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Relating mass and number to geometric mean diameter
Geometric mean diameter is related to mass and number through the following equations from
table S1 in Liu et al. (2012):

Demit
= emit ___ Eq. Sl
9™ oxp Clin (ogn?) 0

Here, Demit, or volume mean diameter, is defined by aerosol mass (Emass) and number (Enumber)

1
Emass 5
Demit = < ) 5 Eq- S2

T
ngnumber

Table S1: The different volcanic aerosol mode characteristics as well as the coarse mode dust
and seasalt tuning factors used in the prognostic stratospheric aerosol models.

Model Version MAMA4 aerosol size properties | Dust and seasalt emission
tuning factors
E3SMv2-PA e Accumulation e dust emis_factor=1.5
O Dgnhigh: 0.44 pm e seasalt_emis_scale = 0.6
o og 1.8
e Coarse

0 Dgnjhigh: 4.0 um
0 Dgnjow: 1.0 pm
0 0g: 2.0

E3SMv2-SPA

Accumulation e dust emis_factor = 3.255
0 Dgn,nigh: 0.48 pm e seasalt emis_scale = 0.36
oog 1.6

e Coarse

O Dgnjhigh: 40 pm

0 Dgnjjow: 0.4 pm

oog 1.2

CESM2-WACCM e Accumulation e dust emis_factor = 0.7
0 Dgnjnigh: 0.48 pm e scasalt emis_scale=0.9
oog 1.6

e Coarse
0 Dgnhigh: 40 pm
0 Dgnjjow: 0.4 pm
o00og 1.2




Table S2: Aerosol properties from the 18 km WOPC and model comparison in Fig. 8. In this
table, we diverge from the MAM4 naming convention of accumulation mode as the first mode,
Aitken as the second mode, and coarse as the third mode — instead, we number them by
increasing size. For the WOPC data, modes 1 and 2 are assumed to be accumulation and coarse,
and for the models modes 1, 2, and 3 an are Aitken, accumulation, and coarse, respectively.

Date Source Effective | Mode | Dg n(Dg) Sigma
Radius
19910419 | WOPC 0.344+0.17 | 1 0.145+0.015 | 11.4+1.1 1.49
2 0.918+0.09 | 0.7+£0.07 1.05
E3SMv2-PA | 0.339 1 0.055 3.25 1.6
2 0.145 3.93 1.8
3 1.0 1.5 x10° 2.0
E3SMv2- 0.318 1 0.052 2.25 1.6
SPA
2 0.181 5.48 1.6
3 0.711 0.02 1.2
CESM2- 1 0.042 8.01 1.6
WACCM
2 0.172 7.39 1.6
3 0.738 0.15 1.2
19910716 | WOPC 0.332+0.09 | 1 0.077+0.008 | 9.8£1.0 2.14
E3SMv2-PA | 0.356 1 0.041 12.02 1.6
2 0.154 5.08 1.8
3 1.0 2.0x10”° 2.0
E3SMv2- 0.328 1 0.037 11.1 1.6
SPA
2 0.19 6.9 1.6
3 0.79 0.03 1.2
CESM2- 1 0.034 376.5 1.6
WACCM
2 0.163 22.0 1.6
3 0.855 0.14 1.2
19911230 | WOPC 0.882+0.31 | 1 0.361+0.04 | 18.2+1.8 1.27
2 0.954+0.1 5.2+0.5 1.28
E3SMv2-PA | 0.992 1 0.052 0.02 1.6
2 0.415 14.0 1.8
3 1.1 1.2x107 2.0
E3SMv2- 0.731 1 0.052 0.29 1.6
SPA
2 0.271 17.8 1.6
3 0.819 12.0 1.2
CESM2- 1 0.059 0.25 1.6
WACCM
2 0.325 20.7 1.6
3 0.909 21.5 1.2




19920508 | WOPC 1.24+0.39 |1 0.909+0.09 | 15.3£1.5 1.23
2 1.92+0.19 2.8+£0.3 1.09
E3SMv2-PA | 0.753 1 0.052 0.03 1.6
2 0.316 9.5 1.8
3 1.31 5.46x101° 2.0
E3SMv2- 0.8 1 0.052 0.09 1.6
SPA
2 0.334 14.1 1.6
3 0.828 19.76 1.2
CESM2- 1 0.052 0.41 1.6
WACCM
2 0.352 13.48 1.6
3 0918 16.24 1.2
19920717 | WOPC 1.12+0.53 |1 0.46+0.05 11.9£1.2 1.35
2 1.41+0.14 3.9+0.4 1.18
E3SMv2-PA | 0.71 1 0.052 0.26 1.6
2 0.298 7.75 1.8
3 1.21 7.1x10710 2.0
E3SMv2- 0.8 1 0.052 0.4 1.6
SPA
2 0.343 11.8 1.6
3 0.828 15.5 1.2
CESM2- 1 0.041 1.29 1.6
WACCM
2 0.325 12.5 1.6
3 0.936 10.9 1.2
19921218 | WOPC 0.966+0.47 | 1 0.298+0.03 | 8.95+0.9 1.38
2 0.99+0.1 6.3+0.6 1.23
E3SMv2-PA | 0.509 1 0.052 0.41 1.6
2 0.217 6.09 1.8
3 1.0 1.04x10°8 2.0
E3SMv2- 0.761 1 0.052 0.15 1.6
SPA
2 0.334 10.28 1.6
3 0.79 12.1 1.2
CESM2- 1 0.057 0.36 1.6
WACCM
2 0.343 9.7 1.6
3 0.882 9.74 1.2
19930408 | WOPC 0.808+0.39 | 1 0.684+0.07 | 15.1£1.5 1.28
2 1.82+0.18 0.22+0.02 1.03
E3SMv2-PA | 0.441 1 0.057 0.84 1.6
2 0.189 5.61 1.8
3 1.1 7.83x10710 2.0




E3SMv2- 0.705 1 0.052 0.27 1.6
SPA
2 0.298 8.96 1.6
3 0.765 7.77 1.2
CESM2- 1 0.048 1.82 1.6
WACCM
2 0.298 9.31 1.6
3 0.873 5.77 1.2
19930621 | WOPC 0.866+0.39 | 1 0.244+0.02 | 13.8+1.4 1.47
2 1.1+0.11 2.240.2 1.22
E3SMv2-PA | 0.467 1 0.05 3.99 1.6
2 0.199 5.83 1.8
3 1.0 1.9x10” 2.0
E3SMv2- 0.687 1 0.05 1.68 1.6
SPA
2 0.289 8.77 1.6
3 0.774 54 1.2
CESM2- 1 0.037 6.5 1.6
WACCM
2 0.253 10.9 1.6
3 0.927 3.23 1.2
19931116 | WOPC 0.757£0.37 | 1 0.334+0.03 | 6.48+0.6 1.42
2 0.95+0.1 1.95+0.2 1.2
E3SMv2-PA | 0.361 1 0.057 1.15 1.6
2 0.154 4.43 1.8
3 1.92 1.0x10-1° 2.0
E3SMv2- 0.62 1 0.052 0.24 1.6
SPA
2 0.262 6.66 1.6
3 0.711 3.71 1.2
CESM2- 1 0.052 1.18 1.6
WACCM
2 0.262 7.12 1.6
3 0.81 3.03 1.2




Table S3: Comparison of absorption efficiency at 10 pm from CESM2-WACCM model
simulations given different complex refractive index assumptions. The complex refractive index
NHess 1S akin to assuming no aerosol water (i.e., pure sulfate), while ns includes the volume
weighted contributions from ness and Nyat.

Date Region Q. (Ness,  [Qa (1, Vvolume- % Difference
w/o water) weighted water and  |( (Qa,ns-Qa,nhess)/Qans )
sulfate)
1991-04 41°N 0.055 0.048 -14.6
20°S—20°N 0.087 0.077 -13
1991-07 41°N 0.1 0.083 -20.5
20°S—20°N 0.104 0.092 -13.0
1991-12 41°N 0.163 0.138 -18.1
20°S—20°N 0.178 0.156 -14.1
1992-04 41°N 0.167 0.14 -19.3
20°S—20°N 0.177 0.155 -14.2
1992-07 41°N 0.163 0.137 -19.0
20°S—20°N 0.175 0.154 -13.6
1992-12 41°N 0.157 0.131 -19.8
20°S—20°N 0.168 0.146 -15.1
1993-04 41°N 0.14 0.12 -16.7
20°S—20°N 0.16 0.139 -15.1
1993-07 41°N 0.13 0.109 -19.3
20°S—20°N 0.15 0.131 -14.5
1993-12 41°N 0.116 0.099 -17.2
20°S—20°N 0.152 0.129 -17.8
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Fig. S1: Total aerosol optical depth (AOD) from an E3SMv2 stratospheric prognostic aerosol (SPA)
fully coupled simulation from 1850-2014 (initialized from year 50 of a 100-year pre-industrial
spin-up simulation) compared to a five-member ensemble of E3SMv2 historical simulations with
prescribed volcanic forcing from Phase 6 of the Coupled Model Intercomparison Project (CMIP6;
(Golaz et al., 2022)). We are plotting annual averages, and the gray shading shows the range in
annual averages of the 5 ensemble members.



E3SMv2
—— V2.LR.WCYCL20TR_0161_ne30pg2_prog_cori
—— V2.LR.WCYCL20TR.0211.trc.pmcpu

287.6
287.4

287.2 A

"«:"M“M»W T

TREFHT K
N
©
~
o

286.6

i

1850 1875 1900 1925 1950 1975 2000
Time

Fig. S2: Reference height (2 meter) temperature (°’K) from two E3SMv2 stratospheric prognostic
aerosol (SPA) fully coupled simulations from 1850-2014 (initialized from years 50 and 100 of a
100-year pre-industrial spin-up simulation) compared to a five-member ensemble of E3SMv2
historical simulations with prescribed volcanic forcing from Phase 6 of the Coupled Model
Intercomparison Project (CMIP6; (Golaz et al., 2022)). We are plotting annual averages, and the
gray shading shows the range in annual averages of the 5 ensemble members.
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Fig. S3: Net radiative balance at the top-of-model (RESTOM) from two E3SMv2 stratospheric
prognostic aerosol (SPA) fully coupled simulations from 1850-2014 (initialized from years 50 and
100 of a 100-year pre-industrial spin-up simulation) compared to a five-member ensemble of
E3SMv2 historical simulations with prescribed volcanic forcing from Phase 6 of the Coupled
Model Intercomparison Project (CMIP6; (Golaz et al., 2022)). We are plotting annual averages,
and the gray shading shows the range in annual averages of the 5 ensemble members.
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Fig. S4: Nifio 3.4 index for the Met Office Hadley Center sea surface temperature dataset
(HadSST; Kennedy et al., 2019) and the two E3SMv2 stratospheric prognostic aerosol (SPA) fully
coupled ensembles from 1850-2014 (initialized from years 50 and 100 of a 100-year pre-
industrial spin-up simulation). This index is a 5-month running mean of SST anomalies (relative
to the period 1950-1979) over the Nifio 3.4 region (5°N-5°S, 120°-170°"W) (Trenberth, 1997). It is



considered an El Nifio event if the anomalies exceed 0.4°C, and it is considered an El Nifia event
if they surpass -0.4°C (dotted lines). Boxed regions indicate the 1990-1994 period corresponding
to pre- and post-Pinatubo eruption. These plots were output from the E3SM diagnostic package.
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Figure S5: Modal sulfate interstitial mass (kg kg) for the UARS regions (40°N and 7°S latitude
bands; <=100 hPa) and globally averaged (<=100 hPa). Sulfate modal mass reported for Aitken
(dotted), accumulation (dashed), and coarse modes (long dash).
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Figure S6: Vertical distribution of global mean sulfate aerosol mass concentration from 1991-
1993 for (a) E3SMv2-PA, (b) E3SMvV2-SPA, and (c) CESM2-WACCM. The solid white line denotes
the average model tropopause. The dashed white line denotes the nearest model level to the
20 km geopotential height level, globally averaged. The vertical dotted gray line marks the
Pinatubo eruption.
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Figure S7: Same as Fig. 3 in text, except removing the land and missing-AVHRR-data masks that
were used to improve comparability between models and AVHRR.
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Figure S8: Modal aerosol diameters (um) for the UARS regions (40°N and 7°S latitude bands;
<=100 hPa) and globally averaged (<=100 hPa). Geometric mean diameters reported for Aitken
(dotted), accumulation (dashed), and coarse modes (long dash).
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Figure S9: Modal aerosol number concentrations (cm3) for the UARS regions (40°N and 7°S
latitude bands; <=100 hPa) and globally averaged (<=100 hPa). Geometric mean diameters
reported for Aitken (dotted), accumulation (dashed), and coarse modes (long dash).
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Figure S10 Sulfur dioxide mass mixing ratio (kg kg!) for the UARS regions (40°N and 7°S latitude
bands; <=100 hPa) and globally averaged (<=100 hPa).
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Figure S11: Vertical profiles of daily WOPC samples over Laramie (41N 105%W) compared to
E3SM and CESM2-WACCM. Dashed lines show the model tropopause and the solid black line
marks the 18 km sample level corresponding to size distributions in Fig. 8. Results are for a
single grid cell.



“adk

19911230

10°
19921218

1071

c)

f)

i)

1072

25

25
20 A

910716

19

10°
1992|0717

1071

19930621

A

Kol o o T T T T o <
— in o n o N ol
o~ o~ — -~
a3 3 [ -
< o Qg .I|\.||w.u o g
Si- s > Q4SS R
o == (@) N o~ _— = — o
21, <29 2 i B
A #SEE
N N7 S _SSTo---l
4> > N lIIllllllHHI N
2SSO - T ~
= 0N | N )
E m m W o E o E
ww O L g
4 4 « %
i B
—_ oy Y o= Y o= o
© T T T T o © T T T T o o T T T T o
N o N o N ol N o n o N ol N o N o n o
~N ~N — — ~N ~N — — ~ ~N — —
abojp/Np abojp/Np abojp/Np

Diameter (um) Diameter (um)

Diameter (um)

Figure S12: Same as Fig. 8, but for a 17 km sample level.
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Figure S13: Same as Fig. 8, but for a 19 km sample level.
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Figure S14: Same as Fig. 8, but for a 20 km sample level.
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Figure S15: Single scattering albedo (SSA) calculated from effective radii and Hess et al. (1998)
0% RH sulfate refractive index. SSA is the ratio of the scattering and extinction efficiencies
(Qs/Qe). Same sample regions as Figure 7: WOPC (41°N 105°W; 130-10 hPa) and SAGE (20°S-20°
N; 50-10 hPa). The turquoise vertical line marks the solar black body wavelength of maximum



irradiance (0.5 um) and the dark red line marks the terrestrial black body wavelength of

maximum irradiance (10 um).
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Figure S16: Asymmetry parameter (g) calculated from effective radii and Hess et al. (1998) 0%

RH sulfate refractive index. The g is the intensity-weighted cosine of the scattering angle and
ranges from 1 —-1, where g=1 is forward scattering, g=0 is isotropic scattering, and g=-1 is back
scattering. Same sample regions as Figure 7: WOPC (41°N 105°W; 130-10 hPa) and SAGE (20°S-20°
N; 50-10 hPa). The turquoise vertical line marks the solar black body wavelength of maximum
irradiance (0.5 um) and the dark red line marks the terrestrial black body wavelength of
maximum irradiance (10 um).
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Figure S17: Same as Fig. 11 but for 0.7-5 um wavelengths.
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Figure S18: Percent of total mass (interstitial sulfate + interstitial water) composed of sulfate in
the stratosphere for 40°N, 7°S, and global averages.
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