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Key Points:
1 The West Coast bottxperiences the largest smoke exposures and contributes most to the
burden of smoke Pb&in the western US
1 Applying prescribed burns on the coast yields large benefits for the West, while doing so
in other statebasrelatively smaller impacts
1 Larger pesribed burns may redusenokeimpacts from future large wildfires, but few
suchburns have occurred in key areas
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Abstract:

Smoke from wildfires presents one of the greatest threats to air quality, public health, and
ecosystems in the United States, especially in the West. Here we quantify the efficacy of
prescribed burning as an intervention for mitigating smoke exposure dogvoiwvildfires

across the West during the 2018 and 2020 fire seasons. Using the adjoint of th&CB&EDS
chemical transport model, we calcul ate the s
concentrations in receptor regions, including states andemvabnmental justice communities,

to fire emissions upwind of the receptors. We find that the popuat@ghted smoke exposure
across the West during the September 2020 fires wag/d# but would have been 2B0%

greater had these wildfires occurreddctober or November. We further simulate a set of
prescribed burn scenarios and find that controlled burning interventions in northern California
and the Pacific Northwest could have reduced the popueatmghted smoke exposure across

the western Unitd States by 2irg/m?® in September 2020, while doing so in all other states

would have reduced smoke exposure by onlyndy/s°. Satellite records of large, prescribed

burns (>1000 acres, or 4 Rmreveal that northern California and western Oregon conducte

only seven such prescribed fires overyge@r period (2012020), even though these regions

have a disproportionate impact on smoke exposure for rural environmental justice communities
and population centers across the West. Our analysis suggesasthatanagers should

prioritize northern California and the Pacific Northwest for prescribed burns to mitigate future
smoke exposure.

Plain Language Summary

Catastrophic wildfires pose substantial risk to public health, infrastructures, and ecosystems in
the western United States. As these large and costly wildfires become more common, methods to
identify locations for prescribed burning are needed to mitigate impacts on affected populations
and ecosystems. Here we investigate the effectiveness of peesbrirning for abating potential
wildfire smoke exposures in states and rural environmental justice communities across the
western United States during the destructive 2018 and 2020 fire seasons. We find that due in part
to prevailing wind patterns, wildes in the coastal states contribute more to overall smoke
exposure in the West compared to wildfires in other states in both 2018 and 2020. We show that
implementing prescribed burns in the heavily forested Northern California and the Pacific
Northwest would yield large net benefits for the entire western United States, while doing so in
other states would have relatively smaller impacts. Our work suggests that land managers should
prioritize northern California, western Oregon, and eastern Washingtprekmribed burns to

mitigate future smoke exposure as these regions have a disproportionate impact on smoke
exposure for rural environmental justice communities and population centers across the West.

Keywords: wildfires, prescribed firg, fine particuate matter (P¥s), environmental justice

e



63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

103
104
105
106

Intro duction:

Given decades of successful palution regulations coupled with the dramatic increase in fire
activity across the western United Stat&batzoglou and Williams, 20163moke particulate
matter (PM.s) from wildfires presents one of the greatest threats to air quality in the United
Statesesgecially in the Wes{Childs et al., 2022; Larsen et al., 201825 can penetrate deep
into the lungs, leading to an array of health effects, including pulmonary disease,atrbke,
prematuredeath(Landguth et al., 2020; Liu et al., 201Zandmanages in the western United
Statesare faced with the challenge of deciding how to deploy limited resources to protect
citizens fromencroaching wildfires in the wildlaindrban interface (WUI)These personneire
increasingly seeking opportunities to expamel $cope of prescribed burning to minimize the
socioecological impacts of large wildfireBlowever,the potential t@vertwidespreadgmoke
exposurdgrom futurewildfires is not taken into consideration whelanningprescribed fires
(Sutherland and Edwards, 2022)though prescribed burning worsens air quality in specific
locations on shoiterm time scales, it may have the capability to reduce community smoke
exposure at large scales in the Westénited Statesln August 2022, Cagress passed the
Inflation Reduction Act, which designates nearly $2 billion toward the reduction of hazardous
fuels through the use of prescribed burns and other medsLRe§376) Here weestimatethe
efficacy of prescribed burning as a land managenméervention for mitigating smoke exposure
in population centers and rural environmental justice commuitieswind of potential
wildfires acrosghe western United States.

An increased urgency exists for evaluating the net benefits of prescriteedv@ea broad range
of ecosystems the WestA warming climate, a legacy of fire suppression, and population
growth in thewUl all increase the likelihood of large wildfires in the western United States
causing significant environmental damd§&RA, 2020). Sedimentary charcoal records indicate
widespreadndigenoudire activity in the western United Staté®0-1000 years before present,
suggestingalargéf i r e def i c-daylandscapéMartoreet g.,r2@12)&sthotigh
prescribedurninghasbeen used asland management tool for centuriémited information
existsthat allows for a&omparisorof smoke exposurigom prescribed fireand wildfires in the
western United Statekdigenouscommunitiesn the Wes and worldwidehavetraditionally

usa prescribed burningp return nutrients to the soihd to limit the frequency of large fires
(Lake et al., 2017; Lake and Christianson, 20li®}he United Stategontrolled burndor
agriculturalclearing and hakat managemertominate the acres burned in the Southeast and
East, whileuncontrolledwildfires dominate in th&Vest(Baker et al 2020). However, th&#Vest
experiences krge burdenof smokePMz.sthan elsewhere in the contiguous United States,
becausavildfires exhibit greatefuel consumptiorthanprescribed firs (Baker et al 2020).
Public acceptance of prescribed fires in the West is less widesprpad due to concerns over
escaped firesral the potential air quality impact of smoK&olden, 2019) Furthermorgmost
scientific evidence of theetbenefits of prescribed burning in the Wdstivefrom a limited
number of case studié3affe et al., 202Q;)S EPA, 2021Vaillant et al., 2009)

Wildfire datawith high spatial and temporal resolutibave enabledecentinvestigaion of the
impacts of smoke oarbanair quality( O6 Del | et al ., hle2hesmokBe i d
effectsonrural environmental justice communitisgy have beemverlooked Recently the
proliferationof high-resolutionsatellitedata hasransformechow air pollutionis tracked and
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interpretedWith thelauncresof TROPOMIin 2017and thegeostationargatelliteconstellation
(GEMSin 202Q Sentinel4 and TEMPO to be launched in 2028ense, continuous observations
of air qualityand wildfiresacross thé&artharebeconing available(Griffin et al., 2021; Kim et
al., 2020; Torres et al., 202@oncurrently, he spatialresolutions of air gality modelshave
continuel to approach finer scaléBindle et al., 2021; Eastham et al., 2018pachinelearning
approachebaveinferredlevels ofsurfacepollution where no measurememtdst(Di et al.,
2019; Pendergrass et al., 2028)wnscald PMz s observationso the hyperlocal<50 m) scale
(Amini et al., 2022; Yang et al., 202@ndincorporate high-resolutionwildfire smokeplumes
into air quality datasetd.. Li et al., 2020) In addition citizenscienceand lowcost sensor
networks arencreasing th@rbanspatiotemporal coverage of air qualigservationso study
wildfire smoke exposure in the We#t et al., 2022; Liang et al., 2021)

Such progress ispatialresolutionhas led to an increased focus on urban centers axffemse
of rural, atrisk communitiegPellow, 2016)For example, otside of metropolitan hub#)e
Central Valley in Californiaand Central/Eastern WashingtStatehave large populations of
nonwhite Hispanic agricultural workers who are disproportielyaaffected by smokBMzs as
an occupational hazaf@edar River Group, 201Zhandrasekaran, 202Garcia 2007Marlier

et al., 2022)but whosePMz.s exposure is not well monitorédeSouza and Kinney, 2021; Kelp
et al., 2022)The Navajo nationa Natve Americanreservatiorin the Southwestjs the largest
land area held by an indigenous tribe in the United S¢&eserman et al., 2019People living
on thereservatiortypically experiencéower annualaveragePM:.s exposure compared to other
racial minority group$n the western United Statdsieto therurallocation(Jbaily et al., 2022)
However,indigenougyroupssuch as the Navagxperience higher rates of diseases linked to air
pollution exposur€Ospina et |, 2012)andin turnarelikely more susceptible to tHeng-range
transport of smoke twibal lands.

A multitude of studietaveinvestigaed wildfire activity in the western United States, including
wildfire trends( Abat zogl ou and Wi lliams, 2016; Mc Cl ur e
smoketransport(Barbero et al., 2014; Wu et al., 2018hdthe health impact®f smoke
exposurgdMagzamen et al., 2021; Reid et al., 20B8)lativelyfew studies, howevehave
examined the role oheteorologyto modulate smoke exposwa the populations downwirat
theefficacy of prescribed burns as a policy interventide adopt a existingframeawork
connecting fire emissions with transport to calculate populateightedsmoke exposurr an
array of target region&im et al., 2015; Koplitz et al., 2016; Marlier et al., 20I8) date this
frameworkhas beeiimited to case studies in SoutlséAsia. To our knowledge, there exist no
systematistudiesexamining theotentialof prescribed burnt® reduce population exposure to
wildfire smoke

In this study, we develop an approach to predict at the state level where prescribed fires and
other fire management approaches would yield the greatest benefit to air quality downwind of
potentiallargewildfires in the western United States. Quoproachntegrateq1) information on

fire emissions related to land use in the western United S{2jélse transport of smoke to

downwind regional population centers in states and rural environmental justice communities, and
(3) theresultantpopulationweighted exposureWe simulate the transport of smoR#: s for the

2018 and 2020 fire seasons in the western United Stategiantdfy howmeteorological

variability canmodulatesmoke exposur@Ve alsagquantifythe effectivenes®f prescribed



150 burning as a land management tool in\estby investigating themokeexposure effects of
151 applying instate and owbf-state prescribed burpgsndwe compae these hypothetical burts
152 historicalrecords of prescribed burning

153 Methods:

154

155 2.1HistoricalFire Emissions

156

157 We usemonthly-averaged.25° x 0.25° emissions estimates from the Global Fire Emissions

158 Database version 46&FED4s;van der Werf et al., 201%With 1 km 1 km burned area

159 (MCD64A1) measurements frodMODerate resolution Imaging Spectroradiometer (MORIS)

160 boardthe Aqua and Terra satellitéSiglio et al., 2016; van der Werf et al., 201The fire

161 emissions are based on observed relationships betweead areandfuel load consumption

162 assumed fronthe CASAbiogeochemical mod€Randerson et al., 2009n GFED4s, fuel

163 consumption is defined as the amount of biomass, coarse and fine litter, and soil organic matter
164 consumed per unit area burned and is the product of fuel and combustion compléfeness.

165 choose the monthly timescale because GFED from 2017 onwards is a preliminary dataset, using
166 the linear relationship between historical GFED emissions and active fire detections to estimate
167 daily emissiongMu et al., 2011) The daily partitioning of mahly GFED4s emissions relies on

168 using the daily variability in active fire counts and burned area, which may not accurately reflect
169 the daily variability in emissions due to changes in fire intensity andjsdlzell variability in

170 fuel load(Mu et al., D11).

171

172 We usemonthly GFED4s fire emissions for the 2018 and 2020 fire seasonsNdwgmber) in

173 the western United Statdsie tothe highnumber of fires detected and the large extertred

174  burnedduring those yearhe Camp Firef November 2018vasone of the most damaging

175 environment al event s i (Breieoand Glements, 2@26; Roohegetni a o s
176 al., 2020) The firespanned 620 kfrin areaand totaleconomicdamages were estimated at

177  $16.5 billion in addition to over $150 million in fire suppression cqBtay City News, 2018

178 In addition, the Martin Fire in northern Nevada occuifred July to Augustin the2018 fire

179 season, which burned a total ared 70 knt and was the largest fire in Nevada's history.

180 Wyoming also had ove240km? burned in the BridgeTeton National Forest in September of

181 2018.In the 2020 fire seasoreveral major wildfires igniteth the Westandburnedover 41,000

182 km? of land causng nearly $20 billion in economic damagés addition to $3.4 billion in fire

183 suppression cos{§&eographic Area Coordination Center, 20Ziylorado experienced the three

184 | argest fires by burned ar ea i nresulinginogser at eds r
185 2,100km? burned(Colorado Division of Fire Prevention and Control, 2022)
186

187 The 2018 and 2020 fire seasamxe themost destructiven recentdecadeswith most of thdfire
188 emissions originag from coasal states To betterquantify the smoke impacts from other states
189 inthe West, we also include an analysis using GFED4s ensssion the following large fires
190 in other years(1) July 2007 for the Murphy Complex Fire in Idatiod the Milford Flat Fire in
191 Utah,(2) Jure 2011 for the Wallow Fir@ Arizona,(3) June 2012 for the Whitewatd3aldy

192 complex Fire in New Mexicaand (4)July 2017 for the Lodgepole Complex Fire in Montana.
193 Thesehighfire case studieare significant in the histories of each of these states and warrant
194 analysis in addition to the 2018 and 2020 fire seasons.
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2.2 GEOSChem Adjoint

The adjoint of the GEO&hem chemical transport model allows us to calculate the potential
influenceoff r e emi ssions in each grid cell across
exposure in specified receptor regionke adjoint considers the advection, convection, and
deposition processes in smoke plumes as they traverse the regltmwing the apgroachof
previous studiegKim et al., 2015; Koplitz et al., 2016; Marlier et al., 2029¢ use the adjoint

of the GEOS @Bhyenal, 201; Hehze 6tAhl., 200F guantifythesesource

receptor relationship&G EOS Chem i s dAPasmelated mgteor@dypf®m the
NASA Global Modeling and Assimilation Offic&mulationshave0.25° x 03125 horizontal
resolution over the nest&tbrth Americadomain (407 40°W, 10°Ni 70°N). The method takes

into account the spatiotemporal distributidrsmokeplumesandgenerate monthly mean

gridded sensitivities, hereafter referred to as adjoint sensitjvitiemits ofmg n%/g m? s, We
define smoke athe primary PMz.s emitted by firesn the form oforganic carbon and black

carbon (OGBC), asdescribedby Wang et al., 201IMultiplication of the adjoint sensitivities by
the fire emissiongieldssmoke exposure in receptor regions for any fire emissions scenario, as
the relationship between emissions at the source and smoke exposureeba is assumed

to be lineaKim et al., 2015)For populatioaweighted smoke exposures, we use population
data for the year 2020 (CIESIN, 2018).

We selectl 1 state regional,and ruralenvironmental justice community receptassshown in
Table 1 andrigure 1. At the statkevel, we chooseightreceptorgoughlyaligned withthe
Geographic Area Coordination Centers (GAQ@ps://gacc.nifc.goy which are areadesigned
to facilitatefire management and mobilization of fire suppression resourdhs western

United StatesThesesevernreceptorsncludeWashington and Oregon (WA/OR); Nevada (NV);
Montana, Wyoming, and ColoradiRockie®); Idaho andJtah (ID/UT); Arizona and New
Mexico (iSouthWesl); Northern CaliforniafNorCab); and Southern Californidi$oCab). At
the regional level, we create a single receptor that contains all the states listedAlEsi® (o
examine the populatieweightedsmoke exposure of firellectively experienced by thentire
western United StateBinally, we selecthreerural environmental justice communitjes
including counties in the Central Vall¢y@VvCalo ,)Central/Eastern Washingt¢ni C E WA 0 )
and theNavajo Nation( i N a Wolinadl )n the Four Corners region. These roeakptors
represent vulnerable communitigh large nonwhite populationshereexposure tarban air
pollutionis low, butwhichtend to experience outsized impacts from ecologicaktisssuch as
large wildfires(Davies et al., 2018However, theCVCal does includenultiple cities with
populations larger than 500,000 people (Fresno, Bakersfield, Stockton, and Modesto).

t
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232 Table 1.State and rural environmental justice community rearspt
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Receptor Name Receptor Area

ID/UT Idaho and Utah

NV Nevada

NorCal Northern Californid 48 countiesiorth of36 N

Rockies Colorado, Montana, Wyoming

SoCal Southern Californi@ 10 countiesouth of36 N

SouthWest Arizona, New Mexico

WA/OR Washington and Oregon

West Arizona, California, Colorado, Idaho, Montana, Nevada, New Mexico,
Oregon, Utah, Washington, Wyoming

CVCal Central Valley, Californigrural community)

CEWash Central and Eastern Washingt@oral community)

NavN Navajonation Indian reservatiofiural community)

vt

Lo @

NorCal

WA/OR

Figure 1.State and rural environmental justice commuretyeptos at 0.25 x 0.3125°
resolution.Thesevenstatelevel receptorgleft panel)aredescribedn the textand Table 1

Overlaps of the recept®across state lines are an artifact of the unsymmetrical 0.25° x 0.3125°
grid. The three rural environmental justice receptors are shown in yellow (right paoehties

in the right paneére outlined in gray and Native Americtamritoriesin red.

2.3Modulationof smoke exposurly meteorology

We first examine thgotentialof meteorology to suppress or amplify smoke exposatres
downwind receptors. W calculate the adjoint sensitivitits all 11 receptorggiven
meteorological conditions for thkily-Novemberfire seasosin 2018 and 2020yielding a set of
monthly mearadjointsensitivity maps spannirtgn monthstotal for each receptaacross the
two seasonsThis approachallowsus tofocus onthe monthlyvariation in meteorological
processewvhich affect smoke transport to the receptnid the subsequent smoke exposire
examinetwo scenariosFirst, exposures in théhistorical smoké scenaricarecalculatedby
multiplying monthly mearfire emissions in the 2018 and 2020 fire seasorthdynatching
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monthlyadjointsensitivityi e.g., July 2018 fire emissiomsemultiplied by July 2018 adjoint
sensitivity. This scenario attempts to capture what actually occuBecbndgexposures ithe
fimaximum smokescenario arealculatedoy multiplying eachs e a slargest smionthlymean
fire emissions by eaabf thefive monthlyadjointsensitivitesfrom July to November for that
seasonThemonths with the largest emissions for thter scenao areNovember 2018 and
September 2020 his hypotheticakcenario tests whatould happenf the worstcase smoke
emissionsn a seasowerepaired with different meteorological conditions.

Our method isolates the role of meteorology in smoke transport from its roleigmiiien and
allows us tadiscern thgotential influencef meteorologeal processe® modulate smoke
exposures in each receptbr.particular,h e A ma x i mu m aresaltow & doaddrese n
the questiongiven a fixed set of emissionspw doesneteorological variability within a fire
seasonnfluencepopulationweighted smokexposur@ Our approach rests on observational
evidencehat a large portion of fires theWestare human causdébatzoglou and Williams,
2016; Balch et al., 2017; Hantson et al., 2028plying a randomness to fire occurrenice.
addition, across much of the Westasonadrea burneds mainly a function oseasonal
meteorological variablesuch as temperature or rainf@tlue et al., 2013)Such evidence
suggestshatsignificantfires may occur at any time duringgiven seasarHowever, he
resulting smoke exposua® populations downwindf fires depend ontransporfprocesses
whichtypically vary on shoertimescales.

To broaden the scope of our studse use th2018 and 202@djoint sensitivities to analyze how
theseweather patternaffect the fouhigh-fire case studielsted in Section 2.IThat is, we

condu¢ an additional A manalysimfordarges fires i AT, Solests u r e
and MontanaAlthough the sensitivities reflect 2018 and 2020 conditions and thefinggtases
occurred in earlier years, this analysis will nonetheddissv us to tet how different

meteorological conditions and emissions interact to affect population smoke exposure.

2.4 Prescribed fire scenaridsr smoke exposures

We examine the efficacy of prescribed fires a®kcy intervention forstates irthe western
United States and compescenarios of prescribed firés historicalrecords ofrescribed
burning locationsA study conducted by the United States Forest Se(ld&&S)on the Timber
Crater 6(TC6) Firein Oregon suggests that effective prescribed Ingrand mechanical fuel
treatments redudeee densities by an average of 25% in ponderosaqiasts and@8% for
lodgepole pindorests(US EPA, 2021 The USFS concluded that thegyacyof fire suppression,
fuel loading, and potential fire behavior et TC6 Fire area are similartttese characteristics
in other coniferous forestn the western United Statdd$ EPA, 2021 Here, we assume that
conducting prescribed burmsthin a receptoareawould reduce the fuel load and thus
subsequent wiliite emissions by 50%or all landscapesncluding savannas and grasslands,
that receptarFor eachstatelevel receptor, we apply Bypotheticab0% reduction in the fire
emissions inside the receptor region and examinedhsequentmokePM:. s exposuretthat
receptor anatall other receptoristedin Section 2.2We apply thigeductionto thehigh-
emissions montbf each fire season: Novérer 2018 and September 2080e acknowledge
that the 50% cut in emissions is somewhat arbitrary. Nonethdlesmethodcaptureghefirst
ordereffects of prescribed burms the emissions froraubsequent wildfireandallows usto
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calculate both the t@l andout-of-statesmoke exposure impacts.

In addition we compare ounypotheticaimodeling results with historicaécordsof actual
prescribed burtocations We examine th#&onitoring Trends in Burn Severity (MTBS)
[https://www.mtbs.gov/Hatabase over the course of 2132Q This step allows u® test
whether recenprescribed burnkaveoccuredin locations thatmay havehelpedprevent future
large wildfires(Finco et al., 2012)MTBS accourd for only thoseprescribed fires that burned
over 1000 acres (~4 Knand does not report smallerescribedires. To supplement MTBS, &
alsomake comparisons to tidational Fire Plan Operations and Reporting System (NFPORS)
fuels treatment databgsehich ismaintained lp theUS Department of the Interior
collaboratively with the US Department of Agricultuv&hile NFPORSdoesreport prescribed
fires under 1000 acres,doesnot n c | piledberninig 6 t he | and mamwhidne ment
a prescribed fire ignited onto piles of cut vegetation accumulated from fuel management
activities Pile burningmay constitute a significant fraction sfnall, prescribefires (Rhoades

and Fornwalt, 2015For NFPORS, the spatial information area burneis limited befoe
2018,and sowe restrictthesecomparisongrom 2018to 2020.We expect variation between
MTBS (satellitederived)and NFPORSrepors from land managersjue tothe differing
approachesf characterizing prescribed burasd levels oflataquality contol.
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Results and Discussions

3.1 Sensitivities and smoke exposure during wildfire season

For November 2018, our results show tlhaet A hi st ori cal ssowoked scenar
hypothesighatthe large fires ofhat monthHeadto the maximunpopulationweighted smoke
exposurgforthewi | df i re season. The top row of Figure

populationweightedexposure for each receptor for the 2018 and 2020 fire sedsdovember
2018, NorCal and th€VCal expeience monthlymean smoke exposwwef 36 ng/m? and 48
ng/m?, respectively. These modeled estimates agree wellobikrvednonthly averagePM:.s
concentrationsf 37-64 ng/m? at EPA sites withimorthern Californian that month(California
Air Resources Board, 2021However,themodeledsmoke exposure in November 20%8
generallylow outside of NorCalwith most receptors experiencisgiokePMz.s concentrations
of less than 2m/n?. Thisdisparity in exposurenay be explainedybtherelatively stagnant
meteorological conditions over NorCal in November 2018 prevent dispersal of smoke from
this region(Brewer and Clements, 20200 Novemberaveragevindspeed off the coast and
inlandin NorCal areonethird thosen the preceding months (Figure Stye canfurtherinfer
meteorology and transport processes driving the distribution of smoke by examinavgrthge
adjoint sensitivityof a receptarA higher mean sensitivitfuggests larger effect ¥ the weather
(convection, advection, depositiomhich in this case taken together with wind data ({Fedl,
S2) implies more stagnant conditimrConversely a lower mean sensitivity suggests local
emissiongplay a more important role in smoke concetitns.The meanNorCal adjoint
sensitivity for November (549&g n3/g n12 s?) is nearly doubléhat ofmostother months in
the 2018 fire season (July: 3120, August: 2902, September: 3309, Octobem@btdg n1° s
1). Nevertheless, due to the large population cefiéensdin NorCal,the populatiorweighted
smoke exposure across the entire western Unite s relatively large, a8.3 ng/n?. In
addition, wefind elevated smoke exposures in Aug2@18at multiple receptorswhichwe
attributeto emissions from the Martin Fire in Nevadiowever, the impact on the entire western
United States is leggonouncedn August,with a populatioraweighted smoke exposure of 5.2
nmg/me.

In contrast, infSeptembeR020, all receptors experienadatively largesmoke exposugdn the
historical scenarifor the2020fire seasonNorCal experiences a monthtyeansmokePM: s
concentration of 8g/m?, while theCVCal experiencesraevenhigher 128vg/m?, whichis

consistent withts closer proximityto fire emissions than NorCal (Figur&)Sin addition

WA/OR hassmoke exposures of 14@/m?, largely driven bytheunprecedented extremef

fuel aridity and high winds that facilitated the spread of fires in Orédbatzoglou et al.,

2021) Although wildfires burned over,300 kn? of land inCEWash this receptohasa

relatively low smoke exmure at 19m/m?® in September 202@ue to high winds pushing smoke
rapidly eastwardlimiting exposure leveld=inally, the largenumber and severity ofildfires

along the West Coast September 2020 yieldspopulatiorweighted smoke exposure of 44

ng/m?3 for all statesn the WestThis monthly PM s average concentratiamxceeds he EPAG s
annuall 1 5 3anddaly( 35 3 sgdondary’M:sstandardand corresponds to an air
guality index (AQl) of 12.Zengrally weobservetthaty f or se
NorCal and WA/OR experience the largest populati@ighted smoke exposures in the Wast
September 2020
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361

362 The historic smoke scenaridsosv large regional effects on populatiaeighted smoke

363 exposure across the West. Howevie, thaximum smoke scenarios indicate that smoke

364 exposurswould have beemrven largemn some receptori$ the November 2018 and September
365 2020 wildfires hadoccurrel in different months during the same fire sea3dw bottom row of
366 Figure 2 pr esent spopulatonwiightedexposurerfor sactoréceptor for the
367 2018 and 2020 fire seasorisis scenario, as described ab@ssumes fixed emissions

368 (November 201®r September 202Gr all months in each seasdmtmonthlyvarying

369 meteorology.

370

371 In 2018in the maximum smoke scengrinoststate receptors except for NorCal and WA/OR
372 experieceslightly higher smokd®M:.s exposuran the months precedifgovember 2018. This
373 difference is driven byhecombinationof factors occurringarlier in the seasofaster

374  advection which carresthe smoke from source regiomsddrier conditionswhich lengthen the
375 lifetime of smoke PMsin the atmospherdhe average horizontal windspeed in the West

376 excluding thecoastaktates idigherin August and September comparedhte® months

377 immediately before and aft@figureS2),while average total convective precipitationAugust

378 (0.002 mm/day) and September (0.001 mm/daigss than that i©ctober(0.004 mm/day.

379 Although November hethe highestaiverage horizonalindspeed in the interiolWest,greater

380 local rainfall earlier irDctobercombinedwith therelatively smallerfuel loadin the interior

381 compared t@woastaktatedeadto lower smoke exposure3he meanNestadjoint sensitivities

382 reflect these conditionsvith thelowestvalues occurringarlier in the seasqduly: 3399

383 August:3243 September3214 October 3806mg nT3/g nmi? s1), implying lesstransport of

384 smoke from source regions compared to that in November, when the mean adjoint sensitivity is
385 4366 mg m¥/g 2 s, We find thatsmokePM.s from NorCaldominated emissiorduringthe

386 2018fire seasonwith the exposurestall other receptorarequite small under 3ng/n?. Thus,

387 we canconclude that November 201&d#sto the highest possible smoR&2 s exposuresn

388 NorCaldue toits large population aneglatively stagnant conditionguring that time The

389 influence of NorCalis also evident ithedomainrwide smoke exposure (Figurd)S

390

391 In 2020,a different story emergesn t he A ma x i mu mAllseseptereexcefore nar i 0 ¢
392 WAJ/OR experience higher smokM:.s outside the month deptemberespecially later in the
393 seasonFor ID/UT and NV (oftertogether ef erred t o as the fA&reat Ba
394 are~5ng/m? higherwhenthe maximum emissiortsurn in July and August 202hstead of

395 Septembern October and NovemheddorCal and th&€VCal experience smokieMz.s

396 concentrations of 147 and 26@/m?, respectivelywhich exceed th87 and 128g/m?

397 exposureshese receptors prriencaespectivelyin SeptemberThis large disparity in potential
398 smoke exposure is again driven by the grestgnatioroccurringlater in the fireseasonlin

399 October and November, average horizontal windspeeds in NorCal are lower than in previous
400 months(Figure S1), which may be dueweakeningpp f t he A Di aheCMCalMbiond s o0 i n
401 (Liu et al., 2021)The mearWestadjoint sensitivities in the 2020 fire season peak in October
402 (3517mg nm¥/g m? s rather than September (338® m3/g 1 s1) or the other months (July:
403 2489, August: 2894, November: 33d® n3/g n12 s1). Finally, dthough theNavN experiences
404 smole exposures afnly ~5ng/n? if the 2020 firesoccurin October 2020, these tribal lands

405 generallyhave aPM2sbackground of-5 ng/m?, suggesting doubing of PMz.s exposurdargely
406 from wildfires locatechundreds of miles awayn the West Coast.
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—ID/UT —NV —NorCal —~WA/OR  —West
407 - - Central Valley - - Central/Eastern WA
408 Figure2. Populationweighted smok®M:.s exposure for states and rural environmental justice
409 communities in the West for the 2018 and 2020 fire sea3twsconcentrations of smokM: s
410 areplottedon a log scalewith the minor axis tick markdelineating the intervals between
411 decadesThe top rowshowsexposures ithe historical smoke scenarjas which monthly mean
412 fire emissions in the 2018 and 2020 fire seasons are multiplied by their paired monthly adjoint
413 sensitivity. The bottom rowhawvs theexposures in themaximum smoke scenarida which the
414 largest monthlymean fire emissions are fixéor each yea(November 2018 and September
415 2020) and are multiplied by each monthitap ofadjoint sensitivies The rural environmental
416 justice canmunities are represented by dashed lines witsdahgecolor asthe state receptor that
417 isclosesttothempatially The bl ack | i ne ( i Wewelghitedsmokepr esent s
418 exposure across the entire western United StAtesmoke exposure valueés the figureare
419 found inthe Supporting Informatiaon
420
421 We find that vildfires in the coastal states contribute more to overall smoke exposure in the West
422 compared to wildfires in other stat@sboth 2018 and 202(rigures S7 and3, center pansg).
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The largest drivers of this outsized influence of West Coast fires on populadighted smoke
exposure include: (1) prevailingesterlywinds, (2) large population centers along the coast, and
(3) denser fuel loads west of tBeéerra Nevada and CascadeuntainRangeswhich generate
greatersmoke emissions when burn@dhe maximum smoke scenarios for fires in other years
generally suppotthis hypothesis. All the significant fire events outside of the 2018 and 2020 fire
seasons (Section 2.1) yield poatibn-weighted smoke exposures of less thamgsn® at our 11
receptors (Figure® S6). The Murphy Complex Fire and the Milford Flat Fire cause the highest
exposures at the ID/UT receptor, in which the fires originated, across all adjoint sensitivity
monts, although NorCal and WA/OR are comparable in October and November of the 2018 and
2020 fire seasons. The Wallow fire in Arizona increases local smoke exposure in the SouthWest
by as much as #g/m?but ha little impact on any other receptor, with thatiee West

experiencing less thannp/m?® of smoke. The WhitewateBaldy complex Fire in New Mexico

has little effect in the SouthWest and other receptors due to reldtwefyel load and
correspondinglsmall emissions. However, fires in Colorado dgrihis month lead to higher

smoke exposures in the Rockies at around/&?. Finally, the Lodgepole Complex Fire in

Montana leads to the largest smoke exposures in WA/OR,a&B\WNorCal, andCVCal, rather

than locally in the Rockies. We attribute thisadépancy due to the fires located near the
Montanaldaho state line, with relatively larger populations in WA/OR and NorCal yielding

higher populatiorweighted smoke exposure.

These higHire case studies reveal that though significant smoke emissioreccar outside of

the West Coast, these emissions tend to have little impact on smoke exposure on the West as a
whole (<1ng/m?). We acknowledge that using adjoint weather sensitivities from only the 2018
and 2020 fire seasons may dampen or bias thelawduexposures from these fires. Nonetheless
we generally find that the fires in other years emit less smoke than those in NorCal and WA/OR
and consequently have a smaller exposure impact. Accordingly, in the next section we will focus
our prescribed firscenario with emissions from only the 2018 and 2020 fire seasons.
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451 Figure 3.Contributions to populatiecweighted smoke exposufar the western United States in

452  September 2020 (center panel) affdas of applying prescribed burning interventions in al

453 receptors in th&Vestduringthis month(pie charts) Thecenter panethows the locatigof

454  MTBS prescribed burn (>1000 acres) during 2Q020 (black dots, n=190) and the contribution

455 of smoke PMsemissions in each grid cell to populatimeighted smoke exposure in the West

456 receptor(colors) These contributions are calculated throughimpltl i cat i on of t he G
457 adjoint sensitivites [mgigm?s!] of t he West popul ation wei ght
458 fire emissions [g Ms?] for the month of September 202he pie charts in thside panels

459 illustrate the contribution to that sm®keduction from the application of prescribed burns in

460 each receptor, with the values inseticaing the overall reduction of smoke exposure from

461 prescribed burning interventions withimatreceptor. For example, prescribed burning

462 interventions in WADR (upper left) would reduce populatiareighted smoke exposuire that

463 receptoiby 72.6ng/n? in September 2020 withl% of that reduction from local prescribed

464 burns instate and 9% from owutf-state prescribed burns in NorCal.
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3.2 Efficacy of prescrilkburning locally and across the West

We now investigat¢he efficacy of prescribed fires as a policy intervention for states in the
western United StateBigure 3(side panelsyhowsthe effectof applyingthe prescribed burning
scenariogvithin each receptor arttieir effectson the populationweighted smoke exposure
locally andon all other receptors for September 2020. In September 2020witdfste smoke
emanatefrom the West CoasVith application ofprescribed burningn the NorCal reeptoras
described in Sectiop.4, local smoke exposurdecreaseby 43nmy/m?® and smoke exposures in
all otherreceptorgdeclinesby 40% or moreexceptin WA/OR, CEWash and the RockieAn
additionalreduction ofl.5 ng/m? of smokeoccursin NorCal with prescribed burns in WA/OR.
Theprescribedurninginterventiors in WA/OR furthercutslocal smoke exposure by 6&y/m?
andreduces smoke in ID/UT by 33%. Outside of NorCal and WA/OR, the Rockies is the only
otherregionin whichapplicationof the prescribed burn scenario within thgios reducedocal
smoke exposure 0% or moreFinally, we find thatprescribedurnsappliedonly in NorCal
and WA/ORdecreasethe populationweightedsmoke exposuracrosghe entire West by 21
ng/m? in September 20204 similar analysis for November 2018 yields the same conclusion that
NorCal and WA/OR control thieurdenof smoke exposure in the western United Statesu(Eig
S7). If the sameprescribed fire scenari@missions are multiplied against adjoint sensitivities
from different montk in each fire season, weould expect similar results with little variance.

We furtherfind that uralenvironmentajustice communitiealsobenefit from prescribed burns
in NorCal and WA/ORIn the historical scenario, tl&VCal experiences monthly meansmoke
exposure of 12&y/m?® in September 202@his exposure is nearly eliminatby the prescribed
burnscenariowithin the NorCal region. Similarly, smoke exposur&iaWashis reducel by

~10 ng/m? by the prescribed burns MorCal and WA/ORIn the historical scenarjgheNavN

in the desert Soutlest experiencesverhalf of its smoke exposurgom fires alongthe West
Coast. Althouglprescribedurns reduce smokeM:.s by only ~1mg/m? for the Navajo
population studies demonstrate trgichincremental decreasesM: s in relatively clean air
may stillbring a larger than expected ben#dipublic healti(Feng et al., 2016; Shi et al., 2016)

Taken togethetthese resultsuggest thamplementingprescribed burns in NorCal and WA/OR
wouldyield largenet benefits for the entire western United States, while doing so in other states
would have relatively smaller impacts addition, the mean adjoint sensitig# for the 2018

and 2020 fire seasons suggest that prescribed burning interventions shoultbtmauthe fire
season in the springhenthe meteorologicapotential (e.g., stagnatipdry weatheror strong,
dispersive windsjo drive smokeexposuras lower. To an extent, such practices are already

being implementedh the Southwestern United States where prescribed burns are increasingly
conducted in the spring whefl) wind speedsre relatively weaker, (2Zhany of theneavier

surface fuels are stsomewhat moist from the winteand(3) precipitationis greate(US

Department of Agriculture Forest Service, 209

Our modeling results in tandem wittie historicarecordsuggesthatlarge,prescribed burns
may helplimit smoke exposurén subsequent yealsutthat suctburns are not occurring key
areasThe central panel dfigure 3presentthe MTBS locations offarge, prescribedurns over
the course of 2@-2020(n=190), plotted against theontributionof fire emissionsn each gid
cell to the populatiorveightedsmokeexposurdor the whole othewesern United Statefor
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September 202@&\s expectedthe largest contributions occur in NorCal, western Oregon, eastern
Washington, with hotspots in Idaho and the Front Range in Colorado. iteesagree well

with ourdiagnosisof thoselocations that control smoke exposure in the Wsarly halfof the
2015-2020large,prescribed burmoccurredin Arizona(n=58, Gila National Fore3tandCentral
Oregon(n=31, agricultural burniny(Figure ), regionswhich subsequently experienced little
fire in 202Q In contrast, fewer than l1@rge,prescribedurns occurred during this timeframe in
NorCalandwestern Oregorarea that our work showbkavea disproportionate impact amoke
exposure for rural environmental justice communitiesadell agpopulation centeracross

the WestThese MBS prescribed firgprimarily occurredon federal land§Y. Li et al., 2020)
except in central Oregon whith dominated byagricultural burningFuel loadand meteorology
aresignificantdriversof this West Coast smoke exposusdationship because westthe
Sierras/Cascadeain is more abundant, vegetation is woodier, thiedegiorthus generates
more smoke emissions. On the other hamthe rain shadowast of theSierras/Cascadges
precipitation tends to bewer and vegetation scrubbiéeadingto less smoke emissions.

Our work suggests thatorCal may benefit from applying small number dirge, prescribed
burnsinstead ofmany small, prescribed burn&/e find that the annual burned area from
prescribed fires in NorCal are less than 11% (Table S1) of fire burnethaikaf California
before human interventiaas hypothesized in one stutihat took into account fire return
intervalsfor different vegéation typeqStephens et al., 20Q7lhis comparisona measure of the
fire deficit, is of valuesince nost wildfire aredburnedin Californiaoccurs in théNorCal

receptor NFPORS indicates that NorCal applie8®0 prescribed burns over the course df0
2020, yet only 88 (0.9%) of these burns were larger than 500 a&as|.(km (Figure 4)We

find that the NFPOR®ecords ofprescribed fires larger than 1000 acres agree well with MTBS
which exclusively reportprescribed fires larger than 1000 ackesr findings in CentraDregon
andin Arizonaimply that large, prescribed burns greater than 1000 aciésrCalmayhave

the potential to limit smoke exposure from wildfi@soss the WeshNorCal is a populous and
mountainous region with dense and woody fuel load, which requires significant firefighting
resources to manage even small, prescribed baiiugh thesocietalsensitivity to smoke is
acutely heightened in the Wé#tolden, 2019, wildland fire managers may considgplying an
optimal number of larggrescribecdburns tominimizeair pollution exposurgiven limited
resources

More work is needed to confirm the lotgrm effects of prescribdalirning,butourresuls
suggesthat the limited number of prescribed bsim key regions such as NorGahky be
effective inreducing the impacts of smoke on thedtVe
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Figure 4 NFPORS historical record girescribed firediltered by acres burnedver20182020.

The figure shows the location of NFPORSported prescribed burn locations (black dots). The
first row shows all prescribed burns in the database with each subsequeatmying

prescribed fires smaller than 10, 100, and 1000 acres. The inset of emehdjgprts the total
number of prescribed burns during that year given the filteamglition. Table S1 reports the
prescribed fire total burned acreage and number of fires over the course of 2018 to 2020 in the
NorCal receptor.



