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Why do we study cloud

microphysics?

A matter of scales

Interactions
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Interactions

» Interaction with radiation
Scattering of light, absorption of thermal radiation

Indirect effects
» Thermal interaction

Redistribution of heat and moisture
» Hydrological interaction

Rain formation
» Chemical interactions

Removal and generation of aerosols and gases
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Interaction with radiation — aerosol indirect
effect

Effect of Ship Exhaust Aerosols on Clouds

- Albedo depends on
S o/ cloud optical thickness.
Cloud optical thickness
depends on cloud
microphysics — spectrum
of cloud particles.
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Pockets of open cells: aerosol-cloud-
precipitation interaction

-
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What is cloud microphysics?




Cloud is a medium composed of water and/or ice
particles immersed in a field of water vapor

Description of formation and evolution of cloud particles
is 2 main goal of what is called ‘cloud microphysics’

Spatial coordinates, sizes, and/or shapes of each cloud
particle at any instant of time would provide the most
exhaustive information on a cloud
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Sizes of cloud particles

Aerosol

10-° 10-6 10-3 10! diameter (m)



Sizes of cloud particles

Ice crystals Snow flakes Hail

Cloud droplets Drizzle droplets Rain drops
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diameter (Um)

diameter (m)
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_ How Do They
typical cloud

droplet 0 Compare In Size?

10 um

| um
typical @ H
condensation
nucleus

100 um

tip-top of a typical
raindrop

| mm ...,

Cloud particles are divided according to their sizes (diameter):
»Cloud droplets: 1-30 um

»Drizzle drops: 30 — 600 um

»Rain drops: > 600 um

This division reflects processes involved in those particle’s formation.



Cloud droplets, drizzle, rain drops
Concentration, size, distance between drops

Cloud droplets: N=125 cm-
V=1 cmj ’
r=10 um
d=2 mm
o > r= I O !J,m
| cm e e e e

A

2 mm

Drizzle drops: N=0.I-1 cm3
r=100 um
| cm d~ | cm

A

Rain drops: N=1 dcm-3
r=1000 um=1 mm
d=10 cm
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Hailstone... record

The largest recorded hailstone in the United States by diameter 8 inches (20 cm) and
weight 1.93 pounds (0.88 kg). The hailstone fell in Vivian, South Dakota on July 23, 2010.

Raindrop, r= | mm

Image: NOAA




How to describe cloud

microphysical properties?

Particle size distribution (PSD)

Moments of PSD (concentration, mean radius, mean volume
radius...)

Integrated cloud characteristics (liquid water path, cloud
optical thickness)
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Spatial coordinates, sizes, and/or shapes
of each cloud particle at any instant of
time provide the most exhaustive
information on a cloud.

Is position of any single cloud particle
important for description of cloud
microphysics?

Because any identical cloud won’t happen
any more.

For description of populations of cloud’s
particles we need to define distribution
functions.



Warm clouds




Cloud processes span over wide ranges of
scales

» Lower limit:
» cloud droplets sizes — micrometers
» distance between cloud droplets — milimeters, centimeters

Investigation of cloud processes in such scales in natural clouds is very
difficult if not impossible

» Upper limit:

» cloud macroscale — hundreds of meters to tens or hundreds of
kilometers

Characterization of clouds in macroscale is a challenge because
» it should reflect mean cloud properties and

» it should reproduce well their global radiative and/or dynamical
properties



Particle size distribution (PSD)

Particle size distribution (particle spectrum) provides information of
a number of particles of a given size in a given volume of a cloud.

(N, r.) —-number of particles, N. (¢cm™), in a unit volume having
radius r, (Um).
The most often N. is a number of particles having radii in a bin size

(rj, r+Ar).
n, = N./ Ar, is particle number density (cm= pum™).

For many purposes the particle density function is expressed by a
continuous analytical function n(r), where

n(r)dr is the number of particles in the infinitesimal size interval
(r,r+dr).

In fact (n, r,) is also a continuous size distribution.
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Cloud microphysical parameters

Mj = Zrij N; = jrjn(r)dr jth moment of the particle size distribution

Name of Application
parameter

concentration

M, mean radius

r=1m .
N
M, mean surface 1 Y2 Extinction [m-'] Ot = Qo INF.
o . =| — M2

radius S N
M, mean volume 1 % Liquid water content | \WC = fﬂ-pWNr\f

radius r, =(_|\/|3j 3

N Mixing ratio q="we/

M, No name Radar reflectivity Z < Mg
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Effective radius

A parameter used to define optical properties (aerosol, cloud particles)

Liquid water content

rv3 LWC = ﬂﬂ'pw N rv3 — rv3 — 3LWC
=% 2 Py
S
Extinction
(o)
Oext = QeafNIS = 1) = ﬁ

Effective radius links cloud microphysical properties with cloud optical
properties

_3QuLWC
“ 4, T
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Integrated cloud characteristics

htop
LWP = j LWC -dh

hpase

27176
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re (Micron)

Effective radius (r.) versus mean volume
radius (r,)

16

14

12

10 -

ACE2, fr9720, N=50 cm™>

Fa =T
re = 0.99%r, + 0.71

(ry/re)® = k = 0.90

.....
....
i

6 3

ry (micron)

10

12

14

16



re (Micron)

Effective radius (r.)versus mean volume
radius (r,)

ACE2, fr9730, N=250 cm™3
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Microphysics processes

Warm rain processes

lce processes




Warm cloud processes

- Heterogeneous nucleation, activation

- Condensational growth

- Rain formation




Warm cloud processes
aerosol-cloud-precipitation

Heterogeneous Diffusional growth; Rain
nucleation; condensational growth CCN washout
CCN activation Collision/coalescence

Drizzle formation

32/76



Warm cloud processes

A driz@e
”
Condensational growth + 2 o
.. Collision and coalescence
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droplets
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Droplet activation; cloud condensation
nuclei

» Activation - process by which droplets (several microns
in size) are formed (or activated) from primarily
submicron particles; also called heterogeneous nucleation
or just nucleation

Process illustrates the conditions required for growth to
droplets

The approach used assumes that this formation is an
equilibrium process

» Cloud condensation nuclei (CCN) — those particles
which have large enough radii and enough solute content
to activate to particles at a prescribed supersaturation
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Saturation equilibrium over droplets

Supersaturation = (ele - 1) [%]
=)

Radius of droplet (LLm)

Curvature term / Kelvin term ~I/r
surface tension effect over curved surface
Woater vapor is oversaturated; S~I/r

» £ T

' ol o

Effect of decrease of saturation
equilibrium due to the presence of

“Solvent . Z> Nonvolatile

molecules solute
molecules



Activation — Kohler curves

W ater vapor supersaturation [%s]
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The activation of CCN is fairly
accurately described by the
theory developed by Kohler in
the first quarter of the twentieth
century .

Curvature term / Kelvin term

3
3

S(r,T,B) :exp(A(T)— E;j
r r
20 /
pIRvT

B depends on chemical composition

Sollute term / Raoult term



Activation — Kohler curves

W ater vapor supersaturation [%s]
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For not too small droplets a good
aproximation of saturation is
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Activation — where it happens ?

Droplets tend to originate at cloud base where an updraught typically produces a
peak in the supersaturation.

CCN activation is generally confined to the first 30-50 m above the cloud base
except in vigorous convective clouds with vertical velocities of order of 10 m/s, where the
supersaturation can reach levels higher than |%.

The peak value of the supersaturation determines the fraction of
that are activated

depends on the supersaturation and

_depends on the

» Clouds growing in a continental or polluted environment typically show higher
droplet concentrations than those growing in a marine or pristine environment
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How many of the aerosol are activated?
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Figure 3: Parameterized and simulated maximum supersaturation and (bottom) number fraction activated as functions of
updraft velocity for a single lognormal aerosol mode with N, = 1000 cm™3, number mode radius = 0.05 ym, geometric
standard deviation = 2, and composition of ammonium sulfate. Curves show different parametrization methods.
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How many of the aerosol are activated?
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Figure 4. As in Figure 3, but as a function of aerosol number concentration for a fixed updraft velocity of 0.5 m s™'. The
baseline number concentration is 1000 cm™,
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How many of the aerosol are activated?
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Second Aerosol Characterization
Experiment (ACE2)

Cloud divided into 5 layers.
Cloud droplet concentration reflects fairly well the activation process at the cloud
base.
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Warm cloud processes

A driz@e
”
Condensational growth + o
. Collision and coalescence
collision and coalescence
~
'
Condensational growth ™~ cloud \\\
droplets
P
Activation \ % rain
A\
) A
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I'd
0,l | 10 100 1000 um
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Condensational growth

>

Activated droplets grow by vapor
diffusion (D, — diffusivity)

ar_Dy (s —pis)

dt rp

-~
~
Sa

Ps,

With the help of the ideal gas law, the
equation may be written in terms of the
saturation vapor pressure

or 10, () 108 (g ATIE)
dt rR,Tp r R, Tp, r r

For large enough drops the curvature and sollute corrections for the
supersaturation vapor pressure are neglected
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Condensational growth

Ps, 0

» As water vapor molecules condense on the
droplet’s surface, latent heat is released, which
warms the growing droplet. The equation for
condensational growth takes the form:

dr 1 S-1 A
- F (T)= ad
dt rFy+F, KT

A 1] Ry (T)=RP
R,T D,e_(T)

F, depends on the vapor diffusivity,
F, depends on the thermal conductivity

The growth rate is primarily determined by the degree of

supersaturation.
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47176 Figures: Brenguier and Chaumat, JAS 2001



radius (micron)

20
45
40
33
30
25
20
15
10

condensational growth

| S=0,05% _
L s=0.5% 1 dr?
>0 ar’ _oe(s-1)
- 1 dt
i Tr=yr2+2c(s-1)t
I |s=0,05%
i _—4C=682u%"
0 10 20 30 40 30 60

time (min)

In realistic cloud conditions, growth by water-vapor diffusion seldom produces

droplets with radii close to 20 um because of the low magnitude of the

supersaturation field and the time available for the growth (~103s; 17 min).
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Warm cloud processes

A drizKIe

v

Condensational growth +
collision and coalescence
~

'Collision and coalescence

v

droplets




Collisions

» Collisions may occur through differential
response of the droplets to gravitational,
electrical, or aerodynamics forces

Gravitational effects dominate in clouds: large

droplets fall faster then smaller ones, overtaking L #)
and capturing a fraction of those lying in their path C

©

Small droplets can also be swept aside

If drops have the same size, no overtaking or
collision
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Coalescence, collection efficiency

» Collision does not guarantee coalescence.
» For drops smaller than 100 um the most probable types of
interactions are :
they may bounce apart
they may coalesce and remain permanently united

» The ratio of the number of coalescences to the number of
collisions is called the coalescence efficiency

» The growth of the drop by the collision-coalescence
process is governed by the collection efficiency, which is
the product of collision efficiency and coalescence
efficiency
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Gravitational collision-coalescence

% The textbook explanation of
rain formation in ice-free
clouds: gravitational collision-

larger droplets coalescence...
fall and collide
with smaller

ones, For this mechanism to be
coalescing into

< even larger efficient the differential fall
Shrps spead has to be large.....




Cloud particle fall speed

Fallspeed, m s’
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Collision efficiency for the grav1tat1ona1 case
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Condensational growth
Collision-coalescence (accretion) growth

55/7

Gravitational collisions between cloud droplets
are effective when the droplet radius reaches

approximately 40 Lm
0.05
é"
&
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Figure 8.6 Drop growth rate by condensation and accretion. The dashed line represents
growth by diffusion only, and the dotted line represents growth by accretion only, while the
solid curve represents the combined growth rate. Condensational growth rate decreases with
increasing radius, while accretional growth rate increases with increasing radius.



Warm cloud processes
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EN ISSUES

In-cloud activation
Spectrum broadening by entrainment/mixing processes
Impact of small-scale turbulence on collision/coalescence




Warm cloud processes
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In-cloud activation

Table 3. Microphysics of the seven Cu at five different levels shown in Fig. 2, with mean values of LWC (liquid
water content) and its sample standard deviation for three horizontal data resclutions, total droplet concentra-
tion N, and mean volume radius r,. The latter two parameters correspond to 10-m resolution data. The subscript
a indirates avynected adiahatic values.

1400
1200
1000
800
&0
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Level Llfif’lf;‘g LWC 3 (10cm) s (B0cm) s (1000 cm) N s [N] ¥oa ¥, s (r)
Tg/md) (g/m’) | (g/m’)  (g/m) (g/m°) | (No/cc)  (Nofec) (um) (um)  (um)

1 605 284 084 078 063 95 12 114 9.2 2.0

2 1.00 A2Z7 142 136 A28 97 22 13.5 10.6 31

3 1.42 520 160 153 145 112 25 15.2 10.2 1.7

4 2.11 536 196 184 173 116 11 17.3 10.6 24
5 2.46 Aa31 142 135 125 54 35 18.2 119 3.7
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59/76 Shallow convection during RICO (Rain in Cumulus over the Ocean)

Gerber et al., JMSJ, 2008

Arabas et al. GRL 2009



How is it possible that the dilution of the cloud water content is
NOT accompanied by the dilution of the droplet concentration?

2000 - cloud

1500 -

1000 -

200 1

2 25 3



How is it possible that the dilution of the cloud water content is
NOT accompanied by the dilution of the droplet concentration?

In-cloud activation

(i.e., activation above the cloud
base)!



In-cloud activation
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In-cloud activation...???
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Spectral broadening

The observations show broad droplet spectra while the idealized model of
droplet growth in an adiabatic convective cell predicts narrow spectra.

oo

o
=
=
3

.

o]

DROPLET DENSITY {(em™ um™?)

0 200 400 600G 80O 1000 1200 1400 1600
¢* (um?)

The r?2 (®?) distribution (solid line) for measurements during SCMS. Comparison with

the adiabatic reference (dot—dashed line). The initial reference spectrum is represented

by a dot—dashed line on the left.
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64/76 Figures: Brenguier and Chaumat, JAS 2001



Spectral broadening through different
growth histories

>

Simulation of a small cumulus,
illustrating the idea of cloud-droplet
growth through large-eddy hopping.

The figure shows the cloud water field
and a small subset of droplet
trajectories arriving at a single point at
the upper part of a cloud.

The trajectories are colored according
to the liquid water content
encountered.

The variability of the vertical velocity
across the cloud base already results
in some differences in the
concentration of activated cloud
droplets at the starting point of the
trajectories.

There are also relatively small-scale
changes in color along the
trajectories, highlighting variable
environments in which the droplets
grow.
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Spectral broadening
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Spectrum evolution in an adiabatic updraft. The curve labeled C is the corresponding
spectrum after condensational growth. Curves labeled C +50 and C -50 are the resulting
spectra for a total droplet concentration of C #50 cm3.
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Homogeneous and inhomogeneous mixing
in cloud

Step 1: Turbulent Stirring Step 2: Mixing followed by evaporation
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Homogeneous and inhomogeneous mixing
Spectral broadening through different histories
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The size-gap problem

» It is difficult to explain the rapid
growth of cloud droplets in the
size range 15-40 um in radius for
which neither the diffusional
mechanism nor the collision-
coalescence mechanism is
effective (i.e. the condensation-
coalescence bottelneck or the size

gap)

» Several mechanisms have been proposed, including:

dRfdt (um s

Entrainment of dry air into the cloud

The effect of giant aerosol particles
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Turbulent fluctuations of the water-vapor supersaturation

The turbulent collision-coalescence
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Three basic mechanisms of turbulent
enhancement of gravitational
collision/coalescence

» Turbulence modifies local droplet concentration (preferential
concentration effect)

» Turbulence modifies relative velocity between droplets

» Turbulence modifies hydrodynamic interactions when two
drops approach each other

70/76



Three basic mechanisms of turbulent
enhancement of gravitational
collision/coalescence Geometric collisions,

(no hydrodynamic interactions)

» Turbulence modifies local droplet concentration (preferential
concentration effect)

» Turbulence modifies relative velocity between droplets

» Turbulence modifies hydrodynamic interactions when two
drops approach each other
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Three basic mechanisms of turbulent
enhancement of gravitational
collision/coalescence

» Turbulence modifies local droplet concentration (preferential
concentration effect)

» Turbulence modifies relative velocity between droplets

» Turbulence modifies hydrodynamic interactions when two
drops approach each other

Collision efficiency
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The net enhancement factor
(the ratio of the turbulent collection kernel and the
hydrodynamic-gravitational collection kernel)

When r2/r|<< I’ 5-[}_ T T T T T .| T T T T T T T T T : . _I ]
Pinsky et al. (1999b), ¢ = 100 cm?s™ |

the gravitational kernel - =Ry =724, £ =400 cm? s>
may be small owing to | oty Ry=72.8, £ = 100 cm? s73 1
- 40 - _ B 5.3 4 Whenr,/r—1,
small collision I eeO=e R;=43.0,e=400cm?s ] 20
efficiency. [ === R, = 43.0, e = 100 cm? 57 | the gravitational kernel

1 is small owing to the
- small differential
¢y | sedimentation.
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The net enhancement factor plotted as a /11

function of the radius ratio r,/r|, with the
larger droplet 30 um in radius. € is the flow
viscous dissipation rate, and R, is the Taylor

microscale Reynolds number of the | h Il . | b
simulated background turbulent airflow. t enhances collection kernel by

73/76 a factor up to 5.

Grabowski and Wang, ARFM 2013



The ratio of a typical turbulent collision
kernel to a purely gravitational collision

ok o =B
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> 74176 Wang and Grabowski, atmos. Sci. Lett., 2009)
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Summary

» Small-scale turbulence alone does not produce a
significant broadening of the cloud-droplet spectrum
during diffusional growth.

» The coupled small-scale and larger-scale turbulence,
combined with larger-scale flow inhomogeneity,
entrainment, and fresh activation of CCN above the
cloud base , creates different growth histories for
droplets. This leads to a significant spectral broadening.

» The effect of turbulence on the collision-coalescence
growth is significant.

» Turbulence of moderate magnitudes leads to a significant
acceleration of warm rain initiation.
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