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1 Sensitivity to nucleation parameterization

In order to test the sensitivity of our results to the nucleation parameterization, we ran additional simulations where this was
changed. We added the temperature dependency presented in Yu et al. (2017) and we also ran the sectional scheme with the
same nucleation parameterization as OsloAerog. s, namely eq. 18 from Paasonen et al. (2010). In total this constitutes these

additional model runs:

1. OsloAerogepr: The same as OsloAero;,,,, but with a temperature dependency on the nucleation rate from Yu et al.

(2017).

2. OsloAeroSecge,7: The same as OsloAeroSec, but with a temperature dependency on the nucleation rate from Yu et al.

(2017).

3. OsloAeroSec)qqs: The same as OsloAeroSec, but with the nucleation rate from Paasonen et al. (2010), i.e. the same as

in OsloAeroge .

The results for ERF from aerosols are shown in Fig. S1 (which is analogous to Fig. 3 in the main text) and Fig. S2 (analogous
to Fig. 4 in the main text). Figure S1 shows that the change in ERF,.; between the sectional and default model is resistant to
changes in nucleation rate. There are small differences within the OsloAero model versions and within the OsloAeroSec

versions, but larger differences between the two groups.

2 Extra model evaluation

The model versions used in this paper were evaluated thoroughly in Blichner et al. (2021). However, we here supplement
this evaluation with three locations that were not covered in the previous paper. We have compared our data against NASA

Atmospheric Tomography Mission (ATom) aircraft measurements (Wofsy et al., 2018), measurements at the Amazon Tall
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Figure S1. Globally averaged effective radiative forcings (ERF) from aerosols. ERF,; is the ERF from aerosol-cloud interaction, ERF¢i sw
and ERF,.; rw are the short wave and long wave component of ERF,.; and ERF,; is the ERF from aerosol radiation interaction alone.
All are computed in accordance with Ghan (2013). The circles are the the averages for each individual year in the 5 year simulations and the

gray bar indicates the 95% confidence interval of the mean.
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Figure S2. Globally averaged aerosol values of NCREGhqn (y-axis) and column burden of NPF particles (x-axis) for the pre-industrial (PI)

and present day (PD) atmosphere. The circles show each annual average and are included to indicate the variability.

Tower Observatory (ATTO, 02° 08.752’S, 59° 00.335’W, Andreae et al. (2015)), and measurements at Mount Chacataya
(CHC, 16°21.014’S, 68°07.886’W, 5240 meters above sea level, Andrade et al. (2015), see also Bianchi et al. (2021) for site
description). These locations were chosen because they supplement the previous evaluation by being located in very different

environments (southern hemisphere, high altitude, aircraft measurements).
2.1 Method

We use the model output as described in Blichner et al. (2021) for these validations. The model versions are the same as
in this study. The resolution is the same as in this study: 1.9° (latitude) x 2.5° (longitude) resolution grid with 32 height
levels from the surface to ~2.2 hPa in hybrid sigma coordinates. We used prescribed sea surface temperature (SST) and sea

ice concentrations (Hurrell et al., 2008). The simulations were run from 2007 and throughout 2014 with CMIP6 historical
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emissions and greenhouse gas concentrations (Seland et al., 2020) and the meteorology (horizontal wind and surface pressure)
is nudged to ERA-Interim (Berrisford et al., 2011) using a relaxation time of 6 hours (Kooperman et al., 2012) (as described
in Karset (2020, sec 4.1)). All years from 2008-2014 were included in the comparison below, while year 2007 was discarded

as spin-up. The output used in the following analysis is monthly means.
2.1.1 ATom

The data was accessed from https://daac.ornl.gov/ATOM/guides/ATom_merge.html (last accessed: 2021-06-20) and includes
measurements of particle number in the nucleation mode (down to 2.7 nm), Aitken mode, accumulation mode and coarse
mode from four aircraft campaigns, taken at 4 different times of year and each ranging almost pole to pole and focusing on the
remote Pacific and Atlantic oceans (WOFSY and Team, 2018; Wofsy et al., 2018).

To make as fair a comparison as possible, we first categorize which grid box in the model each measurement would fall
within. We then average over all the values in each grid box so that we get a gridded observational dataset on the same grid
as the model. Finally, we mask the model output so that we only consider the grid boxes where we have observations in the
following comparison.

Note that the resolution of the model output is monthly means, and thus the time dimension is only considered in the selection
of the most relevant month of the year (ATom 1: 2016-07-29-2016-08-23 — August, ATom 2: 2017-01-26 to 2017-02-21 —
February, ATom 3: 2017-09-28 to 2017-10-28 — October, ATom 4: 2018-04-24 to 2018-05-21 — May).

For the comparison, we use the number of particles above 60 nm, Ngp, which is both available from the ATom data and a

good indicator of the number of CCN relevant particles.
2.1.2 ATTO tower and Mount Chacataya

We use size distribution data from both these stations. The data from Chacataya is available for download from the EBAS
database (http://ebas.nilu.no/Pages/DataSetList.aspx ?key=24F2E44259AE4EO089EC74128B761A2F8, last accessed 2021-08-
15), while the data from ATTO tower was downloaded from the Laboratory of Atmospheric Physics (LFA, IF-USP)) http://
ftp.Ifa.if.usp.br/ftp/public/LFA_Processed_Data/TOa_ATTO/Level3/SMPS_2014toNov2020_ATTO_60m_InstTower/, last ac-
cessed 2021-08-15).

The data from CHC covers the years 20122019, while the ATTO dataset covers 2014-2019. There are some missing data,
so to overcome this, we first create a monthly average of the size distribution, and then average over the months. This has
negligible impact on the resulting average compared to doing an average over all the values.

For the ATTO tower, we use the bottom layer of the model, consistent approximately with the height of the measurement
point (60 m). For CHC it is more unclear what would be the appropriate model level, because the grid of the model is so
coarse that the geopotential height of the bottom layer of the grid box is only a little over 2100 meters above sea level (masl).
This illustrates well the difficulty of validation of an ESM against measurement stations in complex terrain environments —

choosing the bottom layer may be inappropriate for obvious reasons, but choosing a layer too far from the modelled ground
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may be inappropriate due to lack of modelled influence from the surface (boundary layer influence e.g.). As a compromise, we

average over the grid boxes that are from approximately 3000 to 5000 masl in geopotential height.
2.2 Results
2.2.1 ATom

Comparisons against each of the ATom campaigns for Ngo are shown in Fig. S3 for different latitude ranges. Mostly it is hard
to draw conclusions about which model is better, because the difference between the models is often considerably smaller
than the difference to the measurement. All model versions underestimate the number of particles in the upper troposphere
in the tropics. Some improvement can be seen with OsloAeroSec in some tropical areas, like 30-0 °S for ATom 2 and 4. In
Antarctica and the Southern Ocean the models seems to perform more or less the same. In 30-60 °N, OsloAeroSec shows
some improvement compared to the others in ATom-1 and 2 (August and February), while the opposite is the case for ATom-3
and 4 (September and May). Finally in 60-90 °N, the models often underestimate the number of particles and OsloAeroge ¢
performs better than the others in ATom-3 and ATom-4. These results overall suggest a lack of particles in the modelled upper
troposphere, which is consistent with the findings of Williamson et al. (2019) for other ESMs as well. Going in detail on
why this might be is outside the scope of this study, but possible reasons could be missing nucleation mechanisms (outside
the boundary layer, the models currently includes only sulfuric acid—water nucleation) and, as suggested by Williamson et al.

(2019), excessive wet removal by cloud processing.
2.22 ATTO tower

The modelled size distribution throughout the year is compared to the measured one in Fig. S4 and the annual average is
shown in Fig. S6. Note that the size distribution from the model is generated from monthly means of the log-normal mode
parameters, namely the number, standard deviation ¢ and number median diameter of each mode. This may result in some
unrealistic narrowing of the modes. Overall, it is clear that all the models have distributions which are too narrow and that
number concentrations are too high. While the observed size distribution shows little sign of NPF, NPF is present in all model
versions. However, the change in nucleation parameterization from OsloAerog. ¢ to OsloAero;,,,;, and OsloAeroSec has clearly

reduced NPF and thus increased the realism of the model.
2.2.3 Mount Chacataya station

The modelled size distribution throughout the year is compared to the measured one in Fig. S5 and the annual average is shown
in the left panel og Fig. S6. Contrary to the ATTO station, these results show an underestimation of the smallest particles.
However, in the sizes above approximately 100 nm, the models overestimate the concentration. The overestimation is particu-
larly high for OsloAerog. . These differences may be due to underestimation of the nucleation rate and/or an overestimation

of growth rates, thus shifting the particles to larger sizes.
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Figure S3. Average over time, longitude and latitude for model (after masking for observational cover) and measurements from the different
ATom campaigns. Each column shows the average over a latitude band (90-60°S, 60-30°S, 30-0°S, 0-30°N, 30-60°N, 60-90°N). Each
weak line is the relevant month of one year of the simulations (2008-2014) and the thicker line is the mean of all of these. We use monthly
mean data from the models and thus choose the month which is covered by the measurement campaign. For the observations, we pick out
the grid boxes covered by the flight campaign and average the measurements within one model grid-box, thus creating a dataset similar
to the model. Both model data and observations are finally averaged, weighted by the grid box area. The shading shows the number of

measurements done in each height level, thus indicating how well sampled each height is.
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Figure S4. Annual variability in the particle number size distributions of models (first 3 columns) and in measurements (last column) at the

ATTO tower shown by monthly averages.
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Mount Chacataya shown by monthly averages.
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Figure S7. Globally averaged change in aerosol and cloud properties. N : total number of particles, N pr: number of particles from NPF,
c.b. SOA y pr: column burden of SOA in NPF particles, i.e which has been part of the growth up to the modal scheme, c.b. SO4 x pr: column
burden of SO4 in NPF particles, i.e which has been part of the growth up to the modal scheme, c.b. SOA Ny pr+SO4n pr: sum of the two
previous, colgropiets: the column integrated number of cloud droplets, r.(CT): effective radius of cloud droplets at cloud top, CWP: cloud

water path. Ny pr and N, values are averaged up to 850 hPa and weighted by pressure difference of the grid cell.
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Figure S9. Top row: Difference in average cloud droplet number concentrations (CDNC) at cloud top between OsloAeroSec and
OsloAerog.r. Row 2-3: difference in average particle number concentration for particles larger than 100 nm (row 2), 150 nm (row 3)
and 200 nm (row 4). The left column shows the difference for the pre-industrial atmosphere and the right column shows the difference for
the present day atmosphere. The average particle concentrations are calculated averaging up to 850 hPa and averaging by pressure difference.
Dots are included in the plots to indicate where the difference between the two models is significant with a two-tailed paired Student’s t—test

with 95 % confidence interval.
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Figure S10. Top row: Near surface CDNC in OsloAeroSec for PI and PD atmosphere. Row 2 and 3 show the difference between OsloAeroSec
and OsloAero;m,p and OsloAeroge. ; respectively. The average is calculated for grid boxes up to 850 hPa and averaging by pressure difference.
Dots are included in the plots to indicate where the difference between the two models is significant with a two-tailed paired Student’s t—test

with 95 % confidence interval.
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Figure S11. Top row: Cloud top CDNC in OsloAeroSec for PI and PD atmosphere. Row 2 and 3 show the difference between OsloAeroSec

and OsloAero;,,, and OsloAerog. ;s respectively.
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Figure S12. Top row: Column integrated droplet number in OsloAeroSec for PI and PD atmosphere. Row 2 and 3 show the difference
between OsloAeroSec and OsloAero;m,, and OsloAerog.s respectively. Dots are included in the plots to indicate where the difference

between the two models is significant with a two-tailed paired Student’s t—test with 95 % confidence interval.
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Figure S13. Top row: Liquid water path (LWP) OsloAeroSec for PI and PD atmosphere. Row 2 and 3 show the difference between
OsloAeroSec and OsloAero;m,, and OsloAerog.s respectively. Dots are included in the plots to indicate where the difference between

the two models is significant with a two-tailed paired Student’s t—test with 95 % confidence interval.

15



Pre-industrial: Global

Present day: Global

(a) (b) |
& 300
=
o 400
2 500
3 688 ) 4
a 7 g
MBS N L
-0.5 0.0 0.5-250 25 -0.5 0.0 05 =50 0
200 Pre-industrial: Antarctic Present day: Antarctic
() \/
£ 300
< J
‘0 400 1l
2 500
2 600
£ 700
N
LS L .
-0.5 0.0 0.5 0 25 -0.5 0.0 050 10
Pre-industrial: Pacific S Present day: Pacific S
200 |
(e) () M
© \
£ 300 7
o 400 \ < |
2 500 d '
2 600 |
£ 700 < /{\
< S v = S Ve
-0.5 0.0 0.5-20 0 20 -0.5 .0 0.5-20 0
Pre-industrial: Pacific N Present day: Pacific N
200 1
(9) (h)\l/
& 300 ———
‘s 400 k
2 500 )
2 600
& 700 S
S |
-0.5 0.0 0.5100 10 -0.5 0.0 0.5-25 0
corr(ACDNC, AX) AX [#/cm3] corr(ACDNC, AX) AX [#/cm3]
—— AN50 —— AN100 —— AN150 AN200 AN250

Figure S14. Left panel of each subplot: Correlations by pressure level between the change between OsloAerog. s and OsloAeroSec in cloud
droplet number concentration (ACDNC) and the change in number of particles above 50, 100, 150,200 and 250 nm for different regions.
The blue shaded signifies the relative fractional occurrence of liquid cloud and is included to give an idea of where the aerosols may actually

have a noticeable impact on clouds. The right panel of each subplot shows the change in the aerosol concentration for the relevant region.
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Figure S15. Zonally averaged values for Ny pr, cloud droplet number concentration (CDNC) and effective droplet radius (r.). The top

panel shows the PD - PI for OsloAeroSec while the second and third row shows the of this value to the value with OsloAero;,,;, (second

row) and OsloAeroge s (third row). Dots are included in the plots to indicate where the difference between the two models is significant with

a two-tailed paired Student’s t—test with 95 % confidence interval.
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Figure S16. Top row: NCREG}4, in OsloAeroSec for PI and PD atmosphere. Row 2 and 3 show the difference between OsloAeroSec
and OsloAero;mp and OsloAerog. ¢ respectively. Dots are included in the plots to indicate where the difference between the two models is

significant with a two-tailed paired Student’s t—test with 95 % confidence interval.

18



Pre-industrial Present day
OsloAeroSec, u=-51.0 W m~20sloAeroSec, y=-52.2 W m~

SWCREghan [W m~2] SWCREghan [W m~2]

OsloAeroSec-0OsloAerojmp OsIerroSec -OsloAerojmp

-1 0 1 -1 0 1
ASWCREghan [W m~2] ASWCREghan [W m~2]

Figure S17. Top row: Short wave CRE in OsloAeroSec for PI and PD atmosphere. Row 2 and 3 show the difference between OsloAeroSec
and OsloAero;m,, and OsloAerog. ¢ respectively. Dots are included in the plots to indicate where the difference between the two models is

significant with a two-tailed paired Student’s t—test with 95 % confidence interval.
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Figure S18. Top row: Long wave CRE in OsloAeroSec for PI and PD atmosphere. Row 2 and 3 show the difference between OsloAeroSec

and OsloAero;m,, and OsloAerog. ¢ respectively. Dots are included in the plots to indicate where the difference between the two models is

significant with a two-tailed paired Student’s t—test with 95 % confidence interval.
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Figure S19. Top row: The direct radiative effect in OsloAeroSec for PI and PD atmosphere. Row 2 and 3 show the difference between
OsloAeroSec and OsloAero;m, and OsloAerog. s respectively. Dots are included in the plots to indicate where the difference between the

two models is significant with a two-tailed paired Student’s t—test with 95 % confidence interval.
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Figure S20. Top row: Average values of maximum supersaturation (S,q.) for OsloAeroSec for PI (left) and PD (right). Row 2-3: the relative
difference between OsloAeroSec and OsloAero;m,, (row 2) and OsloAerogey (row 3) for PI (left) and PD(right). All values are averaged
up to 850 hPa and weighted by pressure difference of the grid cell. Furthermore, only values where S,,45 is larger than zero are counted
towards the average. Dots are included in the plots to indicate where the difference between the two models is significant with a two-tailed

paired Student’s t—test with 95 % confidence interval.
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Figure S21. Top row:Average values of maximum supersaturation (S,,q. for OsloAeroSec for PI (left) and PD (right). Bottom row: the
relative difference between OsloAeroSec and OsloAerog.s for PI (left) and PD(right). Only values where S;,q. is larger than zero are
counted towards the average. Dots are included in the plots to indicate where the difference between the two models is significant with a

two-tailed paired Student’s t—test with 95 % confidence interval.
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Figure S22. Top row: Average values of the averaged activation of particles from the NPF mode (mix number 1) for OsloAeroSec for PI
(left) and PD (right). Bottom row: the relative difference between OsloAeroSec and OsloAeroges for PI (left) and PD(right). The values
are an approximation in the sense that they are calculated by multiplying the separately calculated monthly mean output of the number
concentration in the mode and the activation fraction from that mode (see Fig. S24). Dots are included in the plots to indicate where the

difference between the two models is significant with a two-tailed paired Student’s t—test with 95 % confidence interval.
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Figure S23. Top row: Average values of the averaged activation of particles from mode number 4 (mix number 4) for OsloAeroSec for PI
(left) and PD (right). Bottom row: the relative difference between OsloAeroSec and OsloAeroges for PI (left) and PD(right). The values
are an approximation in the sense that they are calculated by multiplying the separately calculated monthly mean output of the number
concentration in the mode and the activation fraction from that mode (see Fig. S25). Dots are included in the plots to indicate where the

difference between the two models is significant with a two-tailed paired Student’s t—test with 95 % confidence interval.
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Figure S24. Top row: Average values of the activated fraction of particles from the NPF mode (mix number 1) for OsloAeroSec for PI
(left) and PD (right). Bottom row: the relative difference between OsloAeroSec and OsloAeroges for PI (left) and PD(right). The values
are an approximation in the sense that they are calculated by multiplying the separately calculated monthly mean output of the number
concentration in the mode and the activation fraction from that mode. Dots are included in the plots to indicate where the difference between

the two models is significant with a two-tailed paired Student’s t—test with 95 % confidence interval.
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Figure S25. Top row: Average values of the activated fraction of particles from mode number 4 (mix number 4) for OsloAeroSec for PI (left)
and PD (right). Bottom row: the relative difference between OsloAeroSec and OsloAerog.y for PI (left) and PD(right). Dots are included in
the plots to indicate where the difference between the two models is significant with a two-tailed paired Student’s t—test with 95 % confidence

interval.

Pre-industrial Present day
OsloAeroSec OsloAeroSec
— (a) (c)
©
£ 300
L
3 500
g 700
2 900
< T fEEE—— g
0.20 0.25 0.2 0.3 0.4
HYGROO1 [-] HYGROO1 [-]
OsloAeroSec-OsloAeroger OsloAeroSec-OsloAeroger
— (b) = (d) y
©
£ 300
[
3 500
¢ 700
2 900 I bR
-50°N  0°N  50°N
L —
-5 0 5
rel. AHYGROO1 [%] rel. AHYGROO1 [%]

Figure S26. Top row: Average values of the hygroscopicity particles from mode number 1 (mix number 1) for OsloAeroSec for PI (left) and
PD (right). Bottom row: the relative difference between OsloAeroSec and OsloAerog.s for PI (left) and PD(right). Dots are included in the
plots to indicate where the difference between the two models is significant with a two-tailed paired Student’s t—test with 95 % confidence

interval.
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Figure S27. Globally averaged ERF for 1 year (plus one spin-up year) of simulations. The OsloAeroSece;voc case is a sensitivity simulation
were only 50% of ELVOC is allowed to condense onto the particles in the sectional scheme. The simulation was run to test the influence of

this factor on the overall results in the paper.
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Figure S28. Globally averaged aerosol properties for 1 year (plus one spin-up year) of simulations. The OsloAeroSece; o case is a sensitivity
simulation were only 50% of ELVOC is allowed to condense onto the particles in the sectional scheme. The simulation was run to test the

influence of this factor on the overall results in the paper.
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Figure S29. Zonally averaged values for N,. The top panel shows the absolute values in the Pre-industrial (left) and Present day (right)
atmosphere) PD - PI for OsloAeroSec while the second and third row shows the of this value to the value with OsloAero;,,;, (second row)
and OsloAerog.s (third row). Dots are included in the plots to indicate where the difference between the two models is significant with a

two-tailed paired Student’s t—test with 95 % confidence interval.
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Figure S30. Zonally averaged values for cloud droplet number concentrations. The top panel shows the absolute values in the Pre-industrial
(left) and Present day (right) atmosphere) PD - PI for OsloAeroSec while the second and third row shows the of this value to the value with
OsloAero;mp (second row) and OsloAerog.y (third row). Dots are included in the plots to indicate where the difference between the two

models is significant with a two-tailed paired Student’s t—test with 95 % confidence interval.
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