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Fires in South America occur in multiple biomes, and 
are associated with many different natural drivers and 
human land-use activities. Vegetation fires have been 
influential in maintaining seasonally dry woodlands 
and forests [1], as well as savannas in both the south-
ern hemisphere (e.g., the Cerrado in Brazil [2]) and 
northern hemisphere (e.g., the Llanos in Colombia and 
Venezuela [3]). In recent decades, fires have been used 
extensively for land cover conversion, as pasture and 
croplands expanded into dry and humid forest areas 
[4,5]. These deforestation activities are concentrated in 
the ‘arc of deforestation’ along the southern and eastern 
edges of the Amazon in Brazil and Bolivia [6]. Forest 
fragmentation caused by land cover change may dry 
nearby undamaged forests [7], and increase the likeli-
hood that fires may escape from farms and ranches at 
the deforestation frontier into standing forests during 
drought periods [8,9]. 

Fires influence the climate by means of several differ-
ent pathways, including by emitting GHGs (e.g., CO

2
 

and CH
4
), aerosols and ozone precursors (NO

x
 and 

CO) [10]. Amazonian forests alone have a carbon stock 
that is equivalent to approximately a decade of global 
contemporary fossil fuel emissions [11]. Averaged over 
1997–2009, fire emissions stemming from deforestation 
activities in South America accounted for approximately 
40% of global deforestation fire emissions [12]. Fires also 
release large amounts of trace gases and aerosols [13,14] 
that play important roles in modifying regional atmo-
spheric chemistry and climate [15–18]. These interactions 
have the potential to cause feedbacks that intensify or 
inhibit fire activity. Zhang et al. showed, for example, 
that fire-emitted light-absorptive aerosols could work 
against the seasonal monsoon circulation transition, thus 
reinforcing the dry season rainfall pattern and increasing 
the fire potential in southern Amazonia [19].
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Forest and savanna fires in South 
America, particularly those located 
near the arc of deforestation, vary 
considerably from year to year 
[5,20,21]. Part of the interannual vari-
ability is associated with climate and 
the climate–fire feedbacks described 
above. Climate variables, including 

temperature, precipitation, wind, moisture and so on, 
are critical for the ignition, spread and termination of 
fires. Observations and model studies have shown that 
Amazon fires are vulnerable to drying in response to 
circulation changes caused by global warming [22,23]. 
More fires, in turn, may lead to a dieback of tropical 
rainforest with potential acceleration of global warming 
[24], thus increasing the risk of future fires [25]. Land 
managers may also use periods of unusual drought as 
a means to more efficiently convert forests to pasture 
and agricultural fields [26]. Economic factors, such as a 
growing international demand for beef and soya [27,28], 
and policy efforts to reduce burning [20], also influence 
the interannual variability of fires in South America.

To understand the impacts of fires on the carbon 
cycle and ecosystems, quantitative information on 
the long-term trends and interannual variability of 
vegetation fires is needed. Remote sensing provides 
a unique opportunity to study the fire dynamics and 
their relationship to climate [29]. By measuring outgo-
ing radiances within mid-infrared channels, satellite 
radio meters are able to detect active fire locations and 
quantify fire radiative power with a relatively high 
spatial and temporal resolution [30–34]. The timing 
and location information from active fire observations 
is useful for quantifying fire dynamics in different 
regions, including areas under human management and 
small fires [35]. In addition to active fire products, sat-
ellite remote sensing observations have also been used 
to generate global-scale burned area (BA) products by 
detecting changes in surface reflectance following fire, 
providing estimates of the extent and severity of fire 
damages [36–38]. Active fire and BA products represent 
fundamentally different constraints on fire emissions 
[39]. In recent years, global fire emission inventories have 
been developed by combining BA and active fire data 
with model-based estimates of fuel load [12,40,41], or by 
using satellite-measured fire radiative power [42–45]. 
These three types of spatially and temporally explicit 
data sets (active fires, BA and emissions estimates) 
provide complementary information for evaluating the 
interannual variability of fires.

In this study, we used a satellite-derived time series 
of active fire counts (FC), BA and fire carbon emis-
sions to assess the long-term trends and interannual 
variability of forest, savanna and agricultural fires in 

South America between 2001 and 2012. We focused on 
five sets of inter-related scientific questions:

 � How have the frequency, locations and characteristics 
of vegetation fires changed in different biomes and 
regions of South America during the past 12 years? 

 � Were there any long-term trends in satellite-based 
estimates of fire activity and how do these trends vary 
geographically? 

 � How was the interannual variability of fires related 
to the amount of deforestation observed along the arc 
of deforestation in the Brazilian Amazon? 

 � What was the role of climate in regulating the 
interannual variability of vegetation fires? 

 � How did climate controls on fire activity evolve across 
space and time? 

To answer these questions, we examined satellite-
observed fire patterns by spatially sampling fire obser-
vations over the continent in three different ways: by 
biome type; by the amount of regional deforestation; 
and by political region. We also used two derived vari-
ables to examine the relationship between fire and 
deforestation/degradation: fire persistence (FP), a 
measure of repeated burning in the same 1 km areas of 
the landscape each year, and deforestation fire intensity 
(DFI), defined as the number of active fires per unit of 
deforestation area each year. We specifically explored 
the evolution of annual fire activity within the Brazil-
ian Amazon for regions with low, medium and high 
annual deforestation rates. Finally, we investigated how 
the interannual variability and trends of active fires were 
correlated with satellite-derived time series of precipita-
tion rate and terrestrial water storage during different 
seasons. Our ana lysis provides a comprehensive assess-
ment of recent trends in fire activity in South America, 
including interacting management and climatic drivers 
of fire activity.

Data & methods
   � Study area

The South American study area (85°–30°W, 40°S–15°N) 
was analyzed according to administrative and biome 
boundaries and levels of recent deforestation (Figure 1). 
The classification of biome type was based on the Mod-
erate resolution Imaging Spectroradiometer (MODIS) 
500 m land cover product (MCD12Q1, collection 5), 
which represents vegetation cover during the beginning 
year of our study period (2001) [46]. The accuracy of the 
land cover product was estimated to be 74.8% glob-
ally by quantitative ana lysis using cross-validation of a 
training site database [46]. The MODIS International 
Geosphere-Biosphere Programme (IGBP) vegetation 

Key term

Terrestrial water storage: Total water 
storage at or below the Earth’s terrestrial 
surface, including vegetation water 
content, soil moisture, groundwater, 
surface water, river and stream volume, 
and snow and ice.
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classes were grouped into evergreen forest (EvgF), decid-
uous forest (DecF), savanna (Savn), agricultural land 
(Agri) and other vegetation types using the dominant 
vegetation class within each 0.05° cell. The Savn cat-
egory used in this study includes five vegetation types in 
the original MODIS-IGBP data set: ‘savanna’, ‘woody 
savanna’, ‘open shrubs’, ‘closed shrubs’ and ‘grassland’. 

The Agri category includes ‘croplands’ and ‘cropland/
natural vegetation mosaic’ in the MODIS-IGBP data 
set. The EvgF region was additionally divided into a 
nondeforestation zone (L0) and eight deforestation 
zones (L1–L8) according to the total deforestation frac-
tion from 2000 to 2005 (see section titled ‘Deforestation 
data’ for more information). Given differences in the 
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Figure 1. The South America (85°W–30°W, 40°S–15°N) study domain analyzed in this article for fire trends. 
Vegetation types were grouped into EvgF, DecF, Savn and Agri. The EvgF region was additionally divided into a 
nondeforestation component (L0) and eight deforestation levels (L1–L8, corresponding to cumulative deforestation 
fractions from 2000 to 2005 between 0.7 and 5, 5 and 10, 10 and 15, 15 and 20, 20 and 30, 30 and 40, 40 and 50, 
and 50 and 100%, respectively). All other land cover types are shown in white. G1–G3 mark the locations of three 
representative regions used for illustration of fire persistence in Figure 2. The two-letter state codes of Brazil follow 
ISO 3166–2. 
Agri: Agriculture; DecF: Deciduous forest; EvgF: Evergreen forest; G1: Deforestation region; G2: Savanna region;  
G3: Agricultural region; Savn: Savanna.
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timing of fire seasons and remote ocean teleconnec-
tions in the northern and southern hemisphere [47], we 
divided each vegetation type into different classes north 
and south of the equator. 

Within Brazilian Amazon forests (the EvgF region 
in Brazil, as defined by 2001 MODIS-IGBP data set), 
we also divided the area into three zones each year (see 
section titled ‘Deforestation data’ for more information) 
according to the annual deforestation fraction in each 
0.05° cell. This separation accounted for the year-to-year 
changes in the location of deforestation areas and allowed 
us to assess if fire use at the deforestation frontier had 
changed over time within Brazil. 

   � Active fire & carbon emissions data sets
The primary set of active fire observations used in this 
study was the MODIS collection 5 global monthly fire 
location product (MCD14ML; Table 1), which has been 
extensively validated using higher resolution satellite 
imagery [48,49]. We aggregated all of the individual 1 km 
active fire observations detected by the Terra MODIS 
sensor (hereafter, MOD) that had confidence levels 
greater than 30% (representing confidence classes of 
nominal to high in the MODIS fire product) within 
0.05° grid cells each month. Considering that opti-
cally thick clouds may impair the ability of MODIS to 
detect fires, we corrected the number of active fires each 
month using monthly cloud fractions from the MODIS 
climate-model-grid fire product (MOD14CMH; [50]). 
Although this approach may reduce active fire omission 
errors, it implicitly assumes that fires occur with the 
same frequency in cloud-covered and cloud-free areas 
[51]. Persistent hotspots from MODIS observations [32] 
and gas f lares [52] were excluded from the ana lysis, 
because the burning in these pixels was mainly associ-
ated with petroleum production or industrial activity 
rather than vegetation fires. Specifically, we neglected 
all thermal anomaly observations in 0.05° grid cells that 
had one or more 1-km persistent (50 or more unique 
calendar days per year) detections during 2001–2012, or 
gas flare detections during 1994–2008. Note the exclu-
sion method used in this study was relatively conserva-
tive in order to minimize the influence of nonvegetation 
thermal hotspots.

In addition to the 1 km MOD active fire data set 
described above, we also analyzed three other active 
fire products that had coarser spatial resolutions (0.5°; 
Table 1). The monthly MYD14CMH product includes 
active fire observations from MODIS sensor on board 
the Aqua satellite (hereafter, MYD). We only used 
MYD data during 2003–2012, since Aqua was launched 
in May 2002. Tropical Rainfall Measuring Mission 
(TRMM) Visible and Infrared Scanner (VIRS) obser-
vations have been used to derive a monthly 0.5° active 

fire data set that covers latitudes from 40°S to 40°N [31]. 
The drifting of the TRMM local overpass time allows 
VIRS to sample over a full diurnal cycle of fire activ-
ity [53]. The European Space Agency Advanced Along 
Track Scanning Radiometer (ATSR) nighttime observa-
tions were used to produce global active FC products 
by two algorithms [54]. We constructed a time series of 
monthly 0.5° resolution ATSR active FC from algorithm 
1. Limited by data availability, we only analyzed VIRS 
and ATSR active fire observations through the end of 
2010 and 2011, respectively. The number of active fire 
detections can vary significantly from different satellite 
sensors, owing to differences in sensor characteristics 
(e.g., spatial resolution and thermal channel saturation 
levels), local overpass time of the observations, the fire 
detection algorithm and so on. In this study, we used the 
four independent sets of observations described above 
to quantitatively evaluate the robustness of long-term 
trends and interannual variability of fire characteristics. 

The Global Fire Emissions Database (GFED) consists 
of BA and gas and aerosol emissions from deforestation, 
savanna, forest, agriculture waste and peat fires. Here we 
used BA [38] and carbon emissions [12] from GFED version 
3 (GFED3) to study the trends in South America. The 
most recent year available for GFED3 data was 2011 [101].

   � Deforestation data
Deforested area is a fundamental parameter for esti-
mating carbon fluxes of land-use change and related 
impacts on global climate. However, due to the spa-
tial heterogeneity and interannual variability in satel-
lite remote sensing products of surface reflectance, an 
annual estimation of the deforestation area is often 
difficult. Hansen et al. combined low and high spatial 
resolution satellite data sets to quantify humid tropi-
cal forest clearing during the 2000–2005 interval [55]. 
Their estimation of forest clearing during this 5-year 
interval had a similar level of precision to that obtained 
from higher resolution satellite observations used at a 
regional scale, but with lower pan tropical spatial resolu-
tion (20 km) and reduced costs [55]. The Hansen et al. 
data set resolves the net change between 2000 and 2005, 
but does not resolve the interannual variability within 
this interval [55]. In contrast, the Brazil National Insti-
tute for Space Research’s Program for the Estimation 
of Deforestation in the Brazilian Amazon (PRODES) 
program provides annual deforestation estimates from 
1988 to the present using more than 220 high-resolution 
Landsat™ images each year [102]. PRODES, which has 
a sensitivity of 6.5 ha, is one of the most comprehensive 
deforestation tracking systems in tropical forests, but its 
data are available only for the Brazilian Amazon.

In this study, the evergreen forest in South America 
was stratified based on the cumulative deforestation 
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rate during the 5-year period (from August 2000 to 
July 2005) derived from PRODES data for Brazil and 
from the Hansen et al. product for other South Ameri-
can countries [55]. We converted the PRODES high-
resolution deforestation polygons (GIS shape files) to 
annual deforestation fraction maps at a 0.05° resolution. 
We used this relatively coarse spatial resolution to allow 
for comparisons with active fire observations in a way 
that minimized the sensitivity of our results to temporal 
gaps in the satellite coverage of active fires and geolo-
cation uncertainties that occur at high MODIS scan 
angles. The 2000–2005 cumulative deforestation levels 
(percent of forest area lost) for L1–L8 zones (shown 
in Figure 1) were between: 0.7–5, 5–10, 10–15, 15–20, 
20–30, 30–40, 40–50 and 50–100%.

Within the Brazilian Amazon, we also defined three 
zones based on annual deforestation fraction from 
PRODES. Zones HiDef (high levels of annual defor-
estation), MedDef (medium levels) and LoDef (low 
levels) included 0.05° grid cells with annual deforesta-
tion fractions greater than 8%, between 3 and 8%, 
and smaller than 3%, respectively. These spatial masks 
varied from year to year as the deforestation frontier 
moved into different regions. Fires within these three 
zones had different characteristics. Many of the fires 
in the HiDef zone were likely associated with the 

large-scale deforestation activities that convert forests 
to croplands and pasturelands [56]. Fires in the MedDef 
and LoDef zones may include a larger variety of fires, 
including small-scale deforestation fires, maintenance 
fires in postdeforestation areas, and escaped fires from 
adjacent crop fields and pastures.

   � FP & DFI
Based on the active fire and deforestation data described 
above, we derived two additional variables to better 
characterize changes of fire and deforestation patterns 
in South America. FP has been used in previous studies 
to measure the repeated burning associated with the 
deforestation process or slow-moving fires in ecosys-
tems with high fuel loads [12,50,56]. In this study, FP was 
calculated at a resolution similar to the native satellite 
resolution of the MODIS active fire product, and is 
defined as the number of different days each year for 
which a thermal anomaly was detected at the same 
location. To quantify annual FP in each 0.05° grid 
cell, we calculated the total number of fire-detected 
days divided by the total number of fire-detected pix-
els (each pixel had a 0.01° × 0.01° resolution, which is 
close to the nadir resolution of the MODIS fire obser-
vations) in a year (Figure 2). By this approach, FP is a 
measure of the spatial and temporal clustering of active 

Table 1. List of the fire, deforestation and climatic data sets used in this study.

Variable Source product Data time period Ref.

Name Spatial 
resolution

Time of overpass 
or temporal 
resolution

Active fire counts MODIS fire location product 
MCD14ML, using Terra 
observations only

~1 km ~10:30 am/pm 2001–2012 [103]

Active fire counts Aqua MODIS active fire 
product MYD14CMH

0.5° ~1:30 pm/am 2003–2012 [103]

Active fire counts TRMM VIRS 0.5° Full diurnal cycle 2001–2010 [103]

Active fire counts ATSR World Fire Atlas 0.5° ~10:30 pm 2001–2011 [104]

Fire carbon emission GFED3 0.5° Monthly 2001–2011 [101]

Burned area GFED3 0.5° Monthly 2001–2011 [101]

Deforestation in Brazil PRODES ~60 m Annual 2001–2012 [102]

Deforestation in South 
America

Hansen et al. 18.5 km 5-year cumulative 2000–2005 
cumulative

[51,105]

Fire persistence Derived from MOD active 
fire data

0.05° Annual 2001–2012 †

Deforestation fire 
intensity

Derived from MOD active 
fire and PRODES, or Hansen 
et al. deforestation data

0.05° Annual 2001–2012 †

Precipitation TRMM 3B43 0.25° Monthly 2001–2011 [106]

Terrestrial water storage GRACE Tellus R04 1° Monthly 2003–2011 [107]
†Data from this article. 
ATSR: Along Track Scanning Radiometer; GFED: Global Fire Emissions Database; GRACE: Gravity Recovery and Climate Experiment; MOD: Terra Moderate 
resolution Imaging Spectroradiometer sensor; MODIS: Moderate resolution Imaging Spectroradiometer; PRODES: Program for the Estimation of 
Deforestation in the Brazilian Amazon; TRMM: Tropical Rainfall Measuring Mission; VIRS: Visible and Infrared Scanner.
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fires across the landscape at a coarser resolution. We 
defined the units for this quantity as the mean num-
ber of fire-detected days per year (or days per year in 
short form). The spatial distribution of active fires in 

forest, savanna and agricultural regions illustrates the 
different patterns of FP in these cover types (Figure 2). 

DFI, a measure of the number of active fires per unit 
of forest clearing, was calculated as the ratio of MOD 
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(B) Mean annual fire days in each 0.01° × 0.01° pixel. (C) All-year mean fire persistence: the mean annual fire days in each fire location 
averaged over each 0.05° × 0.05° grid cell. The locations of these three regions (G1–G3) are shown in Figure 1. 
G1: Deforestation region; G2: Savanna region; G3: Agricultural region.
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active FC to the PRODES deforestation area in the Bra-
zilian Amazon for each year. PRODES deforestation 
estimates represent annual clearing activity between 
August of the previous year and July of the current year. 
Since Morton et al. estimated that the majority of defor-
estation fires in Mato Grosso were observed during the 
year of deforestation detection [56], we compared active 
fire observations and PRODES deforestation estimates 
from the same calendar year. DFI represents the amount 
of active fire detections that could be associated with the 
deforestation process at a regional scale (0.05°), either 
as intentionally set fires associated with forest clear-
ing, or accidental fires that burn into nearby areas. DFI 
in this study differs from the conventional definition 
of fire intensity, which is a measure of energy released 
during various phases of a fire [57]. We note that in this 
calculation, the spatial location of the deforestation area 
evolved over time as the deforestation frontier moved 
into interior forests.

   � Climatic variables & their correlations with fires
Fires across the tropics are closely related to climate 
anomalies, which influence both fuel loads, and the 
intensity and length of the dry season [26,58]. Precipita-
tion during the dry season usually increases the mois-
ture of the vegetation, soil and the atmosphere, thereby 
decreasing the probability of ignition, and also rates of 
fire spread and fuel consumption. Precipitation during 
the wet season, however, may promote the buildup of 
herbaceous aboveground biomass, and, thus, increase 
the density of fuels during the following dry season. 
Recent studies have shown that sea surface temperatures 
in the surrounding tropical oceans [47,58], and terrestrial 
water storage observations from the Gravity Recovery 
and Climate Experiment (GRACE) [59], can provide 
important early warning information about fire season 
severity in tropical and subtropical South American 
forests. For arid ecosystems, satellite-derived estimates 
of fire activity have been shown to be limited by the 
density of available fuels [60,61]. 

Here we explored the relationship between fire sea-
son severity (defined as the sum of MODIS observed 
active FC during the 9-month period centered at the 
peak fire month) and two climatic data sets sampled 
during different seasons. The precipitation data we used 
are the monthly TRMM 3B43 product (version 6) at 
0.25° spatial resolution. We also used monthly gridded 
(1°) terrestrial water storage data that was derived from 
GRACE [62,63]. These observations were compiled by 
the Tellus group of NASA’s Jet Propulsion Laboratory 
(release 04). The GRACE mission includes twin satel-
lites that detect the changes in the gravity field of the 
Earth. After suitable adjustments for mass redistribution 
(e.g., postglacial rebound and large earthquakes), as well 

as specific destriping and smooth-
ing of the data, the GRACE obser-
vations have been used to measure 
the changes in water storage on 
land masses [64–66]. We specifically 
calculated trends in precipitation and terrestrial water 
storage averaged over the early wet season, the later wet 
season and the dry season, and their correlations with 
the fire season severity. In South America, the 3 months 
immediately before the fire peak month are often the 
driest months [47]. Therefore, we defined the early wet 
season, the late wet season and the dry season in this 
study as the 3-month periods that centered at 8, 5 and 
2 months before the peak fire month, respectively. 

Results
   � Satellite-observed fire patterns in South America

Spatial distributions of active fire densities & FP
Satellite observations illustrate the heterogeneous spatial 
distribution of active fires in South America (Figure 3A). 
Here the active fire density was defined as the total 
annual active FC per unit of land area in each 0.05° 
grid cell, with units of number of active fires per mil-
lion hectares per year. The southern and eastern arc of 
deforestation in the Amazon showed the highest density 
of fire detections corresponding to areas with rapid rates 
of deforestation (Figure 1). Active fires were also concen-
trated in other biomes, including DecFs (mostly in the 
Gran Chaco in southern Bolivia, northern Argentina 
and western Paraguay), savannas (e.g., the Cerrado in 
Brazil, and the Llanos in Colombia and Venezuela) and 
Agri in southern Brazil. Overall, active fires in evergreen 
forests and savannas accounted for approximately 90% 
of the total MOD FC in South America (Supplementary 
Table 1). Within the evergreen forest region, active fires 
were observed in all sub-areas stratified by level of defor-
estation (Supplementary Table 2). Fire detections were 
more numerous in L1 (accounting for ~22% of the 
total FC in L1–L8) than other deforestation zones, yet 
active fire densities were higher on a per-area basis with 
increasing deforestation rates between L1 and L8 (see 
column FD in Supplementary Table 2). Geographically, 
Brazil had the largest number of active fire observations 
(~60% of that in South America), followed by Bolivia 
(~10%) and Argentina (~9%) (Supplementary Table 3). 
Spatial patterns from other satellites (Supplementary 
Figure 1), including MYD, VIRS and ATSR, were simi-
lar to the MOD observations, although the numbers of 
active fires detected by these sensors varied significantly 
(Supplementary Tables 1–3). 

FP provides insight about the patterns of land 
use and the level of fuel consumption available for 
landscape fires. In evergreen and DecFs, FP values 
were often elevated in regions with deforestation for 

Key term

Active fire density: Number of fires 
detected each year by a satellite sensor 
per unit of land area.
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agricultural expansion (Figure 3B, and Supplementary 
Figure 2 & Table 1). Evidence for active fires in these 
forest regions at the same pixel location during mul-
tiple satellite overpasses is consistent with higher fuel 

loads and/or management activi-
ties that allow fires to persist for 
several days. Relative to other 
evergreen forest regions, FP in 
regions with extensive deforesta-
tion (e.g., L7–L8) was even higher 

(Supplementary Table 2 & Supplementary Figure 2), con-
sistent with repeated burning of felled trees multiple 
times during the dry season [56]. In savannas and grass-
lands, however, consumption of available fuels and fire 
spread often occur quickly [67]. The MODIS-derived 
FP values in savanna regions were therefore often very 
low (Supplementary Table  1 & Supplementary Figure  2). 
Taken together, these results confirm the value of FP 
as an indicator of fires associated with human-driven 
forest clearing. 

Key term

Degradation fires: Anthropogenic fires 
that contribute to tree mortality and 
carbon emissions, but are not directly 
associated with intentional forest 
clearing.
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Figure 3. Estimates from the Terra Moderate resolution Imaging Spectroradiometer active fire location product for the 2001–2012 
period. (A) Mean annual active fire density (Mha-1 yr-1) and (B) fire persistence (days yr-1). (C) Forest cover fraction in 2001 and (D) Global 
Fire Emissions Database version 3 annual mean fire emissions during 2001–2011 are also shown. All data are shown at a 0.05° spatial 
resolution with the exception of Global Fire Emissions Database version 3 emissions shown at a 0.5° resolution.
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Trends & interannual variability of active fires 
Long-term trends of active fire density derived from 
MOD, MYD, VIRS and ATSR during the first 12 years 
of the 21st century are presented in Figure 4A & Supple-
mentary Figure 3 at a 0.5° spatial resolution. For each grid 
cell, we calculated the trend using a linear regression on 
the annual time series of active fire observations. All 
four satellite data sets showed a significant decreasing 
trend along the arc of deforestation in Brazil, with the 
largest decrease in the Brazilian state of Mato Grosso 
(Supplementary Figure 3). To the north and west of the 
arc of deforestation, satellite active fire observations 
showed a positive trend, consistent with the advance 
of the deforestation frontier towards the interior of the 
Amazon Basin during this period. In these areas, defor-
estation and degradation fires have increased during the 
past decade, including in areas with low deforestation 
activity during 2000–2005. Figure 4A also shows a sig-
nificant positive trend in the savannas of Cerrado and 
Gran Chaco regions, a small positive trend in the crop-
lands of southern Brazil and a negative trend in northern 
hemisphere savannas (the Llanos). 

Year-by-year maps of active fires (Supplementary 
Figure 4) and the time series of total active FC in dif-
ferent subregions (Figure 5 & Supplementary Tables 1–3) 
indicated that fires in South America varied consider-
ably on interannual timescales (normalized SDs ranged 
from approximately 16% for Savn to 37% for EvgF). 
Fires associated with the deforestation frontier in ever-
green forests increased in the first half of the decade, 
peaked during 2004–2005, and then showed a decreas-
ing trend and high interannual variability thereafter 
(Figure 5). Although these patterns are clearly observ-
able in MOD active fires (Figure 5), the trajectory of 
deforestation and associated fire activity during the 
MODIS era may not be captured in the linear trend 
ana lysis (Figure 4). Fires in DecFs in the southern hemi-
sphere were characterized by a consistent increasing 
trend (Table 2), although the total active FC in these 
regions were much smaller than in evergreen forests 
and savannas. Savanna fires were less variable than for-
est fires during 2001–2005, but varied significantly 
during 2005–2012, with high extremes observed in 
2007 and 2010. 

Trends and interannual variability in Terra MODIS 
active fires for these biomes were corroborated by other 
satellite active fire products. Most satellites showed sim-
ilar decreasing trends for evergreen forests and savannas 
during the latter part of the record, and an increas-
ing trend for DecFs (Table 2). Note that the decreasing 
trends for MYD active fires were larger because the 
first full-year set of observations from Aqua was from 
2003, and thus two relatively low-fire years (2001 and 
2002) were excluded from the trend ana lysis.

Within evergreen broadleaf forests, the decreas-
ing trend of active fires was larger in regions with a 
higher cumulative deforestation rate during 2000–2005 
(Figure 5 & Table 3). The decline in active fires was con-
sistent with regional declines in deforestation during 
2006–2012 (see section titled ‘Fires & deforestation in 
the Brazilian Amazon’) and the advance of the defor-
estation frontier during the past 12 years relative to the 
scale of ana lysis. Interannual variability of active FC in 
low-deforestation regions (e.g., L1) was similar to that of 
savanna fires, with small interannual variability in early 
years and exceptionally high numbers of fires observed 
during 2007 and 2010 (Figure 5). Total active FC in ever-
green forests declined after 2005 at a rate of -11.1% yr-1 
(p < 0.08), indicating lower levels of burning overall 
within this biome. The decline in fires and deforestation 
in evergreen forests has been attributed, in part, to eco-
nomic drivers such as the change of soy price in global 
market [27,68] and new monitoring activities, including 
industry-led initiatives to remove deforestation from 
their direct supply chains and government actions to 
improve enforcement of existing environmental laws. 
Although it is difficult to systematically quantify the 
individual impacts of climate, economic and policy 
drivers, a recent study by Macedo et al. suggests that 
improved forest conservation measures may have had a 
larger influence than the changes in the soybean mar-
ket during the latter part of the 2001–2010 decade [68]. 
Declining deforestation since 2005 is also consistent 
with the timing of international attention on REDD, 
where Brazil has been a leader in setting deforestation 
reduction targets [69], and implementing new programs 
for property registration, fire permits and satellite-based 
monitoring to support REDD objectives. 

Trends in active fires for different countries and states 
varied considerably and reflected, in part, the mixture of 
biomes and levels of deforestation activity within each 
of the administrative regions (Table 4). Among the South 
American countries, Peru, Chile and Bolivia showed the 
largest rates of increase in active fire observations during 
the study period, while Colombia and Venezuela had 
the largest rates of decrease. The state of Mato Grosso 
in Brazil had one of the largest regional reductions in 
active fires during the 2001–2012 period (-8.4% yr-1 
from Terra MODIS observations). 

Trends & interannual variability of FP
The interannual variability of FP in different biomes 
and regions in South America provided impor-
tant evidence for the changing role of deforestation 
for regional fire activity. Mean FP in savannas was 
constantly low (~1.15; see Figure  5 & Supplementary 
Figures 2 & 5) despite significant interannual variability 
(measured by the SD of annual time series) in active 
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FC (Supplementary Table 1). Mean FP in DecFs increased 
from approximately 1.3 in 2001 to 1.45 in 2003, and 
then remained relatively constant, despite declining 
fire detections in Argentina and Paraguay (Table 4). 
FP in evergreen forests, particularly in regions with 
high levels of deforestation during 2000–2005, had 
an increasing trend from 2001 to 2004 and then a 

significant decline after 2005. In later years, FP in 
regions with extensive deforestation during 2000–2005 
(L5–L8) was actually lower than that in areas with less 
extensive deforestation (L1–L4) (Figure 5B). This result 
is consistent with the advance of the deforestation fron-
tier in the evergreen forests and a changing pattern of 
fire use in existing cleared areas. 
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Figure 4. Long-term trends of fire characteristics in South America. (A) Active fire density (Mha-1 yr-2) derived from Terra Moderate 
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FP was positively correlated with active fire density 
in forest regions (Figure 6), suggesting that the level of 
fuel accumulation and consumption was generally 
higher during years with higher levels of fire activity. The 

concurrent increases in total FC and area-weighted mean 
FP from 2001 to 2005 were more apparent in regions with 
higher deforestation rates (Figure 5B). This implies that 
a significant change in the deforestation rate may have 
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Figure 5. Time series (2001–2012) of monthly active fire counts observed by Terra Moderate resolution Imaging Spectroradiometer. 
In regions stratified by: (A) biome type; (B) level of deforestation during 2000–2005; and (C) country. Data for the top six countries with 
the largest number of active fire counts are shown (Brazil data are scaled by 1/5). Right panel shows the annual total active FC (104 yr-1) 
and FP (days yr-1) values in each region.  
Agr: Agriculture; DecF: Deciduous forest; EvgF: Evergreen forest; FC: Fire counts; FP: Fire persistence; NH: Northern hemisphere;  
Sav: Savanna; SH: Southern hemisphere.
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been mainly responsible for the year-by-year increase in 
active FC during this period. Climate conditions dur-
ing the latter part of this period (i.e., the 2005 drought) 
may have further increased fire severity, thus amplifying 
fuel consumption and carbon emissions. The relationship 
between FC and FP changed significantly after 2005, 
when the EvgF FP decreased monotonically and largely 

independent of active FC (Figure 5A). In this later stage, the 
climate variation likely had a larger role in determining 
the interannual variability of the number of active fires. 

BA & fire carbon emissions
The long-term trends in BA and carbon emissions from 
GFED3 (Figure 4B & C) also confirmed the satellite-observed 

Table 3. Long-term trends of fire characteristics for evergreen forest regions stratified by the amount of deforestation  
during 2000–2005. 

Region description Trends (% yr-1)

Level of 
deforestation

Area 
(Mha)

Farea 
(Mha)

FF (%) FC-MOD
(2001–
2012)

FC-MYD
(2003–
2012)

FC-VIRS
(2001–
2010)

FC-ATSR
(2001–
2011)

FP
(2001–
2012)

DFI
(2001–
2012)

BA
(2001–
2011)

Emissions
(2001–
2011)

L1 121.7 58.9 84.0 -0.5† -7.6‡ -3.0† -2.7† 0.2§ 4.8¶ 1.7§ 5.8§

L2 20.5 18.4 81.7 -4.2† -11.3‡ -4.8† -5.0† -0.6‡ 7.4¶ -0.5† 2.8§

L3 12.0 11.4 80.3 -6.1† -12.5‡ -5.2† -5.1† -0.8‡ 9.4¶ -0.2† 3.3§

L4 7.7 7.5 81.6 -6.7† -13.5‡ -5.4† -5.2† -1.5‡ 10.7¶ -1.1† 2.5§

L5 9.0 8.9 83.5 -8.7† -13.9‡ -5.6† -5.2† -1.9‡ 11.7¶ -0.7† 2.7§

L6 4.3 4.2 85.5 -10.5‡ -14.2‡ -6.0† -4.9† -2.5‡ 12.2¶ 0.3§ 3.3§

L7 1.9 1.9 84.7 -11.5‡ -14.5‡ -6.4† -4.8† -3.3‡ 16.0¶ 0.0§ 3.0§

L8 1.6 1.6 87.3 -13.2‡ -14.1‡ -6.1† -3.2† -4.2‡ 19.5¶ 2.2§ 6.4§

See ‘Data & methods’ section for details. DFI was estimated for deforestation regions in Brazil only. 
†Negative trends 
‡Negative trends, p < 0.05 
§Positive trends 
¶Positive trends, p < 0.05 
ATSR: Advanced Along Track Scanning Radiometer; BA: Burned area; DFI: Deforestation fire intensity; FC: Fire count; FF: Forest fraction; FP: Fire persistence; MOD: Terra Moderate 
resolution Imaging Spectroradiometer sensor; MYD: Aqua Moderate resolution Imaging Spectroradiometer sensor; VIRS: Visible and Infrared Scanner.

Table 2. Long-term trends of fire characteristics during 2001–2012 in different regions of South America stratified by biome type.

Region description Trends (% yr-1)

Biome Area (Mha) Farea (Mha) FF (%) FC-MOD 
(2001–
2012)

FC-MYD 
(2003–
2012)

FC-VIRS 
(2001–
2010)

FC-ATSR 
(2001–
2011)

FP 
(2001–
2012)

DFI 
(2001–
2012)

BA 
(2001–
2011)

Emissions 
(2001–
2011)

Southern hemisphere

EvgF 533.3 163.7 90.7 -3.9† -8.6‡ -2.8† -2.7† -1.4‡ 12.4§ 1.5¶ 5.8¶

DecF 42.7 24.0 62.6 5.1§ 0.6¶ 3.7§ 10.0§ 0.5¶ NA -0.7† 4.8¶

Savn 621.0 374.6 5.2 -1.8† -4.5† -2.1† 0.5¶ -0.1† NA -1.6† 1.8¶

Agri 116.0 57.4 2.6 0.3¶ -4.9‡ -0.4† 4.7¶ -0.1† NA -0.1† 1.3¶

Northern hemisphere

EvgF 231.9 43.2 90.6 -9.5‡ -6.9‡ -6.5† -8.2† 1.0¶ 17.3¶ -8.4† -12.9†

DecF 0.5 0.5 44.3 -4.7† -6.6‡ -4.2† 2.5¶ -0.4† NA -5.4† -6.1†

Savn 80.8 66.2 8.8 -4.1‡ -5.0‡ -4.8‡ -0.6† 0.1§ NA -5.1† -6.5†

Agri 4.5 2.9 11.1 -7.7‡ -9.5‡ -10.1‡ -4.5† 0.4¶ NA -9.7‡ -10.3‡

The spatial distribution of these biomes is shown in Figure 1. Active FC trends from four satellite instruments (Terra MODIS, Aqua MODIS, VIRS and ATSR) are provided along 
with FP trends derived from the MOD active fire product. DFI was derived from MOD FC and the Program for the Estimation of Deforestation in the Brazilian Amazon 
deforestation area (for Brazil only). BA and fire carbon emissions were obtained from the Global Fire Emissions Database version 3. The total area, total fire pixel area (Farea), and 
mean FF (derived from MODIS one-minute Land Ecosystem Classification Product) for each region are also shown. Note Farea represents the total area of fire pixels (0.05° grid, 
which had at least one active fire observed by Terra MODIS during 2001–2012) and is not the same as burned area. A student’s t-test was used to determine the two-tailed 
p-value of the null hypothesis that the slope of the regression line was not equal to zero. 
†Negative trends 
‡Negative trends, p < 0.05 
§Positive trends, p < 0.05 
¶Positive trends 
Agri: Agriculture; ATSR: Advanced Along Track Scanning Radiometer; BA: Burned area; DecF: Deciduous forest; DFI: Deforestation fire intensity; EvgF: Evergreen forest; FC: Fire 
count; FF: Forest fraction; FP: Fire persistence; MOD: Terra Moderate resolution Imaging Spectroradiometer; MODIS: Moderate resolution Imaging Spectroradiometer; MYD: Aqua 
Moderate resolution Imaging Spectroradiometer sensor; Savn: Savanna; VIRS: Visible and Infrared Scanner.
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fire front moving toward the interior Amazon (Figure 4A). 
The positive trend of fire emissions along the leading edge 
of the arc of deforestation had a larger slope and was more 
significant than the trends of active FC and BA, which 
is consistent with the fire front moving into regions with 
higher-biomass forest types (Figure 3C) [64]. 

BA and fire emissions from GFED3 were highly 
correlated with MOD active fire density in savanna 
and evergreen forest biomes (Figure 6). The relationship 
between GFED3 fire emissions and MOD active fire 
observations was expected in evergreen forests, given 
that MODIS active FC and FP were both used to deter-
mine fire-driven forest clearing in GFED model [12]. 
The slope of the relationship between mean annual BA 
and active FC was much higher in savannas than in 
evergreen forests; previous work has shown that rapid 
movement of the fire front in grasslands limits the 
number of active fire detections per unit of BA [47]. 

   � Fires & deforestation in the Brazilian Amazon 
Since a majority of the deforestation area in South 
America was located in Brazil (Figure 1), we focused 
on the relationship between annual fire activity and 
deforestation in the Brazilian Amazon based on three 

levels of annual deforestation: LoDef, MedDef and 
HiDef. Total active FC in the Brazilian Amazon 
increased by more than a factor of 2 between 2001 and 
2004 (Figure 7A). Total deforested area also increased 
during this period, but by a smaller amount (Figure 7B). 
Fires increased in all three deforestation zones, while 
most of the increase in deforested area occurred in the 
HiDef region. This suggests that the increase of active 
FC in the Brazilian Amazon during 2001–2004 was 
caused in part by greater numbers of fires in the defores-
tation process, which has been linked in past work with 
large-scale mechanized conversion of forests to inten-
sively managed croplands [56]. The growing fraction of 
the basin under different forms of Agri management, 
in which fires are often used for pasture maintenance 
and other purposes, may also contribute to increasing 
fire detections in these regions. Not surprisingly, the FP 
values also increased during this period, most notably 
in the HiDef region (Figure 7C). 

In contrast, during the latter part of the record 
(2005–2012), year-to-year variability in active fires 
within the Brazilian Amazon was high and total fire 
detections had a significant decreasing trend (-15% yr-1, 
p < 0.03). Fires associated with large-scale (HiDef) 

Table 4. Long-term trends of fire characteristics for regions stratified by political division (country and state). 

Region description Trends (% yr-1)

Country/
state

Area (Mha) Farea (Mha) FF (%) FC-MOD
(2001–
2012)

FC-MYD
(2003–
2012)

FC-VIRS
(2001–
2010)

FC-ATSR
(2001–
2011)

FP
(2001–
2012)

DFI
(2001–
2012)

BA
(2001–
2011)

Emissions
(2001–
2011)

Argentina 217.3 83.8 11.9 -2.6† -5.2‡ -2.6† 0.4§ 0.3§ NA -9.7‡ -0.4†

Bolivia 109.6 50.3 44.4 2.5§ -3.6† 5.7 6.4§ 0.7¶ NA 5.2§ 14.3§

Brazil 861.2 438.9 47.7 -3.2† -6.9‡ -3.4† -1.8† -1.1‡ 15.3¶ 0.3§ 2.5§

Acre 15.1 3.8 95.3 -7.3† -9.4† -0.2† -10.5† -1.6‡ 5.3§ -7.8† -8.1†

Amapa 14.0 2.7 88.8 -7.7† -3.5† -7.9‡ -16.5‡ -0.5† NA -8.4† -15.9‡

Amazonas 157.8 12.0 95.9 1.5§ -3.5† 3.2§ 0.9§ 0.1§ 11.7¶ -3.2† 0.5§

Maranhao 32.3 28.8 32.8 3.3§ -1.7† -1.4† -1.0† 0.2§ 16.3¶ 7.0§ 8.2§

Mato 
Grosso

92.1 71.4 48.8 -8.4‡ -8.5‡ -8.5† -6.2† -2.1‡ 17.3¶ -2.4† 0.3§

Para 124.4 47.3 83.3 -3.6† -7.0‡ -1.7† -2.8† -0.6‡ 10.7¶ 6.6§ 11.4§

Rondonia 24.8 16.5 75.8 -4.7† -17.0‡ -4.0† -3.2† -0.5‡ 12.8§ -1.9† 2.6§

Roraima 23.4 7.4 78.3 -11.7† -9.7† -9.3† -11.2† -1.0† 14.1§ -15.5† -21.8†

Tocantins 28.9 27.5 7.3 2.1§ 1.4§ 3.0§ 2.6§ 0.0§ NA 4.9§ 5.7§

Chile 47.8 6.4 10.2 2.8§ 2.3¶ 5.5§ 7.9¶ 1.3§ NA -4.0† -6.9†

Colombia 116.2 41.2 61.3 -5.3‡ -6.0‡ -6.5† -3.9† -0.1† NA -6.1† -7.8†

Ecuador 24.9 6.3 60.6 4.5§ -0.6† -1.4† -6.0† 0.3§ NA 1.8§ -4.2†

Paraguay 40.4 31.2 27.7 -1.8† -6.6‡ -5.7‡ 1.0§ 0.5¶ NA -8.4‡ -7.0†

Peru 131.8 19.3 58.5 6.3§ -0.3† 7.9§ 8.3§ 1.2¶ NA 1.2§ 3.7§

Venezuela 91.5 48.4 51.1 -4.7‡ -5.7‡ -4.0† -0.5† 0.4¶ NA -4.5† -5.9†

†Negative trends 
‡Negative trends, p < 0.05 
§Positive trends 
¶Positive trends, p < 0.05 
ATSR: Advanced Along Track Scanning Radiometer; BA: Burned area; DFI: Deforestation fire intensity; FC: Fire count; FF: Forest fraction; FP: Fire persistence; MOD: Terra Moderate 
resolution Imaging Spectroradiometer sensor; MYD: Aqua Moderate resolution Imaging Spectroradiometer sensor; VIRS: Visible and Infrared Scanner.
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Figure 6. Dependence of annual mean fire persistence, Global Fire Emissions Database version 3 burned area (normalized by Farea 
given in Table 2) and Global Fire Emissions Database version 3 fire carbon emissions as a function of active fire density in different 
biomes of southern hemispheric South America. Fire persistence in each region was averaged using all-year mean active fire counts 
as weighting factors. GFED3 data were averaged over fire affected areas (0.01° regions that had at least one active fire observed by Terra 
Moderate resolution Imaging Spectroradiometer during 2001–2012). The numbers in the circles represent years after 2000.  
Agr: Agriculture; DecF: Deciduous forest; EvgF: Evergreen forest; GFED3: Global Fire Emissions Database version 3; Savn: Savanna.
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and medium (MedDef) deforesta-
tion dropped to very low levels. The 
mean FP (Figure 7C), the mean DFI 
(Figure 7D) and total fire carbon emis-
sions (Figure 7E) in these regions also 
decreased significantly. Active fire 
observations in regions where defor-
estation was dominated by small-
scale activities (LoDef), however, 
declined by a smaller amount dur-
ing this period (-7.3% yr-1, p < 0.23). 
Declines in active fires were smaller 
than the drop in deforestation rates 
(-8.6% yr-1, p < 0.01). As a conse-
quence, the DFI, which represents 
the number of fires potentially used 
for forest clearing, also showed 
an increase trend in this region 
(Figure 7D). The number of annual 
active fires was observed to have a 
positive trend during 2001–2012 
in 31% of the Brazilian Amazonia 
area where the deforestation rate 
concurrently decreased (Figure 4A). 
Although this fraction was smaller 
than that reported by Aragao and 
Shimabukuro for 2000–2007, it still 
represents a large area where reduc-
ing deforestation did not limit the 
number of satellite-detected fires [21].

Multiple lines of evidence suggest 
that the rise in fire activity in 2007 
and 2010 was driven by climate, 
rather than deforestation activity. 
The increase in fire detections dur-
ing 2007 and 2010 was concentrated 
in the LoDef region (Figure 7A). Fur-
thermore, FP values remained low 
in these years and overall deforesta-
tion area was consistent with other 
years (e.g., 2008 and 2009). Given 
that the FP values in evergreen for-
ests of South America were lower 
than that expected from the active 
fire–FP relationship (Figure  6), it 
suggests that other fire types were 
responsible for the anomalies during 
these years. Supplementary Figure  4 
further indicates that increases in 
the number of fires observed dur-
ing 2007 and 2010 occurred across 
the eastern border of the Amazon, 
where woodlands and savannas were 
more common, and FP was small 
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Figure 7. Time series of annual fire and deforestation characteristics in the Brazilian Amazon. 
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changed year by year according to the annual Program for the Estimation of Deforestation in the 
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resolution) for each deforestation land cover classification. DFI was the ratio of FC to DFA. 
DFA: Deforestation area; DFI: Deforestation fire intensity; FC: Fire counts; FP: Fire persistence;  
GFED3: Global Fire Emissions Database version 3; HiDef: High mean annual deforestation rates;  
LoDef: Low mean annual deforestation rates; MedDef: Medium mean annual deforestation rates.
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(Supplementary Figure 5). At the same time, we found 
that BA (relative to active FC) in these 2 years was also 
exceptionally high (Figure 6B). Together, these findings 
indicated that a significant number of the fires in 2007 
and 2010 observed across the arc of deforestation were 
not those typically associated with deforestation, but 
more likely woodland, savanna and understory for-
est fires that had lower levels of fuel consumption per  
unit of BA. 

   � Climate influences on the interannual variability 
of fires
The interannual variability of fire season severity in the 
South American deforestation region was negatively 

correlated with precipitation during the late wet season, 
and terrestrial water storage during the late wet season 
and the dry season (Figure 8). Fire season severity in the 
savannas of South America (e.g., Brazilian Cerrado) 
was found to be positively correlated with terrestrial 
water storage during the early wet season, suggesting 
that accumulation of fuel loads in savannas may increase 
levels of fire activity during the following dry season [60]. 
Agricultural fires in southeastern Brazil were also posi-
tively correlated to terrestrial water storage before the 
fire season.

Within the Brazilian Amazon, fire season severity 
in the MedDef and HiDef regions showed the largest 
negative correlation with terrestrial water storage in the 
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Figure 8. The relationship between fire season severity and the precipitation or terrestrial water storage within the early wet 
season, late wet season or dry season during 2001–2011 period (2003–2011 for terrestrial water storage). FSS is the sum of Terra 
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FSS: Fire season severity; PFM: Peak fire month; PPT: Precipitation; TWS: Terrestrial water storage.
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late wet season (Figure 9). The fire 
season severity time series were also 
negatively correlated with the mean 
precipitation rate, but the correlation 
between fire and precipitation was 
much weaker. In regions dominated 
by small-scale deforestation (LoDef), 
fire season severity responded to cli-
mate variation in a different way. 
In some locations, higher terrestrial 
water storage during the early wet 
season was associated with higher 
active FC observed in the fire sea-
son. Terrestrial water storage and 
precipitation rate in the late wet sea-
son and dry season, however, showed 
negative correlations with fire season 
severity (Figure 9). The diversity of 
fire types in the LoDef region may 
partially explain the complex cli-
mate–fire interactions at the leading 
edge of the deforestation frontier.

Discussion 
In this article, we used satellite-
based estimates of f ire activity, 
precipitation and terrestrial water 
storage to quantitatively assess 
long-term trends and interannual 
variability of vegetation fires during 
2001–2012 in South America. The 
consistent trends across the different 
fire products allowed us to begin to 
identify the role of land-use change 
and climate variability drivers. The 
time period was not long enough, 
however, to examine the direct or 
indirect effects of long-term climate 
change, including the impacts of 
anthropogenic climate warming 
on fire weather or plant functional 
type composition. Attribution of 
long-term fire trends to various forms of global envi-
ronmental change remains an important goal of the 
Earth observation community.

Four primary themes emerge from our ana lysis. 
First, economic and climate drivers of fire activity in 
South America leave distinct fingerprints in the record 
of satellite observations. The location, timing and 
frequency of fire use for deforestation, as captured in 
FP, provided critical information to assess the contri-
bution from deforestation activity to total fire detec-
tions in South America. Positive trends in fire activity 
were common at the leading edge of the deforestation 

frontier. In contrast, regions of the arc of deforestation 
with substantial deforestation in 2000–2005 generally 
experienced a decline in FP and total fire activity dur-
ing the latter half of the study period. These findings 
suggest a reduction in the contribution of deforestation 
fires to the total number of observed fires after 2005 
in South America.

Our ana lysis showed that total fire activity declined 
at a slower rate than deforestation. Several factors may 
contribute to this difference. Deforestation fires may 
continue after the initial clearing, either to remove 
residual biomass to permit mechanized agriculture [56], 
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or to allow for removal of higher 
biomass levels in more recent clear-
ings [70]. Concurrently, expansion of 
the area under agricultural manage-
ment may elevate the base level of 

fire activity associated with land management [71–73]. 
Finally, other fire types such as understory forest fires 
probably account for some fraction of the observed 
increase in DFI in areas with small clearing sizes [74,75]. 
The parallel reductions in FP during 2004–2012 sug-
gest that the latter two explanations may be more plausi-
ble. Although more research is needed to understand the 
relative importance of these drivers, the overall trends 
in active FC, deforestation areas and DFI suggest that 
the contribution of fires to the sum of deforestation 
and forest degradation carbon losses may be increasing 
within the Brazilian Amazon. Our findings suggest that 
increases in fire activity observed in interior forests dur-
ing 2001–2007 by Aragao and Shimabukuro continued 
through the end of our study period (2012) (Figure 4) [21], 
with important consequences for total fire emissions 
from deforestation and forest degradation in the region. 

The second major theme is the identification of the 
significant increasing trend in DecF fires in southern 
Bolivia, northern Argentina and western Paraguay (i.e., 
the Gran Chaco region; Figure 4, Table 2 & Supplementary 
Figure 3). These fires may reduce carbon stocks and 
affect air quality within the region, offsetting carbon 
storage gains associated with tropical deforestation 
reductions in Brazil and in other regions in recent years. 
Further research is needed using higher resolution imag-
ery to quantify postfire tree mortality and other longer-
term changes in ecosystem function associated with the 
changing fire regime in this biome. Managing fires in 
DecFs to stabilize or reduce BA may yield opportuni-
ties for REDD+ that extend beyond traditional tropical 
forest boundaries.

The third major theme from the ana lysis of fire activ-
ity in South America is the similar climate sensitiv-
ity of fires in savanna and tropical forest biomes. As 
Amazon deforestation declined, active fire detections 
in evergreen forest and savanna biomes of the southern 
hemisphere of South America covaried from year to 
year (Figure 5A). Traditionally, fire ecology has pointed 
to different climate drivers of fire risk in closed-canopy 
tropical forests [28,76], and savanna or grassland ecosys-
tems [77]. What factors might synchronize regional fire 
activity in South America, even across biome boundar-
ies? We specifically considered the roles of precipitation 
and terrestrial water storage for fire season severity, the 
sum of all active fire detections in a year. Dry season ter-
restrial water storage was negatively correlated with fire 
season severity in both the Cerrado and deforestation 
regions in the Brazilian Amazon (Figures 8 & 9). Soil 

water deficits could decrease local fuel moisture, thereby 
increasing fire risk. Additionally, soil water deficits may 
influence regional fire risk through evapotranspiration 
(ET). Lower ET could influence atmospheric humidity 
and downwind precipitation [78]. Synoptic events that 
transport dry air into central South America could be 
enhanced or maintained by periods with reduced ET. 
Previous studies have pointed to low nighttime relative 
humidity as one potential control on multiday fires in 
Amazon forests [75].

The fourth key theme from our ana lysis is the seasonal 
fire–climate relationship in South America. Terrestrial 
water storage at the end of the wet season is an impor-
tant controller of fire activity during the subsequent dry 
season in many forest and savanna-dominated regions 
(Figure 8). This finding has important implications for 
fire forecasts and drought management [47,59], as well as 
scientific understanding of potential changes in regional 
fire activity under scenarios of climate change. Previous 
studies have focused projections of dry season precipita-
tion to assess the likelihood of changes in Amazon fire 
activity [79]. However, fewer models in the IPCC Fourth 
Assessment Report indicated a decrease in wet season 
precipitation over the Amazon [79], a key control on 
terrestrial water storage [59].

Our ana lysis utilized complementary data on fire activ-
ity from satellite-based active fire detections, BA mapping 
and carbon emissions estimates. However, there are sev-
eral limitations of this approach that could be addressed in 
future work. First, we used a linear detection approach for 
trend ana lysis. Some trends in deforestation fire activity 
were likely underestimated in this study, given the pattern 
of increasing (2000–2005) and decreasing (2006–2012) 
deforestation during the period of ana lysis. Second, active 
fire time observations can have false detections (com-
mission errors) under certain land surface conditions. 
Although Terra MODIS data are the one of the most 
validated time series of fire activity in South America 
since 2000, false detections do occur, particularly at the 
deforestation frontier [5]. Third, in this study we used only 
active fire detections from satellites in low altitude orbits. 
These satellites offer global coverage and generally have 
moderate spatial resolution. Geostationary platforms, 
which provide continuous observations throughout 
the day and night, have also been used with consider-
able success for fire detection in tropical regions [80,81]. 
Creating a fusion of fire information from both types of 
sensors has been a focus of several recent studies [82–85]. 
Fourth, new higher resolution approaches are needed to 
more accurately partition fires according to different land 
management activities. Specifically, although FP is a use-
ful metric at a regional scale, not all deforestation fires 
are detected by MODIS. This limits the ability of this 
metric to separate deforestation and other fire types at the 

Key term

Evapotranspiration: Loss of water from 
the canopy and soil, by evaporation and 
transpiration from plant leaves.
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deforestation frontier. Within biogeochemical models, 
such as GFED, an important remaining challenge is to 
separately quantify carbon emissions from degradation 
and deforestation fires. 

Future perspective
The spatial and temporal variability of fire activity in 
South America during 2001–2012 highlighted the 
importance of human activity as a driver of the loca-
tion and frequency of burning. Trends in fire activity 
indicated a regional decline in fire-driven deforestation, 
and a shift in the location of the leading edge of defor-
estation activity in the Amazon and the Gran Chaco 
during this period. The synchrony of year-to-year varia-
tions in fire activity in forest and savanna cover types, 
strongly coupled to interannual variability in wet sea-
son terrestrial water storage, provided information about 
regional fire–climate interactions. These patterns may 
have implications for fire management in South America, 
including the potential to allocate resources to regions 
or years with a higher likelihood of widespread fire 
risk. The combination of high and low fire years dur-
ing the MODIS era may also inform modeling activities 
of future fire activity and carbon emissions from South 
America based on a range of future demands for agri-
cultural expansion [86] and changing climate [87,88]. An 
important direction for future research is to understand 
how these contemporary and future trends in fires may 
contribute to feedbacks with regional and global climate, 

by releasing gases and aerosol particles and by modifying  
land cover. 
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Executive summary

Satellite-observed fire patterns in South America
 � The number of annual active fires detected by four satellites showed a consistent increasing trend in South America during 2001–2005. The 

trends were mostly driven by deforestation fires in tropical evergreen forests.
 � Fires between 2005 and 2012 had a small decreasing trend and large year-to-year variations. The decreasing trend was caused in part by 

a reduction in the annual deforestation rates in Brazil, whereas the interannual variations were likely associated with climate variability, 
including severe droughts in 2005, 2007 and 2010.

 � A significant increasing trend was identified for deciduous forest fires in the Gran Chaco, which may partly offset carbon storage gains 
associated with tropical deforestation reductions in Brazil and other regions of South America in recent years.

Fires & deforestation in the Brazilian Amazon
 � The observed trends of deforestation fire intensity and fire persistence within the Brazilian Amazon indicate that fires associated with 

forest degradation are becoming an increasingly important component of the fire regime and driver of carbon emissions from the region.
Climate influences on the interannual variability of fires

 � Fires in savanna and tropical forest biomes concurrently increased in response to drought events in 2005, 2007 and 2010, highlighting the 
role of terrestrial water storage in influencing regional fire season severity.

 � Although projections of climate–fire relationships in Amazonia typically emphasize dry season precipitation, our results suggest that wet 
season precipitation may be a more important control on regional fire activity and associated carbon emissions.
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