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ABSTRACT

The conditions for the generation of broad convection cells in a cloud-topped, convective,
marine atmospheric boundary layer are studied with an idealized two-dimensional model of
non-precipitating moist convection. The inversion layer is represented by an elastic upper
boundary rather than by the rigid lid that is often employed in these sorts of studies. A necessary
condition for the formation of broad cells in the model is that either the convection penetrates
the inversion by a distance at least half the average depth of the convecting atmospheric
boundary layer, or that the rate of entrainment of dry inversion air is substantially reduced
above cloud tops. The penetrative solutions display some similarity with mesoscale cellular
convection observed during KONTUR, while the non-penetrative solutions display some

similarity with AMTEX observations.

1. Introduction

Mesoscale cellular convection (MCC) is a ubiq-
uitous phenomenon, yet a theoretical explanation
for all instances of its development is still lacking,
Nevertheless, there have been some advances in
recent years. The fact that conditionally unstable
convection tends to select broad scales is now
fairly well established (Huang, 1990; Bretherton,
1988; Brugge and Moncrieff, 1985). However, a
theory for the development of non-penetrative
MCC in a convective atmospheric boundary layer
(CABL) has not been widely accepted. The
motivation for continuing to look for one is the
same as in Fiedler (1984) and (1989), and will not
be repeated here.

A two-dimensional numerical model is used to
investigate the development of broad convective
cells in a CABL. The model is very similar to that
of Bretherton (1988) in that it uses constant eddy
diffusivities and models non-precipitating convec-
tion that conserves mixing ratio and liquid water
potential temperature. A novel feature of the
model is that pressure forces within the convecting
layer deflect the upper boundary. The model is
idealized in the sense that the simplified construc-
tions of physical processes allow for efficient design
and computation of experiments that isolate cause

and effect relationships. An alternative approach
might be to use a three-dimensional model with a
higher-order turbulence closure scheme like Hsu
and Sun (1991). Such models are expensive to use,
and, if broad cells do emerge in the model, the
cause of their emergence is not necessarily easy
to discern. Furthermore, such three-dimensional
models are also approximate (that of Hsu and Sun
is hydrostatic) and validation is still a major issue.
Both idealized, two-dimensional models and state-
of -the-art, three-dimensional models have a role to
play in the science of atmospheric convection, just
as they do in many other aspects of dynamical
meteorology.

The first cell-broadening mechanism elucidated
here requires that the overlaying inversion be weak
enough to allow convection to penetrate into the
inversion by a distance on the order of 0.5 H where
H is the depth of the convective atmospheric
boundary layer (CABL). (Excursions of cloud-top
a distance of 0.3 H or more into the inversion will
be referred to as “penetrative” in this paper.
“Broad cells” will here mean a spacing between
convective updrafts of at least 10 H). Compen-
sating subsidence prevents weaker convective cir-
culations from developing clouds and limits the
number of convection cells. This mechanism is
similar to that studied by Bretherton (1988, 1987),
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except that in his model the cells become widely
spaced only if the layer is conditionally unstable.
Here the convective motion occurs in a layer that
is absolutely unstable and thus the model is
more applicable to boundary layer convection and
MCC. Simulations are shown in which the cell-size
gradually broadens from a 4:1 aspect ratio to a
30:1 aspect ratio typical of MCC. The mechanism
could have been effective in the open cellular
convection observed during KONTUR where the
penetration was commonly in excess of 0.5H
(Briimmer et al., 1986). However, the current
investigation indicates that this mechanism would
not be effective in nonpenetrative convection
under strong inversions as in AMTEX (Agee and
Lomax, 1978).

The second and third mechanisms work with
less penetration into the inversion but require the
entrainment fluxes to exert a positive feedback
on the mesoscale buoyancy fluctuations. These
mechanisms are similar to the linear instability
proposed by Fiedler (1984, 1985), but with non-
linear advection within the CABL now contri-
buting. External positive feedback on buoyancy
fluctuations is now known to be an especially
effective agent for cell broadening in nonlinear
convection (Fiedler, 1990). However, even allowing
for speculative parameterizations that promote
positive feedback, the model still falls somewhat
short in predicting robust development of non-
penetrative MCC.

As in the earlier linear instability, the second
mechanism requires the parameterization of a
gravity current in the inversion that drains the
most dense inversion air towards the troughs
between clouds. The consequent decrease in the
rate of entrainment above the cloudy regions rein-
forces the convection-scale humidity fluctuations
and promotes additional latent heat release. These
events constitute a positive feedback process that
promotes cell broadening. With this second
mechanism, the low-level humidity can be greater
and the potential temperature less in the cloudy
regions than in the clear regions, in accord with
observations of nonpenetrative MCC in AMTEX
(Rothermel and Agee, 1980, hereafter RA) and
penetrative MCC in KONTUR (Briimmer et al.,
1986).

The third mechanism requires that the pene-
trating clouds vigorously increase the rate of
entrainment. Clouds thicken despite the fact that
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cloud-base rises because cloud-top rises faster. The
thickened clouds promote an additional buoyancy
flux from the inversion into the CABL, which in
turn reinforces the mesoscale buoyancy fluctua-
tions. The positive feedback loop is thus completed
and broad cells emerge as in Fiedler (1990).
However, the moisture and temperature fields are
completely opposite the observations mentioned
above.

2. The model

The model is a primitive-equation formulation
of two-dimensional, incompressible thermal con-
vection with constant eddy diffusivities, bounded
from above and below by impermeable bound-
aries. The model explicitly represents only the
largest convective scale fluctuations in a turbulent
atmospheric boundary layer. The model plane is
assumed to be orthogonal to any synoptic-scale
wind in the boundary layer. The Boussinesq
approximation is applied.

Except for the boundary conditions, the
dimensionless model equations are exactly those
of Bretherton (1988) but with a slightly more
economical notation. The buoyancy is coupled to
two conservative scalars, the liquid water potential
temperature B and the mixing ratio C (the latter
being first scaled by the latent heat of evaporation
divided by specific heat). In constructing the model
equations for B and C we first write B= By(z, t) +
b(x, z,t) and C = Cy(z, t) + c(x, z, t) where B, and
C, represents the diffusive solutions of B and C in
the motionless state. The gradients of B, and C,
are represented approximately by the constant
parameters R and Q. The model equations in
dimensionless form are:

(:l—l;=Rw+V2b, (1)
%=Qw+V2c, 2)
%= —Z—i+vzu, (3)
%v= _Z_ZH“'VZW’ @)
oy o
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The buoyancy fluctuation 6 is due to b and due to
condensation of liquid water mixing ratio s:

O=b+s. (6)

Here s results from the excess of C above the
saturation value, the latter which we take to vary
linearly with z with proportionality constant —o:

s=max{c—(z,—2z)0,0]. )

The value of z, determines the height of the cloud
base in the diffusive equilibrium state. It should be
noted that though we use steady values for all
parameters, the tendencies of C, and B, need not
be zero; we are modeling the fluctuations in a
mixed layer in which the mean state is evolving
with time.

We take the lower boundary to be just above the
surface layer. Application of bulk transfer models
to the fluxes at the lower boundary leads to the
following dimensionless relations for the flux
fluctuations at the lower boundary:

de

= ®)
and
ob
P b, )

where y is a constant. The free-slip condition is
applied at the upper and lower boundaries. The
top of the CABL is at = + 5(x, t) where = =3.14...
and # is modeled by the equation for a damped,
nonlinear spring driven by pressure fluctuations at
the top of the CABL:

d’ . dn
K—+J—+G(1 Yp=p—p.
ettt (I+pn“)n=p—p

(10)
The first term represents the inertia of the inver-
sion, the second the damping of inversion height
oscillations, the third the restoring force and the
right-hand side is the forcing term. Here p is the
horizontal average of p at the top boundary. One
effect of the nonlinear term in the restoring force is
that it prevents runaway penetration into the
inversion. When we discuss the values for the
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constant parameters K, J, G and p in Section 3 and
the model integrations in Section 4, we will not
claim that (10) is the correct or even best represen-
tation of the upper boundary, but simply that is
much better than the ever-popular rigid lid.

The turbulent entrainment flux of B is w, AB
and of C is w, AC, where w, is the dimensionless
entrainment velocity. Here we use A as the conven-
tional notation for the jump in a quantity across
the inversion interface. For any CABL, we
consider, AB>0, AC <0 and w, > 0.

Clouds can cool a boundary layer by promoting
upwards infrared radiation. Clouds can warm a
boundary layer by absorbing solar radiation as
well as by enhancing the entrainment of inversion
air (e.g., Driedonks and Duynkerke, 1989). As
the static stability of the entrainment interface
increases, w, decreases (Fiedler, 1984). As a conse-
quence, in some clear CABL parameterizations,
the entrainment flux of B is completely insensitive
to AB. Here we assume this insensitivity extends to
the cloud-topped regime; the horizontal fluctua-
tions in the turbulent flux of B at the top of the
CABL are modeled as being proportional only to
fluctuations in the liquid water column density A:

ob

Peal (11)
where

/l=fsdz——0.50'(rc—zs)2, (12)

and « is a constant to be determined. The second
term on the right in (12) is the column density of
liquid water in the diffusive equilibrium state. Tur-
bulence generated by latent heat release tends to
make o negative. However, radiation effects can
also be accounted for in (11). Incorporation of
radiative effects into (11) would imply that all
radiative flux divergences occur right at cloud-top.
Although this approximation is certainly suspect,
especially for solar radiation, its use should not
alter the buoyancy budget within the CABL
because of the large eddy diffusivity in the CABL.
So here we also consider that absorption of solar
radiation could tend to make a negative and
infrared emission could tend to make a positive.
As the penetrating clouds come into contact
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with warmer air in the stratified inversion layer,
AB will increase and w, will tend to decrease
but AC will not change significantly. Thus the
downwards flux of dry air will tend to decrease and
the flux boundary condition for ¢ should have a
dependence on 5 that (11) did not have:

0
o —BA+ K.

oz (13)

The values for f and k will be assumed to be con-
stant and non-negative. We do not claim that (11)
and (13) would be the obvious first-choice for all
people developing idealized models. However, we
will show later that (11) and (13) efficiently allow
for a much better approximation of reality than
either a constant flux or a constant value boundary
condition.

The numerical scheme uses second-order
finite-differences on a mesh that stretches with the
moving upper boundary. Second order finite-
differences are applied to a mesh with uniform
spacing in x and &, where:

_m+y
n

z

< (14)

Although y = x and 7 =1, we have for any variable

S8 1)

] (15)
where

Transformation of the model equations to the
independent variables y, ¢ and 7 is straight
forward, and the implementation of a workable
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numerical scheme not difficult. The continuity
equation was enforced approximately by using an
iterative scheme to determine pressure.

3. Model parameters

MCC forms primarily over the oceans (Agee,
1987), suggesting that a small ratio of sensible heat
flux to latent heat flux (the Bowen ratio) and small
roughness length could be important factors in its
formation. Agee and Dowell (1973) found the
Bowen ratio did not exceed 0.12 in study of North
Atlantic and North Pacific MCC. However, Sheu
and Agee (1977) found that.the Bowen ratio could
be as high as 0.5 in MCC occurrences during
AMTEX. The ratio R/Q should be roughly the
Bowen ratio, or maybe less than the Bowen ratio
because a negative buoyancy flux can occur near
the top of the CABL. Here we will primarily use
R/Q=0.25.

The surface layer tends to insulate the bulk of
the CABL from the ocean surface (Fiedler, 1989).
Bulk transfer representation of the surface layer
fluxes gives (Fiedler, 1984):

_HC Uy
nKeddy '

(20)

As in Fiedler (1985), we will derive a value typical
for AMTEX conditions. Large eddy models
(Holtstag and Moeng, 1991) indicate that the most
appropriate vertical eddy diffusivity value might
be

Keddy=£w*H, (21)

where 0.1<e<02 and w* is the convective
velocity scale. The value of w* in turn is.about 0.6
times the root mean square velocity at mid-layer,
which in RA can be seen to be of order 1 ms~..
Here we will nondimensionalize the model with an
isotropic eddy diffusivity Keqqy=300m?s™".
Taking H=2km, the transfer coefficient C;=
1.5x 107 and the windspeed at 10 m height,
U,o=10m s~ ! yields y=0.03.
The Rayleigh number R in (1) is

gH* dB,

R=——S82 %
Oon*K 2,4, dz

(22)
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where ©, is the mean value of potential tem-
perature in the CABL. If we use eddy diffusivity to
model the upwards heat flux then, in unsaturated
conditions,

_ gHKeddy %
0, dz’

w*3=

(23)

(24)

Here we will primarily use R=15, which implies
e=0.127. With Q =0, the layer would be unstable
with R> 1.5 (Fiedler, 1989). The cloud cover is
relatively thin so even with Q =20 the resolved
convection is only slightly supercritical. The
resolved velocities often come out to be of order 3
in the shorter-wavelength modes. The model has
been nondimensionalized with velocity scale
nKeqsy/H. This makes the dimensionless rms
velocity implicit in the eddy diffusivity to be also of
order 3. The cumulus-like convective modes are
therefore consistent with being resolved “large-
eddies” of comparable significance to the eddy
transport modeled with the diffusion term. Thus,
in an eddy-diffusivity model of a CABL, imposing
slightly supercritical conditions appears to be the
most consistent with the turbulent nature of the
CABL.

The ratio ¢/Q is the ratio of the saturation
mixing ratio lapse rate to the mixing ratio lapse
rate. Using 0.001 m ™! for the latter as in Fiedler
(1984) and 0.01 m ! for the former gives 6/Q = 10;
here we will use o0 =200 and z,=0.8n. The ratio
G/R should be on the order of the ratio of the tem-
perature jump across the inversion interface to the
liquid water potential temperature change across
the CABL; it will also be the ratio of the tem-
perature jump across the inversion interface to the
mesoscale fluctuation in liquid water potential
temperature in the CABL. This ratio should be at
least 10 and in the standard experiment we use
G =180, which is approximately 10nR. Further-
more we take u = 0.5 to represent a doubling in the
interfacial buoyancy jump as a cloud penetrates a
dimensionless distance of 1.4 into the stably
stratified inversion.

The value of K roughly represents the depth
of the inversion participating in the deflections;
here we take K=5. A value of J=25 makes the
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damping time comparable to the period of
oscillation for the values of G that will be used. The
damping process presumably could be due to
gravity wave radiation.

Appropriate values of a, f and « are as difficult
to estimate. Fiedler (1984) presented a tortuous
derivation of a parameterization for mesoscale
fluctuations in the entrainment rate in an attempt
to demonstrate that the entrainment fluxes could
reinforce both the mesoscale mixing ratio and the
liquid water potential temperature fluctuations.
Indeed, the significant conclusion of Fiedler (1984)
was that, if conventional entrainment notions were
accepted, such reinforcement, or positive feedback,
would be rare and weak. A similar inquiry into
entrainment rates is probably not worthwhile
here because, first of all, many of the premises of
such a derivation are still questionable. Further-
more, even when we give the positive feedback
mechanisms the benefit of the doubt, the model
still does not adequately predict the evolution of
nonpenetrative MCC, although it is considerably
improved over that of Fiedler (1984).

In many of the penetrative experiments the
values for o and f are chosen to keep the damping
time scales for b and ¢ from the upper boundary
conditions comparable to the time scales derived
from the lower boundary conditions. All such time
scales are significantly greater than the diffusion
time, which in this dimensionless model is unity;
both the upper and lower boundary conditions are
close to being constant flux boundary conditions.
In the standard experiment, « =0.05, $=0.2 and
k=0. These parameters imply that enhanced
infrared cooling by clouds is greater than the
enhanced heating by solar absorption and entrain-
ment and that the clouds promote more entrain-
ment of dry inversion air, both processes are
negative feedback processes. The effect of a range
of values for « and f will be explored and in some
instances we consider « <0, or that clouds warm
the CABL. We also consider some cases where
K > 0 so penetration can decrease the entrainment
rate and as a consequence the fluctuations in the
entrainment flux reinforce the mixing ratio fluctua-
tions. A rigorous justification for a value for x
would have to be based on properties of gravity
currents in the inversion and on turbulence
(Fiedler, 1984). No attempt will be made here to
offer a satisfactory degree of rigor because it would
greatly lengthen the presentation. As we shall see,
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Table 1. Dimensionless model parameters, standard values and the equation

where they first appear

Parameter Standard value Eq.
R: “Rayleigh number” for sensible heat 5 1
Q: “Rayleigh number” for latent heat 20 2
o saturation mixing ratio lapse rate 200 7
z,: equilibrium cloud base 0.8n 7
y: lower boundary flux parameter 0.03 8
K: inertial depth of inversion 5 10
J: damping coefficient of inversion 25 10
G: inversion interfacial stability 180 10
u: nonlinear restoring force coefficient 0.5 10
o: upper boundary heat flux parameter 0.05 11
B upper boundary mixing ratio flux parameter 0.2 13
K : upper boundary mixing ratio flux parameter 0.0 13

the model integrations themselves put limits on the
magnitudes of k that can be considered and much
can be learned by simply invoking values for .

4. Model integrations

All experiments are initialized with the same
initial random perturbation. The ratio of width to
height is 20 ﬁ, as in Rothermel and Agee (1986).
The boundary conditions are periodic. The

numerical grid has 25 points in the vertical and 129

in the horizontal. One convection cell in the
domain would correspond to typical MCC aspect
ratio or spacing. The model equations are
integrated from ¢=0 to r=100 or, in some
cases, to t=200. One unit of dimensionless time
corresponds to 1350 s in AMTEX conditions, so
t =100 would correspond to 1.56 days.

The standard experiment will be designated
G180. The values of the standard parameters are
listed in Table 1. Descriptions of some selected
variables are reiterated in Table 2. The label for
all experiments will indicate any values for
parameters that have been substituted for the
standard values. For example, G240 uses G = 240
instead of G =180; x¥60G350z,0.7n uses k=60,
G=350and z,=0.7x.

Fig. 1 is a plot of A(x, t) for the experiments
where the broadening appears to be linked to the
first mechanism, i.e., penetration. As the inversion
interface becomes less stable, that is as G is
decreased from 240 to 180, the stable distribution
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of eight cells gives way to a pulsating array of
cells in which only two cells or two clusters are
predominant at a given time, to a single cluster in
G180. (A cluster is defined as the persistence of two
or more convective entities within a distance less
than one-half the largest gap between convective
entities. Clustering is defined as tendency for con-
vective entities to move into clusters). Clustering
does not persist in G160 where the cell evolution
has become erratic. At some times in G160, the cell
pattern could be interpreted as containing a single
cluster (e.g., = 80). At other times, there are up to
three uniformly distributed cells (e.g., = 100). The
contour plots of s(x, z) at =100 in Fig. 2 show
the increasing penetration and broadening as G is
decreased. The issue of what values of G and y are
appropriate can now be adequately addressed
simply by inspecting the degree of penetration they
allow for.

Table 2. Selected dimensionless model variables
and the equation where they first appear

Variable Eq.

B: liquid water potential temperature

b: liquid water potential temperature fluctuation
C': water mixing ratio

c: water mixing ratio fluctuation

0: buoyancy

s: liquid water mixing ratio

A:liquid water column density

|

—
NN =
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Fig. 1. Fluctuation in liquid water column density A(x, ¢) for the experiments where penetration and compensating
subsidence appear to be responsible for any cell broadening. The vertical scale is arbitrary.
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Fig. 2. Liquid water s(x, z) at =100 in selected experiments with decreasing inversion interface stability.

Contour plots of w, b, ¢ and s at ¢ = 100 for G180
are shown in Fig. 3. Note that ¢/b = Q/R as a con-
sequence of using f/a = Q/R. (In other cases, with
different upper boundary conditions, the fields for
c and b can be quite dissimilar.) Although the
solution is reminiscent of several cumulus entities
clustering together to form one MCC cell, there
are several features of this solution that are not
in accord with AMTEX observations. First, the
driest and coldest low-level air in the solution is
beneath the cloud cluster. Although the aircraft
data of RA shows that the coldest air may be
beneath the cloudy region, a large humidity
fluctuation, of magnitude as large as the change in
mixing ratio between the bottom and top of the
CABL, exists in phase with the cloudy regions
throughout the depth of the CABL. Second, in the
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solution the convection penetrates into the inver-
sion a distance of 0.5 H. Agee and Lomax (1978)
show that the penetration of the AMTEX MCC
was only about 0.1 H. Although penetrative MCC
does exist in nature, the extensive penetration
necessary for MCC to occur in the first set of
experiments is not a necessary condition in
nature. Lastly, the resolved velocity field is almost
completely shut down outside the cluster. This,
however, does not mean that the model is pre-
dicting no convective motion outside the cluster,
but rather that the model does not predict convec-
tive motion in excess of that implied by the eddy
diffusivity. The lack of a resolved velocity field
leaves a thin layer of undisturbed stratus cloud
rather than patchy or broken clouds. Nevertheless,
we still interpret G200, G180 and G160 as
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Fig. 3. w(x, z), b(x, z), c(x, z) and s(x, z) at 1 = 100 in G180. Contour intervals are 1, 2.5, 10 and 40 respectively. Solid

contours are positive, dashed contours are negative.

representing “open” cells. The use of a slightly
higher value of z;, as well as representation
of patchiness of the thin clouds, would probably
render images more in accord with readers’ expec-
tations of what open cells should look like: a thick
cloud deck covering less than 50 % of the area.
We now turn to exploring the sensitivity of
the model to values for a« and B. Experiment
«0.02560.1 displays clustering like that in G180,
except the final cluster is narrower and more
steady (Fig. 1). In Experiment 20.180.4 the cluster-
ing is more erratic and similar in behavior to G160.
It appears that the less the boundary fluxes detract
from the convective fluctuations, the greater the
tendency to form broad scales. This tendency is in
accord with the properties of simpler Rayleigh-
Bénard models of convection (Fiedler, 1989). In
G200a — 0.2 the negative value for a implies that
the downwards flux of buoyancy induced by the
cloud is greater than the cloud-top cooling. The
pulsations that occurred in G200 have decreased
and the evolution is similar to G180. But perhaps

the reason for this is that the positive feedback on
the buoyancy fluctuations caused more penetra-
tion and made the dynamics similar to G180.

Next we mention two control experiments with
no clouds: A=0 and s=0. In the first we take
R =10 and G =30 and otherwise as in G180. The
convection settles down into a uniform array of 10
cells by =20 with the peak values of # slightly
larger than the largest in G220. In the second we
use also a rigid lid. The convection settles into a
uniform array of 8 cells by ¢r=20. The control
experiments indicate the necessity of latent heat
release near the top of the boundary if the convec-
tion is to broaden; an elastic top boundary by itself
is not a sufficient condition.

We also applied a rigid lid and constant value or
constant flux boundary conditions as in Brether-
ton (1988) to verify the model in that limit. For
instance, using Q =60, R= —30 and o =0 with
boundary conditions b=c¢=0 corresponds to
Bretherton’s [Fig. 8 ]. We confirmed his result that
conditionally unstable layers tend to select widely
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spaced convection; we also showed that as R
becomes less negative and then positive this
property disappears, as in (G240.

As mentioned above, the cluster in G180 is
excessively drying the CABL. This indicates that a
lesser value for f might be more realistic. Here we
will invoke a positive value for x and achieve the
same effect. Fig. 4 is a plot of A(x, ¢) for the remain-
ing experiments where the entrainment fluxes have
a crucial effect on the broadening. Contour plots of
w, b, ¢ and s at 1= 100 for k60G350z,0.7n are
shown in Fig. 5. The contours of ¢ clearly indicate
that the fluctuating flux at the top boundary is
reinforcing the mesoscale humidity fluctuation
associated with the cloudy region. In contrast
with G180, the subcloud temperature field and
humidity field are now in accord with RA. The
temperature field even displays the distinctive
“double-cycle” variation at low-levels identified by
RA. The ratio of the mesoscale ¢ fluctuations to the
mesoscale b fluctuations is about —5; which is also
similar to that shown in RA. Likewise the meso-
scale ¢ fluctuation is greater than the difference in

C across the depth of the CABL, which is also in
accord with the observations, if we compare RA
with the sounding in Jensen and Lenschow (1978).
Indeed, it is this large mesoscale humidity fluctua-
tion that is so difficult to reproduce without a
decrease in the rate of entrainment above pene-
trating clouds and it is the feature upon which
we should focus serious attention. Perhaps rain
could also have contributed to the sub-cloud tem-
perature field in RA as it did in FIRE (Paluch and
Lenschow, 1991), and rain is not included in this
model.

Nevertheless, there are some unrealistic features
of k60G350z,0.7n. The penetration is still rather
large for an AMTEX case. Moreover, with
0C,/0z = — Q and 0c/0z as large as 34 near cloud-
top gives dC/0z as large as 14 near cloud-top in
some places, which implies that we have more than
shut down the drying entrainment flux, we have
actually reversed it in some places! Such are the
pitfalls of idealized models. Simply reducing k was
not an adequate way to repair this feature and
yet preserve realistically rapid cell broadening.

=2 x60G350z0.7n =200

t—)

t=100

t=1 x45G350a-0.2

t=2 x60G350240.77Q40 t=200

=2 G300a-2p2

t=200

Fig. 4. Asin Fig. 1, but for experiments where positive feedback by entrainment appears to be responsible for any cell

broadening.
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Fig. 5. k60G350z,0.7n at 1 = 200. Contour intervals for w, b, ¢ and s are 1, 5, 20 and 40.

Perhaps this is because the model does not include
the virtual effects of water vapor on buoyancy and
therefore the model requires excessive cloud
buoyancy to overcome the subcloud negative
buoyancy. So in k45G3500—0.2 (Fig.6) the
source of the sub-cloud negative buoyancy is
removed by taking a negative value for o. At
t =100, we have 6C/0z < — 1.5 at the top of the
CABL, so the entrainment velocity is nearly zero
at some cloud peaks, but at least still positive.
The negative value for o implies that the cloud
is promoting an enhanced downwards buoyancy
flux, which could be ascribed to enhanced
absorption of solar radiation, or, as in Fiedler
(1984), enhanced entrainment of B. The case
k45G350a — 0.2 is in fact the only one presented
here in which both upper boundary fluxes are
acting as in the instability described in Fiedler
(1984).

An alternative repair is in k60G350z,0.77Q40
(Fig. 7). Here 0C/dz < —7 at the top of the CABL,
which implies that the entrainment velocity has
been reduced to as little as 18 % of the mean value

at the top of the thickest cloud. Again at low-levels,
the subcloud region contains the coldest and most
humid air. Furthermore, the relatively broad cap
of thick cloud cover for ¢ < 100 was similar to that
of closed cellular convection, while the narrower
cap of thick cloud cover for > 100 is similar to
that of open cellular convection.

The model integrations now can now be used to
address the issue about the appropriate value for k.
A good question to ask now is whether or not w,
can be reduced to near zero above a cloud-top that
has penetrated or deflected the inversion by a mere
300 m, say. The answer is probably not. With their
great reduction in entrainment above penetrating
clouds, all three experiments with k>0 scenario
imply extremely (and probably unnaturally) stable
stratification within the inversion layer, a result
consistent with Fiedler (1984). Nevertheless some
of the features of the solutions are intriguing.

Lastly, we again consider, as in G200x —0.2,
that the clouds induce a downwards flux of dry
and buoyant air. In G300x —2p2 (Fig. 8) these
downwards fluxes will be enhanced by a factor
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Fig. 6. k45G350a — 0.2 at + = 100. Contour intervals for w, b, ¢ and s are 0.5, 10, 20 and 40.

Fig. 7. k60G3502,0.710Q40 at ¢ = 200. Contour intervals for w, b, c and s are 1, 5, 20 and 40.
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Fig. 8. G300a — 22 at ¢ = 200. Contour intervals for w, b, ¢ and s are 1, 20, 20 and 40.

of 10, and the penetration effect will be lessened.
Conditions would probably have to be ripe for
cloud-top entrainment instability if the entrain-
ment rate were to be this sensitive to the presence
of liquid water at the CABL top. The conditions
for buoyancy reversal and cloud-top entrainment
instability as laid down by Randall (1980) and
Deardorff (1980) are nearly:

AB,

1 (25)

while the modeling of Siems et al. (1989) implies
that a runaway instability could occur only if

AC,

< —24,
AB,

(26)

and even then only if sufficient liquid water was
present in the cloud. The fluctuating fluxes of ¢ and
b due to a fluctuation in the entrainment velocity
should be roughly proportional to AC,/AB,. In
G300a — 22 we take o/f= —1, which though
inconsistent with (26), seemed to prevent excessive

drying of the cloudy regions. The drying effect of
enhanced entrainment trends to raise cloud base,
however penetrating clouds still deepen because
the height of the cloud top is increased, a process
described in Randall (1984). The deflection of
the inversion and thicker cloud cover is now
correlated with regions where the sub-cloud air is
dry and buoyant, which is completed opposite
with the situation reported in RA.

5. Conclusion

Here we have seen that absolutely unstable con-
vection can select broad scales. However such
selection occurred in the first set of experiments
only as we adjusted G towards a regime where
significant buoyancy production was occurring in
excursions above the mean CABL top, or after we
had in a sense “made the inversion conditionally
unstable”. As a consequence of the low Bowen
ratio, the thin cloud layer is an important source of
convective scale buoyancy fluctuations. At least
in the linear theory, a given vertical velocity
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generates 5 x as much buoyancy in the cloud-layer
as beneath it for Q/R = 4. Thus the convection will
be sensitive to cloud layer thickness, which is
obviously very sensitive to deflections of the
inversion. Sykes et al. (1988) also observed broad
spacing in a numerical simulation of penetrating
boundary layer convection. They identify entrain-
ment of buoyancy by the cloud as crucial for
producing large aspect ratios; however they did
not conduct and experiment that would isolate the
entrainment effect from the penetration effect.

The clustering that occurred in some of the
penetrative simulations involved the regeneration
of a penetrative entities in the relative dry and
thin-cloud region near the cluster that then
travel inwards towards the center of the cluster.
This phenomenon defies a simple explanation.
However, the fact that broadly spaced cells
occurred is not unexpected in light of Huang
(1990), Bretherton (1988) and Brugge and
Moncrieff (1985).

Experiments with x >0 are able to reproduce
some important featues of AMTEX MCC, but the
requirement of an efficient “mountain breeze in the

sky” that drains the most dense inversion air a dis-
tance of 10 km down a slope of several hundred
meters is certainly unorthodox (if not incredible).
This inversion flow could in principal be explicitly
resolved in a numerical model like that of Sykes
et al. (1988) if the numerical model requirements
are addressed with care. (Indeed, maybe it did
occur in their simulations). Nevertheless, there are
good reasons to suspect that this inversion flow
might not be effective. The necessity of very stable
stratification has already been mentioned. Another
is that any shear across the inversion interface
might easily disrupt the effectiveness of this trans-
port, unless the convection was organized as cloud
streets aligned with the shear across the inversion
interface. As far as we are concerned, a succinct
and convincing explanation for the development of
non-penetrative MCC has yet to be formulated.
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