
Cloud microphysics and climate:
progress and prospects

                            Wojciech Grabowski

National Center for Atmospheric Research, Boulder, Colorado



Cloud microphysics and climate:
progress and prospects

(my biased view)

                            Wojciech Grabowski

National Center for Atmospheric Research, Boulder, Colorado



Cloud microphysics and climate:
my suggestions for CMMAP

                            Wojciech Grabowski

National Center for Atmospheric Research, Boulder, Colorado



Thanks:

    Hugh Morrison (ASP/MMM, NCAR)

    Sally McFarlane (PNNL)

    Yaping Li and Ed Zipser (U of Utah)

    Piotr Rasinski (Warsaw University, Poland)



Why is it so hard to simulate the Earth climate system?



Why is it so hard to simulate the Earth climate system?

Because some of the key processes are even not on this diagram….
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The Earth annual and global mean energy budget



CMIP results (GEWEX Newsletter, February 2003)



Why does the cloud microphysics matter?

-impact on radiative fluxes

-development of precipitation (hydrologic cycle)

Changes in atmospheric aerosols affect both:
the indirect effect of aerosols on climate
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What should be CMMAP goal for the cloud microphysics?

Develop capabilities to predict cloud microphysical parameters that
affect development of precipitation and cloud radiative properties
(concentration, phase, shape, etc. of cloud and precipitation
particles)

I would argue that this requires:

-cloud-scale dynamics (hence need for SP and CR-AGCM)

-coupling to the aerosol physics (to predict CCN and IN)

Note: Cloud microphysical parameters are typically used as primary
tuning variables in today’s AGCMs.
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Kinematic (prescribed-flow) model of microphysical
processes in Stratocumulus (2D: x-z)

Vertical velocity Horizontal velocity
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Run up to quasi-steady-state is obtained (typically couple hours)… Piotr Rasinski (Warsaw University)



Cloud water (after 3hrs)
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Piotr Rasinski (Warsaw University)



Cloud droplet (r < 20 microns) number concentration
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Piotr Rasinski (Warsaw University)



Drizzle (r > 25 microns) mixing ratio

Maritime (clean)                                             Continental (polluted)

Piotr Rasinski (Warsaw University)
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Radiative-convective quasi-equilibrium
 mimicking planetary energy budget

using a cloud-resolving model
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Grabowski, J. Climate (in press)



Conclusions:
• An idealized convective-radiative quasi-equilibrium mimics observed mean
   energy and water fluxes across Earth’s atmosphere to within 10 W m-2.

• Indirect aerosol effect is dominated by the 1st effect:
   - mean cloud optical depth of water clouds changes by factor of 3:
     2 comes from mean effective radius; 1.5 from mean LWP.

• No impact on the hydrologic cycle:
   - highlights the difference between “single cloud” and “cloud ensemble”
      approaches to investigate the indirect effects of aerosols on climate.

• Assumptions about microphysical transformations during entrainment
   and mixing for shallow Cu are critical for the 1st indirect effect:
   - the same TOA albedo and surface net solar flux in PRISTINE with
      homogeneous mixing as in POLLUTED with extremely inhomogeneous

mixing.





Blyth and Latham JAS 1991
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McFarlane et al.,
JGR D, 2002



Remotely sensed data from ARM Tropical Western Pacific
Nauru site (1 month of data; S. McFarlane, PNL)
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Remotely sensed data
from ARM Tropical
Western Pacific Nauru
site (1 month of data; S.
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Fresh nucleation during entrainment and
mixing is a significant source of new
droplets

This is the only way one can explain the
much slower increase with height of the
mean volume radius (and thus the
effective radius) of cloud droplets
compared to the adiabatic one in
cumulus clouds

This has important implications for the
representation of the effective radius in
traditional parameterizations…
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11-12 August 1999 KWAJEX
Mesoscale Convective System (MCS)

The KWAJEX 
(Kwajalein Experiment) 
took place over the 
central tropical 
Pacific Ocean 
during 23 July-15 Sept. 1999

2024 Z 11 Aug. - 0624 Z 12 Aug.

Large system with good
radar observations

Evolved from a highly 
convective state (2030UCT) to 
stratiform state (0230 UTC)  

Li, Zipser, Krueger, and Zulauf; AMS Cloud Physics Conference, Madison, 2006



radar observation

CCFAD of simulated and observed
radar reflectivity

Contoured cumulative frequency
by altitude diagram (CCFAD)
of model simulated reflecitivity

10  --- 90%

99, 99.9,99.99%
Model simulation

Li, Zipser, Krueger, and Zulauf; AMS Cloud Physics Conference, Madison, 2006



Differences between simulated and 
observed radar reflectivity

Δ dBZ < 2 dBZ

Δ dBZ ~ 5 - 13 dBZ

What causes 
such a big 
difference?

Difference

Li, Zipser, Krueger, and Zulauf; AMS Cloud Physics Conference, Madison, 2006



Time-height maximum simulated
graupel mixing ratio

Maximum value > 8 g/kg

The extreme graupel mixing ratio is quite possibly the reason
for the extremely high simulated radar reflectivity

Li, Zipser, Krueger, and Zulauf; AMS Cloud Physics Conference, Madison, 2006

NB: Similar conclusion in Blossey et al. (JAS, submitted)



Rutledge and Hobbs, JAS 1984
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Most schemes used today include the logic of “cloud ice-snow-
graupel-hail” to represent ice processes.

Such a logic follows approaches proposed 20+ years ago
(Rutledge and Hobbs, Lin et al.) that transplanted ideas from
warm-rain microphysics into ice physics. Does it make sense?

Not really!

-For warm rain, clear separation does exist between cloud water
and drizzle/rain; for ice, the boundaries are not obvious and
usually gradual transitions from one category to another take
place.

-For warm rain, cloud water grows by diffusion of water vapor,
drizzle/rain forms through collision/coalescence; for ice, both
diffusional and accretional growth contribute to the growth;
partitioning between the two mechanisms sets up key
microphysical parameters (particle density, sedimentation
velocity, etc).

-The ice scheme should produce various types of ice (cloud ice,
snow, graupel) just by the physics of particle growth;
partitioning ice particles a priori into separate categories
introduces unphysical “conversion rates” and involves
“threshold behavior” for various parameters (e.g.,
sedimentation velocity).

-



Two-momonet warm rain scheme:



Two-momonet warm rain scheme combined with two-and-a-half moment ice scheme:



Key features:

The scheme tracks the two growth mechanisms: by diffusion and by
accretion (riming) which change q for a given N. Partitioning ice
particle mass between that acquired by diffusion and by accretion is
the key feature, absent from all schemes available today.

Growth by aggregation is directly included (changes of N, but not q).

Sedimentation velocity varies gradually depending on particle mass
[(qa+qd)/N] and partitioning between diffusional (qd) and accretional
(qa) growth.

Physics is the same for ice A and ice B (i. e., equations of growth,
formulation of the sedimentation velocity, etc).

Various ice classes (“cloud ice”, “snow”, “graupel”, “hail”) can be
defined from the model output. For instance, “cloud ice”- small ice
crystals grown by diffusion; “snow” – large ice crystals with limited
riming; “graupel” – large ice crystals with a lot of riming.



Important practical advantages:

The scheme highlights ice nucleation mechanisms, a
very uncertain aspect of ice physics, as an essential
feature of the model;

Optical properties of various forms of ice (e.g.,
effective radius; the asymmetry factor) can be better
represented for the radiative transfer.





Conclusions:

Two-moment cloud microphysics scheme (i.e., the scheme
predicting mass and concentration of various cloud and
hydrometeor particles) is a promising approach for CRMs, SP-
AGCMs, and CR-AGCMs.

Warm-rain two-moment scheme seems to mimic a detailed
microphysics when applied to Sc and shallow Cu.

Formulation of the effective radius for warm convective clouds is
still uncertain. Robust parameterizations are needed.

Current parameterizations of ice microphysics are questionable,
especially when applied to assess indirect effects. A concept of a
new physically-based two-moment three-variable approach (“a two-
and-a half moment scheme”) is proposed.
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