
Broadening of adiabatic droplet spectra through eddy hopping:
Polluted versus pristine environments

Wojciech W. Grabowski,

with Kamal Kant Chandrakar and Hugh Morrison

NSF NCAR, Boulder, Colorado, USA

This material is based upon work supported by the National Center for Atmospheric Research, which is a 
major facility sponsored by the National Science Foundation under Cooperative Agreement No. 1852977.

submitted to JAS



Width of the cloud droplet spectrum in warm clouds is an 
important parameter.

It affects transfer of solar radiation through a cloud 
and collision/coalescence that leads to rain formation…

Effective radius re:              Gravitational droplet collisions:



droplets of the same size 
at the initial height

droplets of different sizes 
at the final height
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Observed and/or simulated adiabatic droplet spectra in different CCN environments:

Fitzgerald, PhD dis., 1972: comparison between observed and simulated droplet spectra (sic!)

Jensen et al. J. Atmos. Sci., 1985: CCOPE project: observed (and simulated) droplet spectra

Miles et al. J. Atmos. Sci., 2000: database of observed stratus cloud droplet size distributions

Brenguier and Chaumat, J. Atmos. Sci., 2001, adiabatic broadening theory and observations

Yum and Hudson Atmos. Res. 2005: observed and simulated droplet spectra from several projects

Pawlowska et al. Geophys. Res. Let., 2006: observed droplet spectra from ACE2 field project

Prabha et al. J. Geophys. Res., 2012: observed droplet spectra from CAIPEEX field project

Chandrakar et al. Proc. Nat. Ac. Sci. 2016: Pi chamber observations

Thomas et al. JAMES: 2019: Pi chamber observations and simulations

Grabowski J. Atmos. Sci., 2020: Pi chamber simulations with monodisperse dry CCN

Grabowski et al. J. Atmos. Sci., 2024: Pi chamber simulations with CCN distribution

Chandrakar et al. J. Atmos. Sci. 2020, 2021, 2022: cumulus congestus simulations

Grabowski et al. J. Atmos. Sci 2025: 1D model of eddy hopping with superdroplets

Brenguier?



(Jensen et al. JAS 1985)

observed, 
adiabatic fraction 
AF ≈ 1; σr=1.3 μm 

observed, AF ≈ 0.8; 
σr=1.8 μm 

observed, AF ≈ 0.8; 
σr=1.3 μm 

calculated adiabatic 
spectrum; σr=0.1 μm 

observed,  AF ≈ 1; 
bimodal

Observed close-to-adiabatic cloud droplet spectra in a cumulus averaged over ~100 m 
(1 Hz, FSSP data) around 1 km above the cloud base:
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Observed close-to-adiabatic cloud droplet spectra in a cumulus averaged over ~100 m 
(1 Hz, FSSP data) around 1 km above the cloud base:

FSSP instru
mental 

broadening?



Observed close-to-adiabatic cloud droplet spectra in stratocumulus  
averaged over ~10m (10 Hz, Fast FSSP; Pawlowska et al. GRL 2006):

“almost adiabatic”

droplet concentration
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Yum and Hudson Atmos. Res. 2005
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Yum and Hudson Atmos. Res. 2005

Adiabatic 
parcel 

simulations
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projects

Larger values in observations (but instrumental uncertainty).
Opposite trends in observations and adiabatic parcel simulations? 
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200 cm-3

2000 cm-3

Grabowski et al. J. Atmos. Sci. 2022

Adiabatic parcel simulations with different updrafts: larger widths in polluted cases 



Simulations: Grabowski et al. J. Atmos. Sci. 2024: dry CCN distributions

Observations: Chandrakar et al. Proc. Nat. Ac .Sci. 2016: monodisperse dry CCN

Pi chamber (Michigan Tech. U.) observations and simulations 

Smaller widths in polluted cases in both observations and simulations: the impact of turbulence? 

diameter

radius



Simulations: Grabowski et al. J. Atmos. Sci. 2024: dry CCN distributions

Observations: Chandrakar et al. Proc. Nat. Ac .Sci. 2016: monodisperse dry CCN

Pi chamber (Michigan Tech. U.) observations and simulations 

Smaller widths in polluted cases in both observations and simulations: the impact of turbulence? 

diameter
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Can small-scale cloud turbulence explain the width of the 
droplet spectra in undiluted cloudy volumes?



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

The two papers that started it all. Other followed… 

JAS 2001

JAS 2002

10 cm



Several subsequent studies 
pursued this line of research…

(see a review in Grabowski JAS 2025)

no sedimentation

no droplet inertia

Vaillancourt et al. JAS 2002



DNS-type studies do not really 
help understanding broadening 

droplet spectra in adiabatic 
volumes of natural clouds…





Lasher-Trapp et al. (2005) used an elaborate scheme to calculate individual 
droplet growth along their trajectories through a turbulent cloud.

This is not needed when cloud model applies Lagrangian particle-based 
microphysics because each superdroplet follows its own trajectory.

However, high spatial resolution is needed to appropriately simulate  the 
impact of cloud turbulence on the droplet growth.

blue - low 
multiplicity
red - high 
multiplicity

Grabowski et al. BAMS 2019



Chandrakar et 
al. JAS 2021

Trajectories of selected “super-droplets” arriving at a given location (different in right 
and left panels) above the cloud base. Example of “eddy hopping” at the cloud scale…

Can “eddy hopping” in a turbulent cloud lead to the spectral width increase even 
if there is no cloud dilution (i.e., adiabatic fraction close to 1)? 

3D cloud simulations applying Lagrangian particle-base 
methodology, the superdroplet method (Shima et al.)



Adiabatic droplet spectra in 3D cloud simulation with polluted dry CCN 
distributions versus adiabatic parcels:
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No turbulence: each superdroplet grows in exactly the same supersaturation S  

With turbulence: in addition to mean S, each superdroplet experiences turbulence-driven S’     



Spectra at 1.5 km height from 1D Eulerian-Lagrangian simulations without 
and with effects of cloud turbulence (based on 3D simulation conditions).



Using the 1D Eulerian-Lagrangian framework, we address two questions:

How to understand larger spectral widths in observations 
when compared to adiabatic parcel simulations?

How to understand what seems to be opposite polluted vs pristine 
trends in observations and adiabatic parcel simulations?



Using the 1D Eulerian-Lagrangian framework, we address two questions:

How to understand larger spectral widths in observations 
when compared to adiabatic parcel simulations?

How to understand what seems to be opposite polluted vs pristine 
trends in observations and adiabatic parcel simulations?

The answer to both questions: 

Impact of cloud turbulence on formation and growth of cloud droplets!
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No turbulence:

1.5 km deep 1D domain, 300 grid points, constant updraft of 1, 2, and 4 m s-1 
dz = 5 m, dt = 0.1 sec (sub-stepping for droplet growth)

1D advection: MPDATA scheme (Smolarkiewicz et al.)
inflow – constant in time
outflow – unimportant     

Superdroplets (SDs): 
- 100 CCN bins (5-500 nm), each bin with 32 SDs per grid volume 

(total 963,200 SDs)
- SDs randomly positioned at onset

with initial radius at equilibrium with local supersaturation
- SDs advected with the mean updraft

- SDs moved to the bottom grid volume when leaving top of the domain
with radius reset to the initial radius

- all SDs within a given grid volume grow in the same supersaturation S(qv ,T)



With turbulence: 



Adding turbulence:

Each SD grows in the supersaturation 
that comes from the combination of the mean S(qv ,T) 

and fluctuations S’ driven by the stochastic model

Stochastic model parameters similar to 3D cloud simulation:

mean TKE dissipation 𝛆 = 10 cm2 s-3

L (integral length scale): 240 m

Height-dependent phase relaxation time 𝜏  the same for all SDs
(derived from turbulence-free simulation)

vertical velocity standard deviation ~0.5 m s-1 
turbulence integral time scale 𝜏* ~ 240 s

the same for all simulations



Bimodal dry CCN 
distributions:

pristine 
versus

polluted



Dry CCN distributions:
pristine 
versus

polluted



WITHOUT TURBULENCE



WITHOUT TURBULENCE



ADDING TURBULENCE
we need information about the phase relaxation time 



ADDING TURBULENCE
we need information about the phase relaxation time 

For the quasi-equilibrium 
supersaturation:

Sqe = a1 t  w

sS = a1 t  sw 

sw = 0.54 m sec-1 is the vertical 
velocity standard deviation 



WITH TURBULENCE



WITH TURBULENCE



WITH TURBULENCEWITHOUT TURBULENCE
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WITH TURBULENCEWITHOUT TURBULENCE

Results for all dry CCN distributions



WITH TURBULENCEWITHOUT TURBULENCE

Results for all dry CCN distributions

the same CCN, different updrafts



WITH TURBULENCEWITHOUT TURBULENCE

Results for all dry CCN distributions

different CCN, the same updrafts



WITH TURBULENCEWITHOUT TURBULENCE

Results for all dry CCN distributions



Results for all dry CCN distributions



WITH TURBULENCEWITHOUT TURBULENCE

Spectral width tends to 
increase with droplet 

concentration

Spectral width tends to 
decrease with droplet 

concentration



Where the reversal comes from?
Pristine clouds feature longer phase relaxation time 

and thus larger supersaturation fluctuations!

For the quasi-equilibrium 
supersaturation:

Sqe = a1 t  w

sS = a1 t  sw 

sw = 0.54 m sec-1 is the 
vertical velocity variance 



How to understand larger spectral widths in observations 
when compared to adiabatic parcel simulations?

How to understand opposite trends in observations 
and adiabatic parcel simulations?

The answer to both questions: 

Cloud turbulence impact on formation and growth of cloud droplets!

Is there a support for this claim in 3D cloud simulations? 



3D cloud model
1D updraft model
without turbulence

1D updraft model
with turbulence



The same 3D high-res 3D simulation



Similar 3D lower-resolution 
cloud simulations with different 

dry CCN spectra: pristine to 
polluted conditions



Summary:

In agreement with previous studies, adiabatic spectra 
without turbulence are typically narrow. Polluted 

CCN result in wider adiabatic droplet spectra. 

With turbulence, droplet spectra simulated by the 
idealized 1D adiabatic Eulerian – Lagrangian vertical 

air current are wider, especially in pristine 
conditions. This agrees with observations of natural 

clouds and with observations and numerical 
simulations of turbulent laboratory clouds.

Larger turbulence impact in pristine conditions is 
explained by a longer phase relaxation time that 

implies larger turbulent supersaturation fluctuations 
for the same turbulent vertical velocity fluctuations.


