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A stratocumulus cloud deck

upon how low clouds may change in response to increases
in greenhouse gases (e.g., Bony and Dufresne 2005) and
changes in the anthropogenic contribution to aerosol
loading (see Lohmann and Feichter 2005, for a recent
review). This increasingly necessitates observational pro-
grams that can couple the small-scale processes critical to
cloud formation with the atmospheric general circulation
(Brenguier and Wood 2009; Wood et al. 2011b).

This review seeks to summarize our current state of
knowledge about stratocumulus clouds with a focus upon
what we have learned from observations and process mod-
els about their climatological distribution, key elements
of their structure and dynamics, and their microphysical

properties. Particular emphasis is placed upon the inter-
actions among key processes, in particular the importance of
internal feedbacks within the stratocumulus system, and the
interactions between microphysics, radiation, turbulence,
and entrainment. It may also be useful here to mention what
this review does not include. We do not include a detailed
discussion of the hierarchy of numerical modeling ap-
proaches for understanding stratocumulus clouds, nor do we
discuss the way in which these clouds are parameterized in
large-scale numerical models. Chemistry–cloud interactions
are important and interesting but are not treated here.

This review is organized as follows. Section 2 provides
an overview of the climatology of stratocumulus, including

FIG. 1. Satellite imagery demonstrating the tremendous wealth of form for stratocumulus
clouds on the mesoscale. (left) A 250-m resolution visible reflectance image (l 5 0.65 mm) taken
at 1235 UTC 7 Apr 2001 using the MODIS over the northeast Atlantic Ocean (note the Azores
and Canary Islands). (top-right inset) A higher resolution (15 m) visible image (l 5 0.8 mm)
taken at approximately the same time using the Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER). (bottom-right inset) Detail from the main image.

FIG. 2. Schematic showing the key processes occurring in the stratocumulus-topped boundary
layer.
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Aerosol-Cloud Interaction Constructs

• Albedo effect (cloud brightening)
• More aerosol à brighter clouds (all else equal)

• ‘Lifetime effect’ (cloud liquid water adjustments)
• More aerosol, reduced coalescence , increased liquid water à brighter clouds

• Aerosol affects multiple processes in this complex system
(entrainment, evaporation, solar heating) 
• Feedbacks
• Buffering

• The value of case studies
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Broadening our Knowledge of ACI in Sc

Gaps
• Generality: beyond case studies

• Large ensembles
• New analysis approaches

• Role of aerosol-meteorological co-variability

• Comparison with observations
• Comparing model and observations in state-spaces of interest
• Routine LES alongside routine ground-based measurements at similar scales
• Aircraft (in-situ ‘truth’ but how statistically representative?)
• Satellite-based (huge statistics but limited # of geophysical variables, and scale 

mismatches)
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Comparing Models and Observations in the 
Albedo - Cloud Fraction State Space
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Preferred states in LWP-Nd space

rcrt = 12µm
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Figure 1. Temporal evolution (hours 2-12) of 159 LES with varying initial conditions (see text) in an LWP-N state space, colored by fraction

of rain water path (RWP) to the total liquid water path (LWP). Individual simulations are indicated by gray lines and start at the location of

gray circles. The dashed blue line corresponds to an adiabatic volume-mean droplet radius at cloud top of 12µm (adiabatic condensation

rate � = 2.5 · 10�6 kgm�4). Together with the solid blue line, it defines the quadrants labelled Q1 to Q4. Red letters indicate trajectories

discussed in the main text.
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Emulators of an ensemble of LES

LES

Glassmeier et al. (2019)

The emulator is a statistical representation of our LES. It provides a proxy model of the 
relationship between a set of uncertain inputs and an output of interest

Emulator of rCRE in LWP; Nd space, based on 120 LES
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Emulation of rates: dLWP/dt

Entrainment      Radiation   Total changes     

Hoffmann et al. (2020)

EEF isoline: Evap-entrainment feedback:

SEF isoline: Sed-entrainment feedback isoline for 10 µm drop

Precip loss

Evap loss

Rates determined by mixed-layer model equations using LES output

LWP, g m-2

r =12 µmr =12 µm



Liquid water adjustments

Glassmeier et al. (2021, Science)
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LWP adjustments become more negative with time

Glassmeier et al. (2021)
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LWP adjustments become more negative with time
• Ship tracks are short-lived (~ 7 h)
• Short term adjustments reflect meteorological co-variability, not adjustment
• They are not representative of climatological LWP adjustments

Glassmeier et al. (2021)
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Summary Points

• Compare models to observations in meaningful geophysical 
variable state-space: 
(A; fc); (LWP, N)
• Demonstrated the use of large ensembles of LES and emulators to 

bridge between case studies and broader system behavior
• Emulator captures key outputs of LES
• Connect emulator landscape to processes 

• Liquid water adjustments in non-precipitating Sc have a time 
dependence (tadj ~ 20 h)
• Contrast to very short adjustment timescales for albedo effect

• Liquid water adjustments from ship-tracks do not reflect climatological 
adjustments
à ship track studies overestimate climatological cooling
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