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CLOUD

Cloud i A visible aggregate of minute water droplets and/or ice particles in
the atmosphere above the earthos surfa

Glossary of Meteorology, American Meteorological Society
Cloud 7 any visible mass of water droplets, or ice crystals, or a mixture of
both that is suspended in the air, usually at a considerable height
Britannica Online
What is the typical size of aerosol and cloud particles ?

From a few nanometers: a few molecules condensed
To a few centimeters: hailstones

Measurable parameters from in-situ observations

Particle sizeéééeéééé. Om, mm, cméééélOOm:
Number Concent &hltm3éaé el 00 txhghms
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WaterCont ent éeéée&e @d éné e 1 0 g3<Wx0.0001g/m? 7
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Cloud particles at various heights (temperatures) imaged by CPI(SPEC Inc.) 8
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weather patterns updrafts/downdrafts TKE production/cascade/dissipation cloud droplets aerosols

entrainment, stirring, mixing - fluctuations of temperature and humidity — particle growth/decay

coupled fluid-particle interactions: buoyancy effects (latent heat, mass loading); direct interactions (viscosity)

| particle-particle interactions: collision rate, coalescence efficiency |

Clouds are dispersions of drops and ice particles embedded in and interacting with a complex
turbulent flow. They are highly nonstationary, inhomogeneous, and intermittent, and embody
an enormous range of spatial and temporal scales. Strong couplings across those scales
between turbulent fluid dynamics and microphysical processes are integral to cloud evolution.

Turbulence drives entrainment, stirring, and mixing in clouds, resulting in strong fluctuationsin
temperature, humidity, aerosol concentration, and cloud particle growth and decay. It couples
to phase transition processes (such as nucleation, condensation, and freezing) as well as
particle collisions and breakup. All these processes feed back on the turbulent flow by
buoyancy and drag forces and affect cloud dynamical processes up to the largestscales.

Bodenschatz et al., Science, 2010. 9



Classification of clouds

HIGH CLOUDS

Cinostratus

- Cirrocumulus é *\ P

(Mackerel sky) Cirrus

Stratocumulus Cumulus
Showery precipitation

@ 2007 Thomson Higher Education



PRESSURE, hPa

Cloud formation processes:

Condensation of water vapour into small

droplets

adiabatic expansion (e.g. ascending motions);

Isobaric cooling (radiative, conductive);
ISobaric mixing.
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Examples of
condensation
(formation of
clouds) due to
adiabatic
expansion.



Examples of condensation

(formation of clouds)
due to isobaric cooling.




Examples of condensation
(formation of clouds)

due to isobaric mixing of
two humid unsaturated
airmasses.
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Rayleigh scattering T Blue Marble
Mie scattering 1 Cloud Cover



http://earthobservatory.nasa.gov/Features/BlueMarble/
http://earthobservatory.nasa.gov/Features/BlueMarble/
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Importance of clouds in climate system

102\ Reflected Solar
Radiation
SPACE \ 101.9W m?
Reflected by

Outgoing
Longwave
Radiation
2385Wm?

4 Clouds and 1o Atmospheric
: > Window
Reflected by
Surface G
s Radiation
-

333

Trenberth et al, 2009, BAMS
17



Stevens 2005, ARES

Cloud Clusters Hadley/Walker Circulation

m&ea Circulation

-..,.Stratocumulus

| [NwRR

warm, western tropical oceans cold, eastern subtropical ocean

EQ

Figure 1 Cloud regimes in thermally direct circulations. Adapted from Arakawa (1975).

- cloud processes are a key to understand general circulation of the
atmosphere;
- inadequate understanding of clouds is considered a largest gap in
knowledge of our climate system.

18



Stratocumulus clouds

-essenti al el ement 1 n Ear t~B0®osof r a
the globe;

- simple geometry (plain parallel cloud in below capping inversion),

- despite this, mixing processes.s op not well understood.




warm, dry, subsiding free-troposphere
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Figure 4 Cartoon of well-mixed, nonprecipitating, stratocumulus layer, overlaid
with data from research flight 1 of DYCOMS-II. Plotted are the full range, middle
quartile, and mean of 6, ¢,, and g, from all the data over the target region binned in 30-
m intervals. Heights of cloud base and top are indicated, as are mixed layer values and
values just above the top of the boundary layer of various thermodynamic quantities.
The adiabatic liquid water content 1s indicated by the dash-dot line.

Stevens, 2005
20






In-situ measurements
In Stratocumulus
clouds:

DYCOMS IlI.

Stevens et al., 2003,
BAMS

o

260% op.c PGASP/'L ;
SPP I

ot Cloud

Water
Collector

DYCOMS-Il Probe Locations

Concentrator
CCN
Las-Air

plus aerosol sampling with instruments inside aircraft

SPP

Fast
FSSP




1ght of maximum reflectivity vanes . - ' . : |
Height of maximum reflectivity varie Large variability in microphysical structure
suggesting time variability in evolution o : :

suggesting time vari 1hi IY 1N €V lution of on the scale of kilometers.

drizzle cells
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Fic. 5. Radar reflectivity for a segment of RF03. The axis scales are |:I.

Airborne cloud radar observations of
drizzle (red areas) in stratocumulus Stevens et al., 2003 23
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FiG 3. (top right) Channel | (0.6 um) reflectance over the northeast Pacific from
GOES-10 at 0730 LT (1430 UTC) for 11 Jul 2002. (top left) Zoomed image of
reflectance field from boxed region in regional image; overlaid on this image is
a flight segment from RF02 that spans the time of the overpass and from which
radar and lidar data is presented in top left panel. The zoomed image highlights
a tilde-shaped POC boxed in the image. (bottom) Time-height radar reflectivities
filled, with cloud top height as estimated by downward-looking lidar shown by
white line. Regions where lidar detects no cloud are shown by a lidar trace at the
surface. The time for which the satellite image is valid is indicated on the flight
tracks.

Stevens et al.,
2005
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JAS, 1980
Cloud Top Entrainment Instability

J. W. DEARDORFF
Department of Aimospheric Sciences, Oregon State University, Corvallis 97331

(Manuscript received 15 December 1978, in final form & May 1979)

Conditional Instability of the First Kind Upside-Down

DaviD A. RANDALL
Department of Meteorology, Massachusetts Institute of Technology, Cambridge 02139
{(Manuscript received 23 March 1979, in final form 14 August 1979)

TEMP ERATURE 1 ] MIXING RATIO

QUIET
AlR

An unsaturated cooled and moistened and accelerated
FiG. 1. Schematic diagram of the distributions of tempera- parce_l is by evaporation ... downward by
ture and mixing ratio near cloud top. The stippled area represents entrained ... the bouyoncy force.

cloudy air. o ) . )
F1G. 4. A schematic illustration of the *‘parcel’’ interpretation of CIFKU.

The stippled area represents cloudy air.

How do Stratocumulus clouds persist? e
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Observations on many scales of a

precipitating small cumulus
(17 January, 13:59 UTC).

A: Satellite image from DMSP recorded 10
minutes before penetration by the Wyoming
King Air.

B: SPolradarimageat 3. 50 el ev
cloud is about 46 km from the radar.

C: Photograph taken from a position marked
with the red dot in B. The cross marks the
approximate location of the aircraft
penetration at 2630 m altitude.

D: Vertical sect i amof
Doppler velocity from the Wyoming Cloud
Radar and plots of the in situ updraft, liquid
water content and rain rate measurements.
Note that the high rain rates and large drops
are within the updratft.

E: Millimeter sized drops seen at two
differentmagni ycati ons fro
on the King

altitude (km)

Air. Also shown in F/G are scanning electron
microscope images such as were made from
data collected on NSF/NCAR C130 sub-
cloud circles: 2 um sea-salt particle collected
by the total aerosol sampler (F); giant sea-
salt particle (20 um scale) collected with the

: giant nuclei sampler (G). The location of the
o Research Vessel Seward Johnson is marked
with a blue triangle in A.
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Rauber et al., 2007
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ENTRAINMENT .

/"A'\ NE ' b)

RISING THERMAL : 'z— ! l \ Ml /

UNDILUTE CORE
REGION

TURBULENT WAKE

FIG. 14. Schematic model of a cumulus cloud showing a shedding
thermal that has ascended from cloud base. Continuous entrainment
into the surface of the thermal erodes the core, and the remaining 'r I\ e TN
undiluted core region continues its ascent, leaving a turbulent wake 0 e ' o=
of mixed air behind it. See text for further discussion.

TIME (SECONDS)

FiG. 17. Wind velocity (i) and liquid water content (ii) for three K A penetrations from 1625
to 1633 MDT in the 19 July 1981 cloud: (a) 472 mb, (b) 514 mb and (c) 527 mb. The wind
vectors are formed from the vertical wind and the wind along the flight path and are drawn
to scale, S .

Conceptual sketch of cumulus and supporting data.

B|yth et aI., 1988 30



Numerical simulations of small scales of cloud mixing with the environment.

31



Simplified set of equations of cloud dynamics, thermodynamics and

microphysics :

DIDt = dlat + v-V <
DV A
— = —Vm7 + kB + Vv,
Dt
T . V p—
DT
= —Cy + puV°71
Dt Cp ? <MT
Dg
— = +C, + u Ve
Df i | v -""LL' Q1
Dg, s
D C,.

(3)

R

Iy

(1a)

(1b)

(1c)

(1d)

+ elg, — q,,) a4, (2)

" 1T normalized pressure fluctuation
C,1 condensation rate

a, 0.1 specific humidity, liquid water conten
B i normalized buoyancy

dm
C,= | f—dr
: j de
<
D¥t EJ;‘(___ df_._) g
D¥ID*t = alot + (v — kv,) - V

f(x, r, t)dr is the number of cloud droplets in a unit

Andrejczuk et al., 2004, 2006,
2009, Malinowski et al., 2008

mass of air (viz. the mixing ratio) of the radius between
r and r + dr, at a given point (x, f) in space and tgne.



Schematic for Global

mosphericModel
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674

JOURNAL OF THE ATMOSPHERIC SCIENCES

Interaction of a Cumulus Cloud Ensemble with the
Large-Scale Environment, Part I

AKIO ARAKAWA AND WAVYNE HOWARD SCHUBERT!

Dept. of Meteoralogy, University of California, Los Angeles 90024
(Manuscript received 10 August 1973, in revised form 7 November 1973)

F1G. 1. A unit horizontal area at some level hetween cloud base and the highest
cloud top. The taller clouds are shown penetrating this level and entraining environ-

mental air. A cloud which has lost buoyancy is shown detraining cloud air into the
environment,

VorLuME 31

JAS, 1974

Vertical mass flux
In the ensemble of
clouds depends on
entrainment and
detainment rates.

This concept
appeared very

successful until
recent years.

34



Convective parameterizations simplyrearrange

heat and moisture.

Most schemes today are mass-flux schemes

- e

-i‘. -+ S

TheC:OME.TProgram

INMET f

AAir enters updraft

A1-d cloud model
calculates parcel
properties,
iIncluding precip

ACloud detrains

AConvecti'v e
downdraft dumps
iInto low levels
might elaporate
some preclp

ACompensating
subsidence
warms and dries
grid column
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Conclusion:

Don't believe that new generation of models will quickly
Improve weather forecast or climate projections.

Despite recent developments we are proud of,

our incomplete understanding of base physics and

di fferences | ofthe&imodefandivoild r e a |
outside are limiting factors.

Without understanding turbulence across its whole range
of scales we are not able to understand clouds...

and weat heré and c¢cl i1 mat eé

37
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WIKIPEDIA:

In fluid dynamics, turbulence or turbulent flow is a flow regime characterized by chaotic and
suspectedly stochastic property changes. This includes low momentum diffusion, high
momentum convection, and rapid variation of pressure and velocity in space andtime....

In turbulent flow, unsteady vortices appear on many scales and interact with each other....

Nobel Laureate Richard Feynman described turbulence as "the most important unsolved
problem of classical physics."

AMS Glossary:
1. Irregular fluctuations occurring in fluid motions.

It is characteristic of turbulence that the fluctuations occur in all three velocity components
and are unpredictable in detail; however, statistically distinct properties of the turbulence
can be identified and profitably analyzed. Turbulence exhibits a broad range of spatial and
temporal scales resulting in efficient mixing of fluid properties. Analysis reveals that the
kinetic energy of turbulence flows from the larger spatial scales to smaller and smaller
scales and ultimately is transformed by molecular (viscous) dissipation to thermal energy.
Therefore, to maintain turbulence, kinetic energy must be supplied at the largerscales.

2. Random and continuously changing air motions that are superp3osed on the mean
motion of the air. 43



Properties of turbulent flows:

they obey a wide range of spatial and
temporal scales;

nonlinear advective effects play an
important role;

unpredictability;
irreversibility.

44



Figure 1.1: Examples of turbulent flows at the surface of the Sun, in the Earth's
atmosphere, in the Gulf Stream at the ocean surface, and in a vulcanic eruption.
Other important properties of turbulent flows:

vortex stretching is an important feature ;
energy cascade from large to small scales can be observed.

45



Osborne Reynolds: ON THE DY AMICAL

CRITERION.

THEORY OF
COUSsS FLUIDS AND THE DETERMINA'EION OF THE

INCOIVIPRESSIBLE VIS-

[From the"Philosophical Transaction®f the Royal Society,"1895]

(Read May 24, 1894.)

In 1850,after Joule'sdiscoveryof the Mechanical Equivalent of Heat, Of, in other wordssteadydirect motionin roundtubesis stalle orunstable

Stokes showedyy transformingthe equations oimot io - with arbitrary
stresseso as to obtain theequationsof ("Vis-viva") energy,that this

equationcontaineda definite function,which represatedthe difference
betweerthework doneonthefluid by the stressesndtherateof increase

of the energy, pemnit of volume,which function, heconcluded must,
accordingto Joule representhe Vis-viva convertednto heat.

This conclusion waobtaned from the equations irrespective of any,

particularrelationbetweenthe stresses arttie rates ofdistortion. Sir G.
Stokeshowever, translatethe functioninto an expression in terntf the
rateof distortion,whichexpressiomassincebeemamedy Lord Rayleigh
the DissipatiorFunction

2. In1883l succeedenh proving,by meanf experimentsvith colour
bandstheresultsof whichwerecommunicatedotheS o ¢ i- éha.twhAn
wateriscausedypressureoflow throughauniformsmoothpipe themotion
of the wate is direct, i.e., parallel to the sides of the pipegor sinuousi.e.,
crossingandre-crossinghepipe,accordingasU,,,,,themeanvelocityof the
water, as measurey dividing Q, the discharge, by , ttewea othesection
of thepipe,is belowor aboveacertainval uegivenby

Ku,/Dp;

whereD is the diametenof the pipe,p the density of the water, and{ a
numericalconstantthevalueof whichaccordingomy experimentsand,as
| was able to show,to all the experimens by Poiseuile and Darcy, is fol
pipesof circular sectionbetween

1900 and 2000,

accordingas
[JUm
p .
it

thenumberK being thus a criterioof the possible maintenanoé sinuous
or eddyingmotion.

> 19000r < 2000,

3. The experimentsalso showel that K was equally a criterion of the
law of there.sistanceto be overcomewhich changes froma resistance
proportionalto thevelocity, andin exactaccorda.ncavit-h the theoretice
results obtainedrom the singular solutiof the equationwhen. direc
motion changs to sinuous i.e.,, when

PDUm=K.
K

4. In the samepaper | pointecbut that theexistence othis sudder
changen the law ofmotionof fluids béweensolid surfacesvhen

DUmM=f.K
p
provedthe dependence dhe manner ofmotion of the fluid ona raelation
betweerthe productof thedimensionf the pipe multiplied by thevelocity
of the fluid,and the product dhe moleculardimensionsnultiplied by the
molecudar velocities which determingnevalue of

H,

for th-e fluid, also thathe equations ofmotion forviscousfluid contained
evidenceof this relation,
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Boussinesq incompressible equations:

ou | 1 5 ) |
—+(u-V)u=——Vp+rvVu+| bz —fzxul, (1.2)
TSI Lo friction _buoya nCcy Coriolis |

b . 5 e -
— 4+ (u-V)b= V- (1.3)
OfF S ——

! R e dif f usion |

V-u=20, (1.4)

pipressureyu T velocity,tT time,] - density,bT buoyancyfi
Coriolis parameter, 3 viscosity,a T thermal conductivity.

These equations can be supplemented with pressure scalar equation
formally similar to(1.3),but not influencing momenturagquations.

a7



Pathways towards solutions of equations
or at least towards some properties of these solutions:

- analytical solutions of exact equations for selected
flows and range of parameters;

- analytical solution of approximated equations;

- direct numerical simulations DNS;

- looking for some statistical properties of solutions
(more soon);

- dimensional analysis.
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Deri,iation of RANS Equations

Thebasictod requiredfor thedeivation of the RANS equation :frolntheinstanneousNavier- Stoke

equationsistheRgymolds decomposition.Reynoldsdecolpositionrefersto  eparationof the

Elgi/}/] B/oarqlealp(e (Ilk.ﬁ/]elﬂc]:ht)’/ u) into the mean (time-averageddlnponent (U ) and the fluctuating
U).

U(X - _(X_)_ + ul(X ill

whereX = X Y Z isthepostionvecta.

Thefollowingru leswill be useful while deriving the RANS. Iff,andgaretwo flow varialdes (like
density (p) velocity (u),presure(p) etc.) andsisoneof theindependent variables (x; z, ort) then

f=f
f+g-f +g

Jg=Jg_
Jg:k- fg

1JJ 8f
s~ Os
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Kinetic Energy Budgets

1 |
KE = suu (3.3)
KE of mean or large-scale flow = K Epqn = %U.U (3.4)

KE of turbulent or fluctuating flow = K Ey,,.;, = % u.u’ (3.5)

—

KE of the mean flow, x component

We begin with the Boussinesq equations, to derive equations for the evolution of
K Eiynean. Consider the portion due to each velocity component separately. In the
x-direction, multiply the evolution equation for U by U:

J
ot

(dP

VU + fOV (3.6)
~ po O

_2
[f
(2)+IUV( + Uu' . Vu' =

Now E(U vr} U.v(T°/2);
( Vu') =V.(u'u'U) — 0 VU
and TV = V2 (T%/2) —VUNT.
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(3.7)

The first three terms on the right hand side describe redistribution of mean KE within
the volume:

pressure work

y(%-) transport by viscous stresses

—V.(w'u'l’): transport by Reynolds stresses,

When integrated over a volume with no flux of KE in or out, these terms are zero.
The and 5th terms represent net sources/sinks of mean KE:

loss of KE to dissipation:

W' NU: transfer of mean KE to the fluctuating/turbulent part of the flow.

The? terms represent transfer of kinetic energy from the [/-component of
the flow e V- and W- components.
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Kinetic energy of the mean flow, y and z components

; 51 ; : ; =2 =9
We can write down similar equations for the time-evolution of V° and W:

D e

(3.9)

The V° equation contains terms analogous to the i equation, while the W equation
lacks the coriolis term (since we have assumed Coriolis is aligned with the vertical),
but mcludes a buoyancy term, through which large scale potential energy is converted
to kinetic energy.
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Kinetic energy of the mean flow

If we sum these three equations, to obtain the evolution equation for 1/2U.U, and
rewrite it in Einstein notation, we have

9, p 0\Ui_ 0 Jol .
ot ‘0z;) 2 Oz dzr; 2 8

where the first three terms on the right hand side are once again the transport terms:
- transport by viscous stresses and transport by Reynolds stresses. The
4th term is again thedissipation; and the 5th term represents the transfer of kinetic
energy between the mean flow and the turbulent fluctuating flow. This term 1s known

as the'Shear production term, since the shear in the mean flow (finite gradients in

U;) leads to production of turbulent kinetic energy. The final term on the right hand
side 1s th erm.

(3.10)

Note that the terms P/podU; /Ox;, which transfer kinetic energy between the different
components of the flow U7, V, W vanish from the equation for the total, due to the
divergence relation V.U = (. The Coriolis term similarly does not influence the total
kinetic energy, but only its transfer between U/ and V' components,
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Turbulent Kinetic Energy (kinetic energy of fluctuations), x component

To find the evolution equation for the J\-component of the turbulent kinetic energy

(TKE) multiply du'/0t = 0U/dt — AU /Ot by u' and take the spatial average:
o 2]
(Bt R V) B

(3.11)

Comparing with the equation for i /2 we see that once again, there are three trans-
port terms: k. tra,ns rt by viscous stresses and transport by Reynolds
stresses, andd6ss of TKE to dissipation. Thehear production termDappears once
again, but with the 0pp081te 51gn to that in eqn 3. 7 - Tience this term represents no
net loss of KE but a transfer between mean and turbulent components.
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Turbulent Kinetic Energy (kinetic energy of fluctuations), y and z.
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