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water sustained near the cloud top due to smoke and urban water sustained near the cloud top due to smoke and urban 
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processes because of high CCN would have more freezing of cloud processes because of high CCN would have more freezing of cloud 
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and enhancing the growth of large hail  and cold rain processes.and enhancing the growth of large hail  and cold rain processes.
Koren et al. [2005] examined cloud properties derived from the 
Moderate Resolution Imaging Spectroradiometer (MODIS) and 
found strong evidence that aerosols from pollution, desert dust and 
biomass burning systematically invigorate convective clouds over
the Atlantic Ocean.
Andreae et al. [2004] analyzed in situ observation during LBA-
SMOCC (the Large-Scale Biosphere-Atmosphere Experiment in 
Amazonia-Smoke, Aerosols, Clouds, Rainfall, and Climate) campaign 
and found that increases in smoke and surface heat due to biomass 
burning tend to lead to higher cloud top heights and the 
enhancement of cold rain processes over the Amazon basin.





ModelModel
The model used in this study is the 2-D version of the
Goddard Cumulus Ensemble (GCE) model. 

The spectral bin microphysics used in the GCE
model were developed by Khain et al. [2000], Khain et
al. [2004], and Khain et al. [2005].

The formulation is based on solving stochastic kinetic 
equations for the size distribution functions of water 
droplets (cloud droplets and raindrops),
and six types of ice particles: pristine ice crystals
(columnar and plate-like), snow (dendrites and 
aggregates), graupel, and frozen drops/hail. 



The spectral bin microphysics includes the following
processes: 
(1) nucleation of droplets and ice particles
(2) immersion freezing 
(3) ice multiplication
(4) detailed melting 
(5) condensation/evaporation of liquid drops 
(6) deposition/sublimation of ice particles
(7) drop/drop, drop/ice, and ice/ice collision/coalescence
(8) turbulence effects on liquid drop collisions and 
(9) collisional breakup. 

This model is specially designed to take into account the 
effect of atmospheric aerosols on cloud development
and precipitation formation.



• a tropical oceanic squall system observed during TOGA COARE 
(Tropical Ocean and Global Atmosphere Coupled Ocean-Atmosphere 
Response Experiment,

• a midlatitude continental squall system observed during PRESTORM 
(Preliminary Regional Experiment for STORM-Central,

• a midafternoon convection observed during CRYSTAL-FACE (Cirrus 
Regional Study of Tropical Anvils and Cirrus Layers–Florida Area 
Cumulus Experiment)

CASES Mesoscale Convective System



Extremely Unstable Extremely Unstable 3500 + 3500 + 
Very UnstableVery Unstable25002500--35003500
Moderately UnstableModerately Unstable10001000--25002500
Marginally UnstableMarginally Unstable00--10001000
StableStable0 0 

Convective Convective 
potentialpotentialCAPE valueCAPE value

CAPE represents the amount of buoyant energy available 
to accelerate a parcel vertically, or the amount of work a 
parcel does on the environment. The higher the CAPE 
value, the more energy available to foster storm growth. 
CAPE is especially important when air parcels are able to 
reach the Layer of Free Convection (LFC).
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Figure 2. model-
estimated domain
mean surface 
rainfall rate 
The solid (dashed) 
line represents 
clean (dirty) 
conditions.



Precipitation efficiency (PE) is an important physical parameter for measuring 
the interaction between convection and its environment.

PE = (P- L)/P,

When total evaporation and sublimation are very small, PE will be close 
to 1. Smaller PE generally indicates more evaporation/
sublimation (i.e., during the decaying or less active stage of
clouds/cloud systems). The PEs of cloud systems in drier
environments (e.g., PRESTORM and CRYSTAL-FACE)
are generally smaller than those in moist environments
(e.g., TOGA COARE).



The maximum
vertical velocity is stronger 
in PRESTORM than in both
TOGA COARE and 
CRYSTAL because 
PRESTORM has
the largest CAPE. 

Williams et al. [2002] 
suggested that
updraft strength would be 
stronger in a dirty 
environment.

Figure 3



All three cases produce more light rain in the
dirty environment. However, over the entire 9-h simulation,
only the PRESTORM case maintains this characteristic.



Turning off the ice
processes

microphysical processes :
(1) condensation/evaporation of liquid drops,
(2) drop/drop collision/coalescence,
(3) turbulence effects on liquid drop collisions, 
(4) collisional breakup,
(5) sedimentation of liquid. 
These warm rain only sensitivity tests still allow 
condensation to occur above the freezing level, 
replacing the deposition.



Rainfall 
enhancement









Comparison With Previous Modeling Studies



PRESTORM case
* The model dynamics (i.e., advection scheme and 
subgridscale turbulence) and setup (i.e., domain size, grid 
spacing, convective triggering) and lateral boundary condition 
used by Khain et al. [2005] and the present study are quite
different.
* The initial clouds (prior to the formation of secondary 
clouds or a squall line) produced more precipitation in the 
low-CCN case, in good agreement with the present study. 
The enhanced precipitation (dP = 258%) in the high-CCN 
case is due to the formation of the squall line during the 4 h 
of model integration time.
* With high CCN, Khain et al. [2005] were able to simulate a 
squall line for their PRESTORM case; with low CCN, they
simulated a short-lived convective system rather than the
observed squall line. 



Comparison With Previous Modeling 
Studies : Discussioniscussion

Wang [2005] used a 3-D CRM with a two-moment bulk microphysical scheme to 
examine the aerosol impact on a convective system that developed in the ITCZ. 
His results showed that a high initial CCN concentration could produce stronger 
convection, more condensed cloud water mass, enhanced microphysical 
conversions, and more surface rainfall.

Differing dimensionalities, microphysical schemes, lateral 
boundary conditions (cyclic versus radiative open), and 
tropical cases (initial conditions) could explain the differences 
between the model results.

Wang [2005] indicated that there are three processes by which 
precipitation is increased in tropical deep convection because of high CCN: 
(1) enhanced convective strength due to stronger and more latent heat
release; (2) the dominant role of ice phase microphysics in rain
production; and (3) greatly increased total water content in small liquid 
particles.





SummarySummary
For all three cases, higher CCN produces smaller cloud 
droplets delay rain formation latent heat release  
vertical velocities 

In all cases, rain reaches the ground early with lower 
CCN. Rain suppression, however, only occurs during the 
first hour of simulation.

During the mature stage of the simulations, the effect of 
increasing aerosol concentration ranges from rain 
suppression in the PRESTORM case to little effect on 
surface rainfall in the CRYSTAL-FACE case to rain 
enhancement in the TOGA COARE case.

The model results suggest that evaporative cooling is a 
key process in determining whether higher CCN reduces 
or enhances precipitation.



ContCont’’ SummarySummary
Most previous modeling results found that high CCN 
concentrations could suppress or enhance precipitation 
processes. These results show the complexity of aerosol 
interactions with convection.
In almost all cloud resolving modeling studies idealized or 
composite CCN concentrations were used in the model 
simulations.
The chemistry of CCN needs to be considered in future 
modeling of aerosol-precipitation interactions.
Some of the CRM domains were too small to resolve the 
observed clouds or precipitation Systems. It may require 
major field campaigns to gather the data necessary to both 
initialize (with meteorological and aerosol) and validate (i.e.,
in situ cloud property observations, radar, lidar, and 
microwave remote sensing) the models.
CRMs are neither regional nor global models and can only 
simulate clouds and cloud systems over a relatively small 
domain.
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