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I. INTRODUCTION

The planetary boundary layer has long been known to be characterized
by ubiquitous turbulence and turbulent transfers, the ultimate task
of any parasmeterizetion scheme being to calculate the averaged effect
of these transfers and theilr verticel distribution, This can be best
accomplished by considering the way turbulence is generated, transpor-
ted and dissipated'by its own non-linesr mechanics, as well as by
interactions with all other relevant processés. Among these, the
coﬁdensation/evaporation of water vapor plays obviously & leading role
due to two main reasons : the dynamical implications of the latent
heat release, and the unique padiative properties of the liquid water,
The aim of this paper is to give a brief review of recent advances in
these research fields.

As often as possible, the frame of the discussion will be the higher-
order statisfical modeling technique; this is by pure convenience.
Although much information has been derived from detailed simulations
of the PBL mechanics with higher-order turbulence models, it is not
clear at time if such models can be of use in the framework of s GCM
or a weather prediction model. WHowever,it will be shown that this
frame is well adaepted snd general enough to inelude the necessary
physics, and the scale interactions, which are readily addressed by
dividing the local value of each variable into a "mean" value and a
turbulent fluctuation @

)

X = §-4- X.

It is pbssible to derive the genersl rate equation for the statisti-

cal moments of x', x'%, X'3;

averaging operator ( ) hes the comfortable properties of the

a80.., under the assumption that the

engemble averaging, In the practice, of course, this operator is
not an ensemble average, but a cumbersome combination of spatisl and
time average. Though it is generally accepted that the final result.
is neveftheless of use, it must be recalled that this conclusgion is
subject to the so-called ergodic property. From a practicel point

of view, the problem is to kmow for which time and space scales
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the theory will give the most interesting results, This question will

be discussed in the last section.

The equations for the double and triple moments will not be given
here. The reader is referred to classical studies by Wyngaard and
Coté (T1974), Zeman and Tumley (I976), or André et al. (1978), for

a discussion of the closgure hypothesis. A model including rate equa~-
tions for the second-order momentes and ad hoc parameterizations of the
other terms will be called a second-order model; one ineluding also
rate équafions for the third-order mdments will be called a third-or-
der model. Another assumption usuaily made is the horizontal quasi-
hémogenéity'of the PBL.VFrom experimental evidence, piesented for
instance by Tenschow et al. (1980), Brost et al. (1981), thieg is not
s very strong constraint, as far as statistical homogeneity of the
turbulence is only concerned. Indeed; examination of the doublé
moments budgets shows that there is a local equilibrium of the tur-
bulent prépertias and the mean profiles of temperature, humidity and
wind., It means that the response time of the turbulence to an advec—
tive chaﬁge in these profiles is short in comparison with fhe‘time
"scale of the dhange, at least in convective conditions. So this
hypothesis of quasi-homogeneity does not prevent the theory té des-
cribe mahy of the méteoroldgically significant eventes at synoptic

or even at mesgo-scale, like the horizontal convergence of maés,

moisture and heat in the boundary layer.

Tﬁo regimeé of the guasi-homogeneous cloudy PBL have beén extensi#ely
studied in the last few years the cumulus-topped undisturbéd trade-
wind layer, and the stratocumulus-topped mixed layer of the coal
coasfal dry cliﬁdte. Nther experimental results are available from‘
therAMTEX and GATE field experiﬁents, but a large number of theories
have concentrated on the formers. Section 2 will be devoted td the
treatment of the interactions between turbulence and condensation.
Section 3 will emphasize some effectes of the radiative transfers in
the pfesende of clouds. Finally, Séétion 4 will focuse on other
types of motions, which could be described by the higher-order stgtis—
tical egquatiouns, thoﬁgh not'generally sccepted under the topic of
turbulence“(.internal waves,‘meso—scale structures ). This is a

more tentative sectioﬁ, since although satellite pictures cleaxrly
show these phenomena td be frequent, few theories have been proposed

until now.
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2. TURBULENT TRANSPORTS WITH PHASE CHANGES

2.1 Phenomenology

" The simplest way to explain the mechanisms by which clouds interact
with the turbulent transports is to consider the path of a given air
parcel insgide a near well-mixed environment, as outlined by Bett (1973)
or Schubert et al. (1979). We consgider a well-mixed subcloud layer,'
(i.e. where ds/dz =0, 8 being the dry static energy CpT+gz ),
surmounted by a cloud layer in moist adiabetic equilibrium ( i.e,
where dh/dz = 0, h being the moist static energy CPT +gz +Lg ).

A surface originating parcel, supposed to be slightly warmer and mois-
ter than the en#ironment, rises by buoyancy effect. If the entrain-
ment, or turbulent mixing, of environmental air into the parcel is so'
weak that the parcel can preserve its individuality during the descri-
bed cycle, it will experience the following effects @

.When the parcel reaches its own lifting condensation level ( ILCL),
determined by its temperature and humidity, its starts releasiﬁg itse
latent‘heat. As the LCL of individual parcels is never very different
from the mean T.CL, or cloud base, the parcel then evolves in an envi-
ronment characterized by 2 moist adigbatic lepse rate, Therefore, the
heating by release of latent heat is a differential effect, converting
a moiéture excess into a tempersature excess.

+The release oaf latent heat goes on until a certain height in +the
cloud layer is reached. Then the parcel encounters dryer sir and )
starts to evéporate its ligquid water, in the process of mixing with
environment. This cools the parcel which soon becomes negétively
buoyant.

.When the whole kinetic energy has been ldst, the parcel begins to sink
with a lower moisture content and tempersture than the environment.
So, it is warmed more rapidly by the pressure work then the environ-
mental lapse rate. If it neverthe less remains negatively buoyant
until the ground, it can accumulate a new amount of moisture and heat
and enter a ﬁew cycle. This is a purely convective case.

.Another behaviour is possible; It can become warmer than the environ-
ment before ground. In this case, the mixing will not go on unless
another energy source is preéent, such as shear instability. Shear
originating turbulence can bring the parcel downward, where it loses
sensible heat and geins moisture. This happens, for instance, in the

stratocumulus regime over cold sea.

A remarkable fact is the similarity between convective processes in

cumulusg and stratocumnlius regimes. The ultimate difference between
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them does not lie in these mechanisme or in the air sea temperature
difference, but in the profiles of the moiest static enefgy h, or its
linearized boundary layer form, the equivalent poteﬁtial temperature
ee, and'of the total moisture content q, e In the case of a,strato—‘
cumzlus, ee and a, appear to be‘nearly Well_mixed. ITn a cumulus layer,
they decresse significantly with height. Cumulus convection tends

to mix ee and q,» a8 well as stratocumulus convection, but this

gstate will never be reached, because of entrainment of upper aix with

lower values of 6 _ . and Q.
. e .

As a consequence, the effect of cloud non-precipitating convection is
always an upwerd transport of moisture and moist static energy, from
the surface towards the dry air above. The direction of the sensible
heat transport is less obvious, sinée it is the difference between the
former. The sensible heat is mostly released in the lower part of the
cloud layer, wherees the upper part is cooled by eveporation., This is
equivalent to a dowaward transport of heat in the cloud layer., But we
feel that it is partly compensated for by an an effective upward
trénsport in the updraefts. Similarly, the associated flux of wvirtual
temperature, or buoyancy, has different possible shapes, emphagized
by Deardorff (1976). From this study,. it is clear that the simple
closure schemes, based on a riven ratio between surface and inversion
buoyancy fluxes, used in non cloudy layers, are not valid as soon as

cloud convection is. involved.,

Another interesting problem is posed by the observed transition from
stratocumilus to cumulus in the southward branch of the Hadley cell.
Although this trensition often appears complicated by the emergence
of meso-scéie convection cells, a clear concept has been outlined,
called "Conditional instability of the first kind upside down" by
Randall (1980), and "Cloudftop entrainment instability" by Deardorff
(l980). Both authors note that, in the:process of entrainrment of
dryer end warmer air into,the s%ratocumulus; an entrained parcel can
evaporate the‘surro%ding liquid water, be cooled by this evaporation
and continue to sink through the whole cloud layer, leading to top-
drivéﬁ instability. Because of the liquid water loading and’the'
effect of water vapor on the buoyancy, the criterion for instﬁbility‘
is not [&ee € 0, but

AB. < T A*Y . Aqw < o (v-4K) withysL £=GT

A+ 461YE T L

Yowever, this is a local criterion derived from parcel theory or
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rough entrainment hypothesis. The right questidn concerning cloud top
instability is to know if the virtusl temperature flux is positive or
not at cloud top. When the virtual temperature flux associated wifh
given mean profiles and the solid cloud cover of a stratocumulus deck
becomes positive, the cloud layer reacts by explosively entraining
the upper dryer air, so that the cloud is partly dissolved, and a new
Vequilibrium is found with redﬁced cloud cover, insuring a negative
buoyancy flux at the mean cloud top. When the instebility still
increases, this is soon no longer possible, and deeper, precipitating

convection begine to develop.

As a8 result of these considerations, we need measuresmente and theories
to elucidate the shepe of the sensible and virtusl heat fluxes in

cloud layers.

2.2 Regultg from field end numericsl experimentsg

Experimental results are available for the vertical derivatives of the
sensible and moisture fluxes, or aspparent heat source and moisture
sink, obtained from budget studies. The fluxes themselves have rarely
been measured, because of the experimental difficulty of measuring in
cloudy areas. Some results are nevertheless available from Brost et
al. (1981). Let us remind the usual notations, as defined for instence
by Yanel et al. (1973), for the apparent heat source Ql, moisture

sink Q2 , and radiative heating rate QR :

Gz B .VsY 4233 = Qg +L(cE) - 25 (1)
2t op

5 v -=1 . - 2 I 2

Q, = ~L{ '?jbf V. q\_/_ r g.?a‘w } s L(C E) +L€rq'w ( )

a— - .

V.v +1.Fw z 0 (3)

Y is the large-scale horizontal velocity, W is the verticael velocity
deduced from the mass conservation equation (3) y C the condensation
rete, B the evaporation rate., The left-hand-side of the equations can
be computed frém the large-scale observations. QR must be evaluated
from & stendart radiative scheme. Integrating from the top of the

atmosphere to level p , one gets the flux of moist static energy

A 03 P
- 5 h'w' = % jo (&4‘@1-QR) JP (L‘)
However, in this asppreach, the fluxes of sensible heat and moisture

cannot be determined without a cloud model.
Nitte and Esbensen (1974) have studied with this technique the undistur-
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bed period ( 22-26 June ) of the BOMEX experiment. Their resulté are
typical from an undisturbed trade-wind layer. Noting p! =p - Py the
prressure counted from the ground, the layer from 0 to 60 mb ig well
mixed; a slightly stable layer exfends from p'= 60 to 160 mb, a well-
marked inversion layer from 160 td’220 mb, and a stable layer above.
Under the inversion, the flow ig divergent, above convergent; the »
subsiding mean vertical velocity has a maximum in the inversion., The
Fig.l shows the profiles of Ql, Q2, and QR . Ehere is a net gain of
sensible heat in the mixed layer and in the lower part of the cloud la—
yver, and a net gink in the upper cloud layer, due to evapdration. On the
other hand, there is a well marked max1mum 1n the moisture gain under
the 1nver51on, but the gain is p051tlve in the whole boundary layer.
So, the moisture is mainly transported from the surface upward to the
inversion zone to counterbalance the drying effect of the subsidence;
the convective cooling of the upper layver is partly balanced by the
gsubsident warming, hut fhis'effeét ig not sﬁfficient and there is a
slow destabilization of the layer, leading to an increased convective
activity near the southern border of the area. Similar results have
been obtained by NVitta (1976) from a situation of stratocumulus-cepped
mixed layer in a cold air outbreak during AMTEYX T4. Complementary
observations have been given by Augstein et al. (1973)'from the ATEX
measurements., These authors point out that the trade inversion is not
a passive boundary, but the place where the mass, heat, and moisture
exchanges are the largest. They further evaluated the amount of heat
and moisture which is accumulated in the boundary layer and exported

southward to favor deep convection in the ITCZ,

To go further in the determination of the fluxes in budget studies, one
needs a cloud model. In an effort to clerify the problem, Betts (1975)

has proposed to use the new variable 5 = C T + gz - qu, or liquid

water static energy, ( or its temperature analog ee = e—Lqu/CPT ).
Betts shows that (1),(2), can be rewritten : o
Q,z Qp - ?;P w's’p ; (ks )
. . — ‘
-Qy= ~L 2 W ( )
R T\ ' ,

end gives the measured profiles of the latter gquentities ( Fig. 2 )
He further proposes a simple, efficient cloud model based on the
convective mass flux parameterization. This parameterization is succeg~

fully calibrated against data from different experiments.
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The ultimate validetion of this scheme should be detailed turbulence
measurements in such cloudy layers. Tn the absence of these results,
additional information can be gained from sophisticated three-dimensio-
nal simulations, Sommeria (1976) proposes a model which resolves most
of the turbulent fluctuations on a grid of 50 meters mesh size.
The pressure fluctuations are obtained by solving the Poisson equation
for lateral cyclic boundary conditions, ﬁhich is equivalent to specify
the statisticael homogeneity of the turbulence in horizontal planes,

The equations of the motion are solved explicitly with = parameterization
of the subgrid-scale eddies based on a stationnary second-order turbu-
lence closure scheme. A saturation law is introduced to allow each
grid box to be saturated or not ( or partially saturaeted in more
‘advanced versions, according to Sommeria and Deardorff, 1077 )- The
model igs implemented for runs of a few hours, starting from rest,
exceppt for random temperature fluctuations at the surface level, and
reaches a state of statistical quasi-equilibrium between the +turbulent
 transfers and the vertical mean structure. The data generated by the

model at each time step are saved and can be used to study the general
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‘characteristics of clouds and turbulent trensports, keeping in mind the
possible shortcomings of such = model ( truncation errors, lack of
ergodicity, and non-realistic spectrum of infternal waves in the stable
regions ). The Fig. 3 is an example of instentaneous fields of vertical
velocity, moisture and liquid weter produced by the model, It hés been
tested against aircraft turbulence measurements by Sommeria and TLeMone
( 1978 ), for a case 6f trade-wind neasr Puerto-Rico ( Pennel
and LeMone, 1074), and by Nicholls et al. (1981) for a case from the
GATE experiment. It has been used by Beniston and Sommeris (1921) to
derive the geheral morphology of the trade-cumulus clouds, as simulated
by the model, and to test succesasfully the pearameterization scheme of
Betts (1975). Redelsperger and Sommerisa (1981) have generalized the
model in order to allow for rain prodﬁction, as a step toward the
production of a deep convection model. Bougeault (1981) has used
results generated by this model to derive cloud-ensemble relations

for use in higher-omrder models ( see next pubsection ). Bventually
Deardorff (1980) has used such a model to study the entrainmeht rate

at the top of a stratocumulus,

A similar model, but in a two-dimensional version, is used by Asail

and Nakamura (1978) for the study of the air mass transformation during
AMTEX. Although it is conceptually not very good to replace a 3D
turbulence by a 2D turbulence, their model seems togive good qualita-

tive results, as compared to the full 3D simulation.

2.3 Parameterigation of clouds/dynamics interaction in higher-ordexr

statistical models

As a number of higher-order models of turbulence in the quasi-homogene~
ous boundary layervhave proved to be reliable to simulate clear-sky
convective>procésses, it was tempting +to generslize these models to
maxe them able to treat casés of cloud convection., As pointed out
earlier, the main problem'is to express the flux of virtual potential
temperature, or buoyancy flux, tﬁe pource of convection. Tor the
stratocumulus case, Deardorff (1976) has given expressions for this flux
which are valid in the cloud-free case and in the entirely cloudy case.
When a non-golid cloud cover is involved, the problem is mathematically
equivalent to a subgrid-scale cloudiness parameterization, as first
proposed by Sommeria and Deardorff (1977), and Mellor (1977). This
approach has also been investigeted by Oliver et al. (1978), Banta and
Cotton (1421), end Yamada and Mellor (1979). We give here a summary

of the parameterization scheme proposed by Bougeault (1981), for the
model of André et al. (1978). Tt relies upon the usge of the already
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Fig. 3 : An example of the instantaneous fields

( above right ), and liquid water content ( right ),

of water vapor ( above ), vertical velocity
as produced by the 3D model. One can trace the

turbulent mixed layer, capped by clouds, and the

more stable layer. The length of the domain is

4 km, the height 3 km.



defined conservative variables €p and q, instead of 6 and q in the
dynamical model, ( When there is no cloud, these variable reverts to

6 and g, which is comfortable ). ™he rate equations. for these variables
and their statistical moments are unmodified with respect to the cloud-
free case except for thr new definition of the virtual potentiasl

temperature ‘ ’

8y = 8y + 0647 qu + {IL/GT - 1.64 5} q'e
which includes now two contributions of the liquid water ( the release
of latent heat minus the weight of the droplets ). As the rate
equations involve correlations between e% and all other varisbles,
a theory is needed to compute the correlations between qk and tliese

variables, Moreover, the radiative. computaetion needs as input para-

meter the mean cloud cover and liquid water content N(z) and ae(z).

The derivation of this theory is straightforward. By linearizing the
Clausius~Clapeyron equation ( which is licit becamuse the considered
fluctuations are smell in the boundary layer ),'ome gets a local

expression for the liquid water content
qe = Max (0, a(qs—q*(4)) +2s) (7)

where & is a linear combination of ei and q% which controls the con-
densation ( a confusion with the dry stetic energy is to avoid ), first

defined by Mellor (1977) :
)
5 = ﬁ(‘]lﬂ'.“"‘e&)
Z

wmere az(eg)t ,  wy o yG/L

with the usuel notation v - L'Bq*‘/Cf 3T

We call +t = s/{g the normalized centered variable describing the
fluctuations of'this "condensation potential® in the horizontal layer,
q; is known: from the main dynamicael equations, TFrom (7) we can
easily obtain expressions for the mean cloud cover, liquid water con-

tent, and éorrelatiosssbetween q‘ and s :
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To close the theory, we need to specify the probability density func-
tion (pdf) G(t) dt inside ar horizontal plane. This is an appealing
gquestion, since it appears as the only degree of freedom in the theory.
The first studies by Sommeria and Deardorff (1977), Mellor (1977), and
Bougeault et al. (1979), assumed a gaussian lesw, as no other
information was available, In an effort to fit the results of the 3D
simulation by Sommeris, Boﬁgeault (1981) has proposed *to ﬁse a more

realigtic and more simple gkew exponential pdf :

ClOa = HEs1) <) 4 (9)

where H(x) is the Hegvigide step fﬁnction. So'G(t)=O for t¢ -1 but
this is not of any inconvenience here. This pdf has a skewness factor
t'3 of 2. A physical explanation of the best results provided by =
positive skewness is easy ! in the onget of cumulus convection, the
updrafts in the cloud interiors are far more vinents’than the downdrafts
in the ewvironment. So, though the use of conservative varisbles
prevents to see any discontinuity due to the presence or abserice of
clouds, the distribution of the scalar muantities eé and q& is skewed,
due to the the skewness of the vertical velocities distribution in a
stratified environment. Positively skewed distributions of vertical
velocities in clouds have been confirmed by field experiments, even

in stratocumulus layers ( Coulman, 1978 )

It is not likely, however, that the simple form (9) be universal. So,
Bougeesault (1981) proposes a generalizged form of the theory, to include
a varieble skewness factor. Let us remind that this scheme is designed
to be used in a third-order model, in which the skewness factor needed
by the theory can be computed by the dynamical model. The generalized

form of (9) is based or the CGamms function

Cp(Qak - F_E(i) P ot gk (10)
with P:Pzéh/Ai y As being tg; skewness factor. For As = 2, the
scheme reverts to the simple form (9), and when As tends towards O,
the limit is the gaussian scheme of Sommeria and Deardorff (1977).
The Fig.4 compares the parameterized valte of the mean liquid water
content, obtained from (8) with this form of G(t) , and the value .
computed from the individual grid points in the 3D model of Sommeriasa,
for four different experimental cases. Tach point represents the
regult for one horizontal plane (1600 grid points ), averaged over a
20 minutes time sequence, Tquivalent comparisons have been made for

;ai and séqk .
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Turning now to. the initial problem of expressing correlations between

qt and any other variable, it is suggested to use the simple form :
~T — o Y
Mg = ms . =qt /o’ (1)

Tt can be demonstrated when the joint pdf for (s,m) is géussian. It

is tempting to extrapolate the form for the non-gaussian case, since(di)
produces the right limit when the cloud cover tends towards O or 1.

In the limit of the solid cloud,.indeed, ay v 28, from (7), and (11)
becomes m'qh = 2 m's . Cn the other hand, in the limit of smaell cloud
covers, as observed in the initial 3D Puerto-Rico simulation, all
variables have nearly bimodel distributions; with separation between

in-cloud a:zd senvironmental wvalues. So, 2ll correlations are very strong,

with m's Om T3 y and (ll) reads approximately "J¢L= Om ;ﬁg
A

which feels correct.

As a conclusion, Fig. 5 shows the results of the parameterimation of
———

s'u_'r: /2 632' , for different vaelues of the input parameters Ql = a/(q;—d"(li))
\qw 9 4

na]
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and As, the skewness factor. C(Clearly, the influence of As for a Tixed
Ql is very strong for low Ql ( small cloud covers ), and becomes
negligible for large Ql ( negr stratocumulus regime~) ! there, all
probability density functions give the samerresults. It is therefore
suggested that, for models which have no third-order moments to
compute the skewness factor, the initial proposition‘(Q) cen provide

a valuable improve of the deécription of the cumulus regime, without
any bed influence over the other regimes. This pdf leads to the

following usgefull formulae @

Nz g% | 1

q, o i1 ] <1 Q4 i &3 “2)

51‘-" : G‘&a)ef‘ | 1
U2 , .

for Q = & (qu-q'(B)) /20

55
-0 /gé—ci:sz .

4.

1 1 | 1 1 I

-3 4 -3 -2 -1 0 1 2 -3

Fig.5 : Parameterized value of the second-order correlation
s'qk / 20 .« Different curves stand for different values of the

skewness factor. For As=0, gaussian scheme ( dashed cuxrve ).
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This simple scheme has heen used by Bougesult (1991) tb reproduce with
a third-order statistical model thevcumulus convection, as calculated
by the. 3D model, with fairly good agreement, All profiles of the
double and triple moments were obtained with reasonable accuracy.

Fig, 6 and 7 a£é¥from this gptudy and show the profiles of the tempera-

—0 .
w'e! .. The wvarience

ture variance ebg and its vertical trensport
is shown to have a strong maximum near 1400 m, i,e, the trade inversion;
significant wvalues are maintasined in the whole cloud layer ( from 500
to 1400 m), and small values under this level, fitting the idea of
"well-mixed" layer. The +transport ;ng? shows that the variance is
carried upward by the clouds. It is to be noted that any assumption

of gradient diffusion would fail in this case : convective processes

seem to be invariably’associated with complex turbulent transports !

2.0 k7T o T T T 1T T 1

1.6

1.2

—
£
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0.8
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) (k)

Fig. 6: Vertical profile of the temperature variesnse in
the simulation of Puerto-~Rico data. Full line: 1D model;
dotted line: 1D model with gaﬁseian paremeterization;
symbols: 3D results; triangle and circles stand for'two
siightly different time sequencesof averagé and'give an

idea of the variability of the 3D results.
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Fig. 7: As in Fig.6, for the vertical transport of temperature

variance. ( from Bougeault, 1981 )

3. RBADTATTVE TRANSFERS TN CTLOUDY LAYERS

Clouds have long been considered in the models to have the properties
of a blackbody. Recent stidies, however, agree to consider that the
longwave radiative transfers can be adequately computed by assuming
the liquid water to have a greybody emmicsivity :

with kw120-150 kg 'm® end W = j PAe  the integrated liquid water
path ( Stephens, 1978; Morcrette, 1977; Fouquart et al,,1980 )

On the other hand, the shortwave radiative transfer computation needs
a parameterization of the diffusion, which is very sensitive to the
droplet size spectrum. It is not our intention, however, to give a
discussion of the different rediative schemes. All schemes agree to
predict that the effect of infra-red radiation is to cool strongly the
top of the clouds ( typically 10 KX per hour, localized in the top 50
meters ), and possibly warm the bottom of the thicker clouds. Solar

radiation warms the whole cloud, at é smaller rate, typically 2 ¥ per
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hour, but the extinction lenghh of this heating in the cloud is much
larger than for the infra-red cooling, so that the net radiative effect

at some height below the cloud top may be a net heating.

This acts on the mean profiles and can generate or inhibit turbulence
through stability, or cloud development through a change i~ the mean
saturation value of the humidity. These interactions are taken into
account in most of the proposed models, either explicitly, in +the 3D
or higher-order models, or implicitly, in the parametriec models, where
it ig oftem assumed that the sum of the turbulent and radiative fluxes
of heat is linear. OQOther possible interactions betwwen turbulence

and radiation will be addressed in a further section.

3.1 Effects of radiation through changes in the mean profiles

It has been notéd that the global effect of cloud convective transfers
wag an evaporative cooling of the upper clogd layer, where cloudy air
continuously mixes with entrainéd dry air, (Radiafion enforces the
phenomenon in this region where the infra-red cooling dominates the
solar heating. In the lower cloud layer radiation and convection
again play the same role, since}residual solar radiafion and infra-red
ground effect result in = weak‘wafming. So, radiation is generally

supposed to enhance the convective mechanisms, without much modification.

A few words should be said about the recent polemic conéerning the
location of the radiative cooling in a stratocumulus topped mixed layer.
Whereas Tilly's (1968) initial model assumed the cooling to be concen=
trated in a layer of 1nf1n1te51mal thickness just above cloud top,
Deardorff (1976) and Schubert et al. (1979) allow & certain amouht of
cooling to occur within the cloud. Moreover, Kahn and Businger‘(l979)
argue. that the cooling is an integral part 6f the cloud layer, and that
the conecppt of radiative discontinuity is not satisfactory, because the
implicit effect over the turbulent flux of heat is bad predlcted
Deardorff (l9?l) claims thet a certain amount . must

be preserved as a discontinuity iz order to allow for cloud-top irregu-

larities in the frame of the Reyrolds averaging.

In an effort to clarify the problem, Lilly and Schubert (1979),‘Randall
(1980), and Deardorff (1981) have investigated the sensitivity of the
statiornary solutions to these hypothegis. The general result is not
optimistic : Randell shows that in the cases of cold water surface,
strong subsidence, or.weak value of the entrainment parameter, the

cloud depth depends strongly on the assumed value of the radistive
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divergence depth. Moreover, for large value of this last paremeter,
the sensitivity of the model results to the entrainment hypothesis is
also increased. Deardorff (1980) has computed that if h is the depth
of the mixed layer, and ‘ﬁ the depth of the radiativé divergence =mone,
the vertically integrated virtusl temperature flux'(i.e. the total
buoyancy production ) depends upon h/) end has a maximum for h/ﬂ,ulo.
This can be explained in such terms : if A is toosmall, the radiative
cooling is restricted to the cloud top, where its effect is locally
compensated by the entrainment. If A is too large, the radiative
cooling extends to the whole cloud layer, and fails to generate the
instability Which increases the buoyancy flux,

The last step was to compute directly the infre-red snd solar radistive
effect for realistic profiles of all relevant parameters. This has
been accomplished by Fravalo et al. (1991). Thesge authors have imple-
mented a parametric model of’stratocumulus-capped mixed layer, with
detailed radiative cbmputations. Their resultes confirm the important
role played by the optical thiclmness of the cloud, and by the drop

size distribution, Moreover, the sensitivity of the model +to the short

wave heating suggests a significant diurnal cycle.

How relevant are all these results from the point of view of higher-
order statistical modeling ? It must be noted first that a way of taking
the redistive transfers into account coherent with the computational
complexity of the higher-order modeling is to compute directly the
cooling reate from the emmissivity approximation. ‘However, the former
studies show that a very high resolution near cloud top 1is probably
needed to gain information fromthese complicated computations. Such =
resolution'ig not compatible with the requirements of a GCM; The
question is therefore open. A possible advance could be brought by
the NEPHOS project : A number of cases of stratocumulus, investigated\
from satellite pictures and large-scale model analygsis will be studied
with the aid of high resolution boundaery layer models, in order +to
derive the stability and radiative properties of these clouds. The
results should be used to design a comprehensive parameterization

of the stratocumulus topped boundary layer.

Another effect of radiation is a possible diurnal cycle iﬁvestigated

by Albrecht et al. (1979), and Augstein et al.(1980), for the trade-
wind cumulus case. By increasing the humidity saturation value, the

solar heating suppresses cloud development and results in lower cloud

top levels. C(Consequently, the clouds have & meximum in the early morning

hours. At this time; the moisture supplied by surface evaporation
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is transported directly at cloud top to feed this development, The
moisture in the mixed layer can even decrease in this process,’whereae
the total moisture amount of the layer increases. During the afternoon,
the clouds are pushed‘downward:by the subsidence,'and moisture is
accumﬁlated in the mixed layer, regulting in a reduced surface evapora-
tion. Concernlng this behav1our, the results of the model stqdy by
‘Augsteln correspond to the obeservations during the ATEX experiment,
although = ‘somewhat larger response time ig observed in the model The
observed cycle in the mean subsidence is shown *to have few effects on
the cloud height, On the contrary,. the model etudy by Albrecht shows
the solar radiation to be insufficieﬁt to explain the observed varia-
tion in the cloud top height. The right behaviour is recovered with a
somewhat largervamplitude in fhe aesumed mean eﬁbsidence cycle., A |
possible explanation of this discrepancy between both models is that
the cloud cover is suppoeed to be conestant in the study by Albrecht.
Interestingly, the asgociated dlurnal amplltudee of the temperature‘

variations predlcted by both models agree to be 0.5 X

Siﬁilar resultsyhave been noted by Oliver et al. (197P) for the ’
Californian sgtratocumulus, indioating g maximum at the end of the night
end a minimum at the end of the day, in an opposite way with the

clear—eky convective boundary layer.

3.2 Interaotions with radiestion not reducible to changes in the

mean profiles

Whereas the horizontally averaged effect of the radiative cooling at th
the top of a cloud layer has been extensively studied, few contributions
have addressed the problem of the influence of local fluctuations of
the‘cooling; linked to variations in the concentration of the ligquid
water, seen as a,greybody.‘ This question is particularly eppealing

in the case of & cumulus layer, since the radiative cooling in this

case occurs at the top of the individual clouds, and can interact with
dynamics more strongly than if it were horizontally distributed., An
investigation of this effect is presented by Veyre et al. (1980).

"The authors have modified the 3D model of Sommeris (1976) in order to
allow for e computation of the radistive transfers inside each vertical
column, This modification eeehs to increase convective activity, and
results in somewhat larger cloud covers and fluxes, as shown by Fig.8.
In the reference ryrun, however, denoted‘as "transparent cloudg" in the
figure, the radiative cooling was simply assumed to be the clear-air
one, So, it is not clear if a radiative computation with a mean cooling

rate, taking into account the mean cloud emmission, would not have

238



produced a similar increase in the convection, Complementary results

will be given in a forthcoming paper. Moreover, if such modifications
were to be maintained for long-term integrations of the model, one

would have to teke it into account in the higher-order modeling techni-

que.
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If R is the local value of the radiative heating or cooling rate, it

can be divided into a mean value and a fluctuation : R =R + R!
T is computed from the classical rediative scheme, assuming horizontal

homogeneity. R' is teken into account by its correlations with the

other variasbles, for instance in the rate equation for the tempemmture
flux 3 — J—
2wl = { Y } + w'R!
2t
So, one needs a scheme to compute the correlations between R' and the

other variables. The section 2.3 has shown that it is easy to evaluate

correlations between qz and &, which measures the condensation potential,

As fluctuations R' are most likely due to the fluctuations in the

liquid water content q) or even in the water vepor content, correlations
A

between R' and s will probably be of interest. The difficul+ty, in this
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computation, is R' is determined, mnot only by local values, as
was qh “in section 2.3, but by the veftically integrated content of
all sbsorbants. One has to make an additional assumption, concerning
the way the fluctuations in qk are correlated along the vertical.
Assuming some simple form for this information, it should be possible
to derive an expression for ;ﬁj, which would represent our intuitive
feeling,that the regions where the ligqihid water has its maximum con-
centration are also the regions which are most intensively cooled by

radiation, if only they are not surmounted by large amounts of clouds.

Pluctuations in the cooling rate are not the only effect of interaction
betwreen turbulence and radistion. André et al.(l978) have early noted
that the horimontal radiative exchanges must result in a damping of

the temperature variance 572. Simonin (1981) and Schertzer and

Simonin (1981) have addressed the disegipation of temperature variance
in an isotropic homogeneous turbulence with radiative transfers. Their
work showe that the radiative exghanges result in an equivalent diffu-
sivity Kr for the large gcale temperature fiuctuations. It is then

ad

possible to define a radiative Prandtl number Prad = ﬁ’/ K and,

rad’

under certain conditions on P the temperature fluctuations spectrum

rad’
is strongly affected; in such cases, the dissipation hypothesis in the

higher-order models sghould be revised.

One of the aim of this section was to show that interaction between
cloud turbulence and radiation is a widely open resesarch field, It is
to hope that all these interactions can be taken into account in the
framework of highér-oraer modeling, with only minor fevisions. |
However, a strong limitation will probably be set by the high needed

resolution.

4. ' TURBULENCE AND QTHER MOTIONS

As discussed in the introduction, this section addresses some recently
investigated problems related to the interaction between turbulence and
othexr motiqnso Among these, small scale internal waves and meso-scale
structures are the mosgt importent. A complete review should include

a discuspion of the study by LeMone (1976) of roll-modulated turbulence.
From a practical point pf view, we ghall incude these rolls into the

turbulence, as described by the higher-order models,

We are lead to these considerations by the structure of the higher-
order turbulence equations, which are general enough to include any type

of motion, at least before any closure assumption is made. The modeler

240



has to maeke his own choice, with respect to what type of motions or
variability he wants to include in the "turbulent" description, and

what type he does not want.

4.1 Internal waves in the statistical models %

Many experimental investigations of internal waves in the boundary
layer have been reported ( sée e.g. Binaudi et al.(1979) for a review )
either trapped in an inversion layer, or with significent vertical
phage velocity. These waves are shown to be generated by various sour-
ceg, local, as wind ghear at the inversion, or buoyancy originating
turbulence, or non-local, as distant storms or fronts.  They can be
assoclated with significent vertival transports of momentum and energy
and should be inéluded into the parameterization of the PBIL, especial-
ly the nocturnsl PBRL. Moreover, the frgquently observed breaking of a
wave is & typical example of wave/turbulence interaction. The question
is therefore : how should the higher-order schemes be modified in the
statically steble regions to be able to represent these waves 9
Although much is known concerning the properties of internal waves,

few contributions have tried to answer it, Some information can be
geined from results in the oceanic boundary layer, or thermocline.
Kantha (1977) has developped a parameterization of the vertical energy
flux due to the internal waves in the ocean. Bougeault (1980) proposes
a more simple, but similar epproach, based on a simple linear free wave
in a region of constant stablity, or Brunt-VafglBli frequency N. It is
possible to draw a relation between the energy flux end the vertical
velocity variance :

| W = Ntee w?/k

where © is the direction of propagation of the wave, counted from
the horizontael, and k the horizontal wave number. The idea is to use

this simple form to paresmeterize the usually neglected correlation

w'p' in a higher-order model, More information, however, could be
gained with a more realistic model of wave. One of the results of
this roﬁgh approach is that the pressure associated energy flux is
likely to play & role in energy propagation in a stably etratified
layer. Other informations can be brought by the 3D simulations by
Deardorff (1980, 1974). Let us remember that the non-hydrostatic
rresgsure fluctuation is effectively computed in this model from its
Poisson equation., Mean profiles of §751 shown by Deardorff support
the idea of an energy propagation from the boundary layer towards
the free atmosphere. Mason and Sykes' (1981) two~dimensional smell
scale model similarly shows that internsl waves cen intersct with rolls

at the top of the boundary layer, transferring upward,or downwérd 8
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10-20 % of the surface turbulent fluxes of heat and momentum, Some
recent advances have been directed‘towards the éxpérimental study of
this irnteraction ( BEinaudi and Finnigan,1981; Finnigen and BEinaudi,
1981; Merril and Grant, 1979), linear numerical models to determine
the structure of the waves assoclated to givén profiles of mean shear

and stability ( Merril, 1977 ), and 3D direct simulations of the waves,

4.2 - Meso-gcele variability of the boundery layer

Whereas in the preceeding section we were cofronted to the questién of
including or not including the internal waves in the turbulent descrip-
tion, the problem in this section is : what is the maximum horizontal

scale of the fluctuations accounted for by the higher-order equations ?
In other terms, for what horizontal scales are the averaging operators
" representative ? The aﬁswer is not obvious. On continental surfaces,

a major constraint is set by the ground characteristics. Ae far as the
bYoundary layer over ocean is concerned,‘only experimental evidence can

give informations.,

The most clear evidence of meso-scale variability is obtained, once
again, for cloudy layers. Pennel and LeMone (1974), from their already
cited airbormne investigation of the trade-wind near Puerto-Rico, point
out the éxistence of pestches of cloud-free areas, suppressed convection
aress, and active convection areas, each having an horizontal extension
of approximately A0 km., The model simulation'by Sommeria and LeMone
(1978), as well as its 1D counterpart by Bougeault (1991), are cléarly
representative of onky one of thiése domains. On the other hand, a rough
calculation of the availsble moisture by LeMone and Pennel (1976 supports
the idea of a continual evolution of the cloud patéhes, which "pump"
the moisture of the mixed layer, before progressing towards a place |
where moisture is available. Accordingly, the moisture flum is weak

in the suppressed areas, and strong in the active areas. The possibi—
lity of ircluding this variability in a similar teéhnique as described
in section 2 is an open question, Other observetions of variability

in a scale of 10 km in the fair weather boundary layer during GATE
experiment have been reporfed by Nicholls and LeMone (1980). However,
no fluxes were associated with these scaleé. Among other explanations,
these inhomogeneities might have been produced by more active, deeper'

convection in the hours before the observations,

A complete set of observations on meso-scale celluler convection during
AMTEX 75 is given by Rothermel and Agee (1980). These suthors present

eirborne measurements of humidity, temperature and velocity on a flight
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track crodsing closed cells of approximately 40 km dismeter, at = 1 km
eltitude. Their conclusions prove the existence of & well-defined cell-
scale circulation, with a mean vertical velocity of 1 ms_l upward at
the center of the cell, and differences between inner and outer values
of the parameters being roughly Agq-=1 gke™l, AT = 0.25 X , end

Av = 1.5 ms—l. The fig.9 emphaeizes the proposed model for the cell

structure; Clearly a 1D higher-order statistical model can be repre-
sentative of the ﬁean conditions in the ascending, cloudy branch of the
cell, or in the subsiding, cloud-free walls. But how ebout the possi-
bility of representing the averaged phenomenum with such a model ? In
this extreme exemple; a combination of two simpler models, with res-
pectively stratiform clouds snd no clouds may be more usefull then a
model with partiel cloudiness. If this has nevertheless to be accoun-
ted for in the framework of 1D hihger-order modeling, the closure
assumptionsg of the model could have to be‘revised in a significant

way. TFor instance,. the amount of energy associeted with the cell-scale
motions suffers from less dissipaetion than if the same energy was under
a purely turbulent form. The distribution laws proposed in section 2

may have also to be changed.

Fig. 9 : The structure of a closed convective
cell during AMTEX 75. ( from Rothermel and
Agee, 1980)
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