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ABSTRACT

A numerical simulation of the trade-wind cumulus layer observed in the region of Puerto Rico is pre-
sented. The model is one-dimensional with a higher-order turbulence closure scheme (quasi-Gaussian
assumption in the third-order moments equations). Conservative variables are used, and the clouds are
parameterized according to the propositions_of Part I of this paper, using a skewed exponential scheme.
Once a quasi-steady state has been reached in the simulation, the results of the model are compared
with satisfactory agreement to statistics on the data of a detailed three-dimensional cloud model. The
one-dimensional model proves to be able to compute with reasonable accuracy the profiles of all turbulent
quantities up to third-order moments. It therefore is suggested that this kind of model can provide valuable

results in cloudy planetary boundary layer studies.

1. Introduction

In the first part of this paper (Bougeault, 1981,
hereafter referred to as Part I), problems relative to
the numerical modeling of turbulent planetary bound-
ary layers (PBL) including a condensation cycle
have been considered. As already suggested by Betts
(1973), Deardorff (1976), Sommeria and Deardorff
(1977), Mellor (1977), Yamada and Mellor (1979),
it has been shown that conservative variables 6, and
q., can be conveniently used, as far as warm clouds
with no supersaturation are concerned. However,
the approach leads to a specific closure problem: the
liquid water specific content g; appears in the virtual
potential temperature, so that all the buoyancy pro-
duction terms involve correlations with this unknown
liquid water content. All these quantities therefore
must be parameterized from an adequate subgrid
condensation scheme. Such schemes rely on a prob-
ability density assumption for the vertical velocity
w and for a linear combination of the main variables,
which controls the condensation processes. An ef-
ficient law was found by analyzing the results of
Sommeria’s (1976) three-dimensional (3D) numeri-
cal trade-wind cumulus model.

In this Part II, we propose a third-order one-di-
mensional (1D) model for the simulation of the cloudy
PBL, derived from the model described by André

‘et al. (1976a,b; 1978). It includes the parameteriza-
tions derived in Part I and a few other modifications.
In order to test this model, we present results from
a very short simulation, starting from the initial mean
profiles of the Puerto Rico experiment (Sommeria
and LeMone, 1978), with all turbulent quantities (i.e.,
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double and triple correlations) set to zero. After a
few hours of simulated time, the model produces
realistic values for these quantities. These results
are analyzed and compared to those of Sommeria’s
model. Both models have equivalent theoretical
limitations, and are found to be in good agreement
with each other, with the one exception that the
1D model cannot easily deal with the large values
of the third-order moments without leading to nu-
merical instability. This is not very surprising, since
this model is based on the quasi-Gaussian assump-
tion for the fourth-order moments, which is not very
consistent with the large skewness and flatness fac-
tors encountered in the cloud layer. Nevertheless,
results are quite satisfactory, at least as far as second
moments are concerned.

. Condensation and radiative processes can strongly
interact in clouds, by cooling the upper parts and
warming the lower parts, leading to further destabili-
zation. Despite this fact, no attempt is made here to
include a detailed description of this interaction, and
a constant radiative cooling rate R is introduced in
the model. The reason is that this paper aims to focus
on the description of the dynamics-—condensation
interaction, but the model is general enough to be
modified whenever detailed radiative calculations
are needed. On the other hand, and though it is
well-known that radiation can drive the evolution
of stratus, stratocumulus or fog (Lilly, 1968; Oliver
et al., 1978; Manton, 1979; Randall, 1980), attempts
have been made only recently to investigate the
short-term effects of radiation on the development
of cumulus cloud layers (see Veyre et al., 1980).
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2. Description of the model

As stated in Part I, we use the three components of

the velocity, u, v, w and the conservative liquid water
potential temperature 6;,, and total water specific
content g,, as prognostic variables. According to the
Boussinesq approximation, equations are written for
the fluctuations from an isentropic and hydrostatic
reference state. The turbulence equations for the
statistical moments of the prognostic variables are
then derived up to third-order correlations, with
adequate closure assumptions. Following André et
al. (1978), we assume that dissipative scales are
isotropic for modeling molecular destruction. We
neglect molecular diffusive fluxes, and model the
pressure correlations as the sum of a return-to-
isotropy term and a rapid term (Launder, 1975). We
further use a single time scale 7 for all closure

assumptions, designed as the time scale of the largest-

eddies or clouds, and dimensionally related to the
turbulence kinetic energy by use of a prescribed
energetic length scale. Let € be the dissipation of the
turbulence kinetic energy é. It is then assumed that
T = éle, with € = é%?%/L(z), where L(z) is derived
from Blackadar’s (1962) length inside the mixed
layer, i.e., L(z) = C,'kz/(1 + kz/L.). The von
Kérman constant & was taken as 0.35, the constant
C, was given its usual value of 0.07 (André et al.,
1978), and L, was adjusted as 15% of the mixed-layer
depth. Inside the cloud layer, L(z) was given a
constant value L equal to 250 m, which is consistent
with the observed size of clouds in the 3D model. The
resulting profile of L(z) can be seen in Fig. 1. The
results discussed in Section § are not very sensitive
to the values of L., and L. Coriolis effects have been
neglected, except in the first-order moment equa-
tions. The fourth-order moments are expressed by
use of the quasi-Gaussian approximation:

a'b'c’'d =a'b'-c’'d +a'c’-b'd + a'd b'c’
The final set therefore contains 50 equations,

which can be written in the following way, using the
symbolic form u; for u, v, w and a, b, for 6, g,

1) The prognostic equatioﬁs for the four mean
quantities are:

oi 0

E=—5;W+f(a—vg)—w2—:, (1a)
%’%:-%W—f(a—ug)—wa—;, (1b)
%‘;_—’=__(%W—w2—z_’—', (10)
%I?Pgagw'qw"?% (1d)

The Coriolis parameter f is given a value of 4.75
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X 1075 571, and the radiative cooling rate R is taken
as 1.5 x 107% K s~! throughout the layer. According
to Sommeria and LeMone, this value is necessary
to balance the warming by surface heat flux. The
large-scale subsidence w(z) and the horizontal com-
ponents of the geostrophic wind u,, v, are prescribed
and constant during the s1mu1at10n Their profiles
are shown in F1g 1.

Wi vt Wi U, vw,uw, are
6- ' ! !
—uiuy = — —w'ui'uy

ot 0z

—— 0i; oi;
-1 - C)luw — + u/w —
( 5)| 2w &

el Bui'ﬂv'ﬁa,- - Bu,-'@,,'b‘s,] - %66”

—"C_‘é(u uJ
T
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+ cs%ai,.[/gw'ev' — w2 2] . @
, 0z 0z
where g is the buoyancy coefficient.
3) The tendencies of the three scalar correlations

0%, q,'%, 0/q., , are

2a’b’=——(2--wa’b’ law —%+bw —%-}

ot 0z 0z 0z
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T

4) The tendencies of the six fluxes of scalar quanti- -
tiesw’'6/’, w'q, ,u'6,, u'q, , v'6,, v'q, , are
0 — da
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5) The tendencies of the six fluxes of ve10c1ty

Pyl gyt

correlations w'u'?, wv's, w3, wuv, wuow,
w'u'w’, are :
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F1G. 1. Profiles of the mean variables atr = 0.0 (solidlines)and atz = 2.5 (dashed .
lines). The geostrophic wind (dotted lines), the vertical velocity w and the mixing
length L are constant during the experiment.

6) The tendencies for the four third-order scalar
correlations 8,3, 8,'%q,,’, 6,/q.,'%, q,,'°, are

- o y 12 o 17,7 o i
ia’zb' = —w'b’ 9a - 2w'a’ 9a’b — w'a'? é—b—
ot 0z 0z 0z

84 Ciy—
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7) The tendencies for the twelve “fluxes of fluxes”
urz 0[1’ u’v’ﬂ{, u’w’0,’, lealr’ U’M”e/, M/Zell, “/2 qw,a
ulzqwr, ulvlqwr’ ur”/qwl, vfzqw/, vlvvlqwl’ are
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8) Finally, the tendencies for the nine fluxes of
scalar correlations u'6,'%, v'6/%, w'6,%, u'q,?,
vlqwlz’ wlqwlz’ ulellqwl’ vlollqwl, wlollqw/, are
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The set of constants used in these equations has
been determined from previous experiments (André
et al., 1976a,b), with the following exceptions. The
constant C, needed further adjustment and was
taken as 1.3, instead of the previously used 2.5.
Its magnitude is now in good agreement with the
values used by most authors (e.g., Wyngaard and
Coté, 1974; Launder, 1975). In the first experiments,
instability appeared whenever the third-order mo-
ments had large values. As in André et al. (1978),
this early model used a ‘‘clipping’” approximation
to damp the growth of the third-order moments.
Namely, they were cut off whenever they exceeded
the maximum permissible value according to the
quasi-Gaussian assumption. Clearly, this cut-off is
not consistent with the large flatness factors ob-
served in the cloud layer (see Part I, and Section 5
of this paper), and is due to the extreme values
linked to strong upward motions. It was suspected
to be the reason for instability. As an attempt to
remedy the problem, clipping was no longer used,
and a ‘‘rapid’’ term was introduced: in the param-
eterization of the pressure term in the third-order
moment equations. It was taken proportional to the
production term arising from the velocity fluctua-
tion equation, with an adjustable numerical coef-
ficient C,,. Another approach has been developed
by André et al. (1981), where the same term is
modeled as proportional to the anisotropic part of
the production tensor, the difference being effective
for the equation in u,'u;'a’ only. We experienced
different values of C,,, with the only result that large
values of the third-order moments lead almost sys-
tematically to instability. So in the cloud layer these
moments had to be kept to smaller values than those
of their 3D counterparts, as can be seen in Section 5.
This was obtained by choosing a somewhat larger
value of Cy, (0.4, as compared to 0.2 in André et al.,
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1981), and accordingly a smaller value of C, (6.5,
as compared to 8). Other numerical refinements
were included in the model, but did not lead to any
improvement in the results. A conclusion therefore
is that a possible lack of consistency between the
quasi-Gaussian assumption and the non-Gaussian
cloud parameterization may be responsible for this
instability, rather than the enforcement of realizabil-
ity through clipping. The quasi-Gaussian assumption
may then have to be given up in such a case, and a
convenient way could be to add a diffusion term
according to the proposition of Deardorff (1978).
Another possible explanation is that the cloud pa-
rameterization is derived from an empirical assump-
tion of maximum correlation between all variables
inside the cloud layer [see Part I, Eq. (8)]. This
could lead to a positive feedback between second
and third-order moments. The parameterization may
then have to be improved by introducing some cor-
relation coefficient, less than unity, estimated from
the correlation coefficient between conservative
variables. The following set of constants was finally
used: C, =13, C,=4.5, C;=0, Cgz = 4.85,
C,=04,C;3 =6.5,Cyy=3C,and Cy; = 0.4.

Whenever the virtual potential temperature 6,
appears in Egs. (1)-(8), it is expressed as described
in Part I, following:

0, =6, + 0.61Tq,,’
%) & - o]
+ — - 1.61T, |q,/, (9)
[( pz) ] C, 04
where T, is a mean value of the absolute tempera-
ture, taken as 300 K, L the latent heat of condensa-
tion of water, C, the specific heat for moist air,
P, the reference pressure 10° Pa, and p,(z) the mean
pressure of the Boussinesq reference atmosphere
at height z. The correlations including the liquid
water content, arising from the buoyancy terms
pm'e,’, Bm'n’'6,’, are parameterized as described
in Part I. Let us define '
 4a = q4l6;, pA2)],
a = [1 + (L¥R,C,T;*)qq]™",
a1 = qu(LIR,TA){[pA2)lipo}*,
a —— — —_
> (9w'* + %0, — 2a,q,,"6,)'2,
0, = a(@y — ga)20,.
It is assumed that, for m,n, being any 6, q,, 4;
q = 20, exp(Q, — 1), (10a)
m'q) = 20,02 — Q,) exp(Q, — 1), (10b)
m'n'q) = 200,002 — 40, + 95)

X exp(Q, — 1), (10c)
~ where o, is (m'?)2 and Q, < 1 for the case studied.

g =
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3. The Puerto Rico Experiment: Definition and mean
profiles

The PBL, as observed during the Puerto Rico
Experiment (Pennell and LeMone, 1974; LeMone
and Pennell, 1976), shows a three-layer structure.
A convectively mixed layer is topped by a stable
layer where cumulus clouds can develop by condi-
tional instability of the first kind. The mean cloud
top level coincides with the trade inversion. Above
this level, the stratification is stable, and the only
possible movements are internal waves. The humid-
ity decreases linearly in the two upper layers. A
3 h numerical experiment is performed using these
initial conditions. Fig. 1 shows the mean profiles of
i, v, 6;, qu, at t = 0.00 (beginning of the run) and
t = 2.50 h,, along with the prescribed w(z), L(z).
These profiles have been taken from the 3D simula-
tion by Sommeria_ and LeMone (1978). The surface
values of 6, and ¢, are assumed constant during
the run. At ¢t = 0.00 all turbulence quantities are
set to zero, which, considering the absence of any
relevant data, amounts to the simplest possible
choice. Convection develops in both 1D and.3D
models under the forcing of the surface fluxes, com-
puted from the same flux-profile relationships at the
first level (25 m above the surface), i.e., the formu-
lation of Businger et al. (1971). This leads to a regu-
lar but slow decrease of the surface fluxes during

“the run, from 1.2 X 107™%t00.9 x 107* m s 'kgkg™*

for(w’'q,')s, and from6 X 102t03.5 X 1073 m Ks™*
for (w0,

Clouds do appear after 0.5 h, as a consequence
of increasing humidity, and temperature and moisture
fluctuations, and develop to reach a maximum. After
roughly 2 h of simulated time, the turbulence mo-
ments reach a quasi-steady state, and evolve then
much more slowly. Fig. 2 shows the evolution of the
cloud activity during the 1D and 3D runs. We have
chosen ¢ max, the largest value of the liquid water
mean content with respect to altitude, as an indica-
tor. Clearly, the 1D model smoothes out the short-
term fluctuations linked to the development of in-
dividual clouds in the 3D model. It further under-
estimates slightly the liquid water content, but the
location and depth of the cloud layer are well pre-
dicted, as can also be seen in Fig. 8. The lower
limit of the cloud layer mainly depends on the pres-
sure variation with height, which is taken into ac-
count through the expression of 7. The upper limit
is determined by a balance between the vertical
turbulent flux of moisture and the drying effect of
subsidence. ]

Returning to Fig. 1, we can see that the convection
leads to an increase of moisture in_the whole layer,
and that at ¢t = 2.50, the profile of g, shows a char-
acteristic gradient in the mixed layer (André et al.,
1979). On the contrary, the time rate of change of
0, is very small, since the radiative cooling balances
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FiG. 2. Evolution of the maximum of the mean liquid water content with respect to
the altitude, both in the 3D run (points) and in the 1D run (solid line).

mainly the turbulent heating. The long-term evolu-
tion is linked with this evolution of the mean profiles,
which would interact with the diurnal cycle in the
real atmosphere. As noted earlier, our model does
not presently take into account this long-term evolu-
tion (e.g., through detailed radiative computations,
and evolution of the surface parameters). It therefore
is only possible to focus on the turbulent moments,
once a quasi-equilibrium has been reached. We shall -
study these quantities by comparing the 1D results
to the 3D data.

4. A comparison of 1D and 3D results

Testing results of a sophisticated turbulence
model against experimental data raises a huge prob-

20
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.
16 ¢ / 1
!
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]
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0.8 r \I R ] N
L | ) I
1] PO ¥
04r /I «
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10
Yoo -5 _
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F1G. 3. Flux of total water content. Solid line: 1D result at
t = 2.5 h; dotted line: 1D result with Gaussian cloud scheme;
triangles: 3D results averaged from 2.28 to 2.54 h; circles: 3D

results averaged from 2.42 to 2.68 h; dashed lines: subgrid-scale
contribution in the 3D results.

lem, as soon as quantitative results are needed. This
validation is however absolutely necessary, especially
in the case of a 1D model, because of the numerous
closure assumptions involved. For the past 10 years,
aircraft measurements have been successfully taken
inside the mixed layer, allowing for an analysis of
the variances, fluxes, and budgets of the main quan-
tities (e.g., Lenschow, 1970; Wyngaard et al., 1978).
To our knowledge, detailed turbulence measure-
ments inside cloud layers (including measurements
in the clouds themselves) have not yet been published.
* Using data generated by a 3D detailed turbulence
model seems therefore a very attractive alternative
method, since it may be presumed that such a model
deals effectively with the turbulence movements,
depends only weakly on the unavoidable closure
assumptions, and provides as many data as needed.
As stated in Part I, we have computed statistical
second- and third-order moments of the distribution

20—
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FiG. 4. As in Fig. 3 except flux of temperature.
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F1G. 5. As in Fig. 3 except variance of temperature.

of the main variables in horizontal planes with which
to compare the profiles of these quantities with the
results of the 1D model, plotted in Figs. 3-21. For
comparison, we also have plotted results of a 1D
run using the Gaussian cloud parameterization in-
stead of Eqgs. (10) (see Part I). Of course, any model
has shortcomings that must be carefully examined.
The 3D model used in this study has been described
by Sommeria (1976) and attention must be given to
the following main limitations: :

1) Lack of ergodicity: For all the computations
to be reported, as for deriving the 1D model equa-
tions, we approximate the ensemble means as aver-
ages in time and over horizontal planes. As the time
scales of turbulent eddies and of evolution of the
mean profiles may not be very different, this is a
serious limitation to the accuracy of the results.
Nevertheless, the errors should not exceed an order
of magnitude, if the averaging time is carefully
chosen. It should be noted that the same problem
arises when analyzing aircraft turbulence data. In
order to give better insight into this problem, two
sets of symbols have been plotted on the figures,
corresponding to averages of 3D data computed from
two slightly shifted time series of 1000 seconds (2.28
to 2.54 h and 2.42 to 2.68 h).

2) Lack of small-scale description: In order to
overcome this shortcoming, the grid size is chosen
small enough to be within the generally accepted
scale of the turbulence inertial range (here 50 m).
The subgrid fluxes are parameterized from an eddy
diffusion scheme, which takes into account the ef-
fects of stability. The amount of subgrid condensa-
tion is computed according to the Gaussian assump-
tion, as stated by Sommeria and Deardorff (1977).
In Part I, we have pointed out that the overall result
is not very sensitive to the assumed subgrid distribu-
tion of the variables. Whenever it was possible, that
is, for the double correlations, the subgrid-scale
fractions of the considered moments have been
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plotted (Fig. 3-7 and 12), according to their pa-
rameterization used in the 3D model. Except near
the surface, they do not exceed 10% of the total
value computed from the grid points values, i.e.,
less than the sampling error.

3) Lack of mesoscale description: The integra-
tion domain for the 3D model is a (2 km)? cube,
with cyclic lateral boundary conditions. Conse-
quently, the model cannot deal with larger mesoscale
patterns, such as cellular convection, or cloud
streets, which could affect significantly the distribu-
tion of the variables as well as the cloud statistics.
The only remedy would be to increase the integra-
tion domain, leading to an increase in computing
time and memory use, since the grid size has to be
kept inside the inertial range. On the other hand,
for the case studied here, the mean horizontal di-
ameter of the clouds is roughly 200 m and a possible
gap could exist between mesoscales and cloud scales,
allowing for a parameterization of the interactions.
Nonetheless, this is the main shortcoming of such a
model, but it should be noticed that the 1D model
has exactly the same limitations. '

4) Upper and lower boundary conditions: At the
lower boundary, small-scale (subgrid) fluxes are pre-
scribed according to the Monin-Obukhov similarity
theory, and velocity is set to zero, so that when
height increases, subgrid fluxes are progressively
relieved by the resolvable scale fluxes, leading to
difficulties in estimating the moments. This region
is not considered in the figures. At the upper bound-
ary, vertical velocity is set to zero, which seems to
be convenient, unless strong internal gravity waves
are present in the stable layer. The wavenumbers
of these possible internal waves are selected by the
model according to the cyclic lateral boundary con-
ditions, and their spectrum therefore is unrealistic.
However, the study of the interaction of these
““model waves’’ with.the turbulence could still be
of interest.

2.0~
16
~— 12}
=
N o8

o4

FiG. 6. As in Fig. 3 except variance of humidity.
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5) Anomalous results near the inversion: Many
authors have noted anomalous results near the in-
version (Deardorff, 1974; Wyngaard and Coté, 1974,
Andréet al., 1978), namely, the presence of spurious
negative humidity fluxes just above the inversion,
where humidity decreases rapidly with height. In
the absence of any negative source, the flux should
be positive in this region. Although this feature may
appear instantaneously in field experiment data,
L. Nahrt, private communication), it is not likely to
persist when the flux is averaged over 15 min. The
models therefore are in error in this region, and until
now, no convincing explanation has been proposed.
Interestingly, this problem appears in both 1D and
3D models.

S. The profiles of the turbulent correlations

It can be checked from the figures that the 1D
model provides a good overall agreement with the
3D calculations, whereas the use of the Gaussian
scheme leads to the underestimation of the turbu-

20— —T—T—T—T— 1711
16+ ]
/-g 1.2 .
~ .
~— L]
N 08 . -
04 .
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0 .0 .02

al (10‘3kg kg“)

FiG. 8. As in Fig. 3 except mean liquid water content.
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F1G. 9. As in Fig. 3 except covariance of temperature
and liquid water content.

lent quantities inside the cloud layer, as well as of
the cloud-layer depth.

The flux of total water content is shown in Fig. 3.
If one accepts the spurious oscillations in the 1D
result, it decreases throughout the mixed and cloud
layers. Clearly, the main source for the flux is the
evaporation at the surface, leading to the observed
increase of moisture in the whole layer. This feature
is not likely to be universal. Results of field experi-
ments have shown that the moisture flux can show a
maximum near the inversion layer, leading to the
drying of the mixed layer. Similarly, Sommeria (1976)
has published results where the flux is maximum
inside the cloud layer. Nonetheless, this profile is
not linear, and moisture increases more rapidly in
the cloud layer than in the mixed layer.

The flux of temperature w'6,’ shows also spurious
oscillations (Fig. 4). It is almost linear throughout
the layer in the 3D data. Inside the mixed layer, g,
is zero, and 6, reverts to 6. The linearity is therefore
a well-known feature. Near the surface, the flux is
positive, because the updrafts carry warm air from

201 T T T T T T
16} 4
- 1.2} o =
= B .. '1
N 08 * ]
pat .

] PR T S W N

0 .03

q.q; (0 ke ke?)
F1G. 10. As in Fig. 3 except covariance of liquid and
total water content.
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FiG. 11. As in Fig. 3 except vertical eddy fiux of liquid Water.

the lower levels. At ~100 m, the flux changes sign,
and the updrafts carry relatively colder air, while
temperature increases with height. Consequently,
buoyant ascent is maintained by water vapor alone.
Inside the cloud layer, the negative flux of 6; ac-
counts for the upward transport of g, (let us remem-
ber that 6, = 6 — (L/C,)0/T)q;). As pointed out
by Betts (1973), this flux shows a minimum inside
the cloud layer, whose lower part is warmed by
condensation, whereas the upper part is cooled by
evaporation. ‘

Fig. 5 shows the profile of the variance of tempera-
ture ;2. The scale of the figure prevents seeing the
usual maximum near the surface, which is indeed
.present. Although 6, is conservative, the variance
is very large inside the cloud layer, because clouds
induce strong updrafts in a stratified environment.
The maximum occurs around the trade inversion
level, where the gradient of 6, is the largest (see
Fig. 1). In the upper stable layer, the 1D result
strongly departs from the 3D data, which show a

20
1.6

1.2t

£

'
~

N

0.8

04

W(m’s")

Fi1G. 12. As in Fig. 3 except vertical component of the turbulent
kinetic energy.
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F1G. 13. As in Fig. 3 except vertical turbulent flux of the
vertical velocity variance.

secondary maximum. This is due to internal waves,
which develop in the stable layer. As can be seen
from Figs. 3 and 4, these movements are not as-
sociated with turbulent fluxes of 8, and g, (except
for the subgrid-scale contribution). The correspond-
ing values of the third-order moments also are very
small (see Figs. 13-21), and we shall ignore these
waves in this study. L

The moisture variance g,’? is shown in Fig. 6.
The above remarks also apply, but the surface value
is here of greater importance. The maximum again
occurs inside the cloud layer, while the mixed layer
corresponds to relatively smaller values. The co-
variance 6,'q,,” (Fig. 7) also exhibits two maxima at
the cloud base and at the trade inversion, which
can be traced as being the main sources of inhomog-
eneities. It is positive near the surface, where rising
parcels are warm and moist, and changes sign at
the same height as w’'6,’.

The next figure (Fig. 8) illustrates the parameter-
ized mean liquid water content. The parameteriza-

W, (k)

FiG. 14. As in Fig. 3 except vertical turbulent transport of
’ temperature flux.
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F1G. 15. As in Fig. 3 except vertical turbulent transport of

the moisture flux.

tion [Eq. (10)] slightly underestimates the mean
liquid water content and correlations involving its
fluctuations, as noted in Part I. Here the discrepancy
with the 3D data is found to be as large as a factor
of 2 in the lower part of the cloud layer. This is
likely to be a consequence of the parameterizations
for the second- and third-order moments, based on
the skewed exponential scheme throughout the
whole cloud layer. As noted in Part I, the lower
levels are characterized by an almost Gaussian dis-
tribution of the variables. Therefore, Eqs. (10) will
induce an overestimation of the upward transport.
On the other hand, the Gaussian parameterization,
which underestimates the transport, as can be seen
from any other figure, leads locally to an artificially
better value of g;. This is due to the overestimation
of q,,, which arises from an underestimated growth
rate of the cloud layer. This was in fact the main
reason which led us to look for some new condensa-
tion scheme. A further improvement would be to use
a scheme with variable skewness.

The same remarks apply for the liquid water cor-
relations 6,'q,’ (Fig. 9), q,'q' (Fig. 10), and w'q,’
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FiG. 16. As in Fig. 3 except the flux of temperature variance.
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F1G. 17. As in Fig. 3 except the flux of humidity variance.

(Fig. 11). The 3D data show two slight maxima inside
the cloud layer for 6,'q,’ and q,'q, ', which can be
identified as two maxima of cloud activity. On the
other hand, the flux w'q’ exhibits a very regular
shape with only one maximum, proving that the
cloud layer as a whole is transferring moisture
upward.

The vertical component of the turbulence kinetic
energy (w'2, Fig. 12) shows two maxima. The lower
one is a well-known feature of convective mixed
layers. The other maximum, at the top of the cloud
layer, is overestimated by the 1D model. It is pro-
duced by the buoyant acceleration of the parcels,
when latent heat is released in thé lower part of the
cloud layer. The minimum near the cloud base is
an interesting feature, proving that the rising parcels
are slowed down by the stability effects, before
condensation occurs.

The flux of w'2, i.e., w'3, is shown in Fig. 13. This
flux is directed upward throughout the layer, and
shows again distinct maxima inside the mixed and
cloud layers, with a minimum at cloud base. It there-
fore is very similar to the w'? profile, and it is not
likely that any simple closure model for w'® would
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F1G. 18. Asin Fig. 3 except the third-order moment of temperature.
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Fi16. 19. As in Fig. 3 except the third-order correlation 6,'%g,’".

reproduce such a behavior. Our third-order 1D
model provides the right sign and order of magni-
tude, as for all other third-order moments (see be-
. low). Unfortunately, the spurious oscillations already
mentioned appear here also (see, e.g., Fig. 13), and
damage the value of some third- order moments in-
side the cloud layer.

Figs. 14 and 15 show the *‘fluxes of fluxes™ w26,
and w’zq
results is. satlsfactory enough, although better for
w20, than for w'?g,,’. Again, these fluxes have the
same sign as the quantities they are transferring (see
Figs. 3 and 4), which is consistent with an upward
turbulent transport. The same conclusions apply for
the profiles of the fluxes of variance w’6;’? and w'q,,"®
(Figs. 16 and 17), which have roughly the same shape
as the variance profiles themselves (Figs. 5 and 6),

with maxima in the trade inversion for w’6,’? and in

the lower cloud levels for w'q,,’?. Finally, Figs. 18—
21 show the third-order scalar correlations 6",
0,29, , 6/9."% q,'3. Again, the agreement with the
3D data is better for ¢, than for g,. The signs of
these correlations are also of interest. Cumulus con-

vection develops strong updrafts of cold and moist
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F1G. 20. As in Fig. 3 except the third-order correlation 6,'q,,’%.
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air relative to the environment, leading to positive
qu’3 and 6,%q,, , and to negatlve 6,° and 6,'q,,”%. The

d.° profile shows a sharp minimum at the base of
the clouds. Indeed, large negative values frequently
are observed near the top of the mixed layer, as well

- as in numerical simulations of field experiments, due

to the entrainment of drier air from the upper levels.
The profile shown in Fig. 21 therefore is a compromise
between this phenomenon and-the development of
the positively skewed distributions in the cumulus
layer (see Part I) and in the lower mixed layer. This
feature is well predicted by the 1D model.

6. Conclusion and future work

This extensive comparison between the 1D and 3D
results shows that the models, having the same the-
oretical basis, are quite consistent with each other.
However, they possibly have the same shortcoming
as well, and a further comparison with field experi-
mental results is needed. Whereas the 3D model
simulates the turbulent movements, the 1D model
only deals with averaged profiles of the mean quanti-
ties and turbulent correlations. Accordingly, it is
roughly two orders of magnitude less expensive in
computational power, and can therefore be of wider
use. Clearly, some features are not satisfactorily
described, and further improvements are needed.
Turbulent transport is parameterized according to
the quasi-Gaussian approximation, while the buoy-
ancy production terms are expressed using a skewed
exponential model for the probability densities. This
inconsistency could possibly be the source of some
spurious behavior. On the other hand, some the-
oretical work still has to be done to investigate the
effect of the pressure correlations in the third-order
moment equations.

The present study, nevertheless, suggests that the
1D model can be a powerful tool for research into
the cloudy PBL, as it already has proven to be for
the clear-sky case. Until now, most studies inpa-
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FIG. 21. As in Fig. 3 except the third-order moment of humidity.
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rameterization of the trade-wind cumulus layer have
been conducted with simple zero-order models. Al-
though these models more or less depend on assump-
tions for the entrainment rate, they have been used
(e.g., by Betts, 1973, 1976; Albrecht, 1979; Al-
brecht et al., 1979), to acquire considerable under-
standing of the bulk structure of the trade-wind PBL,
as well as of other types of cloudy PBL’s. Hopefully,
a higher order model such as the present one, will
give further insight into the structure of the turbulent
fluxes in such a layer, and will allow for a variety of
parameterization studies. This model should, how-
ever, include an efficient interactive radiative
scheme, and should be tested against a few different
cases, obtained from 3D simulations under similar
conditions. Of course, it would be even better to
test the model using turbulence measurements
through a cloud layer during a field experiment. This
model further allows for the study of various types
of cloudy PBL’s, such as the layers of marine
stratocumulus characteristic of cool coastal dry
climates. For this purpose, only the mixing-length
profile and the distribution law assumption inside
the cloud layer may have to be revised. Similarly,
the transition between these various regimes of the
PBL can be studied as well. The proposed model
therefore has potentially a wide range of applications.
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