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Floor Statement: “Wildfires can emit more carbon in a few weeks than tailpipe emissions for an
entire year”.

Large wildfires in the western United States can pump as much carbon dioxide into the
atmosphere in just a few weeks as cars do in those areas in an entire year, a new study suggests.

As forest fires devour trees and other plants, they release the carbon stored in the vegetation into
the atmosphere.

Scientists at the National Center for Atmospheric Research (NCAR) and the University of
California used satellite observations of fires and a computer model to estimate just how much
carbon dioxide is released based on the amount of vegetation that is burned. The results of the
study are detailed in the online journal Carbon Balance and Management.'

Fires and regional CO2 emissions

A striking implication of very large wildfires is that a severe fire season lasting only one or two
months can release as much carbon as the annual emissions from the entire transportation or
energy sector of an individual state. While the long-term atmospheric implications of wildfire
and fossil-fuel C release can be strikingly different, the pulsed emission releases from wildfire
events can match or even exceed monthly or annual industrial emissions on a regional basis. To
examine the role of wildfire in the context of industrial emissions, we compare national and state
level emissions of CO2 from fossil fuel combustion to our estimated fire emissions of CO2.”

1 http/iwww.livescience.com/1981-wildfires-release-cars.html

2 hitp://www.chmjournal. comy/content/2/1/10/#ins2
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Wildfires Release as Much CO2 as Cars

by Andrea Thompson | October 31, 2007 05:58pm ET

Large wildfires in the western United States can pump as much carbon dioxide into the
atmosphere in just a few weeks as cars do in those areas in an entire year, a new study suggests.

As forest fires devour trees and other plants they release the carbon stored in the vegetatlon into
the atmosphere.

Scientists at the National Center for Atmospheric Research (NCAR) and the University of
California used satellite observations of fires and a computer model to estimate just how much
carbon dioxide is released based on the amount of vegetation that is burned. The results of the
- study are detailed in the online journal Carbon Balance and Management.

Overall, the study estimated that fires in the contiguous United States and Alaska release about
290 million metric tons of carbon dioxide a year, which is about 4 to 6 percent of the amount of
the greenhouse gas that the nation releases through fossil fuel burning.

These fires can contribute a larger proportion of the carbon dioxide released in several western
and southeastern states, including Alaska, Idaho, Oregon, Montana, Washmgton Arkansas,
Mississippi and Arizona.

Supporting research

Another new study, detailed in the Nov. 1 issue of the journal Nature, found that over the past 60
years, forest fires have had the greatest direct impact on carbon emissions from the boreal forests
located in the higher latitudes of Canada, Alaska and Siberia, both by the amount of carbon
released as the forests burn and the emission of carbon dioxide from the soil as the sun reaches
through the empty branches and promotes faster decomposition.

Fires that become large enough can release huge pulses of the gas into the atmosphere very
rapidly.

"A striking implication of very large wildfires is that a severe {ire season lasting only one or two
months can release as much carbon as the annual emissions from the entire transportation or

energy sector of an individual state,” the authors of the NCAR study wrote.

Californiza fires

After last week's devastating wildfires in southern California, the NCAR study's author,
Christine Wiedinmyer, analyzed the emissions with the model. She estimated that the fires
emitted 7.9 million metric tons of carbon dioxide from Oct. 19 through Oct. 26, the equivalent of



about 25 percent of the average monthly emissions from all fossil fuel burning in the entire state
of California. '

"Enormous fires like this pump a large amount of carbon dioxide quickly into the atmosphere,"
Wiedinmyer says. "This can complicate efforts to understand our carbon budget and ultimately
fight global warming,"

Exactly what the impacts of fire emissions on climate change are is unclear as vegetation tends to
grow back over the scorched arca, and may absorb as much carbon dioxide as was released
during the blaze.

Many states, including California have not yet decided whether or not to include wildfire
emissions when setting greenhouse gas targets.
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Abstract

Background

Fires emit significant amounts 6f CO, to the atmosphere, Thesa emissions, however, are highiy varlable in both space and tme. Additionally, €O, emissions estimates from fires are very uncertain.
. The combination of high spatial and temperal vaviability and substantial unsertainty assoclated with fira CO, emlsslons can ba problematlc to efforts to develop remote sensing, monitaring, and

Inverse modeling techniques to guantify carbon fluxes at the continental scale. Polley and carbon management decisions based on atmospheric sampling/modeling techniques must account for the

Impact of fire CO, emissions; task that may prove very difficult for the foreseeable future. This paper addresses the variability of €O., emissions from fires across the US, how these emissicns

compare to anthrepogenic emissions of CO, and Net Primary Productivity, and the pokential implications for monitering programs and policy development.

Rasults )

Average annual CC, emissions from fires I the lower 48 (LOWERAB) states from 2002-2006 are estimated to be 213 (& 50 std, dev.) Tg-COy yr‘1 and 80 {+ 86 std. dev.} Tg CO, yr'lin Alaska. These
estimates have significant Interannuat and spatial variahfity. Needleleaf forasts In the Scutheastern US and the Western US are the dominant source regions for US fire CG, emissions. Very high
emisslon years typically coincide with droughts, and climatic variability Is a majar driver of the high Interannual and spatial variation in fire emissions, The amount of CO, amitted From fires in the US
Is equivalent to 4-6% of anthropogenic emissions at the continental scale and, at the stata-level, fire emissions of CO, can, In some cases, exceed annual emissions of CO, from fossll fuel usage.

Conclusion
The C&, raleased from fires, oversll, is a small fraction of the estirnated average annual Net Primary Productivity and, unlilce fossil fual CO;, er { the pulsed ermi af CO, during fires are
partially counterbalanced by uptake of CO, by regrowing vegetation In the decades fallowing fire. Changes in fire severity and frequency can, however, lead to net changes in atmospheric CO, and the

short-term impacts of fire emissions an menkoring, modeling, and carbon management policy are substantial,

Background

Firas cover 3~4 milllon km? of the giobe each year and are responsible for the reiease of 2-3 Pg of carbion to the atmosphere (1,21, In the Western US, the wildfires that sweep through fovests during
the summer months are often large, severe, and difficult to cantain. A changlng climate and a century of policies that encourage fire suppression, has increased the recent extent and frequency of
Western US fires [3], There are numerous weli-documented effects of fire on atmospheric chemistry, pollutants, and ecosystems (e.9., [4-81). Fire emissions impact climate through the direct
emission of greenhouse gases, such as CQ, and methane 12} and via secondary processes, for example! by altering aerosol and ozene concentrations 18], The Impacts of fire on CO, emissions to the
atmaesphere can be large at both the reglonat {91 and globat [2] scales, but there is significant uncertainty regarding the magnitude, timing, and varlability Tn CO, emissions from fires, Additionally,

Hrae result In both biologicat and physical changes to the 1and surface that affects carbon exchange In subsequent years [€] and alter surface radiative balance for several decades [10].

At both nationa! and International levels, there Is an increasing focus on the establishrent of emission Inventetles and regulation of regional C emissions to the atmosphera, In the United States,
which has to date avoided federal binding commitments to €O, reguiation, there Is increasing activity at state and regional levels to controt C fluxes to the atmosphere. One component cf the
emerging focus on C management is the development of international, natioral, and regional carbbn inventory and maonitoring programs, To the degree that monitoring of Inventary programs focus
solely on industrial activities, fires would have little mpact on these actlvities. However, atmosphere-based reglonal emisslon manitoring efforts ave strongiy Impacted by biosphere-atmosphere C

- fluxes and new monitoring and modeling tools {2.g,, [11}) are being developad ta deconvolve natu,rlai and human sources and sinks of carbon. '

From the standpoint of atmespherically-based C monitoring pregrams, fire s problematic because fires tend te be extremely varlable in both space and Hme, and because amisslon estimates from
fires tend to be highly varlable and uncertain {e.g., [2,12-14]}. The atmosphera Integrates CO, emissions frem many scurces and so the variabllity and uncertainty in fire CO, emissions has the
potential to propagate significant uncertainty through regional C menltoring programs, An effective C managament policy will require & menitoring framevork that |s accurate and spatiefly resolved,
Fires compticate the implementation cof these tools becausa the CO5 emnitted from fires may reduce the accuracy of terrestrial sources and sink estimates from monitoring efforts,

There has been an active and ongolng discussion about the role of blosphere C axchange In CO, mitigation and the Kyote Protaco! includes a limited set of blosphere-based forestry and agricultural-

. managemeant optlons that can be used to partially offset fossil fuel @missions [15}. From a pelicy standpoing, the role of fire in C policy development depends on the scope of any mandated emlission
reductions and whether blogenic sources are incorporated into ernisslon inventores; to date this has not been the case for 'natural’ emission sources sueh as fire, but tha role of these fluxes In future
policy remains uncertain. Outside the scope of treaties or national emission policy devejopment, terrestrial C fluxes are also playing a rele In the largely unreguiated C offset/sequestration Industry
through the use of terrestrial C sequestration techniques. The large blospherefatmosphere C fluxes have led to extensive study of both the capacity of terrestrial ecosystems to sequester C and the

. potential duration of terrestrial sinks [16,17]. However, there is also growing concern regarding the tendency for the leakage of stored C from terrestrial sinks [15], as this leakage has the potentlal to

reduce the efficiency of industrial emission reductions. ’

Fire 18 one of the largest potantial risks to foss of stored terrestrial C and Is & loss pathway that Is difficult to guantify due to the high degree of spatlai and temporal variatlon in fire emissions. At
miti-decadal time scales, wildfiras have a near newtral effect on atmospheric CO;: forest regrowth balances punctuated € losses due to combustion, assuming that fire return Intervals remaln

* constant §18]. However, on the shorter tima scales of legislative agreements, international accords, or in the context of the emerglng markets for carbon offsels, fires can lead to rapid, large
amissions of C and add considerable uncertalnty to projections of decadal scale ecosystem cerbon budgets [6,18].

In the Western US, fires can be widespread In a state one year anid virtually absent the next {2.0., [13]}. In a study of emissions in Canada, wildfires contribute the equivelent of 18% of emlsslons
from the energy sector of the country with a year to year range In emissions thiat varies from 2 to 75% [$]. Although fires may not become a target for national emission regulations, the fluxes from
these events, If they are as significent as Amiro et al, 19] report, are clearly important short-term lafluences en regionat G emission patterns, The combination of uncertainty in amission estimetes due
. to the spatial heterogeneity In burns, and uncertainty regarding the degrea of combustion of aboveground biomass and soll organic matter stocks [20] makes attribution of C fluxes associated with
fira very challenging, In the context of C monitaring, the potentlal of fires to match, or even exceed, industrial fluxes in some settings and the high degree of yncertainty assockated with these fluxes
_ couid make it difficult to develop regional C monitoring techniques that would be capable of providing sufficient scurce/sink information for pelicy development or implementation, ~

http://www.comjournal.com/content/2/1/10/ ™ | ‘ | 2/24/2015
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Fire return Intervals in forested US ecosystems vary, but range from decades in seml-arid interlor forests ta centurtes for coastal ecosystems [21]. There has bean much debate over the role of

: historical land management practices, such as fire suppression, in contemporary fire and forest growth patterns and a growing discussion of how wildfires will respond to clismata change {e.q.,

: [3,22,231) The long duration of forest regrowth between fire events and the variability In the magnitude of C emission during fire highlights the uncertainty of this aspect of terrestrial € cycling. In

" the Kyato protocol, the complax nature of terrestrial sources and sinks led to a relatively narrow definition of the types of terrestrial C saquestration activities that could be used to meet treaty
objectivas [24]. These sequestration activities thus far have been lérgely constralned to agricultural management and reforastation projects, aithough there has been & vigorous and angoing debate
about the appropriate scope of terrestrial C sequestration activities [25]. At regional and nationa! levels, terrestttal sinks drivan by historic {and use change, such as reforestation efforts, can be
sizeable [26] and may represent an attractive target in future C mitigation negotiations. Simllarly, fire mitigatlon programs such as forest thinning may reduce the severity or extant of firas, but may
alse have uncertain lmpacts on sequestered carbon (depending on the fate of C removed from forests), From this standpoint, the potentlal for C losses frem fire represents a #isk to C sequestration
potential and a factor that needs to be considered In discussions regarding appropriate credit for terrestrlal sinks in atmospheric € mitigation,

. In this study, we evaluate the role that fire plays in carbon emissions from a number of states throughout the US, The motivatien, following Amire et al,, [3], Is, in part, to ashess the degree to which

fire can influence reglonal carben budgets and the year te year and state to state varfability of the potential impacts, This is the first study of which wa are aware that includas the spatial and
temporal resolution of fire GO, emisstans for the US, and assesses the importance of these emisslons cumpare'd_ to fossil fuel burning CO, emissions. We alsa focus on the role that fire may play in

tonger-term accsystem C budgets by comparing fire emissions to Net Primary Productivity (NPP) In a range of ecu;systems at a regionat level, Through these comparisons, our goal is te more clearly
delineate the role that fire Is playing In regional C budgets with the hope of praviding sarme Insight into the lmpact that fire may have on both € menitoring and management plans in the Riture,

Results and discussion

€0, emisslons from fires
Cally CO, emissions from fires in Morth America ware estimated for 2002 through 2005 using the methods described by Wiedinmyer et. al, [13]. Annually, the average €O, emitted from fires in the

tower 48 (LOWER4S} states from 2002-2006 Is estimated to ba 213 (& 50 std. dev.} Tg CO, yr'i and 80 {+ 85 std, dev.} Tg CO, yr‘1 In Alasia, There is substantial variation In the overali magnitude
of annual emisslons from states in the US, ranging from the average of 80 Tg of CO, in Alaska to < 0.01 Tg €O, in Rhoda Isiand and Vermont, Emissions from the Northeastern and Midwestern US

" atates tend to be very small; the annual emissions from the US are dominated by the Western and Scutheastern US states. For many Western and Southeastern US States, there ave large annuat fire
emissions of CO, averaging ~10 Tg €O, {with an average coeffigient of varlance of mare than 50%), The Northeastern states have the least amount of emissions per area: Vermont, Rhode Istend,

i Maine, and New Hampshire all have an average annual fire emission of <1 metdc ton CO, k2, The Southeastern and Western states hava the largest amount of CO;, from fires: Alabama, Florida,
Georgia, Loulslana, and Washington all have an average annual fire emission > 75 metric ton CO, km2,
The interanaual variability In the annual emissian estimates is substantial. In the LOWER4S, the annual emissions from year to year vary as much as a factor of 1.8, and in Alaska, the annual CO,
estimates vary by aver an order of magnituda, Overall, the Interannuat varlance of five emisslons In the Southeastern US Is lower than in the Western U5, This interannuat variabliity could arise from
several causes, Including changes in metecrology and dimate {e.4., drought} and land management practices that deal with agricultural and prescribed burning.
Fires occar within the US for a number of reasons, inciuding wildfires started from both natural and anthropogenic causes, prescribed burning, and burning for agricultural purposes. An analysis of the
fire emission estimates presented here shows that the mejorlty of the emissions frem fires In the US are from needleleaf forests, For 2006, needieleaf forests ara astimated to emit 78% of the CO,

emissions from continental US tires. This suggests that, although impartant, naturat and prescribed burning ¥ grasslands and burning in croplands for agricuitural purposes does not contribute
significantly to the dverall annual US CO, fire emissions inventary, <o, erissions from grasslands account for 5% of the 2006 astimated fire emisslons inventory, and emissions from croplands

_ contribute <3%. In both the Western and the Southeastern US, B6% of the estimated 2006 CC, lons come from needleleaf forests,

The amount of ares burned for management practices (prescribed burns) varles by reglen, In the Southeastern US, tha majority of acreage burned is via prescribed burns, According to the National
Interagency Fire Center (NIFC; [27]) less than one third of the reported area burned in 2006 In the Southeastern states was due to wildfires; two thirds of the area burned was the resuit of prescribed
. burns. In Alabama, 94% of the 2006 reported burn area was attributed to prescribed burns. Since prescribed buras in the Southeastern US tend to occur between Novembar and April [28] and the
" maiorty of emissions In this region come from needisleaf forests, we assume that much of the emissions through the spring and fali menths {discussed below} can be primartly attributed to
_ prescribed burns in forasted areas. ' T,
1n the Western US, flre-related CO, emisslons are dominantly relatad to widfirae activity, A report for the Western Reglonal Air Partnership [28] estimates that 57% of the acreage bumed In 2002 in
the Western US States wag due to wildfires, 23% for agricultural purposes, and the remalnder for land management practices, Although the percentage of aercultural burned ares was significant, the
armount of biamass burned, and therefore the emissions, were refatively small In the overalt inventary, '

Seasonal variation in fire CO, emlsgians
There Is strong seasonal vanation In fire €O, emisslons, with regional differances In the peak emissions’across the U5, Generally, the monthly emlssions of CO, fram fires in Hhe LOWERAS have two
peaks: a small peak during the spring moaths {March and April) and a larger peak during the summer months {Figure 1). These two peaks are driven by the timing of fires in two distinct portions of
the US, with spring fire emissions dominated by fires in the Southeastern and Central US, and summer fire emissions driven by emissions for the Wastern Us {Fgura 2).

N X Flgure 1, Annuzl emissi of COZ from Fires, Monthly emissions of CO, from fires for the LOWER4S, averaged for 2002-2006. The error bars rapresent the
standard deviation of the monthly emissions for the § years, '

t

Figure 2, Monthly €O, emissions by reglon. Anaually-averaged CO, amissions (2002-2006) from fires for fiva US regicns. {Western US = AZ, CA, CO, ID; MT, DM,
NV, OR, UT, WA, WY; Southeastern US = AL, FL, GA, LA, MS, NC, SC, TH; Mid-Atiantic & New England = CT, DE, MA, MD, ME, NH, N1, NY, PA, R, VA, VT, WV}
Midwestern US = I, I, KY, ML, OH, WI; Centrai US = AR, IA, KS, MN, MO, NB, ND, OK, 5D, TX)

cpaba

La;ge, periodic fires can cause massive fixes af CO, to the atmosphere. I;igure 3 shows monthly CO, release from fires from 5ix states including Afaska, four western US states, and"Mississippi:These
resuits illustrate the extrame variability In emigsions assoclated with large fire avents, such as the Columbla Complex fire In Washington i August 2006, or the Biscuit fire In Oregon fn July of 2002,
during which more than 15 Tg of CO, was refeased from each of these states,

Flgure 3, Monthiy state CO5 amissions, Monthly emissions of CO, from fires for selected states,

CIn 2002, the Biscult ﬂ]‘e ‘humed In E'Bv‘-égu:i fmm m!d-]ﬁiy to September. The en}isslchélrmﬁ this ﬂ‘r-e“wére excebtiénaiiy Ea}gé and drove Ehe peaks in €O, e;‘nESsions' for July én& AbQust 2002 for
Qregon (Figure 3). Estimates using the methods described here {see Meothods Section below) predict 4.2 Tg C (from CO2) and 5.3 Tg C (fram CO2 and CO) from the Biscuit fire {in Oregon only): Law

et al. [30] used a simple method, based on the reported burn area ard an assumed carbon loading, te estimate 4,1 Tg € from the same fire. The sizeable difference In emission estimates emphasizes
the large uncertainty associated with estimating € emissions from fires. Estimates of fire emissions of CO, depand op a wide range of factors, Inciuding the severity and type of burns, as weli as the
spatial heterogeneity of vegetation and fire intensity £2,6]. Combined, these factors make it exceptionally difficult to accurately measure C emissions from field-based technlques, regardless of
methods used. Unfortunately, remate sensing-based mathods also result In highly uncertain C flux estimates for fire, and there is currently na clear method avallable to reduce these uncerialnties
[19]. Givan these complexities, the flux estimates for the Biscult fire made by this study and the Law et. al. [30] study are prebabiy about as similar a8 can be expected. Law et. a1, {30] applied a

. reported burn area, while the methed employed in this study applied a burn area based 'on remote sensing observations. Both methods used different fuel foading estimates and emisslon factors, The
Impact of inherent uncertainty In emission estimates ls that the high degree of varlabllity (e.0., >25% of the flux) in fire @misslon estimates is aot likely to be reducad soon and has implications for
both our understanding of fires in the glabal carbon cycle and our ability to manitor and assess the causes of biosphera-atmosphere fluxes at a regional scale. '

" Fives and regional €0, emissions
A striking tmplication of very large wildfires is that a severe fire season lasting only one or bwo months can release as much carbon as the annual emissions from the entire transpertation or energy

http://www.cbmjournal.com/content/2/1/10/ 2/24/2015
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sector of an individual state, While the fong-term atmospherle implications of wildfiré and fnssll-ﬂ.i_el C release tan be strikingly different, the pulsed-emission releases from wildfire events can match
or ever exceed monthly or anrusl industrial emisskons on 2 reglonal basis, To examine the role of wikifira in the context of Industrial emissiens, we compare nationat dnd state level emissions of CO,

" from fossil fuel combustion to our estimated fire emissions of CO,.

Annuaily, for the continental US {not including Washingten D.C.), the average €O, emissions frem 2l fassil fuel busning (FFB) sources from 2000 ~ 2003 were 5738 Tp CO, [31]. Annual average CO,
emmfssions for 2002 - 2006 from fires In the sontinental US was 253 Tg €02, catresponding to the equivalent of 5.1% of the anaual FFB emissions from 2000-2003 (and 5.4% of the average from
1990-2003). Depending on the year, emisslans from fires for the entire Continental US were equivalent to as little as 4% of the FFB emissions, and as much as 6%, Howaver, tHowhis is fir the entire
U.5; on a state-level, the importance of fire emissions of CO, refative to FFB emissicns is much different, There are elght states (Alaska, Idaho, Oregen, Montana, Washingtan, Arkansas, Mississippi,
and Arizona) where the annually-averaged (20072-2005) fire emisslons are equal to mora than 10% of the state-leval FFB CO, emissions, and efeven cther states whose fire emissions equal more
than 5% of the state-fevel CO, emissions (Figure 4, Additicnal Table 1). In the case of Alaska, annually-averaged fire emissions of CO, {2002-2006) are consistently greater than the annually
averaged {2600-2003) emissions from FF8 {Figure 4). For the states located in the Western and Southesstern US, average annua! fire emissions of CO, range from the equivalent of 2-4% of FF3
emissiens in North Carclina, Colorade, and Wyoming, to 89% of emissions in Idaho, (it should be noted, however, that Idaha dees not have any coal-fire power plants, which emit large amounts of
CO,). For the Western U5 States, fire CO, emissions on average are equivalent to 11 & 4% of annual FFB CC, emissions, and for the Southeastern US fire CO, emissions are equivalent to 6 + 2% of
annual FFB €O, emisslons. .

Fiqure 4, Annuai €0, emissions by state, Annually-averaged Anthropogehic emisslons (200¢-2003) of CO, and annually-averaged €O, emissions 12002-2666) from
fires for states where average fire emissions greater than 5% of the states’ anthropogenic emissions, The error bars associated with the fire emission estlmates
represent the standard deviation of the annyal emissians for 2002-2006.

 The relative importaﬁ;.;e of Cﬁz ernlsslons fa:om ﬂre§ to réﬁgénal C emisslons vari ail\;r and annually For example,du}lngpart:cularlyintenseﬂreyears,such as 2006 In Tdaé‘sé, the emisstans of
CO, from fires In Idaho ware 1.6 times higher than ali of the annualiy-averaged (2000-2003) FFB emissions from that state, and nearly double the mean annual fire CO, emissions for the state for
2002-2006, Simlierly, In 2006, Montana and Washington experienced 0, emissions from fires durlng the year that were equivalent to ~47 and 42% of the tota) annual state-fevel FFB CO, emissions,
respectively, In addition to significant interannual variation, regionat fires are typicaliy active for just a few months of the year. The monthiy emisslans of CG, from fires for 2002 through 2406 for six
selected states are shown In Flgure 3, Alaska, Montana, Washington, and Oregon all show farge summer peaks In wildfire COemissions that are of the same magaitude or greater than the CO,, from

FFB scurces during those months.

In California, the annual FFB emissions Inventary of CO; Is the largest in the country behind Texas (362 Tg €O, yrt averaged from 1990-2003). Even so, the annual averaged amissions of CO, from
fires are significant (24 Ty COZ yr'; equivalent to 6% of the FFB emission estimates), Although the ratie of annua{ state-level CO, emisslons from fires to FFA solirces fs Fairly low, and California doas
not have slgnificant coal-fire power plant CO, emisslons, tals ratio i also subject to substantial variation. By the end of Octaber 2003, wildfires burned more than 750,000 acres, producing the
equivalent of 49% of the monthly CO, emitted by FFB sources for state, This occurred In more than one year that we Investigated. The major wildfires In September 2006, including the Day Firé in
Southern California, produced an estimated 16 Tg €O, for that manth, equivalent to approximately 50% of estimated total monthly FEB emissions for the entire state. Thus, even In highly

" Indusirialized regions of the country with significant FFB €0, emissions, fires can contrihute significant amounts of CO, to the stmosphere, These fires ot ofily Impact regicnal €Oy fluxes, but can also
impact visibility and air guality. Phuleria et, &1,[51 shows how the emissions from tha October 2003 Californian fires Increased air pollutant cancentrations, most notably particulate matter with
diameters less than 10 pm (PM10), throughout the Los Angeles Basin.

Multi-decadal implications of fire C release

Fires represent a potentially large short-term release of carbon that is largely offset over longer time scales {decades} by the uptake of atmespheric carbon assoclated with forest regrowth. From this
standpoint, fires and foss fuel erissions have entirely different effects on atmospheric CO, levels with the expictation that in the absence of thanges in frequency or intensity, five emissions would
be balanced over a period of several decades by forest regrowth and C sssimilation. To evaluate the magnitude of C rejeased from fira In the context of annual plant C sequestratlon, we compared
emissian estimates from fire to annual estimates of Net Primary Productivity (NPP; ot m 2 year) derived from MODIS sateliite observations ([21-35]) for 2000 through 2005, Annually-avaraged NPP
(2000-2005) by state Is estimated fram these base datasets {Addltlonal Fllz Table 1), For the LOWERAS, the annually-averaged NPP was estimated as 9369 Tg CO, yr'l, On an annual basls, fires
result in & ralease of the equivalent of 4% of the annual NFP flux i both the Western and the Southeastern US, However, this is highly variable, For example, average annual fire emisstons of CO,

- vange from 0.7-1,4% of estimated NPP In Nerth Caroling, Colorddo, and Wyeming, te more than 6% for Arizona, 1dzho, end Louisiana, For the Western US, fires ¢n average represent 3.8 & 1.5% of
annual average NP, simllat to the results for the Southeastern 1S, where CO;, from fires is 3.0 + 1.1% of annual average NPP, ’
‘fhe targe canversion of terrestrial biomass to CO, gurlng a fire Is largely balanced over longer time scales by the uptake of C in regrowing forest. In North Amarican Bereal ecosystams, there
commonly is @ perlad of several years to a decade during which C Is lost from ecasystems, foliowad by several decades to & century of C uptake in regrowing forests [6,36]. However, fire regimes and
Intensity are changing for at least some portions of the US {3,21], and following European settiement of tha Western U§, the fire frequency In some ferests was reduced [37] teading to an

accuymulation of G In terrestrial systams, The refatively large fraction of KPP that is currently fost Lo fire In @ number of Western US acosystems represents, In part, the raturn of some of this
historically accumutated € bo the atmospherg, and sets the stage for future C uptake in these forested ecosystems, Tha historic and future impact of fire emigsions on atmospherle CO, alsa depends

on the frequency and intensity of fires in the 215 century. A shortening of fire return Intervals, increases In area burned, andfor Increases In fire severlty can fead to net amissions of CO,, even on a
multi-decadal times scale [§,10,38], With changing climate and projected intreases in burned area in the US [39,40], there is & sighificant potential for additional net release of C from the forests of .
the Unlted States due to changing fire dynamics in the coming decades,

Conclusion

Fires represent a large and highly varlable compenent of the US carbon budget, This study [Hustrates the high degree of spatial variébi!ity In fire CO, emisslans with exceptionally large ffuxes of €O,

due to wildfire in the Western US and large emissions from controfled burns and forest management activities In the Southeastern US. In some Western US states, such as Ataska end Idaho, thé .
. annual emission of CO, from wildfire In some years equals or exceeds the emisalons from fossil fuel combustion, Even in states with large FFB CO, sources, such as Californfa, fires can be a significant

annual and highly significant seascnal component to the regional C budget.
The long-term impacts of CO, emissions from fire are cansiderably different than from fossil fue! burning emlssions hecause fire emissions are at least partlally batanced over decades by forest

regrowth and tarrestrial C sequesiration. Changing dimate and flre regimes, however may lead to fire emisslons that ncreasingly diverge from historical means. Over shorter ime paripds fires, with
thelr Inherently uncertain emission estimates, represent a major hurdie to the establishment of accurate C source and sink aceounting based on atrmospherie COy abservations. While isctoplc and

. wracer technigues could certainly ald In the reduction of uncertainty In regional C inverse modeling, fires rapresent a level of complexity in terrestrial C dynamics that deserve increased attention,

Methods

Fire emission estimates
A simple motieling approach, described by wiedinmyer et, al, [L3], was used to calculate the da!ly fire §!’_FI|ES|0HS of carbon dioxide (_iECOZ) in North America from 2002 through 2006, Eqg, was
. calcufated as: S
Ecgz = AXt} * Bxt) * Bfeg,
whera A{x,t) is the area burned at location x and time t, 8{x,t) Is the biomass burned at jocation x and time t, and EFpa, js an emission factor, or the mass of COZ that Is emitted per mass of [$8]
blomass burned.
- With this methad, fire location and timing is determined with the MOGES Active Fire product, The MODIS Instruments aboard the NASA Terra and Aqua sateflites each provide approximately twice-
daily passes over North America. These daliy fire detections were processed by the US Forest Service Remote Sensing Applications Center for 2002 through 2006 using the MODIS Active Fire data
_ developad by the UMD Rapid Response team [44]. - .
The fuel loading at each fire was determined using a combinatlon of satefilte products. The Global Land Cover 2000 {GLC2000) dataset is uSad to characterize the scosystem type for each identifiad
fire. The GLC20GC identifles 29 different land cover classes in North and Central America at a 1 km? resolution [42], For each land cover class, a total fue! loading has been assigned using a
_ combination of values found In the literature [13], The Faction of woody and herbaceous fuels assoclated with each class was determingd using information from the Fuels Characterization
, Classification Syster (FCCS; [43,44]). The fraction of forest, herbacaous cover, and bare ground &t each fire was determined using the Vegetation Coatinuous Fields {VCF) MODIS product, scaled to I
km? [45,46]. The amcunt of blomass burned was assumed to be a function.of Forest cover (where > 60% Lree cover Is considered forest, A(G-50% tree cover is considered Woodlands, and <40% tree
| cover is considered Grasslands), followlng the methads applied by Ito and Penner [473. - )
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For the results shown here, each detected fire was treated as an individuat fira, Based on the nominal resalution of the MODIS Instruments, the total possible area burned for each fire pixel was
assumed to be 1 km2. For each fire detaction, the 1 ke? was scaled to the amount of bare cover assigned at that spot by the VCF praduct. For axample, i the bare cover was 20% at a fire point, the
area burned was estimated to be 0,8 km?2, Using this methodology, daily fire emisstons of CO, were estimated for 2002 through 2006. Only emissions from the US are presented in this paper.

Fire amission estimate uncertainty

The emissions of CO, from fires are highiy uncertair: due to the combined errors anq uncertainties in the mode! framewark and Inputs. Uncartalnties in the flre amission estimates may arise from the
satellite datections of the fires, the assumptions made In the fuel loading and amount of fuel burned, the estimated area burned, and the assigned ermission factors, The Active Fire sateliite product
produces dally fire detections, This preduct s not screened for missing data, and daes not flag those areas abstructed by clouds, The timing of the satellite detections and the Inabiity ta detect fire
through clowds ¢an lead to missed detections and an underestimation of fire detéctions [41,48}. The argz burned assigned to each pixel (1 km?} is cansldered an upper estimate, The fuet loadings
asseciated with each genaral land cover classification are taken from few studies, and In reafity are highly varlable, '

Wiedinmyer et, al, [13] were unable to assign a quantitative assessment of uncartainty on tha emission estimates using the described modeling technique, However, they predict that the
uncertainties can be over a factor of twa. When compared to other estimates of CO, emissians from fires, these estimates are within this uncertainty. Foi the Conterminous US, the Global Fire
Emissions Database, version 2 (GFEDv2, [2]) predict emissions of CO, that are approximately two to five times fower than those estimates here. Cther models used to predict emissions from fires are
much closer to the values predicted here, A more comprehensive Intercomparison of amission estimates of CO from fire emissions madeis for the US is described by Al-Saad et al, {12]. In general,
the emissions from the methedology used hare are higher than those predicted by the GFEDv2, but iower than those predicted by a NOAA product [12]. To consider the uncertainty associated with
the emisslon estimates, we assign & factor of at least 2 to the estimates. - .
The vatidation of fire emisslon estimates is difficult, since the emissions from fire to fire are highly variable, and direct flux measurements from fires are extremely difficult, Invarse modeling of fire
emissions using /n sity measurements or satellite ohservations providas 4 means to constrain fire emission estimates: however, these methods an net provide a direct quantfication of emissions
from fires. The uncertainty in the fire emission estimates, along with the vaslabllity in the spatial and temparal allocation of these emlssions, adds further compiications for efforts to constrain € fluxes
. with monltoring and modeling techniques. Futire wark 1s needed not only to better quantify emissions from fires, bul to better constrain the uncertainties associated with the estimates,

A PR IR Vi

. Met Primary Productivity ~ - 7 T
The Nat Prirary Productivity (NPP) Is defined as the rate at which biomass grows In an ecosystem, It Is often used.as 2 measure of carbon uptake by vegetation, or carben stored In vegetation, For
this study, the annual NPP values determined from the MODIS Satellite Instrements wera used [31-35]. This product provided annual NPP values (g€ m2 ye_ar“) with a spatiai resolution of 1 wm? for
the continuous US Annual NPP values (TgCO, yi'1} for each of the § years {2000-2005) were averaged for each state in the continuous US.

Fossil fuel burntng emissions of CO,
To evaluate the impartance of blemass burming emissions velative to thosa from fossl fuet burning, the US Department of Enargy report of annual €O, emlsstons from fossil fuet combustion for the
country [31} is used. The annual total CO emissions by state from 1950 to 2003, was published In Apri! 2007 [48). This inventory doss not inciude ail industrial sources, but is the most complete

inventory of which we are aware.
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