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Abstract. Fires are a global phenomenon that impact cli- aerosol burden. Thus, fires play an important role in both the
mate and biogeochemical cycles, and interact with the bio-natural equilibrium climate and the climate perturbed by an-
sphere, atmosphere and cryosphere. These impacts occur giropogenic activity and need to be considered in future cli-
a range of temporal and spatial scales and are difficult tamate projections.

quantify globally based solely on observations. Here we as-
sess the role of fires in the climate system using model es-

timates of radiative forcing (RF) from global fires in pre-

industrial, present day, and future time periods. Fire emis-1 Introduction

sions of trace gases and aerosols are derived from Commu-

nity Land Model simulations and then used in a series ofFires impose a considerable forcing on the global climate
Community Atmosphere Model simulations with represen-through impacts on a diverse set of Earth system processes
tative emissions from the years 1850, 2000, and 2100. Ad{Bowman et al., 2009). These include land and ice surface
ditional simulations are carried out with fire emissions from €nergy budgets, biogeochemical cycling, and physical and
the Global Fire Emission Database for a present-day compaichemical processes in the atmosphere. Recent studies have
ison. These results are compared against the results of sinfluantified various aspects of fires’ effects on climate. These
ulations with no fire emissions to compute the contribution Studies have focused on specific impacts (e.g. Liu et al.,
from fires. We consider the impacts of fire on greenhouse gag005; Naik et al., 2007; Ito et al., 2007), certain types of fire
concentrations, aerosol effects (including aerosol effects ofgMissions (e.g. Jacobson, 2004), or on fires that occur within
biogeochemical cycles), and land and snow surface albedd® Particular ecosystem or region (e.g. Randerson et al., 2006;
Overall, we estimate that pre-industrial fires were responsiFfister et al., 2008; Stone et al., 2011). More general assess-
ble for a RF of—1W m~2 with respect to a pre-industrial Ments highlight the complexity of these impacts, particularly
climate without fires. The largest magnitude pre-industrialthose from aerosols, and the difficulty in performing a com-
forcing from fires was the indirect aerosol effect on clouds Prehensive analysis at a global scale (Forster et al., 2007;
(—1.6WnT2). This was balanced in part by an increase in Bowman et al., 2009). As such, the sum radiative effect of
carbon dioxide concentrations due to fires (+0.83 WAn fires remains fundamentally uncertain (Carslaw et al., 2010).
The RF of fires increases by 0.5 Whfrom 1850 to 2000 When an open fire burns, products of the combustion are
and 0.2Wn2 from 1850 to 2100 in the model represen- released into the atmosphere as aerosols and trace gases, in-
tation from a combination of changes in fire activity and cluding important greenhouse gases (Fig. 1). Global emis-
changes in the background environment in which fires oc-Sions of carbon dioxide (C£p due to fires were estimated to

cur, especially increases and decreases in the anthropogerf¥€ 2.0 Pg carbon (C) yi averaged from 1997 to 2009 by van
der Werf et al. (2010), of which approximately 0.5 Pg Cyr
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Fig. 1. A schematic illustrating the various impacts of fire on the atmosphere, land surface, ice surfaces and the ocean.

is associated with anthropogenic deforestation. Fire emissurfaces, reducing the surface albedo (Hadley et al., 2010;
sions also contain other key greenhouse gases, includinglanner et al., 2007; 2009).
methane (Cl)) and nitrous oxide (MNO) (Andreae and Mer- In the immediate aftermath of a fire, charring of the sur-
let, 2001). Additionally, the flux of high concentrations of face reduces the albedo of the burned area. However, fires
carbon monoxide (CO), other non-methane hydrocarbonglso open forest canopies, which can expose higher albedo
(NMHCs), and NQ (NO+NO,) alters the oxidation capac- surfaces such as grass and shrub vegetation, or snow, leading
ity of the atmosphere, modifying CHifetime and enhancing to a negative radiative forcing (Randerson et al., 2006). Over
concentrations of the short-lived greenhouse gas, ozogle (O a period of years to decades, post-fire changes in the age and
(Ito et al., 2007). composition of vegetation can alter the surface energy bud-
Fires are presently the largest source of primary car-get (Liu et al., 2005) and the local biogeochemical cycling
bonaceous aerosol mass globally (Andreae and RosenfeldThonicke et al., 2001; Thornton et al., 2007).
2008). Aerosol emissions from fires consist mainly of or- Fires occur naturally and have for millions of years prior
ganic carbon (OC) (Galanter et al., 2000; Andreae and Merto human influences (Bowman et al., 2009). In recent times
let, 2001) but also contribute to global black carbon (BC) however, human activity has played a role in both ignit-
emissions (Schwarz et al., 2008; Mieville et al., 2010). To-ing and suppressing fires, as well as modifying fire regimes
gether, these particles scatter and absorb radiation, exerthrough land use and land cover change (Marlon et al., 2008).
ing a direct aerosol effect on the radiation budget. In addi-Fires are likely to respond to future climate changes since fire
tion, aerosols alter climate by their impacts on clouds. Someactivity depends on precipitation, temperature, and humidity
aerosol species, especially BC, add heat to the cloud envirortrends (Flannigan et al., 2009). Recent development of global
ment leading to evaporation, which alters the radiative bal-fire prediction schemes (Thonicke et al., 2001, 2010; Arora
ance (the semi-direct effect), and aerosols act as cloud corand Boer, 2005; Prentice et al., 2011) has made it possible to
densation nuclei and ice nuclei to modify the cloud albedosimulate the spatial distribution of pre-satellite era and future
and lifetime (Lohmann and Feichter, 2005). Fire aerosols carfire emissions.
apply further forcing onto the climate by transporting nu- In this study, global fire emissions were derived from
trients or toxins to sensitive ecosystems (Chen et al., 2010simulations documented by Kloster et al. (2010, 2012) us-
Mahowald, 2011), and by being deposited on snow and icéng a modified form of the Community Land Model (CLM)
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version 3.5, hereafter CLM3 (Oleson et al., 2008a; Stockli etfire emissions, and the method for calculating each individ-
al., 2008). Fire activity is predicted in CLM3 with the cou- ual RF.
pled carbon-fire model implemented by Kloster et al. (2010)
building on work from Arora and Boer (2005). The model 2.1 Model setup
combines fuel availability, fuel moisture content and igni-
tion probabilities with windspeed to predict the area burnedThe “fire” and “no-fire” approach is applied to two sets of
from open fires. Kloster et al. (2010) introduced an anthro-atmosphere simulations using the National Center for Atmo-
pogenic impact on fire ignition and suppression based on huspheric Research (NCAR) Community Atmosphere Model
man population. Emissions from deforestation fires, fires in-(CAM) release versions 4 and 5. Within CAM4 we run on-
tentionally set to clear land for agriculture, are represented atine chemistry from the Model for Ozone and Related chem-
a fraction of the C lost due to land cover change. The frac-ical Tracers (MOZART), version 4 (Emmons et al., 2010;
tion is predicted as a function of the fuel moisture contentLamarque et al., 2012). Many aspects of CAM were updated
with higher fractions in dry areas. for version 5 (Liu et al., 2011) including the cloud micro-
Kloster et al. (2010, 2012) modeled fires from a pre- physics. CAM5 includes the two-moment cloud microphysi-
industrial base state through the year 2100, and accountecal scheme for stratiform clouds described by Morrison and
for the impacts of changes in G@oncentrations, climate Gettelman (2008), which enables prediction of the size of
(after 1948), and human activities, on fire area burned. Thevarious hydrometeors. With this new scheme, aerosol/cloud
20th century saw a small (less than 15 %) decreasing trend imteractions and indirect effects can be simulated for strat-
global fire emissions, mainly due to changes in land use andform clouds. Aerosol effects on convective clouds are not
human population (Kloster et al., 2010). Global fire emis- included in CAM5. We use the three-mode Modal Aerosol
sions then increased between 17 % and 62 % from the preseModel (MAM3) (Liu et al., 2012) in CAM5. MAM3 pre-
day to the years 2075 to 2099. Kloster et al. (2012) found thadicts aerosol mass mixing ratios and number mixing ratios
while projected climate changes led to increased global firfor major aerosol species (excluding nitrate aerosols) in three
emissions, these could be offset in part by future changes ifognormal modes: Aitken, accumulation and coarse. Primary
human population and land use. Here we build on these studzarbonaceous aerosols are emitted directly into internal mix-
ies by evaluating how past and projected future changes inures with other accumulation mode species.
fire activity impact the climate. CAM is setup with a grid spacing of the finite volume dy-
We use the concept of radiative forcing (RF) as a measur@amics core of 1.9 degrees latitude by 2.5 degrees longitude
of climate impacts and their relative importance. RF is oftenand 26 vertical levels, with a 30 min timestep. All simulations
defined as a perturbation to the net radiative flux at the top ofare branched from a two-year spinup of year 2000 climate
the atmosphere or the tropopause relative to the pre-industriadonditions (temperature, solar forcing, sea surface tempera-
state (Ramaswamy et al., 2001). Here we are calculating rature, etc.). The model setup after spinup is identical for all
diative flux perturbations relative to a global state without simulations except that trace gas and aerosol emissions, both
fires. This could be referred to as the radiative forcing of thefire and non-fire, and initial ClHconcentrations (that affect
direct effects of fire-related processes. For simplicity, we useropospheric chemistry) are case specific. In this way the im-
the term RF to represent the radiative forcing of the directpact of the change in emissions is isolated from other climate
effect of fires and will refer to differences in the RF relative factors. CAM is run for an additional spinup year after the
to the pre-industrial state as changes in the RF. change in emissions. The impact of fire on surface albedo is
We estimate the global RF of fires for 1850, 2000, andnot predicted by CAM. Instead, we compute the RF from this
2100 by their impacts on long-lived greenhouse gases{CO effect offline.
CHg4, N20), O3, the aerosol direct effect, aerosol indirect ef-  Two groups of eight CAM simulations are run with this
fects, aerosol deposition on snow/ice surfaces, surface albedsetup (Table 1). The CHEM group of simulations uses CAM4
changes and changes to biogeochemical cycles (Fig. 1) usingnd MOZART chemistry, with a focus on the impacts of fires
a modeling approach described in the following section. on Oz and the oxidation capacity of the troposphere. The on-
line chemistry is not interactive with the model radiation and,
as a result, the model climate is identical in all CHEM sim-
2 Methods ulations. CAM4 is run for one model year, after spinup, for
analysis.
The RFs of the fire impacts shown in Fig. 1 are computed CAMb5, with MAM3, is used to model the impacts of
by differencing an atmosphere that includes fire emissiondifferent aerosol emissions. Aerosols are set as radiatively
from the same atmosphere without fire emissions. In the aband microphysically active in CAM5 in order to capture the
sence of fire emissions, non-fire trace gases and aerosols wilerosol indirect effects. Therefore, the model climate state
evolve differently than in the simulation that includes all an- depends on the initial emissions (in contrast to the CHEM
thropogenic and natural emissions. In this section we dissimulations). To smooth out the interannual variability in the
cuss the setup of the atmosphere model, the estimation aflimate state, the model is integrated for five years, after
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Table 1. Community Atmosphere Model (CAM) simulations analyzed in this study.

Namé Fire Non-fire Emissions
Emission8 Emission§  Yeaf
CHEM simulation§
C_1850NF - ACCMIP 1850
C_185QCF CLM_FIRE.QIAN ACCMIP 1850
C_200QNF - ACCMIP 2000
C_2000CF CLM_FIRE.CCSM ACCMIP 2000
C_2000.GF GFEDv2 ACCMIP 2000
C_210QNF - RCP 4.5 2100
C_2100CCF CLM.FIRE.CCSM RCP 4.5 2100
C_2100ECF CLM_FIREEECHAM RCP 4.5 2100
AERO simulation
A_1850NF - ACCMIP 1850
A_1850CF CLM_FIRE_.QIAN ACCMIP 1850
A_2000NF - ACCMIP 2000
A_2000CF CLM_FIRE.QIAN ACCMIP 2000
A_2000GF GFEDv2 ACCMIP 2000
A_2100NF - RCP 4.5 2100
A_2100CCF CLM.FIRE.CCSM RCP 4.5 2100
A_2100ECF CLM_FIREEECHAM RCP 45 2100

2 The simulation names consist of the first letter of the group name, the emissions year, and an
abbreviation for the fire emissions used (NF for no fires, CF for CLM fires and C or E for the future
atmospheric forcing).

b Fire emissions are derived from the total C lost due to fires predicted by the CLM simulations
noted here and defined in Table 2.

¢ Non-fire emissions for years 1850 and 2000 are taken from the Atmospheric Chemistry and
Climate Model Intercomparison Project (ACCMIP) (Lamarque et al., 2010). Future emissions are
from Representative Concentration Pathway (RCP) 4.5 (Moss et al., 2010).

dwe designate fire and non-fire emissions from the year 1850 as representative of pre-industrial
conditions, the year 2000 for present day, and 2100 for the future.

€ The CHEM group uses the Community Atmosphere Model (CAM) version 4.9 with the Model
for Ozone and Related chemical Tracers (MOZART) version 4 (Emmons et al., 2010) chemistry.
All simulations are initialized with climate parameters from the year 2000, including solar input.
Year 2000 sea surface temperatures (SSTs) are prescribed, as are aerosol concentrations and
greenhouse gas forcing. CHEM simulations are run for one year after a three-year spinup
(including one year to spinup the different emissions).

f The AERO group uses CAM version 5 with the 3-mode Modal Aerosol Model (Liu et al., 2012).
Year 2000 climate parameters are used in all simulations with prescribed SSTs and greenhouse gas
forcing. However, in the AERO simulations aerosol concentrations are predicted, not prescribed.
AERO simulations are run for five years after a three year spinup (including one year to spinup the
different emissions).

spinup, for analysis (similar to Wang et al., 2011; Quass efcentrations. We create pre-industrial biogenic emissions by

al., 2009). Chemical oxidant distributions are prescribed. applying MEGAN to year 1850 leaf area index (LAIl) pre-
dicted by CLM3, and year 1850 GQroncentrations. The

2.2 Non-fire emissions CLM3 LAl is scaled so that the year 2000 isoprene emis-
sions predicted with MEGAN match present day global esti-

Non-fire related emissions are given by the Atmosphericy,tes from Heald et al. (2008). Impacts of fires on biogenic
Chemistry and Climate Model Intercomparison Project (AC- gissions were not included in our emission datasets. Fine

CMIP) (Lamarque et al., 2010) for the three time periods yq4e sea-salt aerosol emissions follow the Martensson et
studied here. For future climate we use the ACCMIP emis-5| '(5003) scheme based on surface windspeed and sea sur-
sions for Representative Concentration Pathway (RCP) 4.3;:¢ temperature. Emission of sea-salt particles with geomet-
(Moss et al., 2010). The ACCMIP inventory contains emis- ic giameters greater than 2.8 microns is solely a function of
sions of NMHCs, NO, NH, SO, and primary OC and BC  indspeed (Monahan et al., 1986). Mineral dust emission

aerosols. Biogenic emissions of isoprene, monoterpenes, CQ ~aM is based on the Dust Entrainment and Deposition
and methanol are computed with the Model of Emissionsy;qqel (Zender et al., 2003).

of Gases and Aerosols from Nature (MEGAN) (Guenther
et al., 2006) using present-day land cover and, @On-
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Table 2. Community Land Model (CLM) simulations analyzed in the current study.

Name Simulation  Atmospheric  Fire Model Land-cover
Years Forcing Used Chand®

CLM_NOFIRE simulation$

CLM_NOFIRE.QIAN 1798-2004 Qian None Hurtt et al. (2006)

CLM_NOFIRE.CCSM 1958-2100 CCSM None RCP4.5

CLM_NOFIRE.EECHAM 1958-2100 ECHAM None RCP4.5

CLM_FIRE simulationg

CLM_FIRE_.QIAN 1798-2004 Qian Kloster et al. (2010) Hurtt et al. (2006)
CLM_FIRE.CCSM 1958-2100 CCSM Kloster et al. (2010) RCP4.5
CLM_FIRELECHAM 1958-2100 ECHAM Kloster et al. (2010) RCP4.5

& Atmospheric forcing is cycled through the Qian et al. (2006) reanalysis years 1948 to 1972 prior to model year 1948, followed by the
reanalysis for years 1948 to 2004 corresponding to the model year, where “Qian” is shown in the table. For future simulations, climate
anomalies predicted by the Community Climate System Model (CCSM) (Meehl et al., 2006) or ECHAM5/MPI-OM (ECHAM) (Roeckner
et al., 2006) are applied to the Qian et al. (2006) reanalysis that cycled through the years 1948 to 1972.

b Transient land cover change follows either the Hurtt et al. (2006) timeseries for years 1850 to 2004, or projections for Representative
Concentration Pathway (RCP) 4.5 (Hurtt et al., 2011).

¢ The no-fire simulations are branched at year 1798 from an 850 year spin-up simulation using CLM v3.5 with carbon and nitrogen cycles.
Transient atmospheric Goncentrations are applied from 1798 through 2100 (SRES A1B projections after year 2000) and transient
nitrogen deposition is applied from 1798 through 2000 with year 2000 values used for 2000 to 2100.

d The CLMLFIRE simulations were taken from Kloster et al. (2010, 2012) and use the same general settings as_tH®@ IRE

simulations.
2.3 Fire emissions System Model (CCSM) (Meehl et al., 2006) all using the
_ _ _ o SRES A1B scenario (Nakicenovic, 2000). The global annual
2.3.1 Simulation of fire activity mean surface temperature increases by 2.1K in the CCSM

) o ensemble mean and 3.4K in the ECHAM ensemble mean,
Fire emissions are qalculated from_ the Kloster et al. (2010,yith poth datasets projecting a 7 % increase in global annual
2012) CLM3 simulations of global fire area burned from the average precipitation between years 2000 and 2100. Tran-

year 1798 to 2100. CLM3 simulates land surface processesgjent atmospheric COconcentration was also taken from
including heat and water transfer in soils, photosynthesis, inyhe SRES A1B scenario. N deposition follows Lamarque et

teractions between vegetation and atmospheric radiation, ury (2005) through the year 2004 and was kept constant at
banized land impacts, and snow pack dynamics (Decker a”Bresent day levels through the year 2100.

Zeng, 2009; Sakaguchi and Zeng, 2009; Niu and Yang, 2007, Transient population density and land cover were used

Flanner and Zender, 2005; Flanner et al., 2007; Wang an¢von 1850 to 2100. Population density is needed to model
Zeng, 2009; Lawrence and Slater, 2008, 2009; Oleson et alyy;man-caused fire ignition and fire suppression. Land use
2008b). These simulations used the carbon-nitrogen bioged;ng |and cover changes for 1850 to 2000 follow Hurtt et
chemical cycling extension of CLM3 (CN) (Thomnton et al., 51 (2006) and were implemented in CLM as plant functional
2007; Thornton et al., 2009). The CN model tracks storageype (PFT) changes (Lawrence et al., 2011). Future land use
and fluxes of C and nitrogen (N) between vegetation, soil,anq |and cover changes follow the RCP 4.5 projection (Hurtt
and litter pools, and introduces N limitation on primary pro- et 51 2011). All the RCP land use and land cover change sce-
duction. o o ~ narios lead to future decreases in global fire emissions by re-
CLM3 was forced with air temperature, humidity, wind, q,cing the available biomass (Kloster et al., 2012). The RCP

air pressure, precipitation, and solar radiation data from they 5 projection leads to the smallest decrease in fire emissions,
Qian et al. (2006) NCEP/NCAR reanalysis. The year 19485 o compared to the maximum decrease of 30 % for RCP
to 1972 atmospheric forcing data was repeatedly cycled durg g by the year 2100 (Kloster et al., 2012).

ing the model years 1798 through 1972 with the last 25 years

corresponding exactly to the reanalysis. After year 1972 an®.3.2 C emission from fires

through year 2100, the same reanalysis dataset was cycled

with climate anomalies applied. The anomalies were definedrhe total C lost due to fire, including deforestation fires, is
as the difference between monthly mean future projectionsised to estimate global fire emissions. The amount of C lost
and the base period (1948-1972) reanalysis. They were dén fires, predicted by the Kloster et al. (2010, 2012) CLM3
veloped from three ensemble runs from the coupled climatesimulations, gradually increases from year 1850 through the
models ECHAM5/MPI-OM (hereafter ECHAM) (Roeckner 1950s (total increase of about 100 Tg Cy, but then de-

et al., 2006) and three runs from the Community Climatecreases from 1950 to 2000 by about 250 Tg ClyfFig. 2).

www.atmos-chem-phys.net/12/10857/2012/ Atmos. Chem. Phys., 12, 1089886 2012
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Fig. 2. Timeseries of the total C lost due to fires plotted from the output of the Kloster et al. (2012) Community Land Model (CLM)
simulations. The timeseries is smoothed using a 25-yr running average. The 1997 to 2006 annual average value from the GFEDvV2 is showr
as a blue triangle for comparison.

Future trends depend on the atmospheric forcing, showing & TgCyr-! (Turetsky et al., 2004). Flannigan et al. (2009)
steep increase of 1100 Tg Cyrfrom year 2000 to 2100 for note that peatland fire emissions are more sensitive to cli-
the ECHAM forcing and an increase of only 300 TgCYr  mate changes since they are not fuel-limited. High latitude
with the CCSM forcing. Monthly averages of the C lost in aerosol emissions, such as from peatland fires, impact snow
fires are constructed for the pre-industrial, present-day andurface and land surface albedo changes (Randerson et al.,
future cases from years 1845 to 1854 (hereafter 1850), 1992006; Flanner et al., 2007). Elsewhere on the globe, the C
to 2006 (hereafter 2000) and 2090 to 2099 (hereafter 2100)lost per area burned from CLM3 and GFEDV2 is similar: this
respectively. For the 1997 to 2006 average we use the CLM3s expected, as during model development the results were
results with CCSM atmospheric forcing, which is very simi- compared to GFEDv2 (Kloster et al., 2010). For a full spatial
lar to the results with ECHAM atmospheric forcing for these comparison of the model results to GFEDv2, see Kloster et
years (Kloster et al., 2012). Using decadal means dimin-al. (2010).
ishes the impact of the interannual variability of fire emis-
sions when a single year is used to drive the model emission
(Lamarque et al., 2010). A future fire emission dataset is
compiled for each atmospheric forcing ensemble, CCSM and
ECHAM, averaged separately to create two future datasetsThe total C lost from fires is converted to emissions of vari-
In addition, fire emissions estimates from the GFED ver-0us gas-phase and aerosol species using the emission factors
sion 2 (GFEDv2) (van der Werf et al., 2006) are used asgiven by Andreae and Merlet (2001) and updated for,CO
a comparison to the present-day CLM3 derived emissionsCO, NG, SO, and OC and BC aerosols by Hoelzemann et
The GFEDV2 emissions are derived from satellite estimategl. (2004). The emission factors were derived for three ma-
of area burned and biomass distributions predicted by a biojor biomes (tropical forest, extratropical forest, and savan-
geochemical model (van der Werf et al., 2006). nah and grassland) for which different burning intensities are
Comparisons of the CLM3 C lost from fires to that of the characteristic. The area burned for each of these biomes is
GFEDvV2 suggest that the model underestimates the globallgiven in Fig. 3¢, with savanna and grasslands broken into
averaged C emissions in the present day (Fig. 2). This biaghree categories also containing extra-tropical shrubs. Here
results in large part from differences in the area burned bywe apply the CLM3 land cover classification to the GFEDv2
Northern Hemisphere tropical fires, betweéband 13 N area burned product. A larger fraction of the area burned in
(Fig. 3a). Furthermore, CLM3 overestimates mid-latitude the GFEDv2 inventory was grassland (particularly tropical
fire area burned, especially in North America, and does nograssland) compared to CLM3, which predicted more mid-
capture high-latitude fires in the Northern Hemisphere. Thelatitude forest area burned than GFEDv2 (Fig. 3a).
model underestimates the amount of C lost per area burned Emission factors are given as the mass emitted per unit
compared to the GFEDv2 inventory in these regions, agnass of dry matter burned. We assume the C content of the
shown in Fig. 3b. This could result partly from the model burned matter is equal to the total mass of the C emitted
missing C emissions from boreal region peatland fires. Thes@s CQ and CO per unit mass of dry matter (Andreae and
fires are not predicted in our CLM3 simulations. According Merlet, 2001). Other C-containing species do not have an ap-
to one estimate, in Canada alone peatland fires emit aboutreciable effect on the total C emitted. The resulting biome-
dependent C contents (47 % to 48 %) are comparable to the

3.3.3 Application of emission factors

Atmos. Chem. Phys., 12, 108570886 2012 www.atmos-chem-phys.net/12/10857/2012/
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values are somewhat larger than a recent global estimate
from the GFEDV2 of 22.2 Tg Nyt (Chen et al., 2010).
The speciation of the lost N also follows the Andreae

2100 (CCSM atmos. forcing)
2100 (ECHAM atmos. forcing)

and Merlet (2001) emission factors, meaning emission of N-
containing species is proportional to the C content of burned
matter, not the N content. Of the emitted N, 25 to 30 % is re-
leased as Nglor NOy in all time periods. An additional frac-
31 tion is emitted as molecular N @)l (Crutzen and Andreae,

Annual area burned

23 § (b) 1990). Andreae and Merlet (2001) estimate 30 % to 40 % of
s 5529 N lost from fires is emitted as Nbut Chen et al. (2010) sug-
% g 3‘2’ gest a value of about 50 % with higher percentages in ecosys-
SRS tems with more complete combustion. Adding together con-
QO . . . .
Pag LATITUDE - tributions from NH;, NOx and N> using the C-based emis-
egrees, .
A S TR = NI sion factors, apd after smal! amounts of trace gases dhd
. HCN are considered, there is still a portion of the N lost from
5| @mExtropical Forest @@ Savanna @B Grasses (c) fires, about 20 to 25 %, that is not accounted for in our emis-
E Ex-tropical Shrubs Tropical Forest sions estimates.
g b .
3 -~ - 2.3.5 Aerosol emissions
:T:I 1850 2000 2000 2100 2100

CCSM atmos. ECHAM atmos.
forcing forcing

GFEDv2

All fire emissions are released into the lowest CAM level for
the CHEM and AERO simulations. This follows the recent

Fig. 3. A plot by latitude of(a) the annual total area burned for "€Sults of Tosca et al. (2011) and val Martin et al. (2010)
each 10-yr emissions period afit) the amount of C released per that show most fires’ emissions remain within the planetary
area burned, angt) a breakdown of the global annual average areaboundary layer. A variable injection height for emissions was
burned into biomes defined by the CLM3 PFTs database for thefound to be a minor factor for predicting the distribution
respective time periods. Line and pie graph labels indicate the repef smoke plumes in the western United States (Mao et al.,
resentative year and atmospheric forcing (for future simulations) for2011), and in southeast Asia (Zhang et al., 2011).
the CLM3 modeled fires, and, where labeled, the GFEDv2 present Qpservations of aerosol optical depth (AOD) from the
day fires. Note that the latitude bands egch contain approximatelyargsol Robotic Network (AERONET) have shown that
the same _surface area for better comparison of the total area burnetﬂe GFEDV2 inventory underestimates emissions of aerosols
across latitudes. from fires in the tropics when applied in modeling studies
(Matichuk et al., 2008; Chin et al., 2009; Tosca et al., 2010;
constant C content value of 45% used by van der Werf ef]?hnston et gl., 2012). Koch et aI._(200_9) npte that mosF mod-
al. (2006). els underestimate BC concentrations in biomass burning re-

ions because of problems with the emission factors or with

. i
CLM3 simulates the area coverage of 16 PFTs. These argwe estimates of the optical properties of smoke. We scale

classified into the three major biomes as defined by Andrea%erosol emissions from CLM3 and GEEDV? fires in several

and Merlet (2001). All grass and shrub PFTs are consid- . .

ered savanna and grassland, temperate and boreal forest PFthmns follovv_mg the apprc_>ach of Johr_lston etal. (2012) to
: . - for this apparent bias (Appendix A).

are considered extratropical forests, and the remaining fores%cCount PP

PFTs are aggregated into the tropical forest biome. The C lost

from fires for each PFT is converted to dry matter using the c2-4  “No-fire” CLM3 simulations

content and multiplied by the emission factor for 22 different

gas and aerosol species. These are, @D, CH;, 12 addi-  We repeat the Kloster et al. (2010, 2012) CLM3 simulations

tional NMHCs, SQ, NH3, NO, and BC and OC aerosol. The with fire activity switched off to understand the role of fires in

aerosol species are split into hydrophobic and hydrophilicmodifying atmospheric C@levels (details in Table 2). The

categories according to Emmons et al. (2010). spin-up procedure for these simulations follows Kloster et

al. (2010). CLM3 begins with a non-zero carbon pool state

and is integrated until the global average net ecosystem ex-

change (NEE) of carbon averaged over a 25-year cycle of at-

Total N lost due to fires is also predicted by CLM3. We com- mospheric forcing is less thah 0.05Pg C yr! (850 model

pute the global, annual N lost due to fires as 29 TgNyr years in this case). This is slightly less rigorous than the level

26 TgNyrt, and 37 Tg N yr? for 1850, 2000 and 2100 (av- used by Mahowald et al. (2011a) &f0.01 Pg Cyr? but is

eraged between the two future datasets), respectively. Thesmnsistent with Kloster et al. (2012). Vegetation growth is

2.3.4 Treatment of N loss from fires
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REMOVE/:
Y

[CO2]o -

d) state after one return time interval has passed, and

A fire cycle that repeats on a return time interval and includes:
a) disturbance, b) disturbed state, c) recovery,
e) state after many return intervals pass with no fires.

[CO2]o + [CO2]r [CO2]o + [CO2]r - [CO2]
[CO2]o = Initial CO2 concentration

[CO2]r = CO2 from fires

[CO2]r = CO2 sequestered by regrowth
[CO2]s = CO2 sequestered by extra growth

Fig. 4. A representation of a fire cycle with associated Qfhanges, and an illustration of the same ecosystem with fires removed.

limited by nutrient and water availability as well as gap mor- 2.5.1 Carbon dioxide
tality.

The transient run is branched from the end of the spin-up o o _
run starting at the year 1798 with pre-industrial cfd PFT ~ Global CQ emissions from fires in our CLM3 simula-
distribution. After 1798 the model setup uses the transientions range from 1.3Pg Cyt for present day emissions to
COy, atmospheric forcing, and land use change describe@-4PgCyr for the future trajectory with ECHAM atmo-
in Sect. 2.3.1. Changes in G@rom removing fires do not  SPheric forcing. It follows that fire emissions of GCas a
feedback into the CLM3 runs. We chose one ensemble mem@reenhouse gas, will lead to a positive RF. However, in the
ber from the CCSM and ECHAM groups for climate forcing, case of fires, C@emissions may be offset by the regrowth
noting that the differences in fire emissions between ensem®f vegetation in the burned area, which sequesters the lost C

ble members are small (Kloster et al., 2012). on time scales from a few years to many decades. It is of-
ten assumed that fires are followed by regrowth of the same
2.5 RF calculations vegetation types and are neither a source nor a sink for CO

(e.g. Bowman et al., 2009). In CLM3 for example, the PFT
The estimates for the RF of GOCH4 and NO follow  distribution is not allowed to change due to fire disturbance.
the IPCC definition of adjusted radiative forcingz (Ra-  However, climate-induced changes to fire frequency will al-
maswamy et al., 2001), whet®, is the change in radiative ter landscape-mean C stocks and affect atmospherjc CO
flux at the tropopause after allowing for stratospheric tem- Here we examine the redistribution of C between land, at-
perature adjustment. As stated in the introduction, we defingnosphere and ocean pools that occurs because of all fire ac-
RF relative to a no-fire state rather than a pre-industrial statetivity. The difference in terrestrial C storage caused by fires
We calculate the change in radiative flux due tof@m fires  is predicted by comparing the CLM3 simulations with fires
at the tropopause, which is better defined as an instantaneous the simulations without fires. The C storage difference ac-
forcing (F). Hansen et al. (2005) report global climate sim- counts for the C@ sequestered by the regrowth of vegeta-
ulations for the time period 1880 to 2000 for which the ratio tion in fire-affected areas. This is illustrated in Fig. 4 where
of Fi:Fa= 0.83 for tropospheric § suggesting thafi for  the CQ sequestered when fires are removed is marked as
Oz from fires in this study is likely to be somewhat smaller [CO,]s and represents figuratively the amount of OtDat
but roughly equivalent td. For aerosols, the difference be- remains in the atmosphere because of fires.
tween the radiative fluxes at the tropopause and the top of the The removal rate of COfrom the atmosphere is buffered
atmosphere (TOA) is considered small and the stratospherigy physical processes that are themselves dependent on the
adjustment is minimal (Forster et al., 2007). Therefore theC concentrations in the atmosphere and ocean (Archer et al.,
TOA RF computed in this study for aerosols can be com-2009). Therefore, to estimate atmospheric@@ncentration
pared to theF, of the other forcings. For albedo changes for a pre-industrial time period without fires, we compute a
we also report a TOA RF. The difference betwenand  new steady-state land-atmosphere-ocean C partitioning that
F, for surface albedo changes is considered negligible (e.gaccounts for the change in land C storage due to fires pre-
Hansen et al., 2005; Randerson et al., 2006), but it should beicted by CLM3. This steady-state can be imagined to have
noted that differences in radiative fluxes between TOA andtaken place over a long enough timescale for the three main C
the tropopause are not accounted for here. pools to reach equilibrium. Goodwin et al. (2007) introduce

an analytical expression for the change in atmospherig CO
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at equilibrium with the ocean and land, given a perturbation2.5.3 Tropospheric ozone
to an initial C pool partitioning:

Ozone is not emitted directly from fires but its concentra-
Pco, = P.e%c 1) tion in the troposphere is often enhanced by thep@cur-

sor gases in smoke (Pfister et al., 2008). Fire emissions con-
wherePco, and P, are the new steady-state and initial atmo- Sist of important components in the photochemical produc-
spheric CQ concentrations, respectivel > C is the total ~ tion and loss of @ (i.e. CO, NMHCs, and N¢). Pfister et
change in C stored on land, arg is a steady-state, pre- al. (2006) modeled plume transport from boreal North Amer-
industrial total C inventory for which we ugg = 3100GtC ican fires for the summer of 2004 and found enhancements of
as suggested by Goodwin et al. (2007). The new concenthe lower tropospheric £burden of about 10 % over Alaska
tration can be considered the [gJ@ (from Fig. 4), or the  and Canada. Production og@ithin smoke plumes can con-
amount of extra C in the steady-state, pre-industrial atmotinue for days and occur in distant locations relative to the
sphere due to global fire activity. fire. Real et al. (2007) simulated a net production of up to

To estimate the concentration of G@ the atmosphere 22 ppbv @ in smoke from Alaskan fires during its transport

because of fire emissions that took place against a backio Europe.
ground of Changing anthropogenic C emissions (|e 1850 The direct influence of fires on{xoncentration through
through 2100), we use a pulse response approach foie emission of short-lived precursors (NMHCs and NO
atmosphere-ocean C equilibrium, similar to Randerson ehas been called the “short-lived” RF of3Qy Naik et
al. (2006) and O’Halloran et al. (2012). The details of this al- (2005). To assess the global mean RF due to short-lived

analysis are given in Appendix B1. tropospheric @ from fires in our study, the CAM4 radiation
package was run offline using the Parallel Offline Radiative
2.5.2 Methane Transfer (PORT) tool for each CHEM simulation. PORT ap-

plies the CAM radiative transfer scheme to a time-slice of the
Fires emit a small amount of GHdirectly into the atmo-  atmospheric state.
sphere but also affect the GHnixing ratio by modifying Radiative transfer calculations are carried out with PORT
the concentrations of atmospheric oxidants. The major atmOfor the instantaneous model atmospheric state at 36.5-h in-
spheric sink for CH is reaction with OH, part of the “pri-  tervals. In this way, the offline radiation diagnostics are com-
mary natural mode” which describes the time-scale of inter-puted for the entire diurnal Cyc|e every 48 model days_ The
actions between Ckl CO and OH (Wild and Prather, 2000). calculations are run a second time with @moved below
The primary mode accounts for the long-term radiative ef-the instantaneous model-defined chemical tropopause to es-
fects (12 to 15 years) of a perturbation to the tropospheriGimate the net radiative flux of tropospherig.O'he contri-
chemical system (Wild et al., 2001). Previous modeling work pution from fires is defined as the difference in tropospheric
by Naik et al. (2007) showed that fire emissions can lead tap; RF between the CAM “fire” and “no-fire” simulations.
both increases and decreases in [OH] depending on the rel- Changes in tropospherics@lso perturb the primary mode
ative amounts of NQand CO-NMHC emitted. Increased CHa Chemistry by acting as a source for OH (Na|k et al.,
emissions of NQ, such as within a smoke plume, can en- 2005; 2007) As Clzdresponds to Changes in OH, the produc-
hance the production of £ which produces OH by pho- tion of peroxy radical concentrations is modified, which then
tolysis (Naik et al., 2005). The enhanced production of OHfeeds back onto the {xoncentration. The primary mode re-

leads to destruction of tropospheric £lnd will decrease  sponse in @ can be approximated by the following expres-
the CH, lifetime. In contrast, OH is removed from the atmo- sjon from Naik et al. (2005):

sphere through oxidation of CO and NMHC for which fires
are a major source. This acts to lengthen the, Gtétime, (AO3) o= A[CH4] 0.64 DU @
counteracting to some extent the effect of increaseg.NO primay=™  CH, 0.1
The global mean lifetime of Cldin the present-day tropo- .
sphere with respect to reaction with OH is estimated to be bed N€ column @ response of 0.64 Dobson Units (DU) for a

tween about 8 to 10 years (Fuglestvedt et al., 1999: Dentenet© % change in CiHwas approximated from model results
et al., 2005). Due to this long lifetime in the troposphere, the(Prather etal., 2001). The RF of the primary mode response

CH. RF cannot be explicitly calculated from a single year 'S estimated with the recommended value gffarcing per

2
model simulation. Instead, a change in [OH] (assumed to béDU_flrom Forster et al. (2007) of 0.032/- 0.006 Wnr
the dominant sink for Cl) is used to compute a new GH

lifetime from which a “steady-state” [CH and associated . .

RF can be estimated (Fuglestvedt et al., 1999). Details of thi52'5'4 Nitrous oxide

calculation are given in Appendix B2. Fire emissions of ANO, computed from the Andreae and

Merlet (2001) emission factor, contribute between 2% to
5% of global NO emissions for each time period. The
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present-day value for global fire emissions ofONfrom We define the indirect effect of fire aerosols as the change
CLM3 (0.4 TgN(NO) yr—1) is slightly below the range of in total cloud forcing (TCF) between the fire and no-fire
previous estimates, 0.5 to 1 TgN{®)yr—! (Cofer et al., aerosol simulations, where TGFshortwave cloud forcing

1991; Ramaswamy et al., 2001; Syakila and Kroeze, 2011).(SWCF)+ longwave cloud forcing (LWCF). The TCF is as-
As with CHy, N2O is a long-lived greenhouse gas. The ra- sessed at the TOA after removing direct interaction between
diative effects of a perturbation too® concentrations will  aerosols and radiation using the online radiation diagnostics.
last for well over 100 years and cannot be calculated fromThe shortwave portion of this quantity is roughly equivalent
a one year model integration. Therefore, to determine thdo the residual aerosol forcing after the direct effect has been
contribution of fires to NO concentrations we use a simple removed. In other words, the indirect effects can be defined
atmospheric box model (Appendix B3). The box model as-here as the total shortwave aerosol forcing minus the direct
sumes that the change in@® concentration with time equals effect, and finally, with longwave cloud forcing added in.
the difference betweend® emissions and pO loss in the  This definition is not equivalent to the first indirect effect as
stratosphere. We estimate the lifetime ofQNfor the case defined by the IPCC because it includes additional effects
with all emissions, and use these parameters to estimate such as the cloud lifetime effect, and the semi-direct effect of

lifetime when fire emissions of O are removed. absorbing aerosols. It is in this sense, however, representative
of the total impact of fire aerosols.
2.5.5 Aerosols The aerosol effects can be expressed by three simple rela-

tionships for shortwave forcing:
Particle emissions from fires contain mainly carbonaceous

material with minor contributions from dust and inorganic TOTAL AEROSOL EFFECT= A (SNFa) 3
salts. Globally, fires account for 55 to 60 % of primary OC DIRECT AEROSOL EFFECT= A (SNFa —SNRy) (4)
and BC aerosol emissions (Mahowald et al., 2011b). OC angNDIRECT AEROSOL EFFECTSShortwave (5)

BC scatter and absorb shortwave radiation leading to par-_
tially canceling radiative effects. The sum of these effects™

partly depends on the albedo of the ynderlying surfac;e, whiclHere SNF stands for the net TOA shortwave flaxrepre-

can include clouds. The cloud fraction and cloud heights aresents the difference in the radiative flux expression between
particularly important over the ocean where they introducene simulation with fire aerosols and the simulation with-
a highly reflective surface over a strong absorbing surfacgyt fire aerosols, and the subscripts indicate the flux was

(Sakaeda et al., 2011). _ o diagnosed with direct aerosol effects, A, and without direct
To compute the direct effect of fire aerosols in this study gergsol effects, N.

we ran online radiation diagnostics during the AERO sim-
ulations for which radiative fluxes are calculated with and2 5.6 Albedo
without aerosol effects. The direct effect RF is defined here
as the difference in the change in TOA shortwave flux due toThe lifetime of aerosols in the atmosphere is on the order
aerosol scattering and absorption that arises from the differof days, after which they are removed either by dry or wet
ent emissions (fire against no-fire). This forcing is assessedeposition. When aerosols are deposited onto snow surfaces
for all-sky and clear-sky conditions. they can change its properties, impacting the albedo and even
Aerosols also impact radiative transfer indirectly by their the melting rate of the snow (Flanner et al., 2007). The role
effects on clouds. Acting as nuclei for cloud droplets and iceof BC is particularly important because of its light-absorbing
crystals, aerosols affect the sizes of the cloud particles leadproperties (Stohl, 2007).
ing to changes in the cloud albedo, know as the first indi- The Snow, Ice, and Aerosol Radiative (SNICAR) model
rect aerosol effect. Lohmann and Feichter (2005) list severa{Flanner and Zender, 2005; 2006) was run online in CAM5
other indirect effects of aerosols including impacts on cloudto simulate changes in the RF of the snow surface due to fire
lifetime and feedbacks onto mixed-phase clouds. Moreoveraerosol deposition. Note that this analysis considers depo-
absorbing aerosols add heat to the atmosphere and changéion of aerosols onto snow and ice surfaces over land but
the vertical temperature profile, affecting the cloud covernot over sea. The RF from deposition onto sea-ice is thought
and cloud liquid water path. This is known as the semi-to be less important than deposition on snow/ice over land
direct effect since it occurs as a result of the direct effect(Flanner et al., 2007), but if included, this may have increased
(Lohmann and Feichter, 2005). It has been shown that BGhe magnitude of our RF estimates.
aerosols, emitted in large quantities by fires, can impose a Fires also have a direct impact on the albedo of the land
semi-direct effect that is of similar magnitude to the direct surface by removing or altering vegetation cover, charring
effect (Sakaeda et al., 2011), but the magnitude and evethe surface, and in the case of forests, by exposing under-
the sign of the forcing is strongly dependent on the affectedying surfaces with different albedos (grasses, show, etc.).
cloud regime and the height of the absorbing aerosol layeiVhile extreme local changes in albedo have been observed,
(Koch and Del Genio, 2010). the impact will be greatest in high latitudes and forested areas

A (SNFy) ~ A(SWCHy)
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from CLM3 (Fig. 5b). This results from land use related

| Global Terrestrial Carbon Storage xi‘::ogzeﬁre (a) X
2000_\/:: PFT changes (Hurtt et al., 2006) that are applied to the
(%) = 1 CLM_FIRE.QIAN and CLM_.NOFIREQIAN simulations
N I ] L
g, ] starting in the year 1850. As noted by Houghton et al. (1999)
15001 : and Kloster et al. (2010), fires maintain lower C storage in
oSt atmos forcng ol vegetation, which can become a weaker C source if land use
- - I related C loss occurs (such as deforestation or wood har-
- leferencg in Global Terrestrial Carbon Storage (b) ! .. . . . . .
600 Due to Fires ) vest). This is also the case in our simulations in which greater
o) | Ky amounts of terrestrial C are lost to the atmosphere by land
£ 500 '," use and land cover change without fires (Fig. 5c). There-
i L . fore the change in RF of C{Ofrom fires between 1850 and
400|- CCSM atmos. forcing (solid) | 2000 is negative, RF=0.21 W nT2. This means since pre-
g p
ECHAM atmos. forcing (dashed) . . . . .
I —— o i industrial times fires have reduced the amount of C available
4.0 Due to Land-use and Land Cover Changes without fire (c?, to be lost to the atmosphere through land use changes that
= I - remove terrestrial C.
3 The difference in C lost from land use and land cover
£ 2.0 a change between the fire and no-fire simulations increases
- steadily after the year 2000 (Fig. 5c¢). In addition, atmo-
CCSM atmos. forcing (solid) . . .
ol ECHAM atmos, forcng (dashed) | spheric CQ and temperatures increase more rapidly after
1800 1900  [Year] 2000 2100 the year 2000 ([Cg] and global annual mean surface tem-

perature increase from 365 ppm, 288 K to 706 ppm, 290.7 K
Fig. 5. Timeseries ofa) the total C stored in terrestrial ecosystems, petween 2000 to 2100). With increasing temperatures, mo-
(b) the difference in total C stored in terrestrial ecosystems betweerbilization of soil N increases and plants are less N-limited
the CLMLNOFIRE and CLMFIRE simulation sets (see Table 2), as also shown by Thornton et al. (2009). This, combined

and (c) the total C lost due to land use and land cover changesWith reater atm heric GOleads to enhanced gr fi
plotted for the CLMNOFIRE simulations (reda) and(c)) and the greate a.‘ ospheric ea' S o enha C.e 9 .OSS pri-
mary production, and accumulation of terrestrial C, in all our

CLM_FIRE simulations (orangéa) and(c)). The shaded region in ; : ‘
(b) indicates when the change in carbon storage due to removing=LM3 simulations from years 2000 to 2050 (Fig. 5b). How-
fires is less than the initial (year 1798) value. C lost from land use€Vver, C accumulates at a lower rate with fire activity. Fires
and land cover change is defined as the C flux to the atmospherémpose consistent losses of C and N from vegetation (the fire
from recategorization of land cover (for example, from forest to simulation stores about 40 % less C in vegetation in 2000),
crops) and wood harvesting. which suppresses production. This effect is especially evi-
dent in Fig. 5a in which the global terrestrial C storage stops

. increasing or decreases (depending on the atmospheric forc-
(Randerson et al., 2006). Here we use our model estimates Gy sed) at year 2050 when fires are included, but continues
fire area burned and post-fire land surface albedo change trag icrease without fires included.
jectories compiled from the literature to estimate the RF of 4 change in the RF of GGrom fires between 1850 and
the albedo changes and the change in the RF through timé; g is—0.08 W n12 with the CCSM atmospheric forcing

(Appendix B4). and +0.08 W n12 with the ECHAM atmospheric forcing.
While the terrestrial C storage increases by over 100PgC

3 Results from year 2000 to 2100 without fires, the increased back-
ground CQ concentrations dampen the impact on the RF by

3.1 CO; radiative forcing the saturation effect. The magnitude and sign of the RF are

also likely to be dependent on the choice of future land use

When fires are removed from the CLM3 model long-term trajectory. RCPs 6.0 and 8.5 project higher global wood har-
integration, an additionat500 Pg C is stored in the land vest rates compared to RCP 2.6 or RCP 4.5. This reduces
C pools (Fig. 5a and b, at year 1800), with contributions global biomass and contributes to a decrease in CLM3 fire
from increased storage in coarse woody debr31 %), lit- emissions in the future by 30 % over RCP 4.5 (Kloster et al.,
ter (17 %), and live vegetation{53 %). This pre-industrial 2012). If these alternative high harvest scenarios were ap-
increase in land C storage corresponds to an equilibrium atplied to the current study, we would expect the change in the
mospheric C@ concentration that has decreased by 41 ppm.CO, RF due to fires from year 1850 to 2100 to decrease.
From this analysis we compute a RF of £ffbom fire activ-
ity of 0.83 W m2. This forcing illustrates the important role 3.2 CH,, O3 and N,O radiative forcing
fire disturbance plays in the global C cycle.

In the 19th and 20th centuries, 63 PgC was lost fromThe magnitude of the RF due to GHrom fires is be-
the terrestrial C pools when fire activity was excluded tween 0.04 and 0.09Wn# for all simulations (Table 3).
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Table 3.Global annual average chemical quantities for all simulations in the CHEM group (definition of simulation names are in Table 1).

[Og] O3 Radiative Effect [OH] 7 (CHp)? CH,4 Radiative Effect

Surface  Colum®  Short-lived Primary-mode  Colurfin Direct Total

(ppbv)  (Dobson (W m?) (molecules  (years) (WP
Simulation Units) cn3x 106)
C_185QNF 14 16 - - 0.70 11.4 - -
C_185QCF 15 17 0.05 0.02 0.71 11.2 0.06 0.06
C_200QNF 26 27 - - 1.0 8.8 - -
C_200QCF 27 28 0.02 0.01 0.96 9.1 0.02 0.04
C_200QGF 26 27 0.00 0.03 0.89 9.7 0.03 0.09
C_210QNF 23 25 - - 1.0 8.4 - -
C.210QCCF 24 26 0.02 0.02 0.94 8.8 0.03 0.05
C_210QECF 24 26 0.03 0.03 0.90 9.0 0.04 0.08

2The CH, lifetime, r, was computed with respect to reaction with OH.

b Column is defined here as being from the Earth’s surface to the chemical tropopause. The chemical tropopause is defined as the lowest level fog which the O
mixing ratio exceeds 150 ppbv.
¢ Here column is defined as the layer between the Earth’s surface and 200 hPa.

Present day and future fires cause a reduction in global OHvithin the range of interannual variability cited by Lamarque
of 4% to 10 %, indicating that on average the OH sink in- et al. (2012).

troduced by fires (CO and NHMC emissions) dominates the The pre-industrial total @ burden estimated by CAM4
OH source (@ production) for these time periods. GlHife- is less than 60% of the present-day amount, but was en-
times subsequently increase due to fires (Table 3), leadinpanced by 7 % due to fire emissions. The increase in global
to positive RFs of 0.02 (simulation_2000CF; defined in  burden corresponds to a RF of 0.05 W#from the short-
Table 1) and 0.06 (simulation 2000GF)W ni2 for the lived O3 response. In the present-day and futurg,f@om
present day, and 0.02 (simulation2Z100CCF) and 0.04 fires is not a substantial short-term forcing on the radiation
(simulation C2100ECF) W ni-2 for the year 2100. The RFs balance (Table 3). The short-lived response combined with
of direct CH; emissions vary between 0.02 and 0.04WPm the forcing from the primary mode response increasejn O

for years 2000 and 2100. results in global, annual average BFs between 0.03 and
In contrast, pre-industrial fires cause a 1% increase ir0.07 W nt2. Naik et al. (2007) estimate a present-dayRF
global average OH, leading to a 0.2y decrease in @fd- from fires of 0.11 W m2. They also find an increase of 10 %

time. The increase in OH can be attributed to proportion-in tropospheric @due to fires, in contrast to the 0-2 % global

ally greater @ production due to fires in year 1850 (7 % in- average increase in ozone for year 2000 simulated here. In an

crease) compared to the year 2000 (0 to 2% increase). Stuckarlier study, Granier et al. (2000) estimated a 5% increase

ies have shown that the addition of N@ a background of in global tropospheric @burden. The dissimilarities suggest

reduced concentrations of N@nd NMHCs, such as the pre- that G; production is sensitive to differences in fire emission

industrial environment, results in proportionally larger pro- inventories and also background tropospheric chemical com-

duction of 4 (e.g. Naik et al., 2005; Pfister et al., 2008). position. Evidence of such sensitivity was shown in global

The enhanced ©production acts as a source for OH that chemical transport model simulations from Fuglestvedt et

counteracts the effect of increased CO and NHMC emissional. (1999) who found that systematic decreases i His-

(Naik et al., 2007). The decrease in year 1850,difétime sions could decrease or increasgif@ different regions de-

is too small to result in a non-negligible RF. Although, direct pending on the background N@oncentrations.

CHg4 emissions from year 1850 fires has a-RB.06 W n 2, Results of the box model integrations and estimates of the
The contributions of fires to the global annual mean tro- RF of NoO from fires are given in Table 4. The difference

pospheric @ column burden for year 1850, 2000 and 2100 between the final state J concentrations are small, and

emissions are given in Table 3. Naik et al. (2007) estimate aesult in small, positive RFs (0.03 to 0.04 W#) for pre-

present day global ©burden of 30.1 Dobson Units (DU). industrial, present day and future time periods.

This is higher than our estimate of 27 DU, although, we

use different emissions as well as finer horizontal resolutiong 3 aerosol direct effect

Lamarque et al. (2012) estimate the average annual global

burden for 1991 to 2000 as 296 Tg @efining the chem-

ical tropopause at 100 ppbwsOOur figure for the present

day, using their tropopause definition, is 273 Tg ®hich is

Fires are the largest source of carbonaceous aerosols in the
CAMS5 simulations for all time periods, accounting for 80
to 95 % of OC and BC emissions (Table 5). The increase in
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Table 4. Values used for the O box model equilibrium runs and the results of these runs. The “fire emissions removed” column uses the
simulation names from Table 1 to indicate the year, fire emissions and atmospheric forcing used in the box model.

Initial Emissions  Total Equilibrium  [NO] from Radiative

Fire emissions [NO]® from fire®  emission§ [NZO]d fire emissions  Effect
removed ppbv TgNyrl  TgNyr1  ppbv ppbv wnr?
- 275 - 11.7 279 - -

C_185QCF 275 0.45 11.2 269 10 0.03
- 316 - 15.7 369 - -

C_200QCF 316 0.40 15.3 360 9 0.03
C_200QGF 316 0.58 15.1 356 13 0.04
- 372 - 17.1 401 - -

C.210QCCF 372 0.50 16.6 390 11 0.03
C_210QECF 372 0.72 16.4 385 16 0.04

2 nitial [N ,O] values are taken from the RCP4.5 emission time series of Meinshausen et al. (2011a).

b Fire emissions are global averages computed from the CLM3 simulations.

¢ Total emissions (minus fire emissions where applicable) are the sum of anthropogenic emissigdsritNMeinshausen et

al. (2011a) and natural emissions computed using Eq. (A28) from Meinshausen et al. (2011a), with allowances for the transport
time of emitted NO to the stratosphere and lifetime feedback, given by Meinshausen et al. (2011b).

d Lifetime is recalculated every model year for the negQ\concentration when running to equilibrium.

Table 5. Global annual average forcing terms for aerosols in all CAM5 simulations. All figures are given iﬁz\l\lemcept for the global,
annual total BC and OC emissions. The indirect effects are equivalent to the change in LWCF added to the change in SWCF.

BC+OC TOA SW Indirect

Emissio®  Aerosol Direct Effect Cloud forcirfy  Effect
Simulation [Tgyrd ForcindJ Clear-sky  All-sky LW SW
A_1850NF 5.7 —-1.42 - - 24.0 —-49.7 -
A_1850CF 84 -1.32 -0.15 0.10 23.7 -51.0 -1.60
A_2000NF 18 -1.51 - - 24.4 -525 -
A_2000CF 90 -1.41 -0.15 0.10 24.1 -53.2 -1.00
A_2000GF 150 -1.38 -0.27 0.13 240 -53.7 -1.64
A_210QNF 5.8 —1.46 - - 24.1 -50.6 -
A_2100CCF 98 -1.34 -0.24 0.12 23.8 -51.6 -—-1.42
A_2100ECF 140 -1.21 -0.25 0.25 235 -51.7 -1.74

2BC: black carbon, OC: organic carbon.

b TOA SW: top-of-atmosphere shortwave; this is the total aerosol direct effect.
¢ LW: longwave, SW: shortwave.

annual average AOD due to fires is greatest for central Africa The substantial impact on regional AOD suggests an im-
and the Amazonian basin, coincident with the areas of maxportant role for fire aerosols on the direct effect. When only
imum fire activity (Fig. 6). Evidence of easterly transport of clear-sky is considered, the direct effect of fire aerosols is a
aerosols in the tropics can be seen in this figure. This has imnegative forcing (Table 5). The values for year 2100 emis-
plications for the direct effect over often-cloudy marine envi- sions (0.24 W nt2 and —0.25W n12) are nearly double
ronments. The modeled AOD increase (Fig. 6¢ with GFEDv2the year 1850 and year 2000 values (betB.15W n12),
emissions) matches well qualitatively and in maximum mag-likely a result of increased fire emissions over South Amer-
nitude ¢0.5) with the regional AOD change from removal of ica. If we include the direct effect of aerosols over clouds, the
biomass burning season carbonaceous aerosols modeled biobal annual average values become positive. This means
Sakaeda et al. (2011) for central Africa. Increases in AOD arethat fire aerosols overlaying clouds have a substantial warm-
projected for the future time period particularly over South ing influence in our simulations. The magnitude of this ef-
America, and equatorial Africa (Fig. 6d and e). Fire emis- fect on a global, annual average is betwee.25 and
sions were responsible for decreases of up to 0.1 in AOD over-0.5 W nT2 in our simulations. A qualitatively similar re-

N. Africa (Fig. 6). This was a result of reduced dust concen-sult was shown by Wilcox (2010) and Sakaeda et al. (2011)
trations caused by a dynamical response to the fire aerosofer central Africa fire aerosols.

which we did not explore in detail.
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Change in AOD
from fire aerosols

CLOUD FORCING FROM FIRE AEROSOLS
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Fig. 6. The annual average change in AOD from fire aerosols for

(a) 1850 CLM3 fires(b) 2000 CLM3 fires(c) 2000 GFEDv2 fires,  Fig. 7. The annual average change in total cloud forcing from fire

(d) 2100 CLM3 fires with CCSM atmospheric forcing, af@j2100 aerosols for(a) 1850 CLM3 fires,(b) 2000 CLM3 fires,(c) 2000

CLMS3 fires with ECHAM atmospheric forcing. GFEDv2 fires(d) 2100 CLM3 fires with CCSM atmospheric forc-
ing, and(e) 2100 CLM3 fires with ECHAM atmospheric forcing.
Note that values between5 W m~2 and 5 W nT2 are not plotted.

The present-day values for the direct effect of fire aerosols

from our study of+0.10 and+0.13 W n1 2 fall within the

confidence intervals of the IPCC Fourth Assessment estiand central Africa, as well as a 10 % decrease in cloud droplet
mate 0f+0.030.12Wn1?2 (Forster et al., 2007). Naik et effective radius in the same areas. Smaller droplet sizes en-
al. (2007) reported a value ef0.13 W nt2 from their mod-  hance the cloud albedo and lead to a more negative SWCF.
eling study, as did Reddy et al. (2005). However, the appearThis effect is exacerbated by the persistent, high cloud frac-
ance of strong agreement among model studies here shoulibn maintained by marine stratocumulus decks, particularly

be met with skepticism because the direct effect dependi the Northern Hemisphere summer (Hanson, 1991), which
largely on the model representation of cloudiness, which iscoincides with the season of greatest fire emissions in South
generally inconsistent from model to model (Naik et al, 2007; America and central and southern Africa. A similar effect

Sakaeda et al., 2011). could explain the large negative cloud forcing in Northern
Hemisphere high latitude regions caused by the GFEDV2 fire
3.4 Aerosol indirect effects on clouds emissions (Fig. 7c).

The RF due to the indirect effects of fire aerosols is
Chuang et al. (2002) estimate a global cloud albedo effec0.6 Wni 2 less in magnitude in 2000 when compared to
of —1.16 W nt2 for carbonaceous aerosols from fires. The 1850. This results from anthropogenic aerosols “masking”
results from our simulations that include aerosol effects onthe impact of fire emissions. The masking can be seen as a
cloud height and lifetime, show comparable forcings be-general decrease in TCF from fire aerosols in 1850 and in
tween—1.74 to—1.00 W nm 2 (Table 5). The forcing is dom- 2000 (Fig. 7a and 7b). Present-day fire aerosol emissions,
inated by decreases in the TCF in regions off the west coasivhich are very similar in amount and distribution to the pre-
of northern South America and central Africa (Fig. 7). This industrial (Fig. 3), are emitted into a more polluted back-
suggests a globally important role for short-range transport ofjround, leading to a proportionally smaller impact on cloud
smoke from tropical fires on the easterly trade winds to neardroplet sizes. Schmidt et al. (2012) found a similar magni-
coast marine stratocumulus cloud decks. Chuang et al. (2002ude masking of the cloud albedo effect (0.5 W#for pre-
note that these clouds are particularly susceptible to changaadustrial and present day volcanic aerosol emissions.
in optical thickness from an influx of high aerosol number In a similar sense, fire emissions dampen the impact of
concentration because of the low marine aerosol number corincreased anthropogenic aerosol emissions on the overall in-
centrations. In our simulations, fire aerosols cause a two-foldlirect aerosol effect. This is illustrated in Fig. 8 where the
increase in cloud droplet number concentration (CDNC) inarrows show the difference in aerosol mass emitted (x di-
the low clouds in areas off the west coasts of South Americarection) and the difference in total aerosol indirect effects
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Fig. 8. Global annual average emissions of black carbon, organic -0011 E
carbon, and S@(assumed to convert to SPplotted against the JFMAMJJASOND, ]
aerosol indirect effects computed from CAMS5 for all time peri- 0 1 2
ods and both future atmospheric forcings (2100c for the Commu- Years after fire-year

nity Climate System Model atmospheric forcing, and 2100e for the o ]

ECHAMS5 atmospheric forcing), represented as coloured circles inFig- 9- A plot of the radiative forcing (RF) due to land surface
(a). The coloured arrows trace the change due to fire aerosols. IfiPedo changes caused by fires and how it changes during the years
(a), the change in indirect effects is referenced against pre-industriafollowing the fire disturbance ifa) annual averages beginning the
values of 0W nT2 with and without fires. The grey lines show the Year after a full year of fire activity, an@) monthly averages fol-

path from time period to time period. The arrows(b) are given lowing one full year of fire activity. Each colour represents different
relative to each other, highlighting the change in angle between thdiré emissions from CLM3 or from GFEDv2 as indicated by the
fire impacts in the different time periods. legend.

(y direction) due to fire emissions, referenced to 1850 (in-3.5 Albedo changes
stead of a “no-fire” world). For example, the year “2000”
arrow starts at a y-value equal to TLBooacr Minus  The RF of land surface albedo changes due to fires is
TCFa_1ss0.cr @and ends at a y-value of TG&RooanF Mi-  shown in Fig. 9. To estimate the total impact of yearly fires,
nus TCH _1ssanF (Where the subscripts indicate the simu- which can persist for years, we sum the yearly global RF
lation used to compute the TCF). The slope of the arrowsfrom land surface albedo change. This assumes the fire re-
(Fig. 8b) shows the degree that fire aerosols mask the imturn time exceeds the albedo recovery time. The total RFs
pact of anthropogenic emissions from 1850 to 2000 and tarom surface albedo changes from fires wei@ 20 W n1 2,
2100. The masking is greatest for the year 2000 where the-0.20 W n2, and—0.26 W nT2 for 1850, 2000, and 2100
model estimate for indirect effects compared to 1850 wouldrespectively, with the year 2100 figure being the average be-
be —2.36 W nT2 without any fire emissions. tween the two future simulations. The impact of the GFEDv2
Including fire emissions, the aerosol indirect effect from fires (RF of—0.11 W n12) is reduced due to a smaller pro-
anthropogenic activity, defined as the difference betweemortion of mid-latitude forest fires and more grassland fires
TCFa_2000cF and TCR_1gsacr (—1.76 WnT2), is more  (Fig. 3c).
negative compared to the estimates compiled by Forster et Figure 10 shows the net radiative forcing of surface albedo

al. (2007). The disparity could result from our inclusion of changes from fires integrated over different time periods. The
additional indirect effects besides the cloud albedo effect, buglobal average forcing becomes negative after one year as

recent estimates of aerosol effects show that CAM5 falls ongrassland albedo has returned to a pre-fire state and tropi-
the more negative side of the model spectrum (Quaas et algal forests are replaced by more reflective secondary vege-
2009; Wang et al., 2011). Therefore, we should note that ougation. A similar replacement effect occurs in extratropical
estimates for the indirect effects from fire aerosols might beforests on longer timescales. Ten and fifty years after an ex-
more negative compared to future studies of a similar kindtratropical forest fire, the higher albedos of secondary vege-
using other models. tation and, in some regions, snow, are exposed. The impact
of increased snow exposure in burned areas during the North-
ern Hemisphere winter is evident in the monthly timeseries
(Fig. 9b) and also in the biome-specific RFs (Fig. 10). In
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N B - cropical forest this would imply between-0.02 and—0.08 W n1 2 from the
“:‘QL _ij:r;;z:c;';:ubs fertilization of land due to fires in the pre-industrial, with
005 A M Tropical savanna very similar values (within the uncertainties) for present and
E £ o0 Grasses future values.
% EE%%;T Fire aerosols are also thought to contain soluble iron (Fe)
S 0.025 (Guieu et al., 2005), an important micronutrient for ocean
% I biogeochemistry (Martin et al., 1991). Estimates of the in-
2 I I I I creased uptake of COn the oceans, from both increases
E 0ol in the solubilization of Fe (due to fossil fuel sulfur diox-
i- i' i *' * ide emissions, industrial combustion soluble Fe and biomass
1850 2000 2000 2100 2100 burning soluble Fe), suggest a reduction in thee@€2 ppm
o] I (Krishnamurthy et al., 2009). If we assume up to half of this

is from fires (likely an overestimate), this results in a radia-

Fig. 10. Global RF due to land surface albedo change from fires Ve 'forCIng of Q'OZ Wlmz' . )
plotted for major biomes and for different lengths of time after the  Finally the climate impacts of fires can themselves impact
fire occurred. Each set of bars represents different fire emissionghe carbon cycle (e.g. Jones et al., 2001; Mahowald, 2011;
from CLM3 or from GFEDv2 as indicated by the labels. Mahowald et al., 2011a, b). Aerosols modify temperature,
leading to a response in C uptake by the land and ocean (Ma-
howald, 2011). They also increase the ratio of diffuse to di-
the months of March and April the RF decreases as Northsect radiation reaching the surface, enhancing C uptake by
ern Hemisphere solar insolation increases and some exposeggetation (Mercado et al., 2009), and affect vegetation by
ground is still snow-covered. Globally, increases in forestredistribution of precipitation. These impacts are not well
albedo lead to a negative RF from albedo changes from ongnderstood (Friedlingstein et al., 2006; Friedlingstein and
year to one hundred years post-fire. Prentice, 2010; Mahowald et al., 2011a), however estimates
SNICAR results show a non-zero but very small RF (lessfrom coupled-carbon-climate models suggest a roughly lin-
than 0.01 W n2) from fire aerosol deposition on snow and €ar response with climate forcing of between 0 and 40 ppm
ice surfaces, for all time periods. This is consistent with Bow- of CO; for a 1.4 Wn12 RF (Mahowald et al., 2011a). This
man et al. (2009) who estimate that the glbal RF from fire-global forcing of fires (referred to here as the climate-BGC

emitted BC depositing onto snow is negligible. feedback) is estimated by applying the linear response rela-
tionship between C@and climate forcing to the sum of all
3.6 Aerosol indirect effects on biogeochemistry fire RFs. This forcing is separate from the direct impact of

fires on atmospheric COconcentrations. We estimate val-
Fire aerosols not only impact climate directly, but can causeues of the fire climate-BGC feedback RF-60.22 W nt2,
an indirect effect on climate through biogeochemical cy- —0.10 W nT2 and—0.10 W n1 2 for 1850, 2000, and 2100,
cles, especially the C cycle (Mahowald, 2011). There arerespectively.
two ways that fire aerosols can impact biogeochemistry,
first through adding nutrients (or pollutants) and secondly
through modifying climate. Fire gases and aerosols containt  Summary of radiative forcings
N and phosphorus (P), which can fertilize downwind nutrient
limited forests (e.g. Vitousek, 1984; Mahowald et al., 2005; Figure 11 shows the RF due to fires for all impacts as-
Chen et al., 2010). It has been speculated that the increasesssed in this study for pre-industrial conditions. The,CO
P in ash in the Amazon due to increased biomass burningnd aerosol indirect effect RFs are dominant and partially
has contributed to the larger uptake of C observed duringcanceling. The sum of these and the other minor RFs is a neg-
the 1980s and 1990s, resulting in a RF of between 0 anditive radiative imbalance, augmented by the climate-BGC
—0.12 W n12 (Mahowald, 2011). feedback, for a total RF 6£1.02 W nt 2.

N deposition from anthropogenic sources is thought to be The change in all RFs between 1850 to 2000 and 1850
increasing the drawdown of GGrom terrestrial ecosystems to 2100 are illustrated in Fig. 12 with the range in RF be-
causing a forcing of between0.24 and—0.74 W nT2 (Ma- tween the two future atmospheric forcing datasets shown.
howald et al., 2011b): only half of that is in the aerosol form, The largest change in fire RF from 1850 to 2000 is caused
but for this problem both gas and aerosol impacts on bio-by the aerosol indirect effect, which increased by 0.6 Wm
geochemistry are important. The ratios of N emissions from(Fig. 12). While emissions from fires during the two time
fire (from CLM3) to present day anthropogenic emissionsperiods are similar in magnitude (Fig. 2) and in geograph-
(Lamarque et al., 2010) are 11%, 9% and 15% in 1850,ical distribution (Fig. 3), the impacts of present-day fire
2000 and 2100 (averaged between the two ensemble futuraerosols onto clouds are partially masked by higher back-
simulations). If this impact were linear on the N deposition, ground aerosol number concentrations. The overall RF of
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Table 6.Radiative forcings for all fire impacts considered in this study. All values except efficacies are given—ir?rwm direct effect for
clear sky is not included in the total.

1850 2000 2100
Radiative Effect CLMS8 CLM3 GFEDv2 CLM3C CLM3_E EFFICACY®
Carbon Dioxide 0.83 0.62 - 0.75 0.91 1
Methane 0.06 0.05 0.13 0.08 0.13 1.45
Nitrous Oxide 0.03 0.03 0.04 0.03 0.04 1.04
Tropospheric Ozone 0.07 0.03 0.03 0.04 0.06 0.82
Direct Effect — All sky 0.10 0.10 0.13 0.12 0.25 0.58, G291
Direct Effect — Clear sky -0.15 -0.15 -0.27 -0.24 -0.25 -
Indirect Cloud Effects -1.60 —1.00 -1.64 —-1.42 -1.74 -
Indirect BGC Effects —0.09+0.09 -0.08+£0.08 -0.15+0.12 -0.10£0.09 -0.13+0.10 -
Land Albedo Changes -0.20 -0.20 -0.11 -0.23 -0.29 -
Snow/Ice Albedo Changes 0.00 0.00 0.01 0.00 0.00 1.7
Feedback onto C-cycle —0.22£0.22 -0.10+£0.10 - —0.10+£0.10 -0.10+0.10 -
TOTAL -1.02 —0.55 — -0.83 —0.87 -

a Acronyms indicate the set of fire emissions used to compute the forcings. CLM3 indicates that the fires were predicted by the Community Land Model version 3.5
with atmospheric forcing from the Community Climate System Model (CCSM), denoteasdt from ECHAMS5/MPI-OM, denoted as.E”. Other present day fire
information was taken from the Global Fire Emissions Database (GFEDv2).

b Efficacy values were taken from Hansen et al. (2005).

¢ Efficacy for direct effects of black carbon and organic carbon aerosols from fires, respectively.

the model predicted fire emissions and the GFEDv2 emis-

Carbon dioxide sions (Table 5). The higher magnitude forcings associated

QL

3 9 Methane with the GFEDv2 emissions reflect the underestimation of

Eé Nitrous Oxide* global fire emissions by the Kloster et al. (2010) model

3 within CLM3. In particular, the under-prediction of boreal
Ozone fire activity (due in part to missing peatland fire emissions)

s u Direct and tropical grassland fires contribute to the reduced magni-

Ss Indirect tude aerosol indirect effect. Although a gf@rcing was not

< & ) . computed from the GFEDv2 emissions, the increased C lost
Indirect BGC from fires (compared to the CLM3 fires) would have resulted

g € ( Landsurface in a higher magnitude CORF as well.

§ § Snow/ice From years 2000 to 2100, the projected fire emissions de-

pend on the projected climate change applied as atmospheric
forcing (e.g. Kloster et al.,, 2012). These projections give
some sense of the range in predicted fire activity in the future.
[W i) We use the differences between the results of the two projec-
ST tions as bounds on our RF estimates for the future (Fig. 12).
The high fire emissions projection (ECHAM forcing) leads
Fig. 11. Global, annual average RF for the various impacts of firestO @ CQ RF that is comparable to the pre-industrial value.
examined in this study, plotted for pre-industrial fires relative to the Gréater amounts of carbon are lost to the atmosphere by
no-fire scenario. Asterisks indicate RFs that were computed usindUrning in this scenario, but the impact is buffered by the
emissions data and not the CAM model integrations, or the CLM3CO, saturation effect.
no-fire simulations. The aerosol effects depend strongly on the different fire
emissions. The direct effect is increased by 0.13Wm
when the ECHAM atmospheric forcing is used, compared to

the CCSM atmospheric forcing. This is balanced somewhat

fires estimated by the model simulations increases by aboulsy a decrease in aerosol indirect effects of 0.32 Writom
0.5W nm 2 from 1850 to 2000. In other words, anthropogenic the ECHAM to the CCSM, a result of the greater fire emis-

activities have caused the cooling potential of global mOd'sions in the ECHAM scenario. The impact of the background

: o < f :
eled fires to decrease by 47 % since 1850 even with very IItﬂeaerosol on the fire aerosol RF is likely to be different in year

trend in modeled fire emissions during this time. 100 than it was in 2000. Non-fire aerosol emissions of BC,

There are substantial differences between the year 200
o X C, and sulfate decrease globally by almost 80 % from year
RFs for CH,, and the aerosol indirect effect, computed using g yby ° y

Climate-BGC feedback™

1850 TOTAL
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notable that the indirect aerosol effect on clouds is highly

N uncertain in model predictions (Solomon et al., 2007). The
Carbon Dioxide N W] IPCC ARA4 use a range of confidence of 1.5 W4to bound
Methane I their estimates for the first anthropogenic aerosol indirect ef-
hiifous Raide fect (Forster et al., 2007). Improvements in our understand-
i:f:; N 0 ing of aerosol effects on clouds could influence our results
erocolIndibact Eftactis [ because of their pro_minent roI.e in the total fire RI_:. _
Aerosol BECEffact | Several assumptions are introduced for estimating the
Land Albedo Change other major fire RF, CQ Fires shape ecosystems by alter-
Snowice Albedo Change ing population dynamics and species composition (Bond et
Climate-BGC feedback n al., 2005; Harrison et al., 2010; Rogers et al., 2011), affect-
TOTAL ing ecosystem productivity and decomposition rates. How-
1850 - 2000 ever, the PFT distribution in CLM3 does not react to fires.
If a dynamic vegetation response to fires were included, we
w7 B . . expect the C@ RF would increase as forests would expand
Carbon Dioxide — W m’] in the absence of fire and store greater amounts of C. We
Methane | = ECHAM also assume that the atmospheric,G@rcing remains con-
Nitrous Oxide k — CCSM stant in CLM3 with or without fires. If C@were interactive
Ozone 1 within CLM3, removing fires would decrease atmospheric
fierasol Dirsct Rffect - CO,, reducing vegetation growth and terrestrial C storage.
ARIGSOHINAIRCLBINED =g This was shown to be important in a C-cycle model study
f:;:sz::;if;: . :.l of land cover change impacts on terrestrial C storage (Arora
Snowiice Albedo Cghange aqd_ Boer,.20.10), al_though |t§ |mportanc_e is I.|kely to.be Q|—
Eliare e faadbad - minished in simulations that include N-limitation, as in this
study. Future trends in global N deposition will impact ter-
_ TOTAL restrial C storage but were not accounted for in this study.
1850 2100 | mm The premise of this modeling study, that atmospheric RFs

can be derived from fire emissions computed offline, requires
Fig. 12. Global, annual average RF for the various impacts of assuming that fire effects on climate do not immediately
fire examined in this study relative to the pre-industrial forcings feedback onto fire activity. We circumvent this issue by us-
(Fig. 11) for present day fires (1850-2000) and for year 2100 firesing short simulation times and limiting our conclusions to
(1850—2100). For 1850-2100, the average RF for the two sets of|opal average radiative forcing. However, because fires are
fire emissions used in 2100 (CCSM and ECHAM atmospheric forc-gatia|ly variable, the climate response to associated forcings
ing) is given with the range shown as the purple lines. is likely to vary considerably between regions. Regional vari-
ability applies especially to forcings from short-lived green-
house gases and aerosols, as well as surface albedo changes,
2000 to year 2100 in the RCP4.5 scenario (see Fig. 8). Thand is not expressed in global average RFs. These local irreg-
degree of masking of the fire aerosol indirect effects by an-ularities in forcing could drive variations in regional climate
thropogenic aerosols in year 2100 is, therefore, likely veryand atmospheric circulation. Tosca et al. (2012) found that
small compared to the masking in year 2000. Altogether, thethe direct effect of fire aerosols weakens the Hadley circula-
two very different future fire emissions scenarios lead to sim-tion, leading to changes in tropical precipitation distribution.
ilar total fire RFs. The magnitude of the model-predicted yearLarge, local RF from fire aerosols west of equatorial Africa
2100 fire RF has decreased from the present-day, being aboabuld cause reductions in precipitation over central Africa,
0.2 W n1 2 greater than the year 1850 value (Fig. 12). according to Sakaeda et al. (2011). Both studies suggest a
Past modeling studies found that different forcing agentsfeedback of fire aerosols onto fires themselves through pre-
may have different climate sensitivities, known as efficaciescipitation changes. To understand the full climate response,
when defined in relation to the climate sensitivity of £0 fires would ideally be interactive with the atmosphere in fu-
forcing (Hansen et al., 2005; Solomon et al., 2007). For ex-ture simulations.
ample, while the RF of fire aerosol deposition onto snow and
ice surfaces is near zero, the efficacy of this forcing could be
up to three times greater than €@s the aerosols accelerate 5 Conclusions
melting of the snow (Flanner et al., 2007). The values from
Hansen et al. (2005) are given in Table 6. Comprehensive assessment of the role of fires in climate is
The total fire RF in all time periods is dominated by the challenging because of the complex nature of the numerous
CO, forcing and the aerosol indirect effects. Therefore, it is fire/Earth system interactions (Fig. 1). While previous stud-
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ies focus on specific fire effects, or on a subsample of pro-ural and anthropogenic changes. Comprehensive model rep-
cesses (e.g. Naik et al., 2007; Bowman et al, 2009; Pechonyesentations of the Earth system, therefore, must include the
and Shindell, 2010; Stone et al., 2011), here we calculateffects of fires on the climate and preferably, the effects of
the total impact of fire on the Earth’s radiative budget. We climate on fires and fire impacts as well.
use model-generated emissions inventories from time peri-
ods centered on 1850, 2000 and 2100 to examine how the
RF of fires has changed since pre-industrial times, and howAppendix A
it may change in the future (Figs. 11, 12; Table 6).

The uncertainties in net radiative forcing of fires are large Scaling of aerosol emissions in CAM5
and difficult to quantify, including uncertainty in the total fire
emissions, spatial variability of emissions, the model repre-Recent studies suggest that GFEDv2 bottom-up estimates
sentation of clouds, the trajectory of land use and future at-of carbon emissions from biomass burning in tropical re-
mospheric composition, and the role of nitrogen in the landgions, especially South America, may be biased low when
model. We attempt to address some of these uncertainties byompared to satellite, surface, and airborne observations of
comparing the RFs calculated using the prognostic fire in theaerosol optical depth at a wavelength of 550nm (AgYp
Earth system model (Kloster et al., 2010) to those calculatede.g. Bian et al., 2007; Chin et al., 2009). To compensate
using the GFEDv2 inventory (Table 6). The results suggesfor this apparent bias, the modeled Ag¥p based on the
that there are still gaps in model estimates of the distribu-GFED emissions is scaled to match a dataset or combination
tion of fires (Fig. 3) and a need for improvement. Contin- of datasets of observed AQE) (e.g. Nevison et al., 2008;
ued progress in the development of fire emission inventoriesvatichuk et al., 2008).
based on satellite observations, such as the GFED (van der Scaling of biomass burning emissions in our study follows
Werf et al., 2010), is essential for model validation. Within the method of Johnston et al. (2012) with only slight mod-
the model, prognostic burn severity may be the next majorfications. This method is different from previous schemes
step toward better matching the predicted fields to the in-as it identifies high-fire locations, and low-fire and high-fire
ventories. Likewise, peatland fires are needed in the modeseasons, and scales the AOD for each separately. In this way
representation. Future modeling work on fire impacts wouldthe influence of the background aerosols on the overall scal-
also benefit from dynamic vegetation that captures the sucing, a source of uncertainty in this process (Matichuk et al.,
cession of different PFTs following fire and the evolution of 2008), is reduced. We performed two additional 5-year sim-
different fire regimes. ulations with CAM5 and MAM3 to optimize aerosol emis-

In our study fires have an overall negative radiative forc-sions. These simulations were identical to2600GF and
ing, or cooling influence, for all time periods. The magni- A_2000NF but used the un-scaled GFEDv2 emissions av-
tude of the cooling decreases between 1850 and 2000, ieraged over the period 1997-2002. We define an AQP
large part because of the masking of fire aerosols impactss the 5-yr average monthly mean Agpfrom the simula-
on clouds by anthropogenic aerosols. Between years 200flon with GFED fire emissions and AQI)rre as the 5-yr
and 2100, global emissions from fires depend primarily onaverage monthly mean AGE, from the simulation with no
the applied climate forcing (Kloster et al., 2012). However, fire emissions. AOBPrg, defined as the difference between
the RF imposed by fires in 2100 is similar for both emis- AODcam and AOD\oFIRE, iS considered to be the model es-
sion projections used in this study, despite the range in totatimate of AODss5q resulting from fire emissions.
emissions between them. The greater RF ob @Om fires The model data were scaled using observations from the
in the case with ECHAM atmospheric forcing (0.91Wf  Moderate Resolution Imaging Spectroradiometer (MODIS)
compared to 0.75 W r? for CCSM atmospheric forcing) is  and Multi-angle Imaging Spectroradiometer (MISR) instru-
compensated by a more negative aerosol indirect effect RFfnents as well as ground based observations from the Aerosol
(—1.74 W nt1?2 compared to-1.42 W nt?2 for CCSM atmo-  Robotic Network (AERONET). Monthly mean values of
spheric forcing). We project that year 2100 fires will apply a AODs59 were derived from satellite retrievals from the
stronger cooling forcing on the climate 0.85W nT2)when  years 2000 to 2009, and also from the full record of each
compared to year 2000 fires-0.55 W n12). AERONET station with data for at least one yearly cycle.

In general, we find that the background environment intoSince we are comparing monthly climatologies, and these
which fires emit aerosols and trace gases can be just as impomay be averaged over different time periods, we expect to
tant, if not more, than the magnitude of the emissions. Also,introduce some error related to the interannual variability of
the effects of fires onto ecosystems by moderating C storfires. However, the variability in fire emissions from year to
age are a major forcing on the atmosphere. We conclude thatear is low in Africa and South America (van der Werf et al.,
anthropogenic impacts on fire activity, igniting and suppress-2006) where the largest amounts of fire emissions occur.
ing fires, are not the only paths by which humans can affect The results of a regression analysis of the model and
the climate forcing from fires. Instead, fires as a process arsatellite AOD data onto the AERONET observations for all
highly integrated within the Earth system and respond to natstation locations are given in Table Al. Both model and
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Table Al. Regression of the monthly mean Community Atmosphere Model (CAM) and MODIS and MISR satellite aerosol parameters
onto the AERONET observations for all months and all AERONET stations. Coefficients are the slope of the linear regression (Slope), the
y-intercept (Intercept), the correlation coefficient (R-squared), the root mean squared error (RMSE), the slope when forced through point
(0,0) (ZI-SLOPE), and the adjustment factor for the satellite aerosol optical depth (AOD-adj)). Italics represent the results of computations
on the subset of observations for which the satellite AOD2.

Aerosol Slope Intercept R-squared RMSE ZI-SLOPE AOD-adj
Parameter

CAM AOD 0.34 0.07 0.29 0.10

MODIS AOD 0.45 0.18 0.51 0.10 0.81 1.23
MISR AOD 0.23 0.20 0.43 0.06 0.58 1.72

CAM SSA2 0.57 0.36 0.33 0.03

MISR SSA 0.23 0.76 0.06 0.03

CAM AAODP 0.17  0.03 0.03 0.02

MISRAAOD 0.06 0.01 0.08 0.01

@ This is the single scattering albedo (SSA).
b AAOD equals the absorbing AOD, or the portion of the AOD that is not due to scattering.

satellites underestimate AOD when compared to AERONETTable A2. Values of the scaling factotsandg for the seven GFED

as shown by the slope of the regression line, although theegions with annual fire emissions of greater than 100 TgCyr
satellite retrievals show less spread about the line. Wherdhe values ofx for MODIS and MISR data were averaged and
AOD is reported less than 0.2 by MODIS the observation isfounded to the nearest multiple of 0.5 to give the scaling factor ap-
removed following the recommendation of Hyer et al. (2011) plied to the fire emissions in the forward model simulations.

who note that the low-AOD observations approach the signal

to noise threshold. For satellite retrievals a separate slope is MODIS MISR Scaling
computed where the regression line is given a y-intercept of Regio? B a B a Factor
zero. Hyer et al. (2011) also found non-zero intercepts when SHSA 161 187 243 182 20
regressing AERONET AOD data onto the MODIS dataset NHAF 089 048 079 109 1.0
and writes that these are often caused by retrieval errors. The SHAF 213 259 233 352 30
same adjustments are made to the MISR data. BOAS 111 388 439 213 30
Kahn et al. (2005) compare MISR retrieved AOD to SEAS 253 137 248 181 15

EQAS 363 251 367 332 30

AERONET observations and find much better agreement. AUST 115 140 143 347 25

However, they made comparisons for individual satellite

passes, whereas we are inclined to use monthly climatolo- ‘; SHSAr:1 Soutifwern hsemisphsere ﬁouthhAmeriEa, NHfAF: Noghegn
: : . emisphere Africa, SHAF: Southern hemisphere Africa, BOAS:

gies. We eXpeCt the differences be_tween OL!I’ analySIS and that Boreal Asia, SEAS: Southeastern Asia, EQAS: Equitorial Asia,

of Kahn et al. (2005) are due to this averaging. Nevertheless, AUST: Australia.

because the model AOD is more similar to the satellite AOD

than either of them are to the AERONET data, we performs,. ihe no-fire season months. as well as the AGES-

an adjustment to the satellite AOD data prior to the scaling of;j,ates from MODIS and MISR for the same months and
the model AOD. The satellite estimates of AGpare pre- g3 me regions, are used to compute a scaling factor for the

pared by simply applying the slope adjustment factors giveny,, oy round aerosof, using this expression adapted from
in Table Al. These are computed to adjust the slope of thef]ohnston etal. (2012):

regression line between the MODIS and MISR AOD and the
AERONET AOD to one. AODsatelite= B x AODNoFIRE +AODFIRE (A1)

The regions for scaling were defined as the 1/3 of the are . . . . .
within each of the 14 GFED-defined regions (van der Werf et?; r:eaﬁcf l'g%;?ggf) r:/;ai\lg?s;?; E(s) Ezgzz;T;sfgflgg%gsuh'p

al., 2006) with the highest value of AGige. Al of the fol- tation ofa and is not applied to the model emissions. Using

lowing computations are done on these 14 sub-regions. F|r?, the fire emissions scaling factar, is chosen to satisfy

emissions are largely seasonal (van der Werf et al., 2006 he following expression for the fire months (adapted from
making it possible to designate a fire season, defined as th g exp P

four months out of an annual cycle with the highest monthly“?OhnSton etal., 2012):

mean value of AORre:AODNoFIRE, and a no-fire season, AODgagelite= 8 X AODNOFIRE+ @ X AODFRE (A2)
defined as the four months with the lowest mean ratio, for
each sub-region. The AQiam averaged over each region

We applied the results of this analysis to regions that
emit greater than 100 Tg C annually from biomass burning
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Fig. Al. Scatterplots of the monthly mean model AOD vs. AERONET AOD for different GFED regions and the globe with linear regres-
sion lines plotted. Results from simulations with both the un-scaled GFEDv2 emissions (gray) and scaled emissions (red) are shown. The
region abbreviations are Southern Hemisphere South America (SHSA), Northern Hemisphere Africa (NHAF), Southern Hemisphere Africa

(SHAF), boreal Asia (BOAS), southeastern Asia (SEAS), and Australia (AUST). Equatorial Asia (EQAS) is excluded due to the small
number of AERONET data points within this region.

(scaling factors given in Table A2). These were Southernsions resulted in a 7% increase in global, annual averaged
Hemisphere South America (SHSA), northern and South-AOD from all aerosols (magnitude increase of 0.01) again
ern Hemisphere Africa (NHAF, and SHAF, respectively), bo- using the GFEDv2 emissions.

real Asia (BOAS), southeast Asia (SEAS), equatorial Asia

(EQAS), and Australia (AUST). The averagecotomputed

for MODIS and MISR is used to approximate a scaling factor Appendix B

for fire emissions in the high-fire emission regions. Matichuk

et al. (2007) found that varying the initial mass of biomass

burning emissions led to linear variations in the resultingB1 CO, pulse response function

AODss0. Therefore the scaling factor is directly applied to

the model emissions. The impact of applying the scaling fac-If we conceive that the terrestrial C storage prevented by
tors to the model emissions was assessed with an additiongiearly, global fires is emitted annually as a pulse of,CO
5-year simulation using the scaled GFEDv2 emissions. Theve can estimate the airborne fraction of the pulse after
results of this simulation are shown in Fig. A1l in compar- a given time period using a response function. Enting et
isons of the model and AERONET AQEy. The regions al. (1994) generated CQulse response functions from sev-
SHAF, SHSA, and EQAS have the highest fraction of modeleral models including the ocean-carbon model introduced by
AOD from fires and see the largest increase in model AODSiegenthaler and Joos (1992). They defined coefficients for
(note that the results for EQAS are not plotted due to thethe response function given pre-industrial £@arameters
very small number of AERONET stations in this region). (IINIT), for emissions sustaining 1990 GQ@oncentrations
The change is less visible in the other regions where eithe(IP90), and for an emissions scenario leading to & C@h-

the scaling factor was set to one, or where fires do not coneentration of 650 ppmv by the year 2100 (IPERT). To esti-
tribute significantly to the model AOD. In all cases the model mate the concentration of GOn the atmosphere from fires
AOD is still low compared to the AERONET monthly values. for the present and future time periods, we calculate a yearly
Overall, the scaling more than doubled fire aerosol emission€£0O, pulse that is equivalent to the annual difference in ter-
globally (increase of 106 %) using the scaling of the GFEDvZ2restrial C storage due to fires. Then we apply the response
emissions as an example. The increase in fire aerosol emigunction to compute the airborne fraction of the yearly pulse
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at the assessment year (either 2000 or 2100). Each pulse &he parameteF accounts for the positive feedback between
multiplied by the corresponding airborne fraction, and the[CH4] and [OH] that occurs on the primary mode timescale
results are summed over the given time period. (Wild and Prather, 2000; Fiore et al., 2009). It can be defined
In this sense, we are assessing the change in atmosphers the ratio of the adjustment time for [GlHafter a pertur-
CO, relative to the pre-industrial state from fires that oc- bation to the mean [Ch] lifetime. Here we useF’ = 1.4 as
curred before 2000, for present day, and before 2100 for theecommended by Prather et al. (2001).
future. The IP90 response function is applied to these pulses Finally, the impact of direct emissions of GHrom fires
yearly from 1850 to 1990 and IPERT is used from 1990 toon steady-state [CH is computed separately using the
2100. IP90 was designed assuming present day backgrourzhange in ClH emission caused by removing firgsE, and a
CO;, concentrations initially, meaning it is not directly ap- form of the mass balance Eg. (B3) from Osborne and Wigley
plicable to the problem of increasing GQ@oncentrations (1994) (their Eq. 11), wheré& is used to represent the ratio
from 1850 to 1990. Therefore for comparison, we repeatedf the perturbation lifetime to the initial lifetime:
the analysis using the constant airborne fraction estimated
by Knorr (2009) over this periodf{= 0.43), which resulted A[CHsl = F - AE/E, - [CHalo (BS)

ina 30 % decrease in the computed RF. The changes in [Ck] due to the removal of fires, both from

After calculating the new atmospheric @@oncentration, o ifying the oxidant distribution of the atmosphere and
the Ramaswamy et al. (2001) simple expression for estimat o reducing direct Chiemissions, are then added together

ing the RF of CQ was used for the final step in the calcula- give the steady-state no-fire Gloncentration, [Ch,, .

tion. The global mean RF due to GHrom fires for each time
AF =5.35xIn(C/C,) (B1) period is then considered to be the difference in total RF be-

) o . . ) tween [CHy], and [CHy],.r. The RF computation follows the
This function, in whichC is the perturbed atmospheric @0 method given by Ramaswamy et al. (2001):

concentration and’, is the CQ concentration in the unper-

turbed state, both in ppm, captures the impact of the CO AF = 0.036(v'M —+/M,) — [f(M,N,) —f(M,,N,)]  (B6)
saturation effect by which higher ambient concentrations off(M, N) = (B7)
CO, act to diminish the RF of additional GOnputs. 0.47IN[1+ 2.01 x 10-5(MN)°75 4+ 5.31 x 10~ 15M (MN)15?]

B2 CHj RF calculation where M and N are average tropospheric concentrations of
CH,4 and NO (in ppb), respectively, and Mand N, are the

To compute the impact of fires on GHve apply the Os-  oncentrations of those species in the unperturbed state.

borne and Wigley (1994) CHmass-balance method with

slight modifications that account for the perturbation lifetime B3 N, O box model

(Wild and Prather, 2000), and for the direct £Eimissions

from fires. Osborne and Wigley (1994) define the methaneThe box model we use to compute the impact of fire emis-

mass balance as, sions on NO concentrations is expressed by Kroeze et
al. (1999) as,
d[CHal,/dt = E,/B —[CHalo /70 (BZ) ( )
. . ac S C
where [CHy], is the observed or predicted global mean sur- o F 1 (B8)

face concentration: is time, E, is the total emission of

methane from all sourceg,= 2.75 is a proportionality con- Where C is the NO concentration (ppbv),S are
stant, and, is the methane lifetime considering all sources. N20 emissions (TgNyr!), F is a conversion factor
The lifetime, 7, is computed from the model global mean (4.8 TgN ppbv'), 7 istime (years), and is the NO lifetime
[CH4] and [OH] below 200hPa for all CHEM simulations, (years). We account for the feedback of the changin® N
and using the temperature dependent reaction rate constag@ncentration onto its own lifetime following Meinshausen
from Seinfeld and Pandis (2006). If we assume a steady-statét al. (2011b).

for [CH4] (i.e. d[CHy4],/dr = 0) the following expression re-

c \ 005
sults. =1, (C_) (B9)
E — [CH4](),3 (B3) ¢

°T g, wherezt, andC, are reference state values. In Eqg. (B9) we

use present-day numbers for the reference state (instead of
pre-industrial values) of, =316 ppbv (Meinshausen et al.,
2011a) and, = 114 years (Forster et al., 2007). Using emis-
sions data from the Meinshausen et al. (2011a) RCP4.5 time
series, we ran the box model to a steady stgt® Honcen-
A[CHgl = F % E, % AT (B4) tration dC/dt =0) for 1850, 2000, and 2100 anthropogenic

Next, to estimate the change in [GHlue to removing fires,
A [CHyg], for the model-calculated changeidrdue to remov-
ing fires,At, at a new steady-state, we usgfrom Eq. (B3)

in the following expression adapted from Naik et al. (2005):
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and natural NO emissions. We assume® uptake by the 0.25F
soil is accounted for in the emissions term and doesn't affect
the atmospheric lifetime.

tropical grassland

0.20f

After these simulations that include all emissions, the 3 e _;
emissions from fires are removed and the model is run t0£ 0F 1/ oo E
a new steady state. Due to the long lifetime gfNin the :

0.05F 3

atmosphere, the simulation can take several hundred mode
years to reach equilibrium after the emissions perturbation.  0.00t
The following expression from Ramaswamy et al. (2001) is

used to compute the RF of the perturbegCNconcentration:

0 20 40 60 80 100 120 140
days after fire

0.20F
tropical savanna (b) ]

AF = o.1z(ﬁ - m,) —[f(M,, N) —f(M,,N,)] (B10)

tropical forest

albedo

B4 Post-fire albedo response calculation 0-10;

Trajectories of post-fire land surface albedo based on the lit- 0-05;
erature were used for our analyses (Fig. B1). The first panel oof

(Fig. B1a) shows relatively quick recoveries representative 0 5 10 15 20 25
of tropical grasslands and savannas. Because rain remove years after fire

BC and stimulates grass growth, these recovery rates depen

on the seasonal timing of fire (Fisch et al., 1994; Beringer et  0.20f 10.8
al., 2003). While savanna albedos recover relatively quickly S (@ los

(within a year or two, depending on tree density and canopy 8 ASp 1%, borealforest summer Ehe

scorch), long-term woody encroachment can occur withina ® o+t
couple decades in the absence of fire and cause a slight de £ :
crease in albedo (Brookman-Amissah et al., 1980; Higgins % 0.05f
et al., 2007). This effect is shown in Fig. B1b but was not
included in our RF estimate. Globally, there is a wide range (‘) 2'0 4'0 6'0 8'0 100
of pre-fire grassland and savanna albedos. Underlying soil years after fire

colour also varies substantially, and can influence the magni-

tude and sign of post-fire albedo changes (Fisch et al., 1994Fig. B1. Timeseries of surface albedo, estimated from past research,
We do not consider the impact of fires on the interdependencehowing the recovery of different biomes from fire disturbance.
of atmospheric aerosol RF and surface albedo RF change¥ote the different timescales fea) and(b) and the different y-axis
(Betts et al., 2007). values for the winter and summer fires(a). These estimates were

For this analysis we assume that extratropical grasses folcompiled fromﬁghe following gerat”re for ”Opig@ grasslafids
. : ropical savanng tropical forests, and boreal fore
low the same albedo recovery period as tropical grasses, ré@_1 Fisch et al., 1994 Fuller and Ottke, 2002: Jin and Roy, 2005:

gardless of season. We also use a similar recovery curve f%hite and Loftin. 2000.

boreal shrubs but extend the recovery period to three years, Beringer et aI.,, 2003; Brookan-Amissah et al., 1980; Govaerts et

based on work by Veraverbeke et al. (2011). al., 2002; Higgins et al., 2007; Jin and Roy, 2005; Myhre et al.,
Tropical forest fires cause increased albedos because @fos.

the emergence of secondary vegetation (Giambelluca et alS,Culf et al., 1995; Giambelluca et al., 1997; Pinker et al., 1980.

1997). If not converted to agriculture or pasture, the land-9 Amiro et al., 2006; Lyons et al., 2008; McMillan et al., 2008.

scape albedo recovers within a decade, even though mature

trees and climax species have not yet been established. The

last panel (Fig. B1lc) represents albedo change from boreaCAM5 in the AERO group of simulations that did not include

forest fires in North America. After an initial decrease, sum- fire emissions. Next we find the fraction of shortwave radi-

mer albedo is increased for many decades because of a mi@tion leaving the surface that makes it back to the TOA. Us-

successional deciduous phase. Winter and spring albedo isg the computed albedos as the initial values for each point,

increased dramatically because of snow exposure. we apply the albedo curves to the CLM3 or GFEDV2 frac-
The curves given in Fig. B1 are applied to our model es-tional area burned and fractional PFTs (in each case using

timates of area burned and surface albedo using the followthe time period specific databases) in each grid box. Tropical

ing method. First, we compute the five year monthly meansavanna was defined in PFT terms as 70 % warm C4 grass

surface albedos as the ratio of outgoing to incoming surfaceand 30 % tropical evergreen broadleaf tree with the propor-

shortwave radiation at each model grid point, predicted bytions based on those used by Bonan et al. (2002). The winter

o
R
winter albedo

o ¢
o

0.00t
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albedo recovery curve was applied wherever monthly aver- temperature change, Agr. Forest Meteorol., 142, 216-233,

age snow depth water equivalent exceeded 1 cm. doi:10.1016/j.agrformet.2006.08.022007.

The change in albedo will act to increase or decrease th&ian, H., Chin, M., Kawa, S. R., Duncan, B., Arellano, A., and Ka-
outgoing shortwave radiation from the surface. This is mul- Sibhatla, P.: Sensitivity of global CO simulations to uncertain-
tiplied by the fraction of outgoing shortwave radiation that 1S " biomass burning sources, J. Geophys. Res., 112, D23308,
reaches the TOA, so that RF scales linearly with the outgo-, d0/+10-1029/2006JD0083/8007. _
ing surface shortwave radiation. This analysis is carried outBonan’ G. B., Oleson, K. W., Vertenstein, M., Levis, S., Zeng, X.

’ B., Dai, Y. J., Dickinson, R. E., and Yang, Z. L.: The land sur-

0!1 monthly{ rather than annual, means so that the S,easonal face climatology of the community land model coupled to the

differences in albedo changes are accounted for. The impacts ncar community climate model, J. Climate, 15, 31233149,

of the albedo changes on the radiation balance are computed (oi:10.1175/1520-0442002.

for 100 years, after which all biomes have recovered and reBond, W. J., Woodward, F. I., and Midgley, G. F.: The global distri-

turned to their initial albedo. bution of ecosystems in a world without fire, New Phytol., 165,
525-538d0i:10.1111/j.1469-8137.2004.012522005.
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