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Why is it so hard to simulate the Earth climate system?
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Because some of the key processes are even not on this diagram….



Kiehl and Trenberth, BAMS 1997
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Modeling moist processes in the atmosphere:

Gas dynamics for the air with moisture (i.e., 
containing water vapor, suspended small cloud 
particles, falling larger precipitation particles); 

Thermodynamics for the air containing water 
vapor (i.e., phase changes, latent heating, etc).



Gas dynamics for moist air:
Water vapor is a minor constituent: 

mass loading is typically smaller than 1%; thermodynamic properties (e.g., 
specific heats etc) only slightly modified;

Suspended small particles (cloud droplets, cloud ice): 

mass loading is typically smaller than a few tenths of 1%, particles are much 
smaller than the smallest scale of the flow; multiphase approach is not required 

Precipitation (raindrops, snowflakes, graupel, hail): 

mass loading can reach a few %, particles are larger than the smallest scale of 
the flow; multiphase approach needed only for very-small-scale modeling (e.g., 
DNS).



In the spirit of the 
Boussinesq approximation, 
moisture and condensate 
affect gas dynamics 
equations only though the 
buoyancy term



T, q and Q –
thermodynamics 
(and much more!)



Thermodynamics:
Moist air is treated as a perfect gas

Phase changes lead to the release of latent heat and 
formation of condensed (liquid or solid) phase of the 
water substance (cloud droplets, raindrops, ice crystals, 
snow, etc)

Condensed phase is treated as continuous medium, i.e., 
described as density (of cloud droplets, raindrops, etc).

In practice, variables most often used to describe water 
vapor and condensate are not densities, but mixing 
ratios, i.e., densities normalized by the air density.

















Modeling of indirect effects in Stratocumulus

Stevens et al., 2006 , MWR



Kinematic (prescribed-flow) model of microphysical 
processes in Stratocumulus (2D: x-z)
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Run up to quasi-steady-state is obtained (typically couple hours)…
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Maritime (clean)                                             Continental (polluted)



Supersaturation (after 3hrs)
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Cloud droplet (r < 20 microns) number concentration
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Cloud droplet (r < 20 microns) mean radius
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Drizzle (r > 25 microns) mixing ratio
Maritime (clean)                                             Continental (polluted)



Drizzle (r > 25 microns) mean radius
Maritime (clean)                                             Continental (polluted)



Comments:

-Bulk warm rain microphysics is a relatively straightforward and computationally 
efficient approach (just 2 variables for the condensed water);

-Problems begin for shallow clouds when microphysical details decide whether 
precipitation develops or not (e.g., stratocumulus, shallow convection);

-When coupled to the radiative transfer, information about cloud droplet size is 
needed; bulk warm rain model is not able to provide this;

-Detailed (bin-resolved) microphysics solves the above two problems, but it is very 
expensive (~100 extra variables) and still leaves some issues (discussed later);

-A reasonable compromise is to predict both the mass and the number of particles 
(thus, 4 variables used for the condensed water); “two-moment bulk microphysics 
schemes”.



p-T phase 
equilibrium diagram 
for water substance



Ice processes:
Three main problems:



Ice processes:
Three main problems: ice initiation, ice initiation, and ice initiation;

(primary, secondary)



Ice processes:
Three main problems: ice initiation, ice initiation, and ice initiation;

(primary, secondary)

Equilibrium approach possible only in special cases (e.g., deep convection), 
questionable in shallow clouds (like arctic Scu);

Unlike warm-rain microphysics, where cloud droplets and rain/drizzle 
drops are well separated in the radius space, growth of ice phase is 
continuous in size/mass space. Both diffusional and acretional growth 
important;

Complexity of ice crystal shapes (“habits”).



Equilibrium approach
(simple extension of a 
warm-rain scheme)



Non-equilibrium
approach

Lin et al. 1983
Rutledge and Hobbs 1984



Rutledge and Hobbs, JAS 1984



Kiehl and Trenberth, BAMS 1997



Radiative-convective quasi-equilibrium
mimicking planetary energy budget 

using a cloud-resolving model 
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Numerical model:

Dynamics: 2D super-parameterization model 
(Grabowski 2001) with simple bulk microphysics (warm-
rain plus ice; Grabowski 1998)

Radiation: NCAR’s Community Climate System Model 
(CCSM) (Kiehl et al 1994) in  the Independent Column 
Approximation (ICA) mode 

100 columns (∆x=2km) and 61 levels (stretched; 12 
levels below 2 km; top at 24 km)



How do dynamic and radiation transfer models communicate?

Dynamics provides profiles of temperature, moisture, 
and cloud properties in each model column 
(condensate mixing ratios, optical properties of cloud 
particles - effective radii1 of cloud droplets and ice 
crystals in particular)

Radiation calculates radiative fluxes based on solar 
input, surface characteristics, and properties within 
the column; divergence of solar and longwave fluxes 
are fed to the dynamics

1 – effective radius is the ratio between the third and the second 
moments of droplet/ice crystal size distribution



Effective radius for ice particles…

This formula is used in all simulations (i.e., no indirect impact on ice particles).



Effective radius for water droplets…



Shallow convective 
clouds are strongly 
diluted by entrainment

Siebesma et al. JAS 2003



Bulk mixing between cloudy and cloud-free air 
(adiabatic, isobaric)

What is wrong with this picture?



Homogeneous mixing: 

all droplets are exposed to the same conditions 
during mixing

Extremely inhomogeneous mixing: 

some droplets evaporate completely, the rest 
does not change size at all



Simulations of decaying moist turbulence (final stages of cloud entrainment)
Andrejczuk et al., JAS, 2004
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(both cloud and 
clear air)
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Microphysical transformations during cloud-clear air mixing (Andrejczuk et al. JAS 2004)

HOMOGENEOUS MIXING

E
X

T
R

E
M

E
L

Y
 IN

H
O

M
O

G
E

N
E

O
U

S 
M

IX
IN

G

r-N 
diagram





1st and 2nd indirect effects of water clouds in a 
cloud-resolving model:

““pristine”pristine” ““polluted”polluted”
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1st effect: a simple parameterization of the effective radius 

2nd effect: Berry’s parameterization of the conversion from cloud 
water to rain



Model simulations:
100 per cc versus 1,000 per cc
Mixing:

- homogeneous (h)
- extremely inhomogeneous (ei)
- between “h” and “ei” (the same

changes in N and r3 (rN)

Each simulation run for 120 days, results averaged 
over the last 60 days



Homogeneous mixing (droplet concentration the same everywhere…)



1st indirect effect

1st indirect effect

2nd indirect effect



Key results:
1. Water and energy fluxes surprisingly similar to Kiehl &Trenberth
(1997)!

2. Insignificant effects on longwave fluxes, surface sensible and 
latent heat fluxes (no 2nd indirect effect)! 

3. Significant impact on solar radiation: changes in “planetary”
albedo and surface energy budget:

Clean                                Polluted                   
100 per cc                        1000 per cc

Surface energy           h        rN ei h          rN ei

budget (W/m2)          -2       10        17                -23       -12         -2

4. The 1st indirect effect (Twomey effect) can be offset by assumptions 
about mixing!



But…

- dynamic model is 2D,
- microphysics is extremely simple, 
- clouds are under-resolved (especially shallow 

convection), 
- radiative transfer is 2D…



Assumptions about spatial variability of effective radius in warm 
convective clouds seem to impact the surface energy budget at a 
level comparable to the 1st indirect effect itself.

This conclusion comes from low-spatial resolution 2D model and 
two-stream independent column radiation transfer model. LES-type 
simulations applying 3D radiative transfer are needed.

Combination of in-situ aircraft and ground-based remote sensing 
observations, together with laboratory studies and numerical 
modeling should provide sufficient data to develop useful 
parameterizations of microphysical properties of shallow 
convective clouds.



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

Because some of the key processes are even not on this diagram….



Conclusions:

Cloud microphysics is one of key elements of climate and 
climate change.

Cloud microphysics is tightly coupled to cloud dynamics; 
super-parameterization was proposed to provide a better 
framework for the cloud microphysics in the clouds-in-
climate problem.

Lower tropospheric clouds are especially important 
because of their strong impact on solar radiation reaching 
the surface and small impact on longwave radiation. Their 
microphysical properties are critical.
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