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● Motivation: Cloud Microphysics in Weather and Climate
● Cloud MACROphysics and Condensation across scales
● What is cloud microphysics? How does it work in CESM?

○ Types of cloud microphysical schemes
○ Description of Morrison-Gettelman scheme
○ Important processes and interactions
○ Numerical Considerations
○ Evaluation with observations

● Summary: Uncertainties and Frontiers
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Cloud Microphysics Kills!



Clouds and Weather

• Clouds are responsible 
for most severe weather

• Tornadoes, 
Thunderstorms, Hail, 
Tropical Cyclones

• Critical processes 
depend on cloud 
microphysics 
(Thunderstorms, Hail, 
even Tornadoes)



Cloud Radiative Effects are Large



Clouds = Largest Uncertainty in Climate Feedbacks  
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Spanning Scales 
10-6m --> 106m
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Scales and parameterization

• OK: processes separated from the grid scale
• Statistical (empirical) treatments often work:  represent 

small scale uniquely with state of large scale

•  Problems: When the scales get close together
• Example: representation of moist convection, or cloud 

dynamics in general
• Convective equilibrium is a large scale process

• Key issue: proper representation of sub-grid 
variability



Cloud ‘Macrophysics’ & Sub-Grid Variability 

• Generalized way to deal with small scales

• Not all processes assume uniform grid cell state

• Some processes are highly non-linear, so 
‘sub-grid’ variability is assumed

• Cloud Macrophysics = condensation of water 
• Simple if all scales resolved
• Need to deal with sub-grid variability for most 

applications.
• Used by microphysics and radiation



Sub-Grid Humidity and Clouds



Sub-Grid Humidity and Clouds

Another way of 
looking at the PDF



‘Sub-Grid’ in different scale models

What is resolved at different scales?
• Global Scale (15-400km)

• Example: Resolve ‘synoptic’ systems and the 
general circulation

• Regional/Mesoscale (0.5-20km)

• ‘LES’ scale (10m – 200m)

• Turbulence (1-50m)



Cloud Macrophysical Approaches

• Explicit: Grid scale macrophysics  (up to 3-5km!)
• The atmosphere is not significantly supersaturated w.r.t. 

liquid (ever) 
• Still parameterizations for ice processes (ice 

supersaturation)

• Fractional Cloudiness
• Clouds form before grid reaches 100% supersaturation
• Analytic distributions: Box or Triangular PDF

• Complex treatments: PDF schemes
• Multivariate PDFs or Higher Order Closure (e.g. CLUBB)
• Predict higher order moments (multivariate PDF) of θl & w 
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Essence of Cloud Microphysics
• Define the evolution of condensed water phases 

(liquid and ice)
• Includes: 

• phase determination
• Distribution of drop and crystal sizes
• Evolution and of these species

• Inputs
• Atmospheric State (humidity)
• Cloud macrophysics (large scale condensation)
• Dynamics (vertical velocity)

• Outputs
• Definitions and tendencies for condensed phase.



Types of Microphysical Schemes
•

•

•



Ultimate Schematic
• 6 class, 2 moment scheme

• Seifert and Behang 2001

• Processes
• Maybe a matrix better?

• Break down by processes



Cloud Microphysical Processes: Rain
Evaporation and condensation of cloud 
droplets usually parameterized by 
saturation adjustment scheme. 

Autoconversion is an artificial process introduced 
by the separation of cloud droplets and rain. 
Parameterization of the process is difficult and 
uncertain.

Evaporation of raindrops is very important in 
convective systems. Determines the strength of the cold 
pool. Parameterization difficult, since evaporation is very 
size dependent.

Even for the warm rain processes a lot of things are 
unknown: effects of mixing / entrainment on the cloud 
droplet distribution, effects of turbulence on coalescence, 
coalescence efficiencies, collisional breakup or the 
details of the nucleation process. 



Cloud Microphysical Process Interactions
Conversion processes, (e.g. snow to 
graupel conversion by riming), are difficult 
to parameterize but important in convective 
clouds. 

For frozen phases (snow, ice, graupel) 
particle properties like particle density 
and fall speeds are important parameters.  
Density may vary.

Aggregation processes assume certain 
collision and sticking efficiencies, which are 
not well known.

Most schemes do not include detailed  hail 
processes like wet growth, partial melting or 
shedding 

The so-called ice multiplication (or Hallet-Mossop 
process) may be very important, but is still not well 
understood



 Collision-Coalescence Processes
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• Clouds are inhomogeneous
• Particles feel surrounding humidity

• What is the variance above the ‘micro’ scale?

• Condensation and other transformations 
depend on state, depend on small scale 
variance

• In the atmosphere: updrafts produce rapid 
adiabatic cooling that leads to condensation



Hogan and Illingworth, 2003, JAS

100
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Description of CAM6 Microphysics

• Gettelman and Morrison 2015 (MG2)
• Derivative of Morrison et al 2005 WRF scheme

• MG2 = identical to M2005 for liquid

• Bulk 2-Moment 4-class scheme
• Mass and number
• Liquid, Ice, Rain, Snow
• Takes in state, activated number of aerosols
• Prognostic rain, snow
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q = mixing ratio
N = number concentration
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Microphysical 
Process Rates



Auto-conversion (Ac) & Accretion (Kc)

•
•



Autoconversion and Accretion & Sub Grid

•
•
•

σ



Observing co-variance of cloud & rain

• Observe cloud/rain from 
satellites (CloudSat)

• Calculate variance, mean and 
normalized variance (v) or 
homogenaiety

• Yields observational estimate of 
Ac & Au enhancement factors



Enhancement Factors

•

•

•



Ice Supersaturation

Sorted by CLDF < 0.7Cloudy 
points



Numerical considerations: Sedimentation

Figure: maximum timestep 
for satisfying CFL condition 
with different updraft 
speeds and fall speeds for 
rain (5m/s)

Control for this in 
microphysics (sub-steps)

GCM timesteps are long (1800s)
• If rain falls at 1-5 m/s, then in 1 timestep it crosses several levels
• CFL problem for sedimentation



Numerical considerations: clipping
• Can also ‘run out of water’ with long timesteps
• Process rates are non-linear: lots of condensation means 

more autoconversion
• Shorter timesteps yield a different solution



Numerical considerations: coupling
Similar issues occur with condensation itself, and 
coupling with macrophysics



Evaluation with Observations

• Global Evaluations of Cloud Microphysics 
• Mostly satellite based. Still issues with Satellite date

• Local Evaluations of Cloud Microphysics (In Situ): 
• How to compare a global model to individual 

observations?
• Climatology: Ice microphysics
• Individual Flight comparisons (HIPPO)



Evaluation v. Satellites 
•
• . 

CAM6

CAM6

Obs

Obs



Ice Supersaturation Frequency

CAM6 Obs



Satellite Super-cooled Liquid



Supercooled liquid
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Interactions with Aerosols



Interactions with Aerosols



Aerosol Cloud Interactions
• Scattering & Absorption = Direct effects

• Beijing picture

• Aerosol – Cloud – Interactions (ACI)

+Aerosols --> +CCN --> +Nc  --> ΔCRE



‘Volcanic Tracks’



Microphysics affected by aerosols

• Activation of aerosols control drop number
• Drop number impacts autoconversion and 

accretion, radiation
• This affects precipitation, cloud lifetime and 

cloud water
• “Aerosol Cloud Interactions”

• Highly uncertain…



Climate Forcing
Aerosol Cloud Interactions are the largest uncertainty in 
Climate forcing



Aerosol Forcing: Present – Preindustrial 
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Interactions with Radiation: Liquid

•

• τ
β

• τ

•
•



Aside: observing cloud microphysics

• Satellites observe τ in some wavelength 
(even active sensors)

• τ is a non-unique function of N, LWP.

• To determine cloud microphyiscs (N, LWP), need to 
make an assumption. 

• Better: IR more sensitive to N, microwave more 
sensitive to LWP

• Still large uncertainties (even for liquid) 



Interactions with Radiation: Ice

• Ice is more complicated

• It’s not spherical: different ‘habits’ 
have different optical properties

• Ice clouds are typically a collection 
of habits

• Impacts optics (absorption, 
scattering), also sedimentation



Bulk Approach
• Only total mass of aerosol compounds are represented
• No information on particle number or size – assume size distribution for 

radiative transfer and response of cloud properties to aerosols
• Most numerically efficient of all the approaches (fewest number of 

species to keep track of)

16-year Mean Surface Concentration

from Ginoux et al. EMS, 2004



Modal Approach
• Represents the size by a discrete number of log-normal distributions
• Number of modes usually hard-coded into the model
• Modes smoother than observed distributions
• Numerical efficient – suitable for AQ and climate models
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Sectional Approach
• Represents the size distribution by a discrete number of size bins
• More flexible than modal approach – better represents size
• Need a large number of bins to represent observed distributions
• Numerical more expensive - suitable for AQ models and research studies
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Explicit Approach
• Represents the size distribution by explicitly simulating each particle in a 

population of particles.  Need to simulate thousands of particles.
• More flexible than both modal and sectional approaches
• Numerically expensive-suitable for research studies (e.g. box modeling)
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Summary
• Microphysics describes what happens to condensed phase in clouds

• Input:  state, condensation (macrophysics/turbulence), aerosols

• Output: precipitation, detailed size distributions (for radiation code)

• Morrison Gettelman =  bulk 2-moment scheme (mass, number)

• It is coupled to an aerosol activation scheme so aerosols affect 
cloud drop number concentrations

• Aerosol Scheme is a 4 mode Modal Aerosol Model (MAM)


