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Cloud droplets grow by the diffusion of water vapor (i.e., 
by condensation) and by collision/coalescence. 

For both growth mechanisms, cloud turbulence and cloud 
dilution (“entrainment”) plays a significant and still poorly 
understood role.

For gravitational collisions, width of the droplet 
spectrum grown by diffusion is the key…

The width of the droplet spectrum also affects the 
amount of solar radiation reflected back to space
by clouds... 
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Tellus, 1955

Cumulus clouds are heterogeneous and on average strongly diluted...



Tellus, 1955

Cumulus clouds are heterogeneous and on average strongly diluted...
turbulent laboratory jet



(Jensen et al. JAS 1985)
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Observed cloud droplet spectra averaged over ~100m:



Can small-scale turbulence explain the width of the 
droplet spectra in (almost) undiluted cloudy volumes? 



DNS simulations with sedimenting droplets growing by the diffusion of water vapor
for conditions relevant to cloud physics (ε=160 cm2s-3)
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Vaillancourt et al. JAS 2002



Main conclusion: small-scale turbulence has a very 
small effect… 

Vaillancourt et al. JAS 2002



What about those DNS limitations?

Argument: if Re increases (i.e., the range of 
scales involved increases), can supersaturation 
fluctuation increase as well?



Lanotte et al. JAS 2009
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Lanotte et al. JAS 2009

Natural clouds feature 
Reλ ~ 104, then
σR

2 ~ 100 μm2 !



What about those DNS limitations?

Argument: if Re increases (i.e., the range of 
scales involved increases), can supersaturation 
fluctuation increase as well?

Yes, but only to some point…
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dS
dt

= αw −
S
τ qe

τ qe ~ 1sec

dS
dt

≡ 0→ Sqe = αwτ qe

The brake on supersaturation fluctuations:

Politovich and Cooper, JAS 1988

For eddies with time-scale larger 
than τqe, S is limited to Sqe !!!



So within a uniform cloud (e.g., the adiabatic core), 
small-scale fluctuations of the supersaturation are 
likely have a small effect. 

But what about the impact of larger eddies, meters 
and tens of meters?



The key idea: droplets observed in a single location within 
a turbulent cloud arrive along variety of air trajectories…



Eddy-hopping mechanism  (Grabowski and Wang ARFM 2013)

Droplets observed in a single location 
within a turbulent cloud arrive along 
variety of air trajectories:

- large scales are needed to provide 
different droplet activation/growth histories;

- small scales needed to allow hopping 
from one large eddy to another.

[see also Sidin et al. (Phys. Fluids 2009) for idealized 
2D synthetic turbulence simulations]





Lasher-Trapp et al. QJRMS 2005

2 min 5 min

11 min8 min 11 min

First, run a traditional Eulerian fluid dynamics cloud model…

Δ = 50 m



Lasher-Trapp et al. QJRMS 2005

2 min ~5 min

~6 min ~10 min8.5 min

…second, run backward ensemble of trajectories from a selected point…



La
sh

er
-T

ra
pp

 e
t a

l. 
Q

JR
M

S 
20

05

…third, calculate activation and growth of cloud droplets along trajectories.



This is really nice to illustrate the role of eddy hopping for the 
spectral broadening, but the method is cumbersome and thus not 
practical.

Is there any other methodology that would work better?



Lagrangian treatment of the condensed phase!
aka “Lagrangian Cloud Model”, “Super-droplet method”…





The simplest model of cloud processes: the adiabatic parcel

Grabowski and Abade, 2017: Broadening of cloud droplet spectra through eddy hopping: 
Turbulent adiabatic parcel simulations. J. Atmos. Sci.  74, 1485-1493.



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 pressure
ρ0 – environmental 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

Cloud droplets (super-droplets; a sample of real droplets)
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mean radius

supersaturation



Spectrum of cloud droplets at t = 1000 s:

σ = 0.3 μm



Turbulent adiabatic parcel model: adiabatic 
parcel as before, but now assumed to be filled 
with homogeneous isotropic turbulence.

Two parameters determining the turbulence:

1) dissipation rate of TKE, ε
2) scale (extent) of the parcel, L



turbulent kinetic 
energy, E

integral time 
scale, τ





Important note: phase relaxation time is the same for all droplets. 
Hence, additional factors that may increase the impact 

(e.g., droplet concentration heterogeneities) are excluded…

Supersaturation fluctuation S’ (on top of the mean S) 
experienced by each superdroplet:

i – superdroplet index



- Gaussian random number drawn every time step
- model time step

Vertical velocity perturbation w’ is assumed to be a random stationary 
processes and it is evolved in time as:

τ – turbulence integral time scale

E - turbulent kinetic energy
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mean radius

supersaturation

L = 50 m, ε = 50 cm2 s-3

2 x standard deviation of S’
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L = 50 m, ε = 50 cm2 s-3no turbulence



L = 50 m, ε = 50 cm2 s-3

Spectrum of cloud droplets at t = 1000 s:



σ = 0.3 μm

σ = 1.1 μm

L = 50 m, ε = 50 cm2 s-3

No turbulence



Spectral width and mean radius at t = 1000s as a function 
of L (m) for various dissipation rates (cm2 s-3)

DNS LES dissipation 
rate (cm2 s-3)



Abade, Grabowski, and Pawlowska JAS 2018 (in press)





Arabas and Shima, NPG 2017
Abade, Grabowski, and Pawlowska JAS 2018 (in press)

Stochastic activation and deactivation



Stochastic activation and deactivation









L = 50 m, ε = 100 cm2 s-3
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L = 50 m, ε = 100 cm2 s-3



fast versus slow microphysics:

L = 50 m, ε = 100 cm2 s-3



Summary and outlook:

Eddy-hopping mechanism plays a significant 
role in widening the droplet size distribution 
even for a homogeneous turbulent volume 
provided the the volume is large enough (i.e., 
L larger than several meters).

Since typical grid lengths in LES cloud simulations are a few 10s of 
meters, the impact of eddy hoping on the droplet spectrum needs to be 
included. This is straightforward when the super-droplet method is 
used, but difficult (impossible?) for traditional Eulerian LES models.

Even stronger effect is simulated 
when entrainment and mixing is 
considered in an entraining 
turbulent parcel model.

L = 50 m, ε = 100 cm2 s-3


