
shear in the simulated environment. The effect of wind
shear on the convection development as simulated in
this study can be effectively eliminated by setting the
prescribed horizontal wind at all levels to zero.

Since we have been limited by the amount of com-
putational resources available, the sensitivity experi-
ments have been conducted using lower spatial resolu-
tion. The horizontal grid spacing was increased from
100 to 250 m and the number of levels was cut in half,
effectively doubling the vertical thickness of all the grid
cells. The time step was also doubled. These measures
allowed us to run the model in such a low-resolution
configuration more than 30 times faster. The results of
the control low-resolution simulation were compared
with the results of its high-resolution counterpart and
found to be quite similar. For example, Fig. 14 com-
pares the PDFs of MSE at the end of simulations. One
can see that PDFs are virtually identical, although there
are some systematic differences. For example, the deep
clouds in the low-resolution simulation tent to be
deeper than in the high-resolution simulation. How-
ever, the general picture of the convection transition,
and the boundary layer dynamics including the cold-
pool dynamics, are quite similar.

The results of sensitivity experiments are shown in
Fig. 15. As expected, additional moistening of the lower

troposphere appears to have a minor effect on deepen-
ing of convection in this study because the free tropo-
sphere is already quite moist. However, even such a
relatively modest prescribed increase in tropospheric
moisture seems to increase the amount of both cloud
condensate and precipitating water quite noticeably.
The mean wind shear also appears to have quantita-
tively little effect on evolution of simulated clouds.
Eliminating the cold-pool dynamics has by far the most
dramatic effect on simulation. In fact, the convection
remains predominantly shallow during the simulation,
with some hint of congestus clouds but no deep clouds.

5. Summary and conclusions

In this paper, we present and discuss the results of a
high-resolution three-dimensional simulation of shal-
low-to-deep convection transition over a relatively
large area of about 150 ! 150 km2, using the forcing
derived from an idealization of the observations made
during the LBA experiment in Amazonia during the
TRMM-LBA mission on 23 February 1999. The simu-
lation starts from the early morning sounding at 0730
LT with a uniform initial state forced by prescribed
surface latent and sensible heat fluxes that are applied
uniformly. Horizontally uniform radiative cooling is

FIG. 14. PDF of moist static energy at the end of simulation for the high-resolution and lower-resolution runs: lines as
in Fig. 11.
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ABSTRACT

Results are presented from a high-resolution three-dimensional simulation of shallow-to-deep convection
transition based on idealization of observations made during the Large-Scale Biosphere–Atmosphere
(LBA) experiment in Amazonia, Brazil, during the Tropical Rainfall Measuring Mission (TRMM)-LBA
mission on 23 February. The doubly periodic grid has 1536 ! 1536 ! 256 grid cells with horizontal grid
spacing of 100 m, thus covering an area of 154 ! 154 km2. The vertical resolution varies from 50 m in the
boundary layer to 100 m in the free troposphere and gradually coarsens to 250 m near the domain top at
25.4 km. The length of the simulation is 6 h, starting from an early morning sounding corresponding to 0730
local time. Convection is forced by prescribed surface latent and sensible heat fluxes and prescribed
horizontally uniform radiative heating

Despite a considerable amount of convective available potential energy (CAPE) in the range of 1600–
2400 J kg"1, and despite virtually no convective inhibition (CIN) in the mean sounding throughout the
simulation, the cumulus convection starts as shallow, gradually developing into congestus, and becomes
deep only toward the end of simulation. Analysis shows that the reason is that the shallow clouds generated
by the boundary layer turbulence are too small to penetrate deep into the troposphere, as they are quickly
diluted by mixing with the environment. Precipitation and the associated cold pools are needed to generate
thermals big enough to support the growth of deep clouds. This positive feedback involving precipitation is
supported by a sensitivity experiment in which the cold pools are effectively eliminated by artificially
switching off the evaporation of precipitation; in the experiment, the convection remains shallow through-
out the entire simulation, with a few congestus but no deep clouds.

The probability distribution function (PDF) of cloud size during the shallow, congestus, and deep phases
is analyzed using a new method. During each of the three phases, the shallow clouds dominate the mode of
the PDFs at about 1-km diameter. During the deep phase, the PDFs show cloud bases as wide as 4 km.
Analysis of the joint PDFs of cloud size and in-cloud variables demonstrates that, as expected, the bigger
clouds are far less diluted above their bases than their smaller counterparts. Also, thermodynamic prop-
erties at cloud bases are found to be nearly identical for all cloud sizes, with the moist static energy
exceeding the mean value by as much as 4 kJ kg"1. The width of the moist static energy distribution in the
boundary layer is mostly due to variability of water vapor; therefore, clouds appear to grow from the air
with the highest water vapor content available.

No undiluted cloudy parcels are found near the level of neutral buoyancy. It appears that a simple
entraining-plume model explains the entrainment rates rather well. The least diluted plumes in the simu-
lation correspond to an entrainment parameter of about 0.1 km"1.

1. Introduction

Despite substantial progress made over the past de-
cades, the representation of convection in large-scale
models remains a difficult problem (e.g., Randall et al.
2003a; Arakawa 2004). It is well known that general

circulation models (GCMs) with parameterized convec-
tion have considerable difficulty in representing the di-
urnal cycle of convection and precipitation over the
summertime continents (e.g., Betts and Jakob 2002;
Bechtold et al. 2004). The problem manifests itself most
noticeably as a tendency for precipitation to reach its
maximum several hours too early, compared to obser-
vations.

One of the reasons for this bias may be the fact that
convective parameterizations in GCMs generally use
the large-scale (which is the same as the grid scale in
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tion level is always collocated with the CBL top, con-
ventionally defined as the height where the buoyancy
flux has a local minimum. Before 1030, the shallow
clouds do not reach the level of free convection, as can
be inferred from monotonic decreases of w2 above the
CBL. Later, w2 acquires a maximum above the CBL,
whose position is marked by the red solid line. This
indicates that clouds penetrate above the level of free
convection and accelerate upward, but apparently
quickly loose buoyancy due to entrainment. As the sur-
face fluxes continue to increase, the CBL eddies that
give rise to clouds become more moist and buoyant and
penetrate progressively deeper into the lower tropo-
sphere before being diluted by entrainment. The CBL
and clouds continue to evolve quite monotonically until
after five simulated hours, when the convective regime
abruptly changes as deep convection develops.

Figure 4 compares soundings between the shallow
convective regime at 1130 and the deep convective re-
gime at 1330. Each sounding is also contrasted against
the initial early morning sounding. The maximum
cloud-top height for each sounding is indicated by a
horizontal green line. One can notice that the early
morning troposphere has a considerable amount of

convective available potential energy,1 about 1600 J
kg!1. Convection is prevented by the stable boundary
layer and a rather considerable amount of convective
inhibition energy (CIN) of about 15 J kg!1. By 1130,
the sounding shows a well-mixed 1-km-deep CBL with
a CAPE of 2200 J kg!1, which is slightly larger than the
CAPE of the early morning sounding. By 1130, the CIN
of the mean sounding is virtually eliminated, and con-
vection is quite active, with positively buoyant and ac-
celerating clouds; yet, they do not develop or penetrate
above 4 km. During the next two hours, an abrupt tran-
sition of convection from shallow to deep occurs with
cloud tops reaching levels as high as 12 km, while the
sounding has changed relatively little, with the CAPE
increasing to 2400 J kg!1.

What causes such a rapid reorganization and deep-
ening of the simulated convection? Inspection of three-
dimensional fields provides some insight. For example,
Fig. 5 shows zoomed-in horizontal cross sections of the
moist static energy2 (MSE) field at a height of 500 m, or
approximately in the middle of the CBL, over a 30 " 30
km2 area, at 1130 and 1330. One can see that during the
shallow convective regime (1130) the CBL contains ed-
dies that are generally less than 1 km across. During the
deep convective regime (1330), the eddies tend to co-
agulate into large coherent structures aligned along the
gust fronts or density currents, which are the moving
edges of the cold pools. These cold pools are created by
downdrafts that contain the negatively buoyant air
cooled by evaporation of rain above the CBL. This can
be seen from much smaller values of the MSE in the
middle of the cold pools in Fig. 5. Because MSE is
conserved during evaporation of water, the air with low
values of MSE must have been brought down from
above the CBL, where the MSE profile has a minimum.

The importance of the cold pools can be seen in Fig.
6, which is similar to Fig. 5 but shows the horizontal
cross sections at 3 km. The clouds are shown by mask-
ing the moist static energy field. One can see that not
only do clouds tend to form above the cold pool edges,
as noted by Tompkins (2001b), but also, as found by
KB05, they tend to be bigger than the clouds that form

1 CAPE is proportional to the area between the red curve rep-
resenting the trajectory of an undiluted parcel, taken near the
surface and lifted pseudoadiabatically from the level of free con-
vection to the level of neutral buoyancy, and the temperature
profile. CIN is a measure of energy it takes for a parcel to over-
come a stable layer below the level of free convection.

2 Moist static energy h is defined as h # Cp T $ gz $ L q%,
where T is air temperature; g acceleration due to gravity; Cp spe-
cific heat for air; L specific heat of condensation; z height; and q%

is water vapor mixing ratio.

FIG. 1. Time evolution of mean profiles of nonprecipitating
cloud condensate, precipitating water, as well as time series of the
surface latent and sensible heat fluxes and precipitation rate.
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also prescribed. The simulation ends at 0130 in the af-
trernoon.

Cumulus convection starts around 0930, first very
shallow, stopping just above the boundary layer top,
and later gradually developing into a layer of congestus
clouds with tops just below the freezing level at about 5
km. Light precipitation starts first at about 1100 and
increases quite dramatically shortly after the cloud tops
breach the freezing level at about 1130, then keeps in-
creasing until the end of the simulation. Throughout
the simulation, including the initial state, the mean
thermodynamic sounding has a rather considerable
amount of CAPE, in the range from about 1600 J kg!1

in the early morning to 2400 J kg!1 at the end of the
simulation, with virtually no CIN. Theoretically, clouds
could rise as high as 12 km as early as at 0930; however,
deep clouds emerge only at about 1230 in the after-
noon. This is because the clouds during the shallow and
congestus stages have sizes (i.e., horizontal scales) com-
parable to the sizes of boundary layer eddies, that is,
generally less than 1 km, and are fairly quickly diluted

by the environmental air through entrainment. This
prevents deep clouds from forming. Thus the existence
of positive buoyancy through a deep layer is not by
itself sufficient to permit deep convection, even in an
environment characterized by low convective inhibi-
tion; however, such triggering is often allowed in cumu-
lus parameterizations.

The rapid evolution of the cloud population during
the transition has been studied by comparing the cloud
size PDF during the shallow, congestus and deep con-
vection phases. It is shown that during all of these
phases, the shallow clouds dominate the mode of the
PDFs at about 1-km size. During the deep phase, the
PDFs show cloud bases as wide as 4 km with anvils as
large as 10 km. The joint PDFs of cloud size and other
in-cloud variables such as total water, moist static en-
ergy, and vertical velocity show that the bigger clouds
are far less diluted above their bases than their smaller
counterparts. As a result, the bigger clouds are more
buoyant and, therefore, maintain high in-core vertical
velocities, and penetrate deeper into the troposphere.

FIG. 15. Evolution of mean vertical profiles of (left) nonprecipitating cloud condensate and (right) precipitating water for the (top)
control run and (bottom) three sensitivity runs (see text for details).
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also prescribed. The simulation ends at 0130 in the af-
trernoon.
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shallow, stopping just above the boundary layer top,
and later gradually developing into a layer of congestus
clouds with tops just below the freezing level at about 5
km. Light precipitation starts first at about 1100 and
increases quite dramatically shortly after the cloud tops
breach the freezing level at about 1130, then keeps in-
creasing until the end of the simulation. Throughout
the simulation, including the initial state, the mean
thermodynamic sounding has a rather considerable
amount of CAPE, in the range from about 1600 J kg!1
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could rise as high as 12 km as early as at 0930; however,
deep clouds emerge only at about 1230 in the after-
noon. This is because the clouds during the shallow and
congestus stages have sizes (i.e., horizontal scales) com-
parable to the sizes of boundary layer eddies, that is,
generally less than 1 km, and are fairly quickly diluted

by the environmental air through entrainment. This
prevents deep clouds from forming. Thus the existence
of positive buoyancy through a deep layer is not by
itself sufficient to permit deep convection, even in an
environment characterized by low convective inhibi-
tion; however, such triggering is often allowed in cumu-
lus parameterizations.

The rapid evolution of the cloud population during
the transition has been studied by comparing the cloud
size PDF during the shallow, congestus and deep con-
vection phases. It is shown that during all of these
phases, the shallow clouds dominate the mode of the
PDFs at about 1-km size. During the deep phase, the
PDFs show cloud bases as wide as 4 km with anvils as
large as 10 km. The joint PDFs of cloud size and other
in-cloud variables such as total water, moist static en-
ergy, and vertical velocity show that the bigger clouds
are far less diluted above their bases than their smaller
counterparts. As a result, the bigger clouds are more
buoyant and, therefore, maintain high in-core vertical
velocities, and penetrate deeper into the troposphere.

FIG. 15. Evolution of mean vertical profiles of (left) nonprecipitating cloud condensate and (right) precipitating water for the (top)
control run and (bottom) three sensitivity runs (see text for details).

3434 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S VOLUME 63

Fig 15 live 4/C

also prescribed. The simulation ends at 0130 in the af-
trernoon.

Cumulus convection starts around 0930, first very
shallow, stopping just above the boundary layer top,
and later gradually developing into a layer of congestus
clouds with tops just below the freezing level at about 5
km. Light precipitation starts first at about 1100 and
increases quite dramatically shortly after the cloud tops
breach the freezing level at about 1130, then keeps in-
creasing until the end of the simulation. Throughout
the simulation, including the initial state, the mean
thermodynamic sounding has a rather considerable
amount of CAPE, in the range from about 1600 J kg!1

in the early morning to 2400 J kg!1 at the end of the
simulation, with virtually no CIN. Theoretically, clouds
could rise as high as 12 km as early as at 0930; however,
deep clouds emerge only at about 1230 in the after-
noon. This is because the clouds during the shallow and
congestus stages have sizes (i.e., horizontal scales) com-
parable to the sizes of boundary layer eddies, that is,
generally less than 1 km, and are fairly quickly diluted

by the environmental air through entrainment. This
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misrepresent the size of very elongated clouds. One
may argue, however, that in the later case, the cloud
size is itself a rather ambiguous concept. Note that this
procedure counts the number of cloudy pixels that be-

long to clouds of various sizes but not the number of
clouds; therefore, the integral of a PDF at a given level
over all cloud sizes is the total cloud fraction at that
level but is not the total number of clouds.

FIG. 4. The skew T–logp diagram based on simulated mean profiles (left) before and (right) after transition to deep convection at 1130
and 1330 LT, respectively. Height of the cloud tops are shown by the horizontal green line. Initial morning sounding at 0730 LT is shown
by the dashed line. Red lines show the pseudoadiabatic ascend trajectories from the level of free convection.

FIG. 5. Horizontal cross section through the moist static energy field at 500 m (left) before and (right) after transition
to deep convection. Note that only about 1/5 of the actual domain width is shown.
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The cloud-size PDFs computed from the three-
dimensional cloud-condensate fields at 1130, 1230, and
1330 LT are shown in Fig. 8. One can see that during
the shallow convective regime (1130), the cloud popu-
lation is rather narrow, with its mode at about 1 km,
consistent with the eddy size in the simulated CBL at
the same time, when no cold pools are present (see Fig.
6). During the congestus regime (1230) and especially
deep cloud regime (1330), shallow and small clouds of
the same size still produce the mode of the PDF; how-
ever, the PDFs near cloud base show the development
of clouds as large as 4 km. Deep clouds at 1330 detrain
into a layer between 8 and 12 km with anvils as large as
10 km. A few clouds shoot up as high as 15 km. Note
that the cloud-size PDFs shown in Fig. 8 provide, by
design, a measure of the relative contribution of clouds
of various sizes to the total cloud fraction at a given
height.

We can use the same cloud-size-measuring algorithm
to stratify the in-cloud properties as a function of the
cloud size; in other words, we can build a joint PDF of
cloud size and some other in-cloud characteristic. Sev-
eral examples of such joint PDFs are shown in Fig. 9.
Each of the characteristics for each cloudy pixel was
computed along the eight cloud-size measuring rays
(see Fig. 7), then averaged for the cloud pixels that fall
into the same cloud-size bin. First of all, one can see
that above cloud base there is a clear tendency for the

in-cloud values of the maximum MSE (Fig. 9a) and
total water content (Fig. 9b) to be larger for the bigger
clouds. At the same time, near the cloud base, these
characteristics are nearly identical for all clouds. These
two features suggest that the bigger clouds are less di-
luted by entrainment, relative to smaller clouds. As a

FIG. 7. Schematic illustrating how the measurements of the
cloud size were made for a given cloudy pixel (see the text for
details).

FIG. 6. As in Fig. 6 except for the 3000-m level. Clouds are masked by white color.
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also prescribed. The simulation ends at 0130 in the af-
trernoon.

Cumulus convection starts around 0930, first very
shallow, stopping just above the boundary layer top,
and later gradually developing into a layer of congestus
clouds with tops just below the freezing level at about 5
km. Light precipitation starts first at about 1100 and
increases quite dramatically shortly after the cloud tops
breach the freezing level at about 1130, then keeps in-
creasing until the end of the simulation. Throughout
the simulation, including the initial state, the mean
thermodynamic sounding has a rather considerable
amount of CAPE, in the range from about 1600 J kg!1

in the early morning to 2400 J kg!1 at the end of the
simulation, with virtually no CIN. Theoretically, clouds
could rise as high as 12 km as early as at 0930; however,
deep clouds emerge only at about 1230 in the after-
noon. This is because the clouds during the shallow and
congestus stages have sizes (i.e., horizontal scales) com-
parable to the sizes of boundary layer eddies, that is,
generally less than 1 km, and are fairly quickly diluted

by the environmental air through entrainment. This
prevents deep clouds from forming. Thus the existence
of positive buoyancy through a deep layer is not by
itself sufficient to permit deep convection, even in an
environment characterized by low convective inhibi-
tion; however, such triggering is often allowed in cumu-
lus parameterizations.

The rapid evolution of the cloud population during
the transition has been studied by comparing the cloud
size PDF during the shallow, congestus and deep con-
vection phases. It is shown that during all of these
phases, the shallow clouds dominate the mode of the
PDFs at about 1-km size. During the deep phase, the
PDFs show cloud bases as wide as 4 km with anvils as
large as 10 km. The joint PDFs of cloud size and other
in-cloud variables such as total water, moist static en-
ergy, and vertical velocity show that the bigger clouds
are far less diluted above their bases than their smaller
counterparts. As a result, the bigger clouds are more
buoyant and, therefore, maintain high in-core vertical
velocities, and penetrate deeper into the troposphere.

FIG. 15. Evolution of mean vertical profiles of (left) nonprecipitating cloud condensate and (right) precipitating water for the (top)
control run and (bottom) three sensitivity runs (see text for details).
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result, the bigger clouds are able to penetrate higher.
Because the bigger cloud are less diluted, they retain
higher values of condensate, and, hence, are able to
convert more water into precipitation, as illustrated in
Fig. 9c. Less diluted clouds are more buoyant and,
hence, maintain higher vertical velocities as shown in
Fig. 9d. All of these results are compatible with the
spectral cloud model introduced by Arakawa and Schu-
bert (1974). The notion that bigger clouds can pen-
etrate higher into the troposphere is also well illus-
trated by the PDF above 11 km, showing two very large
clouds still ascending with considerable vertical veloci-
ties and which are wider than 4 km.

The result that bigger clouds maintain less diluted
cores and climb higher as a result is well illustrated in
Fig. 10, which shows the vertical cross section through a
moist static energy field with a group of simulated
clouds masked in white. Moist static energy is con-
served under pseudoadiabatic processes and, thus, can
be used as a tracer of the boundary layer air brought up
by the clouds. One can see that the tallest cloud is also
the widest one and has a mostly undiluted core. Note
the highly turbulent nature of the simulated clouds and
the spatial inhomogeneity of the boundary layer. It is
also interesting to see streaks of higher values of the
moist static energy in the middle troposphere, mostly
from the contribution of the water vapor. These are the
tracers of earlier clouds that have evaporated into the
environment with subsequent further smearing by ver-
tical shear of the mean horizontal wind.

c. PDF of moist static energy and entraining plumes

Because moist static energy is conserved for
pseudoadiabatic processes and is unaffected by precipi-
tation fallout, it has been often used to study mixing
and entrainment processes in precipitating clouds.
Strictly speaking, the MSE is conserved during the
phase changes involving liquid water and water vapor
and is not conserved for processes involving ice; how-
ever, the effect of ice on MSE conservation is relatively
minor and, thus, for simplicity of qualitative analysis, is
ignored in this study. The MSE is also a particularly
useful quantity because the difference between a satu-
rated parcel’s MSE and the mean saturated MSE3 at a
given height is proportional to the parcel’s thermal
buoyancy (ignoring virtual temperature and loading ef-
fects). This provides a useful way of linking cloud ther-
modynamics and dynamics to study, for example, cloud
mixing and entrainment processes.

Figure 11 shows the PDF of MSE as a function of
height at 1130, 1230, and 1330 LT. The vertical profiles
of the domain-averaged MSE and saturated MSE are
represented by the green and red lines, respectively.
One can see that rapid deepening of convection with
time is accompanied by a broadening of the PDF, es-
pecially in the boundary layer. Most of the parcels have
values of MSE close to the mean sounding. There is a

3 Saturated moist static energy hs is defined as hs ! Cp T "
gz " L qs, where qs is saturation water vapor mixing ratio.

FIG. 8. PDF of cloud size as a function of height shown for three different simulation times. Mean and standard deviations are
shown by the white and yellow lines, respectively.
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It is demonstrated that the transition of convection
from shallow to deep is strongly favored by a positive
feedback involving evaporating precipitation. Larger
clouds precipitate more heavily and, thus, through the
cold pool dynamics, tend to produce larger boundary
layer thermals that may grow into even larger precipi-
tating clouds. This feedback, first discussed by KB05, is
eliminated in a sensitivity experiment by artificially
switching off the evaporation of precipitation. As a re-
sult, big thermals are not created and the convection
remains shallow during the whole simulation period,
with a few congestus but no deep clouds.

The effect of additional moistening of the tropo-
sphere during the shallow and congestus phases on sub-
sequent development of deep convection is also tested
and found to be relatively minor. This is because, in the
case studied here, the lower and middle troposphere
are already quite moist (see Fig. 4). Had those levels
been significantly drier, the effects of tropospheric
moisture on vertical development of convection could
dominate. Wind shear was also of secondary impor-
tance for the transition to deep convection, for the case
studied here.

During the deep convective phase, the range of moist
static energy in the boundary layer is about 10 kJ kg!1.
The distribution is skewed toward the lower values due
to convective downdrafts. The clouds seem to grow
from the parcels that have the highest values of moist
static energy in the boundary layer, which in our simu-
lation exceed the mean value by as much as 4 K. It is
remarkable that regardless of cloud size, the thermody-
namic properties at cloud bases are nearly identical for
all of the simulated clouds, in agreement with the find-
ings of KB05.

Examination of the PDFs of moist static energy as a
function of height reveals no undiluted parcels rising
from the subcloud layer to the level of neutral buoy-
ancy. The PDFs of convective cores, defined as grid
cells with vertical velocities exceeding 5 m s!1 and used
as proxies for the entraining plumes used in some con-
vective parameterizations (e.g., Arakawa and Schubert
1974), generally support earlier findings (Lin and Ar-
akawa 1997; KB05) that the effect of entrainment on
clouds can be described rather well with such a simple
model. It appears that that the least diluted plume in
the simulation corresponds to a fractional entrainment
rate of about 0.1 km!1.

In this paper, we have deliberately avoided the sub-
ject of the sensitivity of the results to grid resolution,
domain geometry, and size, apart from the sensitivity
experiments discussed in this paper that used the
doubled grid spacing. Some discussion of such issues for
this particular case in the scope of CRM intercompari-

son can be found in the paper by Grabowski et al.
(2005). It is quite possible that even resolution as fine as
100 m is still too coarse to properly resolve the entrain-
ment by simulated clouds. The current state of compu-
tational technology and resources available to us at the
time of this study have precluded us from comprehen-
sive tests of the effects of higher grid resolution. We
feel, however, that the subject of grid sensitivities of
simulated diurnal cycle of convection over land is im-
portant enough to warrant a future study especially in
the context of recent advances in the area of cloud-
resolving global climate modeling.
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rather well-defined sharp boundary of minimum MSE
at levels above 2 km. This boundary represents air with
properties of the early morning sounding. In contrast,
the right boundary of higher MSE is rather diffuse and,
as shown further below, represents air in convective cores.

The white lines in Fig. 11 show the trajectories of
parcels entraining according to a simple entraining-

plume model commonly used in parameterizations of
deep convection (e.g., Arakawa and Schubert 1974).
According to that model, the vertical rate of change of
in-plume moist static energy, hc, is written as

!

!z
"hc ! #"h, "2#

FIG. 9. Joint PDF of cloud size and several in-cloud characteristics: maximum deviation from the mean of (a)
moist static energy and (b) total water content; (c) precipitating water content; and (d) mean vertical velocity. See
text for details.
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mean of moist static energy 



where h is the mean profile, and ! is the mass flux
normalized by its value at cloud base, which obeys the
continuity equation:

!

!z
" " #", #3$

where % is a nonnegative entrainment parameter. The
white lines in Fig. 11 correspond to entraining plumes
with different values of %. The plume trajectories start
at the same height and initially have the same value of
moist static energy, chosen to approximate the corre-
sponding quantities at the base of simulated clouds.

FIG. 11. PDF of moist static energy as a function of time for three different simulation times. White lines show the trajectories that
the entraining plumes would follow given different values of entraining parameter, in km&1: 0 (vertical line), 0.05, 0.1, 0.2, 0.5, 1.0. The
mean moist static energy is shown by the green line; while saturated moist static energy is shown by the red line.

FIG. 10. Vertical cross section through the moist static energy field. The left panel is identical to the right except for
masking the position of clouds. Note that only about 1/10 of the actual domain width is shown.
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Moist static energy profiles for different fractional 
entrainment rates



where h is the mean profile, and ! is the mass flux
normalized by its value at cloud base, which obeys the
continuity equation:

!

!z
" " #", #3$

where % is a nonnegative entrainment parameter. The
white lines in Fig. 11 correspond to entraining plumes
with different values of %. The plume trajectories start
at the same height and initially have the same value of
moist static energy, chosen to approximate the corre-
sponding quantities at the base of simulated clouds.

FIG. 11. PDF of moist static energy as a function of time for three different simulation times. White lines show the trajectories that
the entraining plumes would follow given different values of entraining parameter, in km&1: 0 (vertical line), 0.05, 0.1, 0.2, 0.5, 1.0. The
mean moist static energy is shown by the green line; while saturated moist static energy is shown by the red line.

FIG. 10. Vertical cross section through the moist static energy field. The left panel is identical to the right except for
masking the position of clouds. Note that only about 1/10 of the actual domain width is shown.
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The vertical white line corresponds to an undiluted par-
cel trajectory (! " 0).

For a given height, the distance between the cloudy
entraining-plume trajectory and the red line is propor-
tional to the buoyancy of the entraining parcel. The
maximum buoyancy may be achieved only by an undi-
luted ascending parcel; however, examination of Fig. 11
reveals no undiluted parcels rising from the subcloud
layer to the level of neutral buoyancy. In fact, it appears
that the least entraining cloud can be modeled rather
well by the entraining plume with ! " 0.1 km#1.

There is no direct analogy between the idealized en-
training plumes and simulated clouds; however, we can
substitute “plumes” with the convective cores, which
we rather arbitrarily define as a collection of grid cells,
cloudy or not, with vertical velocities exceeding 5 m s#1.
Figure 12 shows corresponding “core” PDFs normal-
ized to be a subsample of the full PDFs shown in Fig.
11. Analysis shows that all cores above the boundary
layer are cloudy. Also, the parcels in the dry cores in
the boundary layer are, in fact, those that give rise to
cloudy cores above. All the cores are positively buoyant
except for the deepest ones in the upper troposphere
where “overshooting” is apparent. Overall, the PDFs in
Fig. 12 support the notion that the effect of entrainment
on the clouds can be described rather well with a simple
entraining-plume model (Lin and Arakawa 1997;
KB05). Note that KB05 also used the superposition
of PDFs and entraining-plume trajectories in their
analysis.

Figure 13 shows the PDFs of MSE during the deep
phase, conditionally sampled for the cloud-free envi-

ronment and cloudy air. The latter is also subsampled
into the cloudy updrafts (w $ 1 m s#1) and cloudy
downdrafts (w % #1 m s#1). One can see that the
cloud-free air tends to closely pack around the mean
profile between the mean saturated MSE profile and
the early morning sounding profile. In the boundary
layer, the range of MSE can be as large as 10 kJ kg#1,
as the air there is a mixture of parcels heated by the
surface and those that have been brought down from
the middle troposphere by convective downdrafts, as
discussed above. The cloudy-air PDF is bounded by the
mean MSE profile and maximum values in convective
cores. One can also see that cloudy updrafts can be both
positively and negatively buoyant, while cloudy down-
drafts are predominantly negatively buoyant. It is in-
teresting that all clouds seem to have a very narrow
range of MSE at their bases; in fact, they “prefer” to
have the highest MSE available at the boundary layer
top, with the excess with respect to the mean sounding
as high as 4 K.

4. Sensitivity experiments

The results of the high-resolution simulation, pre-
sented above, indicate that the rapid transition of con-
vection from shallow to deep is strongly favored by a
positive feedback involving evaporating precipitation;
that is, larger clouds precipitate more heavily, which,
through the cold pool dynamics, creates larger bound-
ary layer thermals growing into even bigger clouds. The
importance of such a precipitation feedback was tested
by switching the evaporation of precipitation off and,

FIG. 12. As in Fig. 11 except for the updraft cores defined by the vertical velocity being in excess of 5 m s#1.
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It is demonstrated that the transition of convection
from shallow to deep is strongly favored by a positive
feedback involving evaporating precipitation. Larger
clouds precipitate more heavily and, thus, through the
cold pool dynamics, tend to produce larger boundary
layer thermals that may grow into even larger precipi-
tating clouds. This feedback, first discussed by KB05, is
eliminated in a sensitivity experiment by artificially
switching off the evaporation of precipitation. As a re-
sult, big thermals are not created and the convection
remains shallow during the whole simulation period,
with a few congestus but no deep clouds.

The effect of additional moistening of the tropo-
sphere during the shallow and congestus phases on sub-
sequent development of deep convection is also tested
and found to be relatively minor. This is because, in the
case studied here, the lower and middle troposphere
are already quite moist (see Fig. 4). Had those levels
been significantly drier, the effects of tropospheric
moisture on vertical development of convection could
dominate. Wind shear was also of secondary impor-
tance for the transition to deep convection, for the case
studied here.

During the deep convective phase, the range of moist
static energy in the boundary layer is about 10 kJ kg!1.
The distribution is skewed toward the lower values due
to convective downdrafts. The clouds seem to grow
from the parcels that have the highest values of moist
static energy in the boundary layer, which in our simu-
lation exceed the mean value by as much as 4 K. It is
remarkable that regardless of cloud size, the thermody-
namic properties at cloud bases are nearly identical for
all of the simulated clouds, in agreement with the find-
ings of KB05.

Examination of the PDFs of moist static energy as a
function of height reveals no undiluted parcels rising
from the subcloud layer to the level of neutral buoy-
ancy. The PDFs of convective cores, defined as grid
cells with vertical velocities exceeding 5 m s!1 and used
as proxies for the entraining plumes used in some con-
vective parameterizations (e.g., Arakawa and Schubert
1974), generally support earlier findings (Lin and Ar-
akawa 1997; KB05) that the effect of entrainment on
clouds can be described rather well with such a simple
model. It appears that that the least diluted plume in
the simulation corresponds to a fractional entrainment
rate of about 0.1 km!1.

In this paper, we have deliberately avoided the sub-
ject of the sensitivity of the results to grid resolution,
domain geometry, and size, apart from the sensitivity
experiments discussed in this paper that used the
doubled grid spacing. Some discussion of such issues for
this particular case in the scope of CRM intercompari-

son can be found in the paper by Grabowski et al.
(2005). It is quite possible that even resolution as fine as
100 m is still too coarse to properly resolve the entrain-
ment by simulated clouds. The current state of compu-
tational technology and resources available to us at the
time of this study have precluded us from comprehen-
sive tests of the effects of higher grid resolution. We
feel, however, that the subject of grid sensitivities of
simulated diurnal cycle of convection over land is im-
portant enough to warrant a future study especially in
the context of recent advances in the area of cloud-
resolving global climate modeling.
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also prescribed. The simulation ends at 0130 in the af-
trernoon.

Cumulus convection starts around 0930, first very
shallow, stopping just above the boundary layer top,
and later gradually developing into a layer of congestus
clouds with tops just below the freezing level at about 5
km. Light precipitation starts first at about 1100 and
increases quite dramatically shortly after the cloud tops
breach the freezing level at about 1130, then keeps in-
creasing until the end of the simulation. Throughout
the simulation, including the initial state, the mean
thermodynamic sounding has a rather considerable
amount of CAPE, in the range from about 1600 J kg!1

in the early morning to 2400 J kg!1 at the end of the
simulation, with virtually no CIN. Theoretically, clouds
could rise as high as 12 km as early as at 0930; however,
deep clouds emerge only at about 1230 in the after-
noon. This is because the clouds during the shallow and
congestus stages have sizes (i.e., horizontal scales) com-
parable to the sizes of boundary layer eddies, that is,
generally less than 1 km, and are fairly quickly diluted

by the environmental air through entrainment. This
prevents deep clouds from forming. Thus the existence
of positive buoyancy through a deep layer is not by
itself sufficient to permit deep convection, even in an
environment characterized by low convective inhibi-
tion; however, such triggering is often allowed in cumu-
lus parameterizations.

The rapid evolution of the cloud population during
the transition has been studied by comparing the cloud
size PDF during the shallow, congestus and deep con-
vection phases. It is shown that during all of these
phases, the shallow clouds dominate the mode of the
PDFs at about 1-km size. During the deep phase, the
PDFs show cloud bases as wide as 4 km with anvils as
large as 10 km. The joint PDFs of cloud size and other
in-cloud variables such as total water, moist static en-
ergy, and vertical velocity show that the bigger clouds
are far less diluted above their bases than their smaller
counterparts. As a result, the bigger clouds are more
buoyant and, therefore, maintain high in-core vertical
velocities, and penetrate deeper into the troposphere.

FIG. 15. Evolution of mean vertical profiles of (left) nonprecipitating cloud condensate and (right) precipitating water for the (top)
control run and (bottom) three sensitivity runs (see text for details).
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Khairoutdinov, M. F. , S. K. Krueger, C.-H. Moeng, P. A. Bogenschutz,  and D. A. 
Randall, 2009: Large-eddy simulation of maritime deep tropical convection. J.  Adv. 
Model. Earth Syst., 1, Art. #15, 13 pp., doi:10.3894/JAMES 2009.1.15.

Giga-LES of deep convection

•Goal is to simultaneously simulate boundary layer 
turbulence, shallow convection, deep convection, 
and mesoscale convective systems.

•Idealized GATE (tropical ocean) simulation with 
shear.

•Used a CRM (SAM) with 2048 x 2048 x 256 (109) 
grid points and 100-m grid size for a 24-h LES. 
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an almost doubling of the value of CAPE from 1200 to 2000
J kg21 during the first six hours. This CAPE build-up is
followed by a burst of deep convection, which removes
about half of the additional CAPE. Subsequently, the CAPE
approaches equilibrium, at about 1500 J kg21. During the
burst, the CIN increases from virtually zero to about 5 J kg21

due to stabilization of the low troposphere by compensating
subsidence. After the burst, CIN also trends down towards
equilibrium. Previous studies (Mapes 2000; Kuang and
Bretherton 2006) have suggested that CIN plays an important
role in regulating the cloud-base mass-flux.

5. The cold pools and tri-modal cloud distribution

This study supports previous findings that cold pools play a
very important role in organizing deep convection on the
mesoscale and in triggering new deep convective cells
(Tompkins 2001; Kuang and Bretherton 2006;
Khairoutdinov and Randall 2006). Figure 4 presents a
visualization of the cloud scene3 over the whole 205 6
205 km2 domain at hour 13. Note that the domain size is
comparable to the grid-cell size of a typical GCM and,
hence, the scene illustrates the complexity of representing
the statistical effects of clouds over the scales unresolved by
GCMs. One can see individual deep clouds and cloud
systems dominated by extensive anvils and surrounded by
smaller congestus and shallow clouds. Due to the vertical
shear of the zonal wind, the deep convection tends to
organize in the zonal direction producing mid-level pairs
of mesocyclones; however, no squall-line developed during
the simulation period, probably due to the relatively weak
shear, with the low-level jet at a relatively high 4-km level
(see Fig. 1). Some of the deep clouds are surrounded by arc-

shaped structures, which reveal gust fronts at the edges of
spreading cold pools in the PBL produced by convective
downdrafts. The downdrafts are forced by the evaporative
cooling and precipitation loading, and bring drier air from
the free troposphere down to the PBL. This is illustrated by a

Figure 3. Time evolution of horizontally averaged precipitation rate (PREC, mm day21), latent (LHF, W m22) and sensible (SHF, W m22)
surface heat fluxes, cloud cover (CLD, %), CAPE (J kg21), and CIN (J kg21) in the benchmark run BASE.

Figure 4. Visualization of simulated cloud scene over the area of
205 6 205 km2 corresponding to hour 13 of the BASE run. The
image represents visible albedo estimated from the liquid and
ice water paths. The cloud arcs around some of the deep clouds
are the shallow clouds lifted up by the gust fronts at the edges
of spreading cold pools. The semi-transparent gray-blue areas
indicate the presence of cirrus clouds, while dark-blue areas are
cloud-free.

3 The supplemental file with the animation of 24 hours of the baseline case is
available as part of this publication. DOI: 10.3894/JAMES.2009.1.15.S1
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Cloud Liquid Water Path (vertical integral)
(shows low and middle clouds)



zoom into 50 km by 50 km
(shows all clouds)
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at each level, 
maximum average 
vertical velocity 
corresponds to 

minimum 
entrainment rate



Mass Flux Spectrum 

with MSE profiles for several fractional entrainment rates

no 
undiluted 
parcels

What is 
minimum 

entrainment 
rate?





Shallow Convection



Congestus



Vigorous Transition



Deep Convection



Downdraft MSE Variance at SFC

Note peak 
after 7 hrs



MSE variance (downdrafts) leads precip by ~20 min



Precipitating Condensate Spectrum





Mass Flux Spectrum vs Fractional Entrainment Rate





• Boundary layer turbulence

• Shallow cumulus convection

• Precipitation formation

• Entrainment in cumulus clouds

• Downdrafts and cold pools

Important Physical Processes



• Requires large-eddy simulations of deep 
convection:

• High-resolution (~ 100 m grid size)

• Large domain

• These are very expensive simulations.

• They are also challenging to analyze due to 
the volume of output.

Implications for Modeling



• CMMAP will perform a new Giga-LES of 
continental convection based on ARM data.

• CMMAP will make the results immediately 
available  to the ASR community.

Implications for Modeling


