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RESPONSE TO REFEREE #1.:

This study used a sub-grid coagulation parametéizéor biomass burning plumes in the GEOS-ChenMES globall
aerosol microphysical model and showed large ingaicbiomass burning sub-grid coagulation on adnosmber
concentrations, aerosol size distributions, andss#rdirect and first indirect effects. The authfmsnd sub-grid coagulation
reduced the impact of biomass burning aerosolsuomber concentrations of particles larger than 8tbgr87% globally
and that this reduction changed estimates of akdirgmt and first indirect effects of biomass hinghaerosols by 4% (from
-206 mW m-2 to -214 mW m-2) and by 43% (from -76 m\A2 to -43 mW m-2), respectively. The authors desti@ted
that the inclusion of biomass burning sub-grid adatipn significantly reduced the sensitivity of@gol number
concentrations, CCN concentrations, and aerosaidclateractions to the treatment

of aerosol size distributions at emissions. Théctopthis work is interesting and well suited keetscope of Atmospheric
Chemistry and Physics. The manuscript is well emitand the findings by the authors will be useduldstimating aerosol-
climate interactions more accurately. Overall, tr@nuscript should be accepted by this journal afii@or revisions. Some
minor comments, which should be addressed befamepstance, are described below.

We thank this reviewer for their helpful and thotighreview. Our responses throughout are in italic
Minor comments:

1. Page 1, Lines 23-24:
external mixing —> external mixing of black carbon
internal mixing —> internal mixing of black carbon

Yes, better to be more specific here. We have théglehange.

2. Page 2, Lines 20-21:
Please add the following reference: H. Matsui (30d6i:10.1002/2015JD023998.

We have added this reference.

3. Page 4, Line 24:
Please add a few sentences on the treatment off@@»ation in the global aerosol
model.

To clarify this, we have made this addition to #ecR.1: “Nucleation rates are parameterized witimdry nucleation
(Vehkamaki et al., 2002) and ternary nucleationfalaet al., 2002) scaled globally by a tuning facdf 10-5 (Jung et al.,
2010; Westervelt et al., 2013). Secondary orgariosol includes a 19 Tg Yrbiogenic contribution and a 100 Tg yr
anthropogenically enhanced contribution correlateith anthropogenic CO emissions (D’Andrea et a@012), following
the approach of Spracklen et al. (2011)".

4. Page 4, Lines 23-31:
Please clarify gaseous and aerosol species coedidethe biomass burning emissions in the auttgldbal model.

To clarify this, we have made this addition to ®&cP.1: “In our simulations, GFED and FINN biomalsarning emissions
include nitric oxide, carbon monoxide, sulfur did&j ammonia, all alkanes except for methane, aegtoethyl ethyl
ketone, formaldehyde, acetaldehyde, alkenes withiremus carbon chains longer than two carbonscklearbon aerosol,
and organic aerosol. The FINN biomass burning eimissalso include hydroxyacetone and glycoaldeliyde.

5. Page 6, Line 24:
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In equation (1), 84.56 should be 84.576, basedataiBoto et al. (2016).
We have made this change.

6. Page 7, Line 16:

In Sakamoto et al. (2016), their parameterizatobased on their simulations conducted for 5 hdurgg biomass burning
emissions. This parameterization was extended @n#412 hours in the current study. Can the auflstsy this
extension?

| suggest the authors to confirm this extensiorsdu overestimate sub-grid coagulation rate (bezaonagulation rate will
be slower with time) and to add some discussionkadext.

Yes, we do extrapolate on the fits and this shbaldxplicitly discussed. The Sakamoto fits depertém® to a power of less
than 0.5; hence, the coagulation does slow witle fimthe fits. We have made this addition to Se@i@: “In Sakamoto et
al. (2016), simulations used to develop this paranization are five hours long, so we are extrapiolg their fits. Because
of the dependence on time to a power less thafE@ss. 1 and 2). The impact of coagulation slowth titne, which
reduces potential errors associated with extrapalatTo test the sensitivity to this 24-hour asstiompwe include an
additional simulation (SubCoag_12h) where condgiamne similar to SubCoag but with 12 hours insted@4 hours of

aging.”

7. Page 7, Lines 26-29:
Scatterplots and correlation coefficients may befuls

We have added these plots to the supplement and thiscaddition to the main text as a brief disouss“Further, Figs.
S4 and S5 show that most gridboxes report similarddde using either method, especially at smallgy,@nd largero
values, where most gridboxes lie.”

8. Page 8, Line 4:
Please add a sentence that the two assumptioniofyrstate have the same aerosol number conciemtsaand size
distributions in total.

We have made this addition to Section 2.3: “Botkingj states have the same aerosol number concemtsaand size
distributions in total.”

9. Figure 2 and related figures:

The main focus of this study is the inclusion df-guid coagulation. So, | think the difference beén SubCoag and
noSubCoag is the most important point in this dis@n (rather than the differences from noBB). Hawut adding plots
on the difference between SubCoag and noSubCoagl(ab value or percent)? The authors can addasimhifference plots
(between SubCoag and noSubCoag) to other figuigar@s 4 and 7-9).

We had debated the idea of making “percent chandké biomass burning impact” plots (i.e. how ddesimpact of BB
on N10 and N80 change by adding sub-grid coaguatiobiomass burning aerosol) when writing the papewever,
these plots were challenging to interpret becabsed regions where N10 and N80 (1) increase dumamass burning in
both the SubCoag and noSubCoag simulations, (2pdse due to biomass burning in both simulationsl ) increase in
one simulation and decrease in the other. Howaweeaddress this reviewer comment, we have mades@ueof these plots
where we require *both* the SubCoag and noSubGiaglations to have at least a 1% increase in Nd@ H80 (relative
to noBB) in a gridbox, and all other gridboxes anasked. We have added these figures (one for eedraissions
assumptions and another for the sensitivity emissassumptions as Figs. S8 and S10, respectivelgtsupplement and
mentioned them in the main text. In this figure,ititerpretation is straightforward; blue colors@h that sub-grid
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coagulation reduces the impact of biomass burnintpat location; red colors show that sub-grid caddion increases the
impact of biomass burning in that location (duenizrophysics feedbacks: increased nucleation etc).

We also made analogous “percent change in the bésrbarning impact” figures that correspond to thecke radiative
forcing figures in the main text (Figures 7-9) aaido added these figures to the supplement (Fitf3, S15, S17) with
reference in the main text.

10. Figure 6:

This is a nice figure and should be used to sunmeawnclusions obtained in this study. | suggessailthors to move this
figure to the last paragraph of section 3.3 (dfigure 9). Similar to comment 9, differences betw8ebCoag and
noSubCoag can be added to this figure. Adding thilhmake the impact of sub-grid coagulation on D&& AIE clearer.

We have chosen to leave this figure where it ctilyés because we would like the reader to be &bleok at all of the
results in context as they read this section, lutiotention is for this to be a summary figuretwitls main discussion
coming at the end of the section. We have madadiision to Section 3.3 to clarify: “Figure 6 suranzes our radiative-
effect findings with global, annual-average valtmseach simulation.”--> “Figure 6 summarizes ouadiative-effect
findings with global, annual-average values for le@amulation, and we will discuss this figure irtaieat the end of this
section.”

11. Page 19, Line 19 — Page 20, Line 6:
Please clarify how the authors estimated the &tatialues in this paragraph (131%, 79%, 64%, 628l 49%).

Originally, these numbers were used in an attemj¢lude all sensitivity cases in the calculati®or the numbers
comparing two initial size-distribution assumptipttse cases with sub-grid coagulation of biomassimg aerosol and the
cases without were both used in the calculation.tRe numbers discussing the addition of sub-gadgulation of biomass
burning aerosol, all initial size distribution cas&ere used in the calculation. This approach nth@es unnecessarily
complicated, and the numbers have been replacddsivitpler calculations that should be more int@tfer the reader. For
the numbers comparing two initial size distribupthe case without sub-grid coagulation of biomassing aerosol is
now used alone. For the numbers discussing thetiadddf sub-grid coagulation of biomass burning @sol, only the
default initial size distribution case is now ug&gpmO0 being 100 nm and being 2).

These changes are in section 3.3 where the textvis “Biomass burning contributes nearly three tinmeore to N80 when
decreasing the modal width (a 43% increase in glog0 from adding biomass burning with the decréas@lth versus a
14.5% increase from the original width) without sgitid coagulation of biomass burning aerosol, asrsé panels c to e in
the four figures (4, 9, S9, and S16). This increag¥80 leads to a 104% increase in the magnitddée globally, annually
averaged AIE due to biomass burning, from -76 m&/tm-29 mW m-2. Biomass burning contributes oblyui one-third
as much N80 when increasing the median diametér8% increase in global N80 from adding biomassimg with the
larger median diameter verses a 14.5% increase ffmroriginal median diameter) without sub-grid goéation of
biomass burning aerosol, as seen in panels c totha same four figures. This decrease in N80 l¢ads62% decrease in
the magnitude of the globally, annually averagel Aue to biomass burning, from -76 mW m-2 to -29m®/ Sub-grid
coagulation similarly decreases the biomass-burmogtribution to N80 from 14.5% to 9.2% when assunthe original
initial size distribution case (DpmO0 =100 nm a#f8l = 2). Hence, sub-grid coagulation decreases tleenlss-burning AIE
by 43% globally (-76 mW m-2 to -43 mW m-2)".

12. Page 21, Lines 21-25:
Can the authors add some statistics for more gatimé discussions of this paragraph?

To make this discussion quantitative, the bullébfio question now reads “In the current model-agt it is assumed that
smoke plumes do not overlap. Overlapping of smbkags would lead to a higher initial number concatibn and slower
dilutions and therefore more sub-grid coagulatidhe impact on N80 when the smoke plumes are alltoveompletely
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overlap (i.e., all fires in the gridbox form oneujgerplume”) is shown in Fig. S18. Without sub-gr@hgulation of biomass
burning aerosol, biomass burning increases N80y % (globally and annually averaged). With subdgroagulation of
biomass burning aerosol as it is generally preseritethis paper (no overlapping plumes), the ince@ global N80 due
to biomass burning is decreased by about a quaot&:.0%. When sub-grid coagulation of biomass mgraerosol
includes total overlap of the smoke plumes, theegee in global N80 due to biomass burning is ferttiecreased to only
0.5%. This strong sensitivity of our results tompiioverlap highlights that the degree of plume lagelikely needs to be
understood”.

13. Section 3.4:
In addition to the points raised by the authossjdgest to add the following two points to thistieec

Firstly, the simulations made by the authors are/é@r 2010 only. Biomass burning emissions anakaretogical
conditions have large year-to-year variability.d3e add some discussions on the features of bidmasisg emission in
2010 (compared with other years) and on their gi@ieimpacts on the estimation of sub-grid coagalatmportance.

This is a very good point. We have added the faigwaveat to Section 3.4: “We only simulated emissand
meteorology for 2010. As there is significant iatamual variability in biomass burning emissionsnasl as the
meteorological inputs to the Sakamoto et al. (2Qi&pmeterization, we expect that our results drkeast somewhat
sensitive to the choice of year (O'Dell et al., 2p1

We did not do a detailed comparison of emissiotswdxn years. Given the range of factors that cbote to the impact of
biomass burning on particle concentrations, radiatforcing, and the Sakamoto et al. (2016) pararizstgon, it would be
very challenging to speculate about how the refolt2010 may specifically be different from otlgears.

Secondly, the uncertainty ranges of DRE and AlEhis study (e.g. Figure 6) were estimated from isieitg simulations
with changing single parameter at one time (e.gdiam size of emissions, sigma of emissions, mistate, subcoag
timescale, biomass burning emission data). Howénehe real atmospheric conditions, multiple pagtars change
simultaneously. Therefore, the uncertainty randd3RE and AIE in the real atmosphere might be latgan those
estimated with single parameter change (conduat#tis study). The authors can add discussionb@patential
importance of this effect.

We have made this addition to Section 3.4: “Becaesesitivity simulations varied only one parametea time, uncertainty
ranges of DRE and AIE in the real atmosphere makatger than those estimated in this study. Undatiain other factors
-- such as emissions, clouds and their suscetibdnd brown carbon -- also affect DRE and AlEantainty ranges”.

14. Page 23, Line 26:
the estimated DRE —> the estimated DRE (increaseling)

We have made this change.

15. Page 24, Line 2:
Sakamoto et al. (2017) —> Sakamoto et al. (2016)

We have made this change.
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RESPONSE TO REFEREE #2:

The paper reports a study of the impacts of codigul®f particles in biomass burning plumes ondlimate impacts of
biomass burning aerosol. The study finds thatghieess, that is not usually included in atmosghariclimate models,
reduces the number of cloud droplet forming pastiggroduced by biomass burning by 37% globally.r@l;ghe study
finds that including coagulation of particles imiriass burning plumes reduces the cooling impalioshass burning
aerosol through the aerosol indirect effect, batéases the cooling impact through the direct tagizffect.

This is an important study. The paper is well-weritt The model experiments are clearly describedladuthors have
tested a range of assumptions and datasets. | ,eenchpublication after any minor comments have laeleitessed.

We thank this reviewer for their helpful and thotighreview. In particular, we are grateful for threviewer agreeing to
review the paper late in the open discussion amipging comments quickly. Our responses throughoeiin italics.

Minor comments:

Section 2.1. What new particle formation scheme $@é formation did you include in the model? Thesécontrol the
baseline particle number and the growth rates difgkes and so are important for your study.

To clarify this, we have made this addition to ®ecP.1: “Nucleation rates are parameterized witimdry nucleation
(Vehkamaki et al., 2002) and ternary nucleationg&laet al., 2002) scaled globally by a tuning farcdf 10-5 (Jung et al.,
2010; Westervelt et al., 2013). Secondary orgariosol includes a 19 Tg yr-1 biogenic contributiamd a 100 Tg yr—1
anthropogenically enhanced contribution correlateith anthropogenic CO emissions (D’Andrea et a@012), following
the approach of Spracklen et al. (2011).”

Figure 6. Do you report the values averaged oVesiz# distributions? From the figure it looks littee impact of
coagulation on the average DRE value is greater e 4% in the Abstract?

This is a very good point. The 4% value does netjadtely capture the effect that sub-grid coagalatf biomass burning
aerosol has on the average DRE. The values listéldd conclusions, which is where the 4% valuef®rted, were only for
the default initial size distribution case whererB@is 100 nm andO is 2. To clarify this, we added the following teerce,
“Sub-grid coagulation increases the biomass burnghgpal-, annual-mean direct radiative effect (DR#)4% from -206
mW m-2 to -214 mW m-2 due to an increase in mastesag efficiency for the default initial sizesttibution with an

initial median diameter of 100 nm and an initiaglmrmal modal width of 2 (on average between thereal mixing
assumption and the internal, core-shell mixing agstion)”.

In Fig. 6, the DRE is not affected very much byitickusion of sub-grid coagulation of biomass bumaerosol when only
the default case (filled square) is considered. Elav, the sensitivity cases can vary much moréndlode the other initial
size distribution sensitivity cases, we have adbedollowing to the conclusions: “In our sensitivcases testing different
initial size distributions, described below, the BR more affected by the presence or absencebefisd coagulation of
biomass burning aerosol, changing as much as 22%".

Section 2.2 How would your results depend on patamacertainty in equations (1) and (2) on Pageh@. authors should
be commended for exploring the uncertainty in tlebgl model inputs/datasets. It is probably beyseoabe to explore the
impact of uncertainty in these equations, but atatiscussion would be useful.

This is a good thing to discuss explicitly. We hadded the following text to Section 2.2: “In Sakdonet al., (2016), these
equations (Eqgns. 1 and 2 here) explain 77-79% eftriability in Dpm and in their plume simulat&rHence, there are
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uncertainties in our analyses introduced by thepdinform of Eqns. 1 and 2; however, we expect thasertainties to be
smaller than the uncertainties in biomass burningssion inventories, plume overlap, fire size, ngxieight, etc.”.

Section 2.2 Do you have information on the valuddmm and model width calculated from equationsaid (2)? It would
be interesting to know the mean values used as togBEOS-chem as well as spatial and temporahlditiy.

The spatial variability of the annual-mean valuesthese two variables was given in Figure 3, tHotlgs was not
introduced until Section 3.2. We have moved iteihtction to Section 2.2 (now becoming Figure thwirther discussion
remaining in Section 3.2.

To show temporal variability, we have now plottee timeseries for the sub-grid-plume processggédnd o for the two
locations investigated in Figure 5 (Alaska and fimaazon) as Fig. S2.. In both of these regionsgtieday-to-day
variability driven by changes in wind, fire sizedamixing depth. There is also an apparent seasoyae in the values at
both locations, where particles are larger and havearrower distribution at the peak of the firasen, which is likely
driven by larger fire sizes during these times.haiee added these figures to the Sl and added &arefierence to them in
Section 2.2.

An important point is to what extent the emittezesilistribution in the model represents fresh @dagmoke. This is
mentioned by the authors in Section 2.2. Couldrigtment of in-plume coagulation simply be caplurg assuming a
larger emitted size? Or does the in-plume calatatallow treatment of important spatial and terapeariability that
would be ignored by using a globally uniform value?

Given the spatial and temporal variability in thebsgrid-processed size distributions in Figure tefpously Figure 3) and
Figure S2, it appears that any fixed global assuompbf an “aged” biomass burning size distributiomay underestimate
regional variability. We have added text to SecBad discussing this: “Given the variability in tiseb-grid-processed size
distributions in Fig. 1, assuming a single emissisize distribution for biomass burning in coarsel gnodels may
underestimate the variability in biomass burningesdistributions between regions.”
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CHANGES MADE

Abstract
Page 11, line 23: clarified external mixing is tddk carbon

Page 11, line 24: same with internal mixing of klaarbon

1 Introduction

Page 12, line 21: added Matsui, 2016 citation

2.1 Model Overview
Page 14, lines 7-11: added information about sesxymafganic aerosol and nucleation

Page 14 line 32 - page 15 line 1: added informadlmout biomass burning emissions

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

Equation 1: changed 84.56 to 84.576 as this wgpa@ t

Page 17, line 31 — page 18, line 3: added infoonadbout uncertainties in the parameterizatioraikagoto et al., (2016).
Page 18, lines 6-10: introduced Figure 1, previpkgure 3, as it is applicable here.

Figure 3 was moved up to page 18 and becomes Flgure

Page 19, lines 7-10: clarified that we are extrapod the Sakamoto et al. (2016) fits.

Page 19, line 20: updated figure number

Page 19, lines 23-24: further justifying methodsisihg per-fire parameterization in the gridded eiod

2.3 Modeling radiative impacts of changes made tadmass burning emissions
Page 20, line 4: clarifying that the aerosol nuntmercentration and overall size distribution rersahe same between both

DRE mixing states.
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3.1 Impact of biomass burning on aerosol mass
Page 20, lines 14, 19, 20: updated figure number

Because Figure 3 became Figure 1, the old Figisendw Figure 2.

3.2 Ambient size distribution sensitivity to biomas burning

Page 20, lines 14, 20: updated figure number

Page 21, line 7: updated figure number

Page 22, lines 2, 13: updated figure number

Because Figure 3 became Figure 1, the old Figisen8w the new Figure 3.

Page 22, lines 20-21: introduced new supplemeigatd which shows the percent change in N10 and N&Dto subgrid

coagulationbidmass burning aerosol.

Page 23, line 1, 9: updated figure number

Page 23, lines 3-4: discussed new figure

Table 2: changed -214 to -124 because it was a typo

Page 24, lines 3-5: discussed variability in biosrasrning size distribution beyond what we are wéipg.

Removed old Figure 3 as it was moved up to be Eigur

Page 25, lines 4-5: introduced new supplementatdigvhich shows the percent change in N80 forealbiivity cases due
to subgrid coagigatof biomass burning aerosol.

Page 25, line 5: updated figure number

Page 26, lines 6, 18: updated figure number

Page 27, line 16: updated figure number

3.3 Sensitivity of radiative effects
Page 28, lines 5-6: clarified that figure 6 will tscussed further later in the section.
Page 28, lines 6, 7, 8: updated figure numbersrgnoduced new supplemental figures which show gr@rchange in DRE

due to subgrahgulation of biomass burning particles.
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Page 30, lines 18, 19: updated figure number

Page 31, line 2: updated figure numbers

Page 31, lines 3-4: discussed new supplementakfgatroduced earlier in section.

Page 31, line 14: updated figure numbers and intred new supplemental figures which show perceahgh in AIE due
to subgrid coagulatafrbiomass burning particles.

Page 32, lines 2, 20: updated figure numbers

Page 32, lines 2-6, 9-13, 15-18: replaced somistitatand their explanation with statistics theagt @asier to understand.

Page 32, lines 24-25: discussed new supplemegtaks introduced earlier in section.

3.4 Limitations of this study

Page 34, line 11: added another reason that opéniggsmoke plumes would lead to more sub-grid clzdigun
Page 34, lines 13, 30: updated figure number

Page 34, lines 13-19: made discussion of overlgpgpimoke plumes more quantitative.

Page 35, lines 4, 7, 8: updated figure number

Page 35, lines 20-25: added two more limitationthefstudy

4 Conclusions

Page 36, lines 1-2: clarified which case we areudising

Page 36, lines 3-5: Made discussion more quanigati

Page 36, line 29: clarified that increasing the nimgle of the estimated DRE increases the cooling.

Page 37, line 5: fixed typo

References
Page 38, lines 11-13, 25-26: added reference
Page 39, lines 19-24: added references

Page 40, lines 26-28: added reference
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Page 41, lines 11-12, 16-18: added reference

Supplement

Added new figure S2 showing temporal variabilitynaddeled size distribution

Changed old figure S2 to new figure S3

Added new figures S4 and S5 showing more informagibout the effect of how we adapt the per-fireap@aterization to
work for a gridded model.

Changed old figure S3 to new figure S6

Changed old figure S4 to new figure S7

Added new figure S8 showing more information abdwaw sub-grid coagulation of biomass burning aereffeicts N10 and
N80

Changed old figure S5 to new figure S9

Added new figure S10 showing more information abmav sub-grid coagulation of biomass burning adreffects N80
for all simulations

Changed old figure S6 to new figure S11

Changed old figure S7 to new figure S12

Added new figure S13 showing more information abma sub-grid coagulation of biomass burning adreffects DRE
with the external mixing assumption

Changed old figure S8 to new figure S14

Added figure S15 showing more information about samk-grid coagulation of biomass burning aerosfdcéf DRE with
the core-shell mixing assumption

Changed old figure S9 to new figure S16

Added figure S17 showing more information about lsulv-grid coagulation of biomass burning aerosielot$ AIE

Changed old figure S10 to new figure S18, S11 1, §12 to S20, S13 to S21, and S14 to S22

10
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Effects of Near-Source Coagulation of Biomass Burng Aerosols on
Global Predictions of Aerosol Size Distributions ad Implications for
Aerosol Radiative Effects

Emily Ramnaring John K. Kodro§ Anna L. Hodshire Chantelle R. Lonsddle Matthew J.
Alvaradd, Jeffrey R. Pierce

Colorado State University, Department of Atmosph&gience, Fort Collins, CO, 80523, USA
“Atmospheric and Environmental Research, Lexingbf, 02421, USA

Correspondence t&Emily Ramnarine (emily.ramnarine@colostate.edu)

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

aerosol coagulation reduces aerosol number andases the median size of aerosol size distribytiomzacting aerosol
radiative effects. Near-source biomass burningsaédrmoagulation occurs at spatial scales much smidian the grid boxes
of global and many regional models. To date, thesdels 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 black carborand from -188 to -197
mW m? with assumed internal mixingf black carborwith core-shell morphology. However, due to diéieces in fire 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 assomnsp

11
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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 burnings®rmay 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 clara 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(Bnd and Bergstrom,
2006; Kodros et al, 2015; Seinfeld and Pandis, 2@16arado et al., 2016Matsui, 2019. In the cloud-albedo 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®ing 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 thosecleat{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 smallatiglas, 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 hyrémosol (the
product of emissions flux and fire area), initiesdistribution (median diameter and modal widfilyme mixing depth,
and wind speed. Intuitively, more-concentrated sioiss, larger area fires, smaller wind speed, @llemmixing depth lead
to an increased rate of coagulation. This increastdof 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 bismhurning 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)
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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 haveitmémeteorology. 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 sectibhicleation rates are parameterized with binary eatadn (Vehkamaki et al., 2002) and

ternary nucleation (Napari et al., 2002) scaledally by a tuning factor of 10(Jung et al., 2010; Westervelt et al., 2013).

Secondary organic aerosol includes a 19 Td liogenic contribution and a 100 Tg ymnthropogenically enhanced

contribution correlated with anthropogenic CO eimiss (D’Andrea et al., 2013), following the apprbaaf Spracklen et al.
(2011).Detailed descriptions of microphysical processe3@MAS are described in Adams and Seinfeld (2002 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 burnedageduct 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 regionghwinany small fires, but
does not take into account variability in fuel comgption 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). our simulations, GFED and FINN biomass burnimgssions include nitric

oxide, carbon monoxide, sulfur dioxide, ammonid, @kanes except for methane, acetone, methyl ekafbne,

14



10

15

20

25

30

formaldehyde, acetaldehyde, alkenes with continuzarbon chains longer than two carbons, black carderosol, and

organic_aerosol. The FINN biomass burning emissiats include hydroxyacetone and glycoaldehyhte.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 inventorigsile all other inventories
are significantly correlated with each other (Shil &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 ahoverview of the simulations performed in this stahdthatwill be referenced in this section. Fresh
biomass burning aerosol emission sizes can gepdralkimplified to a lognormal mode, but the par@argof this mode
vary with fire characteristics (Janhall et al., @D1This emitted lognormal mode is not specifieceither of the emission
inventories used. In GEOS-Chem-TOMAS, the defaiglttass burning emissions have an emitted numberameiameter
of 100 nm and modal width of 2. Janhall et al. @0drovides a review of measurements of fresh ged @moke, and these
default values already in use in GEOS-Chem-TOMASar the small end of the median diameters, whacige from 100
nm to 141 nm, and the large end of modal widthschvinange from 1.5 to 1.91, of the fresh plumeglistl. To address
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 nnnpSubCoapto 150 nm P150_noSubCoggwith a constant a modal width of 2. The secortdo$e
simulations decreases the emitted modal width feotm 1.6 §1.6_noSubCoagyhere the ‘s’ represents ‘'sigma’ for modal
width) with a constant median diameter of 100 nrachEof these simulations has a counterpart withgsichcoagulation
included SubCoagD150 SubCoagandsl.6_SubCoggespectively). These simulations are all run VBfRED emissions
(as that is the default), but there are correspundsimulations with FINN emissionsnqSubCoag_ FINN,
D150_noSubCoag_FINN, s1.6_noSubCoag_FINN, SubCdii\,F0150 SubCoag FINMndsl1.6_SubCoag_FINNWe
compare these simulations to a model simulatiot wid biomass burning emissions of particles or g4seBB. By

choosing this variety of simulations, we represerdnge of fresh biomass burning plume emissiandigtributions.

To represent the evolution of the aerosol sizeidigion due to in-plume sub-grid coagulation ie SubCoagsimulations,
we use the parameterization developed in Sakantoah €2016). The parameterization is for indivijuzon-overlapping

plumes:

_ Emissions Rate 0.4191 /s 0.4870
Dym = Dpmo + 84'576[(Wind Speed)(Mixing Depth)] (Time) ! )

0.1889

(Time)?3%%°(1.2 — ay) , (2)

Emissions Rate
(Wind Speed)(Mixing Depth)

o= a,+ 02390 [
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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), respectivélySakamoto et al., (2016), these equations (Agsand (2) here) explain 77-

79% of the variability inD,,, ando _in their plume simulations. Hence, there are uagaies in our analyses introduced by

the simple form of Egs. (1) and (2); however, wpest these uncertainties to be smaller than thertainoties in biomass

burning emission inventories, plume overlap, fiiges mixing height, etcFigure S1 shows that when the sub-grid

coagulation parameterization (Eds(1) and2(2)) is used offline the downwind median diameteraigér than 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 rBlgure 1 shows the spatial

variability in annual-mean plume-processeg, 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-processfg,, ando _at locations in the Amazon and Alaska, which tHates that we predict

that temporal variability in processing may alsdrbportant.

Downwind Mean Diameter Downwind Modal Width
o "’ L -1
c o ) -
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T
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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 £%grid and then that

gridded data is run through the Sakamoto et al. (206) parameterization. The regions with grey cross+itching 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 boundaryrladepth, 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., 2Q01&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 timescaleln Sakamoto et al. (2016), simulations used to lbgve

this parameterization are five hours long, so veeextrapolating their fits. Because of the dependem time to a power

less than 0.5 (Egs. (1) and (2)), the impact ofgataion slows with time, which reduces potentiabes associated with

extrapolating.To test the sensitivity to this 24-hour assumptiainclude an additional simulatioB§bCoag_12hwhere
conditions are similar t8ubCoagput 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/iEsions 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 thnees,,,, ando for all fires

in that gridbox. In doing so, we assume that thereo 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 S2- S3 shows through offline calculations that using thak&noto parameterization in this way results in
approximately the same result as using the Sakamatametrization for each individual fire and thaweraging the
resultingD,,,, andg over the 4°x5° grid, justifying our method of ayiph this parameterization to a gridded model.

Further, Figs. S4 and S5 show that most gridbogpert similarD,,,, ands_using either method, especially at smallgy,

and larger values, where most gridboxes l@ver the Sahara, the ice sheets, and the oceandheno fires and therefore

no 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 Radkaliransfer 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 ngxgthe coolest forcing.

Both mixing states have the same aerosol numbeecdrations and size distributions in toidhen estimating 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 mnigid a « of zero and
hence does not activate (Pierce et al., 2007).iBeaththe calculation of CDNC, cloud propertieadaAlE are discussed in
Kodros et al. (2016). The offline calculation ofr@sol radiative effects described here uses monthéan aerosol

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

3 Results
3.1 Impact of biomass burning on aerosol mass

Figure1-2 shows the spatial distribution of the biomass mgrimpacts on annually averaged simulated OA andBGs
concentrations (the difference between tieSubCoagand 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, @othe 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 burninigséons, including most of the southern hemispheigure %3
provides the same analysis as Fig2 but for the FINNv1 emissions inventory. It showsattfrINNv1 also has biomass
burning accounting for a significant amount of OAdaBC mass over major biomass burning areas andhwimd. FINN
has 52 Tg of OA+BC emissions over the course oROH) year, while GFED has 60 Tg of emissions. Bee&INNv1 has
a lower mass of emissions, the increase in OA a@idriass over major biomass burning regions and dawehare not as

high as they are with GFED emissions.
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Figure 12: Effect of biomass burning on annually averaged tial column OA and BC mass concentrations. The leiide 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 fdb) OA and (d) BC by
taking the difference between thexoSubCoagand noBB simulations.

3.2 Ambient size distribution sensitivity to biomas burning

Figure 2-3 shows the change in the spatial pattern of aenogwiber concentration due to biomass burning foh libe
standard coagulation scheme without sub-grid caedigml (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 dwulil some areas) for both coagulation schemesrameer the regions
with the largest biomass burning emissions: the Zanathe Congo, Southeast Asia, and the boreatione 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 cladigpnal loss of new particles, leading to lowember concentrations
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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). Fig8re S7shows that FINNv1 emissions have a smaller percenéase in N10
and N80 over biomass burning areas than GFED emisdbecause FINNv1 emits less particle mass, asigiied in

Sed.tion 3.1. Because of the lower emissions in FINN, ther@dso a smaller decrease downwind.

noSubCoag

-~

N10

o
o]
2
avg=14.5% avg=9.2%
S — [ — Be—
10t 102 103 104 —1000 —-100 -10 -3 3 10 100 1000
Number Concentration (m~3) Percent Increase due to Biomass Burning

Figure 23: Effect of biomass burning on surface-level numbeconcentration of particles larger than 10 nm (a, pbc) and 80 nm (d,
e, f). Panels (a) and (d) show the absolute numbeoncentration 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 (Fig3, panels (c) and (f)), there are lower N10 conegitins over emissions areas
due to the sub-grid coagulation as compared tostArdard coagulation scheme without sub-grid cesigul (Fig. 23,
panels (b) and (e)), but the mass remains apprdgiynghe same (emissions mass is the same but rsgiagemay be
different due to changes in particle sizes). Beeafghis, the global, annual-average percent as@én N10 due to biomass
burning is reduced from 5.9% without sub-grid cdation to 2.3% with sub-grid coagulation. Likewiske global-, annual-
average percent increase in N80 due to biomassnguis reduced from 14.5% without sub-grid coagalato 9.2% with
sub-grid coagulation. Because coagulation remoregler particles more efficiently, the decreas®\iD is more dramatic
than the decrease in N80. The same effect of sidbegagulation can be seen in the simulations WIiNv1 emissions in

Fig. S4S7 where global, annual-average percent incread&lthdue to biomass burning decreases from 6.0%owitbub-
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grid coagulation to 3.1% with sub-grid coagulatamd the increase in N80 due to biomass burningedses from 10.4% to
8.0%.The percent change in N10 and N80 due to sub-gadulation of biomass burning particles can be saeficitly in

Fig. S8. This percent change in the biomass-burcimgtribution to N10 and N80 due to sub-grid coatiah varies

regionally. Table 2 shows an overview of how globally, annuayeraged percent increase in N10 and N80 dueotodss

burning changes between simulations.

Figure 3-1 shows the annual-mean median diameter and moddh vitd biomass burning emissions that have been
processed with Eq$l)2 and(2)2 for 24 hours offline. There is large spatial vhiligy in the annual-mean effects of the sub-
grid coagulation parameterization on the numberiarediameter and lognormal modal width. The inceeas median
diameter and decrease in modal width due to subegragulation is larger over the Amazon, the Cosgatheast Asia, and
parts of the boreal forests in Siberia and Northefioa -- the same regions with the largest biontasging emissions.
These regions have larger fire areas, lower wirekdpor lower mixing depth on average comparede¢ions with less

biomass burning emissions, which increases theet@mof sub-grid coagulation-processed emissiGingzn the variability

in the sub-grid-processed size distributions in. Bigassuming a single emissions size distributtmrbiomass burning in

coarse grid models may underestimate the variglylibiomass burning size distributions betweenaes)
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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 decreas&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_noSubCoagnd D150_SubCoagrespectively) result in a smaller relative inGg@an N80 in
regions with biomass burning emissions than sirariatwith the original emitted median diameter 60Ihm foSubCoag
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 medimmeter 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 largene percent change in the

biomass-burning contribution to N80 due to sub-grahgulation varies regionally and is shown in F$§. The same

15| dampening of changes due to sub-grid coagulatiorbeaseen for FINN in Figs5S10
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= TR~ T
gy Wi
o
£0 g1
o @ (b)
avg=4.8%
o z -‘ =
o s g
— ™ “=
i1 ” s
£O Y, %
Q
fa) (c)
" ZVg=14.5%
o
[@}{e)
-
I
ES
a |(e) (f)
——""—3vg=43.0% =150

-30004000.300 100 30 10 -3 3 10 30 100 300 10003000
Percent Increase in N80 due to BB

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
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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 widit 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 dueidméss burning when the emitted modal width is ceduto 1.6
(s1.6_noSubCoagnd s1.6_SubCoagrespectively). This smaller modal width leadsatdigher percent increase in N80
because the median diameter is above 80 nm (artigtetion 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, afiyuaveraged percent
increase in N80 due to biomass burning from 14.58 an emitted modal width of 2 to 43.0% with aniéed 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 theoSubCoagssumption because the higher number
of particles increases the rate of coagulation, gknimg the effect. With coagulation, the globalnually averaged
increase in N80 due to biomass burning is 9.2% wheremitted modal width is 2 and 15.2% when th&echmodal width
is 1.6. Similar responses to changing the emittedahwidth are seen for FINN emissions in FgS10 Thus, sub-grid
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-gmégulation. Without biomass burningoBB), Alaska has no nucleation-
mode particles. When biomass burning emissions f&#&D are includednpSubCoaj there is a nucleation mode (due to
SO, emitted by the fires). As shown in Fig. 5, incluglisub-grid coagulationn¢SubCoagto 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 Fig6S11

Figure 5a shows that in Alaska when the emittediamediameter is increasedqSubCoago D150 _noSubCogg 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 coamiaiSubCoagto
D150_SubCoagalso increases the ambient peak diameter, bstititrease is smaller than the difference betwaen t

noSubCoag@ndD150 noSubCoagimulations. Panel b shows that similar resukéssaen 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° &)° WE, 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 increasednpSubCoago s1.6_noSubCodgthe 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 coagulattubCoagto s1.6_SubCogg 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 ilossimber at small diameters and a smaller ineréasiumber at the
larger diameters in the distribution. This leadamancrease in median (and peak) diameter andraake in modal width in

the ambient size distribution. Figurd 3% shows that these effects of sub-grid coagulatienadso present when FINNv1

24



10

15

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 the end s tsectionsummarizes our radiative-effect findings with gigb
annual-average values for each simulation. Taldbdvs the globally, annually averaged biomass hgrradiative effects
for each simulation. Figures 7, 812,-S7S513, S14ndS8-S15show our simulated direct radiative effect (DREgdo
biomass burning under assumptions of external miXkigs. 7 S12,andS7S13 and internal mixing (Figs.,8514,and
S$8S1Y, and with GFED emissions (Figéand-87, 8, S13, and §1&nd FINN emissions (Fig&12,S137, S14and 259).
The DRE due to biomass burning is sensitive toirtiteal size distribution, the assumed mixing stafeBC, the biomass

burning emission inventory, and whether or notehsrsub-grid coagulation. As can be seen in Figand 8, the DRE due
to biomass burning is generally negative (a cootemdency), but there are regions of slight (us80 mwW n¥ locally)
positive DRE over bright surfaces, such as thesfe®ets over Greenland and Antarctica, where thmdse burning smoke
plume has a lower albedo than the surface. Withullgrid coagulation, changing the initial medigmukter (panels a and
¢) has little effect, regardless of assumed mistage. With sub-grid coagulation, increasing erditteedian diameter (panel
d to b) increases the DRE for both mixing stateiaggions. Regardless of sub-grid coagulation, desing the initial modal
width (panel c to e) decreases the magnitude oétfeet globally.
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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 afmorefficiencies (the scattering and absorptionssrsections 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 relticenstant 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 b&snhaurning particles via coagulation increases rttass scattering

efficiency as it increases the diameter of theigag. On the other hand, the mass absorptioniefiiy 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 moopogy (Figs. 8 ané&8S14 rather than a fully external mixture (Figs.7
andS7S1) also decreases the magnitude of the cooling tenydef the DRE in the global mean, as a core-sheliphology

27



10

15

increases absorption. Cases using GFED (Figs. Bamdve a globally, annually averaged DRE thatfisnuch greater

magnitude than the cases using FINNv1 (FEjg.S12and S8S14 because GFED has a larger mass of biomass burning

emissionsThe percent change in the biomass burning DRE dwib-grid coagulation varies regionally and isvamaon
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,andS9- S17show the biomass burning cloud-albedo aerosol ectlieffect (AIE) for GFED and FINNv1,
respectively. For all simulations, biomass burrigads to a negative AIE over and downwind of biosraigrning regions,
and a slight positive AIE (up to 850 mW?3nin 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.

S9 Si16and Fig.S5S10 Biomass burning contributes nearly three times nior&l80 when the emitted modal width is

decreased without sub-grid coagulation of biomassibg aerosol (a 43% increase in global N80 fraidimg biomass

burning with the decreased width versus a 14.5%ease from the original width), as seen in pandtsecin the four figures
(4,9, S10, and S16). This increase in N80 leads164% increase in the magnitude of the globaliyually averaged AlE
due to biomass burning, from -76 mW?rto -29 mW nit.De

averaged-AlE-due-to-biomass-burnifBlomass burning contributes only about one-thirdragh N80 when the emitted
median diameter is increased without sub-grid clzdigun of biomass burning aerosol (a 4.8% increasgobal N80 from

adding biomass burning with the larger median diemeerses a 14.5% increase from the original nmediameter), as seen

in panels c to a in the same four figures. Thisre®se in N80 leads to a 62% decrease in the magndfithe globally,

annually averaged AIE due to biomass burning, frd®imW n to -29 mw rr?AJarge#mrHaLmedmnﬂamete#asseen
aged

I§ub-grid coagulation

similarly decreasethe biomass-burning contribution to N80 from 14.5980.2% when assuming the original initial size

distribution case [§,,, =100 nm andr, = 2). Hence, sub-grid coagulation decreases tbemdms-burning AIE by 43%

globally (-76 mW nif to -43 mW nf).N

inventory used has only a small effect, as candmm sn the difference between Fig. 9 and EgS16 Lower emissions

from FINNv1 lead to less cooling, particularly ihet Arctic, but also less warming in remote regi¢@g. the southern
hemisphere). These two effects balance out therdifice between the emission inventories. When gdbegagulation is
used, the AIE is less sensitive to the assumeidlisize distribution. This is because sub-gridgidation acts as a negative

feedback on changing the initial size distributidrnis percent change in the biomass burning AIE thiesub-grid

coagulation varies regionally and is shown in B#7.
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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 outesoi 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 gteabture 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 smtiken the
model can resolve (U.S. Department of Energy, 20IKA& impacts of the urban plume change the obsengain

ways that we cannot quantify and is beyond the esadghis study. Weigum et al. (2016) describescinalenges
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 concentratimnd slower dilutionsand therefore more sub-grid coagulation. The

impact on N80 when the smoke plumes are allowecbtopletely overlap (i.e., all fires in the gridbfoerm one

“superplume”) is shown in Figg20S18Without sub-grid coagulation of biomass burningoget, biomass burning

increases N80 by 10.4% (globally and annually ayed® With sub-grid coagulation of biomass burraegosol as

it is generally presented in this paper (no ovegiag plumes), the increase in global N80 due tanaiss burning is

decreased by about a quarter to 8.0%. When subezgadulation of biomass burning aerosol includés wverlap

of the smoke plumes, the increase in global N80 tdugiomass burning is further decreased to o). This

strong_sensitivity of our results to plume overlaghlights that the degree of plume overlap likageds 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 challengirgitmtify (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 tlang gridbox on a given day are the same size sieecan 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 coagutaeffects than small fires in the same gridbaguFe S2 S3
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shows that using the parameterization on each iohaiV fire, accounting for size, and then averadimg results
gives approximately the same downwind median diamabd modal width as using the parameterizatiothen
gridded fires with the assumption that all fireghe same gridbox 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 the effect is ggmed. We performed a sensitivity study with am@ggi
time of 12 hours§ubCoag_12h which is otherwise the same as S8uhCoagrase. Figur&id S1%hows that the
annual-average change in N80 due to biomass burainigsions depends more on whether there is sdb-gri
coagulation included than on whether the sub-goabalation timescale is 12 hours or 24 hours. @inisults are
shown in Fig.S42 S20for the direct radiative effect due to biomass Imgn(DRE) using an external mixing
assumption, in Figs13 S21for the DRE using an internal, core-shell mixingwasption, and in Figst4 S2Xor
the cloud-albedo aerosol indirect effect due taraies burning. Figure 6 shows that the global, drenerage
biomass burning aerosol radiative effects for3néCoag_12kcase are nearly the same as forS8heCoagase.
This study only investigated the effects of inchglisub-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 ingrrthan 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 [zdlng 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 for02@¥s there is significant interannual variability biomass

burning emissions as well as the meteorologicalitspo the Sakamoto et al. (2016) parameterizati@nexpect

that our results are at least somewhat sensititieetahoice of year (O'Dell et al., 2019).

Because sensitivity simulations varied only oneapsater at a time, uncertainty ranges of DRE andiAlthe real

atmosphere may be larger than those estimatedisnstidy. 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 distiion and aerosol

radiative effects. Including sub-grid coagulationofing from thenoSubCoagsimulation to theSubCoagsimulation in
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Table 1) decreases the magnitude of the biomassnguglobal, annual-mean cloud-albedo aerosol éudieffect (AIE) by
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 dsnbairning global-, annual-mean direct radiatiieaf(DRE) by 4%

from -206 mW nf to -214 mW rif due to an increase in mass scattering efficiencytHe default initial size distribution

with an initial median diameter of 100 nm and aitidhlognormal modal width of Zon average between the external

mixing assumption and the internal, core-shell ngxassumptionjive-to-an-increase-in-mass-seattering-efficichcpur

sensitivity cases testing different initial sizestdbutions, described below, the DRE is more aff@édoy the presence or

absence of sub-grid coagulation of biomass buragrgsol, changing as much as 22%-Heweveiffelent assumptions in

initial size distribution, emission inventory, apdrticle morphology can also have a large effecthenmagnitude of the
AIE and DRE and the effect of coagulation.

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 underixing states

(external and internal core-shell). Testing the=esgivities, global, annual-average AIE due tontéss burning ranges from
-29 to -155 mW m without sub-grid coagulation. With sub-grid coamidn, the absolute magnitude and range of the
globally, annually averaged AIE due to biomass grmeduces such that it ranges from -16 to -66 m 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 pugtdncentration, all else being equal, which lgadsore coagulation,
reducing number concentration and increasing théianediameter. Emissions with a larger modal widdlve an increased
rate of coagulation, which reduces the modal widtirough this homogenizing effect of sub-grid cdagian, changes to
the emitted size distribution have less effect loa final size distribution when sub-grid coagulatie included than they
would without sub-grid coagulation. Regardlessnifial size distribution or emission inventory, thelusion 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%/
m2 with sub-grid coagulation. This range of valueses from difference in the size distribution of fraticles, 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 DREincreases coolingby moving the aerosol size

distribution into sizes more efficient at scattgrin
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Regarding the limitations of this study discusse&ectien 3.4, we have several recommendations for futunkw&e did

not compare our results to measured ambient sgahiitions in smoke-impacted regions in this warld this should be
done in future work, acknowledging the changesilesd in the limitations. Further, it would be ugleio 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 plumasdergoes 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 @0{72019.
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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 100 nm and an emittemodal width

of 2.'D150’ in the name indicates that the median diameter imcreased to 150 nmis1.6’ 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 includéFINN’_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 (s0) | 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 SubCoag_FINN | FINNv1 150 2 24
s1.6 _noSubCoag_ FINN| FINNv1 100 1.6 0
s1.6_SubCoag_FINN FINNv1 100 16 24
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Table 2: Global, annual-mean percent change due tmomass burning in the surface-level N10 and N80 a@mabsolute

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?
noSubCoagnoBB 5.9 145 -224 -188 -76
SubCoag noBB 2.3 9.2 -231 -197 -43
D150_noSubCoagnoBB 1.2 4.8 -222 -182 -29
D150 SubCoagnoBB 0.2 3.6 -253 -214 -16
s1.6 _noSubCoagnoBB 19.4 43.0 -169 -145 -155
s1.6_SubCoagnoBB 4.6 15.2 -206 =177 -66
noSubCoag_FINNnoBB 6.0 104 -124 -93 -63
SubCoag_FINN noBB 3.1 8.0 -128 -100 -52
D150 noSubCoag FINNnoBB | 2.0 3.4 -125 91 -31
D150 SubCoag_FINNNnoBB 1.1 3.2 -146 -113 -26
s1.6_noSubCoag_FINN0OBB 18.3 32.0 -82 -63 -112
s1.6_SubCoag_FINNnoBB 5.3 134 -105 -84 -73
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Fires in the Western US on 15/8/2015
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Figure S1: Demonstration of the effect of per-firecoagulation parameterization on all the fires in tle Western US on
15 Auqust-8/452015 from FINNv1.5. The emissions of OA and BC armdicated in the color in (a) and in the size of
the markers in (b) and (c). In (a) the size indicad the area of the fire. In (b) and (c) the colorndicates the median
diameter and modal width, respectively, after 24 hars of coagulation where the emitted median diametés 100 nm

and the emitted modal width is 2.
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Modeled Boreal Size Distribution Timeseries
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Figure S2: Daily temporal evolution of the predictel grid-resolved median diameter (B,,; left) and modal width (c;

right) in a box that spans 8° latitude and 10° forbiomass burning emissions predicted for 2010 usingINNv1.5 fire

emissions_and the Sakamoto et al. (2016) parameteaiion after 24 hours of sub-grid coagulation withan emitted

initial median diameter of 100 nm and an emitted iitial modal width of 2. The top plots are centeredbver Alaska at

62° N, 135° W. Times that are not shown have no &rdata in this gridbox. The bottom plots are centexd over the
Amazon at 6° S, 60° W.
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| Figure S32 Annual-mean median diameter (a and, c) and modalidth (b and, d) for biomass burning emissions
predicted for 2010 using the Sakamoto et al. (201@arameterization after 24 hours of sub-grid coagwtion with an
emitted initial median diameter of 100 nm and an eiitted initial modal width of 2. Panels (a) and (b)show the
resulting D, and ¢ when the fire (FINNv1.5) and meteorological datas averaged over a 4°x5° grid and then that
gridded data is run through the Sakamoto et al. (206) parameterization. Panels (c) and (d) show theesults when the
individual fires are run through the Sakamoto et al (2016) parameterization and then the output R, and ¢ are

‘ averaged over a 4°x5° grid. The regions with greyross-hatching are grid-cells with no fire data.
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Gridbox Annual-Mean Median Diameter after Parameterization
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Figure S4: Annual-mean median diameter for biomassurning emissions predicted for 2010 using the Sakaoto et

al. (2016) parameterization after 24 hours of sub+id coaqulation with an emitted initial median diameter of 100 nm

and an emitted initial modal width of 2. The y-axisshows the resulting median modal width when thefe (FINNv1.5)

and meteorological data is averaged over a 4°x5°idrand then that gridded data is run through the Saamoto et al.

(2016) parameterization (what we use in GEOS-Chemn ithis study). The x-axis shows the results when ¢hindividual

fires are run through the Sakamoto et al. (2016) pameterization and then the output median _modal with is

averaged over a 4°x5° grid. Each gridbox globallysirepresented as a point on the plot. The 1:1 liris in grey dash.
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Gridbox Annual-Mean Modal Width after Parameterization
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Figure S5: Annual-mean modal width for biomass buring emissions predicted for 2010 using the Sakamott al.

(2016) parameterization after 24 hours of sub-griccoaqulation with an emitted initial median diameterof 100 nm

and an _emitted initial modal width of 2. The y-axisshows the resulting lognormal _modal width when théfire

(FINNv1.5) and meteorological data is averaged ovem 4°x5° grid and then that gridded data is run though the

Sakamoto et al. (2016) parameterization (what we asin GEOS-Chem in this study). The x-axis shows thesults

when the individual fires are run through the Sakanoto et al. (2016) parameterization and then the optut lognormal

modal width is averaged over a 4°x5° grid. Each gdibox globally is represented as a point on the plofThe 1:1 line is

in grey dash.
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total column mass percent due to biomass burning
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| Figure S63. Effect of biomass burning on annually averaged t@al column OA and BC mass concentrations. The left
side shows the total column mass concentration o&) OA and (c) BC in the simulations with FINNv1 bionass
burning emissions (i.e.noSubCoag_FINN. The right side shows the percent of the mass the column that is due to
5 biomass burning emissions for (b) OA and (d) BC byaking the difference between thenoSubCoag_FINNand noBB

simulations.
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Figure S74: Effect of biomass burning on surface-level numbeconcentration of particles above 10 nm (a, b, cha 80
nm (d, e, f). Panels (a) and (d) show the absoluteimber concentration for the noBB simulation. Panels (b) and (e)
show the percent increase due to FINNvl biomass kming emissions from the noBB simulation to the
noSubCoag_FINNimulation. Panels (c) and (f) show the percent inease due to FINNv1 biomass burning emissions
from the noBB simulation to the SubCoag_FINNsimulation. The number in the bottom right of eachpanel is the

‘ global mean percent increase due to biomass burning
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Figure S8: Percent change in the relative contribubn of biomass burning to particles larger than 10nm (N10) and

particles larger than 80 nm (N80) due to sub-grid @agulation when using GFED emissions (left) or FINML emissions

(right), and an initial median diameter of 100 nm,initial modal width of 2, and coagulation time of 2 hours. Negative

values correspond to a reduced impact of biomass ming when sub-grid coagulation is added. Regions kere the

percent increase of N10 or N80 due to biomass bumy is less than 1% (with or without sub-grid coagution, see

Figs. 3 and S7) are shaded in grey.
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Figure S95: Annual-average percent changes in N80 at the sa€e level due to the inclusion of FINNv1 biomass
burning emissions relative to the simulation withotibiomass burning (i0BB). Panels (a), (c), and (e) have no sub-grid
coagulation ©150_noSubCoag_ FINNnoSubCoag FINN and s1.6_noSubCoag_FINNrespectively). Panels (b), (d),
and (f) have sub-grid coagulation D150 SubCoag_FINN SubCoag_FINN and s1.6_SubCoag_FINNrespectively).
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 etted modal width of 2. Panels (e) and (f) have aemitted
median diameter of 100 nm and an emitted modal widt of 1.6. The number in the bottom right of each pael is the

global mean percent increase in N80 due to biomabsrning.
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Figure S10: Percent change in the relative contribiion of biomass burning to particles larger than 80nm due to sub-

grid coaqulation when using GFED emissions (left)roFINNv1 emissions (right) and a coaqulation time H24 hours.

Panels in the top row have an emitted median diamet of 150 nm and an emitted modal width of 2. Panglin the

middle row have an emitted median diameter of 100m and an emitted modal width of 2. Panels in the ktom row

have an emitted median diameter of 100 nm and an etted modal width of 1.6. Negative values corresp@hto a

reduced impact of biomass burning when sub-grid cagulation is added. Regions where the percent increa of N80

due to biomass burning is less than 1% (with or witout sub-grid coagulation, see Figs. 4 and S9) asbaded in grey.
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JJA Average Size Distributions (Modeled Alaska)

ASO Average Size Distributions (Modeled Amazon)
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Figure S11& Predicted grid-resolved aerosol size distributioa with FINNv1 biomass burning emissions over Alaska
at 62° N, 140° W, averaged over the June, July, anBlugust fire season (a and c) and the Amazon at &, 60° E,
averaged over the August, September, and Octoberd season (b and d). All panels show the size digtutions for the
noBB, noSubCoag_FINNand SubCoag_FINN simulations in the dashed green, solid blue, andokd pink lines,

respectively. The top panels (a and b) show the s@tivity to the emitted median diameter, and the bdom panels (c
and d) show the sensitivity to the emitted modal with. Note the different y-axis scales.
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Figure S127: All-sky direct radiative effect (DRE) due to biomass burning aerosols using FINNv1 emissions and agi
the external-mixing assumption. Panels (a), (c), @&n(e) are without sub-grid coagulation P150_noSubCoag FINN
noSubCoag_FINN and s1.6_noSubCoag_ FINN respectively). Panels (b), (d), and (f) are withsub-grid
coagulation@150_SubCoag_FINNSubCoag FINN and s1.6_SubCoag_FINNrespectively). Panels (a) and (b) have
an emitted median diameter of 150 nm and an emittechodal width of 2. Panels (c) and (d) have an emitl median
diameter of 100 nm and an emitted modal width of 2Panels (e) and (f) have an emitted median diametef 100 nm

and an emitted modal width of 1.6. The number in tk bottom right of each panel is the global mean DR&alue [mW
-2
m™].
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Figure S13: Percent change in all-sky direct radiave effect (DRE) of biomass burning aerosol due tsub-grid

coagulation when using the external mixing assummain and GFED emissions (left) or FINNv1 emissions iftht) and

an assumed in-plume coagulation time of 24 hours.aRels in the top row have an emitted median diamet®f 150 nm

and an _emitted modal width of 2. Panels in the midé row have an emitted median diameter of 100 nm ahan

emitted modal width of 2. Panels in the bottom rowhave an emitted median diameter of 100 nm and an etted

modal width of 1.6. Positive (red) values correspahto an increased cooling tendency of biomass bumy DRE due to

sub-grid coagulation being added. Regions in greyndicate that the DRE due to biomass burning is a nre positive

value than -100 mW n¥ (i.e. there is less than 100 mW rhof cooling) with or without sub-grid coagulation &ee Figs.

7 and S12).
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Figure S148 All-sky direct radiative effect (DRE) due to biomass burning aerosols using FINNv1 emissions and agi
the core-shell mixing assumption. Panels (a), (@nd (e) are without sub-grid coagulation D150 noSubCoag FINN
noSubCoag_FINN and s1.6_noSubCoag_FINNrespectively). Panels (b), (d), and (f) are witlsub-grid coagulation
(D150_SubCoag_FINNSubCoag_FINN and s1.6_SubCoag_FINNrespectively). Panels (a) and (b) have an emitted
median diameter of 150 nm and an emitted modal widlt of 2. Panels (c) and (d) have an emitted medianagineter of
100 nm and an emitted modal width of 2. Panels (&nd (f) have an emitted median diameter of 100 nmra an

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

54



10

-100.0 -10.0 -1.0-0.3 03 1.0 10.0 100.0
Percent Increase in DRE

Figure S15: Percent change in all-sky direct radiate effect (DRE) of biomass burning aerosol due tsub-grid

coaqgulation when using the core-shell mixing and GED emissions (left) or FINNv1 emissions (right) anén assumed

in-plume coagulation time of 24 hours. Panels in #htop row have an emitted median diameter of 150 nrand an

emitted modal width of 2. Panels in the middle rowhave an emitted median diameter of 100 nm and an etied

modal width of 2. Panels in the bottom row have aemitted median diameter of 100 nm and an emitted nual width

of 1.6. Positive (red) values correspond to an ineased cooling tendency of biomass burning DRE due sub-grid
coagulation being added. Regions in grey indicatdat the DRE due to biomass burning is a more posite value than

-100 mW mi? (i.e. there is less than 100 mW thof cooling) with or without sub-grid coagulation &ee Figs. 8 and S14).
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Figure S169 Cloud-albedo aerosol indirect effect (AIE) due tobiomass burning aerosols using FINNv1 emissions.
Panels (a), (c), and (e) are without sub-grid coagation (D150 _noSubCoag_ FINN noSubCoag_ FINN and
s1.6_noSubCoag_FINNrespectively). Panels (b), (d), and (f) are witlsub-grid coagulation©150 SubCoag_FINN
SubCoag_FINN andsl1.6_SubCoag_FINNrespectively). Panels (a) and (b) have an emittadedian diameter of 150
nm and an emitted modal width of 2. Panels (c) anfl) have an emitted median diameter of 100 nm andnaemitted
modal width of 2. Panels (e) and (f) have an emitlemedian diameter of 100 nm and an emitted modal wth of 1.6.

The number in the bottom right of each panel is thgylobal mean AIE value [mW m?.
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Figure S17: Percent change in cloud albedo aerosioldirect effect (AIE) of biomass burning aerosol de to sub-grid

coagulation and GFED emissions (left) or FINNv1 emssions (right) and an assumed in-plume coagulaticime of 24

hours. Panels in the top row have an emitted mediadiameter of 150 nm and an emitted modal width of 2Panels in

the middle row have an emitted median diameter of 0 nm and an emitted modal width of 2. Panels in #bottom

row have an emitted median diameter of 100 nm andnaemitted modal width of 1.6. Positive (red) valuesorrespond

to an increased cooling tendency of biomass burninglE due to sub-grid coagulation being added. Regits in grey

indicate that the AIE due to biomass burning is a rare positive value than -100 mW i (i.e. there is less than 100

mW m™ of cooling) with or without sub-grid coagulation €igs. 9 and S16).

57



subCoag_FINN

N10

o
[o0)
=
avg=10.4% avg=8.0% avg=0.5%
1000 300 400 30 10 3 3 10 30 100 300 1000

Percent Increase due to Biomass Burning

Figure S180: Effect of biomass burning on surface-level N10 ¢a) and N80 (d-f) under three sub-grid coagulation
conditions. Panels (a) and (d) show theoSubCoag_FINNcase (no sub-grid coagulation). Panels (b) and (show the
SubCoag_FINNcase (with sub-grid coagulation as in the rest dhe paper, where the smoke plumes are treated as
without overlap). Panels (c) and (f) show a new casvhere all smoke plumes in the gridbox completelgverlap and
form a single “superplume” upon emission into the gb-grid coagulation parameterization. All panels slow the
percent increase due to FINNv1 biomass burning ens®ons relative to thenoBB simulation. The number in the

bottom right of each panel is the global mean pereg increase due to biomass burning.
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Figure S192: Annual-average percent changes in N80 at the swrfe level due to the inclusion of GFED biomass
burning emissions relative to the simulation withoti biomass burning (10BB). On the left, there is no sub-grid
coagulation fhoSubCoag. In the middle, the sub-grid coagulation time isl2 hours SubCoag_12h)On the right, the

5 sub-grid coagulation time is 24 hours $ubCoag. The number in the bottom right corner of each pael is the global

mean percent increase in N80 due to biomass burning
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| S2042 All-sky direct radiative effect due to biomass buning aerosols using GFED emissions and the exterhaixing
assumption. On the left, there is no sub-grid coadation (noSubCoag. In the middle, the sub-grid coagulation time is
12 hours GubCoag_12h)On the right, the sub-grid coagulation time is 24 burs (SubCoag. The number in the

5 bottom right corner of each panel is the global meavalue [mW m?.
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Figure 2113 All-sky direct radiative effect due to biomass buning aerosols using GFED emissions and the interha
core-shell mixing assumption. On the left, there iso sub-grid coagulation ioSubCoag. In the middle, the sub-grid
coagulation time is 12 hours $ubCoag_12h)On the right, the sub-grid coagulation time is 24 burs (SubCoag. The

number in the bottom right corner of each panel ighe global mean value [mW rif].
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Figure 2214 Cloud-albedo aerosol indirect effect due to biomss burning aerosols using GFED emissions. On the
left, there is no sub-grid coagulation joSubCoag. In the middle, the sub-grid coagulation time is12 hours
(SubCoag_12h)On the right, the sub-grid coagulation time is 24 burs (SubCoag. The number in the bottom right

5 corner of each panel is the global mean value [mW Aj.
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