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Earth Small cumulus Mixing in laboratory
in visible light clouds cloud chamber
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Clouds form when the air reaches saturation (water
saturation for warm clouds).

This is typically because of the vertical motion within the
atmosphere.

small Cumulus humilis clouds only ., deeper Cumulus émedlocrls or congestus)
mark tops of boundary-layer eddiéskE clouds have life (dynamics) of their ownE
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The Water Content of Cumuliform Cloud

By J. WARNER, Radiophysics Laboratory, C.S.LR.O., Sydney

(Manuscript received April 5, 1955)

Abstract

Measurements have been made of liquid water content throughout many cumuliform clouds.
The amount of water present at any level was always less than the adiabatic value, and the ratio
of these two quantities decreased with height above cloud base. This ratio was found to be
independent of the horizontal extent of the cloud except in the case of very small clouds. The
transition between clear air and dense cloud was frequently abrupt.
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Gerber et al. (AMS Cloud Physics Conference, Madison,
July 2006; published in IMSJ 2008)



Shallow convective
clouds are strongly .
diluted by entrainmentk

Siebesma et al. JAS 2003
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Turbulent entrainment is a fundamental
feature of small convective clouds (and
most of other clouds as well)E

Where are these
structures
coming from?

Re = UL/~ 107

U~1 ms 1
L~100 m"
| ~ 1P n¥st




Cloud-environment
Interface instability

Klaassen and Clark (JAS 1984)
Grabowski (JAS 198 2
Grabowski and Clark (JAS 1991, 1993a, 1993b)
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Brenguier and Grabowski (JAS 1993)




Ebut its impact on
the spectrum of
cloud droplets is still
poorly understood.







Large Eddy Simulation Intercomparison Study of Shallow Cumulus Convection
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Changes of the parameter  a with height
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Fundamentals of
(warm) cloud physics



ELEMENTARY CLOUD PHYSICS:

clouds form due to cooling of air (e.g.
adiabatic expansion of a parcel of air rising
in the atmosphere)

o condensation: water vapor — cloud droplets

heterogeneous nucleation on atmospheric aerosols

called Cloud Condensation Nuclei (CCN); typically
highly soluble salts (sea salt, sulfaves, ammonium
selts, nitraves)

only a very small percentage of CCN used by clouds
(i.e., water clouds form just above saturation)

20 a4 0
DROPLET DIAMETER (um)




From cloud droplets and ice crystals
to precipitation:

WARM RAIN:

— gravitational collision and coalescence between

oo, 5 Time wvodution of the inbthal spectrum b /= 18 o, vie s @.39,




THE DISTRIBUTION OF RAINDROPS WITH SIZE

By J. S. Marshall and W. McK. Palmer!

McGill University, Montreal
(Manuscript received 26 January 1948)

ND = Nge"“’

Ton L 1 ]
0 | 2 3 4 5

D(mm)
Fi1G, 2. Distribution function (solid straight lines) compared

with results of Laws and Parsons (broken lines) and Ottawa
observations (dotted lines).



Modeling moist processes In the atmosphere:

1+ Gas dynamics for the air with moisture (i.e.,
containing water vapor, suspended small cloud
particles, falling larger precipitation particles);

1+ Thermodynamics for the air containing water
vapor (i.e., phase changes, latent heating, etc).



11 Water vapor is a minor constituent:

mass loading is typically smaller than 1%; thermodynamic properties (e.g.,
specific heats etc) only slightly modified,;

11 Suspended small particles (cloud droplets, cloud ice):

mass loading is typically smaller than a few tenths of 1%, particles are much
smaller than the smallest scale of the flow; multiphase approach is not required,
but sometimes used (e.g., DNS with suspended droplets)

11+ Precipitation (raindrops, snowflakes, graupel, hail):

mass loading can reach a few %, particles are larger than the smallest scale of
the flow; multiphase approach needed only for very-small-scale modeling



Continuous medium approaapply density as
the main field variable (density of water vapor, .
density of cloud water, density of rainwater, etck)

In practice, mixing ratios are ta/pically used. Mixing
ratio Is the ratio between the density (of water
vapor, cloud waterk) and the air density.



Mixing ratios I dp,

VEersus ot Vigau) =0 or firl +pa VU =0

specific |

humiditieskE ap, | dp, |
” +Vipsu)=S or 7 eV =S

mixing ratio :

l/q S
dt 7

. g s 3 . e
specific humidity @ Q) =

Po + Pa

//(.) S

‘” v T Pa






In the spirit of the

Ju 1

Boussinesq approximation, — == Vp = gk +....(Coriolis, turbulerce, etc)
moisture and condensate ”

affect gas dynamics p=po(z) + ¢

equations only though the sy 4

buoyancy term

u 1 >
= - —Vp' — gk~ +
dt o P
For small-Mach number flows (|u| < ¢,; ¢, - speed
of sound ):
pf . Tf
Po TR (X
du 1

1o I



Density temperature Ty: the temperature dry air has
to have to yvield the same density as moist cloudy air

1+g/e

T e +t0

T - air temperature

g - water vapor mixing ratio (~ 107%)

Q - condensate mixing ratio (cloud warter, rain, ice,
snow, etc.; ~ 10-7)

€= -:‘-:w 0.622

Ty~T [1+ G -l)q—Q]

T;=T(1+06lg-Q)



Thermodynamics:

Moist air Is treated as a perfect gas

Phase changes lead to the release of latent heat and
formation of condensed (liquid or solid) phase of the
water substance (cloud droplets, raindrops, ice crystals,

snow, etc)

Condensed phase Is treated as continuous medium, I.e.,
described as density (of cloud droplets, raindrops, etc).



First Lax of Thermodynamics:

dq =du+p dv (1)

‘dq - heat (per unit mass) added to the system
du - increase of internal energy (per unit mass)
'pdc-work(perunitmm)perhmedhythemwm

du=c,dT, pv=RT, v=1/p, cetR=cp

dg=c, 4T - =Ldp @)
Induroducing potential temperature as:

] e

where p,,=const (typically 1000 mb), (1) can be
written as:




5-;?,8.

where § = ﬂh:&hmmmwunism
in 3 kgt 51|
S = 0 - adiabatic motions

S # 0 - motions with diabatic processes (heating
due to radiative transfer, phases changes, chemical

reactions, etc)

For phase changes of water substance:

L
s=1%

where L is the latent heat (of condensation,
freezing, or sublimation), andguthedunaeof
eormdm;mermmgmo




If only phase changes are included, then potential
temperature equation is:

(!H l,” 41"("
t Cp | dt

L latent heat (of condensation, freezing., o

sublimation)

l"“{

rfn‘_
ratio

"h:lllf.','* Ol l'l'I'l'o:‘\ln.'lllhllf.‘, condensate mixing



Modeling of cloud microphysissilving a system of PDEs
(advection/diffusion type) coupled through the source terms:

do o

— =S5
dt v
dq,, ]
i — Sq.
dt ‘

for: =1, N :

g (1)
dqe G (i)
dt

f - potential temperature

(v - water vapor mixing ratio

q((f) - condensed water mixing ratios

S~ sources/sinks for condensed water (phase
changes, transfer from one category to another,
sedimentation, etc.)



Modeling of warm-
rain microphysics



BULK MODEL OF CONDENSATION:

g- - cloud water mixing ratio

L, - latent heat of condensation /evaporation
Cy - condensation rate

Note: #/T function of pressure only (= 6,/T,)

Cy is defined such that cloud is always at saturation,
which is a very good approximation:
9. =0 if q,<q,,

. >0 onlyif Qv = Qus

where g..(p,naum—s— i5s the water vapor
mmngmnoatammm




A very simple (but useful) model: rising adiabatic parcelE

d6 . [.l.t."ﬁ
HOMEX theta and qv profile At > {_‘T- d
dgv _
dt e
4. A
a
Take a parcel E by solvin
from the surface theSe equations

and move it upk



Look not only on the patterns (i.e., processes), but also on
specific numbers (e.d., temperature change, mixing ratios, etc).



If 8/T = const (shallow convection approximation)

Invariant e vy |
variables: it cpl
total water, i

liquid water % = Cq
otentlal o e
emperature, oo Ad e

equivalent e
otentlal iQ

emperature. dt

- equivalent potential temperature

vater potential temperature



WARM RAIN BULK MODEL (Kessler 1969):

d4 L.8
: = =22 (Cy— EVAP)
Adding &t = o '
rain or Ao _ - pvap
drizzle: Qo A
dQC —_ r o -
-+ =Ca— AUT — ACC
dqr = li : ’ ~y ’
% b (pg-ve) + AUT + ACC - EVAP

# - potential temperature

gy - waler vapor mixing ratio

g, - cloud water mixing ratio

g - rain water mixing ratio

C4 - condensation rate

EV AP - rain evaporation rate

AUT - “autoconversion™ rate: ¢, — ¢,
ACC - accretion rave: ¢., ¢, =+ Gy

te(g, ) - rain terminal velocity (typically derived by
sssuming a drop size distribution; e.g., the Marshall-
Palmer distribution N(D) = N exp(—-AD), N, =
10" m™4).



We need somethin%more complicated than a rising parcel as
rain has to fall out. One possibility Is to useitematic
(prescribed flowfrfameworkE






So far we only had information about the mass
of cloud and precipitation. Do we need to know
something about droplet sizes?



Indirect aerosol effects

1stIndirect
Effect o ®

@
28 ndirect 66 ¢

updraft

maritime (OcleanO) continental (OpollutedO)




Raoiative Forcing COMPONENTS
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To answer this, one needs to understand formation of

cloud droplets, that is, the activation of cloud
condensation nuclei (CCN) .

This typically happens near the cloud base, when the
rising air parcel approaches saturation.



Saturation ratio:

Saturated water vapor
pressure over an
aqueous solution

droplet with radius e, a b
—_ =14 —-— — —
Ess ! >
Saturated water vapor
pressure over plain
water surface
20 dim M
a=——- bh=——"——
le\'T 3]z-pljw.8'
O - surface tension P - water density R, — gas constant for water vapor

I'— air temperature 7 — van't Hoff factor Qn, — mass of solute
M. — molar mass of water M. — molar mass of solute
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Kohler Curve for an NaCI CCN at 278 K
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CCN, soluble salt particles, have different sizes.

Large CCN are nucleated first, activation of smaller ones
follow as the supersaturation builds up.

Once sufficient number of CCN is activated, these keep
growing, supersaturation levels off, and activation is
completed



CCN, soluble salt particles, have different sizes.

Large CCN are nucleated first, activation of smaller ones
follow as the supersaturation builds up.

Once sufficient number of CCN Is activated,
supersaturation levels off, and activation is completed.

These processes are typically considered in the context
of detalled (bin) microphysicsk



Activation of CCN:

N - total concentration of activated droplets
S D supersaturation

N=ab

a, b b parameters characterizing CCN

O0<b<1 (typically, b=0.5)
a~100-ém maritime/clean
a~1,000tmontinental/polluted



BIN-RESOLVING WARN MICROPHYSICS:
CONDENSATION

Introducing spectral density function o(r.t):

o) = 20

dN(r.t) is the concentration (per unit mass as
mixing ratio) of droplets in radins interval (r, r+dr),

Continuity equation for growth by condensation:

g (@ 400) =0
dr

where 97 is growth rate of a droplet with radius r:
dr _ A(T.p) S
dt r
% -:vl-l is the supersaturation: ¢,. is the ambient

water ;apor mixing ratio; ¢,..(p.T) is the saturated
water vapor mixing ratio.




BIN-RESOLVING WARAM MICROPHYSICS:
NUCLEATION AND CONDENSATION

Continuity equation for nucleation and growth by
condensation:

dir,t) i d (dr ¢(r,t)) = Suur

o or \dt

where S, is the source associated with nucleation
of cloud droplets (CCN activation).

Suuet adds droplets (typically to the 1st bin) when
the concentration of droplets [ @dr is smaller than
the total concentration for a given supersaturation
S. the latter given by aS".




Computational example:

Nucleation and growth of cloud droplets in a parcel of
air rising with vertical velocity of 1 m/s;

60 bins used:

1D flux-form advection applied in the radius space,;

Difference between continental/polluted and maritime/
pristine aerosols
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Application of the bin-resolving microphysics to the
problem of turbulent mixing between cloudy and clear
air: cloud chamber mixing DNS simulation

Note: DNS 256imulation applies gridlength of about 3 mm !!!




BIN-RESOLVING WARNMI MICROPHYSICS:
GROWTH BY COLLISION/COALESCENCE
The Smoluchowski equation (aka kinetic collection

equation, stochastic coalescence equation) for the
spectral density function élm, t):

dolm, 1)
——i -

=2 [ d(m = M,t) 6(M.t) K(m - M, M) dM
0

- o(m,t) f o(M.t) K(m. M) dM

m. M - droplet masses

K(m, M} - collection kernel, frequency of collisions
{per unit volume of air) between droplets with mass
m and M




BIN-RESOLVING WARNM MICROPHYSICS:
GROWTH BY COLLISION /COALESCENCE
The Smoluchowski equation (aka kinetie collection

equation, stochastic  coalesce  equation) for the
spectral density function ¢(m. t):

dé(m,t)
et -

1
=3 fo'" é(m — M, 1) S(M,t) K(m — M, M) dM

~ é(m.t) [o " S(M. 1) K(m. M) dM

m, M - droplet masses

|K (m, M) - collection kernel; ﬁqumcy of collisions
per umt volume droplets with mass

m and M




Growth of water droplets by gravitational collision-coalescence:

-

K(mga1,ma2) = E. m(ay + as)? (Vi — Vg |

Collision efficiency: Grazing

i trajectory

(ay + a9 )‘3

Eeo=

Droplet inertia is the ke)f/; without it, there will be no collisions. This is
why collision efficiency for droplets smaller thaimi@ very small.
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mass densily distributions

1ot
o™

1o
o™

10-?

10-°
1ot

1o

10~
1ot

1o~

10-°
1ot

10~

10-°

) ’ -3

L) LB ALALI] L] LR AALL] L LB BLEBALI

v oy vyryy hs vy vyyy v rTywyy

20 dBz ’ time (min)= 22.83

TTTTYTY T ™TrTTTTY . LA R AN ‘o de time m]- 21”

10 dBz "‘ time (min)= 32 67
2 lllllll \nn*ﬂ; 2 231

20 dBbz time (aun)- 3383 E
\/ A A A A szl 2
bk adsal aiaal Y G — E TTTTYYYY 12 ™YY Y

i A s aasaaal A A a adaaal _X saaaal

a2 aauanl \A Al aaaal A A l aai

L 2 A darzal ]A L 22aml 3 4. 2. L Al

L L3 LB A AR | L3 LA EAALL ! . LA AR BAL

i
i
=
i

L2 LB AR | L L] LR AR | - L) LA

-10 daRrz * time (min)= 27 67 -10 dBz time (mm)s 1267

\ 4 V"'Vﬁ" Ls v f"""T‘l L4 LA A i 4
time (mtn)- 31 50 i

L““ \ 2 a-'m Y'saal PR e O it 1 1 s:01l AN U N

-20 dBz time (min)= 8.67 -20 dBz time (min)= 400

| \

A Aded A A Ald 1 A Akodddsal A Aol ALl

™Trrrrm VrrrrmT ™ T TrTrTrTy E LA AL LIS 4 4 | LA AR A B A ALl | C NV NI

10 100 1000 10 100 1000
radius [microns) radius [microns)



Traditional bulk model is computationally efficient (just
2 variables for condensed water).

Traditional bin-resolving (detailed) microphysics is
computationally demanding (~100 variables).

Is there anything between?

YES, a two-moment bulk scheme, I.e., predicting mass

and number of cloud droplets and rain/drizzle drops

gust 4 variables; e.g., Morrison and Grabowski JAS
007, 2008). This scheme also predicts supersaturation.



WARM-RAIN PHYSICS:

cloud water: g N

—— drizzle/rain water:, gN

Nucleation of cloud droplets: link to
CCN characteristics

Drizzle/rain development: link to
mean droplet size
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Kinematic (prescribed-flow) model of microphysical processes
In Stratocumulus (2D: x-z)

Vertical velocity Horizontal velocity

Run up to quasi-steady-state is obtained (typically couple Fiours)
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Microphysical transformations
during subgrid-scale mixing

1+ Flexibility to treat any mixing scenario from homogeneous to extremely
inhomogeneous.

| N D droplet concentration
l}'

Ne =N, ( _) g b cloud water mixing ratio
\ Y1 ,

| . N, q D initial (i.e., after advection
B= 1. extremely inhomogeneous and mixing)

B= 0: homogeneous _ , _

N, g D final (i.e., after advection,
mlxln?, and microphysical
adjustment)



Summary:

Warm-rain microphysiasdoud droplet activation, comdensational growth,
collisional growth.

Entrainment and mixing; impact on cloud microphysics (and connection to indirect
aerosol effects).

Modeling warm-rain processes:

- bulk single-moment scheme: mixing ratios fpr cloud water and drizzle/rain
water (activation irrelevant, no information about spectral characteristics, model
resolution can be low);

- detailed (bin) microphysics: concentration (per unit mass) of cloud and drizzle/
rain drop in each size (mass) cat_egorK_ (~100 variables); supersaturation and
droplet activation predicted, requires high spatial resolution (especially near cloud
bgge)' can be even more complicated it detailed information about aerosols is
added;

- double-moment mlcr0|tohys_|cs: mixing ratios and concentrations of cloud and
drizzle/rain drops, supersaturation does not have to be predicted (but it can be;
e.g., MG scheme), activation either predicted (MG; high resolution needed) or
parameterized (low resolution).



Eand there is part 2 B ice microphysicsE



Cloud droplets and turbulence:
a cloud physicist perspective
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Cloud droplets grow by the diffusion of
water vapor (I.e., by condensation) and by
collision/coalescence.

For both cloud turbulence has thought to
play some roleE

Turbulent entrainment and mixing affects
the spectrum of cloud droplets as well.



Condensational growth inside Oadiabatic
coresO: the problem of the width of cloud
droplet spectrum.



Observed cloud droplet spectra averaged over ~100m:

-
observed, 5
adiabatic fraction "2
AF! 1;" =13 —
=
pm

observed, AF !
0.8;" =1.8 ym

calculated adiabatic
spectrum; " =0.1 pm

°]

observed, AF! 0.8;
" =1.3 um

T
-
T

observed, AF!
1: bimodal

(Jensen et al. JAS 1985)



Cloud droplet spectra in near-adiabatic cores using Fast FSSP
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Cloud droplet spectra in near-adiabatic cores using Fast FSSP

Effect of 5 : ,' “ ofd
small ‘ Q |

dilution 0200 450 609 800 1600 1208 14

Instrumental artifacts & ol
(coincidences), possibly S
some collisional growth Lt 1]

FiG. 3 The &7 duotnibution (sohid hine) for the section selected
Fig. 2. Comparnoa with the adubatc reference (dot-dashed bme)
hneas scale on %op and log wale at the bottom. The untxal seference
wpectium 1 sepresented by a dot-dmded bne ca the left Here C,
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Condensational growth inside Oadiabatic
coresO: the problem of the width of cloud
droplet spectrum.

Srivastava J. Atmos. Sci. 1989.

Growth of Closd Dyops by Condemsation: A Criticism of Carrently Accepted
Theory and 1 New Approach

Macroscopic versus microscopic supersaturation



dt C,
dq,
N —_C
dt |
e

dt ¢
q. ~ Nr’
dg. _ . dr
dt dt

macroscopic
supersaturation

s=H 1
Chs

Ovs ~






Ebut the supersaturation can change from one
droplet to another locally.

This Is concept of microscopic supersaturation.



My involvement started in early 1990ies with a
PhD student from McGill University, Paul
Vaillancourt, together with Peter Yau, a cloud

physicist, and Peter Bartello, Oa DNS guyO.

The idea was to look at the effects of small-scale
turbulence on growth of cloud droplets by the
diffusion of water vapor in Oan adiabatic coreO of a

convective cloud using DNS.

The issue: why cloud droplet spectra often
appear broader than predicted by the classical
theory?



Elementary facts about cloud droplets:

Radius r : 5-30 microns ( r << Kolmogorov length scale)

Concentration: 50-2,000 cm -3 ( mean separation distance >> r)

Mass loading: 0.5-5 g kg ' ( << 1; no effects on turbulence)



Can DNS of droplets growing by the diffusion of
water vapor be done?

The issue Is about the details of droplet growth and
small-scale (~ 20 r) temperature and moisture fields

that (almost intantaneously, milliseconds) develop
near the growing dropletE



Detailed model of droplet growth

T 1 af of
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with boundary conditions
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—_— =, —_— = () forr = R (Alb)
" I

Ir=1, qg=qll,p) ftorr =R, (Alc)

where ¢, (1. p) 1s the saturated water vapor density, f
g/c w15 the external cooling (w 1s the updraft speed
taken as 2 m s ' in both models), and T, 15 the droplet

temperature predicted from the conservauon of heat
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So the answer is YESE



solution at a later time
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initial conditions solution at a later time

Kolmogorov
scale

Clustering of nonsedimenting particles for St ~ 1

Is this how cloud microscale looks like?
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Parameters describing interaction of cloud droplets with turbulence for the
case with gravity:

Stokes number: St — !p/ I,

| ,- droplet response time

l. — Kolmogorov timescale

Nondimensional sedimentation velocity: Sv = Vp [ V.

v, - droplet sedimentation velocity (g!, for small droplets)

v. D Kolmogorov velocity scale



Nondimensional parameters ( St and Sv) for
typical cloud conditions: St << Sv

Dissipation ral®  Kologorov velocity scale  Kolmogorov

time scal /

€ m? s / 10~ 10-2 10-2
v, cm s~ 0.64 1.10 2.00
R Vv, f, t,s 0.41 0.13 4.1 X 102
m cm s! S
St 8.0 X 10 2.5 X 10°? 8.0 X 103
. |
5 0.32 3.3 X 10 s. 0.50 N g 0.16
. St 7.0 X 102 7.0 X 102
2 p) -3
= = e S 4.2 @ 1.3
X ) -2 -2 o)
g . 89 % 10-° 2( _.(izx 10 6.3 g<610 (3).;0
droplet radius sedimentation velocity response time

Grabowski and Vaillancourt JAS 1999



Nondimensional parameters ( St and Sv) for
typical engineering applications: St >> Sv

<@ 10

v, cms! 11.00
R v, t, i, s 1.3 X 103
pm cm s! S
St 0.25
4
5 0.32 3.3 X 10 S, o 5
15 2.7 2.9 X 10 2‘ @
25 7.5 82 X 10-3 St 5

S, 0.66

St/ Sv ~ 134 (for Stokes limit: v,=g" )

Grabowski and Vaillancourt JAS 1999



Flow: DNS model

Droplets: position traced In time and space

dV (1)

v/

dX (1) ,

—_— = V(1.
dt

UIX(D), 1] Y+ N

Size: growth in local conditions

ﬂ — A§ S D local supersaturation
dt r



DNS simulations with sedimenting droplets for conditions relevant to cloud
physics (! =160 cm?2s-3)
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FlowC

Main conclusion: small-scale turbulence has a
very small effectE

Vaillancourt et al. JAS 2002



For a given flow, it was found that both preferential
concentration and the cooling term have a broadening
effect on the size distribution. It was also shown that
sedimentation of droplets cannot be neglected sice 1t
significantly reduces the broadening.

The above results are a consequence of the decrease
in decorrelation time and an increase 1n preferential con-

centration as the tensity of turbulence increases. In
other words, the stronger deviations i droplet concen-
tration from the mean when preferential concentration
occurs does result in a wider mstantaneous supersatu-
ratton perturbation distribution. However, this does not
compensate for the fact that, on average, the droplets
are exposed to these perturbations for a shorter and
shorter ime as turbulence itensity mcreases.

Vaillancourt et al. JAS 2002



ased on the results obtained, and Keeping i min
the limtations of the approach described n the intro-
duction, we now answer the central question posed
the following way. The microscopic approach, which

takes mto account nonumformity n the spatial distri-
bution of the size and position of droplets and vanable
vertical velocity 1n a turbulent medium, does nor lead
to significant broadening of the droplet size distribution.

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?

Yes, but only to some pointE



The brake on supersaturation fluctuations:

d S S TABLE 1. Time constant characterizing supersaturation.
I " (Values of 7 = 1/(axl) s forp = 771 mb, T = 4.3°C)
o W Droplet concentration (cm™3)
dt # Radius ,
q e (um) 100 300 500 1000

2 14.1 4.7 2.8 1.4
3 8.7 29 17 0.87
5 49 1.6 0.98 0.49
10 2.3 0.77 0.46 0.23

# . ~1secC

ge Politovich and Cooper, JAS 1988

For eddies with time-scale
dS

—$0% S =1 w# larger than ! ., S Is limited
dt * ®  toS,!!



The break on supersaturation fluctuations:

dS - Latent
—=!W ’

dt heating!!!
#.e ~1S€eC

dS

a$0% Sqe:.’W#qe



For me, as a cloud physicist, the story is finished.

There might be some minor effects (perhaps worth
exploring), but this would contribute little to the cloud
physics. Not to mention that more recent observations
do not support the broadening controversy concerning
spectral broadening in Oadiabatic coresO.

Point that | made but is worth emphasizing here:
studies without gravity and latent heating are irrelevant
to cloud physicsE



Another way to think about this problem:

Condensational growth is reversible: droplets grow
more In higher S, and then less in lower S, and the two
situations change rapidlyE

But if you think about the collisional growth, then the
story Is different: growth is not reversibleE



Growth by collision/coalescence : nonuniform distribution
of droplets in space affects droplet collisionsE
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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 colliding droplets
(e.g., small-scale shears, fluid accelerations)

- Turbulence modifies hydrodynamic interactions when two
droplets approach each other



Three basic mechanisms of turbulent enhancement of geometric collisions
gravitational collision/coalescence: (no hydrodynamic
interactions)

-Turbulence modifies local droplet concentration (preferential
concentration effect)

-Turbulence modifies relative velocity between colliding droplets
(e.g., small-scale shears, fluid accelerations)

- Turbulence modifies hydrodynamic interactions when two
droplets approach each other



Three basic mechanisms of turbulent enhancement of
gravitational collision/coalescence:

-Turbulence modifies local droplet concentration (preferential
concentration effect)

-Turbulence modifies relative velocity between colliding droplets
(e.g., small-scale shears, fluid accelerations)

- Turbulence modifies hydrodynamic interactions when two
droplets approach each other

collision efficiency




Collision efficiency E_ for the gravitational case:

{ >

A .

,V-— , Grazing trajectory
’ /




Esee Lian-Ping Wang for details how DNS
can be extended to guide models of turbulent
droplet collision enhancementE
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2D simulation of a small precipitating cloud: t=16 min

no turbulence

E f 3 \ z ks R
- . * *;ﬂ 10°*

with turbulence B Ayala kernel with 100 cn?s3

radius [microns



2D simulation of a small precipitating cloud: t=20 min

no turbulence

km)

with turbulence B Ayala kernel with 100 cn?s3



2D simulation of a small precipitating cloud: =26 min

no turbulence

with turbulence B Ayala kernel with 100 cnes3



Surface precipitation intensity evolution: turbulent collisions lead to
earlier rain at the ground and higher peak intensityE



Ebut also to more rain at the surface. This implies higher precipitation efficiency!



Entrainment/mixing and the cloud droplet spectra



turbulent Interfacial

cloud instabilities

calm (low-
turbulence)
environment

cloud base
(activation of
cloud droplets)







droplet
spectra
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droplet
spectra
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The Water Content of Cumuliform Cloud

By J. WARNER, Radiophysics Laboratory, C.S.LR.O., Sydney

(Manuscript received April 5, 1955)

Abstract

Measurements have been made of liquid water content throughout many cumuliform clouds.
The amount of water present at any level was always less than the adiabatic value, and the ratio
of these two quantities decreased with height above cloud base. This ratio was found to be
independent of the horizontal extent of the cloud except in the case of very small clouds, The
transition between clear air and dense cloud was frequently abrupt.
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What is wrong with this picture?



tunc-scale for cloud droplet evapotation o
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The mixing diagram
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The percentage
represents the initial
volume fraction of

cloudy air.

Evolution of the number of droplets N and their mean
volume radius r,, both normalized by the initial values
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slope of the mixing line on the N — r diagram:

O =

d = 0 - homogeneous mixing

& — > - extremely inhomogencous mixing

relationship between parameter o (homogeneity
of mixing in the two-moment bulk schmeme of

Morrison and Grabowski 2008) and §;
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a = 0 - homogeneous mixing

a = | - extremely inhomogeneous mixing




A Large Eddy Simulation Intercomparison Study of Shallow Cumulus Convection
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Changes of the parameter ! with height
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Vertical profiles of

| droplet radius and TKE
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Summary:

Small-scale turbulence seems to have insignificant effect on
diffusional growth of cloud droplets

(It plays some role when entrainment and mixing is considered, a
subject | did not address).

Small-scale turbulence appears to have significant effect on
collisional growth. Not only rain forms earlier (an aspect
emphasized by someE), but also turbulent clouds can rain more.
More realistic studies are needed to quantify this aspect.

Effects of entrainment and mixing on evaporation of cloud droplets
(homogeneous versus inhomogeneous mixing) - and its effect on
albedo on the cloud field B can be quantified using the LES
approach with the parameterization developed using DNS
simulations.



