Biogeosciences, 11, 134536Q 2014
www.biogeosciences.net/11/1345/2014/
doi:10.5194/bg-11-1345-2014

© Author(s) 2014. CC Attribution 3.0 License.

$S900y uadQ

Quantifying the role of fire in the Earth system — Part 2: Impact on
the net carbon balance of global terrestrial ecosystems for the 20th
century

F. Lil, B. Bond-Lamberty?, and S. Levis

linternational Center for Climate and Environmental Sciences, Institute of Atmospheric Physics, Chinese Academy of
Sciences, Beijing, China

2pacific Northwest National Laboratory, Joint Global Change Research Institute, University of Maryland, College Park,
Maryland, USA

STerrestrial Sciences Section, Climate and Global Dynamics Division, National Center for Atmospheric Research, Boulder,
Colorado, USA

Correspondence td:. Li (lifang@mail.iap.ac.cn)

Received: 22 October 2013 — Published in Biogeosciences Discuss.: 4 November 2013
Revised: 22 January 2014 — Accepted: 3 February 2014 — Published: 7 March 2014

Abstract. Fire is the primary form of terrestrial ecosystem fect, and increases subsequently with a trend of 18 Tg€ yr
disturbance on a global scale. It affects the net carbon balancgue to an increasing direct effect. These results help constrain
of terrestrial ecosystems by emitting carbon directly and im-the global-scale dynamics of fire and the terrestrial carbon
mediately into the atmosphere from biomass burning (the firecycle.
direct effect), and by changing net ecosystem productivity
and land-use carbon loss in post-fire regions due to biomass
burning and fire-induced vegetation mortality (the fire indi-
rect effect). Here, we provide the first quantitative assessment  Introduction
of the impact of fire on the net carbon balance of global ter-
restrial ecosystems during the 20th century, and investigat&ire is an important earth system process and the primary ter-
the roles of fire's direct and indirect effects. This is done by restrial ecosystem disturbance agent on a global scale (Fos-
guantifying the difference between the 20th century fire-onberg et al., 1999; Bowman et al., 2009). Today, global fires
and fire-off simulations with the NCAR Community Land are routinely monitored by satellite (Arino and Rosaz, 1999;
Model CLM4.5 (prescribed vegetation cover and uncoupledGiglio et al., 2003; Roy et al., 2005) and are simulated by
from the atmospheric model) as a model platform. Resultamost of the global terrestrial biosphere models used for the
show that fire decreases the net carbon gain of global terredntergovernmental Panel on Climate Change (IPCC) (Arora
trial ecosystems by 1.0 Pg Cyr averaged across the 20th and Boer, 2005; Thonicke et al., 2010; Li et al., 2012). Fire
century, as a result of the fire direct effect (1.9Pg Clyr  affects the net carbon balance of terrestrial ecosystems both
partly offset by the indirect effect{0.9 Pg Cyr1). Post-fire  directly and indirectly (Kasischke et al, 1995; Mouillot and
regions generally experience decreased carbon gains, whidrield, 2005). The direct effect is caused by biomass burning,
is significant over tropical savannas and some North Ameri-which emits carbon into the atmosphere immediately (An-
can and East Asian forests. This decrease is due to the diredreae and Merlet, 2001; van der Werf et al., 2010). In ad-
effect usually exceeding the indirect effect, while they havedition, fire can affect net ecosystem productivity (NEP, the
similar spatial patterns and opposite sign. The effect of firebalance of ecosystem productivity and respiration) and land-
on the net carbon balance significantly declines untll970  use carbon loss in post-fire regions by changing vegetation
with a trend of 8 Tg Cyr! due to an increasing indirect ef- and carbon pool structures or terrestrial physical characteris-
tics through biomass burning and vegetation mortality, which
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is not limited to the burning period and can last for more thanet al. (1998), Shackleton and Scholes (2000), Tilman et
100yr in some regions (the indirect effect, Kasischke et al.,al. (2000), Wang et al. (2001), and Irvine et al. (2007) inves-
1995; Houghton et al., 1999; Hicke et al., 2003; Amiro et al., tigated the differences in site-level ecosystem carbon storage
2010). Quantifying the impact of fire on the global terrestrial and/or fluxes with different fire frequencies or severities. As
carbon balance is an important part of quantifying the role offar as we know, Ward et al. (2012) were the only ones to
fire in the Earth system, and is required to better understangrovide a global estimate involving the indirect effect of fire,
the global-scale carbon dynamics and ecosystems and theivhich showed that fire decreased the carbon loss from land
changes (Mouillot and Field, 2005; Schulze, 2006; Running,use and land cover change (wood harvest included) based on
2008). an unreleased version of the Community Land Model CLM4.

Earlier global-scale quantitative studies about the effect ofSo far, there have not been any global estimates of fire to-
fire on terrestrial carbon balance were focused on the firdal effect and the effect of fire on terrestrial carbon balance
carbon emissions (i.e., the fire direct effect). Quantitative asthrough changing NEP.
sessments of contemporary global fire carbon emissions were Recently, Li et al. (2012a, b, 2013) developed a global fire
pioneered by Seiler and Crutzen (1980) using informationmodel. In this fire model, the burned area fraction was deter-
documented in the literature. Subsequently, Schultz (2002)mined by climate and weather conditions, vegetation com-
Duncan et al. (2003), van der Werf et al. (2006, 2010), andposition and structure, and human activities. After the cal-
Randerson et al. (2012) improved our understanding of theculation of the burned area fraction, the fire impact was esti-
spatial and temporal distribution of contemporary fire car-mated, including biomass and peat burning, fire-induced veg-
bon emissions using satellite observations, providing an estietation mortality, and the adjustment of the carbon and nitro-
mate of~ 2 Pg C yr 1 for global fire carbon emissions during gen (C/N) pools. As part 1 of a project designed to quantify
the satellite era. Moreover, Prentice et al. (2011) pointed outhe role of fire in the Earth system (Li et al., 2013), the global
that fire carbon emissions from the satellite-based GFEDJire scheme was introduced in detail, tested in the Commu-
and the LPX-DGVM global dynamical vegetation model ac- nity Earth System Model version 1.0 (CESM1.0)’s land com-
counted for about 13 and 5 of the interannual variation of ponent the Community Land Model version 4 (CLM4), and
the 1997-2005 global carbon balance, respectively, by calcuevaluated against the satellite-based GFED3 fire product for
lating the determinant coefficients (i.&? values in the lin-  1997—-2004. Results showed that the fire scheme reasonably
ear regression) between detrended fire carbon emissions arsimulated the multi-year average of burned areas, fire season-
global carbon balance. Besides improving contemporary esality, fire interannual variability, and fire carbon emissions.
timates, long-term fire carbon emissions over the past severah addition, simulated contributions of contemporary fire car-
decades, centuries, and millennia have been reconstructdazbn emissions from various sources (deforestation fires, agri-
based on global models with carbon dynamics (Mouillot et cultural fires, peat fires, and others) were close to previous as-
al., 2006; Schultz et al., 2008; Kloster et al., 2010; Ward etsessments based on satellite data, government statistics, and
al., 2012; van der Werf et al., 2013), the fire emissions equaether information. The CLM4.5 global land model (Oleson
tion from Seiler and Crutzen (1980) with estimated histori- et al., 2013), available dittp://www.cesm.ucar.edu/models/
cal global burned areas as input data (Mieville et al., 2010),cesm1.2since June 2013, included the new fire model and
sedimentary charcoal records (Marlon et al., 2008, 2013)¢calculated the water, energy, carbon, and nitrogen cycles and
Antarctic ice-core Cll records (Ferretti et al., 2005), and their interactions at the land—atmosphere interface, providing
Antarctic ice-core CO records (Wang et al., 2010; Prentice,a practical platform to quantify the long-term effect of fire on
2010). Large uncertainties remain, however. the global net terrestrial carbon balance.

Almost all the earlier studies regarding the total and in- As part 2 of the project designed to quantify the role of
direct effects of fire were on a site or regional scale. Us-fire in the Earth system, the present study provides the first
ing boreal forest chronosequences, Law et al. (2003), Campestimates regarding the impact of fire on the global net ter-
bell et al. (2004), Bond-Lamberty et al. (2004), Goulden etrestrial carbon balance during the 20th century. It is based on
al. (2006), Amiro et al. (2010), and Goulden et al. (2011) quantitative assessment of the difference in carbon fluxes be-
investigated the changes in site-level NEP and/or its compotween a CLM4.5 control (fire-on) simulation and a 20th cen-
nents in the post-fire succession period. Also, several studietury fire-off simulation. Related mechanisms are investigated
estimated the effect of fire on the terrestrial carbon fluxesby analyzing the role of fire’s direct and indirect effects. In
at the site level or in a region using an empirical model this paper, Sect. 2 introduces the methods and data, including
(Kasischke et al., 1995; Houghton et al., 2000), the Biome-the model platform, simulations and model input data, eval-
BGC biogeochemical model (Thornton et al., 2002; Bond- uation of CLM4.5 contemporary global simulations and re-
Lamberty et al., 2007), the CASA carbon cycle model (Hicke lated benchmark data, and CLM4.5 burned area simulations
et al., 2003), a simplified satellite-based carbon flux modelduring the 20th century. Section 3 quantifies the impact of
(Yi et al., 2013), and the ORCHIDEE global process-basedfire on net ecosystem exchange (NEE) during the 20th cen-
vegetation model with vegetation distribution fixed (Yue et tury and then investigates the role of fire direct and indirect
al., 2013). In addition, using field observations, San Joseeffects, where NEE is used by CLM4.5 to quantify the net
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carbon balance of terrestrial ecosystems (see Sect. 2.1). Diginally, the net carbon balance of terrestrial ecosystems (i.e.,

cussion and conclusions appear in Sect. 4. NEE) is the balance between the net ecosystem productiv-
ity (i.e., NEP=NPP-Rh) and the carbon loss of terrestrial
ecosystems due to biomass burnidi} and land use(n,

2 Methods and data wood harvest included):

NEE = —NEP+ Cte + Cip. (1)

A negative value of NEE indicates a land uptake of carbon.

CLMA4.5 is the latest version of the CLM family of mod- Note that the definition of NEP in CLM4.5 is the same as
els (Oleson et al.,, 2013) and the land component of thehat in Campbell et al. (2004) and LPJ-DGVM (Sitch et al.,
CESML1.2 earth system model. The CLM family has been2003), but differs from the eddy covariance-oriented defini-
widely used to investigate the long-term historical change intion in Randerson et al. (2002). The definition of NEE in
carbon, water, heat fluxes and fire (Qian et al., 2006; Bo-CLM4.5 is the same as that in LPJ-DGVM (Sitch et al.,
nan and Levis, 2010; Lawrence et al., 2012; Kloster et al.,2003), but the latter lacks the item @f, because LPJ-
2010; Le Quéré et al., 2013; Koven et al, 2013; Ward et al.,DGVM does not consider the land use and wood harvest.
2013), and, as the land component of CESM and its precur- The fire module in CLM4.5 (Li et al. 2012a, b, 2013; Ole-
sor the Community Climate System Model (CCSM), sup- son et al., 2013) includes four components: agricultural fires
ports the IPCC global change reseatatt://www.ipcc.chy. in cropland, deforestation fires in the tropical closed forests,
CLM4.5, like its precursor CLM4, integrates biophysical, non-peat fires outside cropland and tropical closed forests,
biogeographic, and biogeochemical processes of the landnd peat fires. For agricultural fires, the burned area fraction
surface into a single and physically consistent framework,is determined by fuel load, socioeconomic factors, prescribed
and has the ability to model the impact of transient land coverseasonality of agricultural fires, and fractional coverage of
and land use change. It succeeds CLM4, whose biogeochentropland. The burned area fraction due to deforestation fires
istry module is mainly based on terrestrial ecosystem modein the tropical closed forests is determined by deforestation
Biome-BGC version 4.1.2 (Thornton et al., 2007), with up- rate and weather and climate conditions. Non-peat fires out-
dates to photosynthesis (Bonan et al., 2011; Sun et al., 2012§ide croplands and tropical closed forests are calculated by
soil biogeochemistry (Koven et al., 2013), fire dynamics (Li a process-based fire model of intermediate complexity. The
etal., 2012a, b, 2013), cold region hydrology (Swenson et al.purned area fraction is affected by climate and weather con-
2012; Swenson and Lawrence, 2012), the lake model (Subiulitions, vegetation composition and structure, and human
et al., 2012), and the biogenic volatile organic compoundsactivities represented by non-linear functions of population
model (Guenther et al., 2012). Like its precursors, CLM4.5density and economic situations. The burned area fraction
represents the land surface as a hierarchy of subgrid typeslue to peat fires depends on climate conditions and frac-
including glacier, lake, wetland, urban, and vegetation landtional coverage of unsaturated peatland. After the calculation
units. A vegetated land unit is further divided into plant func- of column-level burned area fraction, fire impact is estimated
tion types (PFTs) that share a soil column. based on a column-level or converted PFT-level burned area,

The terrestrial carbon cycle in CLM4.5 is initiated by bio- including biomass and peat burning, fire-induced vegetation
sphere carbon uptake via photosynthesis (gross primary pramortality, and the adjustment of the carbon and nitrogen
duction, GPP). GPP and a storage carbon pool supply cafools. Fire carbon/nitrogen (C/N) emissions due to biomass
bon for the metabolic costs of live leaves, stems, and rootdurning are the product of live and dead C/N pools and com-
(i.e., maintenance respiration). After accounting for the car-bustion completeness factors (CCs). In the CLM4.5 official
bon cost of maintenance respiration, the remaining carborversion, CCs for column-level litter and CWD are set to be
flux is allocated to the carbon pools of live vegetation tis- 0.4 and 0.2, respectively. PFT-dependent CCs are listed in Ta-
sues for current plant growth and the storage carbon poolble S1. Fire-related vegetation mortality leads to C/N trans-
for future growth and metabolic activities. The process of fer among C/N pools: a fraction of C/N from uncombusted
plant growth produces growth respiration flux. GPP minuslive tissues is transferred to litter pools; a fraction of C/N
autotrophic respiration (Ra, the sum of maintenance respifrom uncombusted live stems is transferred to dead stems.
ration and growth respiration) is called the net primary pro- These fractions are defined as the PFT-dependent fire mor-
ductivity (NPP=GPP—-Ra). A portion of the carbon pools tality factors (Table S1).
from live vegetation tissues is transferred to litter by turnover, The CLM4.5 official version (clm4_5_07) with several
mortality (including fire-induced mortality), and phenology modifications in the fire module is used here. First, two bugs
processes. Before the decomposition of litter, woody litterin the code are fixed: one is in modeling fire in tropical closed
passes through a coarse woody debris (CWD) pool for physforests when land use and the land cover change data set is
ical degradation. A portion of the carbon is released into thenot used (e.g., spin-up simulation), and the other is in the
atmosphere during the decomposition of litter and soil or-conversion of the burned area fraction from column level to
ganic matter, which is called heterotrophic respiration (Rh).PFT level in grid cells with a fraction of cropland. Second,

2.1 Model platform
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we change the CC from 0.2 to 0.25 for CWD and from 0.4 to ning data, and the land cover, @@oncentration, nitrogen
0.5 for litter, and set the maximum spread rate for grasses 5 %and aerosol deposition, and population density at their 1850
higher than the original value. When we tuned parameters/alues.

for the CLMA4.5 official version based on a 1.@at) x 2.5° Second, a 20th century fire-off simulation is branched
(lon) simulation, the 1850 spin-up simulation was stoppedfrom the control simulation in 1900. The only difference
too early and a slight downward trend was still present inbetween fire-on and fire-off simulations is that the fire is
the fire simulation. This and the first bug caused a highswitched off during 1900-1999 in the fire-off simulation. The
bias of burned area and especially fire carbon emissions iulifference between the fire-on and fire-off simulations repre-
forests for the 1850-2004 simulation, which misled us intosents the fire effect.

setting lower CCs for CWD and litter and a bit lower maxi-

mum spread rate for grasses in the CLM4.5 official version.2.2.2 Input data

The adjusted CC for litter is close to that 0.6) used in

CLM4 by Kloster et al. (2010) and Li et al. (2013). The ad- The 1948-2004 T62~1.875) global 3 h surface temper-
justed CC for CWD is about half of 0.6 used by Kloster et ature, wind speed, specific humidity, air pressure and 6h
al. (2010) and 0.5 used by Li et al. (2013) in CLM4, becauseprecipitation and surface downward solar radiation are from
we have found that CWD simulated in CLM4.5 is double that Qian et al. (2006). The 1850-2004 annual°Opppulation

in CLM4. Third, we change the lower threshold of the fuel density is derived from the Database of the Global Envi-
load to 75 g C m? and set the higher threshold of the impact ronment version 3.1 (HYDEv3.1) (Klein Goldewijk et al.,
of surface relative humidity (RH) on fire to 80 %, but keep 2010) prior to 1990 and the Gridded Population of the World
the higher threshold of the fuel load of 1050 g Cfrand the  version 3 (GPWv3) (CIESIN, 2005) after 1990. The clima-
lower threshold of the RH impact of 30 % unchanged, in or-tological 3h T62 cloud-to-ground lightning data is derived
der to decrease the impact of spatial resolution on fire simufrom the NASA LIS/OTD grid product v2.2http://ghrc.
lation in savannas. The two adjusted parameter values can basfc.nasa.ggv2 h climatological lightning data. The time-
supported by William et al. (1998) and Weir (2007). Fourth, varying 3h T62 cloud-to-ground lightning data for 1996—
due to the above changes (mainly from the second bug fix2004 is derived from the LIS/OTDv2.2 daily lightning time
ing), a global constant that controls the global agriculturalseries and 2 h climatological lightning data. The cloud-to-
burned area is recalibrated by the inverse method introducedround lightning fraction is calculated based on Prentice and
in Li et al. (2013) and is changed from 0.153 (30 mih}o Mackerras (1977). The annual 1.9at) x 2.5° (lon) land
0.148 (30 miny L. The revised fire code can be obtained from use and land cover change (LULCC) data for 1850-2005

us for free. are from the CLM4.5 land surface data (Lawrence et al.,
2012; Oleson et al., 2013), which are based on version 1

2.2 Simulations and input data of the Land-Use History A product (LUHa.v1) (Hurtt et al.,
2006). The prescribed 1850-2004 annual@@d monthly

2.2.1 Control (fire-on) and fire-off simulations 1.9 (lat) x 2.5° (lon) nitrogen and aerosol deposition are

provided with CESM1.2, where the GQ&omes from ob-

All simulations are conducted using CLM4.5 with prescribed servations, and the nitrogen and aerosol deposition come
vegetation cover and uncoupled from the atmospheric modefrom simulations with the CESM atmospheric chemistry and
at a spatial resolution of I°qlat) x 2.5° (lon) and atemporal transport model (Hurrel et al., 2013). Other standard data sets
resolution of 30 min. necessary for running CLM4.5 are described in Oleson et

First, a control simulation (i.e., fire-on simulation) is per- al. (2013). All of the input data are automatically regridded
formed for 1850-2004. The 1850-2004 transient run isto the resolution of model running by CLM4.5.
forced by the 1850-2004 time-varying @@oncentration,
nitrogen and aerosol deposition, land-use and land cove2.3 Evaluation of CLM4.5 contemporary global
change, and population density data. Atmospheric forcing is performance
obtained by cycling 25-yr (1948-1972) atmospheric reanal-
ysis data (Qian et al., 2006) of surface temperature, wind2.3.1 Benchmarks
speed, specific humidity, air pressure, precipitation, and sur-
face downward solar radiation for 1850-1947 followed by Data used to evaluate the CLMA4.5 global performance of the
the full time series of the 1948-2004 reanalysis data, angresent-day burned area, fire carbon emissions, NEE, GPP,
using climatological cloud-to-ground lightning data before and NPP are introduced as follows.
1996 and time-varying cloud-to-ground lightning data for As benchmarks for the global fire simulations, we use
1996-2004. The 1850-2004 transient run starts from an 1850997-2004 0.5monthly burned area and fire carbon emis-
equilibrium (spun-up) state of CLM4.5 that is forced by the sions from the GFED3 (Giglio et al., 2010; van der Werf et
cycling 25-,yr (1948-1972) atmospheric reanalysis data fromal., 2010). GFED3 and its precursors have been commonly
Qian et al. (2006), the climatological cloud-to-ground light- used to evaluate global fire simulations (Arora and Boer,
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2005; Kloster et al., 2010; Prentice et al., 2011; Ward et al. variability from 1999-2003 shown in GFED3 (Fig. S1a).
2012; Li et al., 2012a, 2013). The GFED3 burned area dataVith respect to the spatial pattern of the 1997-2004 average,
are a mixture of observations and satellite-based estimate;L M4.5 reproduces a high burned area fraction in tropical
which are generated from the 500 m MODIS burned areasavannas, a moderate fraction in northern Eurasia, and a low
maps (MCD64A1), active fire detections from multiple satel- fraction in deserts and humid forests (Fig. S2). The tempo-
lites, local regression, and regional regression trees (Gigliaal correlation between CLM4.5 and GFED3 global burned
et al., 2010; L. Giglio, personal communication, 2012). The areas over 1997-2004 is 0.63, and the global spatial corre-
GFEDZ3 fire carbon emissions data are the output of a revisethtion between the CLM4.5 and GFED3 1997-2004 average
version of CASA carbon model driven by the GFED3 burned burned area fraction is 0.71. Both of the temporal and spatial
area, the MODIS vegetation and land data, active fire deteceorrelations can pass the student’s t-test at the 0.05 signifi-
tions from multiple satellites, atmospheric observations, thecance level.

MODIS photosynthetically active radiation, and the AVHRR  For fire carbon emissions, the simulated global total for
NDVI data (van der Werf et al., 2010). the 1997—-2004 average is 2.1 Pg CYsthe same as GFED3.

As benchmarks for the global total of NEE, we use the Interannual variability of global fire carbon emissions from
1990s average presented by the IPCC AR4 (Denman et alCLM4.5 is similar to GFED3, i.e., peaks in 1997 and 1998
2007) and the IPCC AR5 (Ciais et al., 2013). As bench-followed by a decline (Fig. S1b). For the 1997-2004 av-
marks for temporal variability of NEE, we use the 1988- erage, CLM4.5 reproduces high carbon emissions in tropi-
2004 monthly 2.5 (lat) x 3.75° (lon) NEE data from the cal savannas, moderate emissions arourfd\bih Eurasia,
LSCE data (Chevallier et al., 2010) and 1982—-2004 monthlyand low emissions in deserts and the core of tropical humid
3.75 (lat) x 5 ° (lon) NEE data from the MPI-BGC Jena forests (Fig. S3). The spatiotemporal patterns of CLM4.5 and
v3.5 data (Réedenbeck et al., 2006; updated in Mar. 2013)GFED3 are significantly correlated at the 0.05 level (tempo-
The two NEE data sets are based on the measured atmaal correlation of global fire carbon emissions: 0.91; global
spheric CQ concentrations and atmospheric transport mod-spatial correlation of 1997-2004 averaged fire carbon emis-
els. Similar to Prentice et al. (2011), we only use the tem-sions: 0.5).
poral variability of global fluxes, since it is the most reliable  Global NEE simulated by CLM4.5 for the 1990s is —
output of the inversion process, although the two inversions0.8 Pg Cyr?, within the range of —1.8:0.6 reported by
also provide global spatial distribution. As benchmarks forthe IPCC AR4 (Denman et al., 2007) and —t.0.9 re-
global GPP, we use the 2000-2004 1 km annual GPP fronported by the IPCC AR5 (Ciais et al., 2013). CLM4.5 can
collection 5 of the MODIS GPP product (MOD17) (Zhao reproduce the amplitude and timing of peaks and troughs
et al., 2005; Zhao and Running et al., 2010), and 1982—2004hown in the LSCE (Chevallier et al., 2010) and MPI-BGC
monthly 0.5 GPP data derived from the FLUXNET network Jenav3.5 (R6edenbeck et al., 2006, C. Réedenbeck, personal
of eddy covariance towers (Jung et al., 2011; updated in Felcommunication, 2013) (Fig. S4). Temporal correlation coef-
2013). The two global GPP products are commonly used tdicients are 0.74 between the CLM4.5 simulation and LSCE
evaluate the global GPP simulation of process-based ecosy$er 1988—-2004 and 0.75 between the CLM4.5 simulation and
tem models (Bonan et al., 2011; Mao et al., 2012; Piao et al. MPI-BGC Jena v3.5 for 1981-2004, significant at the 0.05
2013). In addition, the 2000-2004 1 km annual NPP fromlevel.
collection 5 of the MODIS NPP product (MOD17) (Zhao  Averages of the global GPP are 127 and 122PgCyr
et al., 2005; Zhao and Running et al., 2010) is used as théor CLM4.5 and the FLUXNET-based estimates (Jung et

benchmark for CLM4.5 NPP simulation. al., 2011; Martin Jung, personal communication, 2013) over
1982-2004; and 130, 110, and 122 Pg Clyfor CLM4.5,
2.3.2 CLMA4.5 global performance the satellite-based estimates (Zhao et al., 2005; Zhao and

Running et al., 2010), and the FLUXNET-based estimates
Testing the performance of global models against presentever 2000—2004. CLM4.5's GPP is higher than the two
day observations is a crucial procedure, to enable confibenchmarks, but close to the multi-model ensemble aver-
dence in the historical reconstructions, future projections,age of the 1982—2008 global GPP across the 10 process-
and quantitative assessments of the impact of a process drased terrestrial biosphere models used for the IPCC AR5
phenomenon. Table 1 summarizes the global performance qfl33+ 15 Pg Cyr?) (Piao et al., 2013). Temporal correla-
CLM4.5. As shown in Table 1, CLM4.5 can overall reason- tion between CLM4.5 and the FLUXNET-based estimates
ably simulate the global total temporal variability and large- is 0.38 over 1982—-2004, while temporal correlation with the
scale spatial pattern of contemporary fire and terrestrial carFLUXNET-based estimates is 0.3-0.4 for two models and
bon fluxes. less than 0.3 for the other eight models in Piao et al. (2013).
For burned areas, the 1997-2004 average of the globafor 2000-2004, the temporal correlation between CLM4.5
total simulated in CLM4.5 is 322 Mhayt, close to the and the satellite-based estimates is 0.87, significant at the
GFED3 of 380 Mhayr!. With respect to the temporal pat- 0.05 level and higher than 0.85 between the two bench-
tern, CLM4.5 captures the peak in 1998 and the year-to-yeamarks. Piao et al. (2013) pointed out that the FLUXNET-
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Table 1. Comparison between CLM4.5 simulations and benchmarks for burned area, fire carbon emissions, net ecosystem exchange (NEE.
a negative value indicates a land uptake of carbon), gross primary production (GPP), and net primary production (NPP). Statistics include
the average (Avg), temporal correlation of annual global total between CLM4.5 and benchmarks (T-Cor), and global spatial correlation of
multi-year average between CLM4.5 and benchmarks with a spatial resolutior? ¢fat)% 2.5° (lon) (S-Cor) during the common periods

of simulations and benchmarks. Units of Avg are Mha¥yfor burned areas and Pg Ck for fire carbon emissions, NEE, GPP and NPP,

where Pg= 101%g.

Variables  Period Statistics CLM4.5 Benchmarks Source for benchmarks
Burned 1997-2004 Avg 322 380
area T-Cor 0.63
S-Cof 0.7 GFED3 (Giglio et al., 2010;
Fire 1997-2004 Avg 2.1 2.1 van der Werf et al., 2010)
carbon T-Cor 0.9
emissions S-Cor 0.%50
NEE 1990s Avg -0.8 —1.04+0.6 IPCC AR4 (Denman et al., 2007)
—11+09 [IPCC AR5 (Ciais et al., 2013)
1988-2004 T-Cor 0.7 LSCE (Chevallier et al., 2010)
1981-2004 T-Cor 0.75 MPI-BGC Jena v3.5 (Réedenbeck et al., 2006;
C. Réedenbeck, personal communication, 2013)
GPP 1982-2004 Avg 127 122 Jung et al. (2011); M. Jung (personal
T-Cor 0.3¢ communication, 2013)
S-Cor 0.96
2000-2004 Avg 130 110
T-Cor 0.87
S-Cor 0.88 Zhao et al. (2005);
NPP 2000-2004 Avg 54 54 Zhao and Running (2010)
T-Cor 0.7%
S-Cor 0.8

aBurned area fraction rather than burned area is UsB@arson correlation passed the studertést at thex = 0.05 significance level® Pearson
correlation passed the student®st at thex = 0.1 significance level.

based estimates might have a large uncertainty in tempord.75, significant at the 0.05 level. Spatial patterns of NPP
pattern because a small number of flux towers were availablécom CLM4.5 and the satellite-based estimates are signifi-
in tropical ecosystems and the tropical ecosystems largelgantly correlated (global spatial correlation: 0.81) and similar
drove the interannual variability in the carbon cycle (Den- to their spatial patterns of GPP (Fig. S6).

man et al., 2007). Regarding the spatial pattern, the CLM4.5

simulation and the two benchmarks show the highest GPR.4 Simulated burned area in the 20th century

in tropical forests, followed by temperate and boreal forests;
and the lowest value in high-latitude regions with short grow-
ing seasons and deserts (Fig. S5). The spatial correlation i ) X
0.90 between the CLM4.5 simulation and the FLUXNET- Pact of fire on the global carbon budget in Sect. 3. The
based estimates, and 0.88 between CLM4.5 and the satellitéV€39¢€ glolbal burned area of CLM4.5 over 1900_1%99 IS
based estimates, indicating that the CLM4.5 simulation anc>16 Mhayr=, lower than the estimate o 500 Mhayr

the two benchmarks are in good agreement in describing th@Y Mouillot and Field (2005). However, Mouillot and
large-scale GPP distribution. Field (2005) may overestimate the 20th century average of

With respect to NPP, the 2000-2004 average of global tc)_qlobal burned areas, because it estimated areas burned at the
tal is 54 Pg Cyr! for CLM4.5, the same with the satellite- end of the 20th century to be 1.5 times bigger than GFED3

based estimates (Zhao et al., 2005: Zhao and Running, 2010§C9lio et al., 2010) and GBA2000 (Grégoire et al., 2003),

CLM4.5 captures the decline of NPP from 2000 to 2002 and its contemporary burned area was used to scale its his-

and the increase from 2002 to 2004. The temporal correforical reconstruction. _

lation between CLM4.5 and the satellite-based estimates is 1 1€ long-term trend of the simulated global burned area
presents a shift inv 1970. It shows a downward trend of

Information about historical burned areas during the 20th
gentury provides some background to understanding the im-
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Fig. 1. (a) 1900-1999 historical variability of global total of annual burned areaglandlobal spatial distribution of 1900-1999 average
annual burned area fractions.

—0.33Mhayr? from 1900 to 1971, followed by an upward in Fig. 2, annual NEE in the fire-on simulation fluctuates
trend of 1.37 Mhayr! after 1972 (Fig. 1a). Both trends are around zero prior to~ 1970, while often showing a neg-
significant at the 0.05 level according to the Mann—Kendallative value (i.e., land is a carbon sink) during the follow-
trend test. The simulated long-term trend is similar to that ining three decades. The temporal pattern of NEE during the
the reconstructed burned area of Mouillot and Field (2005).20th century in CLMA4.5 is similar to that simulated by the
The long-term trend in Mouillot and Field (2005) was based ORCHIDEE global process-based vegetation model with the
on published data, data on land-use practices, qualitative resub-model of vegetation dynamics turned off (Piao et al.,
ports, as well as local studies such as tree ring analysis. Not2009). Fire increases annual NEE for the whole period.
that the 25-yr cycles shown in the simulated global burnedLong-term trend in fire effect has a shift around 1970. The
area before~ 1970 are due to the cycling of the 1948-1972 fire effect declines before 1971 with a linear trend-&Tg
atmospheric forcing. Cyr 1 and increases after 1972 with a linear trend of 18 Tg
For the 20th century, CLM4.5 simulates a high burned areaC yr—! (Tg=10%g). Both trends are significant at the 0.05
fraction in tropical savannas, a moderate fraction in northerrievel.
Eurasia and the Rocky Mountains, and a low fraction in arid As shown in Fig. 3, the difference in the average of an-
regions due to low fuel availability and in humid forests due nual NEE is generally positive in post-fire regions. The dif-
to low fuel combustibility (Fig. 1b). The global spatial pat- ference is significant over tropical savannas mainly due to
tern of burned areas in CLM4.5 is similar to that in Mouillot high burned area fraction and some North American and East
and Field (2005). Asian forests mainly due to high carbon storage.
NEE is the change in ecosystem carbon storage during
a period. Fire increases the 20th century average of annual
3 Impact of fire on the net carbon balance of global NEE (i.e., decreases the net carbon gain of land) (Table 2
terrestrial ecosystems (NEE) and Fig. 3), indicating that the 100-yr average of ecosys-
tem carbon storage in the fire-on simulation is smaller than
that in the fire-off simulation. This can be supported by
the site-level field observations from San Jose et al. (1998),
Tilman et al. (2000), Shackleton and Scholes (2000), Wang
et al. (2001), and Irvine et al. (2007), which reported that
ecosystem carbon pools in burned stands were smaller than

t test at the 0.05 significance level, indicating that fire signifi- thgieténggﬁu:n;(;ss;a;(ﬁa??r;a:(lact)ursnt!mgfcglssfr(;xn;ele_ss
cantly decreases the net land carbon sink averaged across tﬂlﬁal cars toymlore than one Ihun dr(laj d :aars;/ anzj for varic\)/us
20th century. The simulated fire effect for 1960-1999 (0.8 Pgecosystems (savanna and forests) Mc))/reover our results are
Cyr 1) is ~10% of anthropogenic emissions for the same y . ' '

. . consistent with Bond-Lamberty et al. (2007), who showed
period (Le Quere etal, 2013). that fire decreased net bioma oductivity (i.e., increased

Figure 2 shows the time series of annual NEE in fire- NEEI for 194852005 in Ia ce?\?r:ra)lr C:ne::j/!gn(lbc;r’elal for§st
on and fire-off simulations and their differences. As shown ) B ! !

3.1 Total effect of fire

The 1900-1999 average of global NEE-€.1Pg Cyr?
for the fire-on simulation ang-1.1 Pg Cyr? for the fire-off
simulation, respectively (Table 2). Their difference (fire-on
minus fire-off) is 1.0 Pg C yr!, which can pass the student’s
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Table 2. The 20th century average of global annual NEE, fire car- 2.0
bon emissions, net ecosystem production (NEP), NPP, heterotrophic 1
respiration (Rh), GPP, autotrophic respiration (Ra), and carbon loss
due to land use and wood harvesty), and—NEP—+ Cj,, in fire-on

and fire-off simulations and their difference (fire-on minus fire-off)

in the two simulations. Fire direct and indirect effects on the mean
of the terrestrial carbon balance are quantified by the difference in
fire carbon emissions and —-NEP Cj,, respectively. Units are Pg
CyrL In CLM4.5, NEE= —NEP+ Cj+ fire carbon emissions,
where NER= NPP-Rh and NPR GPP-Ra.

-3.0 —— Fire-on minus Fire-off §
Variables Fire-on Fire-on Fire-off 1 Fire-on Fire-off
minus fire-off —4.0 T T T T T
1910 1930 1950 1970 1990
NEE 1.0¢ -0.1 -1.1 Year
Fire carbon emissions 1.9 1.9 0.0

Fig. 2. Global totals of annual NEE in fire-on (blue) and fire-off
—NEP+Cj —0.9 —-2.0 -11 (red) simulations for 1900-1999, and their differences (black). A
negative value of NEE for fire-on and fire-off simulations indicates

NEP 0.8 3.0 23 a land uptake of carbon

NPP ~1.9° 496 516 P '

Rh 2.7 46.6 49.3

GPP —5.0¢ 118.9 123.9 . L .

Ra 3¢ 69.3 724 Global fire carbon emissions do not show an obvious long-

: : : term trend before- 1970, but do present a significant (at the

Cih -01 1.0 11 0.05 level) upward trend of 22 Tg Cy for the three follow-
* Difference in the means between fire-on and fire-off simulations passed the ing decades (Fig- 43—)- The different trend between fire carbon
student's test atx = 0.05significance level. emissions and the burned area shown in Fig. 1a is mainly be-

cause fuel load in the majority of regions likely to burn (de-
fined here as grid cells with simulated 1900-1999 average
based on the Biome-BGC process-based ecosystem moddiurned area factions no lower than 0.01 %Yrand tropical
In addition, as shown in Fig. 2, the difference in NEE be- deforestation fires increase with time during the 20th century.
tween the fire-on and fire-off simulations (fire-on minus fire- The weak long-term trend in fire carbon emissions before
off) is always positive, meaning that ecosystem carbon stor~~ 1970 is similar to earlier estimates from GICC (Mieville et
age in the fire-off simulation increases with fire-exclusion al., 2010), Kloster et al. (2010), and Ward et al. (2012), and
time compared with the fire-on simulation, in agreement withfalls into the likely range of long-term trends from Mouil-
the field observations of San Jose et al. (1998) that ecosystetnt et al. (2006). It is also in the range of trends shown in
carbon pools increased with years after savanna protection.earlier reconstructions based on charcoal records (Marlon et
al., 2008, 2013), CO records in Antarctic ice core (Wang
3.2 Direct and indirect effects of fire et al., 2010; Prentice, 2010), GHecords in Antarctic ice
core (Ferretti et al., 2005), and a global numerical model
In this section, in order to investigate the mechanisms con{van der Werf et al., 2013). The reconstructions based on
cerning the effect of fire on NEE, fire effect is further sep- the charcoal records and the CO records show a clear down-
arated into two parts: the direct effect in Sect. 3.2.1 and theward trend, contrary to that shown in the last two recon-

indirect effect in Sect. 3.2.2. structions. The significant upward trend of fire carbon emis-
sions in CLM4.5 since- 1970 is consistent with Mouillot et
3.2.1 Direct effect of fire al. (2006), RETRO (Schultz et al., 2008), GICC (Mieville et

al., 2010), and Kloster et al. (2010). The 25-yr cycles shown
The 20th century average of fire carbon emissions (i.e., thén the simulated global fire carbon emissions befer&970
fire direct effect) is 1.9 Pg Cy? (Table 2). Our estimate are due to the cycling of the 1948-1972 atmospheric forcing
is higher than Ward et al. (2012)~(.7Pg Cyr?l), but  used inthe present study.
lower than Mouillot et al. (2006)~ 2.5Pg Cyr?l). Ward CLM4.5 simulates the high carbon emissions in tropical
et al. (2012) pointed out that they underestimated the globagavannas in Africa, South America, and South Asia, the mod-
fire carbon emissions mainly due to the simulation bias inérate carbon emissions in Canada and aroufidN50 Eura-
Northern Hemisphere tropical fires. Mouillot et al. (2006) es- sia, and the low emissions in desert, frozen soil regions, and
timated~ 3.0 Pg Cyr? of fire carbon emissions at the end the core of tropical closed forests (Fig. 4b). The spatial pat-
of the 20th century, which was much higher than GFED3tern is similar to that of GICC (Mieville et al., 2010).
(~2.0Pg Cyrl).
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trends of the difference between fire-on and fire-off simula-
tions are 5 and-2 Tg Cyr-* for NEP andCjn, respectively.

As shown in Table 2, the indirect effect of fire (i.e., the differ- All of the three trends are significant at the 0.05 level. Unlike
ence in—NEP+Cin) increases the land carbon sink by 0.9 Pg the burned area (Fig. 1a) and fire carbon emissions (Fig. 4a),

Cyr! (fire-on: —2.0Pg Cyr?; fire-off: —1.1Pg Cyr?),

the indirect effect of fire and the impact of fire on NEP and

which offsets 42 % of fire carbon emissions. The fire indirect c, do not show a shift in their long-term trends, implying
effect is primarily driven by the influence of fire on NEP. Fire that they mainly correspond to the growing difference in fire

increases NEP by 0.8 Pg CVk(fire-on: 3.0 Pg Cyr?; fire-
off: 2.3Pg C yrl) and decreasaSi, by 0.1 Pg Cyr(fire-
on: 1.0Pg Cyr!: fire-off: 1.1 Pg Cyr?l). The differences
between fire-on and fire-off simulations felNEP+C,, and
NEP are significant at the 0.05 level.

As shown in Fig. 5, the differences in —NEE|,, NEP,

history between the fire-on and fire-off simulations.

As shown in Fig. 6, fire generally increases the average
NEP in post-fire regions. Its spatial pattern is similar to that
of fire carbon emissions shown in Fig. 4b, but with smaller
magnitude. Moreover, fire decread®g in post-fire regions
where the land cover changed. Both the effects of fire on NEP

andCn increase with time during the 20th century. The fire andCy, generally contribute to the land carbon sink, so their

indirect effect has an upward trend of 7 Tg C¥r Linear

www.biogeosciences.net/11/1345/2014/
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total effects (i.e., the fire indirect effect) generally increases °
the land carbon sink in post-fire regions. | ‘5 | (! | 0‘1 |

That NEP is higher in the fire-on simulation than that in - ’ '

the fire-off simulation can be supported by earlier studies.Fig. 6. Difference (fire-on minus fire-off) in the average of an-
Based on forest chronosequences, Law et al. (2003), Campwal—NEP+ Cj, NEP, andCy, for 1900-1999. The difference for
bell et al. (2004), Bond-Lamberty et al. (2004), Goulden et —NEP+ Cj, represents the fire indirect effect. Difference in aver-
al. (2006), Amiro et al. (2010), and Goulden et al. (2011) 29¢ yvith the stzuderlt’xstest atr =0.05 significance level is stippled.
reported that NEP after a fire was higher than its pre-fireUnitis g Cnmoyr==.
value except for a very short period at the beginning of post-
fire succession. Their findings were also reproduced by ear-
lier modeling studies (Thornton et al., 2002; Hicke et al., loss in the fire-on simulation than that in the fire-off simula-
2003; Bond-Lamberty et al., 2007; Yi et al., 2013; Yue et tion. Fire-induced decrease in land-use carbon loss averages
al., 2013) and are consistent with the ecosystem successidh1Pg Cyr?! across the 20th century in our present study,
theory (Odum, 1969). In addition, as noted by Houghton etwhich is smaller than the estimate-e©0.2 Pg Cyr!in Ward
al. (1999, 2000) and Ward et al. (2012), fire maintained aet al. (2012) because the impact of fire before the 20th cen-
lower ecosystem carbon storage and would decrease lantiry on carbon storage was considered in Ward et al. (2012).
carbon loss if land use occurred. This is also the case in To understand the effect of fire on NEP in CLM4.5, we
our simulations, in which we find a lower land-use carbon also investigate the impact of fire on its components: GPP,

Biogeosciences, 11, 1345360 2014 www.biogeosciences.net/11/1345/2014/
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Fig. 7. Same as Fig. 5b and c, but f@) NPP,(b) Rh, (c) GPP, andd) Ra.

Ra, NPP, and Rh. As shown in Table 2, fire decreases thet al., 2010; Goulden et al., 2011) and modeling (Yue et al.,
20th century average of global NPP, Rh, GPP and Ra by 1.92013), which showed that post-fire recovery of GPP, Ra, and
2.7,5.0, and 3.1 Pg Cyt, which are significant at the 0.05 NPP was generally faster than that of Rh.

level. The difference in these fluxes between the fire-on and

fire-off simulations increases with time, with linear trends
of —40, —44, —80, and—40Tg Cyr ! for NPP, Rh, GPP,
and Ra, respectively (Fig. 7). With respect to spatial patterns . , , .
fire generally decreases all four fluxes in post-fire regionsin this study, we provide the first quantitative assessment re-

(not shown). Their spatial patterns are similar to those of thegarding the impact of fire on the net carbon balance of global
impact of fire on NEP (Fig. 6), but with opposite signs. In terrestrial ecosystems during the 20th century. The CLM4.5

CLMA4.5, fire decreases GPP mainly because fire decreasédobal land surface model is used as the model platform,
the grid-cell photosynthesizing leaf area. Less carbon sup@nd overall it reproduces the observed global total, tempo-

ply due to reduced GPP and less carbon demand due to fird@! variability, and large-scale spatial pattern of present-day
related decrease in live vegetation tissue contribute to thdi'® and carbon fluxes. The difference between the 20th cen-

lower Ra in the fire-on simulation. The lower NPP in the fire- tury fire-on and fire-off simulations is used to quantify the

on simulation is because NPP is mainly determined by GPRIre effect. Moreover, the roles of fire’s direct (i.e., fire car-
(annual GPP is much greater than annual Ra). The decreaQQn emissions) and .|nd_|rect (i.e., fire mfluences the N_EP and
in Rh in post-fire regions is mainly because fire decreases théand-use carbon emissions through changing terrestrial char-
C availability for decomposition by reducing carbon input to acterlstl_cs)_ eff_ects on the net carbqn balance are investigated.
the terrestrial ecosystems and by burning of litter and cwp.Our main findings can be summarized as follows:

Fire increases NEP because the decrease in NPP due to fire
is smaller than the decrease in Rh. This can be supported by
earlier studies based on observations (Law et al. 2003; Amiro

4 Discussion and conclusions

— Global total averaged across the 20th century: fire sig-
nificantly decreases the net carbon gain of global ter-
restrial ecosystems by 1.0 Pg Cyr which is the re-

www.biogeosciences.net/11/1345/2014/ Biogeosciences, 11, 13682014
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sult of 42 % of fire carbon emissions (1.9 Pg Cr Murphy and Bowman, 2012) reported that fire could limit

offset by the fire indirect effect{0.9 Pg Cyr1). tree cover in some regions. In the present study, the pre-

scribed changing land use/land cover used in both simula-

tions is partly the result of historical fires, so that the effect

. 1 . . X of fires is not totally excluded in the fire-off simulation. If
on minus fire-off) is always positive during the 20th e imnact of fire on vegetation distribution is considered, the
century, because the global fire carbon emissions arg o sink may become bigger over some transition zones
always higher than the fire indirect effect. The effect of ,o\yeen woody and herbaceous plants in the fire-off simula-
fire on NEEls|gn|f|c§ntIy declines prior to 1971 (trend: i, ‘thereby increasing the estimates of fire effect on the net
—8Tg Cyr ) am_j increases after 1_972 (trend: 18 TY .4rhon balance.
_Cyr h. The dec]lng prior to-1970 is cqused by the Third, CLM4.5 is not coupled with an atmosphere model
increase in the fire indirect effect. The increase sincej, yhe present study, so our estimates do not consider the
~1970is due to the significant increase in fire carbon o 5| time feedback of fire-induced change in climate, trace
emissions, although 32% of the upward trend in the ase5 and aerosols. Our fire-off simulation shows higher LAI
fire carbon emissions is offset by the fire indirect ef- 4 1and carbon sink than the fire-on simulation. If CLM4.5
fect. is coupled with an atmosphere model, the difference be-

— Spatial pattern: fire generally decreases the carbordWeen fire-on and fire-off simulations will probably be mag-
gain of terrestrial ecosystems in post-fire regions be-Nified due to the positive vegetation-climate feedbacks re-
cause spatial patterns of the fire direct and indirectPorted by Charney (1975), Dickinson and Kennedy (1992),
effects are similar and the fire direct effect (decreas-LVis €t al. (1999, 2004a), Brovkin et al. (2003), Bonan et
ing the carbon gain of land) is stronger than the in- &l- (2008a), and Delire et al. (2011). The positive vegetation-
direct effect (increasing the carbon gain of land). The Climate feedbacks may also enlarge the fire effect on NEE by
total and indirect effects are significant over savannaschanging the terrestrial water and heat states. In the present
in Africa and South America mainly due to the high §tudy, the impact of fire on terrestrial water and heat states
burned area fraction and some North American andiS Weak and may be suppressed because the same atmo-

East Asian forests mainly due to the high terrestrial SPheric forcing is used for the simulations with and with-
carbon storage, where the direct effect is also strong. Out fire. Moreover, earlier studies reported that fire emissions

would increase atmospheric G@oncentration (Jacobson,

Several sources of uncertainty in our estimates are wortf2004; Ward et al., 2012; D. S. Ward, personal communica-
noting. First, our simulations before 1948 are forced by cy-tion, 2013). If a lower atmospheric G@oncentration is con-
cling 25-yr (1948-1972) atmosphere observations from Qiarsidered in fire-off simulation, terrestrial carbon sink in fire-
et al. (2004). The atmosphere observations from Qian ebff simulation and the effect of fire on NEE will be decreased
al. (2004) cover 1948-2004 in total. Our simulations beforeaccording to earlier carbon-concentration studies (Bonan and
1948 are therefore only driven by external forcing factors: Levis, 2010; Arora et al., 2013). In addition, the net cooling
population density, atmospheric @@oncentration, nitrogen influence of fire trace gas and aerosol emissions reported by
and aerosol deposition, land use and land cover change, ariRlanderson et al. (2006) and Ward et al. (2012) may reduce
wood harvest. This may affect our trend analysis of fire ef-the fire effects on NEE, given that cooling can increase ter-
fects. restrial carbon sink by reducing ecosystem respiration (Bo-

Second, the vegetation distribution in our CLM4.5 simu- nan, 2008b).
lations is prescribed, although other ecosystem characteris- The last two limitations in our estimates could be solved
tics (e.g., LAI, biomass, and carbon fluxes) are dynamicallyby using a dynamic global vegetation model (DGVM) and
simulated. Therefore, the effect of fire on net carbon balanceoupling it with an atmosphere model. However, explaining
through changing vegetation distribution is not accounted forthese simulation results will be challenging because biases
in our present estimates, similar to most earlier site-levelin DGVMs and atmosphere models will be inevitably intro-
and regional modeling studies (Thornton et al., 2002; Lawduced in and may be enlarged by positive vegetation—climate
et al., 2003; Hicke et al., 2003; Ward et al., 2012; Yue etfeedbacks (Bonan and Levis, 2006). In particular, current
al.,, 2013). Based on a dynamical global vegetation modeDGVMs have difficulty in reproducing the transition zones
SDGVM, Bond et al. (2005) showed that global closed for- between woody and herbaceous plants, which are the key re-
est cover (80—100 % tree cover) was 56.4 % of vegetated grigjions for the impact of fire on vegetation distribution, though
cells for the 20th century fire-off simulation, compared with they are good at capturing the central regions of major vege-
the 26.9 % for control simulation. Though Bond et al. (2005) tation categories (Sitch et al. 2003; Levis et al. 2004b; Bond
may substantially overestimate the importance of fire in theet al., 2005; Castillo et al., 2012; Zeng et al., 2014). Also,
adjustment of vegetation distribution due to the modelingexisting atmosphere models still have large biases and un-
bias in grass—tree competition (Scheiter and Higgens, 2009)ertainties in simulating precipitation over land (Dai et al.,
earlier studies (San Jose et al., 1998; Staver et al., 20112006; Hegerl, et al., 2007; Joetzjer et al., 2013; Kumar et al.,

— Temporal variability: the difference in annual global
NEE between the fire-on and fire-off simulations (fire-
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2013). Precipitation over land is an important variable for the Arora, V., Boer, G., Friedlingstein, P., Eby, M., Jones, C., Chris-
simulation of vegetation, carbon, and fire. In addition, so far, tian, J., Bonan, G., Bopp, L., Brovkin, V., Cadule, P., Hajima,
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