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• What is are CRMs and why do we need them?	



• Range of scales diagram	



• (Define Cloud system resolving model)	



• History of CRMs	



• Yamasaki:	


• Yamasaki, M. (1975). A numerical experiment of the interaction between cumulus convection and larger scale motion. Pap. 

Meteorol. Geophys. 26, 63-91.	



• Soong and Tao	



• Krueger and AA	



• The UCLA CRM	



• Purpose: “cloud GCM”	



• Initial Design:	



• Origin was from Semtner’s course	



• Vorticity-stream function:  Arakawa Jacobian	



• Full 3d-moment turbulence closure (refer to 
Randall talk)	



• Warm-rain microphysics	



• Prescribed radiative heating



• Further development at U of Utah	



• Ice-phase microphysics (with Qiang Fu)	



• Interactive radiation (Qiang Fu)	



• Applications to increased understanding of cloud systems	



• (list and select one or two for elaboration)	


• Two-dimensional cloud-resolving modeling of the atmospheric effects of Arctic leads based upon 

midwinter conditions at the Surface Heat Budget of the Arctic Ocean …	



• Applications to parameterization development	



• (list and select several for elaboration)	



• UP	



• Luo studies	



• AA studies with his students	



• Jung & Arakawa	





• Super parameterization and CSRMs	



• MMF uses embedded coarse-grid 2D CRMs for 
parameterization.	



• Shifted the focus to improving parameterization of 
physics that is SGS in CRMs.	



• This led to a return to turbulence parameterization in 
such CRMs, but now using the advances described by 
DR, and also extensive use of LESs for benchmarks.	



• Bogenschutz and Krueger: brief description of our 
approach. 



• Giga LES	



• Is allowing us to examine the structures of deep 
convective cloud systems in unprecedented detail.	



• Resolves turbulence so produces accurate convective-
scale vertical velocities. 	



• Allows focus on microphysical processes which are 
still not resolved.	



• Also supports development of cumulus 
parameterizations that predict updraft vertical 
velocities and fractional area, not just updraft mass flux 
(e.g.  UP).
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Abstract
　　　As　an　apProach　to　study　the　interacti6n　between　the　cumulus　convec．
tion　and　the　large．scale　motion，a　numerical　experiment　is　performed　with
the　use　of　a　su伍ciently丘ne　space　resolution　by　which　the　behavior　of
individual　cumulus　clouds　as　well　as　the　evolution　of　large－scale　motions
can　be　explicitly　described．For　computational　limitations＆rectilinear
two・dimensional　model　is　adopted　in　which　both　cloud－scale　and　large－scale
motions　are　uniform　in　one　horizontal　direction．We　deal　with　a　meso．
1ike　disturbance　such　that　the　horizontal　scale　of　a　large－sc＆1e　ascep（ling
area　where　cumulus　clouds　are　formed　is　only　several　tens　of　kilometers．
Some　cloud、microphysical　processes　such　as　autoconversion，collection　and
so　on　are　incorporated，using　parameterizations　which　have　been　adopted
in　many　numerica1．experiments　on　precipitating　clouds　in　recent　years。
Buoyancy　perturbations　are　given　initially　so　that　cumulus　clouds　may　be
initiated　and　thereby　a　large．scale　meridional　circulation　is　induced．
　　　The　time　integration　indicates　that　cumulus　clouds　are　formed　one
after　another　in　the　large－scale　convergence　fleld　and　that　the　large－scale
circu1αtion　is　intensified　and　maintained　by　the　ef［ects　of　cumulus　clouds
for　a　period　of　about・15hours．The　time　variation　of　the　large－scale　fleld
and　the　processes　of　formation，growth　and　decay　of　many　individual
cumulus　clouds　are　presented　and　discussed．

1．Introduction
　　　The　interaction　between　cumulus　convection　and　large．scale　motions　is　one　of　im．
portant　problems　in　meteorology。It　has　been　widely　recognized　that　some　of　large－scale
motions　in　the　atmosphere　are　destabilized　and　maintained　by　this　interaction．Such　a
mechanism　of　the　development　of　large－scale　disturbances　is　called　Conditional　Instability
of　the　Second　Kind（CISK）．The　most　typical　example　is　the　tropical　cyclone．The　first
sμccessful　dynamical　models　of　the　tropical　cyclone　were　proposed　by　OoYAMA（1964）and
CHARNEY　and　ELIAssEN（1964）．Many　numerical　experiments　of　tropical　cyclone　develoP－
ment　have　been　performed　based　on　the　CISK　concept（OGuRA，1964；Kuo，1965；OoYAMA．
1969；YAMAsAKI，1968a，bl　RosENTHAL，19701ANTHES，19721KuRIHARA　and　TuLEYA，
1974and　others）．In　addition　to　the　tropical　cyclone，there　have　been　some　attempts　to
apPly　this　idea　to　explain　the　mechanism　of　tropical　wave　disturbances（YAMAsAKII，1969．
19711HAYAsHI，1970，19711MuRAK：AMI，1972and　others），Intertropical　Convergence　Zone
（BATEs，19701CHANG，19731Kuo，1973and　othe士s）and　the　medium．scale　disturbances
in　the　middle　latitudes（ToKloKA，1972）．The　inlportance　of　CISK　in　the　meso－scale
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cloud　where　compensating　downw段rd　motion　takes　place．（3）It　is　relatively　cold　around
the　top　of　the　cloud　mainly　because　of　the　forced　ascent　in　the　unsaturated　area　and／or
the　absolutely　stable　layer．It　is　also　relatively　cold　in　the　periphery　of　the　cloud．This
is　primarily　due　to　evaporation　of　cloud　water．

　　　Fig．3also　shows　that　it　is　relatively　cold　in　the　subcloud　layer　and　in　the　upper
stable　layer．The　cooling　in　the　subcloud　layer　is　mainly　due　to　evaporation　of　rain　water。
The　horizontal　scale　of　the　temperature　perturbation　is　large　in　the　upper　stable　layer。
Although　the　temperature五eld　in　the　cloud　layer　is　complicated，it　can　be　seen　that　the
perturbation　temperature　is　relatively　high　at2～3km　leve1．In　other　words，the　large．
scale　warming　takes　a　maximum　at　this　leveL　This　feature　will　be　described　lateL
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Fig．4．Mixing　ratio　of　rainwater（dashed　lines）and　mixing　ratio　of
　　　　　　cloud　water（solid　lines）at120and300min．The　dashed　lines
　　　　　　are　drawn　for　o．1，0．5，1．o，2．o　and3．09／kg．
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　　　The　dashed　lines　in　Fig．4show　the　mixing　ratio　of　rain　water　gゲatオニ120and
300min．The　dashed　lines　are　drawn　for　Oユ，0。51LO，2。O　and3．O　g／kg、The　mixing
ratio　of　cloud　water　is　indicated　by　solid　lines，as　in　Fig．1．Such　a　relation　between　the
distributions　of　g。and　g，as　shown　in　this　figure　is　to　be　expected　from　our　knowledge
of　the　properties　of　the　isolated　cumulus　cloud．

　　　Two　examples　of　the　relative　humidity　distribution　are　shown　in　Fig。5。Although
the　subsidence　outside　the　cloud　makes　the　relative　humidity　lower，the　relative　humidity
in　the　cloud　layer　is　found　to　be　usually　more　than85％in　the　experiment．

　　　Fig。6shows　the　distributions　of％，the∬一component　of　velocity（m・sec－1）at∫＝180and
300min．As　was　shown　in　Fig。1，no　active　clouds　are　present　for∬〉5km　at180min．
The　upper　figure　indicates　that　a　large．scale　circulation　has　been　established　with　outflow
in　the　upper　layer　and　with　inflow　in　the　lower　layer．The　intensity　of　the　out丑ow＆t
躍～30km　attains　about3m・sec隅1and　that　of　the　inHow　about2～3m・sec－1．While　the
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small scale structure and microphysics





Growth of Cloud Droplets in Warm Clouds

224 Cloud Microphysics

1 liter!1) in a cloud has to grow by this amount for
the cloud to rain. The mechanism responsible for the
selective growth of a few droplets into raindrops in
warm clouds is discussed in the next section.

6.4.2 Growth by Collection

In warm clouds the growth of some droplets from the
relatively small sizes achieved by condensation to the
sizes of raindrops is achieved by the collision and
coalescence of droplets.20 Because the steady settling
velocity of a droplet as it falls under the influence of
gravity through still air (called the terminal fall speed
of the droplet) increases with the size of the droplet
(see Box 6.2), those droplets in a cloud that are
somewhat larger than average will have a higher
than average terminal fall speed and will collide with
smaller droplets lying in their paths.

Typical raindrop
r = 1000   n = 1   v = 650

Large cloud
droplet

r = 50  n = 103
v = 27

Conventional
borderline
between cloud
droplets and
raindrops
r = 100
v = 70

Typical cloud droplet
r = 10  n = 106  v = 1

CCN
r = 0.1  n = 106  
v = 0.0001

Fig. 6.18 Relative sizes of cloud droplets and raindrops; r is
the radius in micrometers, n is the number per liter of air, and
v is the terminal fall speed in centimeters per second. The cir-
cumferences of the circles are drawn approximately to scale,
but the black dot representing a typical CCN is 25 times
larger than it should be relative to the other circles. [Adapted
from J. E. MacDonald, “The physics of cloud modification,”
Adv. Geophys. 5, 244 (1958). Copyright 1958, with permission
from Elsevier.]

20 As early as the 10th century a secret society of Basra (“The Brethren of Purity”) suggested that rain is produced by the collision of
cloud drops. In 1715 Barlow21 also suggested that raindrops form due to larger cloud drops overtaking and colliding with smaller droplets.
These ideas, however, were not investigated seriously until the first half of the 20th century.

21 Edward Barlow (1639–1719) English priest. Author of Meteorological Essays Concerning the Origin of Springs, Generation of Rain,
and Production of Wind, with an Account of the Tide, John Hooke and Thomas Caldecott, London, 1715.

22 Galileo Galilei (1564–1642) Renowned Italian scientist. Carried out fundamental investigations into the motion of falling bodies and
projectiles, and the oscillation of pendulums. The thermometer had its origins in Galileo’s thermoscope. Invented the microscope. Built a
telescope with which he discovered the satellites of Jupiter and observed sunspots. Following the publication of his “Dialogue on the Two
Chief Systems of the World,” a tribunal of the Catholic Church (the Inquisition) compelled Galileo to renounce his view that the Earth
revolved around the sun (he is reputed to have muttered “It’s true nevertheless”) and committed him to lifelong house arrest. He died the
year of Newton’s birth. On 31 October 1992, 350 years after Galileo’s death, Pope John Paul II admitted that errors had been made by the
Church in the case of Galileo and declared the case closed.

By dropping objects of different masses from the
leaning tower of Pisa (so the story goes), Galileo
showed that freely falling bodies with different
masses fall through a given distance in the same
time (i.e., they experience the same accelera-
tion). However, this is true only if the force act-
ing on the body due to gravity is much greater
than the frictional drag on the body due to the
air and if the density of the body is much greater
than the density of air. (Both of these require-
ments were met by the heavy, dense objects used
by Galileo.)

Consider, however, the more general case of a
body of density "# and volume V# falling through
still air of density ". The downward force acting
on the body due to gravity is "#V#!, and the
(Archimedes’) upward force acting on the body
due to the mass of air displaced by the body is
"V#. In addition, the air exerts a drag force Fdrag
on the body, which acts upward. The body will
attain a steady terminal fall speed when these
three forces are in balance, that is

"#V#! $ "V#! % Fdrag

6.2 Was Galileo22 Correct? Terminal Fall Speeds of Water Droplets in Air

Continued on next page
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Text

r: radius(um)!
n: # per liter!
v: fall speed 
(cm/s)



Small-scale variability in Cumulus mediocris

overlay is for illustration only



photo by Jan Paegle

~100 m

Small-scale variability in Cumulus fractus



6.3 Cloud Liquid Water Content and Entrainment 219

instruments that can reveal the fine structures of
clouds (Figs. 6.10 and 6.11), indicate that adiabatic
cores, if they exist at all, must be quite rare.

Air entrained at the top of a cloud is distributed to
lower levels as follows. When cloud water is evapo-
rated to saturate an entrained parcel of air, the parcel
is cooled. If sufficient evaporation occurs before the
parcel loses its identity by mixing, the parcel will sink,
mixing with more cloudy air as it does so. The sinking
parcel will descend until it runs out of negative buoy-
ancy or loses its identity. Such parcels can descend
several kilometers in a cloud, even in the presence of
substantial updrafts, in which case they are referred to
as penetrative downdrafts. This process is responsible
in part for the “Swiss cheese” distribution of LWC in
cumulus clouds (see Fig. 6.6). Patchiness in the distri-
bution of LWC in a cloud will tend to broaden the
droplet size distribution, since droplets will evaporate
partially or completely in downdrafts and grow again
when they enter updrafts.

Over large areas of the oceans stratocumulus
clouds often form just below a strong temperature
inversion at a height of !0.5–1.5 km, which marks
the top of the marine boundary layer. The tops of the
stratocumulus clouds are cooled by longwave radia-
tion to space, and their bases are warmed by long-
wave radiation from the surface. This differential
heating drives shallow convection in which cold
cloudy air sinks and droplets within it tend to evapo-
rate, while the warm cloudy air rises and the droplets
within it tend to grow. These motions are responsible
in part for the cellular appearance of stratocumulus
clouds (Fig. 6.13).
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Fig. 6.10 High-resolution liquid water content (LWC) meas-
urements (black line) derived from a horizontal pass through
a small cumulus cloud. Note that a small portion of the
cumulus cloud had nearly an adiabatic LWC. This feature dis-
appears when the data are smoothed (blue line) to mimic the
much lower sampling rates that were prevalent in older meas-
urements. [Adapted from Proc. 13th Intern. Conf. on Clouds and
Precipitation, Reno, NV, 2000, p. 105.]
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Fig. 6.11 Blue dots are average liquid water contents (LWC)
measured in traverses of 802 cumulus clouds. Squares are the
largest measured LWC. Note that no adiabatic LWC was
measured beyond !900 m above the cloud base. Cloud base
temperatures varied little for all flights, which permitted this
summary to be constructed with a cloud base normalized to a
height of 0 m. [Adapted from Proc. 13th Intern. Conf. on Clouds
and Precipitation, Reno, NV, 2000, p. 106.]

Entrainment

Rising thermal

Fig. 6.12 Schematic of entrainment of ambient air into a
small cumulus cloud. The thermal (shaded violet region) has
ascended from cloud base. [Adapted from J. Atmos. Sci. 45,
3957 (1988).]
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Cumulus clouds are 
not well-mixed 

maxima
means



• The premise of LES is that only the large 
eddies need to be resolved.	



• LES is appropriate if the important small-
scale processes can be parameterized. 	



• Many cloud processes are subgrid-scale, yet 
can’t (yet) be adequately parameterized.

LES Limitations



• Small-scale finite-rate mixing of clear and 
cloudy air determines evaporative cooling 
rate and affects buoyancy and cloud 
dynamics.	



• Small-scale variability of water vapor due to 
entrainment and mixing broadens droplet 
size distribution (DSD) and increases 
droplet collision rates. 	



• Small-scale turbulence increases droplet 
collision rates.

Subgrid-scale Cloud Processes





LES with 5 m isotropic grid



1993



2010



• Bridging the LES-DNS gap 

• Difficulty depends on process of interest.	



• Higher resolution or improved 
conventional parameterization may work 
for some processes.	



• For investigating how turbulence affects 
cloud droplet growth, multi-scale 
modeling (super-parameterization) is a 
promising solution.
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Scales of  Atmospheric Motion 
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The smallest scale of turbulence is the Kolmogorov scale:

� � (�3/�)1/4

For � = 10�2 m2 s�3 and � = 1.5� 10�5 m2 s�1, � = 0.7 mm.

Direct Numerical Simulation	


(DNS)

EMPM

aircraft measurements



2 Model Description

In this section we describe ODTLES, an approach for extending the one-dimensional turbulence
model of Kerstein [6] to treat turbulent flow in three-dimensional domains. ODTLES can also be
thought of as a novel LES approach, and we will show how large-scale 3D turbulent motions are
captured by the LES aspects of the model but are strongly coupled to the small-scale turbulent
motions generated by the ODT part of the model.

Before continuing we also note that ODT might be combined with LES in at least two different
ways. One option is to start with the LES equations (derived by spatially averaging the NS equa-
tions), and seek a method for using ODT as a subgrid closure model for these equations. This can
be thought of as a top-down approach, and is denoted LES/ODT. A second option is to begin with
the ODT equations, and then add additional terms so that mutually orthogonal ODT domains might
be coupled together and 3D LES modeling constraints enforced. The ODTLES model described
here follows the latter bottom-up approach.

Figure 1. Illustrative geometry of the ODT and LES subdomains

2.1 Geometry and Numerical Discretization

In ODTLES we discretize our domain of interest in two distinct but interdependent ways. The first
is by a standard set of rectangular control volumes. The second is formed by embedding three,
mutually orthogonal ODT domain arrays within the coarser 3D mesh. This is illustrated in Figure
1 for a simple box-shaped region. Here we see that the overall domain is subdivided into N3les
uniform LES control volumes, where Nles = 3 is the number of LES-scale subdivisions in each

13

LES with 1D subgrid-scale model
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Summary

• Reducing the dimensionality is an 
established method.	



• Removes or reduces the need for SGS 
parameterizations.	



• It is very well suited for high-Reynolds 
number turbulent flows when small-scale 
mixing processes are important.



Advection is modeled as a sequence of triplet maps that 
preserve desired advection properties, even in 1D

The triplet map !
is implemented !
numerically as !
a permutation !
of fluid cells (or !
on an adaptive !
mesh)



droplet evaporation

molecular diffusion

turbulent deformation

saturated parcel

entrainment

EMPM with droplets and entrainment
100 m



shown: !
16 cells ~ 1.6 cm

Each cell is ~ 1 mm3

The EMPM domain consists 
of cubic cells

Number of droplets per cell =	


concentration X cell volume =	



100 cm-3 X 0.001 cm3 =	


0.1 (1 droplet per cm)



128 cells ~ 10 cm 
(10 droplets)



1024 cells ~ 1 m 
(100 droplets)





• Resolving only the large turbulent eddies is 
not sufficient to realistically represent the 
interactions between microphysics and 
turbulence. 	



• Models that resolve the smaller (and 
sometimes the smallest) turbulent eddies are 
necessary.  	



• It is not yet possible to simulate all scales of 
cloud turbulence in 3D, so other approaches 
are currently being used and developed.

What’s ahead...




