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CER – cloud effective radius; AI – aerosol index, AI ~ AOD x AE – aerosol optical depth x Angstrom exponent 

liquid water path (LWP) of 
100 g m-2 corresponds to a 
100 m deep cloud with 
water content of 1 g m-3 
(about 1 g kg-1 at low 
levels as the air density is 
around1 kg m-3)…
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Subin Jose (personal communication)  
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Effective radius is different from the mean volume radius, but…

Mean volume radius in highly polluted shallow (LWP < 100 g m-2) 
warm clouds is likely just a few microns. Can the spectral width 

increase it so much?



L – liquid water content
N – droplet concentration
(L/N)1/3 ~ mean volume radius

re – effective radius

Pontikis and Hicks GRL 1992



For a monodisperse droplet spectrum re = rmv: effective radius = mean volume radius
For a very wide spectrum, re  unlikely exceeds 2 rmv

Conclusion: re unlikely to be over 10 microns for extremely polluted clouds…



?

Effective radius is different from the mean volume radius, but…

Mean volume radius in highly polluted shallow (LWP < 100 g m-2) 
warm clouds is likely just a few microns. Can the spectral width 

increase it so much?
Not likely…
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How is it possible to have larger droplets for more polluted clouds?



How is that possible?
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weak updraft, 
polluted clouds…
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Simulations applying CCN observed over India (Gani et al. ACP 2020)

Total concentration:          47,000             5,035

Concentration (cm-3)        24,500             2,870
in 20 to 500 nm range:

60 CCN bins, equally spaced in log scale between 20 and 500 nm

Parameters for CCN two-mode 
lognormal distributions



T – temperature
qv – water vapor mixing ratio
w – updraft speed (1 m s-1)

C – condensation rate

g = 9.81 ms-2 – gravitational acceleration
Lv = 2.5x106 J/kg - latent heat of condensation

p – environmental air pressure
ρ0 – environmental air density (1 kg m-3)

r – droplet radius
S – supersaturation (S = qv/qvs -1)
A = 0.9152x10-10 m2 s-1

r0 = 1.86 μm

Seq =

Adiabatic parcel simulations as in Grabowski and Pawlowska (GRL 2023):

Run simulations with CASE1 and CASE2 aerosols with different updrafts, 
0.25, 1, and 4 m s-1, and compare results.



Adiabatic parcel simulations as in Grabowski and Pawlowska (GRL 2023)

effective radius: ratio of the third and second moments of the droplet size distribution
is the key parameter for the radiative transfer; this is what is “observed” by satellites…



Adiabatic parcel simulations as in Grabowski and Pawlowska (GRL 2023)

Larger vertical velocity implies higher cloud base supersaturation and thus higher concentration 
of cloud droplets; this gives smaller mean radius and thus smaller effective radius… 



Adiabatic parcel simulations as in Grabowski and Pawlowska (GRL 2023)

CASE1 has smaller effective radii than CASE2 for the same vertical velocity:
this agrees with the Twomey effect!



Adiabatic parcel simulations as in Grabowski and Pawlowska (GRL 2023)

CASE1 weak updraft has larger effective radius than CASE2 strong updraft:
Does this explain reversed Twomey effect? Unlikely…



Effective radius at height z is combined 
with LWP (vertical integral of cloud 
water content) below the height z.
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300 m 500 m 700 m

activation radius

droplet radius

black thick line: parcel supersaturation S
green/blue/red lines – equilibrium supersaturation Seq



300 m 500 m 700 m

unactivated CCN: either interstitial (small CCN)
 

or large CCN that cannot reach activation radius
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cloud droplets 
(activated CCN)
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activated and then 
deactivated  CCN



60 CCN bins 600 CCN bins



Evaporation of some already activated droplets leads to no 
reversal of the Twomey effect in adiabatic parcel simulations. 

What about a more realistic simulation framework?

Kinematic (prescribed flow) simulation allows a range of updrafts 
at the cloud base. Let us try that…



2D prescribed flow model with superdroplets mimicking a stratocumulus cloud:
1.5 x 1.5 km2 domain, about 1 m/s maximum updraft, about 1 g/kg cloud water near the top;

5/15 m vertical/horizontal grid length, 60 superdroplets per grid box;
condensation/evaporation only;

run for 2 hours that is sufficient to achieve approximate steady state.



Kinematic model results after 2 hours

potential temperature (K) water vapor mixing ratio (g/kg) cloud water mixing ratio (g/kg)

Noise in the figures comes from stochasticity of the super-droplet (SD) transport in 
the physical space: with 60 SDs, standard deviation of the number of SDs per grid 

volume is about sqrt(60) or about 8, that is, 13%...



updraft
downdraft

Mean saturation profiles near the center of the updraft and downdraft
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Droplet radius versus dry CCN radius near the center of updraft and downdraft 
for CASE1 and CASE2.



Effective radius at height z is combined with LWP (vertical 
integral of cloud water content) below the height z.

Horizontally-averaged over all model columns.
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LWP



No reversal of the Twomey effect in kinematic flow simulations either…

What about 3D cloud field simulations?
These include physical processes excluded in previous simulations, 

entrainment and mixing in particular…

CM1 cloud model with Shima’s SDM
BOMEX setup, 100 m horizontal 40 m vertical grid lengths

CASE1 and CASE2 CCN



close to 800 citations…



Simulations applying CCN observed over India (Gani et al. ACP 2020)

Total concentration:          47,000             5,035

Concentration (cm-3)        24,500             2,870
in 20 to 500 nm range:

Subin: explain the micro setup: number of SDS, range of dry CCN radius, etc…
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Snapshots of the cloud field in CASE and CASE2 simulations… 



evolution of horizontally-averaged effective radius at each model height 
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no reversal of the Twomey effect…



How to reconcile satellite observations with model simulations?



How to reconcile satellite observations with model simulations?

1. An obvious suggestion: not all aerosols are CCN.

If all aerosols are CCN, one expects results like in CASE 1. But if only fraction 
are CCN, then the outcome might be as for CASE 2, that is, larger effective radii. 

with aerosol distribution as in CASE1.



dust is likely insoluble, 
that is, it is not CCN.

what is “other”?
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Possible explanation?
Over land: significant fraction of aerosols are insoluble, hence not CCN.

Over ocean: these are coated with sea salt and thus can act as CCN.



How to reconcile satellite observations with model simulations?

2. For droplet concentration of over 10,000 cm-3, equations we solve 
may not be valid…



model grid volume

Macroscopic approach: mean thermodynamic conditions 
– supersaturation in particular – applied to all droplets…

<T>, <qv>, S=S(<T>, <qv>) 



moisture flux

temperature flux

molecular transport



moisture flux

temperature flux

molecular transport

Molecular transport takes place 
over a distance of ~10 droplet 
radii, say, about 100 microns.

With droplet concentrations in the 
range of 50 to 2,000 cm-3, the 

mean distance between droplets is 
between 1.7 and 0.5 mm.

But what about higher droplet 
concentrations, for instance, in 

extremely polluted environments?



JAS, 2001

Calculation of droplets growth within an adiabatic volume carrying 
cloud droplets and rising with a constant vertical velocity… 



moisture flux

temperature flux

molecular transport

Rd - droplet radius

R – radius of the sphere 
representing mean volume 
occupied by a single droplet

Macroscopic equations over 
the volume with radius R:

=

Wm = 1 m/s



moisture flux

temperature flux

Rd - droplet radius

R – radius of the sphere 
representing mean volume 
occupied by a single droplet

Microscopic equations over 
the volume with radius R:

w = 1 m/s



Vaillancourt et al. JAS 2001

microscopic at r = R

macroscopic

concentration: ~250 cm-3



microscopic at r = R

macroscopic

concentration: ~250,000 cm-3

Larger differences, but probably not making our approach invalid…



Summary:

Microphysical explanation for the reversed Twomey effect, the competition 
between smaller and larger CCN/droplets during activation, does not seem to 
work. Although observations of the reversed Twomey effect remain uncertain, 

one should not reject its presence based on microphysical arguments only.

A simple explanation of the reverse Twomey effect is that not all aerosols that 
make larger aerosol index in polluted conditions are CCN. Detailed  aerosol 

observations in heavily polluted environments are needed. 

Other explanations have been suggested in the literature, like the “radiative 
pathway”, that is, changing the atmospheric stability through solar radiation 

absorption within the polluted atmosphere and thus affecting cloud process. It is 
unclear how this might work as one explanation offered in the literature (e.g., 

Khatri et al. Nature/Scientific Reports 2022) involve complicated and uncertain 
logic. More modeling is needed to provide a scientifically robust explanation. 




