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Aerosol	/	Cloud	Interactions	in	Earth	System

Stevens	&	Feingold,	2009



Radiative	Aerosol	/	Cloud	Interactions

IPCC	AR5	Fig	7.3,	FAQ	7.2-2



Cloud	Albedo	Effect	is	Readily	Visible	from	Space
Satellite	image	of	the	northeast	Pacific	Ocean	showing	ship	tracks,	both	
in	thin	closed-cellular	stratocumulus	regions	and	in	open-cellular	regions.

Stevens	&	Feingold,	2009



Relevant	Aerosol	/	Cloud	/	Precipitation	Processes	

IPCC	AR5	Fig	7.16



Lifetime	and	Albedo	Effects	as	Originally	Proposed

Stevens	&	Feingold,	2009



Process	Paradigm	for	2nd Indirect	Effect

Altaratz	et	al,	2014



No	Clear	Consensus	on	Cloud	Invigoration	by	Aerosols

Altaratz	et	al,	2014



Spread	in	Radiative	Aerosol	/	Cloud	Interactions	
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Sensitivity	of	temperatures	aerosol−cloud	processes

Seinfeld	PNAS	2016



Measured	Sensitivity	of	Droplet	Number	to	Aerosols

McCoy	et	al,	JGR,	2017



Anthropogenic	Change	in	Droplet	Number

McCoy	et	al,	JGR,	2017



Radiative	Forcing	from	First	Aerosol	Indirect	Effect	

McCoy	et	al,	JGR,	2017



Alternate	Estimates	of	First	Indirect	Effect	Forcing

Gryspeerdt	et	al.	PNAS	2017



Oceanic	Sources	for	Biogenic	Hydrophilic	Aerosols

McCoy	et	al,	JGR,	2017



Biogenic	Aerosols	also	Trigger	Droplet	Formation

McCoy	et	al.	Science	2015	

Fig. 1 Elevated mean September to April cloud droplet concentrations over the SO are 
associated with regions of high Chl-a (indicating the presence of phytoplankton biomass). 



Biogenic	Aerosols	increase	Shortwave	Cloud	Effects

McCoy	et	al.	Science	2015	



Tests	using	Volcanic	Aerosol	/	Cloud	Interactions

Stevens	Nature	2017	

Sulfur	dioxide	emissions	
from	the	2014–15	
volcanic	eruption	in	
Holuhraun,	Iceland.	
Aerosols	



Volcanic	Emissions	Decrease	Cloud	Droplet	Size

McCoy	et	al	GRL	2015	



Elevated	Cloud	Reflection	from	Volcanic	Aerosols

McCoy	et	al	GRL	2015	



Small	Volcanic	Impacts	on	Cloud	Liquid	Water	Paths

Malavelle	et	al	Nature	2017	



Models	Confirm	Small	Volcanic	2nd Indirect	Effect

Malavelle	et	al	Nature	2017	

Modelled perturbations from HadGEM3 using UKCA for September–October 2014



GCMs	Overestimate	Cloud	LWP	Aerosol	Sensitivity15418 T. Michibata et al.: Aerosol–cloud–precipitation interactions in GCM and A-Train
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Figure 2. Global distribution of d lnLWP/d lnNc from (a, c) MIROC–SPRINTARS and (b, d) A-Train satellite estimations for non-
precipitating and precipitating clouds, respectively. The threshold of the large-scale precipitation rate of 0.14 mm day�1 is used to distinguish
between non-precipitating or precipitating events (see text for details).

Figure 3. Global mean susceptibility (60� S–60� N) of ⌧c, re, and
the LWP to Nc. The MIROC result is shown in orange and the A-
Train observation is in blue.

3.3 Dependency of LWP responses on meteorology

Another key question regarding the LWP response for
aerosol perturbations is how and to what extent it depends
on macrophysics such as cloud regimes and thermodynamic
conditions in the real atmosphere. Recent studies have sug-
gested that the source of uncertainty in the LWP response
could be attributed to differences in meteorology, differ-
ent cloud types and regimes, or more theoretical reasons,
based on satellite observations (Sorooshian et al., 2013; Chen

et al., 2014), large-eddy simulation (LES; Lebo and Fein-
gold, 2014; Seifert et al., 2015), and GCM intercomparison
(Wang et al., 2012; Zhang et al., 2016).

To address this question, we examine the dependency of
the LWP susceptibility on both column maximum radar re-
flectivity (Zmax) and LTS as shown in Fig. 4. Given that
the horizontal axis characterizes the rain regime (i.e., non-
precipitating, drizzling, or precipitating) and the vertical axis
represents the thermodynamical stability conditions (i.e., un-
stable, intermediate, or stable), the diagram illustrates how
the LWP response to perturbed aerosols varies as a func-
tion of both rain characteristics and stability conditions, thus
providing a way to classify cloud susceptibility according to
macroscopic and meteorological conditions.

Figure 4 clearly shows a systematic variation of the cloud
susceptibility under the two conditions. Positive responses
of the LWP to Nc are dominant in the non-precipitating and
stable environments, while negative responses can be seen
in precipitating and unstable conditions. The top-left region
in the diagram corresponds to a stratocumulus regime in the
marine boundary layer. Because this type of cloud typically
produces light precipitation (i.e., drizzle; Wood, 2012) rather
than heavy precipitation it depletes a large amount of cloud
water, and the aerosols ingested into this type of cloud effec-
tively act to enhance cloud water storage, resulting in a posi-
tive response of LWP to an increased aerosol loading. In con-
trast, the right-bottom region in the diagram corresponds to
a more convective cumulus regime, which is present mainly
over the tropics. This type of cloud is characterized by a rel-

Atmos. Chem. Phys., 16, 15413–15424, 2016 www.atmos-chem-phys.net/16/15413/2016/

Michibata	et	al	ACP	2016	



Modeled	/	Measured	Aerosol-Cloud	Interactions

15418 T. Michibata et al.: Aerosol–cloud–precipitation interactions in GCM and A-Train

Figure 2. Global distribution of d lnLWP/d lnNc from (a, c) MIROC–SPRINTARS and (b, d) A-Train satellite estimations for non-
precipitating and precipitating clouds, respectively. The threshold of the large-scale precipitation rate of 0.14 mm day�1 is used to distinguish
between non-precipitating or precipitating events (see text for details).
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Figure 3. Global mean susceptibility (60� S–60� N) of ⌧c, re, and
the LWP to Nc. The MIROC result is shown in orange and the A-
Train observation is in blue.

3.3 Dependency of LWP responses on meteorology

Another key question regarding the LWP response for
aerosol perturbations is how and to what extent it depends
on macrophysics such as cloud regimes and thermodynamic
conditions in the real atmosphere. Recent studies have sug-
gested that the source of uncertainty in the LWP response
could be attributed to differences in meteorology, differ-
ent cloud types and regimes, or more theoretical reasons,
based on satellite observations (Sorooshian et al., 2013; Chen

et al., 2014), large-eddy simulation (LES; Lebo and Fein-
gold, 2014; Seifert et al., 2015), and GCM intercomparison
(Wang et al., 2012; Zhang et al., 2016).

To address this question, we examine the dependency of
the LWP susceptibility on both column maximum radar re-
flectivity (Zmax) and LTS as shown in Fig. 4. Given that
the horizontal axis characterizes the rain regime (i.e., non-
precipitating, drizzling, or precipitating) and the vertical axis
represents the thermodynamical stability conditions (i.e., un-
stable, intermediate, or stable), the diagram illustrates how
the LWP response to perturbed aerosols varies as a func-
tion of both rain characteristics and stability conditions, thus
providing a way to classify cloud susceptibility according to
macroscopic and meteorological conditions.

Figure 4 clearly shows a systematic variation of the cloud
susceptibility under the two conditions. Positive responses
of the LWP to Nc are dominant in the non-precipitating and
stable environments, while negative responses can be seen
in precipitating and unstable conditions. The top-left region
in the diagram corresponds to a stratocumulus regime in the
marine boundary layer. Because this type of cloud typically
produces light precipitation (i.e., drizzle; Wood, 2012) rather
than heavy precipitation it depletes a large amount of cloud
water, and the aerosols ingested into this type of cloud effec-
tively act to enhance cloud water storage, resulting in a posi-
tive response of LWP to an increased aerosol loading. In con-
trast, the right-bottom region in the diagram corresponds to
a more convective cumulus regime, which is present mainly
over the tropics. This type of cloud is characterized by a rel-

Atmos. Chem. Phys., 16, 15413–15424, 2016 www.atmos-chem-phys.net/16/15413/2016/

Michibata	et	al	ACP	2016	
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Figure 4. Susceptibility matrix of the LWP response to Nc as a
function of column maximum radar reflectivity (Zmax) and lower-
tropospheric stability (LTS) based on A-Train satellite data.

atively fast precipitation timescale (Sorooshian et al., 2013),
and is favorable for cloud water evaporation due to the larger
extent of entrainment mixing (Small et al., 2009), which re-
sults in negative responses of the LWP.

It is interesting that there is a positive correlation in
the top-right region even though precipitation occurs. One
possible interpretation of this is that the water-vapor sup-
ply is dominant over the loss of cloud water by precipi-
tation, and this type of cloud may correspond to the sus-
tained frontal precipitation (precipitating nimbostratus) sys-
tems found mainly over midlatitude oceanic regions, where
water vapor is abundant. In pristine and clean environments,
referred to as “aerosol-limited” conditions (Koren et al.,
2014), aerosols ingested into clouds will tend to store the
cloud water but also simultaneously produce more rain due
to abundant water mass. We note that it is just a specu-
lation at this stage, and it might be related to background
aerosol number and environmental conditions (cf. Sect. 4
for more discussion). It is also noteworthy that the bottom-
left region displays negative susceptibilities even though pre-
cipitation does not occur. Non-precipitating clouds in a sig-
nificantly unstable environment would correspond to inland
and/or daytime cumulus. This tendency agrees with the re-
sults of a previous study (Small et al., 2009) that focused on
the non-precipitating cumulus regime, and suggests a mech-
anism whereby the LWP decreases with increased aerosol
loading via evaporation–entrainment feedback. This results
in a loss of cloud water without precipitation.

Although the model version of the LWP-susceptibility di-
agram is not shown, it will indicate a positive value in the
matrix overall, as is obvious from Fig. 2. The mechanisms
proposed above must be confirmed by more detailed ex-
aminations using GCM and CRM with satellite simulators,
or using high-resolution process modeling, such as LES, in
future studies. However, the observation-based findings de-
scribed above strongly suggest that rigorous studies focusing
on macrophysical conditions, including regional characteris-
tics of meteorological factors, in addition to microphysical
conditions, are indispensable for better understanding the re-
sponse of the aerosol–cloud–precipitation interaction.

4 Summary and discussion

We explored the source of discrepancy in the aerosol–
cloud–precipitation interaction for warm clouds between an
aerosol–climate model and A-Train satellite retrieval. The in-
stantaneous model output was analyzed using as many sam-
ples as possible to provide reliable statistics and fair compar-
isons with satellite observations.

We found critical biases in the model in the response of the
LWP to aerosol perturbations. The model predicted a mono-
tonic increase in the LWP across the globe, in contrast to
the observations that clearly showed a regional variation of
the LWP response that either increased or decreased with an
increasing aerosol loading. This variability in cloud suscep-
tibility observed by the A-Train was closely related to differ-
ences in meteorological factors, such as cloud regimes and
thermodynamic conditions. For example, stratiform clouds
under stable conditions had a tendency to increase the LWP
given aerosol perturbations, while cumulus clouds over an
unstable environment tended to decrease the LWP as the
aerosol loading increased. The bidirectional responses of
LWP (both positive and negative) found in satellite obser-
vations in different aerosol concentrations might be related
to the concept of “optimal aerosol concentration (Nop)”, re-
cently suggested by Dagan et al. (2015a, b). More specifi-
cally, in case of Na < Nop, clouds tend to be deeper with
larger liquid mass, referred to as cloud invigoration (e.g., Ko-
ren et al., 2014), for increased aerosol loading, whereas the
case of Na > Nop would be favorable for cloud suppression
due to enhanced entrainment and evaporation. This could
lead the bidirectional LWP susceptibilities, although we can-
not mention the exact mechanisms at this stage because Nop
also depends on both cloud geometric scale and environmen-
tal conditions (Koren et al., 2014; Dagan et al., 2015a, b).

This can explain why previous studies have reported con-
flicting results for the LWP response, with either an increase
or decrease with increasing aerosol loading (e.g., Sekiguchi
et al., 2003; Ackerman et al., 2004; Matsui et al., 2006). Pre-
vious studies have focused on different study regions and/or
targets, which has resulted in different cloud responses due
to the different mechanisms of aerosol–cloud–precipitation

www.atmos-chem-phys.net/16/15413/2016/ Atmos. Chem. Phys., 16, 15413–15424, 2016

Michibata	et	al	ACP	2016	



Large	Eddy	Simulations	of	Indirect	Effects

Seifert	et	al	JAMES	2015	



New	Paradigm	for	Precipitating	Cloud	Susceptibility

Seifert	et	al	JAMES	2015	



What	we’ve	discussed
• Aerosol	/	Cloud	Interactions	circa	IPCC	AR5
• Implications	of	interaction	uncertainties	for	climate	projections
• Progress	on	the	1st indirect	effect	(RFaci)	from	anthropogenic	aerosols
• Further	progress	using	natural	biogenic	and	volcanic	aerosols
• Natural	experiments	suggest	2nd indirect	effect	is	smaller	than	
thought.

• Supporting	satellite	and	model	evidence	for	this	conclusion
• New	paradigms	for	understanding	buffering	effect	of	cloud	dynamics


