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500 - 400 million years ago
(Cambrian to Silurian):

greening of both land and
oceans by plants and algae

Modification of Earth’s
pristine atmosphere aerosol
loading

Spores (Wellman et al., 2013)
Macrofossils (Cascales-Mifana et al., 2016)
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Scattering, absorption Cloud dissipation Absorbing aerosols Unperturbed cloud Cloud albedo é Precipitation é
increased suppressed

Radiative forcing Adjustments Radiative forcing Adjustments

Less radiation more CCN,

reaches the higher cloud albedo, less

surface: radiation reaches the surface:




* heterogeneity of aerosols in space, time, composition, size in current
climate

 Aerosol (microscopic) — cloud (macroscopic) interactions complex

« Major uncertainty in current climate models BUT also in historical and
paleoclimate conditions

(Albani et al., 2018; Bellouin et al., 2020; IPCC, 2021; Carslaw et al., 2017;
Gulev et al., 2021; Szopa et al., 2021).



Methods el =

« CAM6-Chem with comprehensive
chemistry in troposphere and
stratosphere (Emmons et al 2020)

ludes aerosol and aerosol precursor
ion sources (biomass burning,
Issions, oceans, volcanos, sea

US AN emissions
awrence et al

: Chemistry
[Atmosphere | (CAM6-Chem) |

(CAM6) | High-Top |
(WACCME)

L

Sea Ice
(CICES)

S urface Waves
(WaveWatch3)




Emission scenario from 1850-2010

Switch off all anthropogenic sources

Scale the source strength of biogenic emissions from
plants, wildfires and DMS (produced by algae) from 100%
to 50% and 10% (preplant worid)

Compute the years 1850-1865

Filter out the years with volcanic eruption impacts

Compute the effective radiative forcing according to
method of Ghan 2013



A CCN(p>700hPa) at 0.1% supersat
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Reducing biogenic derived aerosols
To 10% of PI:

« Low level cloud CCN:

drop by up to 80% over continents

low cloud cover fraction

« Low level cloud cover:

Up to 20% decrease in NH/SH
midlatitudes




Reducing biogenic derived aerosols
To 10% of PI:

« ERF-ACI decreased:

20% reduction in NH midlatitudes,
IS due to a ACI reduction in
the summer months

Temperature for Pl 1-2 K lower
over continents than for Pl x 0.1
(we fixed sea surface temperatures)

ERF-ACI-SW [W m-2
—-100 -50 0

T at z=2m [K]
250

= Pl DJF
== PljA




A'large scale prec. rate [%

Reducing biogenic derived aerosols prec. rate (m 511 1e~8
To 10% of PI:

% g mm— P| DJF
= = PlJJA
=== PP D|F

Large-scale precipitation rate:

Patchy signal

A conv. prec. rate [%
=20 0

prec. rate [m s-1]

0.0 2.5

Convective precipitation rate: B L ——— _

Increase of convective precipitation rate e s R T
By up to 50% in the NH mid-latitudes N e R :




cloud_frac_thres: 0.6
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PM2.5 low cloud [kg m-3]

CCN sensitivity to emissions
larger in clean atmosphere:
More efficient nucleation and growth

cloud_frac_thres: 0.6
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CCN concentration [cm-3] at 0.1% supersat for p> 900hPa

Cloud droplet number concentration
increases more steeply in clean
atmosphere:

High droplet concentrations limit in cloud
supersaturation



cloud_frac_thres: 0.6

o
°
@
Q
[
°
=)
o
v

0.5 1.0 15 2.0 2.5
vertically integrated droplet number x 10710 [m-2]

Cloud albedo changes due to change in
droplet concentration higher for clean
atmosphere

cloud_frac_thres: 0.6

cloud albedo

1.0 1.5 2.0
PM2.5 low cloud [kg m-3]

Combination of three effects:
cloud albedo more sensitive to aerosol
changes in clean atmosphere




cloud _frac_thres: 0.6 ¢ _ §
Effective radiative forcing due to

Aerosol Cloud Interactions
strongly depend on
Aerosol emissions and precursor gases
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biogenic
biogenic seasalt/dust double
biogenic seasalt/dust half

20 40 60 80
percentage of preindustrial biogenic aerosol source strength [%]

Non-linear effective radiative forcing
Response to linear variation in natural
Biogenic source strength

Effective radiative forcing in Pl world
-4 W m-2: cooler than preplant world

BUT: ERF-ACI-SW depends
also on non-biogenic background
aerosol concentration



Greening of Earth might have had a large
climate impact

BUT: realism of our experiment limited:

We use present day continents + Present
day atmospheric circulation

Aerosol transport and source distribution
450 Mio years ago different

Climate sensitivity probably too large

<l N N N N

Xiang Li et al 2022



The magnitude of Aerosol-Cloud Interactions (ACI) depend on
the aerosol background concentration

Fast climate feedback from ACI is climate state dependent

=> Aerosols can influence climate sensitivity

important in periods of Earth’s history where major changes
In aerosol emission and precursor gases occurred due to
volcanism, ocean biogenic productivity, wildfires,
desertification..



Use paleogeography

Use fully coupled CESM to take into account
atmospheric and ocean feedback effects as well
as vegetation feedback

Use paleo CO2 levels from new biomarker
measurements

Scan through several time slices in the
Ordovician-Silurian period
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Carbon dioxide

Other well-mixed
greenhouse gases

Ozone

Stratospheric
water vapour

Albedo

Contrails & aviation-
induced cirrus

Aerosols
Total anthropogenic

Solar

Change in effective radiative forcing from 1750 to 2019 .
ERF (W m™2)

2.16 [1.90 to 2.41]

0.54 [0.43 to 0.65]
0.21 [0.18 to 0.24]

0.47 [0.24 t0 0.71]

0.05 [0.00 to 0.10]

Light absorbing particles on -0.20 [-0.30 to -0.10]
snow and ice 0.08 [0.00 to 0.18]

0.06 [0.02 to 0.10]

Land use
- -0.22 [-0.47 to 0.04]
Aerosol-cloud Aerosol-radiation -0.84 [-1.45 to -0.25]

2.72 [1.96 to 3.48]

-0.02 [-0.08 to 0.06]

Effective radiative forcing (W m_z)

IPCC 2021, Forster et al., 2021

Effective

Radiative
Forcing (ERF):

net change in
downward
radiative flux
(shortwave
+longwave) at
TOA due to an
externally
imposed driver
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