Fires occur- ring throughout the early 
dry season (EDS) period tend to be less extensive, spatially more patchy, 
and of lower severity than fires occurring later in the season under more 
severe fire weather (higher temperatures, lower humidity, often more 
windy) and fully cured fuel conditions (Williams et al., 2003; Gambiza 
et al., 2005; Perry et al., 2019). These contrasting seasonal conditions 
have long been exploited by communities across savanna-dominated 
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regions for purposes including but not limited to hunting/gathering 
(Eriksen, 2007; Hill et al., 1999; Hough, 1993; Pivello, 2011); subsis
tence agriculture (Butz, 2009; Eriksen, 2007); biodiversity management 
(Eriksen, 2007; Laris, 2002; Pivello, 2011); land regeneration (Hill et al., 
1999; Mistry et al., 2005); reducing the risk of undesirable fires (Huff
man, 2013; Butz, 2009; Eriksen, 2007; Laris, 2002; Pivello, 2011) and, 
more recently, carbon emissions and offsetting activities (Russell-Smith 
et al., 2013; Fitzsimons et al., 2012). 

For many fire and land management applications it is crucial to 
understand how the fire seasonal conditions progress in respective 
savanna regions. For reducing LDS wildfire risks, prescribed fire man
agement practices are typically undertaken in the EDS under milder fire 
weather and fuel conditions (Perry et al., 2019; Laris, 2002; Eriksen, 
2007; Butz, 2009; Mistry et al., 2005). This is particularly important in 
savannas with a low human footprint, such as protected areas like na
tional parks. Restrictions on building and development mean that these 
areas usually are sparsely populated, possess minimal infrastructure, 
urbanisation, or other geographical features which could act as a barrier 
for wildfire spread (Archibald et al., 2010). In the absence of such bar
riers, wildfires can spread more extensively in these areas. This can be 
exacerbated when the fire season transitions from EDS to LDS and fires 
are increasingly likely to persist overnight. Active management to 
combat these often more destructive and undesirable LDS fires is espe
cially necessary in these protected areas. 

In most savanna regions the EDS to LDS transition is defined formally 
by an invariant annually fixed date (e.g. end of June in parts of southern 
Africa (Russell-Smith et al., 2021; Archibald et al., 2009); start of 
December in Mali (Laris, 2002); end of July in Northern Australia (Perry 
et al., 2020); end of June in Brazil (Barradas et al., 2018). Although 
backed by extensive institutional and traditional knowledge experience 
(e.g. in Australia (Garde et al., 2009; Russell-Smith et al., 2003) such 
fixed protocols do not allow for considerable inter-annual and inter- 
regional variability with potentially significant implications. Fire man
agement protocols, including prescribed burning, can be costly to plan 
and execute. With a more certain time frame to the fire season costs to 
areas already on a restricted budget such as protected areas or national 
parks may be reduced in the EDS. Furthermore, if the start of the LDS is 
well defined then the onset of conditions conducive to more destructive 
burning (Williams et al., 2003; Gambiza et al., 2005; Perry et al., 2019) 
can be anticipated and prepared for more effectively. Additionally, the 
constraining of the EDS/LDS transition date may reduce the impact of 
possible erroneous accounting of seasonal emissions from savanna fire 
management projects (Perry et al., 2020). 

Remote sensing and earth observation (EO) data have been used to 
monitor fire activity in a host of different ways, from defining and 
calculating burned area (Giglio et al., 2013; Giglio et al., 2018; M. P. 
Martı́n et al., 2006); assessing fire severity (Edwards et al., 2013; Gibson 
et al., 2020) to analysis of fire regimes/behaviour (Archibald et al., 
2009; Andela et al., 2019; Price et al., 2012; Archibald et al., 2010). 
Recently the focus has been on improving the detection of smaller fires 
with higher resolution data, as EO data with coarse resolution cannot 
detect these small but ubiquitous fires (Ramo et al., 2021). Often burned 
area data is augmented by active fire detections such as those from 
MODIS (Giglio et al., 2016). These are datapoints where even small fires 
occurring some- where within a pixel can be detected (Giglio et al., 

2006), and have been used to augment lower resolution burned area 
data to allow for the inclusion of small fires (Werf et al., 2017). 

In the following paper we make use of active fire detections as a 
proxy for fire activity. We aim to provide a new method for defining the 
EDS to LDS transition date based on assessment of seasonal changes in 
day-time to night-time active fire hotspots derived from the MODIS 
archive, 2003–2021. Making use of these transition dates, we then split 
burned area into EDS and LDS activity in several key core regions 
comprising 92 % of the distribution of tropical savannas and almost 70 
% of global fire extent. Using a random forest decision tree, we inves
tigated to what extent meteorological conditions drive variability in the 
transition date. We were also able to identify regions which have a fire 
regime skewed towards the LDS, and examined trends in EDS and LDS 
burning activity for some protected or natural areas where there is in
formation on fire management strategy. This information allows 
assessment of whether fixed transition dates are appropriate, and where 
management efforts are appropriate for maintaining a sustainable fire 
regime. 

In the subsequent sections the study area is introduced (section 2.1), 
the EO data used in the study is described (section 2.2), and the devel
opment of the transition date algorithm and decision tree methodology 
is laid out (sections 2.3 and 2.4). The final part of the methods addresses 
the definition of areas with intense late season burning (section 2.5) 
before we present the results in section 3, discuss key findings in section 
4 and present conclusions in section 5. 

2. Methods 

2.1. Area of study 

Tropical savannas (including those regularly flooded), defined as 
savanna occurring within 23.5◦ north and south of the equator, account 
for around 11 % of global landmass not permanently frozen (Olson et al., 
2001), covering large swathes especially of South America, Africa and 
Australia. This biome comprises mixed grasslands and woodlands, often 
characterised by grassy plains and discontinuous woody canopy cover 
ranging from very sparse to relatively dense (Archibald et al., 2019; 
Scholes and Archer, 1997). Fires in these regions predominantly occur in 
the dry season: May - October in the southern hemisphere, November - 
April in the northern hemisphere (Giglio et al., 2013). 

Our assessment focuses on tropical savannas from five core regions: 
South America north of the equator (NHSA), South America south of the 
equator (SHSA), Africa south of the equator (SHAF), Africa north of the 
equator (NHAF), and Australia (AUST). We study fire dynamics for all 
five core regions and examine burning trends in a handful of protected 
areas in each. Protected area data were taken from the World Database 
on Protected Areas (UNEP, 2023). Each of these core regions supports 
globally significant areas of tropical savannas, in total comprising 92 % 
of the distribution of tropical savannas and almost 70 % of global fire 
extent (Table 1). Regional extent and mean annual rainfall for each core 
region is shown in Fig. 1. Mean annual rainfall is split into bands of 200 
mm to highlight regions of low rainfall (≤600 mm yr− 1), medium rainfall 
(600–1000 mm yr− 1) and high rainfall (≥1000 mm yr− 1). In most cases 
areas of low rainfall have fire regimes with a longer return interval and 
more variability, whereas higher rainfall areas experience fires at 
greater frequency (Archibald et al., 2009) (Figs. 2 and 1). 

As we are comparing fire regimes across hemispheres where the wet 
and dry seasons are out of phase, it is not appropriate to perform ana
lyses exclusively following the calendar year (Boschetti and Roy, 2008). 
To allow easier comparison across hemispheres, we make reference to a 
‘fire year’. In the southern hemisphere the fire year runs from 1st 
January − 31st December of that year (the fire sea- son remains within 
the calendar year), and in the northern hemisphere from 1st July of that 
year − 30th June of the following year (the fire season begins in one 
calendar year and ends in another). For example, ‘fire year 2010′ refers 
to the period from 1st January 2010 to 31st December 2010 in the 

Table 1 
Proportion of global tropical savanna (Olson et al., 2001) and global burned area 
from MCD64A1 C6.1 (Werf et al., 2017) for the 5 tropical savanna zones.  

core region Tropical savanna Burned area 

Northern hemisphere South America (NHSA)  2.2 %  0.7 % 
Southern hemisphere South America (SHSA)  18.0 %  3.3 % 
Northern hemisphere Africa (NHAF)  33.5 %  28.2 % 
Southern hemisphere Africa (SHAF)  27.5 %  30.2 % 
Australia (AUST)  10.3 %  6.8 % 
Global  91.5 %  69.2 %  
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southern hemisphere, and 1st July 2010 to 30th June 2011 in the 
northern hemisphere. This means that our study period for the southern 
hemisphere was from 1st January 2003 to 31st December 2021, and for 
the northern hemisphere 1st July 2003 to 30th June 2022 (inclusive). 

We do this mostly for ease of comparison across hemispheres and on 
the assumption that the wet and dry season in the northern hemisphere 
are exactly 6 months out of phase. This assumption is not totally accu
rate, not least because this would imply that the fire season in the 
northern hemisphere should begin on the 2nd July rather than the 1st, 
but we believe it is appropriate nonetheless as our focus lies in calcu
lating a transition date which by definition must fall somewhere in the 
middle of the fire season, and will be a relative quantity (i.e. x number of 
days since the start of the fire year). The fringes of the season with low 
burning are unlikely to have much effect on determining the EDS to LDS 
transition date, and a shift in the definition of a fire year by a few days 
would not change the results meaningfully within a core region. Were 
the start of a fire year to be changed by a few days, for example, then the 
transition day-of-year would shift by that number of days, but metrics 
such as standard deviation would not change. 

2.2. Fire data 

Active fire data from the Moderate Resolution Imaging Spectror
adiometer (MODIS MOD14 collection 6.1, 1 km pixel at nadir (MODIS, 
2022) are available from November 2000 to present. This data is 
collected daily at regular times: the MODIS instruments are carried on 
two satellites, Terra and Aqua, each with a day-time overpass (10:30am 

for Terra and 1:30 pm for Aqua) as well as a night-time overpass (10:30 
pm for Terra and 1:30am for Aqua). Data were downloaded from the 
start of the first calendar year where both Terra and Aqua data are 
available (January 2003) up to and including December 2021 (southern 
hemisphere) and June 2022 (northern hemisphere) in keeping with the 
fire year definition for each. Hotspot detections from the MODIS in
strument rely on the detection of thermal anomalies, either above a 
given threshold value, or relative to the surroundings, or both (Giglio 
et al., 2003; Huffman, 2013). 

The robustness of our approach is enhanced by a higher number of 
active fire detections in a given area for a given fire year. To aid this, 
study regions were split into a relatively coarse grid of 0.5◦ 0.5◦ cells, in 
which daily count of day-time and night-time hotspots were collected. 
This allowed more in- dividual detections to be grouped together, while 
still maintaining a spatial resolution useful enough to intersect with 
particular geographical features (e.g. national parks or protected areas). 
Cells with fewer than 40 fire detections per year frequently displayed 
unrealistic behaviour in the preliminary analysis (e.g. transition dates 
determined to be in the wet season) and as such all cells below this 
threshold number of detections were excluded. This number was also 
selected as a threshold as a sharp geographical boundary is often found 
around this number, especially in the African core regions. Excluded 
cells are shown in blue in Fig. 2. Grid cells with significantly more fire 
detections are highlighted in red. 

While active fire data are useful for ascertaining level and timing of 
fire activity, there are additional burned area products better suited to 
determining fire extent. The most widely used global burned area 

Fig. 1. Global distribution of tropical savannas in (a) South America, (b) Africa and (c) Australia, along with the mean annual rainfall across the period 2003–2021 
(Hersbach et al., 2020). The red dotted line in (a) and (b) denotes the equator. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 2. Total average annual active fire detections from 2003 to 2021 for (a) the South American study region (NHSA & SHSA) (b) the African study region (NHAF & 
SHAF), and (c) the Australian study region (AUST). The red dotted line represents the equator. Grid cells with less than 40 active fire detections per year (in blue) 
were excluded from the study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

T. Eames et al.                                                                                                                                                                                                                                   



International Journal of Applied Earth Observation and Geoinformation 125 (2023) 103575

4

product is the MCD64A1 product (Giglio et al., 2015) based on data from 
MODIS instruments. We used Collection 6.1 data, available at a 500 m 
resolution. The mean annual burned area for the study period is shown 
in Fig. 3. Burned area data at this scale are provided on a daily basis. For 
each study region, the date of the EDS to LDS transition as determined 
from active fire data (see section 2.3) provided a cut-off point before 
which burned area was classified as occurring in the EDS, and after 
which in the LDS. This enabled the calculation of the fraction of LDS area 
burned for each grid cell in the study region. 

Additionally, we identify areas where there are varying approaches 
to fire management, and examine trends in EDS/LDS burned area as a 
potential result of these practices (Section 3.4). We note that studies 
have shown this particular product to omit a large portion of small fires 
in tropical savannas (e.g. Ramo et al., 2021). In making use of this data 
we therefore are effectively considering burned area from larger fires 

(≥100 ha) only. This is not the case for the active fire data, as they 
provide a snapshot of burning activity during the overpass times. In 
savannas, even fires covering about 0.5 % of an active fire pixel (in the 
case of MODIS 500 m pixels, around 125 m2) can be detected (Wooster 
et al., 2021). Active fire data is already used to augment existing coarse 
burned area data to include small fires (Werf et al., 2017) thanks to the 
ability to detect fires significantly smaller than the pixel size (Giglio 
et al., 2006). 

2.3. Transition date algorithm 

In this section, we describe the construction of an algorithm which 
identifies the transition date from EDS to LDS conditions, taking 
advantage of separate night- and day-time fire detections. While most 
night fires will occur in the LDS period under more severe burning 

Fig. 3. Total average annual burned area from 2003 to 2021 for (a) the South American study region (NHSA & SHSA) (b) the African study region (NHAF & SHAF), 
and (c) the Australian study region (AUST). The red dotted line in (a) and (b) denotes the equator. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 4. Example of the method of determining the EDS/LDS transition in one grid cell in central Central African Republic (9oN, 20.5oE, NHAF) for the 2006 fire year. 
(a) shows the cumulative active fire counts across the year for day and night fires in black and blue respectively, along with the corresponding night:day ratio in 
green. (b) shows the (positive) gradient of cumulative night fires across the fire year in purple, while the black dotted line indicates activity windows of 7 days or less 
(ignored) and the orange dotted line longer activity windows. The red dot in (b) shows the location of the maximum gradient in the first valid activity window which 
becomes the DOT, with a corresponding red vertical line in (a). In this particular case, the DOT is 160, or 8th December. The x-axis is the same for both (a) and (b). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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conditions, smaller numbers of (less severe) night-time fires also occur in 
the EDS period (Maier and Russell-Smith, 2012; Govender et al., 2006; 
Rissi et al., 2017). Here we apply an intuitive approach to defining the 
EDS to LDS seasonal transition as the rate of increase of night fire 
relative to day fire activity over the course of a fire season. We define an 
end to the relatively safe prescribed burning window (end of the EDS) as 
the date in any fire year when night fires begin to form a significant 
fraction of all fire detections. To this end, we constructed an algorithm to 
determine the date of EDS to LDS transition (DOT). Persistence of fires at 
night is generally attributable to a drying of vegetation and change in 
conditions consistent with a longer period without rainfall in the LDS; 
nevertheless, individual night fire detections can occur in the EDS. Often 
these are isolated events not necessarily related to the seasonal transi
tion, and defining the DOT solely on the basis of the day with the first 
night-time fire regularly results in erroneous or unrealistic season 
transitions. To overcome this and define the DOT in a more structured 
way we apply the concept of an ‘activity window’, which describes 
separate periods of night-time fire activity using a rolling window of 
seven days. If one or more night-time fires were detected on a single 
night and then followed by no detections for the following seven days, 

this is defined as a ‘short event’. Any activity window of more than seven 
days is considered as a ‘long event’. If one or more night-time fires were 
detected and then followed by a second detection within seven days, 
then the window is extended until seven full days have elapsed with no 
active fire detections (see Fig. 4b). In this way, single, random or erro
neous fire events were filtered out of the algorithm, and only periods of 
consistent night-time activity were considered. 

This window size is somewhat arbitrary, though through trial and 
error we found that windows shorter than seven days did not filter out 
enough erroneous activity in e.g. the wet season and longer windows 
meant that in some grid cells with fewer active fire detections there was 
no transition detected at all. The steps of the algorithm were all per
formed on a cell-by-cell basis unless otherwise stated. A visualisation of 
this algorithm is shown in Fig. 4 and the approach to define the exact 
DOT based on these windows is described below. 

The first step was to calculate the cumulative annual active fire de
tections separately for day and night fires (e.g. Fig. 4a). Following this, 
the gradient of the ratio of day to night fires was calculated to give an 
indication of the rate of the relative increase of night fires to day fires (i. 
e. how rapidly night fires become a greater part of total fire activity - 
shown by the purple line in Fig. 4b). The third step was to split this 
gradient into long and short activity windows (dotted lines in Fig. 4b), 
neglecting parts of the gradient falling into short activity windows. The 
final step was to determine at which date the gradient is at a maximum 
within the first long activity window. This is the DOT, the point at which 
night-time fires begin to consistently persist over periods longer than 1 
day. 

2.4. Decision tree: Drivers of variability 

The shift from early to late season fires is a process that happens with 
the progression of the dry season and is expected to be largely driven by 
meteorological conditions. For example, lack of rain and lower humidity 
allows vegetation to dry out, meaning fires can spread more easily and in 
a sustained way. We examined a variety of these variables (see Table A4) 

Table 2 
Per-grid cell averaged statistics for each core region. Standard deviation and LDS 
fraction means are weighted by the total burned area per grid cell. The excluded 
grid cells column indicates the fraction of grid cells from each core region that 
did not meet the 40 fires per year cut off, and in brackets the fraction of the total 
active fire detections excluded as a result is shown.  

core 
region 

Mean 
annual BA 
(km2 

year− 1) 

Mean 
annual 
active fire 
count 

Mean 
standard 
deviation of 
DOT (days) 

LDS 
fraction 

Excluded 
grid cells 
(fire count) 

NHSA 317 88 28 64 % 12 % (4 %) 
SHSA 251 79 39 71 % 42 % (14 %) 
NHAF 827 111 21 62 % 47 % (5 %) 
SHAF 885 121 23 61 % 25 % (4 %) 
AUST 797 71 54 78 % 62 %(29 %)  

Fig. 5. Mean annual burned area weighted frequency distribution (normalised to the range [0,1]) of the DOT standard deviation for each grid cell in (a) SHSA, (b) 
NHSA, (c) SHAF, (d) NHAF and (e) AUST. The x-axis ticks indicate the first day of every month. The width of each bar is 3 days. Red dotted lines are placed at 14 days 
to give an indication of the cut off point for grid cells with relatively consistent DOTs. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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summed or averaged over 1, 2, 3, 7 and 14 days, and then periods of 
multiples of 30 days (30, 60, 90 etc) up to 360 days (i.e. periods on the 
order of days, then weeks, then months), from the DOT backwards in 
time. As an example, the variable Rainfall 120 in Table 3 refers to the 
total rainfall summed over the 120 days preceding the DOT. These 
variables were fed into a random forest regressor in Python (Breiman, 
2001; Geurts et al., 2006) in order to identify which variables over 
which time periods were most significant in explaining the temporal 
variability of the DOT. In each case, 25 % of the grid cells were kept 
aside for validation, and statistics presented in the remainder of this 
paper are based on this validation subset unless stated otherwise. 

2.5. Late season burning index and protected areas 

With our approach we should be able to identify regions which have 
significant issues with potentially more damaging late season fires. To 
that end, we defined a Late Season Burning Index (LSBI) as the nor
malised product of the LDS fraction and total burned area in a given grid 
cell (Equation (1). This is a relative quantity defined to be between 0 and 
1, where higher values correspond with a large burned area in a grid cell 
where most (if not all) of the burning occurs post-DOT, in the LDS. 

LSBIi =
Burned ​ areai ×LDS ​ fractioni − min(Burnedarea×LDS ​ fraction)

max(Burned area×LDSfraction) − min(Burnedarea×LDS ​ fraction)
(1) 

Representative protected areas in core regions were examined in the 
con– text of this LSBI. 

3. Results 

3.1. DOT 

In this section, we examine patterns spatial and temporal patterns in 
the DOT. A broad overview is presented in Table 2, showing per-grid cell 
mean averages across the core regions and study period for a number of 
variables, which together give an overview of the fire regimes. 

3.1.1. Temporal variability 
Table 2 shows, amongst other things, the per-grid cell temporally 

aver- aged standard deviation of the DOT, weighted by burned area. 
Standard deviations of three weeks or more in all regions already suggest 
that DOT is highly variable temporally across the tropical savanna 
biome. This is expanded on in Fig. 5, which shows the normalised 

Fig. 6. Maps of both African study regions (NHAF & SHAF) for (a) mean DOT (note that NHAF and SHAF fire years have different start dates), (b) standard deviation 
in days for (a), (c) the fraction of annual burned area occurring in the LDS, and (d) LSBI. The red dotted line is the equator. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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frequency distribution of temporal standard deviations across all grid 
cells in the five core regions. Most grid cells have a temporally variable 
DOT, especially in AUST (Fig. 5e) where the fire return times are 
generally longer (high burned area but low active fire count). Across the 
study period, cells for which the DOT occurred on roughly similar dates 
every year were the exception and confined to locations in NHAF and 
SHAF (Fig. 5c&d). 

The lowest temporally variable grid cells in NHAF were found in 
regions with higher burned area and fire detections (see Fig. 3b), such as 
in the Central African Republic (CAR), South Sudan and north-western 
Ghana. Cells with higher variability (standard deviations of 45 days or 
more) were found sporadically at the Sudan/South Sudan border and 
along the west coast in Sierra Leone, Guinea/Guinea-Bissau and Mali 
(dotted along the northernmost edge of Fig. 6b). In SHAF, higher tem
poral variability was also sporadic and generally found further south, 
notably in east/central An- gola, southern/western Zambia and southern 
Mozambique (along the south- ern end of Fig. 6b). The more northerly 
parts of the region showed lower temporal variability, again corre
sponding roughly with areas of potentially more intense, LDS burning 
(Fig. 6c,d). 

Generally speaking, temporal DOT variability is higher in South 
America than in Africa (Fig. 5a,b). The highest variability (60 + days) in 
SHSA is found further south, though most grid cells in the region show a 
standard deviation of at least 30 days (Fig. 7b). Above the equator DOT 

variability is somewhat lower, though the small relative size of this core 
region makes it harder to draw comparisons. 

There were few grid cells with DOT variability significantly lower 
than 60 days in AUST, found along the coast of the north-western edge of 
the Northern Territory and the northernmost tip of Queensland 
(Fig. 8b), where there is a higher burned area (Fig. 3c). The rest of the 
core region showed high variability, the highest of any of the core re
gions, likely linked to the low average number fire detections (Table 2). 
Much of the AUST region is very low rainfall (Fig. 1) which goes some 
way to explain why such a significant fraction does not have enough fire 
detections to be included. 

3.1.2. Spatial variability 
The distribution of DOTs across the fire year for each core region is 

shown in Fig. 9. In most cases this distribution reflects the spatial vari
ability in DOT - a prime example of this is found in AUST. DOTs in AUST 
were spread across most of the dry season from May/June through to 
September/October, though there is a clear split between earlier DOTs 
in the western section of the study region (June/July in northern 
Western Australia and northwest Northern Territory) and later DOTs in 
the eastern section (August/early September in the northeast Northern 
Territory and Queensland; Fig. 9e, Fig. 8a). 

A similar twin-peak pattern was observed in SHAF (Fig. 9c), where 
DOTs occurred earlier in the north-west and later further south-east. The 

Fig. 7. Maps of both South American study regions (NHSA & SHSA) for (a) mean DOT, standard deviation in days for (a), (c) the fraction of annual burned area 
occurring in the LDS, and (d) LSBI. The red dotted line is the equator. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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earlier peak around the end of May/start of June are in the area 
bordering the Congo rainforest. The later peak towards August or 
September centres more around eastern Zambia and southern Tanzania/ 
northern Mozambique, though notable exceptions include both Kafue 
national park in west-central Zambia and eastern Niassa reserve in 
northern Mozambique (6a). NHAF DOT mostly occurs in December or 
January (Fig. 9d). The northern edge of NHAF tends to show earlier 
DOTs, particularly in southern Chad and the Sudan/South Sudan border, 
and later DOTs are found in the far west in Senegal, Sierra Leone and 
Guinea-Bissau. In South America, earlier DOTs occurred in SHSA only in 
the southernmost tip of the study region in the state of S̃ao Paolo in 
Brazil and in north-western Paraguay. Most DOTs are in August 
(Fig. 9a). In NHSA, DOTs are slightly more spread out from late 
December to early February (Fig. 9b). Later DOTs were found more 
along the Venezuela/Colombia border, and earlier ones further from 
that border in both countries (Fig. 7a). 

3.2. LDS fraction 

Using the DOT as a cut-off date, we classed all MODIS-derived 
burned area in tropical savannas as either EDS or LDS across the study 
period. 

The total area burned annually for each core region, split into these 
two categories, is shown in Fig. 10. 

In most of the Brazilian section of SHSA LDS fractions were high 
(≥60 %) and only in the southern section in Paraguay and northern 
Argentina did this drop significantly (Fig. 7c). In NHSA the picture is 

spatially more mixed, though on average has a lower LDS fraction than 
SHSA (Table 2). Both SHSA and NHSA show more variance in LDS 
fraction than the African core regions (Fig. 10a,b). The proportion of 
area burned in the LDS (LDS fraction) showed minimal temporal vari
ation across the study period in SHAF as a whole (Fig. 10c). There was 
much spatial variability in this however, with most areas with a high 
mean annual burned area also showing a higher LDS fraction. A similar 
pattern was observed in NHAF, temporally consistent (Fig. 10d) while 
spatially divergent. Especially the frequently burned areas in the east 
(CAR and South Sudan) show generally higher LDS fractions (Fig. 6c). 

The LDS fraction was high across all of AUST, nowhere dropping 
below 50 % except in south-eastern Queensland in the area with the 
lowest mean annual burned area (Fig. 8c). AUST also had consistently 
higher LDS fraction than any other study region (Fig. 10e). 

Four protected areas were selected as having differing approaches to 
or challenges in fire management: Bamingui-Bangoran National Park 
and Bio- sphere Reserve (northern Central African Republic, NHAF), 
Mole National Park (northern Ghana, NHAF), Kafue National Park 
(western Zambia, SHAF) and Kakadu National park (Northern Territory, 
AUST). In Fig. 11 the LDS fraction of burned area for each of these parks 
is shown, along with the trend therein. While panels (a) and (b) suggest 
that the LDS fraction is decreasing for Kakadu and Bamingui-Bangoran, 
we note that the trend is not (yet) fully significant. A longer series of 
observations may serve to cement this decreasing trend. The two 
remaining panels show a relatively steady LDS fraction for Mole and 
Kafue national parks. All protected areas show relatively large interan
nual variability. 

Fig. 8. Maps of the Australian study region (AUST) for (a) mean EDS/LDS transition DOT, (b) standard deviation in days for (a), (c) the fraction of annual burned 
area occurring in the LDS, and (d) LSBI. 
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3.3. DOT drivers 

Results of the random forest regression model for DOT are shown in 
Table 3. A full list of variables considered can be found in Table A4 in the 
Appendix. For SHAF and AUST, just under two-thirds of DOT variability 
is explained by changes in the total precipitation in the 120 days pre
ceding the DOT. For the other regions it is less dominated by a single 
variable, though precipitation/evaporation still plays a significant role. 
NHAF is the only core region where either precipitation or evaporation 
over the wet season (between 90 and 180 days before DOT) is not one of 
the two most significant variables. 

- these are replaced by vapour pressure deficit. In all cases r2 > 0.9, 
and RMSE values were between 1 and 2 weeks, indicating a good fit for 
the models. 

3.4. LSBI and protected areas 

Most of the South American savanna has a fairly low LSBI due to 
lower burned area (Fig. 3a), despite a few grid cells with a high LDS 
fraction. The highest LSBI is just under 0.5, found in and near Araguaia 
National Park in the Tocantins region of Brazil. AUST has a higher LBSI 
generally, climbing to 0.6–0.7 in the northwest Northern Territory 
(around Litchfield National Park, Fish River Conservation area and 
southwest Kakadu National Park) and the southern end of Cape York 
(Staaten River National Park and around Harkness Nature Refuge) 
(Fig. 8d). SHAF continues the trend of higher LSBI values in nature re
serves, e.g. in Luando Nature Reserve (central Angola), Kafue National 
Park (western Zambia) and Niassa Special Reserve (northern 
Mozambique). High LSBI values (>0.7) are also found outside formally 
designated protected areas in Haut-Lomami province (southern Demo
cratic Republic of Congo) and Luanda Norte province (northeast 
Angola). NHAF contains the highest possible LSBI value of 1, in a cluster 
of high LSBI grid cells (0.8–1) between Chinko Nature Reserve/Zemongo 
Faunal Reserve in Central African Republic and Southern National Park 

in South Sudan (Fig. 6d & Fig. 12). 

4. Discussion 

4.1. Seasonality 

There is a clear connection between higher fire activity and lower 
temporal DOT variability across all 5 core regions. This also holds true, 
albeit slightly less clearly, for the connection between high fire activity 
and higher LDS fraction. In general we find lower temporal variability in 
DOT and a higher proportion of area burned in the LDS in frequently 
burned grid cells (most strongly observed in SHAF and NHAF). That 
temporal DOT variability and fire frequency are strongly connected is 
not surprising given that the method of determining the DOT becomes 
more reliable as the number of fire detections in a grid cell increases. The 
fact that areas with a higher LDS fraction also show a higher burned area 
lends credibility to the approach as LDS fires tend to be more spatially 
extensive. 

It is not often the case, however, that a grid cell exhibits low enough 
variability to be considered as having a more or less ‘fixed’ DOT. Very 
few grid cells were found to have a standard deviation of 10 days or less, 
and these are only found in Africa; specifically, in the north-western 
section of SHAF (southern DRC, eastern/central Angola and northern 
Zambia) and in the east-central region of NHAF (CAR, South Sudan) and 
one or two other cells dotted around the western side of the region. This 
cluster in NHAF is the only true grouping of lower variability grid cells, 
with the rest described by single or cell pairs. Even places with very 
frequent fires exhibit standard deviations generally ≥ 15–20 days. The 
conclusion is that fixed transition dates may be practical to use in in-situ 
fire management protocols, but they do not reflect the temporal fire 
dynamics of most, if not all, savanna regions. The temporal spread in the 
distribution of burned area-weighted DOT in Fig. 9 is likely related to 
the geographical distribution of frequently burning areas. If burning is 
concentrated largely within a relatively small area in the core region (e. 

Fig. 9. Mean annual burned area weighted frequency distribution of the mean DOT for each grid cell in (a) SHSA, (b) NHSA, (c) SHAF, (d) NHAF and (e) AUST. The 
DOT is normalised such that each bar represents a percentage of each core region transitioning from EDS to LDS in that period. The x-axis ticks indicate the first day 
of every month. The width of each bar is 7 days. 
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g. NHSA, SHSA and NHAF, Fig. 9a, b, d), then the histogram peak is 
more distinct. SHAF and AUST have several areas of more concentrated 
burning spread across the core region (Fig. 3b, c), reflected by a more 
distributed weighted DOT - though these areas are also larger in size 
than in particular NHSA, allowing for more variation. NHAF is the 
largest study region, though burned area is largely concentrated around 
the Central African Republic and both Sudans, resulting in a relatively 
narrower DOT distribution for the core region despite its size. Again, 
even in core regions with a smaller transition window (Fig. 9) still have a 
spread of two or more months, meaning that the use of a fixed transition 
date for one of these core regions does not reflect the reality on the 
ground. 

While relatively few fires are undetected by active fire products 
(even those with coarse resolution) (Wooster et al., 2021; Giglio et al., 
2006) this analysis omits a potentially large amount of burned area in 
the form of small fires (<100 ha). The small fire fraction of burned area 
is generally expected to be higher outside of peak burning season (i.e. 
generally higher in the EDS than in the LDS - (Ramo et al., 2021; Perry 
et al., 2019). This effect appears to be more pronounced in areas with 
higher rainfall (Perry et al., 2019) as more moist conditions in the EDS in 
those regions limit the spread of fire. However, (Ramo et al., 2021) also 
suggests that at least in the case of Africa the BA missed as a result of 
coarser resolution in the MODIS product is relatively well- distributed 
across the fire season. This would imply that while the total amount of 
BA is higher in reality than what is shown in Fig. 10; the LDS fraction 
may not change dramatically as a result of using higher resolution data. 
It is also unlikely to change the actual transition dates significantly, as 
smaller fires will likely have a shorter duration, making them more 
likely to ignite and then extinguish in the time between MODIS over
passes, and thus avoid detection. There is much opportunity for 

undetected burning between the 1:30 pm and 10:30 pm overpass times. 
As soon as fires do persist overnight they are more likely to be detected 
by either the 10:30 pm or 1:30am overpass times. We therefore expect 
the moment of increase in night-time detections that our algorithm uses 
to define the DOT to remain relatively consistent. 

4.2. Meteorological drivers 

Many different potential drivers of variability in DOT in global sa
vannas were examined in the context of the DOT. Due to the size of the 
grid cell however, ascribing connections between the general meteoro
logical conditions in the entire cell and a fire event that occurs under 
potentially divergent local meteorological conditions is potentially 
problematic. As an example, it may be that fire activity is concentrated 
within a small segment of a grid cell, where meteorological conditions 
are locally divergent from “representative” grid cell weather data. 
Meteorological variables over fixed periods (e.g. total precipitation in 
January through March) proved also to be largely ineffective at 
explaining variability in DOT, though flexible periods (e.g. total metres 
of water equivalent evaporated in the 60 days preceding the DOT) had 
much higher correlations with DOT. This means that making predictions 
year-on- year on the basis of these variables is a challenge; however, we 
can at least get a sense of what the most important factors are in driving 
inter-annual DOT variability from region to region. The most important 
period of time in terms of driving DOT variability across all study re
gions was about 90–180 days (3–6 months) before DOT, in almost all 
cases constituting the bulk of the preceding wet season. Although 
shorter period variables were not irrelevant (see especially solar radia
tion in the 24 h preceding DOT in SHSA), currently the development of 
less severe and cooler fires in the EDS into hotter, longer-lived and more 

Fig. 10. Total burned area in the EDS (blue) and LDS (red) in (a) SHSA, (b) NHSA, SHAF, (d) NHAF and (e) AUST in grid cells with ≥ 40 active fire detections per 
year. Black dotted line shows the % of burned area occurring in the LDS, with the trend over the study period displayed in upper right-hand corner of each plot. None 
of the trends are significant, as shown by the p-value. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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severe in the LDS appears to be determined more so by activity during 
the wet season than by, for example, a rapid drying out of the fuel due to 
heatwaves or similar events. Fuel load (and by inference fuel connec
tivity) is moisture-limited in most of the savanna biome up to about 
1200 mm/year of rainfall (Lehmann et al., 2011; Archibald et al., 2009), 
so poor rains during the wet season may limit fuel growth, restricting 
fuel connectivity and thus fire spread. 

This conclusion is supported by the fact that most of the prominent 

identified variables are directly moisture-related (rainfall or humidity), 
and rainfall variables were always strongly negatively correlated with 
DOT (i.e. more rain means an earlier DOT). Further support is lent by the 
fact that DOTs in core regions with a higher degree of aridity (e.g. AUST) 
are more strongly linked to rainfall in the growing season. Fuel growth 
in less arid core regions is not as rainfall-limited as it is in more arid 
regions - more rain in the wet season results in greater fuel growth and 
increased fire spread earlier in the dry season. This is also observed 
internally in SHAF, where higher rainfall areas in the northwest section 
of the study region tend to have an earlier DOT than other, lower rainfall 
areas (Fig. 6a). It appears that fuel connectivity/fuel load is a better 
predictor of DOT than fuel condition. 

4.3. Late season burning index 

More often than not, areas with high LBSI correspond (roughly) to 
reserves, national parks, or other protected nature areas - especially in 
the African study region, where the highest LSBI values are found. This is 
illustrated with a few examples in Fig. 12. As discussed in the previous 
section (4.2), it appears that fuel connectivity is key in allowing fires to 
spread in general, and earlier in the season. Protected areas are areas 
where development and the human footprint is deliberately limited, so 
fewer barriers prevent fires from spreading further (Archibald et al., 
2010; Archibald et al., 2009). These are areas where active management 
is a necessity to lower the impact of spatially extensive LDS fires. 

LSBI calculation is constructed essentially from two terms (Equation 
(1), each with some degree of uncertainty. The uncertainty in the BA 
term, particularly pertaining to small fires, has been given some 
consideration earlier in this discussion (Section 4.1). Pertaining to LSBI, 
areas with higher BA/larger fires (such as protected areas) from MODIS 
have similar BA to higher resolution data (Ramo et al., 2021), so LSBI for 
these areas is unlikely to change as a result of this uncertainty. Other 
areas where a higher proportion of BA comes from small fires would see 

Fig. 11. LDS fraction and trend in 4 parks with annual burning and different approaches to fire management: (a) Kakadu National park, (b) Bamingui-Bangoran 
National Park and Biosphere Reserve (c) Mole National Park and (d) Kafue National Park. Trends of LDS fraction are shown in the top right corner of each 
panel. The significance of each trend is shown in the p-value. 

Table 3 
Two most important variables according to Random Forest models for each core 
region. The number after each variable refers to the number of days before DOT 
that the variable is summed (Rainfall, Evaporation, Surface Solar Downward 
Radiation) or averaged (Vapour Pressure Deficit) over. Shown for each variable 
is the feature importance (a percentage of the DOT variance explained by that 
variable) and the correlation with the DOT (r). Also shown is the performance of 
the model on validation data for each region, in the form of an r2 and root mean 
squared error (RMSE).  

core 
region 

Variable 1 
(importance, r) 

Variable 2 
(importance, r) 

r2 RMSE 
(days) 

NHSA Rainfall 180 
(14 %, − 0.71) 

Evaporation 90 
(9 %, 0.60)  

0.90  12.92 

SHSA Evaporation 
180 (37 %, 0.68) 

Surface Solar 
Radiation Downwards 1 
(11 %, 0.51)  

0.97  9.33 

NHAF Vapour 
Pressure Deficit 90 (26 %, 
0.77) 

Dew Point 
Temperature 120 (16 %, 
0.76)  

0.96  6.80 

SHAF Rainfall 120 
(61 %, − 0.81) 

Surface Solar 
Radiation Downwards 30 
(10 %, 0.50)  

0.96  9.36 

AUST Rainfall 150 
(63 %, − 0.73) 

Surface Solar 
Radiation Downwards 
210 
(8 %, − 0.54)  

0.98  11.01  
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their LSBI increase somewhat. This effect will not scale linearly, how
ever, as LSBI is a relative quantity, and as such the effect of the BA 
uncertainty on LSBI will be dampened. The effect of higher resolution 
BA on the LDS fraction is also touched upon in Section 4.1. While there is 
some uncertainty from this source, we expect this too to be of limited 
effect due also in part to the relative nature of the definition of LSBI. 

4.4. Local management and EDS burning 

National parks and protected areas are often more active in terms of 
wildfires than other areas (as discussed in section 4.3; see also Fig. 12), 
and provide opportunities for local insight into the seasonal skew of 
burning. For example, managers in Kakadu National Park (AUST, 
Fig. 11a) have been engaged in a revival of traditional fire practices 
associated with Aboriginal Australian culture (EDS burning) for many 
years (see for ex- ample https://www.isfmi.org/new-page-1 or https 
://parksaustralia.gov.au/kakadu/discover/culture/country/), and this 
appears to have paid dividends in terms of the falling fraction of fires 
occurring in the LDS. Mole National Park in northern Ghana (NHAF) 
faces increasing issues including but not limited to poaching and 
encroachment from population sur- rounding the park (e.g. (Domfeh 
et al., 2023), and references therein). However, much of the community 
within the park partakes in EDS burning for agricultural purposes 
(Sackey and Hale, 2008), so this may help prevent burning within Mole 
becoming too skewed towards the LDS (Fig. 11c). Kafue National Park 
(western Zambia, SHAF) promotes EDS burning, though also faces 
encroachment from local populations (Authors observations & personal 
communication from park management), which may explain why there 
has been a small increase in the LDS fraction over the study period 
(Fig. 11d). Bamingui-Bangoran National Park (northern Central African 
republic, NHAF) is an interesting case as the region is sparsely populated 

and has relatively little management input from government or other 
official bodies (Foundation, 2020) (and references therein), and yet 
exhibits a declining trend in LDS fraction (Fig. 11b). There is evidence of 
incursions from pastoral communities from bordering countries, as well 
as suggestions that rebel groups have used the area as a refuge (Bank, 
2010). Activity from these groups may have influenced the fire regime in 
the EDS somehow, but this remains speculation. 

5. Conclusions 

In this paper we have described a new approach for defining the 
transition between the early and late dry seasons in tropical savannas 
globally, based on assessment of the ratio between day-time to night- 
time active fire hotspots (Figs. 6-8a). Based on the definition of DOT 
we split fire activity into a clearly-defined early and late dry seasons 
(Fig. 10), identified areas with greater fire activity skewed towards the 
LDS (LSBI, Figs. 6- 8d, 12), and examined a few examples of manage
ment approaches/challenges within regional protected areas (section 
4.4). Almost all areas showed DOT variability of more than 14 days 
(Figs. 6-8b), indicating that while fixed transition dates provide prac
tical benchmarks, they do not represent inter- annual reality. While 
predictions of future DOTs proved challenging, the development of a 
NRT model to assess when the DOT has occurred is feasible and could 
provide valuable information for management instances in global 
tropical savannas. 

Investigation of protected areas within the tropical savanna biome 
suggested that those areas with more significant management input 
and/or fac- ing fewer challenges have more success in reducing burned 
area in the LDS. We expect that continuity of these management ap
proaches will allow more detailed investigation of the efficacy of given 
management techniques in the tropical savannas. 

Fig. 12. LSBI in the African study region with various protected areas highlighted: (i) Faro National Park (Cameroon), (ii-iv) Bamingui-Bangoran National Park and 
Biosphere Reserve, Manovo-Gounda-Saint Floris National Park & Ouandija-Vakaga Faunal Reserve (left–right, Central African Republic), (v) Chinko National Park 
(Central African Republic), (vi) Zemongo Faunal Reserve (Central African Republic), (vii) Southern National Park (South Sudan), (viii) Badilingo National Park 
(South Sudan) (ix) Boma National Park (South Sudan), (x) Integral Nature Reserve and the Luando (Angola), (xi) Luengue- Liuana National Park (Angola), (xii) Kafue 
National Park (Zambia), (xiii) Ruaha National Park (Tanzania) and (xiv) Niassa Special Reserve (Mozambique). Information on protected areas was taken from the 
World Database on Protected Areas (UNEP, 2023). 
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Table A4 
Full feature description for Random Forest regressor. All means and sums were taken of daily variables unless explicitly stated otherwise. Data is available from the 
ERA5-Land database (J. Muñoz Sabater, ERA5-Land hourly data from, 1981).  
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While further research is needed on the drivers of DOT variability, 
we were able to demonstrate that there is a link between more rain, 
higher fuel load/connectivity, and an earlier DOT, as well as with a 
higher LDS fire fraction. Annual DOT appears to best reflect the devel
opment of continuous fuel loads under favourable wet season 
conditions. 
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