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Supplementary Note 1: Linearity of the PM, 5 Response

Although the PMy 5 changes are in response to a large perturbation (global annual mean
warming is 3.8+0.4 K), the warming is comparable to end-of-21st century warming (relative
to 1850-1900) under the high emissions, low mitigation future scenario SSP3-7.0. Moreover,
we find that PMjy 5 increases linearly with global mean temperature (Supplementary Figure
1). All but one model yields a significant global mean correlation coefficient (over 140 years of
the 1% per year CO4 simulation) between PM, 5 and surface temperature. The multi-model
mean correlation is 0.98, significant at the 99% confidence level. Normalizing the above
PM, 5 responses by the global mean warming yields rates for the increase in fine particulate
matter at 0.1740.07 pug m=3 K= (2.94£1.1% K=!) for the global mean and 0.22+0.13 ug
m—3 K1 (3.741.7% K~') over global land.

As further evidence to support a linear PM, 5 increase with global mean temperature,
the abrupt-4xCO, experiments—where the atmospheric COq concentration is immediately
quadrupled—yield a very similar rate for the PMj 5 increase (Supplementary Figure 2). Here,
we use the same 13 models over years 100-140 of the simulation (global annual mean warm-
ing is 5.340.6 K). The corresponding global mean PM, 5 increase is 0.154-0.07 pug m—3 K1
(2.6+1.1% K=1); over global land, the increase is 0.204:0.13 ug m=3 K! (3.3+£1.7% K™1).
Moreover, the abrupt-4xCQO4 experiments yield similar conclusions to those presented in the
main text based on the 1% per year CO, experiments. This implies that the PM, 5 response

is independent of the warming pathway.

Supplementary Note 2: Additional Details on the Sea Salt Response

Although the increase in SS PMs 5 is the third most important contributor to the increase in



PM, 5 over global land, the increase in SS PMs, 5 becomes more important when considering
the global mean increase in PMy 5 (Supplementary Figure 4). Here, the change in SS PM, 5
contributes 47.6% to the total PM, 5 increase, followed by OA and DU PM, 5 at 34.6 and
14.4%, respectively (sulfate and black carbon contribute 3.4 and <1%, respectively). Most
of the SS PM, 5 increase is related to an increase in sea salt emissions (1.541.3 kg km™2
day~! over the global ocean; Supplementary Figure 4), particularly at high latitudes, from
increased surface winds and melting of sea ice (Allen et al., 2016; Turnock et al., 2020;
Thornhill et al., 2021). For example, the spatial correlation coefficient (over the global
ocean) between the multi-model mean change in sea salt emissions and surface wind speed is
0.86; the corresponding correlation between SS PMs 5 and surface wind speed is 0.84 (both

significant at the 99% confidence level).

Supplementary Note 3: Wet Removal Efficiency
Outside of emissions, the other important processes controlling the amount of aerosol in-
clude removal processes. As mentioned earlier, it is difficult to assess the impact of precip-
itation changes on wet deposition because of potential changes in precipitation frequency
or partitioning between large-scale and convective precipitation. Wet (and dry) removal by
themselves are also impacted by the amount of aerosol in the column that is available to be
removed. Thus, we analyze the removal efficiencies (e.g., wet removal divided by burden)
and precipitation statistics based on models that archived all of the necessary data.
Supplementary Figure 8 shows the response and the model agreement on the sign of
the response for dust load, dust wet removal efficiency (wet removal divided by load), dust

dry removal efficiency (dry removal divided by load), precipitation, large-scale precipitation
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(precipitation minus convective precipitation) and frequency of wet days (% of days with 1

mm day !

or more of precipitation). Supplementary Figure 8a shows a multi-model mean
annual mean increase in dust load in most world regions (particularly over the Sahara and
downwind, over the subtropical North Atlantic Ocean), which is robust across the six models
(Supplementary Figure 8g). The spatial pattern of the increase in dust load is very similar
to that based on DU PMy 5 (e.g., Supplementary Figure 3c); the spatial correlation of the
responses is 0.90, significant at the 99% confidence level.

Supplementary Figure 8b,c shows a multi-model mean decrease in dust wet and dry
removal efficiency throughout most of the tropics (outside of the tropical Pacific) and sub-
tropics, including much of the African continent, which is dominated by a decrease in wet
removal efficiency. This includes the Mediterranean region and parts of northern Africa, and
most of the subtropical North Atlantic Ocean (i.e., off the coast of west Africa). Supplemen-
tary Figure 8h shows that the decrease in wet removal efficiency in these regions is a robust
response. The (global) spatial correlation between the dust load response and the wet (dry)
removal efficiency response is —0.25 (0.03), the former significant at the 99% confidence level.
This suggests an increase in dust load is associated with a decrease in wet removal efficiency
(and vice versa). Supplementary Figure 8d,e,f show the multi-model mean precipitation,
large-scale precipitation and wet day frequency response. All three show decreases in parts
of the subtropics, including the aforementioned Mediterranean region and the subtropical
North Atlantic Ocean. Wet day frequency, however, shows more vast decreases that also
extend to the mid-latitudes, especially over the oceans. Supplementary Figure 8f shows that
this decrease in wet day frequency is robust across the six models, particularly over the

north Atlantic Ocean and Mediterranean region/northern Africa, as well as over southern



Africa and most of the Southern Hemisphere mid-latitude ocean. The (global) spatial cor-
relation between the wet removal efficiency response and the precipitation response is 0.49;
this improves to 0.63 for large-scale precipitation and 0.68 for wet day frequency (all three
are significant at the 99% confidence level).

Thus, this analysis shows that a decrease in wet removal efficiency is also important for
the increase in dust; in turn, the decrease in wet removal efficiency appears to be largely
related to a decrease in wet day frequency. Such a decrease in the frequency of precipitation
promotes an increase in dust lifetime, resulting in a larger burden of dust.

We extend this analysis to BC, OA and SO4 and find very similar results, with the
strongest spatial correlations for SO4 (Supplementary Figure 9; based on five models). For
example, the (global) spatial correlation between the SO4 load response and the wet (dry)
removal efficiency response is —0.47 (—0.12). The (global) spatial correlation between the
SO4 wet removal efficiency response and the precipitation response is 0.59; this improves to
0.68 for large-scale precipitation and 0.82 for wet day frequency. Analysis of SO4 chemical
production (aqueous phase plus gas phase production) shows a lack of robust changes across
six models (now shown). This implies that the robust increase in SO4 (e.g., Supplementary
Figure 3g,h; Supplementary Figure 9a,g for SO4 load) is not due to a robust increase in
SO4 chemical production. This further supports the importance of decreased wet removal
efficiency for the robust increase in SOA4.

For OA (based on two models that happen to be NOBVOC models, including CNRM-
ESM2-1 and MIROCG6), the (global) spatial correlation between the OA load response and
the wet (dry) removal efficiency response is —0.15 (—0.24). The (global) spatial correlation

between the OA wet removal efficiency response and the precipitation response is 0.40; this



improves to 0.48 for large-scale precipitation and 0.50 for wet day frequency. For BC (based
on one model only, CNRM-ESM2-1), the (global) spatial correlation between the BC load
response and the wet (dry) removal efficiency response is —0.18 (—0.17). The (global) spatial
correlation between the BC wet removal efficiency response and the precipitation response
is 0.28; this improves to 0.39 for large-scale precipitation and 0.45 for wet day frequency.
Thus, although we find that an increase in emissions (dust and BVOCs) is the leading
cause for the increase in aerosol/PMj 5 under increasing atmospheric COy concentrations
in CMIP6 models, a decrease in wet removal efficiency also appears to contribute. A tar-
geted analysis devoted to aerosol removal and the associated processes is necessary to further
understand the role of removal efficiencies (both wet and dry), as well as the possible im-

portance of other factors.

Supplementary Note 4: UKESM1-0-LL Saharan Dust Response

UKESM1-0-LL includes interactive vegetation effects on dust emissions and it also yields an
anomalous nAF dust response; i.e., it is one of three models that yield a decrease in nAF
dust emissions, while also yielding the largest decrease in nAF dust emissions (Fig. 4). We
further investigate the possible impacts of vegetation changes (via the bare soil fraction) on
dust emissions in this model. Although there is a (small) decrease in nAF bare soil fraction
at —2.7% (consistent with UKESM1-0-LL’s decrease in dust emissions), the spatial correla-
tion between the change in nAF dust emissions and bare soil fraction is 0.47 and 0.13 for the
annual and summertime mean. The corresponding correlations between nAF dust emissions
and surface wind speed (which decreases in UKESM1-0-LL, unlike most models) are larger

at 0.50 and 0.80, respectively. Thus, changes in vegetation may contribute to the Sarahan



dust response in this model under 1% per year CO,, but surface winds remain the likely

driver, particularly during summertime (JAS).

Supplementary Note 5: GISS-E2-1-G OMA versus MATRIX

We use the One-Moment Aerosol (OMA) version of the GISS-E2-1-G model (physics version
3), as the Multiconfiguration Aerosol TRacker of mIXing state (MATRIX) (Bauer et al.,
2020) version (physics version 5) does not include interactive SOA production. MATRIX
has the SOA-yield approach for SOA (not the partitioning that allows for SOA evapora-
tion in OMA), but only uses prescribed terpenes (which do not respond to climate) as SOA
precursors. However, similar results are obtained with both versions of the GISS-E2-1-G
model (but for different reasons, particularly in the context of OA PM,5). For example, the
global land PM, 5 increase under 1% per year CO, is 0.29 and 0.25 ug m™— in OMA and
MATRIX, respectively. The somewhat larger PM, 5 increase in OMA is due to a larger DU
PM, 5 increase over global land, at 0.22 ug m™3 (compared to 0.16 pug m™—3 in MATRIX).
The global land OA PM, 5 increase is relatively small in both models (~1%) at 0.01 and
0.02 pg m~2 in OMA and MATRIX, respectively. The relatively small OA PM, 5 response
in MATRIX is due to the above reasons (i.e., uses prescribed terpenes as SOA precursors,
which do not respond to climate). The relatively small OA PMs 5 response in OMA is due
to the responses discussed in the main text (i.e., includes gas-particle partitioning of semi-

volatile species, which limits SOA formation from the oxidation of BVOCs).

Supplementary Note 6: Isoprene Emission Responses

GISS-E2-1-G, NorESM2-LM and GFDL-ESMA4 yield increases in global land isoprene emis-



sions 50%, 61% and 83% as large as the increase in BVOC emissions, respectively, under
1% per year COy (Supplementary Figure 13). Thus, the total BVOC emissions increase
is largely due to increased isoprene emissions, particularly for GFDL-ESM4. Furthermore,
these models yield similar correlations between surface warming and isoprene emissions, as
between surface warming and BVOC emissions, under 1% per year COy. UKESM1-0-LL,
however, shows a negligible increase in isoprene emissions (0.41 kg km~2 day™'; 3.2%) under
1% per year COy (13% of the increase in BVOCs), which is largely due to a decrease in
isoprene emissions in 1% per year COy-bge (—4.5 kg km~2 day~!; —35.3%). As the 1%
per year COy-bgc experiment isolates the impact of CO5 on biogeochemical processes, this
result clearly shows the importance of inhibited isoprene emissions under increasing CO,
concentrations in UKESM1-0-LL (Pacifico et al., 2012; Arneth et al., 2007), which accounts
for this model’s weaker increase in BVOC emissions.

We note that these responses are not additive; that is, the sum of the change in the BVOC
or isoprene emissions in the radiatively coupled and biogeochemcially coupled experiments
does not equal the corresponding change in the fully coupled 1% per year CO5 experiment.
Thus, non-linear feedbacks between radiative and biogeochemical processes impact BVOC
emissions, and in turn, SOA. It should also be noted that NorESM2-LM, GFDL-ESM4,
and CESM2-WACCM utilize the Model of Emissions of Gases and Aerosols from Nature
(MEGAN, Guenther et al., 2012), which may in part explain the similarity of the results in

these three models.

Supplementary Note 7: Archived versus Approximated PM, 5

Six models archived PM, 5, including GFDL-ESM4, GISS-E2-1-G, MIROC-ES2L, MIROC6,



MPI-ESM1-2-HAM and MRI-ESM2-0. Comparing the climatology of archived PMy 5 with
our approximate PM, 5 further shows that the approximate PM, 5 provides a conservative
estimate of fine particulate air pollution. For example, the multi-model annual global mean
PM, 5 climatology is 7.5 and 4.6 ug m~2 based on archived versus approximate PMs 5. Most
of the underestimation in the approximated PM, 5 is related to underestimation of fine
dust. This is supported through visual interpretation (Supplementary Figure 15), as well
as prior and more comprehensive analyses (Zhao et al., 2021), and other lines of evidence.
For example, the underestimation increases over land (a dust source), where the global
mean climatological PM, 5 is 10.3 versus 5.1 ug m~2 based on archived versus approximate
PMs 5. The underestimation is not due to lack of species (e.g., nitrate) in the approximate
PM, 5. The global mean climatology of nitrate and ammonium aerosol averaged over the
two models that include it (GFDL-ESM4, GISS-E2-1-G) is relatively small at 0.01 and 0.06
pg m—3 respectively (0.02 and 0.06 ug m—3 for global land).

Comparing the response (years 100-140 in the 1% per year COy experiment versus the
preindustrial control experiment) of archived versus approximated PMss (Supplementary
Figure 15) also shows that the approximate PM;y 5 response to COy increases provides a
conservative estimate. For example, the global annual multi-model mean change (in the six
models above) is 0.69 versus 0.45 ug m~3 based on archived versus approximate PMy 5. Over
global land, the corresponding values are 0.90 versus 0.61 ug m~3. Changes in nitrate and
ammonium contribute only a small amount to the total PM, 5 response (and yield conflicting
results across the two models). For example, the global mean change in nitrate is —0.002 ug
m~3 (—46.4%) and 0.003 ug m™3 (17.9%) in GFDL-ESM4 and GISS-E2-1-G, respectively.

The corresponding responses for ammonium are —0.011 ug m™2 (—20.6%) and 0.001 pg m—3
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(2.3%) for GFDL-ESM4 and GISS-E2-1-G, respectively. Thus, our quoted PMs 5 responses
are also conservative, and relative to archived PM, 5, about 1/3 lower. In terms of percent
changes, however, the approximated PM, 5 yields somewhat higher values (due to the smaller
climatological PM; 5). The global mean PMs 5 percent change is 9.2% versus 9.9% based on
archived versus approximated PMs 5. Over global land, the corresponding percent changes

are 8.7% versus 12.0%.

Supplementary Note 8: Alternative PM, 5 Approximation (0.3 DU Factor)

If we adopt a fine dust scaling factor of 0.3 (as opposed to 0.1), which was previously derived
from MERRA-2 (Zhao et al., 2021), we obtain similar conclusions, but with larger absolute
increases in DU PMy 5 and in turn, PMy 5 (Supplementary Figure 16). For example, the
global multi-model mean PM, 5 increase is 0.80+0.37 pug m™> (9.7+4.1%). This is about
30% larger than the original increase (using a fine dust factor of 0.1) of 0.624-0.26 pg m—3
(10.843.9%). Twelve of thirteen models yield an increase, ranging from —0.52 ug m=3 in
MPI-ESM1-2-HAM to 2.4 ug m~2 in GFDL-ESM4. Over global land, the multi-model mean
increase is 1.34-0.8 ug m™—2 (10.045.7%). This is about 57% larger than the original increase
of 0.83+0.49 pg m~3 (13.746.3%). Eleven of thirteen models yield an increase, ranging from
—1.8 pg m~3 in MPI-ESM1-2-HAM (and —0.44 pg m~2 in UKESM1-0-LL) to 4.3 ug m™3
in GFDL-ESM4. As expected, the change in DU PM, 5 now contributes more to the total

PM, 5 increase at 52.3%, followed by OA PM, 5 at 41.5%. The original contributions were

26.8% and 63.7% for DU and OA PM, 5, respectively.

Supplementary Note 9: Fire Responses to Increasing CO, and Warming
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Another reason why our quoted PMs 5 responses are conservative is due to the lack of
climate-change induced PMs 5 from natural fires. Five models include interactive fire mod-
ules (e.g., Rabin et al., 2017) coupled to their dynamic vegetation and archived the relevant
data, including MPI-ESM-1-2-HAM, CESM2-WACCM, CNRM-ESM2-1, MRI-ESM2-0 and
NorESM2-LM. Although these models do not directly calculate the resulting changes in
PM, 5 from fires, all five yield an increase in global land CO, emissions from (natural) fires
(“fFire”) under 1% per year CO, (Supplementary Figure 14). The multi-model mean increase
is 26.224-8.7 kgC km~2 day ! (72.4424.2%), ranging from 39.9% to 127.5% in CNRM-ESM2-
1 and MPI-ESM-1-2-HAM, respectively, and all world regions experience an increase under
the multi-model mean. This implies an increase in PMy 5 (i.e., carbonaceous aerosols) from
natural fires under increasing COy (which we do not account for here). Three of these five
models also conducted the 1% per year COq-rad and 1% per year COq-bge simulations and
archived the relevant data. The increase in CO5 emissions from fires is largely due to CO»
effects on vegetation (as opposed to the radiative effects). Under 1% per year COq-bgc sim-
ulations, CNRM-ESM2-1, MRI-ESM2-0 and NorESM2-LM yield increases in CO, emissions
from fires of 49.4, 108.8 and 26.4%, respectively. The corresponding responses under 1% per

year CO,-rad simulations are —29.1, —22.9 and 17.5%.
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Global Annual Mean PM2.5 Versus Surface Temperature Scatter Plots
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SUPPLEMENTARY FIGURE 1 Global mean annual mean PM; 5 versus surface temper-
ature for each model in years 1-140 from 1% per year CO, experiments. PM, 5
[ng m™3] versus TAS [K] for (a) CESM2-WACCM; (b) CNRM-ESM2-1; (¢) GFDL-CM4;
(d) GFDL-ESM4; (e) GISS-E2-1-G; (f) HadGEM3-GC31-LL; (g) IPSL-CM5A2-INCA; (h)
MIROC-ES2L; (i) MIROCS; (j) MPI-ESM-1-2-HAM; (k) MRI-ESM2-0; (1) NorESM2-LM;
(m) UKESM1-0-LL; and (n) the multi-model mean. Also included is the least-squares re-
gression slope (m; units of [ug m™2 K~!]), correlation coefficient (r) and its significance level.
Much of the model diversity in climatological PM, 5 is due to SS PMs 5. For example, IPSL-
CM5A2-INCA has the largest climatological PMs 5, and it also has the largest climatological
SS PMy;5 (at 11.0 pg m™3, relative to the multi-model mean of 3.5 ug m™2). Similarly,
MIROC6, MIROC-ES2L and MRI-ESM2-0 higre relatively low climatological PM, 5, as well
as SS PM2.5.



APM2.5 by World Region (Abrupt 4xCO2)
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SUPPLEMENTARY FIGURE 2 PM, ;5 response to GHG-induced warming to abrupt
4xCO, experiments. Absolute [ug m~3] and relative [%] PMjy 5 response by world region.
Bar center (gray horizontal line) shows the multi-model mean response and bar length rep-
resents the 90% confidence interval estimated as 1'657::’, where o is the standard deviation
across models and n,, is the number of models. World regions are identical to those in Figure
1. The same 13 models as in the 1% per year CO, analysis are used here (over years 100-140
of the abrupt-4xCO, simulation relative to the preindustrial control).
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SUPPLEMENTARY FIGURE 3 Annual mean PM,; components. Multi-model mean
annual mean response [ug m~3] of (a) BC PMys; (c) DU PMys; (e) OA PMys; (g) SOy4
PMa5; and (i) SS PMsy 5. Dots in panels (a, c, e, g, i) represent a significant response at the
90% confidence level based on a two-tailed pooled t-test. Corresponding model agreement
[%] on the sign of the response for (b) BC PMy5; (d) DU PMy; (f) OA PMys; (h) SO, PMys;
and (j) SS PMys. In panels (b, d, f, h, j), red¥blue) colors indicate model agreement on an
increase (decrease) and dots represent a significant model agreement at the 90% confidence
level based on a two-tailed binomial test.



Multi-Model Mean Annual Mean Response
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SUPPLEMENTARY FIGURE 4 Sea-salt related responses under GHG-induced warm-
ing. Multi-model mean annual mean response of (a) surface wind speed [m s™'], (b) sea-salt
emissions [kg km™2 day™'] and (c) SS PMyjs [ug m™3]. Dots in panels (a, b, ¢) repre-
sent a significant response at the 90% confidence level based on a two-tailed pooled t-test.
Model agreement [%] on the sign of the annual mean response for (d) surface wind speed,
(e) sea-salt emissions, and (f) SS PMyjs. Dots in panels (d, e, f) represent a significant
model agreement at the 90% confidence level based on a two-tailed binomial test. Due to
limited data availability, this figure is based on 8 models including GFDL-ESM4, GISS-E2-
1-G, IPSL-CMb5A2-INCA, MIROC-ES2L, MIROC6, MPI-ESM-1-2-HAM, MRI-ESM2-0 and
NorESM2-LM. CNRM-ESM2-1 was excluded to avoid biasing the multi-model mean (this
model has about 50 times the sea salt emissions as other models).
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Model Agreement [ % ]
PM2.5 BVOC Models OA PM2.5
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SUPPLEMENTARY FIGURE 5 Model agreement on the sign of the PM,; and OA
PM,; 5 response to GHG-induced warming in two model subsets. Model agreement
[%] on the sign of the annual mean response for (a) PMs 5 and (b) OA PM, 5 in five models
with climate dependent BVOC emissions (BVOC models); and (c, d) the corresponding
model agreement in eight models that lack climate dependent BVOC emissions (NOBVOC
models). Dots represent a significant model agreement at the 90% confidence level based on
a two-tailed binomial test.
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Model Agreement [%]
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SUPPLEMENTARY FIGURE 6 Model agreement on the sign of the response of dust
emissions and atmospheric dynamics to GHG-induced warming over Africa.
Model agreement [%] on the sign of the annual mean response for (a) dust emissions; (c)
surface wind speed; (e) sea level pressure; and (g) surface soil moisture. Corresponding July-
August-September (JAS) model agreement for (b) dust emissions; (d) surface wind speed;
(f) sea level pressure; and (h) surface soil moiggire. Dots represent a significant model agree-
ment at the 90% confidence level based on a two-tailed binomial test. 100% of models yield
warming over the entire region (not included).
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SUPPLEMENTARY FIGURE 7 Additional July-August-September responses to GHG-
induced warming over Africa. Multi-model mean JAS mean (a) precipitation [mm
day™']; (c) surface soil moisture [kg m~2]; (e) dust wet deposition [kg km~2 day~!]; and
(g) dust dry deposition [kg km~2 day~!] responses. Dots in panels (a, c, e, g) represent a
significant response at the 90% confidence level based on a two-tailed pooled t-test. Cor-
responding model agreement [%] on the sign of the JAS response for (b) precipitation; (d)
surface soil moisture; (f) dust wet deposition; and (h) dust dry deposition. In panels (b, d, f,
h), red (blue) colors indicate model agreement on an increase (decrease) and dots represent
a significant model agreement at the 90% confidence level based on a two-tailed binomial
test. Due to limited data availability, the surface soil moisture plots (c, d) are based on 12
models (HadGEM3-GC31-LL is missing); the dust wet and dry deposition plots (e, f, g, h)
are based on 8 models (NorESM2-LM, UKESM1-0-LL, GFDL-CM4, MPI-ESM-1-2-HAM
and HadGEM3-GC31-LL are missing).



Responses
Dust Load [kg km™] Wet Removal Efficiency [day']  Dry Removal Efficiency [day']
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SUPPLEMENTARY FIGURE 8 Dust aerosol removal efficiencies. Multi-model mean ANN
mean (a) dust load [kg km™2]; (b) dust wet removal efficiency [day~!]; (c) dust dry removal
efficiency [day™']; (d) precipitation [mm day~']; (e) large-scale precipitation [mm day~'];
and (f) wet day frequency [%] responses. Dots represent a significant response at the 90%
confidence level based on a two-tailed pooled t-test (not included in panel f). Corresponding
model agreement [%)] on the sign of the ANN response for (g) dust load; (h) dust wet removal
efficiency; (i) dust dry removal efficiency; (j) precipitation; (k) large-scale precipitation; and
(1) wet day frequency. In panels (g-1), red (blue) colors indicate model agreement on an
increase (decrease) and dots represent a significant model agreement at the 90% confidence
level based on a two-tailed binomial test. Due to limited data availability, these plots are
based on 6 models, including CESM2-WACCM, CNRM-ESM2-1, GFDL-ESM4, MIROCG,
MIROC-ES2L and MRI-ESM2-0.

20



Responses
SO4 Load [kg km™] Wet Removal Efficiency [day'] Dry Removal Efficiency [day™']

-05 -03 -015 -005 0 005 015 03 05 -02 =013 -0 -005 0 005 O 015 02 -02 =013 -01 -003 0 005 I 013 02

Precip [mm day™'] Large-Scale Precip [mm day'] Wet Day Frequency [%]

=1 -0.5-03-0.1-005-001 0 001005 01 03 05 1 =1 -0.5-0.5-0.1-0.05-0.01 0 001005 01 05 05 1 -9 -7 -5-4-3-2-10 1 2 3 4 5 79
Model Agreement

SO4 Load [%] Wet Removal Efficiency [%] Dry Removal Efficiency [%]
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SUPPLEMENTARY FIGURE 9 Sulfate aerosol removal efficiencies. Multi-model mean
ANN mean (a) SO4 load [kg km™2]; (b) SO4 wet removal efficiency [day~']; (¢) SO4 dry
removal efficiency [day~']; (d) precipitation [mm day~!]; (e) large-scale precipitation [mm
day™']; and (f) wet day frequency [%] responses. Dots represent a significant response at
the 90% confidence level based on a two-tailed pooled ¢-test (not included in panel f). Cor-
responding model agreement [%] on the sign of the ANN response for (g) SO4 load; (h)
SO4 wet removal efficiency; (i) SO4 dry removal efficiency; (j) precipitation; (k) large-scale
precipitation; and (1) wet day frequency. In panels (g-1), red (blue) colors indicate model
agreement on an increase (decrease) and dots represent a significant model agreement at
the 90% confidence level based on a two-tailed binomial test. Due to limited data availabil-
ity, these plots are based on 5 models, including CNRM-ESM2-1, GFDL-ESM4, MIROCG6,
MIROC-ES2L and MRI-ESM2-0.
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AOA PM2.5 [ug m*] AEMIBVOC [kg km day™']
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SUPPLEMENTARY FIGURE 10 Annual mean OA PM,; and BVOC emissions re-
sponses to GHG-induced warming in models with climate-dependent BVOC
emissions . Annual mean OA PM, 5 [ug m?] response in (a) GFDL-ESM4; (c) GISS-E2-1-
G; (e) NorESM2-LM; (g) UKESM1-0-LL; and (i) CESM2-WACCM. Corresponding annual
mean response of BVOC emissions [kg km™2 day~'] for (b) GFDL-ESM4; (d) GISS-E2-1-G;
(f) NorESM2-LM; and (h) UKESM1-0-LL. CESM2-WACCM lacks BVOC emissions data.
Dots represent a significant response at the 90% confidence level based on a two-tailed pooled
t-test.



AChemical Production of SOA [kg km= day']
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SUPPLEMENTARY FIGURE 11 Annual mean chemical SOA production response to
GHG-induced warming in two models with climate-dependent BVOC emissions.
Annual mean chemical SOA production [kg km™ day~!] response in (a) GISS-E2-1-G and
(b) GFDL-ESM4. Other BVOC models lack data. Dots represent a significant response at
the 90% confidence level based on a two-tailed t-test.
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SUPPLEMENTARY FIGURE 12 Global land mean time series of BVOC emissions and
OA PM, ;. BVOC emissions (EMIBVOC; blue) [kg km™2 day~'| and OA PMy5 (red) [ug
m 3] for five models that include climate dependent BVOC emissions, including (a) GFDL-
ESM4; (b) GISS-E2-1-G; (¢) NorESM2-LM; (d) UKESM1-0-LL; and (e) CESM2-WACCM
(which lacks EMIBVOC data). Solid, dotted and dashed lines show results from the 1% per
year COgq, 1% per year COq-rad, and 1% per year COy-bgc experiments (only three models,
GFDL-ESM4, NorESM2-LM and UKESM1-0-LL, performed the latter two experiments).
Also included is the correlation coefficient (r), followed by the detrended correlation, the
percent change and the absolute change in i$0prene emissions (years 100-140 relative to 40
years from the preindustrial control).
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SUPPLEMENTARY FIGURE 13 Global land mean time series of surface tempera-
ture and isoprene emissions. Surface temperature (TAS; blue) [K] and isoprene emis-
sions (EMIISOP; red) [kg km™2 day~!] for four models that include climate dependent iso-
prene emissions, including (a) GFDL-ESM4; (b) GISS-E2-1-G; (¢) NorESM2-LM; and (d)
UKESM1-0-LL. Solid, dotted and dashed lines show results from the 1% per year CO4, 1%
per year COq-rad, and 1% per year COq-bgc experiments (only three models, GFDL-ESM4,
NorESM2-LM and UKESM1-0-LL, performed the latter two experiments). Also included
is the correlation coefficient (7), followed by the detrended correlation, the percent change
and the absolute change in isoprene emissions (years 100-140 relative to 40 years from the
preindustrial control).
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Multi-Model Mean Annual Mean Response
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SUPPLEMENTARY FIGURE 14 Additional biosphere responses to GHG-induced
warming. Multi-model mean annual mean response of (a) leaf area index (LAT) [dimension-
less|, (b) net primary productivity of land biomass (NPP) [kgC km™2 day™!] and (c¢) COq
emissions from fires (fFire) [kgC km™2 day '] . Dots in panels (a, b, ¢) represent a significant
response at the 90% confidence level based on a two-tailed pooled t¢-test. Model agreement
[%] on the sign of the annual mean response for (d) LAI, (e¢) NPP and (f) fFire. Dots in panels
(d, e, f) represent a significant model agreement at the 90% confidence level based on a two-
tailed binomial test. Due to limited data availability (or lack of interactive vegetation/fire),
LAI and NPP results are based on 10 models including MPI-ESM-1-2-HAM, GISS-E2-1-
G, IPSL-CM5A2-INCA, CESM2-WACCM, CNRM-ESM2-1, GFDL-ESM4, MIROC-ES2L,
MRI-ESM2-0, NorESM2-LM, and UKESM1-0-LL; fFire results are based on 5 models includ-
ing MPI-ESM-1-2-HAM, CESM2-WACCM, CNRM-ESM2-1, MRI-ESM2-0 and NorESM2-
LM.
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SUPPLEMENTARY FIGURE 15 Archived versus approximated PM, 5 in six models.
Climatological PMj 5 based on (a) archived and (b) approximate PMjy 5, and (c) the difference
(archived—approximate). PMy 5 response (1% per year COj relative to preindustrial) based
on (c) archived and (d) approximate PMsy 5, and (e) the difference (archived—approximate).
Models include GFDL-ESM4, GISS-E2-1-G, MIROC-ES2L, MIROC6, MPI-ESM1-2-HAM
and MRI-ESM2-0. Units are pug m=3. Dots in (c-f) represent a significant response or
difference at the 90% confidence level based on a two-tailed ¢-test.
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PM2.5 Results Using a Fine Dust Factor of 0.3
APM2.5 [ug m™] Model Agreement [ % ]
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SUPPLEMENTARY FIGURE 16 PM,5 response to GHG-induced warming using a
fine dust factor of 0.3. (a) Multi-model mean annual mean PMy 5 response [ug m™3];
(b) model agreement on the sign of the PMjy 5 response [%]; and (c) absolute [ug m~3] and
relative [%] PMjy 5 response by world region (regions are identical to those in Figure 1). Note
the blue y-axis in (c) for absolute APMjy 5 spans twice the range as that in Figure 1 (all
other axes are identical). Dots in (a) represent a significant response at the 90% confidence
level based on a two-tailed pooled t-test. Red (blue) colors in (b) indicate model agreement
on a PMy 5 increase (decrease). Dots in (b) represent a significant model agreement at the
90% confidence level based on a two-tailed Mflomial test. Bar center (gray horizontal line)
in (c) shows the multi-model mean response and bar length represents the 90% confidence
interval estimated as m’ﬁ, where o is the standard deviation across models and n,, is the

number of models.



Model/Variant

Experiments Used

Data Reference

Model Reference

CESM2-WACCM C02, P, ACO2 Danabasoglu, 20193; Danabasoglu et al., 2020
Danabasoglu, 2019b;
Danabasoglu, 2019¢

CNRM-ESM2-1 CO2, P, ACO2 Seferian, 2018a; Séférian et al.,2016;
Seferian, 2018b; Séférian et al. 2019
Seferian, 2018c

GFDL-CM4 C02, P, ACO2 Guo et al., 20183; Held et al., 2019
Guo et al., 2018b;
Guo et al., 2018c

GFDL-ESM4 C02, P, B, R, ACO2 Krasting et al., 20183a; Dunne et al., 2020

Krasting et al., 2018b;
Krasting et al., 2018c;
Krasting et al., 2018d;
Krasting et al., 2018e

GISS-E2-1-G (OMA) C02, P, ACO2 NASA/GISS, 2018a3; Kelley et al., 2020;
NASA/GISS, 2018b; Bauer et al., 2020
NASA/GISS, 2019c¢

HadGEM3-GC31-LL C02, P, ACO2 Ridley, et al., 2018; Hewitt et al., 2011;
Ridley, et al., 2019a Andrews et al., 2020
Ridley et al., 2019b

IPSL-CM5A2-INCA C0O2, P, ACO2 Boucher et al., 2020a3; Sepulchre et al., 2020
Boucher et al., 2020b;
Boucher et al., 2021

MIROC6 C02, P, ACO2 Tatebe & Watanabe, 20183; Tatebe et al., 2019
Tatebe & Watanabe, 2018b;
Tatebe & Watanabe, 2018c

MIROC-ES2L C02, P, ACO2 Hajima et al., 2019a; Hajima et al., 2020

Hajima et al., 2019b;
Hajima et al., 2019c¢

MPI-ESM-1-2-HAM

CO2, P, ACO2

Neubauer et al., 20193;
Neubauer et al., 2019b;
Neubauer et al., 2019c

Gutjahr et al., 2019;

Neubauer et al., 2019d;

Tegen et al., 2019

MRI-ESM2-0

CO2, P, ACO2

Yukimoto et al., 20193a;

Yukimoto et al., 2019d




Yukimoto et al., 2019b;
Yukimoto et al., 2019c

NorESM2-LM C02, P, B, R, ACO2 Seland et al., 2019a; Seland et al., 2020
Seland et al., 2019b;
Seland et al., 2019c¢;
Schwinger et al., 20203;
Schwinger et al., 2020b

UKESM1-0-LL C02, P, B, R, ACO2 Tang et al., 2019a; Sellar et al., 2019
Tang et al., 2019b;
Tang et al., 2019¢;
Jones, 20193;
Jones, 2019b

Supplementary Table 1. CMIP6 models used in this study. Experiments are abbreviated as CO2 = 1% per year CO2; P = preindustrial
control; B = 1% per year CO2 biogeochemically coupled only; R= 1% per year CO2 radiatively coupled only; ACO2 = abrupt 4xCO2.



Model/Variant Horizontal Vertical Levels Aerosol scheme Natural Sources SOA Treatment Chemistry Chemistry reactions BVOCs Reference
Resolution Scheme
CESM2-WACCM 0.9°x1.25° L70(6x10°®hPa) MAM4 (modal Prescribed Explicit MOZART- 231 gas-phase Online biogenic Guenther etal.,
(rlilp1f1) scheme, climatology of calculation of TSMLT1 species, emissions 2012 (for
simulating mass DMS seawater SOA using covering 150 photolytic (isoprene, MEGAN2.1); Liu
and number concentrations volatility troposphere, reactions, monoterpenes, etal. (2016);
concentrations) and emissions. basis set (VBS) stratosphere, 403 kinetic reactions acetone, Danabasoglu et
with VBS-SOA Online where mesosphere and and methanol, and al., 2020
emissions of sea-salt aromatic species, lower 30 heterogeneous other short and
and dust terpenes and thermosphere reactions involving long-
aerosols. NOx isoprene ClOx, BrOx, NOx- chained
calculated are oxidised to HOx- hydrocarbons)
from lightning. Soil produce Ox, CO, CH4 and from dynamically
NOx and arange of gas- NMVOCs evolving
ocean CO, VOCs from phase vegetation
POET SOA precursors computed in the
with Community Land
different Model
volatilities. (CLM) using the
Formation of MEGAN2.1
SOA algorithm,
linked to BVOCs which has
emissions from dependence on
interactive land light and
surface temperature but
scheme. also inhibits
isoprene
emissions based
on CO2.
CNRM-ESM2 (rlilp1f2) 1.4°x1.4° 191 TACTIC_v2. Prescribed DMS Prescribed SOA No N/A N/A Michou et al.,
(80km) Tropospheric seawater from representation 2020;
aerosols. Mass concentrations. monthly of lower Michou et al.,
based aerosol Online inventory tropospheric 2015
scheme. emissions of sea-salt chemistry.
and dust
aerosols
GFDL-CM4 (r1ilp1f1) cubed-sphere L33(1hPa) Mass based Sea salt and dust are SOA produced by | Interactive Reactions involving N/A Held et al., 2019
(c96) grid, with scheme. Size parametrized terrestrial and stratosphere- S0O2, DMS and S04,
~100 km native distribution is as a function of wind oceanic sources. troposphere including aqueous
resolution, prescribed as speed. Terrestrial (simplified phase.
regridded to lognormal for all production chemistry to
1.0°x1.25° aerosols except includes natural simulate
dust and sea salt, and aerosols).

which are
discretized into
five size bins from
0.1-10 pm

anthropogenic
sources. The
natural source
includes
oxidation of
terpenes emitted
from plants,
which yields
particulate
organics




GFDL-ESM4 (r1ilp1f1) cubed-sphere L49 Bulk mass-based DMS and sea salt SOA simulated Interactive 43 photolysis Online emissions Horowitz et al.,
(c96) grid, with (0.01 scheme. 5 size emissions using an stratosphere- reactions, of 2020
~100 km native hPa) bins are used for calculated online as a anthropogenic troposphere 190 gas-phase kinetic BVOCs (isoprene
resolution, sea salt and dust. function source from reactions and 15 and
regridded to of wind speed and oxidation heterogeneous monoterpenes)
1.0°x 1.25° temperature (and a of C4H10 tracer reactions. calculated

prescribed DMS and a prescribed NOx-HOx-Ox- from vegetation
seawater 10% yield from chemical cover using
climatology). Sea salt calculated cycles and CO, CH4 MEGAN2.1
emissions include an isoprene and and algorithm,
explicit temperature terpene NMVOC oxidation which has
dependence. Dust emissions from reactions dependence on
emissions coupled to vegetation light and
interactive temperature.
vegetation. Lightning Inhibition of
NOx calculated isoprene
online as a function emissions is not
of convection. included
Natural
emissions of NOx,
CO, NMVOCs, H2,
and NH3 from
POET. NH3 from
seabird colonies.
Two-way exchange
of NH3 with ocean.
GISS-E2-1-G (rlilp3f1) 2°x2.5° L40 OMA (one Sea salt, DMS, Two-product Coupled inorganic chemistry Emissions of Bauer et al., 2020
(0.1 moment aerosol isoprene and model troposphere- of isoprene
hPa) scheme — mass dust approximation to | stratosphere Ox, NOx, HOx, CO, from dynamically
based) emission fluxes are represent SOA chemistry and evolving
calculated formation from scheme. organic chemistry of vegetation are
interactively. Online the Modified CH4 and lumped calculated
NOx oxidation of Carbon Bond higher interactively
calculated from biogenic Mechanism 4 hydrocarbons (only using the
lightning. Soil VOCs, including (CBM-4) isoprene and algorithm of
NOx, ocean CO, VOCs NOx chemical terpenes Guenther et al.,
from dependent mechanism are explicitly taken (1995),
GEIA. NH3 from chemistry into which has
oceans. SO2 yields account), along with dependence on
from volcanoes as in cl light and
AeroCom. and Br stratospheric temperature.
chemistry and Terpene
heterogenous emissions are
reactions prescribed.

on PSCs and SO4
aerosols.




HadGEM3-GC31 1.25°x1.875° L85 GLOMAP-Mode. Prescribed Fixed yield of Simplified Oxidation for SO4 N/A Mulcahy etal.,
(rlilp1f3) (85km) (Modal scheme, climatologies of SOA of sulphur and 2020;
mass and DMS seawater 26% calculated chemistry simplified oxidation Tang et al., 2020;
number). Mass concentrations from for use with scheme Hewitt et al.,
based bin scheme and BVOC emissions. gas-phase aerosol scheme (monoterpenes) 2011
used for dust No oxidation for SOA
marine source of reactions
primary involving
organics. Online prescribed land-
emissions of based
sea-salt and dust monoterpene
aerosols sources
IPSL-CM5A2-INCA 3.75°x1.875° L39 INCA Dust and sea salt Explicit Tropospheric and Includes 234 Emissions of Terrenoire et al.,
(rlilp1f1) emissions are secondary stratospheric homogeneous isoprene 2022;
parameterized organic aerosol gas-phase and chemical from dynamically Lathiere et al.,
by wind speed. formation aerosol- phase reactions, 43 evolving 2006;
Dust is insoluable. is not chemistry. photolytic vegetation are Folberth et al.,
calculated reactions and calculated 2006
30 heterogeneous interactively
reactions. using the
algorithm of
Guenther et al.,
(1995),
which has
dependence on
light and
temperature.
These are
adapted in the
ORCHIDEE model
MIROCS6 (rlilplf1) 1.4°x1.4° L62 SPRINTARS Online emissions of Prescribed Simplified Oxidation for SO4 Prescribed Tatebe et al.,
DMS, emissions of chemistry for use and emissions of 2019;
sea-salt and dust isoprene and with aerosol simplified oxidation isoprene and Takemura,
aerosols. terpenes scheme scheme (isoprene terpenes from 2005
Primary marine from GEIA used and GEIA.
organic to monoterpenes) for
aerosol emissions convert to SOA
coupled to secondary
ocean organic carbon.
biogeochemistry.
MIROC-ES2L (rlilp1f2) 2.813°x2.813° L40 SPRINTARS Online emissions of Prescribed Simplified Oxidation for SO4 Prescribed Hajima et al.,
(3.0 DMS, emissions of chemistry for use and emissions of 2020;
hPa) sea-salt and dust isoprene and with aerosol simplified oxidation isoprene and Takemura,
aerosols. terpenes scheme scheme (isoprene terpenes from 2005
Primary marine from GEIA used and GEIA.

organic

aerosol emissions
coupled to

ocean
biogeochemistry.

to

convert to
secondary
organic carbon.

monoterpenes) for
SOA




MPI-ESM-1-2-HAM 1.875°x 1.875° L47 HAM2.3 (Modal Interactive online 15% of natural Simplified Reactions involving N/A Tegen et al., 2019
(rlilp1f1) (0.01 scheme, mass and emissions terpene sulphur S0O2, DMS and S04,
hPa) number) of DMS (using emissions at the chemistry. Other including aqueous
prescribed sea surface fields prescribed. phase.
water (prescribed)
concentrations), sea- form SOA.
salt SOA have
and dust aerosols identical
dependent properties to
on meteorology primary
organic aerosols
MRI-ESM2-0 (rlilp1f1) MRI- L80 MASINGAR mk- Interactive online No explicit Chemistry 90 chemical species Climatological Deushiand
AGCM3.5: (0.01 2r4c emissions calculation: Climate Model and BVOCs Shibata,
1.125°x 1.125°, hPa) of DMS (using 14% of version 2.1 (MRI- 259 chemical emissions 2011;
MASINGAR prescribed prescribed CCM2.1) reactions Yukimoto et al.,
mk-2r4c: 1.875° Climatological DMS monoterpene covering (184 gas-phase 2019d
x 1.875°, MRI- sea and 1.68 troposphere, reactions, 59
CCM2.1: 2.813° water % of isoprene stratosphere, photolysis
x 2.813° concentrations), sea- emissions and reactions, and 16
salt, and dust are assumed to mesosphere heterogeneous
aerosols form reactions)
dependent on SOA. involving HOX-NOx-
meteorology. CH4-CO cycles and
Online NOx NMVOC oxidation
calculated from reactions, and
lightning. halogen
Climatological chemistry (Cl and Br)
soil NOx and ocean
co,
VOCs emissions.
NorESM2-LM (rlilp1f1) 1.9°x2.5° L32 OsloAero6 Interactive emissions Fixed SOA Simplified Oxidation for SO4 Online biogenic Kirkevag et
(3.64 for sea- formation chemistry for use and emissions al., 2018;
hPa) salt, biogenic primary yields of 15% and | in aerosol simplified oxidation from dynamically Seland et al., 2020
oM 5% scheme. Other scheme (isoprene evolving
(including MSA) and from oxidation of | fields prescribed and vegetation
DMS monoterpenes monoterpenes) for computed in the
over oceans, and and SOA Community Land
interactive isoprene Model
mineral dust and (CLM) using the
BVOC over MEGAN2.1
land algorithm,
which has
dependence on
light and
temperature but
also inhibits
isoprene

emissions based
on CO2.




UKESM1-0-LL (r1ilp1f2)

1.25°x1.875°

L85
(85km)

GLOMAP-Mode.
(Modal scheme,
mass and
number). Mass
based bin scheme
used for dust.

Dynamic vegetation
and

interactive ocean
biogeochemistry
used for

online emissions of
DMS,

sea-salt and dust
aerosols, as

well as emissions of
primary

marine organics and
biogenic

organic compounds.
Online

NOXx calculated from
lightning, soil NOx
and ocean

CO, VOCs from POET

Fixed SOA yield
of

26% from gas-
phase
oxidation
reactions
involving
interactive
land-based
monoterpene
sources.

UKCA coupled
stratosphere-
troposphere.
Interactive
photolysis

84 chemical tracers.
Simulates chemical
cycles of Ox, HOx and
NO¥x, as well as
oxidation reactions
of

CO, CH4 and
NMVOCs.

In addition,
heterogeneous
processes,

Cl and Br chemistry
are

included.

Dynamic
vegetation and
land surface
model used to
calculate
interactive
emissions of
Isoprene and
monoterpenes
using light

and temperature,
but

isoprene
emissions are
inhibited based
on CO2.
Isoprene
emissions
coupled to
chemistry and
affect
tropospheric 03
and

methane lifetime.
Monoterpenes
only affect

SOA.

Mulcahy et al.,
2020;

Tang et al., 2020;
Archibald et al.,
2020

Supplementary Table 2: CMIP6 model descriptions of resolution, aerosol schemes, and treatment of important processes, including
chemistry, secondary organic aerosol and BVOC emissions.
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