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Abstract Fires have consumed a large amount of terrestrial organic carbon and significantly influenced
terrestrial ecosystems and the physical climate system over the past century. Although biomass burning
has been widely investigated at a global level in recent decades via satellite observations, less work has been
conducted to examine the century-scale changes in global fire regimes and fire influences on the terrestrial
carbon balance. In this study, we investigated global pyrogenic carbon emissions and fire influences on the
terrestrial carbon fluxes from 1901 to 2010 by using a process-based land ecosystemmodel. Our results show
a significant declining trend in global pyrogenic carbon emissions between the early 20th century and the
mid-1980s but a significant upward trend between the mid-1980s and the 2000s as a result of more frequent
fires in ecosystems with high carbon storage, such as peatlands and tropical forests. Over the past 110 years,
average pyrogenic carbon emissions were estimated to be 2.43 PgC yr�1 (1 Pg= 1015 g), and global average
combustion rate (defined as carbon emissions per unit area burned) was 537.85 g Cm�2 burned area. Due
to the impacts of fires, the net primary productivity and carbon sink of global terrestrial ecosystems were
reduced by 4.14 PgC yr�1 and 0.57 Pg C yr�1, respectively. Our study suggests that special attention should
be paid to fire activities in the peatlands and tropical forests in the future. Practical management strategies,
such as minimizing forest logging and reducing the rate of cropland expansion in the humid regions, are in
need to reduce fire risk and mitigate fire-induced greenhouse gases emissions.

1. Introduction

Fire plays a vital role in terrestrial ecosystem dynamics as well as the Earth’s climate system [Bowman et al.,
2009; Randerson et al., 2006; Rogers et al., 2013; Ward et al., 2012]. Biomass burning emits large amounts
of greenhouse gases, such as carbon dioxide (CO2), methane (CH4), and nitrous oxide(N2O), into the
atmosphere, and then modifies atmospheric components and radiation budget [Kaiser et al., 2012;
Langmann et al., 2009; van der Werf et al., 2010; Wiedinmyer et al., 2011; Tian et al., 2015]. It has been
indicated that interannual variation in global fire emissions is one of the major factors in controlling atmo-
spheric CO2 and CH4 growth rates [Bousquet et al., 2006; van der Werf et al., 2004]. Moreover, fire can
substantially affect land-atmosphere interactions by altering terrestrial vegetation types and land surface
albedo [Jin et al., 2012; Liu, 2005a, 2005b; Lyons et al., 2008]. Meanwhile, fires are strongly influenced
by climate and weather conditions [Bowman et al., 2009; Rogers et al., 2015; van der Werf et al., 2008a,
2008b; Westerling et al., 2006]. For example, it has been recognized that precipitation is negatively
correlated with fire activities in the humid regions with abundant fuels (such as tropical rainforest) but
positively correlated with fire activities in the arid regions with lower fuel loading where higher precipita-
tion during vegetation growing season could stimulate fire activities by increasing the amount of fuels in
the following fire season [van der Werf et al., 2008a].

At a global level, the recent estimates of terrestrial carbon sink clustered at around 2.6 Pg C yr�1 [e.g., Poulter
et al., 2014; Le Quéré et al., 2013], while estimates of global pyrogenic carbon emissions in recent years
clustered at around 2.0 Pg C yr�1 [e.g., Kaiser et al., 2012; Li et al., 2014; van der Werf et al., 2010]. Global pyro-
genic carbon emissions show substantial year-to-year variations, varying from more than 2.5 Pg C yr�1 in the
two El Niño years 1997 and 1998 to lower than 1.6 Pg C yr�1 in 2001 and 2009 [van der Werf et al., 2010].
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Therefore, the interannual variation in pyrogenic carbon emissions is a major contributor to changes in the
terrestrial carbon sink. To evaluate the contribution of fires to land carbon balance, it is necessary to consider
both the direct pyrogenic carbon emissions and carbon dynamics during postfire vegetation regrowth.
Although a large portion of fire emissions can be counteracted by the postfire vegetation regrowth in many
terrestrial ecosystems (such as Canadian boreal forest and Amazon tropical forest), fire has been recognized
as one of the most critical factors controlling the overall direction of carbon fluxes between land and the
atmosphere [Bond-Lamberty et al., 2007; Gatti et al., 2014].

Fire emissions and impacts have been extensively studied in many regions across the globe in the context
of climate change and intensified human activities [e.g., Andela and van der Werf, 2014; Kasischke and
Turetsky, 2006; Mack et al., 2011; Westerling et al., 2006]. The earliest estimation of global fire carbon
emissions dates back to the 1980s [Seiler and Crutzen, 1980]. However, global fires and their influences
on terrestrial carbon balance prior to the satellite era are largely unknown. Up to date, various approaches
have been used to investigate burned area and fire emissions. Generally, methods of investigating global
burned area could be classified into three categories, i.e., ground-based inventory data interpolation
[Mouillot and Field, 2005; Schultz et al., 2008], satellite observation [Giglio et al., 2013; Roy et al., 2008;
Tansey et al., 2008], and model simulation [e.g., Li et al., 2012; Pechony and Shindell, 2009; Thonicke et al.,
2010; Yang et al., 2014a; Yue et al., 2014b]. Global fire emissions can be either estimated based on burned
area, fuel loading, and combustion completeness [e.g., Mouillot et al., 2006; Prentice et al., 2011; Thonicke
et al., 2010; van der Werf et al., 2010] or derived directly through satellite-observed fire radiative power
[Kaiser et al., 2012; Zhang et al., 2014].

To examine fire impacts on terrestrial ecosystems, fire exclusion field experiments that compare sites
with different fire management strategies have been implemented in many regions [e.g., Bowman and
Panton, 1995; Moreira, 2000; Tilman et al., 2000]. All of these experiments indicated that the long-term
fire exclusion practices can lead to increases in forest coverage and carbon accumulation in vegetation
and soil. Meanwhile, numerical model simulations show that tree coverage and vegetation biomass may
decrease linearly with increasing burned area [Poulter et al., 2015]. The closed forest coverage is pro-
jected to increase from 27% to 56% of vegetated land area under fire exclusion scenario [Bond et al.,
2005]. Terrestrial ecosystem carbon storage can be fundamentally modified by fires. It has been found
that the land-based carbon sink in the northern high latitudes was weakened by wildfires in recent
decades [Hayes et al., 2011]. However, the role of fire in the global carbon balance are largely unknown.
Recently, land ecosystem models (such as Community Land Model-fire model [Li et al., 2014], Organizing
Carbon and Hydrology in Dynamic Ecosystems model [Yue et al., 2014a], and Lund-Potsdam-Jena model
[Poulter et al., 2015]) have been applied to investigate global fire emissions and fire impacts on terrestrial
ecosystems. All of these studies designed “fire-on” and “fire-off” numerical experiments and computed
the differences in carbon balance between the two experiments. It is worth noting that the estimated
reductions in the terrestrial carbon sink present substantial variation among these studies. Li et al.
[2014] showed that the fire-induced reduction in carbon sink is 1.0 Pg C yr�1; Yue et al. [2014a] sug-
gested that the reduction is 0.32 Pg C yr�1, while Poulter et al. [2015] reported that global net biome pro-
duction is relatively insensitive to fires. The discrepancies can be largely attributed to the differences in
the estimation of pyrogenic carbon emission and the potential carbon sequestration during postfire
regrowth processes. To better address the legacy effect of historical fires on carbon balance which is
highly related to postfire regrowth processes, it is necessary to examine terrestrial carbon dynamics over
long time period, such as decades and centuries [Tian et al., 2012a]. At a global level, century-scale
burned area data sets have been reconstructed based on fire inventory data [Mouillot and Field, 2005]
or process-based simulations in combination with satellite observations [Yang et al., 2014a]. In this
study, we used a process-based land ecosystem model, the Dynamic Land Ecosystem Model (DLEM)
[Tian et al., 2015], in combination with a newly developed burned area data set [Yang et al., 2014a]
and other gridded environmental data sets to investigate global pyrogenic carbon emissions and
the role of fire in terrestrial carbon fluxes during 1901–2010. The specific objectives of this study are
(1) to provide a century-scale estimation of global pyrogenic carbon emissions; (2) to evaluate the
role of fire in the terrestrial carbon budget; and (3) to discuss the influences of climate,
human activities, and atmospheric components on the changing trend of historical biomass burning
and their future implications.
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2. Method and Data
2.1. The Dynamic Land Ecosystem Model (DLEM)

The DLEM is a process-based land biosphere model, which mainly simulates the fluxes and storages of
carbon, nitrogen, and water in terrestrial ecosystems as influenced by multiple environmental factors, such
as climate, atmospheric components, land use/cover changes, and various disturbances [Tian et al., 2011].
Recently, we have coupled a process-based fire submodule into the DLEM to investigate burned area and fire
emissions at both regional and global scales [Yang et al., 2014a].

In this study, we mainly describe the model parameterizations regarding fire-induced carbon emissions
and forest mortality. The details of other processes (such as carbon, nitrogen, water cycles, and their
coupling) are available in our previous publications [Chen et al., 2013; Chen et al., 2012; Liu et al., 2013;
Lu and Tian, 2013; Lu et al., 2012; Pan et al., 2014; Ren et al., 2011; Tao et al., 2014; Tian et al., 2014; Yang
et al., 2014a, 2014b]. In the DLEM, available fuels include vegetation biomass (leaf, stem, and root), litter,
coarse woody debris, and soil organic carbon. Carbon emissions during biomass burning (Cbt, g Cm

�2)
at grid level are estimated as

Cbt ¼
X4

ipft¼1

X5

ifuel¼1
Cipft; ifuel CCipft;ifuelBFipft f ipft
� �þ f peatfireDepthfireDenspeat (1)

where ipft is the index of natural vegetation types within one model grid (DLEM allows a maximum of four
natural vegetation types coexisting in one grid); ifuel is the index of fuel types (1—leaf, 2—stem, 3—root,
4—litter, and 5—coarse woody debris); BFipft is the monthly burned fraction of each natural vegetation
type (%), which is assumed to be equal to burned fraction at grid level; fipft is the fraction of biome in the
grid (%); Cipft, ifuel is the DLEM-simulated fuel loading of each fuel type (g Cm�2); and CCipft,ifuel is the
combustion completeness (%), which can either be estimated based on the input burn severity data set or
retrieved from vegetation specific parameter table (Table 1).

Peatlands with shallow water table are difficult to be ignited. However, in recent decades, the frequency and
extent of peat fires increased associated with drying up of peatlands due to climate warming and human
activities [Turetsky et al., 2015; Hooijer et al., 2010]. For example, forest plantation (such as oil palm and pulp-
wood) in recent decades reduced forest canopy, drained the water in peatlands, and enhanced fire risks in
the tropics. In this study, we assume no tropical peat fires until the large-scale agricultural development
occurred in recent three decades [Hooijer et al., 2010]. For fires in peatlands, burned depth (Depthfire, cm)
is estimated for tropical peatlands and boreal peatlands, respectively. In tropical peatlands, Depthfire is
computed according to soil water content: the maximum value is set at 51 cm when soil water is lower than
wilting point and the minimum is at 15 cm when soil moisture is higher than field capacity. Carbon density

Table 1. Parameter Table of Combustion Completeness and Tree Mortality Used in This Studya

Vegetation Types

Combustion Completeness (%)

Tree Mortality (%)Leaf Stem Root Litter Coarse Woody Debris

BBDF 80 30 5 95 30 70
BNEF 80 30 5 95 30 70
BNDF 80 30 5 95 30 70
TBDF 80 30 5 95 30 70
TBEF 80 30 5 95 30 70
TNEF 80 30 5 95 30 70
TNDF 80 30 5 95 30 70
TrBDF 50 20 5 95 30 60
TrBEF 80 30 5 95 30 70
Shrub 90 30 5 95 30 50
C3 grass 95 - 5 95 - -
C4 grass 95 - 5 95 - -

aNote that BBDF stands for boreal broadleaf deciduous forest; BNEF stands for boreal needleleaf evergreen forest;
BNDF stands for boreal needleleaf deciduous forest; TBDF stands for temperate broadleaf deciduous forest; TBEF stands
for temperate broadleaf evergreen forest; TNEF stands for the temperate needleleaf evergreen forest; TNDF stands for
the temperate needleleaf deciduous forest; TrBDF stands for tropical broadleaf deciduous forest; TrBEF stands for the
tropical broadleaf evergreen forest.
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(Denspeat) is set to 570 g Cm
�2 cm�1, which is similar to the field measurements of Southeast Asian peatlands

in 1997 [Page et al., 2002]. For the boreal peatlands, Depthfire (13.1 cm) and the Denspeat (269.3 g Cm
�2 cm�1)

are taken from the measurements in Turetsky et al. [2011]. Peatland area used in this study is estimated as the
overlapped area of peatlands in Yu et al. [2010] and the wetland in the Global Lakes and Wetlands Database
[Lehner and Döll, 2004]. Burned fraction in peatlands at grid level (fpeatfire) is set to the minima of grid burned
fraction and peatland fraction.

In the DLEM, we explicitly consider fire-induced tree mortality. After fire events, a fraction of trees are killed
and the dead plant tissues transfer to their corresponding dead carbon pools (i.e., litter pool and woody
debris pool).

Cmortipft; leaf→agl ¼ BFipftCipft; leaf 1� CCipft;leaf
� �

Mortipft (2a)

Cmortipft; stem→agCWD ¼ BFipftCipft;stem 1� CCipft;stem
� �

Mortipft (2b)

Cmortipft; froot→bgl ¼ BFipftCipft; froot 1� CCipft;root
� �

Mortipft (2c)

Cmortipft; croot→bgCWD ¼ BFipftCipft;croot 1� CCipft;root
� �

Mortipft (2d)

where Cmort is the carbon density (g Cm�2) of living biomass killed by fires; leaf→ agl, stem→ agCWD,
froot→ bgl, and croot→ bgCWD denote the transfer of killed leaf, killed stem, killed fine root, and killed
coarse root to aboveground litter pool, aboveground coarse woody debris pool, belowground litter pool,
and belowground coarse woody debris pool, respectively; and Mortipft is the fire-induced tree mortality
rate (%). Similar to the parameterization of combustion completeness, fire mortality in the DLEM can be
either derived from satellite-based burn severity index when satellite information is available or derived
from vegetation specific parameter table (Table 1). In this study, we simply used the second approach to
estimate combustion completeness and forest mortality owing to the lack of long-term burn severity
information worldwide. The DLEM also considers the tree age-related changes in ecosystem productivity
and forest coverage during postfire vegetation recovery. Associated processes have been documented
elsewhere [Chen et al., 2013].

2.2. Model Input Data Sets

Gridded, georeferenced data sets are compiled from various sources to drive the DLEM at the spatial resolution
of 0.5° × 0.5°, including climate (daily mean/maximum/minimum temperature, precipitation, downward
solar radiation, and relative humidity), atmospheric CO2 concentration, nitrogen deposition, land use/cover
change, burned area, topography, soil texture, and other ancillary data sets [Tian et al., 2015]. Additional
details regarding data availability are described in the supporting information. Temporal variations in global
temperature, precipitation, CO2 concentration, and nitrogen deposition rates are illustrated in Figure S1 in
the supporting information. Monthly burned area data set used in study consists of two products. Burned
area from 1901 to 1996 is obtained from Yang et al. [2014a], while burned area from 1997 to 2010 is from
Global Fire Emissions Database version 3 (GFED3) [Giglio et al., 2010].

The burned area in Yang et al. [2014a] is consistent with the long-term trend of global fire activities derived from
charcoal records collected across the globe [Marlon et al., 2008]. To the best of our knowledge, this data set
[Yang et al., 2014a] is the only available data set providing estimates of monthly global burned area at
century-long period and can be used for large-scale ecosystem modeling. Nonetheless, we should be cautious
of uncertainties associated with some assumptions in this data set. Human-induced ignitions and suppression
strength were parameterized according to population density, which, to some extent, cannot fully represent
these stochastic and subjective processes. The input data sets (such as lightning frequency and deforestation
rate) to drive the fire model in Yang et al. [2014a] also contributed to uncertainties. Since the data set of
Yang et al. [2014a] was reconstructed based on GFED3 burned area climatology, the two data sets can be
connected to each other seamlessly. As indicated by this combined data set, global burned area decreased
from 547.24× 104 km2 yr�1 in 1901 to 324.39× 104 km2 yr�1 in 2010, with a significant declining trend of
�1.84× 104 km2 yr�1 (Mann-Kendall trend significance test, P value< 0.05, same hereafter) (Figure 1).

2.3. Model Implementation and Experimental Design

To investigate fire-induced carbon fluxes, we designed two model experiments, i.e., “fire-on” and “fire-off”.
The implementation of the DLEM simulation is composed of three stages: equilibrium run, spin-up,
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and transient run. Equilibrium run aims to determine the initial condition. During equilibrium run, the
DLEM was fed with average climate condition from 1901 to 1930 and other input data (atmospheric
CO2 concentration, nitrogen deposition, and land cover) at the level in 1901, while disturbances
(such as fires and harvest) were excluded. For each simulation grid, equilibrium state was assumed
to be reached when the changes in annual ecosystem carbon, nitrogen, and water pools were
less than 0.1 g Cm�2, 0.1 g Nm�2, and 0.1mm between two consecutive 50 years. Both “fire-on” and
“fire-off” simulations shared the same initial condition. After equilibrium state was reached, model
was run for another 100 years for spin-up purpose. During this stage, time series of driving forces
were randomly selected within the 30 years from 1901 to 1930, and fire option was switched on in
the “fire-on” experiment but closed in the “fire-off” experiment. The different spin-up strategies in
“fire-on” and “fire-off” experiments caused different sizes of vegetation and soil organic carbon/nitrogen
pools. At last, the DLEM was run in transient mode driven by the time series of all input data sets from
1901 to 2010.

Pyrogenic carbon emissions were estimated in the “fire-on” experiment. Fire influences on net primary
productivity (NPP) and ecosystem heterotrophic respiration (Rh) were estimated as the differences
between the “fire-on” and “fire-off” simulations. Net ecosystem production (NEP) was defined as the
difference between NPP and Rh. Fire influences on NEP (NEPfire) were calculated according to NPP
and Rh in the “fire-on” and “fire-off” simulations:

NEPfire ¼ NPPfire-on � Rhfire-onð Þ � NPPfire-off � Rhfire-offð Þ (3)

Net biome production (NBP) was used to investigate the impact of fires on terrestrial carbon sink, which is
defined in this study as the difference between NPP and the sum of Rh, pyrogenic carbon emissions (Cbt),
carbon emissions during crop harvesting (Charv), and biogenic methane emission (CCH4 ). Since fire effects

Figure 1. (a) Spatial distribution of global burned fraction (%) and (b) long-term trend and year-to-year variation of global
burned area (104 km2 yr�1) during 1901–2010.

Global Biogeochemical Cycles 10.1002/2015GB005160

YANG ET AL. FIRE AND TERRESTRIAL CARBON BALANCE 1553



on Charv and CCH4 are negligible compared to its influences on NPP and Rh, we simplified the equation of fire
influences on terrestrial carbon sink (NBPfire) as

NBPfire ¼ NPPfire-on � Rhfire-on � Cbtð Þ � NPPfire-off � Rhfire-offð Þ (4)

Furthermore, we designed another two simulations, i.e., “without-CO2” and “without-Ndep,” to examine the
effects of changes in atmospheric components (CO2 concentration and nitrogen deposition) on global pyro-
genic carbon emissions. In the “without-CO2” (or “without-Ndep”) simulation, model configurations were
similar to the “fire-on” experiment, except that the atmospheric CO2 concentration (or nitrogen deposition)
was kept at the level in 1901 throughout the simulation period. The effect of rising CO2 concentration
on pyrogenic carbon emissions was estimated as the differences between the “fire-on” simulation and
“without-CO2” simulation. Likewise, the effect of rising nitrogen deposition on pyrogenic carbon emissions
was estimated as the differences between the “fire-on” simulation and “without-Ndep” simulation.

2.4. Model Evaluation

The DLEM-simulated gross primary productivity (GPP), NPP, vegetation carbon, and pyrogenic carbon emis-
sions were evaluated against benchmark data sets (Table 2). The spatial distribution of model-simulated GPP
was compared with global GPP estimates of Moderate Resolution Imaging Spectroradiometer (MODIS) [Zhao
et al., 2005] and empirical-based upscaling product of Multi-Tree Ensemble (MTE) data [Jung et al., 2011], the
DLEM-simulated NPPwas compared with MODIS and advanced very high resolution radiometer (AVHRR) NPP
products [Nemani et al., 2003; Zhao and Running, 2010], the vegetation carbon storage was compared with
the Intergovernmental Panel on Climate Change (IPCC) Tier-1 global biomass carbon map [Ruesch and
Gibbs, 2008], and the pyrogenic carbon emissions were compared with the estimations of GFED3.1 [van
der Werf et al., 2010] and Global Fire Assimilation System (GFAS) [Kaiser et al., 2012]. Availability of these
benchmark data sets is described in the supporting information. It is worth noting that all of these bench-
marks are model-based results and have their own source of uncertainties. For example, MODIS GPP product
was developed based on a light use efficiency model, and the GFED3.1 fire emissions were simulated by the
Carnegie-Ames-Stanford Approach model.

The DLEM-simulated GPP and NPP are found to be close to benchmark data sets [Pan et al., 2015]. The global
GPP simulated by the DLEM is 2.7% lower than MODIS estimates and 11.7% lower than MTE estimates. The
DLEM-simulated global NPP is 3% higher than MODIS estimation and 3.1% lower than AVHRR estimation.
The DLEM-simulated global pyrogenic carbon emissions are 21.5% and 17.1% higher than the GFED3.1 and
GFAS estimates, respectively. In some regions (such as the continental U.S. and Russia), fire emissions were
recognized to be underestimated by the GFED3.1 product [Zhang et al., 2014; Konovalov et al., 2011]. In 2000,
the DLEM-simulated global vegetation carbon storage is 471.8 PgC, which is 5.9% lower than the IPCC Tier-1
result. In general, DLEM-simulated terrestrial CO2 uptake, pyrogenic carbon emissions, and vegetation carbon
storage fall into a reasonable range. The spatial distribution of the DLEM-simulated carbon fluxes and vegeta-
tion carbon storage are highly correlated with these benchmark data sets (see Table 2 and Figures S2–S5).

3. Results
3.1. Changing Trend in Pyrogenic Carbon Emissions

From 1901 to 2010, the DLEM-simulated global pyrogenic carbon emissions were 2.43 ± 0.27 PgC yr�1

(average± 1 standard deviation, same hereafter), with the maximum carbon emissions occurred in 1912

Table 2. The Comparison of the DLEM-Simulated Carbon Fluxes and Vegetation Carbon Storage With Benchmark Data Sets

Period DLEM Estimates Estimates from Benchmark Data Sets
Spatial Pattern

Correlation Coefficient

GPP 2000–2009 108.6 Pg C yr�1 MODIS: 111.58 Pg C yr�1 [Zhao et al., 2005] 0.836
1982–2008 105.1 Pg C yr�1 MTE: 119 Pg C yr�1 [Jung et al., 2011] 0.829

NPP 2000–2009 55.1 Pg C yr�1 MODIS: 53.5 Pg C yr�1 [Zhao and Running, 2010] 0.784
1982–1999 52.8 Pg C yr�1 AVHRR: 54.5 Pg C yr�1 [Nemani et al., 2003] -

Pyrogenic carbon emissions 1997–2009 2.43 Pg C yr�1 GFED3.1: 2.0 Pg C yr�1 [van der Werf et al., 2010] 0.686
2003–2008 2.46 Pg C yr�1 GFAS: 2.1 Pg C yr�1 [Kaiser et al., 2012] 0.607

Vegetation carbon 2000 471.8 Pg C IPCC Tier-1: 501.6 Pg C [Ruesch and Gibbs, 2008] 0.783
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(3.02 Pg C yr�1). Although global burned area in some other years (such as 1997 and 2009) was even lower,
the minimum carbon emissions were found in 2001 (1.89 Pg C yr�1), which indicates a smaller combustion
rate (carbon emissions per unit area burned, in unit g Cm�2 burned area) in this year. Pyrogenic carbon
emissions decreased significantly from the early 20th century to the mid-1980s at a rate of �0.0086PgCyr�1,
followed by a significant upward trend at a rate of 0.014 PgC yr�1 from 1984 to 2010 (Figure 2). The upward
trend in pyrogenic carbon emissions since 1984 was mainly contributed by the low latitudes (defined as the
region between 30°N and 30°S, increasing rate is 0.011 Pg C yr�1) and midlatitudes (defined as the region
between 30°N and 55°N and region between 30°S and 55°S, increasing rate is 0.006 PgC yr�1). However,
the changing trend in pyrogenic carbon emissions in the high latitudes (defined as 55°N and north) was

Figure 2. Interannual variations of pyrogenic carbon emissions (Pg C yr�1) from 1901 to 2010 at a (a) global level, in the
(b) low latitudes, (c) midlatitudes, and (d) high latitudes.
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not significant after the 1980s. Our result is similar to Balshi et al. [2007], which reported that, in boreal North
America (i.e., Canada and Alaska), fire emissions in the 1990s were lower than those in the 1980s.

3.2. Spatial Pattern of Pyrogenic Carbon Emissions

Our results show that about 1.87± 0.2 Pg organic carbon was burned annually in the low latitudes, accounting
for 77% of the global total amount. Pyrogenic carbon emissions in the midlatitudes and high latitudes
accounted for 14.8% and 8.2% of the global total, respectively. At continental level, Africa accounted for 44%
of global total pyrogenic carbon emissions, followed by Asia (19.8%), South America (18.1%), North America

Table 3. The Statistics of Average Burned Area, Pyrogenic Carbon Emissions, and Combustion Rate From 1901 to 2010 at
Global and Continental Scalesa

Burned Area
(×104 km2 yr�1)

Pyrogenic Carbon Emissions
(Pg C yr�1)

Combustion Rate
(g Cm�2 Burned Area)

Globe 451.8 2.43 537.85
Africa 310.8 (68.8%) 1.07 (44%) 344.27
Asia 46.2 (10.2%) 0.48 (19.8%) 1038.96
Oceania 43.3 (9.6%) 0.13 (5.3%) 300.23
South America 36.2 (8%) 0.44 (18.1%) 1215.47
North America 10.2 (2.3%) 0.26 (10.7%) 2549.02
Europe 5.1 (1.1%) 0.05 (2.1%) 980.39

aThe values within the parentheses denote their contributions to global total amount.

Figure 3. (a) Spatial distribution of the 110 year average pyrogenic carbon emissions (g Cm�2 yr�1) and total carbon emission per 0.5° latitudinal band (Tg C per 0.5° yr�1)
and (b) combustion rate in area affected by fires (g Cm�2 burned area) and average combustion rate per 0.5° latitudinal band (kg Cm�2 burned area).
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(10.7%), Oceania (5.3%), and Europe (2.1%) (Table 3). The global combustion rate estimated by the DLEM was
537.85 gCm�2 burned area, with the highest in North America (2549.02 gCm�2 burned area) and the lowest in
Oceania (300.23 gCm�2 burned area). Generally, combustion rate in the pantropical regionwas lower than that
in the pan-boreal region (Figure 3). The differences in combustion rate among regions could be attributed to
fuel loading, fire return interval, and vegetation composition. In the tropical savannas, frequent fires reduced
fuel loading and then fuel combustion rate, while fires in the boreal forests have a longer return interval and
leave sufficient time for forest recovery and fuel accumulation. The prevalent crown fire in the boreal forests
may substantially alter vegetation composition and combust more fuels than tropical savanna fires.

3.3. The Role of Fire in the Terrestrial Carbon Budget

The DLEM-simulated global NPP and Rh show continuously increasing trends from 1901 to 2010 as a result
of multiple environmental changes (Figure 4). The mean global terrestrial NPP over the entire study period
was estimated to be 50.22 PgC yr�1 and 54.36 PgC yr�1 in the “fire-on” and “fire-off” simulations, respectively
(Figure 4a). Therefore, under the influences of fires, globally, NPP decreased by 4.14 Pg C yr�1, with the largest
NPP reduction in Africa (2.59 PgC yr�1) (Table 4). NPP reduction in the “fire-on” simulation was primarily

Figure 4. (a) Temporal variations of global net primary productivity (NPP, Pg C yr�1) and (b) heterotrophic respiration
(Rh, Pg C yr�1) simulated by the DLEM.

Table 4. The Influences of Fires on Terrestrial Carbon Fluxes and Carbon Budget at Global and Continental Scales
During 1901–2010

NPP Change (Pg C yr�1) Rh Change (Pg C yr�1) NEP Change (Pg C yr�1) NBP Change (Pg C yr�1)

Globe �4.14 �6 1.86 �0.57
Africa �2.59 �3.49 0.9 �0.17
Asia �0.5 �0.8 0.3 �0.18
Oceania �0.24 �0.36 0.12 �0.01
South America �0.59 �0.97 0.38 �0.06
North America �0.17 �0.29 0.12 �0.14
Europe �0.05 �0.09 0.04 �0.01
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Figure 5. (a) Fire-induced changes in net primary productivity (NPP, g Cm2 yr�1), (b) heterotrophic respiration (Rh, g C m2 yr�1), (c) net ecosystem production
(NEP, g Cm2 yr�1), and (d) net biome production (NBP, g Cm2 yr�1) and the summation of differences in each 0.5 latitudinal band (Tg C per 0.5° yr�1).
Differences in the carbon fluxes are calculated by the “fire-on” and “fire-off” simulations.
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caused by less forest coverage and lower soil fertility. Themean global Rh over the 110 years was estimated to
be 46.79 PgC yr�1 and 52.79 PgC yr�1 in the “fire-on” and “fire-off” simulations, respectively (Figure 4b).
Global Rh was reduced by 6 PgC yr�1 under the effects of fire activities, with the largest reduction in Africa
(3.49 PgC yr�1). The lower Rh in the “fire-on” simulation could be attributed to the lower amount of litter
and soil organic matter for microbial decomposition, which partially offset the reduction in carbon sink
caused by pyrogenic carbon emissions [Poulter et al., 2015]. Rh reduction caused by fires was higher than
the reduction in NPP. Therefore, global NEP in the “fire-on” simulation was 1.86 PgC yr�1 higher than that
in the “fire-off” simulation. While considering both pyrogenic carbon emissions and fire-induced changes
in NPP and Rh, terrestrial carbon sink was reduced by 0.57 PgC yr�1 under the effects of global fires.
Three continents with the largest reduction in terrestrial carbon sink were Asia (0.18 PgC yr�1), Africa
(0.17 PgC yr�1), and North America (0.14 PgC yr�1).

Along the latitudinal gradient, fire-induced reductions in NPP and Rh show two peaks, with one peak located
between 0°N and 15°N and the other between 0°S and 20°S (Figures 5a and 5b). In the low latitudes, NPP was
reduced by 3.92 Pg C yr�1, accounting for 94.7% of global NPP reduction; Rh was reduced by 5.52 PgC yr�1,
accounting for 92% of global Rh reduction. The reductions in NPP and Rh in the middle and high latitudes
were much lower than those in the low latitudes. Our results show that fire-induced reduction in carbon sink
was mainly contributed by two latitudinal bands, i.e., 46–70°N latitude band (accounting for 48.1% of global
fire-induced NBP reduction) and 10–20°S latitude band (accounting for 42.1% of global fire-induced NBP
reduction) (Figure 5d).

4. Discussions
4.1. Long-Term Trends in Pyrogenic Carbon Emissions During 1901–2010

Previous studies reported that burned area in the tropics and extratropics presented a declining trend in
the 20th century [Marlon et al., 2008; Yang et al., 2014a]. In the first decade of the 21st century, satellite
observations also found a declining trend in global burned area [Giglio et al., 2013]. Prior to the 1980s,
the downward trend in burned area could be the major factor determining the declines in pyrogenic
carbon emissions. Human activities, such as fire suppression and cropland expansion, were identified
as the main factor controlling the trends in burned area and pyrogenic carbon emissions [Marlon
et al., 2008]. However, after the mid-1980s, the trend of pyrogenic carbon emissions reversed, which
contradicts the continuously declining trend in burned area. This reversed trend can be explained by a
large increase in combustion rate during 1985–2010 (Figure 6), which was mainly caused by the more
frequent fires in ecosystems with higher carbon storage (such as tropical rainforest), and the enhanced
fuel loading as a result of the rising CO2 concentration and nitrogen deposition. Our results indicate that
average combustion rate during 1985–2010 was 634.74 gCm�2 burned area, compared to 516.38 gCm�2

burned area during 1901–1984.

Figure 6. Interannual variations in global average combustion rate (g Cm�2 burned area) during 1901–2010.
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In recent decades, deforestation has increased rapidly in the tropics. In particular, forest clear-cut area
increased from 18,165 km2 in 2001 to 23,750 km2 in 2004 in Brazilian Amazon basin and increased from
17,000 km2 in 1997 to 21,000 km2 in 2003 in Indonesia [Santilli et al., 2005]. Fire has been widely used to clear
tropical forested land for agricultural cultivation. For deforestation fires, trees are usually reburned several
times within 1 year to thoroughly clear the land. Thus, burned area could be several times larger than defor-
ested area, and combustion completeness could be very high [Nepstad et al., 1999]. Since the 1990s, tropical
peatland fires have been widely studied. Carbon emissions from deep-burning peatland fires in Indonesia
were estimated to be 0.95 PgC in 1997 and 1998 [Page et al., 2002; van der Werf et al., 2010]. In recent
decades, human activities in the Southeast Asia peatlands (such as deforestation, drainage through construc-
tion of logging canals, and plantation development) reduced the forest canopy and dried up the fuel, which
made peatland soil easier to be ignited [Turetsky et al., 2015; Hooijer et al., 2010]. In the boreal peatlands,
recent global warming enhanced fire risk and fire emissions, which resulted in substantial amount of carbon
released to the atmosphere. For example, an unprecedented Alaska tundra fire released 2.1 Tg C to the
atmosphere in 2007 [Mack et al., 2011].

In many midlatitude regions, burned area showed increasing trend since the 1980s. For example, in the
western United States (U.S.), total burned area increased at a rate of 355 km2 yr�1 from 1984 to 2011
[Dennison et al., 2014]. The increment in burned area in the western U.S. could be largely attributed to the
climate warming, earlier spring, and more frequent droughts [Westerling et al., 2006]. In the early to
mid-20th century, fire suppression policies inhibited fire spread and duration [Houghton et al., 2000], which,
therefore, enhanced fuel accumulation and induced higher fire emissions in the 21st century. From 1984 to
2012, pyrogenic carbon emissions in conterminous U.S. were reported to be 17.65 ± 12.68 TgC yr�1 with a
significant upward trend at a rate of 0.87 Tg C yr�1. It is worth noting that some regions in the midlatitudes,
such as China, experienced continuous declines in burned area and fire emissions from the 1950s to the
2000s due to the intensified fire suppression activities [Lü et al., 2006]. Nevertheless, the declining trend in
China did not reverse the overall increasing trend in the entire midlatitudes after the 1980s.

Our input data show that average CO2 concentration increased from 294.5 ppmv to 393.7 ppmv and aver-
age nitrogen deposition rates over land area increased from 0.16 gNm�2 yr�1 to 0.54 gNm�2 yr�1 during
1901–2010 (Figure S1). The changes in atmospheric composition have been reported to stimulate terres-
trial carbon sequestration and vegetation carbon storage [e.g., Lu et al., 2012; Thomas et al., 2010; Tian
et al., 2011; Tian et al., 2012b]. Our further analysis shows that both the changes in CO2 and nitrogen
deposition rates positively contributed to global pyrogenic carbon emissions (Figure 7). Comparing with

Figure 7. Contributions of atmospheric CO2 and nitrogen deposition to pyrogenic carbon emissions (Pg C yr�1) from the
1900s to the 2000s.
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1901, the rising CO2 concentration enhanced global pyrogenic carbon emissions by 0.1 Pg C yr�1,
0.13 Pg C yr�1, and 0.16 Pg C yr�1 in the 1980s, the 1990s, and the 2000s, respectively; the rising nitrogen
deposition rates enhanced global pyrogenic carbon emissions by 0.08 Pg C yr�1, 0.1 Pg C yr�1, and
0.13 Pg C yr�1 in the 1980s, the 1990s, and the 2000s, respectively.

4.2. Discrepancy and Consistency in the Estimates of Pyrogenic Carbon Emissions and Fire-Induced
Changes in Carbon Sink

The DLEM-simulated global pyrogenic carbon emissions and fire influences on NPP and carbon sink are
different from several other model-based estimates, which is mainly caused by different input data and mod-
eling protocols. Mouillot et al. [2006] showed that global pyrogenic carbon emissions were 1.5–2.7 Pg C yr�1

at the beginning of the 20th century and increased to 2.7–3.3 Pg C yr�1 by the end of the 20th century.
However, our study indicated that global pyrogenic carbon emissions were 2.7 Pg C yr�1 in the 1900s and
decreased to 2.36 Pg C yr�1 in the 1990s. This discrepancy could be largely attributed to the difference
between global burned area data sets used by Mouillot et al. [2006] and this study. The global burned area
in Mouillot et al. [2006] was 602 × 104 km2 yr�1 during 1997–2000, which is 51.3% higher than GFED3.1
burned area. The declining trend of burned area used in our study is more consistent with global fire history
reconstruction according to charcoal records [Marlon et al., 2008]. Nevertheless, both our study and Mouillot
et al. [2006] show that global pyrogenic carbon emissions presented large increases after the mid-1980s.

The DLEM simulations indicate that fire activities reduced terrestrial carbon sink by 0.57 PgC yr�1, which is
between the estimate of Li et al. [2014] (1 Pg C yr�1) and the estimate of Yue et al. [2014a] (0.32 Pg C yr�1).
The DLEM-simulated global pyrogenic carbon emissions were 2.43 PgC yr�1, 27.9% higher than those of Li
et al. [2014] and Yue et al. [2014a] (1.9 Pg C yr�1). Both Li et al. [2014] and Yue et al. [2014a] simulated burned
area by fire models, while our study used the satellite-constrained global burned area as input data set
to drive the model. It has been recognized that uncertainties in burned area can significantly affect the
simulated carbon storage and forest coverage [Poulter et al., 2015].

Large discrepancies exist in the estimates of fire-induced reductions in NPP and Rh. Li et al. [2014] showed
that fire activities reduced global NPP by 1.9 Pg C yr�1, while Yue et al. [2014a] found that fire had a negligible
effect on NPP reduction. Our study, however, show a fire-induced reduction in NPP by 4.14 PgC yr�1. Over
recent decades, postfire reductions in vegetation biomass and ecosystem productivity have been widely
recorded across various climate zones [e.g., Dore et al., 2012; Hicke et al., 2003]. Field fire exclusion experi-
ments [e.g., Furley et al., 2008; Tilman et al., 2000] indicate that fire exclusion can substantially enhance tree
coverage and ecosystem carbon storage, which partially supports our argument that tropical savannas
have higher NPP in the “fire-off” simulation than in the “fire-on” simulation. Therefore, the reduction in
NPP estimated by our study and Li et al. [2014] is more reasonable than Yue et al. [2014a]. In situ carbon flux
measurements are ideal data to validate model results (such as GPP and NEP). Unfortunately, carbon flux
measurements in the fire exclusion experiments are still lacking. Nevertheless, Li et al. [2014], Yue et al.
[2014a], and our study agree that fires enlarged global NEP but reduced the size of the terrestrial carbon sink.
To identify factors causing these discrepancies and reduce associated uncertainties in simulating fire influences
on terrestrial carbon dynamics, it is important to implement an ecosystem-fire model intercomparison with
consistent input data including burned area.

4.3. Future Implications

Fire frequencies are projected to increase in many regions across the globe under the impact of climate
change throughout the 21st century [Flannigan et al., 2001; Flannigan et al., 2013; Kloster et al., 2012; Liu
et al., 2010; Pechony and Shindell, 2010]. Many humid regions have contributed to the increases in fire-
induced carbon emissions in recent decades (see discussion in section 4.1) and are expected to experience
more frequent fires in the future. In the Amazon forests, droughts are projected to be more prevalent,
potentially triggering more ignitions [Phillips et al., 2009]. In the historical and contemporary periods, humid
interior Amazon forests are less suitable for fire-driven deforestation; however, the percentage of the Amazon
basin resistant to deforestation fire is projected to decrease from 58% in contemporary period to 24% in the
2050s [Le Page et al., 2010]. Meanwhile, fires in pan-boreal regions would also be more popular when future
climate warming dry up fuel and cause a longer fire season [Flannigan et al., 2009]. In the North America
boreal forest, fire-induced carbon emissions were projected to be 2.5–4.4 times their current level by the
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end of this century [Balshi et al., 2009]. Once these humid ecosystems (such as tropical humid forests and
boreal peatlands) convert to fire-prone systems, regional terrestrial carbon sink would diminish or even
become carbon source under the impact of climate warming [Davidson et al., 2012; Turetsky et al., 2002].
For tropical peatlands, human activities facilitated peat ignitions by reducing the coverage of forest canopy
[Turetsky et al., 2015]. In the future, peatland protection strategies, such as minimizing forest logging and
reducing the rate of cropland expansion, would be of critical importance to mitigating fire-induced carbon
emissions as well as enhancing carbon sink on peatlands.

In the 21st century, CO2 concentration and nitrogen deposition rates are projected to increase continuously
[Lamarque et al., 2013; Van Vuuren et al., 2011]. It can be expected that the fertilization effects of increasing
CO2 and nitrogen deposition would continue enhancing ecosystem productivity and promoting fuel
accumulation until both elevated CO2 and nitrogen deposition reach saturation points [Keenan et al., 2011;
Pan et al., 2014]. Therefore, future CO2 and nitrogen deposition would likely lead to higher pyrogenic carbon
emissions [Martin Calvo et al., 2014].

4.4. Uncertainties and Improvement Needs

In this study, some uncertainties exist in model parameterization and input data sets, which need to
be addressed in the future research. First, in the DLEM, we explicitly considered postfire reduction
in forest area and the gradual recovery of tree coverage [Chen et al., 2013] but neglected the growth
of herbaceous vegetation in the former forested area. Therefore, ecosystem productivity in the early
succession stage might be underestimated. To fully represent postfire trajectories of carbon storage
and fluxes, vegetation succession processes and the dynamics of both canopy and understory layers
should be considered.

Second, we used burned area as input data, in which satellite information is combined, to drive the DLEM.
This method enhanced the model’s capacity to simulate both temporal and spatial patterns of burned area.
However, it excludes the feedback of ecosystems to fire and may bring some uncertainties into the simulated
carbon fluxes and storage.

Third, we used vegetation specific parameters to identify burn severity (combustion completeness and forest
mortality), which disregarded the impacts of topography, vegetation species, and weather conditions on
burn severity. Field measurements showed that combustion completeness and tree mortality highly depend
on local topography, climate/weather condition, and vegetation species [Rogers et al., 2015; van Leeuwen
et al., 2014]. Differenced Normalized Burned Ratio (dNBR) is a satellite-based burned severity index, which
was found to be in good correlation with ground-based Composite Burn Index in many regions [e.g., Cocke
et al., 2005; Miller and Thode, 2007]. Regional and global dNBR data sets have been developed based on
MODIS and Landsat images [Loboda et al., 2007; Eidenshink et al., 2007]. The application of satellite-based
dNBR could greatly improve the accuracy of model-based simulation of fire emissions. One recent study
identified burn severity level (“unburn to low,” “low,” “medium,” and “high”) for each satellite pixel within
fire perimeter based on the dNBR index and then coupled these different severity levels into ecosystem
model to investigate combustion completeness and fire emissions from 1984 to 2012 in the continental
United States. Veraverbeke et al. [2015] predicted aboveground and belowground carbon consumption
by fires between 2001 and 2012 in Alaska by using empirical models driven by dNBR and other environ-
mental factors. To better represent burn severity and reconstruct fire emissions prior to satellite era,
however, it is important to develop prognostic burn severity model by considering fuel characteristics
and other environmental factors.

It should be noted that, in this study, the contributions of elevated CO2 and nitrogen deposition to carbon
emissions were estimated via their effects on ecosystem carbon storage and fuel loading. A previous study
reported that elevated CO2 and nitrogen deposition can modify burned area [Yang et al., 2014a], which were
not included in this study and need further investigation.

5. Conclusions

This study quantified the magnitude and spatiotemporal patterns of century-scale pyrogenic carbon emissions
and the role of fire in the terrestrial carbon budget during 1901–2010 by using a land ecosystem model. The
simulated results show a downward trend in global pyrogenic carbon emissions between the early 20th century
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and the mid-1980s, followed by an upward trend through 2010. During the study period, global pyrogenic
carbon emissions were estimated as 2.43 PgC yr�1, and terrestrial carbon sink was reduced by 0.57 PgCyr�1

as a result of fire activities. We acknowledge certain caveats related to the representation of biogeochemical
processes in modeling dynamic postfire succession, the temporal and spatial resolution of burned area
data sets, and model parameterizations such as fuel combustion completeness and forest mortality. This
study provides new insight into fire regimes in response to multiple environmental changes by integrating
existing environmental information and current understanding of fire impacts on terrestrial ecosystems. To
improve the model simulation of fire impacts on terrestrial carbon dynamics, we encourage implementing
an ecosystem-fire model intercomparison with consistent input data including burned area.
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