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a b s t r a c t 

Fire is a major type of disturbance that has important influences on ecosystem dynamics and carbon cycles. Yet our 

understanding of ecosystem fires and their carbon cycle consequences is still limited, largely due to the difficulty 

of large-scale fire monitoring and the complex interactions between fire, vegetation, climate, and anthropogenic 

factors. Here, using data from satellite-derived fire observations and ecosystem model simulations, we performed 

a comprehensive investigation of the spatial and temporal dynamics of China’s ecosystem fire disturbances and 

their carbon emissions over the past two decades (1997–2016). Satellite-derived results showed that on average 

about 3.47 - 4.53 × 10 4 km 

2 of the land was burned annually during the past two decades, among which annual 

burned forest area was about 0.81 - 1.25 × 10 4 km 

2 , accounting for 0.33-0.51% of the forest area in China. 

Biomass burning emitted about 23.02 TgC per year. Compared to satellite products, simulations from the Energy 

Exascale Earth System Land Model (ELM) strongly overestimated China’s burned area and fire-induced carbon 

emissions. Annual burned area and fire-induced carbon emissions were high for boreal forest in Northeast China’s 

Daxing’anling region and subtropical dry forest in South Yunnan, as revealed by both the satellite product and the 

model simulations. Our results suggest that climate and anthropogenic factors play critical roles in controlling the 

spatial and seasonal distribution of China’s ecosystem fire disturbances. Our findings highlight the importance of 

multiple complementary approaches in assessing ecosystem fire disturbance and its carbon consequences. Further 

studies are required to improve the methods of observing and modelling China’s ecosystem fire disturbances, 

which will provide valuable information for fire management and ecosystem sustainability in an era when both 

h

2

a

human activities and the natural 
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. Introduction 

Fire is a major type of disturbance that is widely observed in almost

very terrestrial biome ( Archibald et al., 2010 ; Bowman et al., 2009 ;

e Groot et al., 2013 ; Kaye et al., 2010 ; Williams et al., 2009 ). Globally,

t is estimated that about 345–464 Mha is burned every year ( Giglio et

l., 2013 ; Randerson et al., 2012 ) for the satellite observation period

1990s–2000s), resulting in a total carbon emission of 1.9-2.5 Pg C yr − 1 

 Randerson et al., 2012 ; van der Werf et al., 2010 ; Van Der Werf et al.,

017 ), which is equivalent to 4% of global terrestrial net primary pro-

uctivity (NPP) ( van der Werf et al., 2006 ; Zhao and Running, 2010 ).

n many biomes, fire disturbances also play a critical functional role in

etermining vegetation distribution and successional dynamics ( Barrett

t al., 2011 ; Feurdean et al., 2017 ; Staver et al., 2011 ; Wirth et al., 2008 ;

eng et al., 2014 ). For instance, fire disturbance and its roles in forest

cosystem functioning and carbon dynamics have been extensively stud-

ed for boreal forest ( Beck et al., 2011 ; Bond-Lamberty et al., 2007 ; Chu

 Guo, 2014 ; French et al., 2011 ; Liu et al., 2019 ; Stinson et al., 2011 ),

ropical and subtropical forest ( Cochrane et al., 1999 ; Hoffmann et al.,

012 ; Lehmann et al., 2014 ), and Mediterranean chaparral ( Pausas and

ernández-Muñoz, 2012 ; Weise et al., 2017 ). In temperate Asia espe-

ially including China, however, ecosystem fires and their impacts re-

ain under-investigated. Efforts to quantify burned area and related car-

on dynamics usually result in large uncertainties ( Knorr et al., 2012 ;

eraverbeke et al., 2015 ). With the ongoing rapid changes of the cli-

ate and biosphere, there is an urgent need for a better quantification

f fire disturbances and their impacts on regional and global carbon cy-

les ( Adab et al., 2018 ; Konovalov et al., 2014 ; Shvidenko et al., 2011 ).

Recent advances in remote sensing and fire modelling, along with

he accumulation of global observation data in climate, vegetation, and

re, greatly expand our capacity in understanding fire disturbance and

re carbon dynamics over a broad geographical range ( Abatzoglou et

l., 2018 ; Archibald et al., 2013 ; Hantson et al., 2016 ; Le Page et al.,

010 ; Migliavacca et al., 2013 ). In particular, the improved algorithms

sed to extract fire information from satellite imagery and the devel-

pment of process-based fire models offer useful analytic tools for ex-

loring fire disturbances from local to global scales ( Hislop et al., 2020 ;

antzas et al., 2015 ). Satellite derived fire products (e.g. Giglio et al.,

010 ; Wooster et al., 2003 ) provide continuous and objective monitor-

ng of fire disturbances over a broad geographical range, and have been

idely used in model benchmarking and data intercomparison ( Li et

l., 2012 ; Mouillot et al., 2014 ; Prentice et al., 2011 ; Sá et al., 2017 ),

haracterizing fire regimes ( Archibald et al., 2013 ; Chen et al., 2017 ),

nd estimating regional and global fire carbon emissions ( Kaiser et al.,

012 ; Konovalov et al., 2014 ; Li et al., 2013 ; Van Der Werf et al., 2017 ).

owever, the accuracy of those satellite derived products is subject to

he spatial resolution of satellite imagery, as well as the performance

f the fire detection algorithms ( Kumar et al., 2018 ; Randerson et al.,

012 ; Roy and Boschetti, 2009 ). Furthermore, satellite fire products do

ot provide mechanistic understanding of fire disturbances, and thus

annot be used to predict the changes in fire regimes under projected

uture climate and anthropogenic schemes. Although scientists have

ong hoped to statistically define fire disturbances from climate, just

ike vegetation ( Archibald et al., 2013 ; Veraverbeke et al., 2015 ), the

elationship between climate and fire has been suggested as nonlinear

nd can be greatly modified by the complex interactions and feedbacks

mong climate, vegetation, anthropogenic activities, and fire ( Archibald

t al., 2009 ; Field et al., 2016 ; Knorr et al., 2013 ; Malamud et al., 1998 ;

yphard et al., 2017 ). Process-based fire modelling provides a new av-

nue to explore the spatio-temporal dynamics of fire disturbance and the

nderlying mechanisms ( Hoffman et al., 2018 ; Kloster et al., 2012 ; Yang

t al., 2014a ). Yet as fire disturbance is a complicated process influenced

y many natural and anthropogenic factors, current models still need

ore fine tuning and calibration against observation data ( Migliavacca

t al., 2013 ; Syphard et al., 2017 ; Yue et al., 2014 ). A combined ap-
48 
roach that integrates observation and modelling, therefore, could be

specially helpful in examining and comprehending the extent of fire

isturbances and their impacts on carbon cycles across the space and

ime. 

Here, we take advantage of the recent advances in satellite-derived

re data, combined with an ecosystem simulation model, the state-of-

he-art Energy Exascale Earth System Land Model (ELM), to investigate

he spatial distribution and temporal dynamics of ecosystem fire dis-

urbance and its carbon emissions in China over the period of 2000-

016. Located mostly in the northern temperate region, China occupies

 broad geographical range and has very diverse ecosystems. Ecosystem

re disturbances thus vary greatly in intensity and frequency across its

road geographical range ( Zhong et al., 2003 ). For example, the crop

res in central and southeast China are well-controlled anthropogenic

iomass burning, frequently occurring after harvest. Grassland fires in

nner Mongolia are mainly limited by climate but are also heavily sup-

ressed by humans and thus come with a lower frequency ( Guo et al.,

003 ; Liu and Zhang, 2019 ). Forest fires, the prevention of which is

trongly required by the government ( Oliveira et al., 2017 ; Yan et al.,

006 ), are under strict control and intensive monitoring by the forestry

dministration agency. Recreational and agricultural uses of fire are

mong the most common causes of forest fires ( Ying et al., 2018 ). Bo-

eal forest in Northeast China and subtropical dry forests in South Yun-

an are typically fire-prone ecosystems ( Han et al., 2015 ; Kasischke and

uretsky, 2006 ; Van der Werf et al., 2008 ; Wilgen et al., 1985 ). For in-

tance, a severe fire in Northeast China’s Daxing’anling region in 1987

urned about 1.3 million hectares (Mha) of forest, which is the recorded

argest forest fire in China ( Cahoon et al., 1994 ). 

Given China’s dense population and highly fragmented landscape

atches, ecosystem fires could impose significant threats to ecosystem

ustainability and the safety of the society ( Zhang et al., 2019 ; Zhong et

l., 2003 ). On the other hand, human activities could profoundly alter

re regimes ( Miao et al., 2017 ; Tao et al., 2013 ). Several studies have

tarted to assess the characteristics of ecosystem fires and their impact

n carbon cycles, especially the northeastern boreal forests ( Huang et

l., 2018 ; Tian et al., 2011 ; Wang et al., 2001 ). However, results vary

reatly in those assessments, largely due to their differences in data

ources and methods ( Lü et al., 2006 ; Song et al., 2009 ; Yan et al., 2006 ;

ing et al., 2018 ). Moreover, even less is known about temporal dynam-

cs of China’s ecosystem fires and associated carbon emissions, which are

ritical for fire and ecosystem management, as well as the modelling and

rediction of forest carbon cycles. Hence, specific goals of this study in-

lude: (1) to identify places with a high risk of fire disturbances, (2) to

nderstand changes of forest fire burned area and carbon emissions over

he past two decades, and (3) to compare burning and carbon emission

ata from different approaches. 

. Data and Methods 

.1. Satellite derived burned area and carbon emissions 

Two types of satellite fire products were used in this study,

ncluding the burned area data of GFED4.1s and associated

re carbon emissions data by CASA (Carnegie-Ames-Stanford-

pproach) model ( Randerson et al., 2012 ; Van Der Werf et al.,

017 ; https://doi.org/10.3334/ORNLDAAC/1293 ), and the Fire_CCI

5.1(burned area only) by the European Space Agency ( Chuvieco et al.,

018 ; Lizundia-Loiola et al., 2020 ). The GFED4.1s monthly burned

rea data were generated from MODIS (MODerate-resolution Imaging

pectroradiometer) satellite imagery, with supplementary images

rom the TRMM VIRS and ERS ATSR images ( Randerson et al., 2012 ;

anderson et al., 2017 ). The dataset covers the globe since 1997 at

 resolution of 0.5° by 0.5°. The burned area at each 0.5 o by 0.5°

rid cell was partitioned into different land cover types by using the

https://doi.org/10.3334/ORNLDAAC/1293
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OD12Q1 land cover map ( Friedl et al., 2010 ). Fire carbon emissions

n GFED4.1s were simulated by the CASA biosphere model as forced

y the GFED4.1s burned area ( Van Der Werf et al., 2017 ). Small fires

n GFED4.1s were statistically derived from MODIS-based burned area

nd active fire detections ( Randerson et al., 2012 ; Van Der Werf et al.,

017 ). 

Fire_CCI v5.1 was developed by the European Space Agency’s

ESA)’s Climate Change Initiative (CCI) programme, and was mainly

ased on MOD09GQ Collection 6 images of 250 m spatial resolution

 Chuvieco et al., 2018 ). Burned area in Fire_CCI v5.1 was generated

rom the red and near-infrared reflectance and thermal anomaly infor-

ation of the MODIS sensor ( Chuvieco et al., 2018 ; Lizundia-Loiola et

l., 2020 ). Gridded data by Fire_CCI v5.1 was at the 0.25° by 0.25° res-

lution and covered the global ecosystems from 2001 to the present.

ere we used biweekly burned area data for the period of 2001-2016.

he dataset is known to have higher omission errors for the burned areas

han commission errors for the unburned areas ( Chuvieco et al., 2018 ).

.2. Model simulated burned area and carbon emissions 

The ELM version 1.0 was used to conduct the single-factor simula-

ions of fire-induced burned area and carbon emission. Based on the

ommunity Land Model Version 4.5 (CLM4.5), ELM has made remark-

ble improvements and evaluations on the land carbon and nutrient

nteractions ( Metcalfe et al., 2017 ; Yang et al., 2014b ) as well as hy-

rology changes ( Forbes et al., 2019 ; Shi et al., 2015 ). The default ELM

re model, CLM-Li ( Li et al., 2013 ), was utilized to characterize the fire

esponse and feedback to other ELM components. The CLM-Li contains

our sub-modules including non-peat fires, agricultural fires, deforesta-

ion fires, and peat fires. For non-peat fires, grid-cell level burned area

s a process-based function of fire counts and sizes with the constraint of

limate, soil conditions, vegetation characteristics and human suppres-

ion (e.g. population density). The fire constraints, however, are quite

ifferent for the other three empirical fire components. For example,

griculture fires are determined by cropland fraction, socioeconomic

actors, and historical crop fire timing; deforestation fires depend on

he deforestation intensity caused by land use and climate conditions;

hile peat fires are dependent on the peat fraction and water table. Fire

elated carbon emissions are converted from the simulated burned area,

lant functional type (PFT)-based combustion completeness, and fuel

oads derived from the carbon pools of leaves, stems, and aboveground

itter. 

Two sets of ELM semi-factorial simulations were conducted at 0.5°

y 0.5° spatial resolution, separately driven by the climates of CRUN-

EP version 8 (1901-2016) and GSWP3 version 1 (1901-2014) ( Van Den

urk et al. 2016 ). Other external forcings (e.g., the CO 2 concentration,

itrogen deposition, land use and land cover change) were also activated

nd detailed by ( Forbes et al., 2018 ; Forbes et al., 2019 ). To disentan-

le the individual effects of different climate and anthropogenic factors

n the studied fire variables, six sensitivity simulations using each set

f the abovementioned climate driver were performed. Similar to pre-

ious work ( Huntzinger, 2013 ; Mao et al., 2015 ), each ELM run con-

ists of a spin-up period and the controlled historical simulations. The

pin-up states were achieved by cycling the climate data, either CRUN-

EP or GSWP, from 1901 to 1915, but other environmental drivers (e.g,

he CO 2 concentration) stayed constant at 1850 level. In addition, we

lso conducted 5 semi-factorial simulations between 1850 and 2016 for

he CRUNCEP and 1850-2014 for the GSWP (totally 10 for two-set sim-

lations), in which each simulation included one time-varying driver

hile others remained unchanged. By computing the differences among

elected simulations, we were able to examine the impacts of climate

hange, land use and land cover change, atmospheric CO 2 , nitrogen de-

osition, aerosol deposition, and total anthropogenic activities on the
nterested fire activities. 

49 
. Results 

.1. Annual burned area and fire-induced carbon emissions in China 

As shown in Fig. 1 a and Table 1 , China’s annual burned area esti-

ated from GFED4.1s ranged between 1.76 × 10 4 km 

2 and 8.04 × 10 4 

m 

2 during 1997–2016, with an average of 4.53 × 10 4 km 

2 ( ± 1

D = 1.51 × 10 4 km 

2 ). Similarly, burned area derived from Fire_CCI v5.1

as between 1.64 and 5.33 × 10 4 km 

2 with an average of 3.47 × 10 4 

m 

2 . By dividing the land ecosystem into forest, grassland, and crop-

and ( Hou, 2019 ), we showed that the average annual burned forest

rea derived from the satellite products was about 0.81 - 1.25 × 10 4 

m 

2 , accounting for 23.4-27.7 % of the total burned area or 0.33-0.51%

f China’s total forest coverage ( Fig. 2 ). For grassland, satellite-derived

nnual burned area was about 1.39-1.99 × 10 4 km 

2 ( Fig. 2 ). Satel-

ite derived ecosystem burned area showed considerable inter-annual

ariations ( Fig. 1 a). For GFED4.1s, we found an increasing trend of

.125 × 10 4 km 

2 yr − 1 (r = 0.48, P = 0.03) over 1997-2016. However, there

as no significant temporal trend for burned area derived from Fire_CCI

5.1 during the whole study period (r = 0.005, P = 0.99). Lizundia-Loiola

t al. (2020) indicated that MODIS-based burned area could be under-

stimated prior to July 2002 due to the availability of a single satel-

ite. We thus also used 2003-2016 for inter-annual burned area trend

nalyses, which showed contrasting trends for GFED4.1s and Fire_CCI

5.1 —burned area increased at a rate of 0.285 × 10 4 km 

2 yr − 1 for

FED4.1s (r = 0.86, P = 9.6 × 10 − 5 ) but showed no trend for Fire_CCI v5.1

r = − 0.45, P = 0.11) during 2003-2016. It also appeared that the two

atasets showed divergent trends since ca. 2012 ( Fig. 1 a), likely due

o the inclusion of small fires in recent GFED4.1s but not in Fire_CCI

5.1. For Fire_CCI v5.1, burned area seemed to remain relatively sta-

le before 2010, but to increase since 2010 ( Fig. 1 a). However, due to

he short length of the period, it is unclear if the change since 2010 in

ire_CCI v5.1 represents a real long-term trend or just some inter-annual

ariations. 

ELM driven by GSWP3 climate data was able to reproduce the annual

otal burned area estimated by satellite products ( Fig. 1 a and Table 1 ).

LM-GSWP3 estimated burned area was about 7.54 × 10 4 km 

2 (range:

.84 - 10.13 × 10 4 km 

2 ) during 1997–2016, higher than that from

atellite products. However, ELM driven by CRUNCEP climate data no-

ably overestimated China’s ecosystem burned area by an average factor

f 2.66 compared to satellite fire products ( Fig. 1 a and Table 1 ). Ac-

ording to ELM-CRUNCEP simulations, China’s ecosystem burned area

ver 1997-2016 was between 14.91 and 18.91 × 10 4 km 

2 . The differ-

nce between two ELM simulations driven by different climate datasets

ay arise from their difference in key variables, for instance, the rela-

ive humidity (RH2M) and air temperature (TSA), that modulate sim-

lated fire activities (Supplementary Fig. S1). For both ELM-GSWP3

nd ELM-CRUNCEP simulations, there was no trend in annual burned

rea (r = 0.10, P = 0.70 for ELM-GSWP3; and r = -0.15, P = 0.31 for ELM-

RUNCEP). This lack of inter-annual changing trend of burned area was

lso found for the period after 2003 (r = -0.23, P = 0.45 for ELM-GSWP3;

nd r = -0.29, P = 0.31 for ELM-CRUNCEP). 

Fire-induced ecosystem carbon emissions estimated by GFED4.1s

anged between 9.53 TgC yr − 1 and 38.18 TgC yr − 1 over the period of

997–2016, with a mean value of 23.02 TgC yr − 1 ( Fig. 1 b, Table 1 ). In

ddition, ecosystem fire carbon emission by GFED4.1s showed no sig-

ificant trend during either 1997–2016 (r = -0.06, P = 0.79) or 2003-2016

r = -0.12, P = 0.68). On the other hand, ELM model-simulated ecosystem

re carbon emissions for ELM-GSWP3 ranged between 83.35 TgC yr − 1 

nd 216.28 TgC yr − 1 during 1997–2014, with a mean rate of 131.09 TgC

r − 1 ; and for ELM-CRUNCEP between 141.61 TgC yr − 1 and 269.14 TgC

r − 1 during 1997–2016, with a mean rate of 177.82 TgC yr − 1 ( Table 1 ).

oth model-simulated fire carbon emissions were much higher than

hose from GFED4.1s but, like the latter, showed no trend during the

tudy period ( Fig. 1 b). 
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Fig. 1. (a) Annual burned area estimated from different approaches; (b) annual ecosystem fire induced carbon emissions. 

Table 1 

The burned area and carbon emissions of ecosystem fires in China from different sources. 

Source Period Burned Area (km 

2 yr − 1 ) Emissions (TgC yr − 1 ) Citation 

L3JRC (remote sensing) 2001–2006 93,175 37.5 Song et al., 2009 

MCD45A1 (remote sensing) 2001–2006 4,175 0.8 Song et al., 2009 

Gov. statistics 1980–1989 3,110 4.9 Lü et al., 2006 

Gov. statistics 1990–1999 403 0.7 Lü et al., 2006 

Gov. statistics 1998–2002 541 1.1 Yan et al., 2006 

GBA2000 (remote sensing) 2000 21,457 25.4 Yan et al., 2006 

GFED4.1s (remote sensing) 1997-2016 45,292 23.02 This study 

Fire_CCI v5.1 (remote sensing) 2001-2016 34,696 - This study 

ELM model 1 1997–2016 175,624 196.60 This study 

ELM model 2 1997–2014 73,352 131.09 This study 

1 driven by CRUNCEP climate data ( https://vesg.ipsl.upmc.fr/thredds/catalog/work/p529viov/cruncep/V8_1901_2016/catalog.html ). 
2 driven by GSWP3 climate data ( http://cola.gmu.edu/gswp/data.html ). 

3
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.2. The spatio-temporal distribution of burned area and carbon emissions 

The spatial distribution of mean annual ecosystem burned area

nd fire carbon emissions was highly heterogeneous ( Fig. 3 ). Model

nd satellite observations differed considerably in detected ecosystem

re hotspots. Both GFED4.1s and Fire_CCI v5.1 data indicated Dax-

ng’anling region (forest-dominated), northeast Xiaoxing’anling (forest-

ominated), and Huai River Basin (agriculture-dominated) as regions

f high burned area ( Figs. 3 e and g). In addition, East China and

outh China were also observed with high burned area fraction ac-

ording to GFED4.1s ( Fig. 3 e). The spatial pattern of GFED4.1s based

arbon emissions, however, did not resemble that of burned area. Fire

mission hotspots were found in northeast Daxing’anling and south-

rn Yunnan ( Fig. 3 f). Satellite-derived ecosystem fire hotspots in Dax-

ng’anling, Xiaoxing’anling, and Yunnan were also reproduced by the
50 
LM model under both CRUNCEP and GSWP3 climate forcing ( Figs. 3 a

nd c). However, the model, especially when driven with CRUNCEP cli-

ate, strongly overestimated burned area in east and southeast Qinghai-

ibetan Plateau and Mt. Changbai ( Figs. 3 a and c) compared to the re-

ult from satellite data. In contrast, for the Huai River Basin, model

imulated burned areas were lower compared to the GFED4.1s product.

or model simulations, the hotspots of ecosystem fire carbon emissions

 Figs. 3 b and d) were similar to that of the burned forest area ( Figs. 3 a

nd c). 

Figs. 4-6 showed the spatial distribution of burned area and car-

on emissions over the first and second ten years of 1997-2016 and

he difference between the two sub-periods as revealed by GFED4.1s

nd simulated by ELM. For satellite data, there was a large increase in

cosystem fire burned area from 1997-2006 to 2007-2016 over central

ortheast China and East China, followed by eastern Sichuan and some

https://vesg.ipsl.upmc.fr/thredds/catalog/work/p529viov/cruncep/V8_1901_2016/catalog.html
http://cola.gmu.edu/gswp/data.html


A. Chen, R. Tang and J. Mao et al. Geography and Sustainability 1 (2020) 47–58 

Fig. 2. Annual burned area and carbon emissions by 

different ecosystem types. Here we considered forest, 

grassland, and cropland, for which the spatial distri- 

bution information was obtained from the 1:1,000,000 

vegetation map of China ( Hou, 2019 ). 
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G  
laces in the Loess Plateau ( Fig. 4 c). Nonetheless, changes in fire carbon

missions were relatively small across most of the country, except a few

cattered spots ( Fig. 4 f). 

On the other hand, the large increase in burned area in East China

rom satellite data was not reproduced by ELM model simulations un-
51 
er either CRUNCEP or GSWP3 climate forcing ( Figs. 5 and 6 ). In

ontrast, large increases in burned area by ELM-CRUNCEP simulations

ere mostly found in mid Daxing’anling, northeastern Qinghai, west-

rn Sichuan, and western and southern Yunnan ( Fig. 5 c). For ELM-

SWP3 simulations, we found considerable increase of burned area in
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Fig. 3. The spatial distribution of mean annual burned area (a, c, e, g) and fire induced carbon emissions (b, d, f) during 1997–2016 estimated from the ELM model 

under the CRUNCEP (a, b) and GSWP3 (c, d) climate forcings, the GFED4.1s (e, f) and Fire_CCI v5.1 (g) satellite products. Note the spatial resolution of all the figures 

was 0.5 degree. 

52 
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Fig. 4. The spatial distribution of mean annual burned area and carbon emissions during different time periods and the differences between the two periods, 

acquired from the GFED4.1s satellite data. (a–c) The spatial distribution of mean annual burned area during the first (1997-2006) and last (2007-2016) ten years, 

and the difference between them; (d–f) the spatial distribution of mean annual carbon emissions during the first (1997-2006) and last (2007-2016) ten years, and 

the difference between them. 

Fig. 5. The spatial distribution of mean annual burned area and carbon emissions during different time periods and the differences between the two periods, acquired 

from the ELM model simulations under the CRUNCEP climate forcings. (a–c) The spatial distribution of mean annual burned area during the first (1997-2006) and 

last (2007-2016) ten years, and the difference between them; (d–f) the spatial distribution of mean annual carbon emissions during the first (1997-2006) and last 

(2007-2016) ten years, and the difference between them. 
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t. Changbai, southeastern Qinghai-Tibetan Plateau, and some places

f Tien Shan ( Fig. 6 c). Some regions also showed strong decreases in

odel simulated burned area, mostly in northern Daxing’anling and

iaoxing’anling by ELM-CRUNCEP, and Daxing’anling by ELM-GSWP3
53 
 Figs. 5 c and 6 c). Similarly, large changes (increases or decreases) in

odel-simulated fire carbon emissions also concentrated in Northeast

hina, southeastern Qinghai-Tibetan Plateau, and western Sichuan and

unnan ( Figs. 5 f and 6 f). 
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Fig. 6. The spatial distribution of mean annual burned area and carbon emissions during different time periods and the differences between the two periods, acquired 

from the ELM model simulations under the GSWP3 climate forcings. (a–c) The spatial distribution of mean annual burned area during 1997-2006 and 2007-2014, 

and the difference between them; (d–f) the spatial distribution of mean annual carbon emissions during 1997-2006 and 2007-2014, and the difference between them. 

Fig. 7. The spatial distribution of month of peak burned 

area over the period 1997–2016 by (a) ELM-CRUNCEP, (b) 

ELM-GSWP3, (c) GFED4.1s, and (d) Fire_CCI v5.1. 
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.3. Fire seasonality 

The seasonal distribution of fire disturbance is also uneven across the

ountry. For example, as shown in Fig. 7 , the peak fire month (defined

s the month with the maximum burned area) observed by GFED4.1s

sually occurred in spring in Yunnan, late summer to early autumn in

he Northern China Plains and western Daxing’anling, and winter in

outh China ( Fig. 7 c). Similar but much more scattered seasonal patterns

ere also found in Fire_CCI v5.1 satellite data ( Fig. 7 d). There existed

lear discrepancy between the peak months derived from the satellite

roducts and ELM model simulations, and among model simulations

riven by different climate forcing datasets ( Fig. 7 ). For example, in

he Northern China Plains, satellite data suggested a peak fire month
54 
ostly in late summer to early autumn, but model simulations tended

o indicate a spring peak ( Fig. 7 ). 

.4. Drivers for model simulated fires 

Results from semi-factorial simulations suggested that climate was

he dominant factor responsible for model simulated temporal variations

n the anomaly of fire burned area ( Fig. 8 ). The contribution of other fac-

ors to the burned area anomaly was relatively stable across the years,

ith CO 2 effect, nitrogen deposition, and other anthropogenic factors

eading to positive anomalies, with land use and land cover change

eading to negative anomalies, for both ELM-CRUNCEP and ELM-

SWP3 simulations ( Fig. 8 ). 
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Fig. 8. Anomalies in ELM-simulated burned area in semi-factorial simulation experiments. Six factors are considered here: Aerosol, Climate, Land Use and Land 

Cover Change (LULCC), Anthropogenic activities other than LULCC (Anthro.), Carbon Dioxide (CO 2 ), and Nitrogen deposition (Ndep.) 
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. Discussion 

Fire disturbance is an important ecological process and has sig-

ificant implications for terrestrial ecosystem carbon cycles ( Bond-

amberty et al., 2007 ; Pellegrini et al., 2018 ; Prentice et al., 2011 ;

uan et al., 2012 ). Using data from satellite derived fire products

nd model simulations, we systematically assessed China’s ecosystem

re burned area and associated carbon emissions over the past two

ecades. Observation data from satellite fire products suggest mean

nnual burned area was about 3.47 - 4.53 × 10 4 km 

2 . The discrepancy

n burned area between the two satellite products may be largely at-

ributed to the inclusion of small fires in GFED4.1s but not in Fire_CCI

5.1. Furthermore, the declining trend of the burned area since 2010 in

ire_CCI v5.1 but not in GFED4.1s may be attributed to the suppression

f large fires (but not for small fires). Compared to the result of satellite

ata, model simulations produced a much larger estimate of burned area

7.54-16.91 × 10 4 km 

2 ). Satellite-derived fire burned area proportion in

hina is comparable to the annual rate of 0.57% forest being burned in

anada, one of the fire-prone regions in the world ( Stinson et al., 2011 ;

tocks et al., 2002 ). On the other hand, except for GFED4.1s that re-

ealed a slightly increasing trend, other satellite products and model

imulations suggested that burned area remained variable but without

lear long-term trends. Multiple factors acted toward different direc-

ions in changing burned area. For example, land use and land cover

hanges in the recent decades tended to reduce burned area but CO 2 fer-

ilization effect and other anthropogenic activities enhanced fire burn-

ngs ( Fig. 8 ). The anomaly in burned area caused by any single driver

ppeared to have no trends within the study period. 

In addition to the dynamics in the total burned area, the spatial dis-

ribution and seasonal timing of ecosystem fires are also strongly het-
55 
rogeneous. For example, both satellite product and model simulations

evealed high amounts of burning in Daxing’anling and South Yunnan

 Fig. 3 ), regions dominated by boreal and subtropical dry forest, respec-

ively. Numerous studies have suggested that these ecosystem types are

ypically fire-prone ( Kasischke and Turetsky, 2006 ; Su et al., 2019 ; Van

er Werf et al., 2008 ; Wilgen et al., 1985 ). The difference in fire season-

lity between these two regions ( Fig. 6 ) can be explained by climatic dif-

erences. The peak fire seasons in Daxing’anling are mainly late summer

o early autumn, likely associated with a weakening monsoon ( Cahoon

t al., 1994 ). In subtropical Yunnan, where the climate pattern is char-

cterized by the alternating wet and dry season as influenced by the

hifting Indian oceanic warm current, fire peaks during the dry spring

nd winter ( Zhang et al., 2013 ). Burning in East and South China and

he Northeast Plain could be mostly attributed to prescribed agricultural

res. 

Our results also revealed significant discrepancies between satellite-

erived and simulated ecosystem fires. For instance, model simula-

ions significantly overestimated burned area in eastern Qinghai-Tibetan

lateau ( Fig. 3 ). This overestimation could be associated with the fire

ensitivity to grassland cover by models. Briefly, the model estimates

arameter values for fire spread (e.g., fuel load) in each grid cell as a

eighted average of the values of different vegetation types, based on

he fraction of each in the grid cell. Incorrect parameter values could

ave happened with the fuel load of grassland, where heavy grazing

ressure might have significantly reduced available fuel, affecting fire

ccurrence and rate of spread. This grazing effect has not been incor-

orated in the model. Finally, factors other than grazing (such as biases

n the input data or in ELM’s gross primary productivity calculations)

ould also affect the model’s simulation of biomass. While areas with

ore burned area simulated than observed might result from model
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verestimation, the observational data themselves could also be neg-

tively biased. The detection algorithm used by GFED4.1s is known to

ave a higher omission error in densely forested regions than in more

pen ecosystems ( Giglio et al., 2009 ), which may explain the model-

ata disagreement in the dense forests of the boreal regions and South

unnan ( Fig. 3 ). Compared to the discrepancy in burned area between

FED4.1s and ELM model simulations, the discrepancy in fire carbon

missions was even larger ( Table 1 ). Emissions in GFED4.1s were esti-

ated based on both satellite data and a vegetation model. The large

iscrepancy may be attributed to ELM’s overestimation of biomass com-

ared to that used in GFED4.1s. Further model development and fine-

uning are required to reduce the uncertainty in estimating burned area

nd carbon emissions, and to improve our capacity in predicting China’s

cosystem fire risks. 

Fire induced carbon emissions during 1997–2016 were estimated as

3.02 TgC yr − 1 by GFED4.1s. This GFED4.1s-estimated carbon emis-

ion was lower than the previous satellite-based estimates of Song et

l. (2009) and Yan et al. (2006) , but much higher than that derived

rom government statistics ( Song et al., 2009 ; Yan et al., 2006 ; Lü et al.,

006 ), probably because government statistics typically only include

arge forest fires. Our semi-factorial simulations suggested strong im-

acts of anthropogenic factors on burned area and fire-induced carbon

missions ( Fig. 8 ). Sound policy on fire management will be the key to

elp prevent devastating ecosystem fires, reduce the overall fire-induced

arbon emission, and sustain ecosystem services. 
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