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Figure 1a:  Schematic Representation of Different Clouds in the GCM
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induces convective downdrafts.



PBL-Clouds Parameterized on the moist convective
Framework of Arakawa-Schubert

Free Atmosphere

Surface Layer

Mixed Layer

1-km

Entrainment

Sunrise                            Noon                                       Sunset



Existing Large Scale
                Cloud
Existing Large Scale Cloud

New Large-Scale
          Cloud

    WARM   AIR

Grid Area Fraction

1.00 fc

R
e
la

tiv
e
 H

u
m

id
ity

1.0

 RH Mean

! fc

Precipitation

A GCM GRID CELL

fc = 1 -  {(1 - Rm) / (1 - Rcrit)}0.5

Land Surface

C
ol

d 
 F

ro
nt

PBL TOP

Rcrit!
R

H
 M

e
a

n

Figure 1C:  Schematic Representation of Stratiform Clouds
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Microphysics of Precipitation

Sundqvist (1988) fitted a function of specific cloud water
substance    ,  and auto conversion parameters,    , and a time constant
Co. It is related to precipitation formation rate RP through    .  The
equation is:

Several scientists (e.g., LeTreut and Li, 1988; Tiedtke, 1993; Del Genio et al.,
1996; and Zhao and Carr, 1997) have used this equation, but there are modifications.
For example, Tiedtke (1993) uses a different formulation for high clouds with
precipitating ice crystals; Del Genio et al. (1996) alters the exponent and includes the
influence of collection of cloud water separately. We have been improving it with
systematic evaluation experiments in SCMs using observational data such as ARM-
CART (SGP).
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TABLE-2
(Sud and Walker, 1999a)

Microphysical Parameters for Radiation

_______________________________________________________________________
PARAMETER UNITS                                     V A L U E S___

               Symbol (s)                                    Land               Ocean
_______________________________________________________________________

     Effective rad., re,  (water)  (mm)                 7.0               10.0
Number Density, N (water)(# cm-3)             170.0   60.0
 Effective rad., re,  (ice)* (mm)                       25.0    25.0
 Number Density, N (ice)*(# cm-3)                  0.06          0.06

______________________________________________________________________
* also from Ou and Liou (1995) & Moss et al. (1996). See  Fig. 2b for details.



Ice Cloud-ice effective and Physical radius as a function of temperature following Oh and Liou
(1995) and Moss and Johnson (1995) as implemented in McRAS (Sud and Walker, 1999).
Number density is a mere calculation for cloud-water substance mixing ratio of 5mg/Kg.

Vast differences in TOA-OLR showed its importance vividly!!!



Microcosm of “Big-Bang” of Precipitation :
Cloud-water to Raindrops Microphysics

Selective Activation Growth by diffusion
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Properties affecting Droplet Growth

Köhler equation
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Khairoutdinov & Kogan (2000) An End-to-End Bulk
Parameterizations for Marine LES Model
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I. CCN Activation and Regeneration (in-cloud)



Some Other well-known Schemes in GCMs
Ulrike Lohmann  “On Cloud Nucleation and Cloud Droplets”

The number concentration of nucleated cloud droplets Nd is parameterized as a
function  of the aerosol number (or mass) concentration Na and lately also in terms of
the vertical velocity w, e.g.:

Nd = w Na /(w + c1 Na),

where c1 is a parameter that depends on the aerosol composition (Ghan et al.,
1993; Lin and Leaitch,

The autoconversion rate (precipitation formation rate in clouds with no ice) as
a function of cloud water content ql and Nd :

Qaut ~ ql
a Nd

b

e.g. a=2.47, b=-1.79 (Khairoutdinov and Kogan, 2000)
a=4.7, b=-3.3 (Beheng, 1994)



Well-Known Schemes in GCMs - continued

Follow Lohmann et al. (1999)  to go convert aerosol mass to aerosol number:
 Density of Organic Carbon (OC) and Black Carbon (BC) = 1000 kg/m3

         Sulfate =1769 kg /m3
         Seasalt = 2000 kg/m3

Over ocean, add in Seasalt for sizes less than 2 mm (size is resolved).

r  for land aerosol = 0.085 mm and r  for ocean aerosol = 0.052 mm

G ultepe, I. and G .A . Isaac, Scale effects on averaging cloud droplet and aerosol num ber concentrations: observations and m odels, J. C lim ate, 12,

1268-1279, 2001.

Lohm ann, U ., J. Feichter, C . C . C huang and J. E. Penner, Predicting the num ber of cloud droplets in the EC H A M  G C M ,

J. G eophys. R es. 104, 9169-9198

Lohm ann, U ., Possible aerosol effects on ice clouds via contact nucleation, J. A tm os. S ci. 5 9 , 6 4 7 -6 5 6 , 2 0 0 2 .
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Implementation of the Standard Aerosol-
Algorithms (Cloud-Aerosol MIP)

1. Algorithms Water Clouds:  Sundqvist versus K&K (2000)
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2.  Doctored Ice Clouds:  Include Sulfate into Ou and Liou, 1995
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Models and Datasets
1. AGCM: fvGCM also known as GEOS-4 GCM 2X2.5X32

sigma-layers.

2. NCAR-Physics but for McRAS Clouds (Sud & Walker,
1999 &2003) and Chou and Suarez (1998) Radiation.

3. Sea-surface Temperatures, vegetation cover,
permanent snow and ice, and sulfate-aerosols are
prescribed as monthly climatology, but are
interpolated on Daily basis.

4. Everything else, e.g., soil moisture vegetation cover,
cloud microphysics are prognostic and interactive.



GOCART-Model Sulfate-aerosol mass concentration Climatology



JJA:  GOCART Sulfate Aerosol Optical Thickness



Design of the experiment

1. Initial Conditions are from a standard climatological SST run
made with the fvGCM-NCAR physics; it is the atmospheric
state on Sept 1, of year 47 of the simulation.

2. For adjustment to new formulation of aerosol-cloud
interactions, we allow 4 month of adjustment and then analyze
5-years from Jan 1, yr 48 to Dec 31, yr 52

3. The aerosol parameterization algorithms were
designed for water clouds (below the freezing
temperature) ; herein, even the ice-clouds have been
modified/doctored to reflect the effect of sulfate-
aerosols.

4. Results are shown in the form of SO4-Anomaly minus control in the 5-
year integration in which climatological SSTs, Vegetation Phenology and
Morphology, permanent snow and ice are prescribed.









It’s percent change





Sulfate Aerosol versus Cloud Water

Sulfates Data : Mian Chin; for the Year 2000
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Nenes and Seinfeld, 20032. Nenes and Seinfeld, 2003



 3. Nenes and Seinfeld, 2003
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4. Nenes and Seinfeld, 2003



5. Nenes and Seinfeld, 2003



6. Nenes and Seinfeld, 2003



7. Nenes and Seinfeld, 2003



8. Nenes and Seinfeld, 2003



10. Nenes’s Formulation, 2003



11.  Nenes Formulation, 2003



Case
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Blocked because Formulation is for water clouds only

Blocked because Formulation is for water clouds only







Conclusions

1. Only sulfate aerosols were chosen to interact with clouds in this semi-
empirical evaluation (AC-MIP recommendation) ; however, we find huge
cloud water differences over North Pacific and Atlantic regions in the
response. This alters the radiation balance, even the cooling in the
polar regions. Regardless of its importance for global
warming, CDNCs and DSDs are potentially important for
reducing a GCMs cloud-radiation interaction biases.

2. The ITCZ and rainfall was also affected in the AC-MIP simulation; over
the polluted subcontinents of India and China, JJA/monsoon rainfall
was reduced. With full feedbacks in a coupled model, the affect is
likely to be much more dramatic. At this time, the changes in the
thermal forcing is so much model-to-model dependant (also
noted in our auto-conversion formulations test), this area
needs far more attention and concerted research than
that afforded/given to it thus far.



Conclusions-Continued
3. Nenes and Seinfeld (2003) aerosol activation is based on first

principles (i.e., without proverbial tuning) . McRAS offers great
promise particularly because McRAS provides sub-grid scale vertical
motion fields and rainfall production microphysics that is prognostic.
We have it fully coupled to McRAS and could easily run
sensitivity experiments.

4. Some of the leading and recently published parameterizations of
CDNCs (including Nenes) still assume DSD/Effective radius. We
propose to infer DSDs from Population Splitting
assumption of Nenes and Köhler’s Equation.

5. Clearly aerosol-ice microphysics has been poorly developed for model-
applications; it must get due attention. Nenes is working on it and
promises to provide its timely inclusion. We hope to continue our
collaboration with Nenes on this very important problem.
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Overview of the
different aerosol
indirect effects*

*influence of natural
and such as dust and
biogenic aerosols and
sea-salts is not depicted
in this illustration

(Lohman et al. 2004)



activation

Warm processes

Droplets

Rain

condensation
collision-coalescence

Drops

sedimentation
washout

coalescence/
breakup

Aerosol

Microphysical Pathways

Cold processes

melting/freezing

sedimentation
washout

Ice crystals

Precipitation

nucleation

graupel snow

collectionriming

collection

freezing/melting

melting/collection







Highlights

1. Both the direct and indirect effects of aerosols can be significant.

2. The indirect effect has the most uncertainty associated to it because
aerosol-cloud coupling has either been ignored or poorly estimated
in almost all GCMs.

3. There is growing body of evidence that inadequate aerosol
treatments can lead to large biases and make our GCMs ill-suited for
predicting anthropogenically forced climate-change.

4. Some preliminary results from GCM and single column model
(SCM) simulations will be shown. Such exercises pave the way
toward reducing the uncertainty in simulating the indirect effect of
aerosols on clouds and cloud-radiative forcing of the simulated
Earth-Atmosphere system.



















JJA:  GOCART Aerosol Optical Thickness (left) cloud-water path
(middle) and condensation heating (right)


