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third idea provides the essential link to the radiative forcing of the
climate system. Our exploration of these ideas, and lifetime effects as
a whole, focuses onwarm clouds, as these have historically been at the
centre of the lifetime hypothesis. Many of our findings are, however,
also relevant to emerging studies of lifetime effects in cold or ice-
bearing clouds8,12.

Satellite surveys
Observations of the manifestations of a lifetime effect can be striking.
Photographs of the collapse of clouds in shafts of precipitation that
readily form in aerosol-poor environments are common. Equally
evocative is the apparent transition from low-albedo (open-cellular)
shallow-cumulus cloud regimes to high-albedo (closed-cellular)
stratocumulus cloud regimes as a result of aerosol infusions from
passing ships13. An example of the latter is shown in Fig. 2. Such
features differ from ship tracks (which are often taken as a signature
of the cloud albedo effect)14 because the open-cellular structure in the
low-albedo region is associatedwith regions of precipitation, whereas
the closed-cellular structure in the high-albedo region is usually
observed to be non-precipitating13,15,16.

Large-scale satellite surveys provide a detailed view of the aerosol–
cloud–precipitation system, particularly with the emergence of a new
generation of active remote sensors17. Correlative studies based on the
satellite record have found intriguing relationships between proxies
for cloud-active aerosol and cloud microstructure the senses of
which are consistent with the cloud albedo and lifetime effects. For
example, cloud droplets are on average smaller in the presence of
more aerosol particles. Although evidence of this kind is quite
common, estimates of its global magnitude are sensitive to methodo-
logical details18–21. Cloud fraction also tends to be larger, on average, in
thepresence ofmore aerosol particles20–23. Such correlations have been
taken as evidence in support of a strong cloud lifetime effect, whereby
changes in cloud forcing as large as28Wm22 have been attributed to
lifetime effects on ocean-basin scales22. Global surveys, on the other
hand, suggest somewhat weaker effects, with a radiative forcing of
between 0 and21Wm22 (refs 20, 24).

Some examples of aerosol-induced microphysical changes sup-
pressing the development of precipitation have also been
reported25,26, but a robust demonstration of aerosol suppression of
surface precipitation remains lacking11.

The correlation–causation conundrum
Two lines of argument challenge the interpretation of satellite-
derived correlations between cloud amount and aerosol optical

thickness as evidence in support of a lifetime effect. The first contends
that aerosol–cloud correlations are prone to measurement artefacts
and thus are not reliable. The second contends that to the extent such
correlations are reliable, they can be amply explained by alternative
(and, as argued below, in many cases simpler) ideas21.

The artefact argument is germane because to observe correlations
between clouds and the aerosol, itmust first be possible to distinguish
between them. However, this proves difficult, especially at coarse
resolution and from space. Although cloud-active aerosol particles
differ from cloud droplets thermodynamically, they can be difficult
to distinguish radiatively27,28. Optically thick aerosol layers can often
take on a milky, cloud-like appearance29 and be interpreted as cloud.
Likewise, subvisible cloud layers will by definition be classified as
clear sky by human observers. To the extent that situations with high
aerosol loading are more likely to admit the false detection of clouds,
it is expected that spurious correlations between satellite-based
retrievals of cloud amount and ambient aerosol will be found.

Three-dimensional radiative effects can also introduce measure-
ment artefacts. By conditioning clear-sky measurements on the sun–
satellite geometry and distance from the nearest cloud, recent work
has shown that the scattering of photons from cloud edges can lead to
significant overestimates in retrievals of aerosol optical depths in
cloud-free pixels as far as 15 km away. Because such effects increase
as cloud distance decreases, they can also produce spurious correla-
tions between aerosol optical depth and cloud amount30.

Deficiencies in the data record, and a poor understanding of what
processes regulate the behaviour of cloud regimes, frustrate attempts
to attribute real correlations among the aerosol, clouds and precipi-
tation to lifetime effects. Examples of common deficiencies in the
data record include poor or absent vertical and temporal resolutions
andmissingmeasurements of key variables, such as relative humidity
or even precipitation. Vertical resolution is necessary to assess
whether or not cloud and aerosol layers are intermingled31.
Temporal resolution is necessary to assess causality. However, the
most advanced (active and multispectral) sensors are mounted on
polar-orbiting satellites, which allow return times that range
(depending on the sensor footprint) from days to weeks. Humidity
regulates both cloud amount and aerosol optical depth and may be a
non-trivial source of correlation between the two quantities23.
Likewise, the absence of precipitationmeasurements inmany records
makes interpretation of precipitation-mediated correlations between
aerosol and cloud amount ambiguous. A recent field experiment32,
for example, showed (as did others21) that the aerosol, relative
humidity and cloud amount are positively correlated in regions of
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Figure 1 | The lifetime (and albedo) effect as originally proposed. In polluted air masses, clouds consist of more droplets that coalesce into raindrops less
effectively, leaving longer-lived clouds (t, time). Here and in Figs 3 and 4, a single cloud is meant to represent the average response of a field of clouds.

REVIEWS NATUREjVol 461j1 October 2009

608
 Macmillan Publishers Limited. All rights reserved©2009

Stevens and Boucher, 2012 (Nature)

“there is something captivating about the idea that fine particulate
matter, suspended almost invisibly in the atmosphere, holds the key to
some of the greatest mysteries of climate science”



one-slide aerosol-cloud (micro-macro) interaction primer

3/30

Stevens and Feingold, 2009 (Nature)

third idea provides the essential link to the radiative forcing of the
climate system. Our exploration of these ideas, and lifetime effects as
a whole, focuses onwarm clouds, as these have historically been at the
centre of the lifetime hypothesis. Many of our findings are, however,
also relevant to emerging studies of lifetime effects in cold or ice-
bearing clouds8,12.

Satellite surveys
Observations of the manifestations of a lifetime effect can be striking.
Photographs of the collapse of clouds in shafts of precipitation that
readily form in aerosol-poor environments are common. Equally
evocative is the apparent transition from low-albedo (open-cellular)
shallow-cumulus cloud regimes to high-albedo (closed-cellular)
stratocumulus cloud regimes as a result of aerosol infusions from
passing ships13. An example of the latter is shown in Fig. 2. Such
features differ from ship tracks (which are often taken as a signature
of the cloud albedo effect)14 because the open-cellular structure in the
low-albedo region is associatedwith regions of precipitation, whereas
the closed-cellular structure in the high-albedo region is usually
observed to be non-precipitating13,15,16.

Large-scale satellite surveys provide a detailed view of the aerosol–
cloud–precipitation system, particularly with the emergence of a new
generation of active remote sensors17. Correlative studies based on the
satellite record have found intriguing relationships between proxies
for cloud-active aerosol and cloud microstructure the senses of
which are consistent with the cloud albedo and lifetime effects. For
example, cloud droplets are on average smaller in the presence of
more aerosol particles. Although evidence of this kind is quite
common, estimates of its global magnitude are sensitive to methodo-
logical details18–21. Cloud fraction also tends to be larger, on average, in
thepresence ofmore aerosol particles20–23. Such correlations have been
taken as evidence in support of a strong cloud lifetime effect, whereby
changes in cloud forcing as large as28Wm22 have been attributed to
lifetime effects on ocean-basin scales22. Global surveys, on the other
hand, suggest somewhat weaker effects, with a radiative forcing of
between 0 and21Wm22 (refs 20, 24).

Some examples of aerosol-induced microphysical changes sup-
pressing the development of precipitation have also been
reported25,26, but a robust demonstration of aerosol suppression of
surface precipitation remains lacking11.

The correlation–causation conundrum
Two lines of argument challenge the interpretation of satellite-
derived correlations between cloud amount and aerosol optical

thickness as evidence in support of a lifetime effect. The first contends
that aerosol–cloud correlations are prone to measurement artefacts
and thus are not reliable. The second contends that to the extent such
correlations are reliable, they can be amply explained by alternative
(and, as argued below, in many cases simpler) ideas21.

The artefact argument is germane because to observe correlations
between clouds and the aerosol, itmust first be possible to distinguish
between them. However, this proves difficult, especially at coarse
resolution and from space. Although cloud-active aerosol particles
differ from cloud droplets thermodynamically, they can be difficult
to distinguish radiatively27,28. Optically thick aerosol layers can often
take on a milky, cloud-like appearance29 and be interpreted as cloud.
Likewise, subvisible cloud layers will by definition be classified as
clear sky by human observers. To the extent that situations with high
aerosol loading are more likely to admit the false detection of clouds,
it is expected that spurious correlations between satellite-based
retrievals of cloud amount and ambient aerosol will be found.

Three-dimensional radiative effects can also introduce measure-
ment artefacts. By conditioning clear-sky measurements on the sun–
satellite geometry and distance from the nearest cloud, recent work
has shown that the scattering of photons from cloud edges can lead to
significant overestimates in retrievals of aerosol optical depths in
cloud-free pixels as far as 15 km away. Because such effects increase
as cloud distance decreases, they can also produce spurious correla-
tions between aerosol optical depth and cloud amount30.

Deficiencies in the data record, and a poor understanding of what
processes regulate the behaviour of cloud regimes, frustrate attempts
to attribute real correlations among the aerosol, clouds and precipi-
tation to lifetime effects. Examples of common deficiencies in the
data record include poor or absent vertical and temporal resolutions
andmissingmeasurements of key variables, such as relative humidity
or even precipitation. Vertical resolution is necessary to assess
whether or not cloud and aerosol layers are intermingled31.
Temporal resolution is necessary to assess causality. However, the
most advanced (active and multispectral) sensors are mounted on
polar-orbiting satellites, which allow return times that range
(depending on the sensor footprint) from days to weeks. Humidity
regulates both cloud amount and aerosol optical depth and may be a
non-trivial source of correlation between the two quantities23.
Likewise, the absence of precipitationmeasurements inmany records
makes interpretation of precipitation-mediated correlations between
aerosol and cloud amount ambiguous. A recent field experiment32,
for example, showed (as did others21) that the aerosol, relative
humidity and cloud amount are positively correlated in regions of

More rain

Less cloud-active 
aerosol

Polluted 

Less cloud

More cloud-active
aerosol

Clean 

More cloud

Less rainSmaller drops

Larger drops

t = 10 min t = 20 min t = 30 min t = 40 min t = 50 min t = 60 min

Albedo effect Lifetime effect

Figure 1 | The lifetime (and albedo) effect as originally proposed. In polluted air masses, clouds consist of more droplets that coalesce into raindrops less
effectively, leaving longer-lived clouds (t, time). Here and in Figs 3 and 4, a single cloud is meant to represent the average response of a field of clouds.

REVIEWS NATUREjVol 461j1 October 2009

608
 Macmillan Publishers Limited. All rights reserved©2009

Stevens and Boucher, 2012 (Nature)

“there is something captivating about the idea that fine particulate
matter, suspended almost invisibly in the atmosphere, holds the key to
some of the greatest mysteries of climate science”



one-slide aerosol-cloud (micro-macro) interaction primer

3/30

Stevens and Feingold, 2009 (Nature)

third idea provides the essential link to the radiative forcing of the
climate system. Our exploration of these ideas, and lifetime effects as
a whole, focuses onwarm clouds, as these have historically been at the
centre of the lifetime hypothesis. Many of our findings are, however,
also relevant to emerging studies of lifetime effects in cold or ice-
bearing clouds8,12.

Satellite surveys
Observations of the manifestations of a lifetime effect can be striking.
Photographs of the collapse of clouds in shafts of precipitation that
readily form in aerosol-poor environments are common. Equally
evocative is the apparent transition from low-albedo (open-cellular)
shallow-cumulus cloud regimes to high-albedo (closed-cellular)
stratocumulus cloud regimes as a result of aerosol infusions from
passing ships13. An example of the latter is shown in Fig. 2. Such
features differ from ship tracks (which are often taken as a signature
of the cloud albedo effect)14 because the open-cellular structure in the
low-albedo region is associatedwith regions of precipitation, whereas
the closed-cellular structure in the high-albedo region is usually
observed to be non-precipitating13,15,16.

Large-scale satellite surveys provide a detailed view of the aerosol–
cloud–precipitation system, particularly with the emergence of a new
generation of active remote sensors17. Correlative studies based on the
satellite record have found intriguing relationships between proxies
for cloud-active aerosol and cloud microstructure the senses of
which are consistent with the cloud albedo and lifetime effects. For
example, cloud droplets are on average smaller in the presence of
more aerosol particles. Although evidence of this kind is quite
common, estimates of its global magnitude are sensitive to methodo-
logical details18–21. Cloud fraction also tends to be larger, on average, in
thepresence ofmore aerosol particles20–23. Such correlations have been
taken as evidence in support of a strong cloud lifetime effect, whereby
changes in cloud forcing as large as28Wm22 have been attributed to
lifetime effects on ocean-basin scales22. Global surveys, on the other
hand, suggest somewhat weaker effects, with a radiative forcing of
between 0 and21Wm22 (refs 20, 24).

Some examples of aerosol-induced microphysical changes sup-
pressing the development of precipitation have also been
reported25,26, but a robust demonstration of aerosol suppression of
surface precipitation remains lacking11.

The correlation–causation conundrum
Two lines of argument challenge the interpretation of satellite-
derived correlations between cloud amount and aerosol optical

thickness as evidence in support of a lifetime effect. The first contends
that aerosol–cloud correlations are prone to measurement artefacts
and thus are not reliable. The second contends that to the extent such
correlations are reliable, they can be amply explained by alternative
(and, as argued below, in many cases simpler) ideas21.

The artefact argument is germane because to observe correlations
between clouds and the aerosol, itmust first be possible to distinguish
between them. However, this proves difficult, especially at coarse
resolution and from space. Although cloud-active aerosol particles
differ from cloud droplets thermodynamically, they can be difficult
to distinguish radiatively27,28. Optically thick aerosol layers can often
take on a milky, cloud-like appearance29 and be interpreted as cloud.
Likewise, subvisible cloud layers will by definition be classified as
clear sky by human observers. To the extent that situations with high
aerosol loading are more likely to admit the false detection of clouds,
it is expected that spurious correlations between satellite-based
retrievals of cloud amount and ambient aerosol will be found.

Three-dimensional radiative effects can also introduce measure-
ment artefacts. By conditioning clear-sky measurements on the sun–
satellite geometry and distance from the nearest cloud, recent work
has shown that the scattering of photons from cloud edges can lead to
significant overestimates in retrievals of aerosol optical depths in
cloud-free pixels as far as 15 km away. Because such effects increase
as cloud distance decreases, they can also produce spurious correla-
tions between aerosol optical depth and cloud amount30.

Deficiencies in the data record, and a poor understanding of what
processes regulate the behaviour of cloud regimes, frustrate attempts
to attribute real correlations among the aerosol, clouds and precipi-
tation to lifetime effects. Examples of common deficiencies in the
data record include poor or absent vertical and temporal resolutions
andmissingmeasurements of key variables, such as relative humidity
or even precipitation. Vertical resolution is necessary to assess
whether or not cloud and aerosol layers are intermingled31.
Temporal resolution is necessary to assess causality. However, the
most advanced (active and multispectral) sensors are mounted on
polar-orbiting satellites, which allow return times that range
(depending on the sensor footprint) from days to weeks. Humidity
regulates both cloud amount and aerosol optical depth and may be a
non-trivial source of correlation between the two quantities23.
Likewise, the absence of precipitationmeasurements inmany records
makes interpretation of precipitation-mediated correlations between
aerosol and cloud amount ambiguous. A recent field experiment32,
for example, showed (as did others21) that the aerosol, relative
humidity and cloud amount are positively correlated in regions of

More rain

Less cloud-active 
aerosol

Polluted 

Less cloud

More cloud-active
aerosol

Clean 

More cloud

Less rainSmaller drops

Larger drops

t = 10 min t = 20 min t = 30 min t = 40 min t = 50 min t = 60 min

Albedo effect Lifetime effect

Figure 1 | The lifetime (and albedo) effect as originally proposed. In polluted air masses, clouds consist of more droplets that coalesce into raindrops less
effectively, leaving longer-lived clouds (t, time). Here and in Figs 3 and 4, a single cloud is meant to represent the average response of a field of clouds.

REVIEWS NATUREjVol 461j1 October 2009

608
 Macmillan Publishers Limited. All rights reserved©2009

Stevens and Boucher, 2012 (Nature)

“there is something captivating about the idea that fine particulate
matter, suspended almost invisibly in the atmosphere, holds the key to
some of the greatest mysteries of climate science”



... others captivated by micro-macro interactions

4/30

Prigogine and Stengers 1984

“Much of this book has centered around the relation between the microscopic and the
macroscopic. One of the most important problems in evolutionary theory is the
eventual feedback between macroscopic structures and microscopic events:
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graphical (qualitative) analysis
of a non-linear one-dimensional dynamical system:

ẋ = f (x)
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r : parameter (distinct regimes if positive, negative or zero)
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11/30
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coalescence in the saddle-node bottleneck (sic!)
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Strogatz 2014 (sect. 4.3): coalescence of the fixed points
is associated with a passage through a bottleneck,

key observation: time of passage through the parabolic bottleneck
dominates all other timescales
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activation timescale: analytic vs. numerical
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Arabas & Shima 2017
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RH-coupled system & particle concentration as parameter
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simple moisture budget (const T,p):

ṘH ≈ ρ̇v
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ṘH ≈ ρ̇v

ρvs
= −N 4πρw

3ρvs︸ ︷︷ ︸
α

3r2wṙw
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bifurcations (and catastrophe) in the RH-coupled system
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Prigogine & Stengers 1984

Strogatz 2014

“cusp catastrophe”

 “jumps”, hysteretic behaviour (rw, RH) for small enough N ,
close to equilibrium (slow process)
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significance:

aerosol processing by clouds (aqueous chemistry, coalescence)
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lifting the constant T-p assumptions: parcel model

21/30

vertically displaced (velocity w , hydrostatic background) adiabatic parcel:
(q: mixing ratio, pd: bgnd pressure, ρd bgnd density, g ,lv,cpd: constants) ṗd

Ṫ
ṙw

 =

 −ρdgw
(ṗd/ρd − q̇lv)/cpd

(Deff/ρw)(ρv − ρ◦)/rw



w → 0 (and hence ṗd ≈ 0) i.e., slow, close-to-equilibrium evolution of the
system relevant to fixed-point analysis (by some means pertinent
to formation of non-convective clouds such as fog)

N → 0 (and hence q̇ ≈ 0) i.e., weak coupling between particle size
evolution and ambient thermodynamics (pertinent to the case
of low particle concentration).
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(ṗd/ρd − q̇lv)/cpd

(Deff/ρw)(ρv − ρ◦)/rw
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particle-based µ-physics schemes for LES!
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“information carriers” in LES domain

ab-initio approach:
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attributes:

spatial coordinates
wet radius
dry radius
multiplicity
. . .
chemistry
 Jaruga & Pawlowska 2018

each particle: monodisperse!
each timestep: constant RH!
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pictured: UWyoming WyoCCN instrument

(photo from DYCOMS-II CCN data report by Jeff Snider et al.)
https://www.eol.ucar.edu/projects/dycoms/dm/archive/docs/snider_ccnreadme.pdf

https://www.eol.ucar.edu/projects/dycoms/dm/archive/docs/snider_ccnreadme.pdf
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Wilson & bubble chambers
https://home.cern/about/updates/2015/06/seeing-invisible-event-displays-particle-physics

https://home.cern/about/updates/2015/06/seeing-invisible-event-displays-particle-physics
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CCN (de)activation as a bifurcating dynamical system

flipped Köhler curve as the phase portrait of the system

N-constrainted vapour budget coupling  “non-Köhler” dynamics
(two stable equilibria, hysteresis, cusp, no activation for big N)

analytical results: conditions for hysteretic behaviour, timescales

guidance for numerical scheme design (particle-based µ-physics)

extensions: response to fluctuations, bi-/poly-disperse spectra, ...

applications: CCN instrumentation modelling, non-cloud appl...
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