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Figure 1. Imaginary refractive indices (RI) across 300 to 770 nm range for the Kramers-Kronig (KK) parameterization (blue) and BC-to-
A]B" OA ratio parameterization (orange) used to estimate primary BrC UV-VIS band imaginary RI. Note, data for the first parameterization is
only provided from 350 to 700 nm. KK parameters used here are as4.554€29 s26y=2.605¢13 s°!, 1p=308 nm, and a BrC to non-absorbing
host volume mixing ratio of 11%. These are applied to sample AK 4-8” 5% MC from Sumlin et al. (2018), shown as points along the blue
line with data uncertainty displayed in error bars. The solar spectral irradiance of the UV-VIS band is also shown here (grey) for reference.
The derived imaginary RI of secondary BrC is not displayed here as the MAE data used was not continuous across this wavelength range

AB@ and resulting RI values are much lower than that of primary BrC (<0.002).
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Figure 2. UV-VIS band averaged, complex refractive index of ModelE aerosol tracers. All BrC tracers have the same real refractive index

as OA.
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Ac@ Table 1. BrC physical properties used in ModelE. Each property is the same as other OA originally in ModelE (Koch, 2001). These values
are consistent with estimates of BrC properties from previous laboratory studies and BrC reviews (Zhang et al., 2013; Lin et al., 2014;
Laskin et al., 2015; Froyd et al., 2019).
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M!@ Figure 3. Chemical aging scheme of primary BrC in GISS ModelE. The large arrow represents emission of BrC mass from BB while

smaller arrows represent mass transfer between BrC types.
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Table 2. BrC representation parameters for each sensitivity test simulation, where ! is the imaginary RI of an aerosol in the ModelE UV-
VIS radiation band (300-770 nm). Simulations 1-2 are the two cases in which BrC is not explicitly represented, with 1 being the control
MN'@ case where no organics are brown and 2 being the current model default, where all organics are slightly brown. Simulation 5 is the base
case for BrC representation, using parameters established in Sect. 2.2. Simulations 3 and 5 are identical except for their treatment of
secondary BrC: either excluded (simulation 3) or included (simulation 5). Simulations 4 and 6 test the effect of changing primary BrC
optical properties (compared to simulation 5). Simulations 7 and 8 (compared to simulation 5) test the effect of changing OA BB emission

percentage considered brown. Simulations 9-11 (compared to simulation 5) test the effect of BrC chemical aging processes.

MNB Q.$"%8'%+5%"+,"(.15" ($5(1*J6" 1*" &//1(1+* I SBMY Z5" &/1&(10$" $, S&BB(+" 8*/$'5(&*/" (.$"'$2&(10$" 1)%+'(&*4$" +,"
$&A."+,"(.$"V'T"%'+4$55$5"1+428/$/"1*"(.$")+/$26"&*/" +="5$*51(10$")+/$2"$582(5"&'$"8&I&1*5("&"%2&85192$""&*I$"1*"$4
($)S"$"5.+82/"*+($"(.&("=.123$"(.$"$28(10$"&95+BH(1&IS/"V' 7" (8AS B'S"&253*4F' (&1*"%&'&)$($'56"=$"/1/"*+("0&;"
($5$"1*'5$*51(101(;"($5(56",+4851*J", 1'5("+*"(.$"1)%&A("+,"51)%2;" 1*428/1* )"+ " POALHTERBI 1 *

C22"($5¢8'$"8*"851+)"421)&(+2+J14&2"51)82&IA ST (& (1058 /$4&/82")$&*"4$*($'$/" &'+8*/" (‘B8 A@ @BB1*J"

M@ ('$$";$&'5" +" SUBME" 1,($$*;$&'5" +" &*&2;5158582(5" &'S" '$%+'($'IRFILR0$'&I$5" +0$" ((HB[;$&"&*&2;515"
%$'148=1(."5(&*/&'["1$01&(145$'01*J"&5"&")$('14"+," LS & 208 1&I121(;"+,"(.$") " 4&2482&(E$"/1'$4("&/1&(10$"
$,$4(" +," V'T'B5" (.$" /1, $'$*4$" 95(=$$*" &" 51)82&(1+*" &*/" (.$" LU, [&()+5%.$'$" RQYCR/1&(10$" +4THFAUS"

H+/$2-" FA"150.$" /1, $'$*4$" 9$(=$$*" 1*428/1*J[&AS" 14" ) +/$2" &I1&(1+*" 4&2482& (1 +*5" @ UTP&(/+892$" 48 25"
'&/1&(146"8$0$";"(1)$"5($T. 154&5"+*$" +"$8A451)82&(1+*R5$$"Q8I2$ AU +(.$"(.&*"(.$" BHH(22+=1*]"$XB&EL™"

MB "% 5rci$ Yoropansi & Wronamcn® T RU

B"



= $'$"F-"15"(.$"/1'$4("'&/1&(10$" $, SB(ED/$, 11 (1+*" ¥&/1&(10$"$, $4(" 5.+82/" 93" /15(1*]815.$/'5:494(10$" '&/1&(103$"
HA1*I6" &25+" 4+))+¥2;" S+ ($/" 14" ) +/$21* " 5(8/1$56"=.14." 15" (S IR STHI&(10$" S, $4("+," &" (&4$" 4+)%&'$/" (+" 1(5"
%'$1*/85('1&2"$, $4(6"&22+=1*]"(.$"&()+5%.$'$" (+"&/G85("(+"%$'(8'9&(1+*5", HRK &ITBAN"&2S6" 8@ @BU

\$" SWo$A"7" &S +5+254)&1%2;" 1)%&A(" CRETE" &'®217$2;" +*%)%&4($/")& I1*822;"+8]." (.$"$, $4(" &95+'91*]"

Mc@ &$'+5+25".&0$"+*"&()+5%.$'14"5(8&9121(;"& B RSB (+'&5%) 1/1'$4("$ $4(55"Q.$" 1+($'&A(1+*"+,"&$+5+25"+*"42+8/5"018&
42+8]" 4+*$*5&(1+*" *842BTERY4.8&*I$5" &'S" 51)82&($/" 1*" (.$")+/$26" 98(" DITF&1*(&1*5" (.$" 5&)$" 5+289121(;" &*/"
JH54+9%141(;"&5"+(.$"+ I&*1456" &*/" 51 * ARG/ + J&* 14" &55" (+"H+/$2-6"=$"[#*SW%SA("V 7" $% ' $5S*(&(L+*" (+
4.8%1$"T7<"&*/".&0$"&*" 1)%&A("+*" CTESA$*192$" '+)" 51)82&(1+*" QIR (1+*822;6" +*2;" (5" [LE3"&/1&(1+*" 9&*/
RM@@"*)UTL'$4("$, $4L8EN+*51/$'$/6" QB'7"$, &4(10$" 1+/14$B1*2; "1, $" '+)"+(.$"+ I&*145" 1*"(.19&*/B&*/"=$"

MCB =+82/*Z("$W%$4("&"&/1&(10$"S, $4(ES; +*/

1(BL<D&4/&$0-,*&A&0, #$*Ad-"&4* & W3 B0 3BLHE

\$" $0&28&(B(.$")+/$2Z5" &I121(;" (+" 48%(8'S" (+(&2" &S +5+2" SW(1*4(1+*" &*/" &ITHTHA LA K .$* *$="V'7"54.$)$ "
(+81." 44)%& 15+*" ($$( 1$08+," (+(&2" &$'+5+2" +96(14&2" 1$%(." RCYHU" &*/" &95+'91*]" &$+5+2" +9(14&XULB(." RCCY:
A+)%& 15+285" %S +)$/"I2+9&2RH/ "$I1+*&2BL*VV "SI 1+*5"/8'1*]"%$&?", 1'$")+*( BB +5$" (+", +485"+¥/\/"&5"1 ("15"
M_@ &"$;"5+8'4$"+,"V'TR7.&?'89&(;"$("&2S6"A@! @a"HAH$$?1*)"$("& A RIB@) t$2 " $582(5 " HH¥C6"1*428/1*J"V'76"
&S A4S (&(SIPVV"SIL+HERESSLIY LB

Total organic aerosols Mean: 2.25 BrC aerosols Mean: 1.35

60°S

90°S
180° 120°W 60°W 0° 60°E 120°E 180° 180° 120°W 60°W 0° 60°E 120°E 180°

0.00 7.93 15.85 23.78 31.71
mg/m?

Figure 4. Annual average of total OA (left) and BrC aerosol (right) column burden under base case BrC representation, as described in
Sect. 2.2. Both maps demonstrate organic and BrC aerosols are concentrated in BB regions of the Amazon, central/southern hemisphere
M_B Africa, and southeast and equatorial Asia. As BrC aerosols consist of biogenic SOA, in addition to BB emissions, high concentrations are
also apparent in regions with high emissions of BVOCs. Similarly, industrial organic emissions contribute to total organic aerosol

concentrations outside of BB regions. This map represents an annual average of a climatological simulation, which is a decadal mean
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centered around year 2000, so seasonal variations and emissions from BB regions that may have been prominent in certain years, like the

western United States and Australia, are not visible.

1@@ Q+",8'(.$"/$($)1*$" ($"$, $4(*," V'T" 1*" H+/$2-6" 9$;+*/"3$4BASMILE5" 4+)%& 1585 %$', +)$/" &I&1*5(" &" 4+*(+2"
51)82&(1¥1*" &//1L+*" (+"&"51)82&(1+*"+ 9RSS EES" +," V' 7" $% 'S5+ (& @ = $'$" V' 7"%& &) $($' B5S/'=$'$"(&?$*",'+) "
51)82&(1+*5"1"&*/"B" 1*" Q& B2 F6$4(1 MRS I+& 285" (+"/$($) 1*$" 1,"V'7"'$%'$5$* (&(B&*I$B) +/$2" %S, +)&*4$"
&J&1*BH('1$0&2"/&(&B1?$"5$51(101(;"($5(5"=.14.")&?$"85$" +,"421)&(+2+J14&2"51)82&(1+*56" (. 15REHIERAHS*"
*8/J$/6" (&*51$*(" 51)82&(1+*5" 851%)" H-FFCA" )$($++@4(" &22+=" &" 9$(($" )&(4." (+" (.$" &4(8&2" +95$'0$/ 84 1+/6

]@B D"C3ISAVV'$)1551+*56"BE&S/"1*3$4(DS!S

Q.$'CH+5+2"F+9+(14"<$(=+"7?6"+"C-FY<-Q6"4+*515(5"+,"5$0$'&2" B*[B*BF?;[54&**1*]" &/1+)$($'5S"#1'$4("58*"
)$858'$)$%(5" &*/" 5?;" '&/1&*4$5" &'$" (&?$*" &(" (;%14&2" =&0$2$*J(.5" +," @S]]6" @SN'B6” @SC'6" &*/" IS@A" v)S" CY#" 1
)$&58'$)$*("%'+/84(6"=.12$" 82Y&* (& 54&*5" &22+=" +"51d$"/15("198(1+*" &*/"&9I5+%6(1+*" $('1$0KI L KBRS, "
L$'51+*" MEO$2"RIAU*0$'51+'%'+/84("/&(&6"=.14."$XBL'S&I/ 1 (1+*"(+"42+8/"54'SSIRIBS"+,") $&58'$)$*(5"=1(."(.$"

'@ 58)$"54&(($'1*)"&*J285"(+"&J'$$"=1(. 1 *A@EBH(+,"(.$5$"8*I82&"%&1'5" (+"5GVEIECY#"&(" @S] R]] @)U +"9$"
IS&($" (& @S]+" &*" CCY#"'$('1$0&2" (+" 9$" 4+*51SWLY#" &*/" CC-" &'$" 21*2$/" (+"'$(' 1$0$/" SUHB('198(1+*5" &*/"
'$,'&4(10$"1*/14$5" (. +8BILS" (.$+;"+" Q)&(TW" (. S+ &*/"$%+ ($/'&5"4+28)1*($J' &($/"0&28BB1*;87"$(" 256" SR A@ U
CY#")3&58'5)$*(5" =$"85$/&'$"4+1*41/$*(6")$&* 18" =$'$"(&7$*"51)82(&*$+852;"=1(."&*"&2)84&*(&"54&*S

IB" 51)828&(342$85?;6°L [LE3'9&*/"+06(14&2" /$86(*4%" &" 5+PR6$SA('8)" =$1J.($/" &0$'&I$" +,"=&0$2$*J(.5" 1*1($LES'
9&*/" 15" &%%'+W1)&($2;" BB@$BIS(.$" C-" &*/" CC-"%+01/$/" 1*" A" [&(&" (+" 4&24828&($" (.$" C-FY'<I(14&2" /$%(.
0828$5"&("BB@AR3N.85($"$("&2S6" SBEN)$&*" &0$' &I$5"+, "CCYHES'S" 4+)%8($/"4+*51/$ 1+ 1" ++2;")+*(.5"&("&"51($"
=1(."&("2$&5("1@"/&;5"+,"1&12;" &0 &I I @SILAS$" $('1$0$/" CCY#"0828$5"&'$".1].2;"8*4$ (T "2+="CY#"
4+4/1(1+*56116" &1)5" (+" &OHF*S1/$ 15" )++( 5" =1(." (++",$6"'$21 &IRE YH#")$&58'$)$*(5 "R#B89+01?" $(" &2S6"SED'@ @U

JA@ &//1(1+*"(+"C-FY<-Q"'$('1$08&2"/&(&6"=$"4+)WBBIHS2-"51)82&($/" CY#" (+"4+28)*"CY#"&("BB@"*)", €)3"H+/$'&($"
F$5+28(1+*" E)&J1*J" 3%$4(+&/1+)$($" RHYZE3U" 1*5(8)%:%" Q$"&5&($226($0$" (.$" 5&) S [$&" %S$'1+"+,"A@@"
A@'BO.$"9$*$, 1¢,"851* )" HYHES"/&@ 1*" &//1(1+*" (+"C-FY<-QL5"(.&("1("(&?$5")$&58'$)$*(5"+0$" MN"5%$4('&2" 4. &**$25¢
&22+=1*]" +" O$(($" 42+8/" 5ASF1*]" &*/" 1)." &448'&4;" +0$" 28*/" &*'RIFREE*/" K586" A@BY 85$/ "7+22$4(1+*'N"
H&'?" Q& IS(" & " HP$%" V28$" 4+)91%$/" %' +[B( (.$" Q$"&" 5&($22B(S 1(." &"'$5+28(1+*"+,"10"9;" 106" +" (.15" &*RZB515S"

JAB" #&'2"Q&JIS(" CYH" %'+/84(" 4+0$'5" J2+0&2" +4$8*5" &*/" &' 2" BB UAB(1*$*(56" 584." &5" 0$IB(&($/" &'$&56" =.128" (.$" #$$%"
V28$"%'+/84("1*428/$5"$( BHOBR"&//1(1+*&29'1.($'B&*/"(;%S$RI$0; "$("&2S6"AGIIMU

\$" +485$/ "+ +06(1482" 1$%(." &("BB@"*)6™&(.$" (.&*"&"5.+'($" =80$2$*](.6" 9$4&85$" (.$"%8'%+5$" + Y&EB($0&28& (14

&55$55" I$*$'&2" )+/$2" &O121(;" (+" 4&%6(8'S" (+(&2" &$'+5+2" +% BB YL S (BSSLUSLY 7" 54.$)$" 1)%'+0$5" +
1)%&1'5" +0$'822" )+/$2" %% +) & MG 15" '$&5++6" =§" =+2$/" =1(.1*" (.$" 48"$H(" 4+*,1¥$5" + " H+/$2-" '&/1&/(2:41."

M@ %'+/84$5" +8(%8(" 1¥89" =8&0$2$*](." 9&*/56" &5")$*(1+*$/" 1*" 5$4(1+*5" ASI"SBI"BEME&(10$" +,"BB@"*)" 1*" (H'H3"



IMB

@

B"

B@

98*/SC*&2;515" &(" &" 5.+'($" =&0$2$*](." =+82/" '$XB81'$" &558)1*J" &*" *I5('K)" SWo%+*$*(" .+ H+/$2-" V/'7" +96(148&2" /$%(
1*(+/841*]" 8'(.$"8* 4% (&1*(;" (+"(-$"%&'&)$($"5%&A$S"\$"=122"/+"584." &*& BEAB"H{EL 6" = $'SV'7"&9I5+ (1 +*"=122"
9$"$0828&($"SW ($*550$2;

\.$*"*& " +=1%]"&*&2;515" (+" YoS&N "SI +*5" &*/)+*(.56"=$" 2++8/"&(V'7"$)1551+*5" +(5%6E-8(.$*"K$)15%.$'$"
3+8(."C)$'14&"R3K3CU6"3+8(.$*"K$)15%.$'$"C, ' 14&" RIREBUBKS5("C51&"R3-C3U6"&*/"-X8&(+'1&2"C51 SRRBECBY)
$("&2S6"AGEBLIF5"06'$* (+"VVEBH/"1*4'$&51+]2;"$ 2508 BA$*("; $&EDS)%$ &($'<+'(."C)$'14&"RQ-<BU/+'$&2"<+'(."
C)$'14&"RVY<CUBYT"C85('&21&"RC: BRE"=$2 882" C51&"RVYCE"4+)%2$)$8*&2;515"+,"VY RIS "BUS

90°N

60°N

30°N

0°

30°S

60°S

90°S
180° 120°W 60°W 0° 60°E 120°E 180°

Figure S. Map showing the eight BB regions used in this study, following regionalization defined in Pan et al. (2020).
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Figure 6. (Top) Total aerosol SSA, in the UV-VIS band, in ModelE climatology simulation for base case of BrC representation (Sim. 5 in
Table 2). Global distribution of SSA in the control case, with no BrC simulated and all organics treated as non-absorbing (Sim. 1 in Table
2), is not pictured as it appears identical to that of the base case. (Bottom) Difference in total SSA between base and control case
simulations. Only data at 95% confidence level or higher, with differences attributable to changes in OA treatment rather than random
noise, are shown-remaining data is greyed out. Though there is no apparent change in spatial distribution of total SSA, there are small

changes in SSA magnitude in regions where BrC and OA aerosols are highly concentrated (see Fig. 4).
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Figure 7. Global, annual average of total OA SSA, in the UV-VIS band, across sensitivity test simulations. The dashed bars show the base
case simulation (this is shown twice for ease of comparison to other simulations). The effect of each varied property can be seen by
comparing the simulated SSA to those of the control case and the base case. Error bars show the standard deviation of OA SSA and can be
interpreted as the variability in each 15-year-long simulation. (Grey) Two simulations—control and default-where BrC is not explicitly
represented. (Red) Properties and processes consistent with the base case except secondary BrC is not included. (Orange) Consistent with
base case except for primary BrC RI which varies between weakly, moderately, and strongly absorbing cases. (Green) BrC-to-OA
emissions ratio is varied, increasing from 15% to 55%. (Yellow) Primary BrC chemical scheme is varied, with no aging, only bleaching,

and only browning simulated.
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Figure 8. (Top) Total BrC UV-VIS AOD across each sensitivity test. (Bottom) Total BrC UV-VIS AAOD. Error bars show the standard
]_@ deviations (variability of each simulation across repeated years of simulation), different colored bars indicate a different BrC property
varied, and dashed bars indicate the base case of BrC representation (shown twice for ease of comparison to other simulations), consistent
with Fig. 7. ModelE default case is not displayed here as it does not explicitly simulate BrC, therefore no BrC optical depth could be

calculated.
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Figure 9. Simulated ModelE optical depth at 550 nm (spectrally weighted average of the UV-VIS band) plotted in the logo space against
retrieved AERONET optical depth. Each point corresponds to the optical depth of one month, averaged across the 2007-2016 period, at an

AERONET site and in the corresponding grid cell in ModelE. ModelE control case optical depth values are shown as ‘x’s, while base case

B@B values are shown as ‘0’s. The slope and r? of the linear regression are displayed on the top-right corner of each plot, and regression lines
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are included for all AOD plots. All AOD included are coincident. (Top left) AOD values at all available AERONET sites. (Bottom left)
AOD in BB regions during months considered peak for BB, with each color representing a different region. (Top center) AOD at all
available AERONET sites after AODa4o nm < 0.4 were removed. This is included to show corresponding AOD at the sites available for
AAOD analysis (Bottom center) AOD in BB regions and months with AOD440 nm < 0.4 removed. Note TENA, BONA, BOAS, EQAS and
AUST regions have been eliminated because of the AOD4s0 nm threshold. (Top right) AAOD values at all available AERONET sites after
months with less than 10 days of AODu4onm > 0.4 were removed. (Bottom right) AAOD, with the same filter applied as the top right plot,

in BB regions and months. As in the bottom center plot, five BB regions have been eliminated
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Figure 12. (Top) MODIS AOD at 550 nm averaged over the 2007-2016 period. (Middle) Average ModelE base case AOD, re-gridded
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regions of interest are outlined in black.
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Table 3. Global annual average instantaneous TOA direct RF of ModelE aerosol species. Net RF was calculated as the sum of shortwave

B_B and longwave forcings.
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N@'@Figure 13. Annual average of BrC radiative effect in W m, calculated according to equation 8.
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Figure 14. Global, annual average radiative effect of each BrC simulation, calculated according to equation 8. Error bars show the
standard deviations, which can be interpreted as the variability of each simulation across repeated years of simulation. Different colored
bars indicate a different BrC property varied, and dashed bars indicate the base case of BrC representation (this is shown twice for ease of

comparison to other simulations), consistent with Figs. 7 and 8.
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Table Al. UV-VIS band averaged, complex refractive index of ModelE BrC tracers. For details of the calculation of these values, see

Section 2.2.3.
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Table A2. ModelE prescribed second order rate constant for each BrC aging reaction driven by atmospheric oxidants. Constants are

derived from a kinetic model provided by Hems et al. (2021).
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Table A3. Months considered peak fire period for each biomass burning region in model evaluation against AERONET and MODIS data.

Months are based on periods of peak emission as discussed in Pan et al. (2020), while dominant fire sources are taken from van der Werf

et al. (2017) and listed in decreasing order of fire carbon emissions magnitude.
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Figure Al. BrC-to-OA emissions ratio, calculated according to equations 1 and 2 using BC and OA emissions from the CEDS BB
inventory (year 2000 climatological monthly emissions averaged over the entire year). White space shows where BC or OA emissions are
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Figure A2. Simulated ModelE optical depth at 550 nm plotted in the logio space against retrieved MODIS optical depth. Each point
corresponds to the optical depth in one month, averaged across the 2007-2016 period, in each grid cell (ModelE has been re-gridded to
match MODIS’ 1° by 1° resolution). ModelE control case optical depth values are shown as ‘x’s, while base case values are shown as ‘0’s.
The slope and 12 of the linear regression are displayed on the top-right corner of each plot, and regression lines are included within each
plot. (Top) Global AOD values. (Bottom) AOD in BB regions during months considered peak for BB, with each color representing a

different region.
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Figure A3. Radiative effect of each BrC simulation, averaged within the Southern Hemisphere South America (SHSA) BB region across
months of peak fire activity—August, September, and October (ASO; see Table A2). Consistent with Fig. 14, BrC effect is calculated
according to equation 8. Error bars show the standard deviations (variability of each simulation across repeated years of simulation),
different colored bars indicate a different BrC property varied, and dashed bars indicate the base case of BrC representation (shown twice

for ease of comparison to other simulations), consistent with Figs. 7, 8, and 14.
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Figure A4. Radiative effect of each BrC simulation, averaged within the Australia (AUST) BB region across months of peak fire activity—
September, October, and November (SON; see Table A2). BrC effect is calculated according to Equation 8, and displayed error bars, bar

color, and dashed bars are consistent with Figs. 7, 8, 14, and A3.
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