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Summer 2022: lack of and too many clouds

China, France: 
drought,  
Pakistan: 
flooding
Sources: 
Tagesschau; 
media news, 
Handelsblatt
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How are clouds formed?

How are clouds and aerosols influencing our climate?

What do we expect in future? Can clouds and aerosols 
be used to (partly) offset global warming?



How are clouds formed?



Cloud formation:

• Sufficient moisture in the atmosphere

• Rising and cooling of air parcels/air masses

• Aerosol particles, on which water vapor can condense/deposit to form 

cloud droplets/ice crystals



Cloud formation: 
Lifting of air at frontal surfaces or orography

Source: MeteoSchweiz



Cloud formation: heating from below

Source: MeteoSchweiz



Downpour over lake Millstätt, Austria

Courtesy: Christoph Schär



Variety of aerosol sources:



No particles – no clouds

Tjernström et al., ACP, 2013. Movie: Zoran Ristovski, http://www.youtube.com/watch?v=EneDwu0HrVg

ASCOS research cruise in summer 2008:
• Temperature: -8 ºC, 
• Aerosol concentration: < 10 cm-3 (typical concentration over continents: 1000 cm-3) 



No particles - no clouds

Zoran Ristovski, http://www.youtube.com/watch?v=EneDwu0HrVgIA
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How are clouds and aerosols influencing our climate?



Global energy budget

updated from Lohmann et al., 2016
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transition between these regimes depends on both cloud
height and optical depth but is decidedly skewed toward
an albedo effect for most cloud types owing to the as-
ymptotic behavior CLW which saturates at relatively low
optical depth. Only high, thin cirrus clouds and, to a
much lesser extent, altostratus, exert positive net radi-
ative effects globally.
The SWandLW radiative effects of each of cloud type

are presented in Figs. 8 and 9, respectively. Single-layer
cirrus are found to reduce SW absorption by only
0.8Wm22 but decrease outgoing LW by 2.8Wm22 re-
sulting in a net warming effect of 2Wm22. In contrast,
stratocumulus clouds reduce SW absorption by
10.4Wm22 on the global annual mean, an effect nearly
five times stronger than their greenhouse effect noted
above. While single-layer nimbostratus, altostratus, and
deep convective clouds exert significant effects in both
SW and LW radiation individually, these effects largely
cancel over the midlatitudes and tropics resulting in
comparatively weak global mean net radiative effects.
Cloud shortwave effects at the TOA are dominated by
the grid box mean cloud optical depth, which peaks in
areas of frequent stratocumulus a few hundred kilome-
ters off the west coasts of North America, South

America, Africa, and Australia. Stratus exert significant
CSW but in smaller regions confined closer to the coasts
while altostratus and nimbostratus exert strong CSW in
the higher-latitude storm tracks. Once again, infrequent
single-layer deep convective clouds lead to a relatively
small net SW radiative effect that is confined to the
ITCZ and west Pacific.
Cloud longwave effects are generally dominated by

the distribution of cloud-top height within each grid box
peaking in regions where cirrus and altostratus are
prevalent such as the intertropical and South Pacific
convergence zones. At higher latitudes, frequent, rela-
tively deep nimbostratus exert a significant longwave
radiative effect that sums to a global impact comparable
in magnitude to that of cirrus and altostratus. Perhaps
less intuitively, clouds identified as stratocumulus in
2BCLD are also found to exert a substantial longwave
radiative effect, owing to their large populations in
storm tracks in North Atlantic and Pacific and over the
southern oceans. While it may be debated whether it
might be more appropriate to classify these clouds as
cumulus, these results clearly indicate that, in sufficient
numbers, purely liquid bearing clouds with high emis-
sivities and tops warmer than 273K exert a significant

FIG. 7. Annualmean net cloud radiative effects at the TOA (Wm22). Radiative effects are separated by cloud type determined based on
2BCLD classification. All flux data presented are from 2BFLX, 2007–10. The area-weighted global average (in Wm22) is shown in
parentheses.
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Radiative effect of the different cloud types

L’Ecuyer et al., JC, 2019

Ci: cirrus
As: altostratus
Ac: altocumulus

St: stratus
Sc: stratocumulus
Cu: cumulus

Ns: nimbostratus
D.C.: deep conv.
M.L. multilayer



Source: www.meted.ucar.edu

Aerosol’s influence on clouds:



Radiative forcing due to anthropogenic aerosols

have a small effect on forcing uncertainty, which is related to the way
they perturb PI and PD CCN, as we discuss below.

A striking aspect of the results is the large contribution to the global
mean forcing uncertainty from emissions of natural aerosol and pre-
cursor gases. Together, emissions of volcanic SO2, marine DMS, biogenic
volatile organic carbon (forming secondary organic aerosol), biomass
burning and sea spray account for 45% of the global annual mean
forcing variance (Fig. 2b). This compares with 34% of the annual mean
forcing variance that is due to the eight parameters associated with
anthropogenic fossil fuel, biofuel, SO2 and sulphate particle emissions.
The biomass burning emissions were perturbed as a single parameter
and not separated into natural wildfires and anthropogenic biomass
burning. However, the annual mean 2% contribution of biomass burn-
ing to the forcing variance means that the natural–anthropogenic split
is not important to our overall conclusions. Moreover, the seasonality
of the uncertainty caused by biomass burning suggests that it can be
attributed mostly to northern mid-latitude emissions associated with
natural fires (see Methods).

The relative contribution of different parameters to the uncertainty
depends on the sampled range in the ensemble (Extended Data Table 3).
The range for DMS (250%/1100%) is consistent with assessments of
multiple emission parameterizations22 and the same range for volcanic
SO2 is plausible given the uncertainty in sources23. However, our assumed
range of 240%/150% for the main anthropogenic aerosol uncertainty
(SO2 emissions) is high compared to the most recent inventories. Thus,
it is likely that our estimate of the natural aerosol effect on forcing uncer-
tainty is an underestimate.

It is important to note that most of the natural emissions do not,
by themselves, cause a forcing over the industrial period because the
emission source strengths were defined to be the same in the PI and
PD simulations (except for biomass burning); that is, a high setting of
the emissions in the PI simulation was paired with the same high set-
ting in the PD. However, natural emissions affect the uncertainty in
the aerosol first indirect forcing because they affect the background
aerosol state upon which the forcing is calculated (see below).

Because our variance-based approach considers parameter inter-
actions, we are able to establish that the large contribution of natural
aerosol emissions to forcing uncertainty is not strongly dependent on
the magnitude of the other parameters. This is important information
because, for example, the large sensitivity of forcing to natural sulphur
emissions could be overemphasized if particle formation rates due to
sulphuric-acid-driven nucleation were too high in the model. However,
such parameter interactions can be quantified as the difference between
the sum of the main effect variances (coloured bars in Fig. 2b) and the
total variance (100% in Fig. 2b); see the Methods. Interactions generally
account for less than 10% of the total forcing variance, demonstrating
that the ranked uncertainty results are robust to uncertainties in the
model set-up.

The effect of some parameters on forcing uncertainty could be under-
estimated if the parameter varied in an unknown way between the PI and
PD eras, which we have not accounted for here. For example, if DMS or
volcanic emissions were at the low end of the uncertainty range in the
PI and at the higher end in the PD then the resulting increase in sulphate
aerosol over this period would constitute an additional uncertainty in
the forcing23. It is plausible that natural emissions change over time,
implying that the uncertainty attributable to these parameters could be
underestimated. Whether other parameters behave in this way depends
on the extent to which the model processes represent an absolute
understanding or whether they have been inadvertently tuned to con-
ditions in the PD atmosphere.

Alternative reference years
The contribution of natural emissions to the forcing uncertainty will
depend on the reference year that is used. The 1750 reference, used
here, is commonly assumed to represent a pristine PI state, whereas
early industrial decades from the 1850s onwards have also been used24.
To test the effect of using alternative years for forcing, we repeated our
calculations for the periods 1850–2000, 1850–1980 and 1900–2000
(limited to June to reduce computational cost). For the alternative refe-
rence years we used the same natural emissions as in 1750, but different
anthropogenic emissions (see Methods). As expected, the indirect for-
cing is lower when a slightly polluted reference year is used (a June
mean of 21.30 W m22 for 1850 and 20.96 W m22 for 1900, versus
21.42 W m22 for 1750). The uncertainty analysis shows that the
standard deviation of forcing is slightly larger when the reference year
is 1850 (s 5 21% of mean) than for 1750 (s 5 19% of mean); see
Extended Data Table 4. However, the uncertainties in 1850 emissions
are likely to be larger than for the year 2000, which we have not
attempted to account for, so we expect our estimate of 1850–2000 for-
cing uncertainty to be an underestimate. The contribution of anthro-
pogenic emissions to the forcing uncertainty is also greater using an
1850 reference (46% of variance, versus 38% using 1750). This change
compared to 1750 is mainly caused by the increased contribution from
fossil fuel and sulphate particle emissions. These results show that
natural emissions remain a substantial part of the forcing uncertainty
even when slightly polluted reference years are used. They also confirm
that the uncertainty in forcing is strongly sensitive to the assumed PI
emissions, whether natural or anthropogenic: the large absolute change
in anthropogenic emissions between 1980 and 2000 causes hardly any
change in the contribution of anthropogenic emissions to the uncer-
tainty in forcing referenced to 1850 (47% versus 46% of variance; see
Extended Data Table 4), but the small absolute change in emissions
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Figure 1 | The global distribution of annual mean aerosol first indirect
forcing and associated uncertainty. a, First indirect forcing; b, standard
deviation s of forcing. The maps were computed from a Monte Carlo sampling
of an emulator of forcing in each grid cell of the model.
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IPCC 2021, AR6, Fig. 7.7
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 1 
Figure 7.7: The contribution of forcing agents to 2019 temperature change relative to 1750 produced using the 2 

two-layer emulator (Supplementary Material 7.SM.2), constrained to assessed ranges for key 3 
climate metrics described in Cross-Chapter Box 7.1. The results are from a 2,237-member ensemble. 4 
Temperature contributions are expressed for carbon dioxide, other well-mixed greenhouse gases 5 
(WMGHGs), ozone, stratospheric water vapour, surface albedo, contrails and aviation-induced cirrus, 6 
aerosols, solar, volcanic, and total. Solid bars represent best estimates, and very likely (5–95%) ranges are 7 
given by error bars. Dashed error bars show the contribution of forcing uncertainty alone, using best 8 
estimates of ECS (3.0°C), TCR (1.8°C) and two-layer model parameters representing the CMIP6 multi-9 
model mean. Solid error bars show the combined effects of forcing and climate response uncertainty 10 
using the distribution of ECS and TCR from Tables 7.13 and 7.14, and the distribution of calibrated 11 
model parameters from 44 CMIP6 models. Non-CO2 WMGHGs are further broken down into 12 
contributions from methane (CH4), nitrous oxide (N2O) and halogenated compounds. Surface albedo is 13 
broken down into land use changes and light absorbing particles on snow and ice. Aerosols are broken 14 
down into contributions from aerosol-cloud interactions (ERFaci) and aerosol-radiation interactions 15 
(ERFari). Further details on data sources and processing are available in the chapter data table (Table 16 
7.SM.14). 17 

  18 



Bellouin et al., RG, 2020

Impact of anthropogenic aerosol emissions on climate



20

Cloud response to the Holuhraun eruption for October 2014

Malavelle et al., Nature, 2017

Conclusion:
Holuhraun
caused a 
reduced cloud 
droplet size but 
had no 
discernible effect 
on other cloud 
properties 
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MODIS vs. ML 
(random forest) 
for 2001-2020 
(w/o 2014) left

Oct 2014 right

Chen et al., NatGeo, 2022

Nd (cm-3)

reff (mu)

LWP (g m-2)

Cloud fraction
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Cloud 
responses to 
the Holuhraun
eruption (Oct 
2014)

Chen et al., NatGeo, 2022

Anomaly: 2014 vs. 
2001/2002-2020
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Conclusions from the Holuhraun study:

• The Holuhraun eruption led to an increase in cloud cover by approximately 
10% with no change in liquid water path

• This effect is larger than the albedo increase from the reduced cloud droplet 
size 

Chen et al., NatGeo, 2022



Can clouds and aerosols be used to (partially) offset global 
warming?



We decide if and how we reach the 2 ºC climate goal

Jones et al., Earth Future, 2018

CDR: carbon 
dioxide removal

SRM: solar 
radiation 
management

2K



Global energy budget

updated from Lohmann et al., 2016
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Radiation management methods

Sources: meteo.sf.tv/sfmeteo, Univ. Washington, Lohmann and Gasparini, Science, 2017



Natural analogon: volcanic eruptions

Courtesy Blaz Gasparini



Observed temperature response after Mt. Pinatubo

Courtesy Blaz Gasparini



Effect of stratospheric aerosol injections on temperature & precip

Boucher et al., IPCC, 2013, Fig. FAQ 7.3.2

à Temperature and precipitation cannot 
be simultaneously restored with solar 
radiation management

4 CHAPTER 1. INTRODUCTION

rently it seems very unlikely to achieve the ambitions targets by emission reductions
alone. The Agreement largely increased the role of carbon dioxide removal (CDR)
mechanisms, the less controversial of the two large groups of geoengineering pro-
posals (Section 1.2), which, however, might be too optimistic (Vaughan and Gough,
2016). All emission scenarios compatible with the Paris Agreement targets assume
net negative emissions by the end of the century (Sanderson et al., 2016). On the
other hand Rogelj et al. (2015) shows that a rapid transformation of the energy system
in combination with negative emissions alone could limit the end-of-century warming
by 1.5�C, although the time window to achieve this goal is rapidly closing.

Figure 1.1: Overview of the global energy balance at surface and top-of-the-
atmosphere (TOA). Modified from Lohmann et al. (2016).

The anthropogenic greenhouse gas emissions force the climate with about 2.8 W m–2

compared with preindustrial times (Myhre and Shindell, 2013). This forcing is par-
tially counteracted by aerosol-radiation and aerosol-cloud interaction, which have a
net negative effect on the radiative balance, leading to the total anthropogenic effec-
tive forcing of 2.3 W m–2 (with a likely range of 1.1 to 3.3 W m–2). Following current
emission trends we cannot rule out a quadrupling of anthropogenic radiative forcing
by the end of the century (van Vuuren et al., 2011), warming the planet by about 4�C
(Stocker et al., 2013).



Limits of stratospheric aerosol injections

Niemeier and Timmreck, ACP, 2015; Kleinschmitt et al., GRL, 2018

2/3 of the year 2000 sulfur emissions of 145 Tg S are needed to counteract the 
radiative forcing of the RCP8.5 scenario in 2100
Higher aerosol injection rates result in faster coagulation and sedimentation

C. Kleinschmitt et al.: Studying stratospheric sulfur geoengineering with LMDZ-S3A 2775

Table 2. Global mean quantities for experiments with 10 Tg S yr�1 injection rate but different spatio-temporal injection patterns.

Experiment Radiative forcing (Wm�2) AOD at 550 nm reff (µm) Aerosol burden (TgS)

SW LW net

STANDARD �4.6 +3.1 �1.5 0.19 0.37 8.1
BROAD �3.7 +2.2 �1.5 0.16 0.30 5.7
SEASONAL �4.8 +3.1 �1.6 0.20 0.38 8.4

Figure 4. Latitude–height cross section of the zonal and annual
mean effective radius (in µm) of dry sulfate particles in the STAN-
DARD experiment. The effective radius is computed from the zonal
and annual means of the aerosol volume and surface area.
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Figure 5. Global mean instantaneous net radiative forcing (aerosol
direct effect: ADE) at the top of the atmosphere (TOA) in Wm�2

for the x_TGS experiments with different injection rates.

50 TgSyr�1, the ratio shows the opposite pattern (apart from
the zone immediately above the injection region). From this
we can conclude that in relative terms with increasing magni-
tude of the injection rate, (1) more sulfur accumulates below
the injection region because of increasing sedimentation of
larger particles and (2) less sulfur reaches the high latitudes
because of the induced changes in stratospheric dynamics
(discussed in Sect. 3.7) and/or because of faster sedimenta-
tion during the meridional transport. The sulfate MMR above
the injection region is largest (in relative terms) in the 10 and
20 TgSyr�1 scenario, probably because in these cases the

updraft by aerosol heating is strong enough to lift the parti-
cles, while the sedimentation is still relatively slow.

The mean forcing efficiency and its decomposition de-
scribed above for the simulations with varying injection mag-
nitude are shown in Fig. 7. The forcing efficiency in the
SW decreases by roughly 50 % between 2 and 50 TgSyr�1,
while in the LW it stays rather constant. As a result, the net
forcing efficiency decreases dramatically for larger injection
rates (by 94 % between 2 and 50 TgSyr�1). Even the abso-
lute forcing decreases from 20 to 50 TgSyr�1 (see Fig. 5).
The decomposition shows that this decrease is mainly due
to a decreasing net forcing/AOD (by 87 % between 2 and
50 Tg Syr�1 injection rates), which itself is caused by an in-
creasing LW forcing/AOD combined with a rather constant
SW forcing/AOD. The AOD/burden also decreases by more
than 50 % due to larger particles (see Fig. 8). Despite this
finding, the lifetime of the particles does not clearly decrease
for larger injection magnitude. This may be explained by the
superposition of two opposing effects: increasing sedimen-
tation velocity and increasing updraft through heating of the
air. Both can be seen in Fig. 6a, in which the sulfate mix-
ing ratio increases disproportionately with the injection rate
above the injection region (due to updraft) and below it (due
to sedimentation). But for the largest injection rate simulated,
enhanced sedimentation starts to dominate (see Fig. 6b) so
that the particle lifetime can be expected to decrease further
for even larger injections.

Figure 8 shows the impact of the injection magnitude on
particle size. The global mean effective radius (computed for
all the aerosol above the tropopause) almost triples between 2
and 50 TgS yr�1. The mass size distribution shown in Fig. 9
mainly differs in the size range above 0.1 µm such that the
mode radius grows and is shifted towards a larger radius with
increasing injection rate. This explains the increase in LW
forcing and therefore the decreasing forcing efficiency.

3.2.1 Comparison with results from Niemeier and

Timmreck (2015)

Niemeier and Timmreck (2015) performed a similar sensitiv-
ity study for the SAG injection rate with the ECHAM model
using a modal aerosol module. Their results deviate from
ours in that the absolute net forcing increases monotonically
with injection rates up to 100 TgS yr�1, while the forcing ef-
ficiency decreases only moderately (see crosses in Fig. 7).

www.atmos-chem-phys.net/18/2769/2018/ Atmos. Chem. Phys., 18, 2769–2786, 2018



Diamond et al., AGU adv., 2020

Ship traffic in the Southern Atlantic causes a 
radiative forcing of ≈ -2 W m-2

Cooling due to brighter clouds over the oceans



Stjern et al., 2018 and Univ. Washington

C. W. Stjern et al.: Response to marine cloud brightening in a multi-model ensemble 627

Table 3. G4cdnc minus RCP4.5 difference (based on years 2020–2069) in the key variables, including the effective radiative forcing as
estimated in Fig. 3a). An asterisk denotes that the change is not significant at the 95 % level by the Kolmogorov-Smirnov test.

Gregory MCB Total cloud Temp. Precip. Liquid Low cloud
regression sensitivity cover change change water path cover

ERF change change change
Units W m�2 K W m�2 % K % g m�2 %

BNU-ESM �1.91 0.61 �0.46 �1.16 �2.72 +1.83 �0.01
CanESM2 �2.00 0.48 +0.29 �0.96 �2.28 �0.71 +1.82
CSIRO-Mk3L-1-2 �2.48 0.43 +1.17 �1.07 �2.93 +4.52 +2.00
GISS-E2-R �0.58 0.29 +0.05⇤ �0.17 �0.61 �0.93 +0.16
HadGEM2-ES �1.93 0.49 +1.01 �0.96 �2.34 +0.01 –
IPSL-CM5A-LR �1.05 0.42 +1.03 �0.44 �1.70 �1.10 +1.28
MIROC-ESM �2.10 0.50 +0.36 �1.06 �2.51 �4.62 +1.55
MPI-ESM-LR �2.32 0.52 +0.78 �1.21 �2.96 +6.98 +5.95
NorESM1-M �0.89 0.35 +0.01 �0.31 �0.57 �0.61 +0.16
Ensemble median �1.91 (±0.63) 0.47 (±0.09) +0.18 (±0.42) �0.96 (±0.45) �2.35 (±0.92) �0.61 (±3.43) +1.55 (±1.93)
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Figure 3. (a) Regression of global annual means of the net TOA
radiative flux imbalance and near-surface temperatures for each
model (see Gregory et al., 2004). Each square represents global
annual mean for each of the first 10 years and decadal means for
the remaining part of the simulations (i.e. last four decades, 2030–
2069). Numbers to the right gives the intercept – i.e., the effective
radiative forcing. (b) Time series of the difference in global annual
mean near-surface temperature between G4cdnc and RCP4.5 for
each model. Dotted vertical line indicates the onset of the termi-
nation period.

effective radiative forcing. Conversely, MPI-ESM-LR, with
the next largest forcing, shows the strongest cooling.

Shown in Table 3 is also the “MCB sensitivity”, defined
here as the global temperature change normalized by the
ERF. We find a model median value of 0.47, with a much
smaller inter-model spread (a factor of 1.8 difference be-
tween highest and lowest model value). MPI-ESM-LR and
BNU-ESM give the strongest cooling per degree forcing.

Figure 4b shows the geographical pattern of the ensem-
ble median temperature difference between the G4cdnc and
RCP4.5 experiments, based on years 2020–2069 (for individ-
ual models, see Fig. S1 in the Supplement). There is a strong
polar amplification of the cooling signal, with largest cooling
over the Arctic from positive sea-ice feedback, and a some-
what weaker cooling around Antarctica. Individual model
numbers of the Arctic amplification is given in Table S2,
but the median value is 1.9. Some of the models (NorESM1-
M, BNU-ESM and MIROC-ESM) show a particularly large
spatial correlation (around �0.5 and significant at the 99 %
level) between the magnitude of the cooling (averaged over
2020–2069) and the baseline (averaged over the 20 first years
of the RCP4.5 simulation) low cloud fractions; see Table S1.
Such a tendency can also be seen in the ensemble median
temperature change of Fig. 4b; typical stratocumulus regions
such as parts of the tropical Atlantic Ocean and the Pacific
Ocean off the coasts of Peru and the USA (Wood, 2012) show
stronger cooling.

Over oceans, the cooling also has a slight tendency to be
stronger in regions which have a low baseline LWP. Corre-
lations between the average change in temperature and the
baseline LWP for each model gives the individual model cor-
relation coefficients in Table S1, and correlations between
grid cell model medians of these quantities gives a spatial
correlation coefficient of 0.42 (significant at the 99 % level).
Such a tendency might indicate that cloud susceptibility, or
the potential of a cloud to produce cooling by increased
albedo in response to the increase in droplet numbers, is
larger in clouds that are not too dense to begin with. However,
two of the models (NorESM1-M and BNU-ESM) have cor-
relations of �0.30 and �0.47, respectively, indicating larger
cooling in areas of larger water paths. Note also that changes
in LWP are highly variable between models (Table 3 and
Fig. S2), with particularly strong positive changes for the two
models with prescribed CDNC (MPI-ESM-LR and CSIRO-
Mk3L-1-2). Although the CDNC is increased solely over the

www.atmos-chem-phys.net/18/621/2018/ Atmos. Chem. Phys., 18, 621–634, 2018

Temperature evolution with vs. without marine cloud brightening

Ensemble mean temperature change: climate engineering - RCP4.5: -1ºC





Precipitation from the mixed-phase (%)

Importance of mixed-phase clouds

Mülmenstädt et al., GRL, 2015 
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Cloud radiative effect of high latitude MPCs

Villanueva et al., ERL, 2022



Cloud radiative effect of wintertime MPCs

Villanueva et al., ERL, 2022



Hole-punch cloud
38

source: wikipedia



Cloud radiative effect of seeded high-latitude oceanic MPCs

Villanueva et al., ERL, 2022



Climate implications of MPC seeding

Villanueva et al., ERL, 2022



Take-home messages: mixed-phase cloud seeding

Mixed-phase cloud seeding could offset about 25% of the expected increase in polar 
sea-surface temperature due to the doubling of CO2. 

This is accompanied by an annual increase in sea-ice surface area of 8% around the 
Arctic, and 14% around Antarctica. 

Mixed-phase cloud seeding, however, cannot prevent sea-ice loss during summer 
and as every climate intervention method only cures the symptoms.



Thanks a lot for your attention!

Questions?



Formation of a hole-punch cloud
43

Courtesy of Cyril Brunner


