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Physicists, your
planet needs you

Climatologists highlight cloud mysteries in an attempt to
lure physicists to their field.

BY QUIRIN SCHIERMEIER

Nature Vol. 520, 9 April 2015



BACKGROUND 1

L)

Clouds are complex flows involving multiple phases, thermodynamics,
microphysics, radiation ... ? ?

A central problem in the fluid dynamics of clouds concerns their
Interaction with the ambient dry air, in particular through entrainment,
which is also associated with the dynamic behind shape

Taylor’s entrainment hypothesis for free turbulent shear flows (Taylor
1945, Morton, Taylor, Turner 1956):
entrainment velocity V, «c characteristic mean velocity U,
Later refinements: replace U, by u’,, (u’ w ")Y2 etc.
!

Often works well for plumes (Turner 1973,
1986 JFM)
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BACKGROUND 2
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Does not work for cumulus clouds — heaps, (the hot cumulus)
towers of Riehl (1958), not fans or cones

Telford (1975):

Liquid water content remarkably constant across cloud,

decreases monotonically from cloud base

= “The problem of explaining infinite horizontal
diffusion and zero vertical diffusion”

Or (from present work on momentum) the other way round?

Emanuel (1994):
“Early cloud parameterization schemes based on the
similarity plume model . . . [were] thoroughly discredited
by observations”.



CLOUD LIFETIMES
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PHYSICAL FLOW MODELS
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\ F-‘Iuml? Diabatic Plume
|
Turner 1973, RN+ 2011 PNAS

Introduced again



MODELLING CLOUDS

20

.. . large convective clouds . ..
which are not adequately described by
similarity theory but for which there is
at present no alternative model.

J S Turner 1973 Buoyancy Effects in Fluids



gSimulation of cumulus clouds in laboratory

Principle 1. Physical model:

Transient turbulent plume/jet of a
single-phase ‘cloud fluid™, with off-
source addition of heat to simulate
|latent heat release due to
condensation in natural cumulus
clouds

Hf 2. We work with water, not moist air.

Vo 3. Shape primarily determined by /arge-

jiiiiié o scale entrainment processes.
epet

Recent work shows (Narasimha et al. , PNAS, 2011)
“Clouds are tfransient diabatic plumes”



Dynamical similarity:

Cloud-like flows in a water tank

Non-dimensional heat release
number (analogous to bulk

Post-heating
Zone

Richardson number) has been
proposed (Bhat & Narasimha —
1996 JFM).

'

Heat-injection
zone (HIZ)

~2 [
G — 2 “h (9) %
d.’ﬂ [TH
PCp &7 Ug

Q = Total heat input rate in the HIZ
o = Co-efficient of thermal expansion
p = Water density; g = gravity

Ep = Heat capacity of water

Preheating
zone




Dynamical similarity:

Cloud-like flows in a water tank

Flow Width b (m) Centre-line velocityU G'=2¢
(mis) pep bull;

Cumulus 500 3 -4 0.11 -0.53

Cumulonimbus 1200 -2500 10-25 0.14 - 0.46

Jet/Plume 21 x 10° 38 x 10° 0.25

d =4 mm, 2/d = 50,

Q=600W

Venkatakrishnan et al. = 1998 Current Science

Re in the experiments is much lower, but jets and plumes are
relatively insensitive to Re, for Re > 10 - 104



Dynamical similarity:
Cloud-like flows in a water tank

* Heat release into the cloud fluid:

~ 1 W/m® in the atmosphere
* What matters: The ratio G
~ (Heat release) / (Energy flux)

* To get same value of G in a water tank as in clouds, we need heat
release of O(1 kW)in5cmx5cm x 10 cm =250 cm® = 250 x 10-% m>.

* This idea forms the basis for design of the off-source heating
mechanism.

(Narasimha 2008)




Non-Dimensional heat release parameter: Bulk Richardson No.

g @Q heating rate
B ply pU3  kinetic energy for jets

G

heating rate
~  buoyancy flux forplumes

B: thermal coefficient of expansion of the cloud fluid (1/K)
g: acceleration due to gravity (m/s?)

p and C: density (kg/m? )and specific heat (J/kg k) at constant pressure
of the ambient fluid

Q: total off-source heating rate (W)
b and U: length and velocity scales (m and m/s)

G can, in principle, vary in space and time
Bhat+narasimha,1996,JFM



EXPERIMENTAL SET-UP AT JNCASR

Surface
heater

Constant-head
reservoir

Deionized water
Test tank

Heating grids

Inlet
nozzle

Heating
chamber for
active fluid
(electrically
conducting)
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EXPERIMENTAL SETUP

Experimental Setup
¥

U nozzle-exit velocity

o nozzle diameter

I Averaged lemperalure

z . Height measured from
plane of nozzle exit

Ap - Density difference;
Subscripls:

15, lower density sratmcation
interface {dash-dot lines);

10 kHx 0= v

PR MR
~ us, plane of free-surface

chamlar g heater

o, chamber exit

e Gt and G{z) possible
=TD: Resistance Temperature Deteclor to abtain



SCHEMATIC OF THE SIMULATOR

Test Tank

Surfuce heater

Heating grids

- High frequency
- current
By
" .
SO0 m'W laser

|5

Inlet Mozzle

Plume generation
chamber

RTL) sigmal output

Lxit for air bubbles |

I onstant hed
tank water +
dye + ackd)

8 = Feed pump

@ < Flow coatrol valve

<« Feed ling

Denser Fluid

Planar laser sheet
Density-adjusted

electrically
conducting

active fluid

Heater power line

(0= 220%)

Electrode Cage
ealing pri
High
requency Contrml box
vollage 0=300V
R 0-10A
25 KHz
ACTIVE CONTROL
FEASIBLE !




AXIAL SECTIONS OF PLUME WITH AND
WITHOUT DIABATIC HEATING

« Re = 2250

« EXit velocity at
| nozzle =0.28 m/s

« AT=30°C

(heating chamber)
L@=0,G=0

R) @=1350 W
G=138

Heat injection
Zone




HEATING ALTERS FLOW STRUCTURE

heat injection

—

Venkatakrishnan et al. 1998 Curr. Sci.,
1999 JGR
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A’%; COMPARISON WITH REAL CLOUDS

Classification as in the International Cloud Atlas (WMO)
Based mainly on appearance
Three genera and three species simulated

Genera: Cumulus
Alto- / Strato- cumulus

Species: Cu. Congestus
Cu. Mediocris
Cu. Fractus



COMPARISON WITH REAL CLOUDS
Towers and Flowers

=

Comparison Cumulus Congestus

Tall, narrow,
tower-like
— - -:| i
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Re = 3000|T,. = 30.8°C|T,., = 33.9°C|Apr, = 1kg/m®|z, = 126.5mm|z,. = 869mm

Real Cloud Photo Credit: hitp2img.photobucket.comfalbumsivd 93/scubastza’Blog %205 tufficloud. jpg




COMPARISON WITH REAL CLOUDS

Comparison

Striking Resemblance

Cumulus Congestus

= 5 Z Off—+ | 1
=1 | & Heolf——
3 - "2 E fo]=3 e
20 - - ] B = [
100 200 300 LU 100 200
Time (sec) Time (sec)

Re =~ 300017, = 30.8°C

Te = 33.9°C|Ap, = lkg/m? |z, = 126.5mm|z,., = 869mm

Fluffy, sharp edges, flower-like



COMPARISON WITH REAL CLOUDS

Comparison Cumulus Congestus
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Real Cloud Photo Credit: Aditya Konduri (near Kaly, 9-10 km height)



COMPARISON WITH REAL CLOUDS

Comparison Cumulus Congestus

Different Shapes

=0, 1z S O, I
Z =] S s S
Unguantified | . i R W i S o MR a
2 [[Resdaa | R e e
= — 1 8 I SRE
50 100 & 50 100
Time (sec) Time (sec)

Re = 3000|T, = 25°C| T = 28°C|Ap, = 1kg/m? |z, = 145mm|z,, = 980mm




COMPARISON WITH REAL CLOUDS

Cumulus Congestus

- - - : .
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Re = 3000|T, = 30.8°C|Tys = 33.9°C|Aps = lkg/m?®|z, = 126.5mm|z,, = 869mm




COMPARISON WITH REAL CLOUDS

Cumulus Congestus
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100 20H) 300 — 100 200 300
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COMPARISON WITH REAL CLOUDS

Comparison

Cumulus Congestus

Effect of heating history and distribution

Three instants

Apy, & 1kg/m?

zjs = 126.5mm

z..» = SbOmm




COMPARISON WITH REAL CLOUDS

Comparison

Cumulus Congestus
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COMPARISON WITH REAL CLOUDS

Comparison Cumulus Congestus

Power (kW)
= ™
o

140 NO
MO ]

50 100 138 -
Time (sec) Time (sec)

Re = 650|T, = 35.5°C|T,, = 35°ClAp: = lkg/m?|z;, = 126.5mm]|z,. = 869mm




i” COMPARISON WITH REAL CLOUDS

Comparison Cumulus Mediocris

EU-S. . ) 12 ;_? 6-—= 9
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: JHT Wl - ] e
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Re = 560|T, = 25°C|T. = 2R°C|App. = 1kg/m?|z. = 145mm|z,. = 980mm

Hovering (slowly sinking), Evaporating



COMPARISON WITH REAL CLOUDS

Comparison Cumulus Mediocris
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COMPARISON WITH REAL CLOUDS

Comparison

Cumulus Fractus
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Jagged edges, dissolving stage



COMPARISON WITH REAL CLOUDS

Cumulus Fractus
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Scud, seen during monsoons

Real Cloud Photo Credit: Scorer Plate 43



COMPARISON WITH REAL CLOUDS

Comparison Cloud-top break away

i £ . X 5

Ak il #  ErST—————

E E E _g — - Em—] e R et
g ¥ B s [T T A P T
2 1 % 21 0 —ﬂ—— --------------------------- -

100 203 300 T3 100 200 3040
Time (sec) Time (sec)
Re = 560|T, = 25°C|T,. = 28°C|Apy, = lkg/m*z;, = 145mm|z,, = 980mm

Simulating cloud processes
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ﬁ' COMPARISON WITH REAL CLOUDS

<+ The important parameters identified

1. Flow history

2. Heating profile history

3. Lower and upper stratification (heights and
magnitudes)

4. Source momentum / buoyancy flux

<+ Different combinations can give wide variety of
cumulus shapes, types, flows
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ﬁ COMPARISON WITH REAL CLOUDS

Entrainment Coefficient

d I I I I ] | 1 1 1
——Bhat & Marasimha{ 1935) - IS¢
351 | |H|| —enkat ef al (2003) - F&LU -
I ——Agarwal & Prasad (2004 - DU
3 ] | —— Venkat thesis{ 1997 jet - IS¢ -
—Venkat thesis{ 1997, plume - IISc

o m : integrated mass flux, b, - velocity width of the flow

dm ,
ET g (EEE]H[’ f) Uc - mean centerline velocity

—

L - height of HIZ, 2, - beginning of HIZ



E{FIRET ORDER NON-PRECIPITATING CUMULUS SYSTEM

MICrOpNYSICS *  fti| Phase Transitions
Thermodynamics

'-'-%“%“%1‘“%“%“%“%“%“%“%“%“%'-'-'-'-'-'-'- '-'-'-“'-““H‘-ﬁ“'-‘-'-“'-‘-%'ﬂ%‘-’-'-’-“’-““’-.

Cloud-fluid Macrodynamics
4—‘HEAT RELEASE
(Navier-Stokes-Boussinesq)

e

S e e e e S e i 5 5 e e e e e e ™




STEADY CLOUD FLOWS
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JET WIDTH

40

30—:

SIS

20 4

10-

e

Heat injection

N

50

150
z/d

.200.

Stream-
wise
variation
of scalar
jet width
at
different
values of
the
heating
parameter
Bhat, RN

" 2501996,

JFM



HEATING ACCELERATES FLOW

30
x / d

® — unheated Variation of
i > %ggw /nheated the axial
L — B75W et i component
® = 910W B ‘ of the
, &/./ o | centreline
A i /,. : E velocity in
: X~ ¢ | the heated
5 A 4 & & < jet. Re,
e b =1480 and
® - d=8 mm
& P | | Bhat, RN
A i Jome Bl | 1996, JFM
10 20 40 50 60



TURBULENCE IN CLOUD-FLOW
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IT BECOMES CLOUD-PLUME

Diametral sections of ordinary and cloud plume at
zld =79.4 Venkatakrishnan et al. 1998 Curr. Sc.




E WAVELETS REVEAL HIDDEN ORDER, ORDINARY
{

PLUME

raw image

unheated :
plume ﬁ £

Turbulent chaos conceals lobed vortex ring ?

Narasimha et al. 2002 Expts. Fl., Srinivas+ 2007 JoT



ﬁ CLOUD PLUME: UNMIXED CORE

raw image

heated
plume

RN+ 2002 Expts. Fl.
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f; Entrainment Coefficient (a,)

o Taylor’'s definition: Derived from self-similar flows
(Morton et al 1956)

dm

— = 2mb,a. U,
dz '
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Unheated
Q=1400 W

VARIATION OF ENTRAINMENT COEFFICIENT

Episodic
variation of
entrain-
ment
coefficient
with axial

distance
Venkata-

krishnan +
2003 Curr. Sci.



E Previous Steady State Experiments
(z=z L

.D 4 Ei — Bhat &
2l l Narasimha (1996)
— Venkatakrishnan et al,
(2003)
-~ Agarwal &

Prasad (2004)
= Venkatakrishnan (19971

= Venkatakrishnan (1997

£100y |, Kytreqiung

LS

—
#‘L— - Py TrT -

D = Detrainment

X E -- Entrainment

X

0.5+7% 3
-:F' e = =
g [
ﬂ l i 1 | 1 .
-1 0 1 2" 3 A 5 & Diwan+ 2012



DILUTION AND PURITY

z-z, (km); Romps and Kuang

g 09 1.8 2.‘7 36 45 54 83 712 8.1 9
9[- ! ‘ ‘ ‘, 1 ! _ ; 14
0.8 \ O Bhat and Narasimha (1996); jet
0_9_ - \Fl B PR IR N Venkatakrishnan (1997), Jet _09
ol . 1| O Venkatakrishnan (1997); plume Jos
® ' N —Romps and Kuang (2010); CRM 100m '
.S 0.7k ﬁ:‘\A i ——-Romps and Kuang (2010); (;RM 1600m L10.7
- E . : :
o= 0.6 S 0.6F 2 08
x £
o o 05} 105
= ~ 0.4 -0.4
0.1F -0.1
plu i i i i I i i i i 0
0 0.5 1 1.5 2 25 3 35 4 45 5

0.2

(z-z,)/L; Lab simulations

0.0

Height (km)

Comparison with Lab results
Romps & Kuang 2010 JAS (RN+2011PNAS)
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E' A MODEST PROPOSAL

A Cumulus Cloud Flow
Is a Special Example of a

TRANSIENT DIABATIC PLUME

" e e e e e e e e e

o e T T T e e e e e e
e




CYBER CLOUDS
SPECTRAL METHODS

Code: Megha 1
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LABORATORY VERSUS TEMPORAL
SETUP SIMULATION
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" Computational doniain

Basu, Narasimha 1999, JFM



1‘% EQUATIONS FOR A ‘BOUSSINESQ CLOUD’

Veu=0, (mass)
1
ou +(u-Viu=—-Vp+ vWou — gaT,
at p (momentum)
J
oT +@-V)T =«kV°T + —+
ot p Cp
(energy)

Basu, RN 1999 J. Fluid Mech.
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21_6; VORTICITY IN BOUSSINESQ CLOUD

oW |
F{u-V)o —(w-V)u—szco =oag X VT
a{ Y, \ v /\ ) N Y
Y _ Y
advect tilt, stretch diffuse create

u(x,t) =u(x+ Le;,t), p(x,t) =p(x+ Le;t),
T(x,t) = T(x + Le;, 1), i=12,3.

Basu, RN 1999 J. Fluid Mech.
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ﬁ CREATING VORTICITY BY BAROCLINIC TORQUE

F— = II'( i T |.\ |

‘ Cold \ Hot < Cold ‘
/[

\;' grad 7 grad T/“‘

P

= -
gxg rad 1! ' : gg?{gmd T

@

/
‘x
Out of [nt
oust ¢ F =
%
«

| S | '~ Basu, RN 1999 J. Fluid Mech.




COHRERENT STRUCTURE IN AZIMUTHAL
VORTICITY

V\+

b

i

05 202 00 02 05
Volume Flux

t=35, x=65 Volume flux vs. z/d att = 35
RN, Shivakumar 1999 IUTAM Goettingen




AZIMUTHAL VORTICITY

FULLY HEATED JET

05

0.2

00
Volume Flux

0.2
RN, Shivakumar 1999 IUTAM Goettingen VOlUMe flux vs. z/d att = 35

=585 X =165



UNHEATED, HEATED JETS

(a) Unbheated jet
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,,,,,,,,,
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/
(b) Heated jet
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VORTICITY DISTRIBUTIONS

UNHEATED JET HEATED JET
(a) Azimuthal vorticity (b) Azimuthal vorticity
I AN -

A N
PR \y
y T

+.0.5 €0-5) 100 1283

Left: Ordinary (Unheated), Right:
Cloud (Heated)

Azimuthal

Axial

Radial



gﬁ; ENSTROPHY IN ORDINARY JET

Enstrophy =
mean squared
fluctuating
vorticity

Time Basu, RN 1999 JFM



ENSTROPHY INCREASE WITH HEATING

lo g O(Enstrophy)

Basu, RN 99, JFM



long -5
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log_me -5 4

ENSTROPHY SPECTRA
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DIAMETRAL
SECTIONS

............................................
.....................................

,,,,, |

.........

.
’

Jlid e m e
o e R

¥ .
R Y ‘\ rars
..... e K
i i P
e @%@ e {7

%@...\Hﬁnnn e N~

———— — 1~

Q —=== =
= Hld

g Q 0 = | = padine B
i _/F S . - .\"..ﬂ..«m LI =
vy e YOG o
”f..//l @. NP /H__,’\ f/ o X.ﬁ ™~
= FERNENEK IS O G e
o 207 A @
£l [ aten » (O yveniss i SR = .J\k“ )
S m— LT S o AN A LA
L Yo < 7, LR i = 0, S QN TN
T [P i o4 [T iy Lt 1 R
- 7 D TIPS s 36 e SRS R L e e R R
g [----.» Pl R e A E LN NNy N s s s @ g % s.a w2 & oaa 7 /rl\\_.‘ ..... R
5 At B8 LIRS R B = Sl N AR SR
- r LI O T I W T W N - ¥
m .... m ' Wl G N AEAEREE & TR R SR B GE e

......

Y I I L

(a) Unheated jet

(b) Heated Jet

1@, 0-5(05)10



TRANSIENT DIABATIC PLUME

Megha 3

Prasanth++ 2014



Flow ' ;OO

Configuration /" Plume Head | \l

- d, . diameter of the \f
source patch 7, \

T, - source Heat Injection
temperature above the Zone (HIZ)
ambient

: ¥
« Z, and Z, — vertical —

extent of the HIZ

e Horizontal extent of
the HIZ is defined by a
passive scalar (threshold do. Te

- 104
Value 10 ) . 1 g e g e S R =% Kﬂ‘\\\\'\‘\‘k\.'\ Y S M R
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:g_é; AN EXPLORATORY NUMERICAL EXPERIMENT

Direct Navier-Stokes-Boussinesq

“* Reynolds number: 2000.

» Fractional-step method is used to solve the governing
equations.

< Non-uniform grid, size 129 x 106°.

»» Poisson solver. Preconditioned (multi-grid based)
GMRes.
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NUMERICAL PARAMETERS

Exploratory runs

« Domain Size: 40 x 40 x 40 (x y 2)

« Grid: 128 x 128 x 256 ~ 4 x 10¢ cells

Resolved Simulation

« Domain Size: 7/0x 70 x 399 (xy z)

« Grid : 402 x 402 x 798 ~ 129 x 10 cells

Common parameters

« Reynolds No : 2000

« 10% noise added to the temperature source (z = 0)



& COMPARISON OF CLOUD SHAPES
ﬁ Real Cyber

« Re=2000
« Pr=1.0
« At=0.005

e Grid: 128 x 128 x
256

« HIZ:Z, =10d, Z,=
15d

 Volumetric

visualisation using
PARAVIEW.
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ﬁ VORTICITY EXPLODES
Vorticity Iso surface WITH HEATING

Left: With heating,
iso-surface at 2.5

Right. No heating ,
iso-surface at 0.75

Baroclinic torque spins up cloud

t= 58.5 flow units b= 127.5 flow unlts
Azimuthal Com ponent Azimuthal component
-2 5] -0, 751



Axial component (-1.0 blue,
+1.0 green)




Azimuthal
IO Ner

Axial component (-1.0 blue, 1.0 green)
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Heat

—1 release

zone

Tank

RN 2012

Plume box

The Baroclinic Torque

The varying buoyancy force
Temperature gradient

The baroclinic torque is proportional
to the temperature gradient, so is a
maximum mid-way between cloud
centre and edge

There is a quasi-cylindrical tube of
maximum baroclinic torque embedded
within the cloud flow

The fluctuating baroclinic torque is a
huge source of small-scale vorticity.
Could that be what makes some
cumulus clouds so crinkly at the
edges ?




HOW THE BAROCLINIC TORQUE WORKS

Fluctuating
baroclinic torque

Rising velocities

_-Sinking velocities

¢!

Quasircylindrical tube
of high immean baroclinic
torque (azimuthal)




WHAT IN-CLOUD MASS FLUX ?

30

mass flux - Cloud flow

25

20

N 15 .
—velocity based |
—vorticity mag. (2.0)
10 —vorticity mag. (1.0)
—vorticity mag. (0.5)
---------- -vorticity mag. (0.25)
5 vorticity mag. (0.1) | _
—vorticity mag. (0.05)
5
0 I 1 !
0 > 10 15 Prasanth ++ 2016

mass flux
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EVOLUTION OF A T.D.P.

Re = 2000
Totally 90 FU
HIZ : 10 — 15 diameters
Heating stops at 65 FU

Samrat Rao++ 2016
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Diametral cross-sections

at z=17.5, with time
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Diametral cross-sections

at z = 22.5, with time
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Diametral cross-sections

at 85 FU, with z
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26; TRANSIENT DIABATIC PLUME

Re = 2000
Totally 90 FU
HIZ : 10 — 15 diameters
Heating stops at 65 FU
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Diametral cross-sections

at z=17.5, with time
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Diametral cross-sections

at z = 22.5, with time
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Diametral cross-sections

at 85 FU, with z
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ONE VIEW OF ENTRAINMENT

J ET @?9 induced inflow
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SMALL Scales LARGE Scales

Philip and Marusic, 2012,PoF 24



AXIAL Section : Vorticity field
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ﬁ ANOTHER VIEW OF ENTRAINMENT
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PROPOSED VIEW OF THE ENTRAINMENT
zﬁ; PROCESS

*» Largely episodic in both time and space .

... with local inrush events, — induced in the ambient outer
ﬂUId by neighbouring vorticity elements of coherent
structures within the core flow, —. . .

. often pushing the turbulent / non-turbulent (T/NT)
boundary Into a deep, convoluted interface ( ~ ‘well’) ...

¢ ... cCreating a strong ‘engulfing event’.

¢ .. .that culminates in fluid crossing the T/NT Interface In the
weII — through ‘nibbling’ (?).

“ Entrainment coefficients vary greatly from Turner’s similarity
value and .

s ...are strongly affected by heat release, .

... which creates a baroclinic torque

0



é PROPOSED VIEW OF THE ENTRAINMENT
26; PROCESS

. that leads to an explosive growth in vorticity, .
.(disrupts the coherent structures that would have filled
the non-diabatic flow .
. and changes the nature of inrush events .
. which affects entrainment. .
. And so on!

0
0
0
0

00 00 00



Conclusions



CONCLUSION

L)

Cumulus clouds are generally transient flows

Latent heat release on condensation of water vapour
changes an ordinary plume into a cloud-like flow

So a transient diabatic plume seems like a good fluid-
dynamical model for cumulus flow

Measurements in transient diabatic plumes show
systematic but wide variations in entrainment coefficient
with cloud height. Reason for great variety of proposals
made over decades that have all ‘'seemed’ based on ‘fact’ ?

Computer simulations suggest that the
baroclinic torque drives the cumulus flow engine
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Conclusions continued..........

3D Navier-Stokes-Boussinesq solver capable of simulating cloud flow
developed and validated.

Significant role played by heating profile history in determining the
shape of any cumulus flow.

Strong effect of off-source buoyancy addition and baroclinic torque on
the structure of the flow

5 distinct regimes:

A nearly laminar constant width regime

A nearly linearly growing turbulent plume regime

HIZ where the width is nearly constant

A regime of slow growth in width culminating at the maximum
A short dome like cloud top

abhowphE

Preliminary estimates on the entrainment coefficient.



Laboratory Cloud Cyber Cloud

NOAA Research, Jim Lee RN ++ 2011 PNAS Present Simulation
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