
Course Goals

• Expose students to nitty-gritty of cloud 
modeling: build a basic, 2D model.

• Learn techniques of model development: 
Build from simple to complex. Testing.

• Learn theoretical approaches to studying 
convection: simple models with analytics 
solutions to 3D CRMs.



• Learn about global (statistical) convection 
and how it is represented in large-scale 
models (e.g., cumulus parameterization).

• Learn how the physical processes that are 
important for deep, moist convection are 
represented in CRMs.



time-lapse movie of cumulus development





Cloud-Resolving Model
• A 2D or 3D non-hydrostatic numerical 

model that resolves individual cloud-scale 
circulations.

• It includes representations of:

• moist thermodynamics

• cloud and precipitation microphysics

• radiative transfer

• unresolved turbulence

• surface fluxes



(courtesy of W. R. Cotton & J.-C. Golaz)

Isosurface of cloud water:  0.001 (g/kg)
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Multiscale Modeling Framework (MMF)



Giga-LES of deep convection

•Goal is to simultaneously simulate boundary layer 
turbulence, shallow convection, deep convection, 
and mesoscale convective systems to provide a 
benchmark for evaluation of coarser-grid 
simulations.

•Idealized GATE (tropical ocean) simulation with 
shear.

•Used a CSRM (SAM) with 2048 x 2048 x 256 (109) 
grid points and 100-m grid size for a 24-h LES. 

•Equivalent to 1024 6.4-km x 6.4-km LESs.



LES “visible image” 180 km x 180 km





Cloud Water Path (vertical integral)



Ice Water Path (vertical integral)



Water Vapor Mixing Ratio at surface



zoom into 50 km by 50 km



• Several vortices of waterspout strength 
occurred.

• These vortices would presumably become 
waterspouts with higher resolution.

• Preferred location is along gust fronts 
which produce low-level vorticity.

• This vorticity is amplified by stretching due 
to low-level convergence.

Waterspouts?



surface water vapor
25.6 x 25.6 km, 50 minutes duration











The following are statistics from the giga-LES 
for up-cores and down-cores.

Each plotted point represents one level at 
one time. Hourly results for the last 12 
hours  are plotted.

The first plot is a comparison to LeMone & 
Zipser’s results. The second and third plots 
include results to 18 km and the 99th 
percentile.
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Giga-LES statistics
• Giga-LES core statistics compare well 

to LZ GATE observations.

• Joint pdfs of buoyancy and drag  show 
that strongest updrafts have large 
buoyancy and small drag.

• Co-located observations of w and 
precip could be used to study dynamics 
of deep convection.



Boundary layer clouds in 
cloud-system-resolving models (CSRMs)

• CSRMs may have horizontal grid 
sizes of 4 km or more.

• Such CSRMs are used in MMF, 
GCRMs (global CSRMs), and 
tropical cyclone models.

• In MMF and GCRMs, CSRMs are 
expected to represent all types of 
cloud systems.

• However, many cloud-scale 
circulations are not resolved by 
CSRMs.

• Representations of SGS (subgrid-
scale) circulations currently used 
in CSRMs can be improved.



Use results from the giga-LES 
to test the assumed PDF method

•Collected statistics for calculating the moments 
needed to specify assumed PDFs for grid sizes of 
800 m x 800 m x 100 m and multiples thereof. 

•The statistics also include cloud fraction, liquid 
water mixing ratio, and its vertical flux, that can be 
compared to those obtained from the PDF.
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smaller grid sizes
have more large 
cloud fractions
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have more small 
cloud fractions



(courtesy of W. R. Cotton & J.-C. Golaz)

PDFs of cumulus clouds Isosurface of cloud water:  0.001 (g/kg)



PDFs of cumulus clouds

(courtesy of W. R. Cotton & J.-C. Golaz)



PDFs of cumulus clouds Horizontal cross section of vertical velocity; z=1680(m)

(courtesy of W. R. Cotton & J.-C. Golaz)



PDFs of cumulus clouds

(courtesy of W. R. Cotton & J.-C. Golaz)



(courtesy of W. R. Cotton & J.-C. Golaz)

Example of a PDF fit



Evaluations of the PDFs

 To get a better idea of the performance of the 
four families of PDFs, use Giga-LES results.

 Compute
 Cloud fraction
 Cloud water
 Liquid water flux

for various grid sizes, from the Giga-LES.
Pete recently presented these results.



Giga-LES & Assumed PDF Method

•We are using the “benchmark” results from a large-domain 
LES of deep convection to test the assumed PDF method 
for various horizontal grid sizes.

•We will also use the “benchmark” results to evaluate 
coarse-grid CSRMs with various configurations (SGS 
parameterization, grid size, domain size, and 
dimensionality). 

•Large-domain LES of deep convection can be used to 
study many multiscale phenomena, such as triggering of 
new convection,  entrainment, cold pools, gust fronts, and 
even waterspouts.



POST (Physics of Stratocumulus Top)
•A collaborative NSF project that involves 19 
scientists from 11 institutions who are studying the 
stratocumulus-topped boundary layer off the west 
coast of California using a combination of aircraft 
measurements and modeling. 

•The CIRPAS Twin Otter research aircraft was 
deployed out of Monterey, California, for 17 flights 
during July and August 2008.  

•The experiment will provide unprecedented high-
resolution (0.5 m) co-located measurements of 
temperature and cloud water content.







Two high-rate probes (UFT and PVM) were mounted less than 
0.5 m apart on the CIRPAS Twin Otter aircraft during POST.



POST Flight Plan











Figure 2: Sensitivity of shortwave cloud radiative forcing changes in response to long term SST changes
predicted in 1% CO2 scenarios from 15 CMIP3/AR4 AOGCMs, separated into dynamical regimes. Dot-
ted lines show the maximum and minimum values. The red squares and lines show the mean and standard
deviation of the 8 higher sensitivity versions. The 7 lower sensitivity versions are shown in blue. From
Bony and Dufresne (2005).
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Why are stratocumulus clouds important?



1 OCTOBER 1998 3051S U L L I V A N E T A L .

FIG. 8. Temporal and spatial evolution of the inversion interface in a limited domain. Temperature contours as
in Fig. 7 along with flow vectors (� , w). Only every third grid point in z and every second grid point in y is
shown for clarity. Panels (b)–(h) are 107, 134, 161, 228, 255, 295, and 335 s, respectively, later than (a).

vertical length scales: the local interface thickness �h
and the PBL height zi. The local interface thickness �h
is defined, somewhat arbitrarily, as the distance between
the upper- and lower-temperature contours shown in Fig.
7, that is, the region of dark shading in the upper panel.
Figure 7 provides a sense of the typical variability in zi
and �h at this Ri for example, near y � 2000 m zi �
1330 m and �h � 10 m, while at y � 4500 m, zi �
1300 m and �h � 100 m.
In order to study the temporal and spatial evolution

of the inversion layer with the goal of identifying en-
trainment events, we examined in detail various regions
of the domain and monitored the flow evolution (3D
volumes were sampled frequently enough to make mov-

ies). A time sequence is shown in Fig. 8 that starts from
the snapshot shown in Fig. 7 and spans about 335 s.
Both temperature contours and flow vectors are dis-
played [here the vector (� , w) is shown at every third
grid point]. The spatial and temporal interaction of an
active plume with the overlying stable inversion is clear-
ly illustrated.
As the thermal progresses upward the temperature

contours at the head of the plume are lifted upward and
compressed compared to the average background strat-
ification, that is, zi(x, y) increases, �h(x, y) decreases,
and ��(x, y)/�z � ����/�z. Eventually, the progress of
the thermal is stopped by the increasing stratification at
the head of the plume and the plume is first deflected

Entrainment
at top of a clear 

convective 
boundary

layer in a LES.

(Moeng & Sullivan 
1994)



Stratocumulus cloud-top entrainment in the UU LES. 

grid size = 50 m grid size = 6 m





a quarter of the domain



photo by Jan Paegle

~100 m

Small-scale variability in Cumulus fractus

What is the importance of POST 
high-resolution measurements?



Aircraft Measurements of Liquid Water Content







LES of passive scalar in a convective boundary layer
(grid size = 20 m)



“Stirred”

Buoyancy vs Mixture Fraction

“Mixed”



How small does the 
grid size need to be to 
adequately resolve Sc 

cloud-top entrainment 
and mixing?





POST analysis plans

(prototyped using high-resolution LES results)
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Figure 33: Profile of mixing fractions for the native and averaged grid.
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of free atmosphere air

from LES
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Figure 56: horizontal segement at x=250 for zlwc (red), zmgd (blue), and zmix (black) in height coordinates (top) and
mixing fraction coordinates (bottom).
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Interface heights from LES
•mixing top
•maximum gradient level
•cloud top
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Figure 37: Same as figure 34, except for buoyancy.
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Figure 36: Same as figure 34, except for cloud water mixing ratio.
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Figure 39: Same as figure 34, except for subgrid scale turbulent kinetic energy.
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Figure 38: Same as figure 34, except for vertical velocity.
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EIL (entrainment interface layer) 
properties vs mixing fraction 

from LES



POST summary

• Almost all instruments performed as hoped 
for most of the flights.

• Main disappointment is lack of high-rate 
water vapor measurements.

• Co-located high-rate liquid water and 
temperature measurements will allow 
unprecedented analyses of mixing process  
at Sc cloud tops.


