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Abstract. Biomass burning is a significant global sourceaefosol number and mass. In fresh biomass burringgs,

aerosol coagulation reduces aerosol number andases the median size of aerosol size distribytiomzacting aerosol
radiative effects. Near-source biomass burningsaérmoagulation occurs at spatial scales much smiian the grid boxes
of global and many regional models. To date, theseéels ignore sub-grid coagulation and instantlx fésh biomass
burning emissions into coarse grid boxes. A previstudy found that the rate of particle growth bagulation within an
individual smoke plume can be approximated usiregaterosol mass emissions rate, initial size digioh median diameter
and modal width, plume mixing depth, and wind spéedhis paper, we use this parameterization bfgud coagulation in
the GEOS-Chem-TOMAS global aerosol microphysics @hdd quantify the impacts on global aerosol siggridhutions,

the direct radiative effect, and the cloud-albedmaol indirect effect.

We find that inclusion of biomass burning sub-gddagulation reduces the biomass burning impact hen number
concentration of particles larger than 80 nm (axprfor CCN-sized particles) by 37% globally. Thi€R reduction causes
our estimated global biomass burning cloud-albestosol indirect effect to decrease from -76 to /8 m? Further, as
sub-grid coagulation moves mass to sizes with nedfieient scattering, including it increases outireated biomass
burning all-sky direct effect from -224 to -231 mwWF with assumed external mixing of black carbon awnfr188 to -197
mW m? with assumed internal mixing of black carbon witire-shell morphology. However, due to differeniceire and

meteorological conditions across regions, the irhmdicsub-grid coagulation is not globally unifore also test the
sensitivity of the impact of sub-grid coagulation two different biomass burning emission inventgyri¢o various
assumptions about the fresh biomass burning aersigel distribution, and to two different timescales sub-grid

coagulation. The impacts of sub-grid coagulatianduralitatively the same regardless of these assomsp
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1 Introduction

Atmospheric aerosol particles, including those froimmass burning, impact the climate system diyeloyl scattering and
absorbing radiation and indirectly by influencingud properties (Bauer et al., 2010; Bond and Bevgs 2006; Bond et
al., 2013; Hodshire et al., 2018; Kodros et al1®2odros et al., 2016; Kodros and Pierce, 201&rce et al., 2007; Reid
et al., 2005; Twomey, 1974; Weigum et al., 2016)this paper, biomass burning includes wildfiregspribed burns, and
agricultural burning, but not residential or indigdtbiofuel use. Emissions from biomass burningude organic aerosol
(OA), black carbon (BC), and inorganic particles,veell as aerosol precursor vapors such as suifid® and volatile
organic compounds (e.g. Akagi et al., 2011). Thgdst biomass burning emissions occur over tropiddta, South
America, and Southeast Asia, but substantial eonissalso occur in temperate and boreal forestsq@oml., 2013; van der
Werf et al.,, 2017; Wiedinmyer et al.,, 2011). Biosasurning smoke concentrations are spatially andpteally
heterogeneous throughout most regions (Rodhe etl@r2; Bond et al.,, 2013), and biomass burningsrmay be
transported thousands of kilometers downwind, pathy affecting areas far from the emitting firésg., Val Martin et al.,
2006). Bond et al. (2013) estimated that biomasgsibg makes up 66% of primary OA mass emissions 3 of BC

mass emissions, globally.

Aerosol emissions from biomass burning impact cara a variety of ways. In the direct radiativéeef (DRE), scattering

and absorption of shortwave radiation by biomassibg particles leads to an increase or decreagsaimetary albedo,
respectively, resulting in a negative (cooling mcl) or positive (warming tendency) radiative efffeespectively. OA

from biomass burning plumes predominantly scattetar radiation, while BC predominantly absorbsri@et al., 2013).

The efficiency of this scattering and absorptiopatels on the size and mixing state of the par(iBnd and Bergstrom,
2006; Kodros et al, 2015; Seinfeld and Pandis, 2@16arado et al., 2016; Matsui, 2016). In the dealbedo aerosol
indirect effect (AIE), aerosols acting as cloud @emsation nuclei (CCN) lead to an increase in cldugplet number

concentration (CDNC) and the shortwave albedo otid$ (Twomey, 1974). The ability of an aerosol tb @ a CCN

depends on its concentration, size, and solubffgtters and Kreidenweis, 2007). As biomass burpiognes age, the
aerosol size distribution evolves due to coagutatamndensation, and evaporation (Bian et al., 26tbdshire et al., 2018;
Sakamoto et al., 2016); and this evolution imp#uotsaerosol radiative effects (Bauer et al., 2®i6rce et al. 2007; Reid et
al., 2005).

In this paper, we focus on coagulation in biomasg®sing plumes. Coagulation is the aggregation ofigdas upon collision,

combining two particles into one larger particldeTrate of coagulation depends on particle sizecamdentration, and is
fastest when there is a high concentration of glagiand a large spread in the sizes of thoseclea{Seinfeld and Pandis,
2016). The coagulation rate is proportional to sijeare of the particle number concentration foediyarticle sizes, and

hence is strongly dependent on the number condemtréSeinfeld and Pandis, 2016). As coagulationueg, there is a
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reduction in the number concentration of smallatigias, leading to an overall reduction of pagiciumber and narrowing
of the size distribution (Seinfeld and Pandis, 2026 biomass burning plumes generally have spatiales much smaller
than the width of global and regional model grické® these models cannot explicitly resolve smdkenes. Biomass
burning particles are thus instantly mixed throughihe gridbox volume upon emission. This instaatars mixing in the
grid boxes dilutes the concentration of particles dikely causes an underprediction of coagulatiates, leading to an
overprediction of biomass burning number conceiatnatand errors in the size distribution of theadiples (Stuart et al.,
2013).

The impact of coagulation on the size distributidraerosols in biomass burning smoke plumes wakeg by Sakamoto
et al. (2016), where they developed a physicaltyiiive coagulation parameterization for individuahoke plumes. To
develop this parameterization, Sakamoto et al. §2@&Imulated individual smoke plumes using a lagddy simulation
model with size-sectional aerosol coagulation amather aerosol processes. The simulated datatfiese model runs was
used to fit equations for changing median diamatel modal width with plume aging. These equatidmsisthat the rate of
coagulation of a single fire plume can be approxédausing the mass emissions rate of biomass lyrémosol (the
product of emissions flux and fire area), initiesdistribution (median diameter and modal widfilyme mixing depth,
and wind speed. Intuitively, more-concentrated siniss, larger area fires, smaller wind speed, @llemmixing depth lead
to an increased rate of coagulation. This increastedof coagulation is represented by a largerianediameter and smaller
modal width for equivalently aged smoke. Sakamotal.g2016) further showed that the parametedzais more skillful at

predicting measured aged median diameter and mad#i values than assuming constant values.

In this paper, we use a global aerosol microphysicdel to explore how sub-grid coagulation of bismburning emissions
impacts global aerosol size distributions, the DREq the cloud-albedo AIE. We also quantify thes#tesity of biomass
burning radiative effects to changing the mixingtst assumption, initial aerosol size distributidmipmass burning
emissions inventory, and the timescale of the sid-apagulation. Section 2 describes our methodsti@ 3 presents the
results of our model simulations and includes auwdision of changes to the size distribution glghaletails on changes to
the size distribution in two representative locasican analysis of the changes to the radiativectsffunder the conditions of

our sensitivity studies, and a consideration ofthtions of this study. Our conclusions are sumeeatiin Sect. 4.

2 Methods

2.1 Model Overview

We use the global chemical-transport model GEOSaChersion 10.01 http://acmg.seas.harvard.edu/ggosith 4°x5°
horizontal resolution and 47 vertical levels. Oundations use Goddard Earth Observing System masision 5 (GEOS5)

3
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meteorological re-analysis fields. Because the ametegy is offline, changes to aerosol concentratido not feedback to
affect meteorology, and so all cases here haveimémeteorology. Our simulations use meteorolégythe year 2010
with one month of spin-up not used in analysis. GEChem is coupled with the TwO-Moment Aerosol Sewi
(TOMAS) microphysics model (Adams and Seinfeld, 20Rodros and Pierce, 2017; Trivitayanurak et 2008). This
version of TOMAS has 15 size sections corresponttirdyy particle diameters ranging from approxirhagnm to 10 um,
and includes tracers for sulfate, sea salt, OA, @&t, ammonia and particle-phase water. OA maassamed to be 1.8
times that of organic carbon as a central valumfRhilip et al. (2014). TOMAS explicitly simulatésth aerosol number
and mass within each size section. Nucleation rategparameterized with binary nucleation (Vehkanedlal., 2002) and
ternary nucleation (Napari et al., 2002) scaledally by a tuning factor of I0(Jung et al., 2010; Westervelt et al., 2013).
Secondary organic aerosol includes a 19 Tg piogenic contribution and a 100 Tg Yranthropogenically enhanced
contribution correlated with anthropogenic CO eimiss (D’Andrea et al., 2013), following the apprbaaf Spracklen et al.
(2011). Detailed descriptions of microphysical meses in TOMAS are described in Adams and Seir(#€d2), Lee and
Adams (2012), and Lee et al. (2013).

We test model simulations with biomass burning sioiss from the Global Fire Emissions Database oardi (GFED; van
der Werf et al., 2017) and the Fire INventory friN@AR (FINN; Wiedinmyer et al., 2011). GFED has aadlation of

0.25°x0.25° spatial resolution and daily tempoesdalution. It uses an adapted terrestrial carbatecynodel (Carnegie-
Ames-Stanford Approach; CASA model) to estimatd émenbustion per unit area. CASA uses MODIS vegmtaand land

cover products, ERA-interim meteorology, and ER£eiim soil moisture as inputs. The CASA-estimateel tombustion
per unit area is combined with the MODIS burnedagseduct and emission factors from Akagi et ab1(® to calculate
emissions (van der Werf et al., 2017). FINN usesMODIS thermal anomaly product to detect dailg fimissions with a
resolution of one square kilometer, and uses theDMBOvegetation product for land cover to determinel loading and
fraction of biomass burned. In FINN version 1.5NRNV1.5), these estimates of mass of biomass buanedonverted into
mass emissions of a variety of species for eaehuiing emission factors (Wiedinmyer et al., 20The use of FINNv1.5
in this study is discussed further in Sect. 2.2FINN version 1 used in GEOS-Chem (FINNv1), the ssioins of carbon
dioxide from each individual fire has been gridded0.25°x0.25° spatial resolution and other emissiare determined

using emission ratios (relative to carbon dioxidajed on vegetation type (Wiedinmyer et al., 2011).

Because GFED and FINN are derived differently, rtlsabsequent emission fields are also differertiNsIbeing based on
active fires and intended for near-real-time usay ime better at capturing variability in regionghanany small fires, but
does not take into account variability in fuel comgtion or fire area at the sub-biome scale (Regtdm et al, 2016;
Wiedinmyer et al., 2011). Both GFED and FINN areide from satellite products, which may lead t@ssmg emissions
from very small fires (Huang et al., 2018). In @imulations, GFED and FINN biomass burning emissimtlude nitric

oxide, carbon monoxide, sulfur dioxide, ammonid, @kanes except for methane, acetone, methyl ekegbne,
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formaldehyde, acetaldehyde, alkenes with continuzarbon chains longer than two carbons, black cadmrosol, and
organic aerosol. The FINN biomass burning emissiats include hydroxyacetone and glycoaldehyde.studies
comparing multiple fire emission inventories thatlude GFED and FINN, FINN tends to be an outlrethat it does not
have a statistically significant cross-correlat{spatial and temporal) with most other inventorigkile all other inventories
5 are significantly correlated with each other (St ¢atsunaga, 2017; Shi et al., 2015). Hence, weshto use GFED fire

emissions as the default in this paper. For corapkss, we include figures using the FINN emissiorise supplement.

2.2 Biomass-burning emissions size and sub-grid apalation in GEOS-Chem-TOMAS

Table 1 provides an overview of the simulationdgrened in this study and will be referenced in thestion. Fresh biomass
burning aerosol emission sizes can generally belsied to a lognormal mode, but the parametershif mode vary with
10 fire characteristics (Janhdll et al., 2010). Thisteed lognormal mode is not specified in eithertlsd emission inventories
used. In GEOS-Chem-TOMAS, the default biomass Ingreimissions have an emitted number median diaro€tE90 nm
and modal width of 2. Janhall et al. (2010) prosidereview of measurements of fresh and aged snaokkthese default
values already in use in GEOS-Chem-TOMAS are orsthall end of the median diameters, which rangm fi®0 nm to
141 nm, and the large end of modal widths, whichgeafrom 1.5 to 1.91, of the fresh plumes studid.address
15 uncertainty in emitted aerosol size distribution® include sensitivity simulations varying the iaitemission median
diameter and modal width of the biomass burningsar(see Table 1). One set of simulations incie#se emitted median
diameter from 100 nnnpSubCoag) to 150 nm P150_noSubCoag) with a constant a modal width of 2. The secortdo$e
simulations decreases the emitted modal width fPotm 1.6 §1.6_noSubCoag, where the ‘s’ represents ‘sigma’ for modal
width) with a constant median diameter of 100 nrachEof these simulations has a counterpart withgsichcoagulation
20 included @ubCoag, D150 SubCoag, andsl.6_SubCoag, respectively). These simulations are all run VBfRED emissions
(as that is the default), but there are correspundsimulations with FINN emissionsngqSubCoag FINN,
D150 noSubCoag_FINN, s1.6_noSubCoag_FINN, SubCoag_FINN, D150 SubCoag_FINN, andsl.6_SubCoag FINN). We
compare these simulations to a model simulatiorh wid biomass burning emissions of particles or gdiseBB). By
choosing this variety of simulations, we represerdnge of fresh biomass burning plume emissiandigtributions.
25
To represent the evolution of the aerosol sizeidigion due to in-plume sub-grid coagulation ie fubCoag simulations,
we use the parameterization developed in Sakantcah €2016). The parameterization is for indivijuzon-overlapping

plumes:

_ Emissions Rate 0.4191 /s 0.4870
me - meo + 84'576[(Wind Speed)(Mixing Depth)] (Tlme) ! (1)

0.1889

(Time)?3%%°(1.2 — ay) , (2)

Emissions Rate
(Wind Speed)(Mixing Depth)

30 o= 0,4+ 0.2390[
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whereD,,,,, is the median diameter after in-plume coagulafium), D,,,,,, is the initial number median diameter before in-
plume coagulation (nmy; is the modal width after in-plume coagulation, agds the initial modal width before in-plume
coagulation.Time is the amount of time spent undergoing in-plumagedation (min).Emissions Rate is the mass
emissions rate of primary aerosol from a fire (kinH, which is OA and BC emissions in our simulatioas, it was in
Sakamoto et al. (2016)ind Speed andMixing Depth are the meteorological wind speed (m Hiand the depth that the
smoke plume mixes through (m), respectively. IndBadito et al., (2016), these equations (Eqgs. (1X2ndere) explain 77-
79% of the variability inD,,,, anda in their plume simulations. Hence, there are uadgies in our analyses introduced by
the simple form of Eqgs. (1) and (2); however, wpext these uncertainties to be smaller than thertaioties in biomass
burning emission inventories, plume overlap, fiiges mixing height, etc. Figure S1 shows that whka sub-grid
coagulation parameterization (Egs. (1) and (2))sed offline the downwind median diameter is largi@n the emitted
median diameter and the downwind modal width isllemthan the emitted modal width. This changeaigiér for fires with
higher emission rates, but there is some varightil@écause local meteorology also plays a role.reigushows the spatial
variability in annual-mean plume-processgg, ando, showing that no fixed emissions size assumptiaptures our
estimated spatial variability due to sub-grid pssieg. Figure 1 will be discussed further in S8. Figure S2 shows the

temporal variability in plume-processéyg,, ando at locations in the Amazon and Alaska, which tiates that we predict

that temporal variability in processing may alsdrportant.

Downwind Mean Diameter Downwind Modal Width

Gridded then
Parameterized

100 150 200 250 300 350 12 1.3 14 15 16 1.7 1.8 1.9 2.0
Downwind Dpm (nm) Downwind ¢

Figure 1: Annual-mean median diameter (a) and modalvidth (b) for sub-grid-processed biomass burning missions predicted for
2010 using the Sakamoto et al. (2016) parameterizan after 24 hours of sub-grid coagulation with aremitted median diameter of
100 nm and an emitted modal width of 2. Fire (FINN®.5) and meteorological data is averaged over a £Xgrid and then that
gridded data is run through the Sakamoto et al. (206) parameterization. The regions with grey crosstching are grid-cells with

no fire data.
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The parameterization is included in GEOS-Chem witime limitations. As GEOS-Chem currently emits labmass
burning emissions into the boundary layer, mixingptth is approximated by the planetary boundaryriadepth, a
meteorology field. As better data on injection Ié$gand mixing depth are developed and/or includénl GEOS-Chem
they may be coupled into our use of the parametioiz. We acknowledge that keeping all emissionhénboundary layer
is a limitation of this study (Paugam et al., 2Q1&)wever, Rémy et al. (2003) found that most itigecheights are within
the planetary boundary layer. In our simulatiohs, tinimum mixing depth was 10 m, the minimum wemed was 2 m
min?, and the minimum emissions rate was 1 kg miFhese minimums are defined to avoid getting Uistiavalues out
of the parameterization. We use the 10 m wind sp@&chose to age the plume for 24 hours as thegtpsoximately the
time it takes for air to cross a 4°x5° gridbox lre tboundary layer, assuming that the plume stat@she edge and dilutes
all the way across. In reality, the fire could stnywhere within the grid box, and we acknowledgg this choice of
timescale is somewhat arbitrary, but the roughlyasg-root dependence of the size distribution ometimeans the
parameterization is only weakly sensitive to theicé of timescale. In Sakamoto et al. (2016), satiohs used to develop
this parameterization are five hours long, so weextrapolating their fits. Because of the dependem time to a power
less than 0.5 (Egs. (1) and (2)), the impact ofgatstion slows with time, which reduces potentiabes associated with
extrapolating. To test the sensitivity to this Z4th assumption we include an additional simula{i@ubCoag_12h) where

conditions are similar t8ubCoag but with 12 hours instead of 24 hours of aging.

To implement the sub-grid coagulation parametdonanto GEOS-Chem-TOMAS, we take the number @dfiper gridbox
from FINNv1.5 into GEOS-Chem via the Harvard-NAS/igsions Component (HEMCO), regardless of whethisiNg1
or GFED is used for fire emissions. When usingSh&amoto parameterization in GEOS-Chem-TOMAS, imdkfwithin a
single gridbox are treated as the same in thagthissions are distributed evenly, leading to thees,,,, ando for all fires
in that gridbox. In doing so, we assume that thero overlap of the fire plumes (a shortcoming thea will discuss later).
This single lognormal mode is applied to the grxibm determine how BC and OC number and mass atsldited across
sizes. In gridboxes where GFED or FINNv1 has firdssions and FINNv1.5 does not have any fires,fores assumed.
Figure S3 shows through offline calculations thsihg the Sakamoto parameterization in this waylt®éu approximately
the same result as using the Sakamoto parametnzfi each individual fire and then averaging tesultingD,,,,, ando
over the 4°x5° grid, justifying our method of apply this parameterization to a gridded model. Fantlrigs. S4 and S5
show that most gridboxes report simily,, ando using either method, especially at smallgy, and largew values,
where most gridboxes lie. Over the Sahara, theheets, and the ocean there are no fires and ¢henad effect of sub-grid

coagulation.
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2.3 Modeling radiative impacts of changes made tadmass burning emissions

To estimate the radiative impacts of these simutati we use an offline version of the Rapid Radialiransfer Model for
Global Climate Models (RRTMG). Implementation of RRG with GEOS-Chem-TOMAS simulations is described i
detail in Kodros et al. (2016). When estimating BRRE, we assume either a fully internal or an exdemixing state. For
the internal mixture, we assume a core-shell mdggyowhere black carbon forms a spherical coreathdr species form a
homogeneously mixed shell around that core, remgisipherical (Jacobson, 2001). An external mix@assumes that
organic carbon and black carbon remain separat#h faming their own set of spherical particles.e$& mixing-state
assumptions are idealizations used here to prdvideds on the magnitude of the DRE where core-shigihg (in which
the shell acts as a lens to enhance the warmitigeioore) is the warmest forcing and external ngpxgthe coolest forcing.
Both mixing states have the same aerosol numbearetdrations and size distributions in total. Whstingating the AIE, we
assume all aerosol species are mixed internalljinvitach size bin to calculate(the hygroscopicity parameter; Petters and
Kreidenweis (2007)) with the exception of freshdilacarbon, which becomes internally mixed on a diefolding
timescale of 1.5 days (Pierce et al., 2007). Thshrblack carbon is assumed to be externally mmigid a « of zero and
hence does not activate (Pierce et al., 2007).iBeaththe calculation of CDNC, cloud propertieadaAIE are discussed in
Kodros et al. (2016). The offline calculation ofr@sol radiative effects described here uses monthéan aerosol

concentrations and meteorological inputs, whicmet as a limitation of this study.

3 Results
3.1 Impact of biomass burning on aerosol mass

Figure 2 shows the spatial distribution of the béss burning impacts on annually averaged simul@#&dand BC mass
concentrations (the difference between tlo8ubCoag and noBB simulations, both defined in Table 1). Biomass imgn
makes up most of the column OA and BC mass in oulations over areas with significant biomass mgremissions
and/or few other sources. These regions includéthazon in South America, the Congo in Africa, @otne regions of the
boreal forests in North America and Siberia. Biosnharning aerosol also accounts for most of thernal OA and BC
mass in remote areas downwind of biomass burningséons, including most of the southern hemisph&igure S6
provides the same analysis as Fig. 2 but for thNWIL emissions inventory. It shows that FINNv1 ahss biomass burning
accounting for a significant amount of OA and BCssaver major biomass burning areas and downwiltdN fhas 52 Tg
of OA+BC emissions over the course of the 2010 ,y@hile GFED has 60 Tg of emissions. Because FINN&4& a lower
mass of emissions, the increase in OA and BC massrmoajor biomass burning regions and downwindrateas high as

they are with GFED emissions.
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Figure 2: Effect of biomass burning on annually aveaged total column OA and BC mass concentrations. fie left side shows the
total column mass concentration of (a) OA and (c) 8 in the simulations with GFED biomass burning emisions (i.e.,noSubCoag.
The right side shows the percent of the mass in theolumn that is due to biomass burning emissions ffdb) OA and (d) BC by
taking the difference between thexoSubCoagand noBB simulations.

3.2 Ambient size distribution sensitivity to biomas burning

Figure 3 shows the change in the spatial patteraeobsol number concentration due to biomass bgrfon both the
standard coagulation scheme without sub-grid caedigm (oSubCoag - noBB) and the scheme with the sub-grid
coagulation parameterizatiomcluded(SubCoag - noBB). Shown are the changes in number concentratmmnsafticles with
diameters larger than 10 nm (N10) and particlef diameters larger than 80 nm (N80, a proxy for &Ii¢d particles).
The greatest increases in N10 and N80 (over a dmulil some areas) for both coagulation schemesrameer the regions
with the largest biomass burning emissions: the Zanathe Congo, Southeast Asia, and the boreatfone North America
and eastern Siberia. There are also increases dadmifithese high-emission areas. Many regiondh sisccentral Asia and
the remote oceans, show decreases in particle nmudugeto the inclusion of biomass burning. The éase in primary
particle number in biomass burning source regiomseases the condensation sink, which leads talactien in new-

particle formation and growth and an increased cladignal loss of new particles, leading to lowember concentrations

9
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away from biomass burning regions. Similar remeigien number decreases were also seen when addingry-particle
sources in Kodros et al. (2015; 2016). Figure S¥ashthat FINNv1 emissions have a smaller percesrease in N10 and
N80 over biomass burning areas than GFED emissienause FINNv1 emits less particle mass, as disdussSect. 3.1.

Because of the lower emissions in FINN, theress al smaller decrease downwind.

noSubCoag SubCoag

N10

o

[s0]

=z
— = @ = avg=14.5% avg=9.2%
10t 102 103 104 —1000 -100 -10 -3 3 10 100 1000
Number Concentration (m™3) Percent Increase due to Biomass Burning

Figure 3: Effect of biomass burning on surface-leMenumber concentration of particles larger than 10nm (a, b, ¢) and 80 nm (d, e,
f). Panels (a) and (d) show the absolute number coentration for the noBB simulation. Panels (b) and (e) show the percent
increase due to GFED biomass burning emissions frothe noBB simulation to the noSubCoagsimulation. Panels (c) and (f) show
the percent increase due to GFED biomass burning @ssions from thenoBB simulation to the SubCoagsimulation. The number

in the bottom right of each panel is the global maapercent increase due to biomass burning.

When including sub-grid coagulation (Fig. 3, panglsand (f)), there are lower N10 concentratiomsroemissions areas
due to the sub-grid coagulation as compared teténedard coagulation scheme without sub-grid caegigml (Fig. 3, panels
(b) and (e)), but the mass remains approximataysdme (emissions mass is the same but scavengingerdifferent due
to changes in particle sizes). Because of thisgtbkal, annual-average percent increase in N10t@dsomass burning is
reduced from 5.9% without sub-grid coagulation 1892 with sub-grid coagulation. Likewise, the gleba@nnual-average
percent increase in N80 due to biomass burningdsaed from 14.5% without sub-grid coagulation 298 with sub-grid

coagulation. Because coagulation removes smallticles more efficiently, the decrease in N10 isrendramatic than the
decrease in N80. The same effect of sub-grid catigul can be seen in the simulations with FINNvissions in Fig. S7,

where global, annual-average percent increase i dlie to biomass burning decreases from 6.0% witisab-grid

10



10

15

20

25

30

coagulation to 3.1% with sub-grid coagulation ahd increase in N80 due to biomass burning decrdeses10.4% to
8.0%. The percent change in N10 and N80 due taggsidbcoagulation of biomass burning particles carséen explicitly in
Fig. S8. This percent change in the biomass-burcimgtribution to N10 and N80 due to sub-grid coatjah varies
regionally. Table 2 shows an overview of how glbjpannually averaged percent increase in N10 aBd due to biomass

burning changes between simulations.

Figure 1 shows the annual-mean median diameterenthl width for biomass burning emissions that Haeeen processed
with Egs. (1) and (2) for 24 hours offline. Therelarge spatial variability in the annual-mean &feof the sub-grid

coagulation parameterization on the number mediameter and lognormal modal width. The increasmétian diameter
and decrease in modal width due to sub-grid coéigulas larger over the Amazon, the Congo, south@ai, and parts of
the boreal forests in Siberia and North Americahe same regions with the largest biomass burnmgsions. These
regions have larger fire areas, lower wind speedower mixing depth on average compared to regigitls less biomass
burning emissions, which increases the diametesubfgrid coagulation-processed emissions. Givervénability in the

sub-grid-processed size distributions in Fig. Buasng a single emissions size distribution fomidgs burning in coarse

grid models may underestimate the variability iorbass burning size distributions between regions.

The assumed size distribution of fresh emissioss mhpacts the simulated percent increase in N&Otalbiomass burning
(Fig. 4). A larger emission median diameter progduesver particles initially, leading to a decreasa&i# of coagulation and
thus fewer particles are lost by coagulation. Paaednd b of Fig. 4 show that simulations withitt@eased emitted median
diameter of 150 nmO150_noSubCoag and D150 _SubCoag, respectively) result in a smaller relative inGg@an N80 in
regions with biomass burning emissions than sirariatwith the original emitted median diameter 60 Ihm (oSubCoag
and SubCoag, panels ¢ and d). This smaller increase in N8 witreasing emitted median diameter is due to liyug.4
times fewer particles being emitted when the medi@meter is increased by 50% because the samengofaust be
distributed to larger (spherical) particles. Witheub-grid coagulation (Fig. 4a), this increaserimission diameter leads to a
decrease in the biomass burning contribution to N8®iomass burning regions (particularly in the @mn). This
decreased biomass burning contribution to N80 l¢ads reduced global-, annual-average percentaserén N80 due to
biomass burning from 14.5% with an emitted mediemeter of 100 nm to 4.8% with an emitted mediaamditer of 150
nm. Including sub-grid coagulation dampens the ifgitg of the biomass burning contribution to N86 the initial
emission median diameter (sub-grid coagulationléss of an effect when emissions are larger). Téregmt change in the
biomass-burning contribution to N80 due to sub-grichgulation varies regionally and is shown in F&§. The same

dampening of changes due to sub-grid coagulatiarbeaseen for FINN in Fig. S10.
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Figure 4: Annual-average percent changes in N80 dhe surface level due to the inclusion of GFED bioass burning emissions
relative to the simulation without biomass burning(noBB). Panels (a), (c), and (e) have no sub-grid coagtibn (D150_noSubCoag
noSubCoag and s1.6_noSubCoagrespectively). Panels (b), (d), and (f) have sudrid coagulation (D150_SubCoagSubCoag and
s1.6_SubCoagrespectively). Panels (a) and (b) have an emittededian diameter of 150 nm and an emitted modal witi of 2.
Panels (c) and (d) have an emitted median diametef 100 nm and an emitted modal width of 2. Panel) and (f) have an emitted
median diameter of 100 nm and an emitted modal witit of 1.6. The number in the bottom right of each pael is the global mean

percent increase in N80 due to biomass burning.

Figures 4e and 4f show the increase in N80 dueidmdss burning when the emitted modal width is ceduto 1.6
(s1.6_noSubCoag andsl.6_SubCoag, respectively). This smaller modal width leadsatdigher percent increase in N80
because the median diameter is above 80 nm (artigletion of the fresh biomass burning particles larger than 80 nm).
Without sub-grid coagulation, this decrease in neddth leads to an increase in the globally, adiyuaveraged percent
increase in N80 due to biomass burning from 14.5& an emitted modal width of 2 to 43.0% with anité@d modal width

of 1.6. Similar to what was shown with emitted naeddiameter in Fig. 4a and b, including sub-gridgrdation results in a
smaller change in the biomass burning contributioN80 relative to theoSubCoag assumption because the higher number
of particles increases the rate of coagulation, gianimg the effect. With coagulation, the globalynually averaged
increase in N80 due to biomass burning is 9.2% vtheremitted modal width is 2 and 15.2% when thé@techmodal width

is 1.6. Similar responses to changing the emittedlahwidth are seen for FINN emissions in Fig. SIBus, sub-grid
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coagulation tends to dampen the sensitivity in NBEN-sized particles) due to uncertainty in emisssize distribution

parameters in biomass burning plumes.

To further explore the regional effect of coagdation ambient size distributions, Fig. 5 shows fille ambient size
distributions for all simulations with GFED emissgfor two biomass burning regions. The June-Julgust-mean size
distributions over Alaska are shown in panels a @nand the August-September-October-mean sizghdisbns over the
Amazon are shown in panels b and d. In these tgioms, the simulated size distribution is very #@resto the initial size
distribution and whether or not there is sub-gmcgulation. Without biomass burningoBB), Alaska has no nucleation-
mode particles. When biomass burning emissions f&#&D are includednpSubCoag), there is a nucleation mode (due to
SO, emitted by the fires). As shown in Fig. 5, incluglisub-grid coagulationn¢SubCoag to SubCoag, see Table 1)
increases the peak diameter in the accumulatiorerfroth 89 nm to 224 nm and decreases the modahwidite same can

be seen for FINNv1 emissions in Fig. S11.

Figure 5a shows that in Alaska when the emittediamediameter is increasedioSubCoag to D150 _noSubCoag), the
ambient peak diameter in the accumulation modeeas®s from 89 nm to 141 nm, and the number ofgiestin the
accumulation mode decreases. Increasing the enmitstian diameter of the case with sub-grid coamuiaiSubCoag to
D150 SubCoag) also increases the ambient peak diameter, bstititrease is smaller than the difference betwaen t

noSubCoag andD150 noSubCoag simulations. Panel b shows that similar resukssaen for the Amazon.
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Figure 5: Predicted, grid-resolved surface-level aesol size distributions with GFED biomass burningemissions over Alaska at
62° N, 140° W, averaged over the June, July, and Aust fire season (a and c) and the Amazon at 6° &)° W, averaged over the
August, September, and October fire season (b and).dAll panels show the size distributions for thenoBB, noSubCoag and
SubCoagsimulations in the dashed green, solid blue, andokd pink lines, respectively. The top panels (a ahb) show the

sensitivity to the emitted median diameter, and théottom panels (c and d) show the sensitivity to themitted modal width. Note
the different y-axis scales.

Figure 5¢ shows that in Alaska when the initial mlodidth is increasedn6SubCoag to s1.6_noSubCoag), the number of
particles in the accumulation mode increases bectnessmass emissions remain the same. When tied mivdal width is
decreased in the case with sub-grid coagulatiib@oag to s1.6_SubCoag), the number of particles in the accumulation
mode also increases, but this change is smaller wignout sub-grid coagulation. Panel d shows simikesults for the
Amazon. Overall, sub-grid coagulation causes a ilosgimber at small diameters and a smaller ineréasumber at the
larger diameters in the distribution. This leadamancrease in median (and peak) diameter andraake in modal width in

the ambient size distribution. Figure S11 shows these effects of sub-grid coagulation are alssgmt when FINNv1
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emissions are used. When sub-grid coagulationcisidied, the simulated ambient size distributiotess sensitive to the
choice of emitted size distribution.

3.3 Sensitivity of radiative effects

Figure 6, which will be discussed in detail at el of this section, summarizes our radiative-¢ffimciings with global,

annual-average values for each simulation. Taldbdvs the globally, annually averaged biomass hgrradiative effects
for each simulation. Figures 7, 8, S12, S13, Shd, 315 show our simulated direct radiative eff@RIE) due to biomass
burning under assumptions of external mixing (Fi§sS12, and S13) and internal mixing (Figs. 8,,%M# S15), and with
GFED emissions (Figs. 7, 8, S13, and S15) and RNfissions (Figs. S12, S13, S14, and S15). The DREa@ biomass
burning is sensitive to the initial size distrikanj the assumed mixing state of BC, the biomassigiremission inventory,
and whether or not there is sub-grid coagulatios.cAn be seen in Figs. 7 and 8, the DRE due toassrburning is
generally negative (a cooling tendency), but theeeregions of slight (up to 660 mW?nocally) positive DRE over bright
surfaces, such as the ice sheets over Greenlandraacttica, where the biomass burning smoke plhaga lower albedo
than the surface. With no sub-grid coagulation,ngirag the initial median diameter (panels a ancha&3 little effect,

regardless of assumed mixing state. With sub-gvabalation, increasing emitted median diametergpdrio b) increases
the DRE for both mixing state assumptions. Regasdt# sub-grid coagulation, decreasing the initiabdal width (panel ¢

to e) decreases the magnitude of the effect ghpball
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Figure 6: Global-mean all-sky direct radiative effet due to biomass burning (DRE) and cloud-albedo aesol indirect effect due to
biomass burning (AIE) for all sensitivity simulations with and without sub-grid coagulation. The greerbars represent the DRE
averaged over all size-distribution, mixing-state ensitivity, and coagulation time sensitivity simuléions. The blue bars represent
the AIE averaged over all size-distribution and cogulation time sensitivity simulations. The left-haml bars represent simulations
using GFED fire emissions and the right-hand barsepresent simulations using FINNv1 fire emissions.tie diamond, square, and
triangle symbol shapes represent the globally aveged value for the different emitted size distributons, as indicated in the legend,
with a coagulation time of 24 hours. The star symboshape represents the globally averaged value fahe SubCoag_12hcase,
which has an emitted median diameter of 100 nm anan emitted modal width of 2, like the square symbotase, but with the time
spent undergoing sub-grid coagulation reduced fron24 hours to 12 hours, run only with GFED fire emis®ns. The filled symbols

for DRE represent cases with an external mixture ath the open symbols represent cases with a core-dheixture.

The reason for the greater cooling tendency in DRE larger particle sizes (either through sub-grichgulation or larger
emissions) is due to the mass scattering and afworefficiencies (the scattering and absorptioossrsections per unit
mass). For a refractive index generally represemtatf biomass burning smoke (1.53 -iQMack et al., 2010), the diameter

of peak mass scattering efficiency is about 400 wimereas the mass absorption efficiency is reliticenstant across
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submicron diameters (Seinfeld and Pandis, 2016)amhall et al. (2010), the average fresh plumeahasass median

diameter of 272 nm. In these biomass burning plumesre the particles tend to have diameters smilén the diameter

of peak mass scattering efficiency, aging the bgsnhaurning particles via coagulation increases rttass scattering

efficiency as it increases the diameter of theigag. On the other hand, the mass absorptioniefiiyy changes by little

through coagulational aging. Hence, simulationdwitib-grid coagulation or larger fresh biomass imgremissions have

more-negative DRE values. Finally, decreasing tbdahwidth concentrates the particles around theianediameter, away

from the peak of mass scattering efficiency (antth itle change to the mass absorption efficiendgcreasing the biomass
burning DRE.
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Figure 7: All-sky direct radiative effect (DRE) dueto biomass burning aerosols using GFED emissionsié the external-mixing
assumption. Panels (a), (c), and (e) are without btgrid coagulation (D150_noSubCoagnoSubCoag and s1.6_noSubCoag
respectively). Panels (b), (d), and (f) are with $grid coagulation (D150 _SubCoagSubCoag and s1.6_SubCoagrespectively).
Panels (a) and (b) have an emitted median diametef 150 nm and an emitted modal width of 2. Panelg) and (d) have an emitted
median diameter of 100 nm and an emitted modal wititof 2. Panels (e) and (f) have an emitted medianatneter of 100 nm and an
emitted modal width of 1.6. The number in the bottm right of each panel is the global mean DRE valugnW m).

Assuming internally mixed BC with a core-shell mooppogy (Figs. 8 and S14) rather than a fully exaémixture (Figs.7
and S12) also decreases the magnitude of the gowitdency of the DRE in the global mean, as a-sbef morphology
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increases absorption. Cases using GFED (Figs. Bamdve a globally, annually averaged DRE thatfisnuch greater
magnitude than the cases using FINNv1 (Figs. SH254d) because GFED has a larger mass of biomass@emissions.
The percent change in the biomass burning DRE alselt-grid coagulation varies regionally and isvamdn Figs. S13 and
S15.
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Figure 8: All-sky direct radiative effect (DRE) dueto biomass burning aerosols using GFED emissiongdthe internal, core-shell
mixing assumption. Panels (a), (c), and (e) are wibut sub-grid coagulation 0150_noSubCoagnoSubCoag and s1.6_noSubCoag
respectively). Panels (b), (d), and (f) are with digrid coagulation (D150_SubCoagSubCoag and s1.6_SubCoagrespectively).
Panels (a) and (b) have an emitted median diametef 150 nm and an emitted modal width of 2. Panelg) and (d) have an emitted
median diameter of 100 nm and an emitted modal wititof 2. Panels (e) and (f) have an emitted medianadneter of 100 nm and an

emitted modal width of 1.6. The number in the bottn right of each panel is the global mean DRE valugnW m].

Figures 9, S16, and S17 show the biomass burnimgdeilbedo aerosol indirect effect (AIE) for GFEDBdaFINNv1,
respectively. For all simulations, biomass burrigads to a negative AIE over and downwind of biosrlaigrning regions,
and a slight positive AIE (up to 850 mW3nin many remote regions (due to feedbacks in akmscleation/growth
described in Sect. 3.2 in reference to N10 and &l&hges). The strongest cooling is confined tosavdzere there is both
an increase in aerosol number concentration anen&imonment susceptible to changes in cloud prsersuch as areas

where there is a low number concentration of CCN abundant warm clouds. Comparing Fig. 9 to Figth4, spatial
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distribution in AIE is roughly similar with the imvse changes in N80. The same can be said for FINly\comparing Fig.
S16 and Fig. S10. Biomass burning contributes pdhree times more to N80 when the emitted moddtiwis decreased
without sub-grid coagulation of biomass burningoset (a 43% increase in global N80 from adding k@esnburning with
the decreased width versus a 14.5% increase freroriginal width), as seen in panels c to e infthe figures (4, 9, S10,
and S16). This increase in N80 leads to a 104%eé&se in the magnitude of the globally, annuallyraged AIE due to
biomass burning, from -76 mW fito -29 mW nf. Biomass burning contributes only about one-tlisdmuch N80 when
the emitted median diameter is increased witholbigrid coagulation of biomass burning aerosol @dincrease in global
N80 from adding biomass burning with the larger rmeddiameter verses a 14.5% increase from the naiiginedian
diameter), as seen in panels c to a in the samdifpuwes. This decrease in N80 leads to a 62%se@eser in the magnitude of
the globally, annually averaged AIE due to biomhssning, from -76 mW f to -29 mW nf. Sub-grid coagulation
similarly decreases the biomass-burning contrilbuta N80 from 14.5% to 9.2% when assuming the pabinitial size
distribution case [§,,,,o0 =100 nm andr, = 2). Hence, sub-grid coagulation decreases themdss-burning AIE by 43%
globally (-76 mW rif to -43 mW nif). The choice of emissions inventory used has ardynall effect, as can be seen in the
difference between Fig. 9 and Fig. S16. Lower eimissfrom FINNv1 lead to less cooling, particulainythe Arctic, but
also less warming in remote regions (e.g. the ssnthemisphere). These two effects balance ouiffexence between the
emission inventories. When sub-grid coagulationded, the AIE is less sensitive to the assumedlirsize distribution.
This is because sub-grid coagulation acts as aimedaedback on changing the initial size disttibn. This percent change

in the biomass burning AIE due to sub-grid coagafavaries regionally and is shown in Fig. S17.
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Figure 9: Cloud-albedo aerosol indirect effect (AlB due to biomass burning aerosols using GFED emissis. Panels (a), (c), and (e)
are without sub-grid coagulation §150_noSubCoagnoSubCoag and s1.6_noSubCoagrespectively). Panels (b), (d), and (f) are
with sub-grid coagulation 0150 _SubCoagSubCoag and s1.6_SubCoagrespectively). Panels (a) and (b) have an emittededian
diameter of 150 nm and an emitted modal width of 2Panels (c) and (d) have an emitted median diametaf 100 nm and an
emitted modal width of 2. Panels (e) and (f) havenaemitted median diameter of 100 nm and an emittechodal width of 1.6. The

number in the bottom right of each panel is the glbal mean AIE value [mW m?.

As introduced earlier, Fig. 6 summarizes the gldhamass burning DRE and AIE estimates from ouresoi simulations.
The DRE is generally larger in magnitude than thE and tends to increase in magnitude with sub-goiggulation added
due to a shift in diameter to a higher mass sdagieefficiency. The estimated DRE varies dependamgthe size
distribution, the mixing state assumed, and thesnodiemissions. The magnitude of the AIE globadlysimaller with sub-
grid coagulation because coagulation reduces thebau of particles, thereby reducing the number 6GNCGrom biomass
burning. With sub-grid coagulation, the range ireAlue to changes in initial size distribution isansmaller because the

coagulation acts as a negative feedback on chdagks initial size distribution.
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3.4 Limitations of this study

While we have shown that the results from this gteapture the changes that occur when sub-gridutatign is included in

the model, there are limitations to our analysis:

In this study, we did not compare our results tasueed ambient size distributions in smoke-impacgggions.
There are limited observations of long-term ambastbsol size distributions in the regions where $tudy finds
sub-grid coagulation to be impactful. The GoAmatfieid campaign (Martin et al., 2016) fits our neebst the
measurement site was located near the city of Maneading to heterogeneity at scales much smtikan the
model can resolve (U.S. Department of Energy, 20IHA& impacts of the urban plume change the obsengain
ways that we cannot quantify and is beyond the esadghis study. Weigum et al. (2016) describescialenges
of comparing point measurements to coarse modaelsugh, comparison between model and measurenselefs i
for future work. Measurements directly of biomassring plumes (e.g., from field campaigns) woulsloahot be
representative of the grid-scale mean size dididhs represented by the model.

In the current model set-up, it is assumed thatkenmumes do not overlap. Overlapping of smoke gisimwould
lead to a higher initial number concentration alaer dilutions and therefore more sub-grid coatoita The
impact on N80 when the smoke plumes are allowecbtopletely overlap (i.e., all fires in the gridbfoem one
“superplume”) is shown in Fig. S18. Without subdgdoagulation of biomass burning aerosol, biomassibg
increases N80 by 10.4% (globally and annually ayed® With sub-grid coagulation of biomass burrdegosol as
it is generally presented in this paper (no overilag plumes), the increase in global N80 due taraiss burning is
decreased by about a quarter to 8.0%. When sukegagdulation of biomass burning aerosol includ¢s twverlap
of the smoke plumes, the increase in global N80 tdugiomass burning is further decreased to or0.This
strong sensitivity of our results to plume overldghlights that the degree of plume overlap likabeds to be
understood.

This study assumes that smoke plumes are emittddnwthe boundary layer, as is done in GEOS-Chehis T
allows the plume mixing depth to be the same asbthendary layer depth. Rémy et al, (2003) found thast
plumes do fit this category, but further work mdlpw for emissions higher than the boundary layerd in these
cases, the mixing depth may be more challengingiémtify (Zhu et al., 2018).

The emitted size distribution from fires varies deg@ing on fire characteristics (Janhall et al.,®Qlevin et al.,
2010), while in this study the same emitted siz#ritiution is applied to all fires. Ideally, fresize distributions
would be linked to fire characteristics in futumission inventories.

It is assumed in this study that all fires in tiaeng gridbox on a given day are the same size siieecan have an
impact on sub-grid coagulation (Hodshire et al,®01f fires vary greatly in size within a gridbdat a specific
time), larger fires may have more sub-grid coagufatffects than small fires in the same gridbagufe S3 shows

that using the parameterization on each individinal accounting for size, and then averaging #sults gives
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approximately the same downwind median diameterraodal width as using the parameterization on tiddgd
fires with the assumption that all fires in the sagnidbox are the same size.

In this study it is assumed, as described in ththaus, that the smoke plume spends 24 hours agiihge this
timescale is potentially variable for each fireg #xponent on this variable in the parameterizatiquations (Egs.
(1) and (2)) is significantly below 1 and so théeef is dampened. We performed a sensitivity stuilp an aging
time of 12 hours $ubCoag_12h), which is otherwise the same as B#Coag case. Figure S19 shows that the
annual-average change in N80 due to biomass bumnigsions depends more on whether there is sdb-gri
coagulation included than on whether the sub-goabalation timescale is 12 hours or 24 hours. @imisults are
shown in Fig. S20 for the direct radiative effeaiedto biomass burning (DRE) using an external ngixin
assumption, in Fig. S21 for the DRE using an irdgkroore-shell mixing assumption, and in Fig. S@2the cloud-
albedo aerosol indirect effect due to biomass ImgrnFigure 6 shows that the global, annual-avetsigenass
burning aerosol radiative effects for tBebCoag_12h case are nearly the same as forShgCoag case.

This study only investigated the effects of inchglsub-grid coagulation, but other sub-grid proessse occuring
in biomass burning plumes. Organic aerosol in b&sraurning plumes can evaporate and can be forimedgh
condensation. The rates of this evaporation andlesation may have dependencies on fire size datiodi
similar to coagulation here, and may be more ingmrthan coagulation in small plumes (Bian et 2017;
Hodshire et al., 2018). These processes are netdmed in this model.

Assumptions about mixing state were made when kding the DRE and AIE due to lack of explicit silation of
the mixing state and limited knowledge of the mixstate of biomass burning emissions.

When calculating the aerosol radiative effects, thignmean aerosol concentrations and meteorologigalts
were used to increase computation efficiency.

We only simulated emissions and meteorology for(2@s there is significant interannual variability biomass
burning emissions as well as the meteorologicaltspo the Sakamoto et al. (2016) parameterizati@ngxpect
that our results are at least somewhat sensitittleetchoice of year (O'Dell et al., 2019).

Because sensitivity simulations varied only oneapaater at a time, uncertainty ranges of DRE andiAlthe real
atmosphere may be larger than those estimatedisnsthidy. Uncertainty in other factors -- such asssions,

clouds and their susceptibility, and brown carboalso affect DRE and AIE uncertainty ranges.

4 Conclusions

In this paper, we use a global chemical-transpastieh with aerosol microphysics and a parametedmatf sub-grid
biomass burning coagulation to estimate the impattsub-grid coagulation on the ambient size distion and aerosol
radiative effects. Including sub-grid coagulationofing from thenoSubCoag simulation to theSubCoag simulation in

Table 1) decreases the magnitude of the biomassnguglobal, annual-mean cloud-albedo aerosol éudieffect (AIE) by
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43% from -76 mW i to -43 mW N, as it reduces the number concentration of CCHesfrarticles from biomass burning
emissions. Sub-grid coagulation increases the ksnbairning global-, annual-mean direct radiatiieaf(DRE) by 4%
from -206 mW nif to -214 mW rif due to an increase in mass scattering efficiencyttfe default initial size distribution
with an initial median diameter of 100 nm and aitiadh lognormal modal width of 2 (on average betwdbe external
mixing assumption and the internal, core-shell mixassumption). In our sensitivity cases testirffeint initial size
distributions, described below, the DRE is morescetéd by the presence or absence of sub-grid catamulof biomass
burning aerosol, changing as much as 22%. Diffeasatimptions in initial size distribution, emissiowentory, and particle

morphology can also have a large effect on the iadg of the AIE and DRE and the effect of coagatat

We test a series of sensitivities to account faremainties in the effect of sub-grid coagulationparticle size distributions
in the smoke plume: varying the initial median déen and modal width, using two biomass burningssians inventories
(GFED and FINNv1), varying the time spent underganb-grid coagulation, and testing the DRE undermixing states
(external and internal core-shell). Testing the=esgivities, global, annual-average AIE due tontéss burning ranges from
-29 to -155 mW n without sub-grid coagulation. With sub-grid coamidn, the absolute magnitude and range of the
globally, annually averaged AIE due to biomass mgmeduces such that it ranges from -16 to -66 mW This range is
reduced due to sub-grid coagulation homogeniziegnilmber of particles generated by biomass buringssions with a
smaller emitted median diameter have a greater rugtdncentration, all else being equal, which lg¢adsore coagulation,
reducing number concentration and increasing thédianediameter. Emissions with a larger modal widdlve an increased
rate of coagulation, which reduces the modal widtirough this homogenizing effect of sub-grid cdatjan, changes to
the emitted size distribution have less effect lon final size distribution when sub-grid coagulatie included than they
would without sub-grid coagulation. Regardlessnifial size distribution or emission inventory, thmelusion of sub-grid

coagulation decreases the global AIE magnitude.

The DRE due to biomass burning ranges from -1432d mW n¥ without sub-grid coagulation and from -177 to -26%/

m? with sub-grid coagulation. This range of valuesnes from difference in the size distribution of {haticles, the mass
of emissions between the two inventories, and gsumed mixing state. Most of the uncertainty in DRElue to the
emission inventory selection. GFED generally ha% 9ore cooling (averaged between all sensitivitgesh due to
annually, globally averaged DRE than FINN. Thidatiénce in DRE is because GFED has higher masssiomss which

increases DRE magnitude, and a higher OA to B®,rathich increases cooling. Regardless of thesenagtions, we find
that sub-grid coagulation increases the magnitudihe estimated DRE (increases cooling) by moving &erosol size

distribution into sizes more efficient at scattgrin

Regarding the limitations of this study discusse&ect. 3.4, we have several recommendations foregwork. We did not

compare our results to measured ambient sizellisivhs in smoke-impacted regions in this work #md should be done
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in future work, acknowledging the changes descrilmethe limitations. Further, it would be useful determine a more
accurate value for the mixing depth of smoke plunheghis paper, boundary layer height was useddepending on the
injection depth of the plume that may or may notdmistic. Finally, OA in biomass burning plumeslergoes evaporation
and SOA formation, and these rates may also deperiile size and dilution, similar to coagulatioaré (Bian et al., 2017;
Hodshire et al., 2018). Future work should focuspanameterizing these sub-grid OA effects simitathe coagulation

parameterization of Sakamoto et al. (2016).
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Table 1: Simulation names and descriptions of GEO&hem parameters which change depending on the sination. In
the naming, ‘SubCoag'refers to the inclusion of sub-grid coagulation andnoSubCoag’indicates the exclusion of sub-
grid coagulation. The default size distribution hasan emitted median diameter of 200 nm and an emittemodal width
of 2.'D150’ in the name indicates that the median diameter isicreased to 150 nm:s1.6’ indicates that the modal
width is decreased to 1.6 (with thés’ coming from ‘sigma’). The default biomass burningemissions inventory is
GFED, and simulations using FINNv1 instead include=INN’ in their names. The default amount of time spent

undergoing sub-grid coagulation is 24 hours and theimulation with only 12 hours spent aging has a 12h’ suffix.

Simulation Biomass Emitted number | Emitted number | Time spent
Burning median diameter | modal width (6y) | undergoing
Emissions (Dpmo; nm) sub-grid
Inventory coagulation

(time; hours)

noBB none -- -- -

noSubCoag GFED 100 2 0

SubCoag GFED 100 2 24

SubCoag_12h GFED 100 2 12

D150 _noSubCoag GFED 150 2 0

D150 SubCoag GFED 150 2 24

s1.6_noSubCoag GFED 100 1.6 0

s1.6_SubCoag GFED 100 1.6 24

noSubCoag_FINN FINNv1 100 2 0

SubCoag_FINN FINNv1 100 2 24

D150 _noSubCoag_FINN | FINNv1 150 2 0

D150 QubCoag FINN | FINNv1 150 2 24

s1.6_noSubCoag_FINN FINNv1 100 1.6 0

s1.6_SubCoag_FINN FINNv1 100 1.6 24
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Table 2: Global, annual-mean percent change due tiomass burning in the surface-level N10 and N80 amabsolute

changes in DRE and AIE due to biomass burning.

Compared Simulations N10 (%) | N80 (%) | externally- | core-shell | AIE
mixed DRE | DRE (MW m?)
(MW m? | (mWm?
noSubCoag- noBB 5.9 145 -224 -188 -76
SubCoag - noBB 2.3 9.2 -231 -197 -43
D150 _noSubCoag - noBB 1.2 4.8 -222 -182 -29
D150 SubCoag - noBB 0.2 3.6 -253 -214 -16
s1.6_noSubCoag - noBB 194 43.0 -169 -145 -155
s1.6_SubCoag - noBB 4.6 15.2 -206 -177 -66
noSubCoag_FINN - noBB 6.0 104 -124 -93 -63
SubCoag_FINN - noBB 3.1 8.0 -128 -100 -52
D150 _noSubCoag_FINN - noBB 2.0 34 -125 -91 -31
D150 _SubCoag_FINN - noBB 1.1 3.2 -146 -113 -26
s1.6_noSubCoag_FINN - noBB 18.3 32.0 -82 -63 -112
s1.6_SubCoag_FINN - noBB 5.3 13.4 -105 -84 73
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