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ABSTRACT

A numerical model which predicts the time variation of the thermodynamic structure of the trade-
wind boundary layer is developed. Horizontally homogeneous conditions are assumed and the large-scale
divergence, sea surface temperature and surface wind speed are specified externally. The model predicts
the average value of mixing ratio and moist static energy in the subcloud and cloud layer and the slopes
of these quantities in the cloud layer; the model also predicts the height of the transition layer (the layer
which defines the boundary between the cloud and subcloud layer) and the height of the trade inversion.
Subcloud layer convective fluxes are specified by using the bulk aerodynamic method for specifying the
surface fluxes and a mixed-layer parameterization of the fluxes at the top of the subcloud layer. The
moist convective processes are parameterized in terms of a mass flux which varies linearly with height

and a cloud-environment difference in thermodynamic quantities which also varies linearly with height..

Radiative fluxes are parameterized in terms of a specified cloud cover and vertically averaged boundary-
layer heating.

The steady-state model solutions are shown to be relatively insensitive to the specification of closure
parameters. The thermodynamic structure below the inversion is shown to be sensitive to the specifica-
tion of surface wind speed, sea surface temperature, radiative heating and cloud cover. The height of
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the inversion is shown to be sensitive to these parameters and the large-scale divergence.

1. Introduction

The trade winds are one of the most extensive and
persistent features of the earth’s atmosphere. A charac-
teristic vertical structure of temperature and moisture
is associated with the trades (e.g., Bunker e al., 1949;
Malkus, 1958; Augstein et @l., 1974). This structure
consists of a subcloud layer where dry static energy
(cpT-+gz) and water vapor mixing ratio tend to be
constant with height and a cloud layer where dry static
energy increases slightly with height and mixing ratio
decreases with height. The upper boundary of this
structure is defined by the trade inversion where dry
static energy increases sharply with height and mixing
ratio decreases sharply with height. The cloud layer is
typically characterized by the presence of numerous
shallow clouds whose tops penetrate into the trade
inversion.

A considerable amount of effort has been devoted to
increasing our understanding of what processes are
important in maintaining the characteristic temperature
and moisture structure of the trades. The investigations
of Riehl ef al. (1951), Riehl and Malkus (1957) and
Malkus (1958) first suggested the importance of dry
and moist convective processes in maintaining this
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characteristic structure. Betts (1973) theorized that
the cooling and moistening due to cumulus convection
maintained the inversion against the warming and
drying effect of the large-scale subsidence.

The 1969 Atlantic Trade-Wind Experiment (ATEX)
and the 1969 Barbados Oceanographic and Meteoro-
logical Experiment (BOMEX) provided data sets which
were used to evaluate the magnitude of the convective
transports in undisturbed conditions (Augstein et al.,
1973; Holland and Rasmussen, 1973; Nitta and
Esbensen, 1974). Cumulus parameterization schemes
were used to interpret the BOMEX fluxes in terms of
moistening and cooling due to detrainment and warming
and drying due to cumulus-induced subsidence (Betts,
1975; Nitta, 1975; Esbensen, 1976). Other studies
concentrated on defining the interaction of the cloud
and subcloud layer convective processes (Sarachik,
1974; Ogura and Cho, 1974; Esbensen, 1975; Betts,
1976a). Direct aircraft measurements have also been
used to define the convective fluxes in the undisturbed
boundary layer and to define the role of moist convec-
tive elements in contributing to these fluxes (LeMone
and Pennell, 1976).

In studying the undisturbed boundary layer, observa-
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F1g. 1. Idealized boundary-layer structure assumed for the model: The symbol p, is defined as

pa=D—(br1+58)/2.

tional and diagnostic theoretical studies have been
,useful in defining the vertical thermodynamic structure,
determining the convective fluxes corresponding to that
structure, and diagnostically testing various cumulus
parameterization schemes. It is difficult, however, to
use these studies to quantitatively evaluate how various
parameters (such as sea surface temperature, large-
scale subsidence and surface wind speed) affect the
boundary-layer structure and the related fluxes. Such
an evaluation is possible with a predictive model since
it is relatively easy to perform controlled experiments
with such a model. Although several cumulus parame-
terization schemes have been proposed (Ooyama, 1971;
Betts, 1973; Kuo, 1965, 1974 ; Arakawa and Schubert,
1974 ; Fraedrich, 1973, 1976; Esbensen, 1976) a model
whlch satlsfactorlly predlcts the thermodynamic struc-
ture of the trades has not been developed.

Betts (1973) developed a model which described the
undisturbed boundary layer in terms of a simple layered
structure consisting of a subcloud layer, a cloud layer
and an inversion layer. Solutions from this model,
however, have not been completed. Ogura et al. (1977)
described a simple layered model of the trade inversion
which gives the steady-state thermodynamic structure
provided that the surface fluxes and the large-scale
divergence are specified externally. Results obtained
from sensitivity tests made with this model, however,
indicate that the applicability of the model may be
limited (Ogura et al., 1977). Sommeria (1976) circum-
vented the parameterization problem by incorporating
moisture. into a three-dimensional turbulence model
developed by Deardorff (1972) in order to simulate the
structure of the trade-wind boundary layer. Although
this model gives the mean structure, as well as detailed
information on the structure of the turbulence, a 5 h
simulation requires ~30 h of CDC 7600 computer time.

In this paper a time-dependent model which predicts

the structure of the trade-wind boundary layer is
developed. The basic structure of the model is similar
to the layered structure assumed by Betts (1973);
convective and radiative processes in the model are
parameterized using simple schemes. Horizontally
homogeneous conditions are assumed and the large-
scale divergence, sea-surface temperature and surface
wind speed are specified externaily. The model is tested
by determining the sensitivity of .the model to the
specification of various external parameters. Further
investigation of the model solutions are described in
Albrecht (1979, hereafter referred to as Part II).

2. Predictive equations

The boundary-layer structure assumed for the model
developed in this paper is shown in Fig. 1. The quanti-
ties shown in this figure are water vapor mixing ratio g,
dry static energy s, and moist static energy %, where"

s=c,T+gz, 1
h=c,T+gz+Lg. (2)

The symbol ¢, in (1) and (2) is the specific heat of air
at constant pressure, I absolute temperature, g the
acceleration of gravity and z the height above the sur-
face. The symbol L in (2) represents the latent heat of
vaporization. The model is formally developed in terms
of % and g, although s is easily obtained since s=A—Lq.
The vertical coordinate used in the model is p= go— 2,
where p is pressure and po is surface pressure. The
idealized structure shown in Fig. 1 closely resembles the
structure that is observed in the trade winds (Augstein
et al., 1974). It consists of a subcloud layer where moist
static energy k» and mixing ratio gy are constant with
height. The top of the subcloud layer is defined by an
infinitesimally thin transition layer at p=ps; the
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jump in % and ¢ at the transition layer are given as
(Ah)s=h(Ppy)— b and (Aq)p=q(Dps)—qu.

Mixing ratio and moist static energy in the cloud
layer are assumed to vary linearly with height and are
represented as

h=hat+va(P—pPa), Q)
g=qatvo(P—pa), 4)

where %4 and qa represent mean values for the layer,
vn» and vy, are the slopes of moist static energy and
mixing ratio in the cloud layer, and p4 is the pressure
at the midpoint of the layer. The inversion layer which
caps the cloud layer is assumed to be infinitesimally thin
and is located at p=7;. The jumps in % and q across the
inversion are designated as (Ak);=h(pr.)—h(pr—) and
(AQ)r=q(Pr+)—q(pr-). The structure above the inver-
sion is assumed to be specified or given by a separate
model formulation, so that #(pr,) and ¢($r,) are known
quantities in the model. A simplified structure similar
to that described above was considered by Betts (1973),
although he considered an inversion of finite thickness.

The time variation of the structure shown in Fig. 1
may be formulated mathematically by considering the
area-averaged budget equations for % and ¢. Detailed
derivations of the equations presented in this section
are given in Albrecht (1977, hereafter referred to as
A77). Horizontally homogeneous conditions are as-
sumed so that horizontal advection terms will not be
considered in the budget equations. Since % and ¢ are
assumed to be constant with pressure in the mixed
layer, the budget equations for %y and ¢ may be
written as

Bk LFuyp——(Fr)ol [(Fr)s—(Fr)o]

—_——— : —g — , (3)
al P Pr

ogm Fq)B—"’ Fq)O

Sgue__ LEIs— (Ful ©)
ot PB

where F, is the convective flux of %, Fq the convective
flux of ¢, and Fp the net radiative flux. The subscript 0
refers to fluxes at the surface and the subscript B—
refers to fluxes at the top of the subcloud layer but just
below the transition layer. The radiative fluxes are
assumed to have no flux discontinuity at cloud base
so that there is no distinction between the radiative
flux just below and just above the transition layer.
Physically, (5) and (6) are easily interpreted since they
simply relate the time variation of subcloud layer moist
static energy and mixing ratio to the divergence of the
fluxes in the layer. Similar equations describing the
time variation of mixed layer quantities have been
discussed by Lilly (1968), Betts (1973), Ogura and Cho
(1974), Arakawa and Schubert (1974) and others.

In the cloud layer the equation predicting the mean
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value of % is

ha (6&,1 . ) [(Fw)i——(Fr)s+]
— =y ——ba )¢ "
at ot op

B ,.[(F r)i-—(Fr)5]

g o )

where ép=p;—pp and &, is the average large-scale
vertical velocity in the cloud layer, where &=dp/d:. The
time variation of P4 which appears in (7) will be defined
below.

The subgrid-scale fluxes in the cloud layer are due to
moist cumulus convection. Consequently, the appro-
priate conservative moisture quantity in the cloud
layer is total water ¢+, where ! is the liquid water
mixing ratio. Betts (1975) suggested that the time
variation of the mean liquid water content in the trade-
wind boundary layer may be neglected. Furthermore,
conventional observational techniques measure ¢ not
the total water ¢-+I. Consequently, for the purpose of
initializing the model and comparing model results to
observations it is useful to assume that g~q+/. For
typical trade cumulus situations this approximation
should result in no more than a 5%, overestimate of ¢.
With these assumptions the equation describing the
time variation of the average mixing ratio in the cloud
layer may be written

™

A /8Pa ar——(For)B
dq <ip——6),4)—g[(F +1) (Fer) +]. ®

=94 N
ot &P
Note that the convective fluxes in (8) are the fluxes of
total water. It should also be noted that if a more exact
interpretation of the results is desired, the mixing ratio
¢ that appears throughout this paper should be inter-
preted as g+1. Likewise, the dry static energy s should
be interpreted as s— Ll Egs. (7) and (8) relate the
mean values of % and ¢ in the cloud layer to the diver-
gence of the fluxes in the layer. Unlike the mixed layer,
these mean values may also be altered by the large-scale
vertical motion (yxé4 and v.®4 terms) and changes in
the mean height of the layer [y4(8p.4/3¢) and v,(8p.4/91)
terms].

The analysis is simplified by assuming that the
large-scale vertical velocity is linear with pressure so
that

é&=—Dp, Q)

where D is the vertically averaged large-scale diver-
gence. Using (9), &4 which appears in (7) and (8)
simply becomes

Ha=—Dpa. (10)

Budget equations may also be used to determine how
the slopes of % and ¢ in the cloud layer vary with time.
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These equations may be written

éllfz i "[(Fh)z-"z(Fh)A“f' (Fr)B+]
o e oo
[(FR)-—2(Fr)at (Fr)p+])
—4g N 3 (11)
5Pt
074 C(For)1——2(F ) a+ (Fos1) 4]
——=Dry,—4g - ,  (12)
ot 55

where the subscript A refers to fluxes at the midpoint
of the cloud layer. Egs. (11) and (12) simply relate the
time variations in the slopes to the divergence and to
flux terms which are equivalent to the second deriva-
tives of the fluxes. .

For the infinitesimally thin transition layer the
budget equations become .

3ps
<Ah>3(—5—as)=g[(m>s+—<Fh>B.J, W)

o
<Aq>3(—f—aﬁ)=g[<z«*q+z>s+-(FoB-J, (14)

where &g is the vertical velocity at the top of the sub-
cloud layer. The discontinuity in the radiative fluxes at
cloud base has been assumed to be zero. For the inver-
sion layer the budget equations become

apr
(Ah)z(—a-;—o*u) = —g(Fn) -+ g[ (Fr)rs— (Fr)r-], (15)

pr '
(AQ)I<37—OI>=—g(Fq+z)I—, 16)

where the convective fluxes at the top of the inversion
" have been assumed to be zero. Egs. (13)-(16) simply
‘relate the time variation of the height of the layer rela-
tive to the mean vertical velocity and the flux diver-
gence across the layer. A discontinuity in the radiative
fluxes is included in (15) to account for the cloud-top
cooling of clouds penetrating the inversion. A similar
discontinuity in the radiative fluxes is considered in
models of- stratocumulus cofivection (Lilly, 1968;
Schubert, 1976). Eqs. (13)-(16) may be used to predict
the height of the subcloud layer and the height of the
trade inversion. Using these expressions, the dpa/dt
term which appears in (7) and (8) may be eliminated
since pa= (Ps+p1)/2.

The equations derived in this section formalize the
time variation of the boundary layer structure in terms
of the large-scale divergence and the convective and
radiative fluxes. The divergence D is specified as an
external parameter. Consequently, if the convective
and radiative fluxes are expressed in terms of the large-
scale thermodynamic structure, the equations derived
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in this section will represent a closed set of equations
which can be used to predict the boundary-layer
structure. Sections 3 and 4 are devoted to the parame-
terization of the convective and radiative fluxes. The
numerical integration of the equations derived in this
section will be considered in Section 5.

3. Parameterization of convective fluxes

The bulk aerodynamic method is used to specify the
surface fluxes as '

(Fr)o=peCrVo(so—5a) +poC VoL (go—qm),
(Fq)():pOCqVO(qO—qM))

where po is the density of air near the surface, V the
wind speed at a height of 10 m, and so=¢,T%, where I’
is the sea surface temperature and go the saturation
mixing ratio of air at the sea surface temperature. The
coefficients C, and Cr in (17) and (18) are the bulk .
aerodynamic coefficients for moisture and sensible heat
transfer defined at the top of the surface layer.

In the ATEX data the surface layer extends to 100~
150 m so that the differences (go—qu) and (so—su) will
be larger than the corresponding air-sea differences at
10 m height. Consequently, the transfer coefficients
obtained from measurements made at 10 m should be
appropriately reduced when the surface fluxes are
defined from data at'a higher level (Fissel et al., 1977).
For simplicity it is assumed that Cr=C,=1.15X107*
which represents a reduction of approximately 10% in
the coefficients obtained by Friehe and Schmitt (1976)
from various data sets.

The fluxes at the top of the mixed layer are specified
by assuming that '

(ng)3~= “—k(Fsv)Or

where (F,.)s_ is the flux of virtual dry static energy s,
just below cloud base; (F,.)o is the surface flux of
virtual dry static energy at the surface and & is a con-
stant. Similar closure schemes have been used in treat-
ments of the dry mixed layer and the subcloud layer
(e.g., Lilly, 1968; Betts, 1973; Tennekes, 1973).

Since the virtual fluxes of dry static energy in the
subcloud layer may be defined as

a7
(18)

(19)

F.o=Fn— (1—8¢)LF,, (20)

where 6=0.608 and e=c¢,T/L, Eq. (19) represents one
equation for the two unknowns (Fr)p- and (Fg)p-. A
second equation for these variables is obtained by
assuming that the discontinuities in # and ¢ at the
transition layer are maintained at the same height.
This assumption allows (13) and (14) to be combined
to give the consistency relationship

(Fq)B—__ (Fy) B 3 (F o) By B (Fu)B+
(AQs (AW  (AQs (AR5

ey
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The cloud-layer fluxes (Fu)p+ and (Fqe)py which
appear in (21) are defined in the following section. It
will be shown below that these definitions allow (21)
to be reduced to

(Fop- 3 (Fr)p—
A9z (aW)s

Eqgs. (19), (20) and (22) may be combined to give the
fluxes at the top of the subcloud layer as

(22)

k(Ah)p

(Fh)B—-: - (Fsv)O: (23)
(Asv)B
k(A

(Fpm D ), (24)
(AS,,)B

The basic formulation of the convective fluxes in the
cloud layer is similar to that suggested by Ooyama
(1971), Yanai et al. (1973) and Betts (1975). The
assumption in this scheme is that the convective fluxes
may be separated into a characteristic mass flux
associated with the convective elements, and the
difference between the thermodynamic characteristics
of the cloud and the average characteristics of the
cloud layer. Using this formulatien, the flux of # and
¢! due to convective elements may be written

Fr=w*(h.—h)/g, (25)
Fq+l=w*(qv+lc—q)/g; (26)

where %,, g, and /, refer to in-cloud values and # and ¢,
as was assumed previously, refer to values averaged
over some horizontal area which is much larger than
the fractional area covered by an individual cloud. It
will be convenient to refer to the quantities (4.—#) and
(ge+l.—~q) as cloud-environment differences. The
symbol w* represents the convective mass flux which is
specified to be the product of the fractional area
o covered by active updrafts and a characteristic up-
draft velocity. In the derivation of (25) and (26) it is
assumed that ¢<<1.

In the parameterization scheme presented below w*
is defined to represent the mass flux of all active clouds
averaged over the active lifetime of these clouds. The
cloud-environment differences in (25) and (26) are
also defined as an average over the lifetime of these
clouds. With these definitions the convective fluxes
may be formulated without considering a spectrum of
clouds such as that employed by Arakawa and Schubert
(1974). Betts (1975) used BOMEX data to demonstrate
the validity of using such a transient cloud model for
shallow nonprecipitating convection.

The parameterization of the convective fluxes in the
cloud layer is somewhat simplified since the profiles of
k and ¢ are assumed to be linear with pressure in the
cloud layer. To be consistent with the assumed struc-
ture, the fluxes in the cloud layer must vary quadrati-
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cally with pressure. For simplicity, it is assumed that
the mass flux and the cloud-environment differences
that appear in (25) and (26) vary linearly with pressure
so that

gFn=—wy(1+up’) (Ak) cs(14+Mnp"), 27

gF er=—wp(14up") (AQ) e (140", (28)

where p'=f—pg, — (Ah)cs and — (8g)¢s are the cloud-
environment differences at cloud base, and wy is the
mass flux at cloud base. The parameters u, Ay and A,
give the vertical distribution of mass flux and cloud-
environment differences. The remainder of this section
will be devoted to formulating expressions for (Ak)¢s,
(AQ)cB, Wpy M, A and u.

The cloud-environment differences at cloud base are
specified by assuming that the air rising into clouds has
properties similar to that of the subcloud layer. Ob-
servations indicate, however, that air near the base of
clouds is slightly more moist and possibly cooler than
the surrounding subcloud layer (LeMone and Pennell,
1976). In the aircraft measurements made by LeMone
and Pennell, for example, the air just beneath clouds
was typically more moist by ~0.4 g kg™ and cooler by
~0.1°C than the surrounding subcloud layer. If the
deviations of %, and q¢. at cloud base from the subcloud
layer values are defined as 6% and ég, the cloud-environ-
ment differences at cloud base may be written

— (Ak)cp= — (Ah) g+ ok, (29)
—(Ag)or=—(Aq)p+39. (30)

No attempt is made here to theoretically predict 8¢
and ék. For simplicity it is assumed that

8q ok
Az (Ak)s

where 8¢ is specified as a constant. As noted above,
Eqgs. (27)-(31) allows (21) to be reduced to (22).

The cloud-base mass flux wy may be determined by
defining cloud base to be at the top of the mixed layer.
This assumption is made by Betts (1973) and Stull
(1976a) and is used here to define the fluxes of F; and
F,4: at cloud base from which wy may be determined.
If cloud parcels are assumed to become saturated at the
top of the mixed layer, then the definition su, g and
Pp are related. This relationship may be written as

dps
H

(1)

aSM

——

ot ot

aqM

= b —

(IJBE

or

(32)
Oha GQM
@p=fr——(Lfi+ fo)—
at ot

where the functions fi and f, are positive and depend
on the boundary-layer structure. Egs. (5) and (6) may
be used to eliminate the time derivatives of ky and ¢ar
from (32) so that &z can be evaluated in terms of the
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mixed-layer fluxes. The functions f; and f, are defined
in the Appendix.

Eqgs. (13) and (14) may be used to evaluate the fluxes
just above the transition layer as

(Fr)pr= (Fh>B—+ (Ah)s(@r—a5)/g,
(Fori)pr= (Fo) s+ (Aq)n(@r—08)/g.

Egs. (33) and (34) simply give the flux discontinuity
across the transition layer that is required to maintain
the height of the transition layer at cloud base. Although
the fluxes (Fn)py and (Fg)p; are the parameters
which are needed to specify the fluxes given in the
predictive equations, it is useful to note that the cloud-
base mass flux may be determined from (27) and (28) as

e (F q+l)8+ (F I (35)
(AQ)CB (Ak)cs

The cloud-environment difference in thermodynamic
variables above cloud base which is represented in (27)
and (28) may be formalized by considering the entrain-
ment relationships

(33)
(34)

A(ge+1e) E
————=——(g:H+l—q), (36)
ap op
oh, E’ :
——=——(h.—h), (37)
op  op :

where E is an entrainment parameter assumed to be
constant with pressure. Similar entrainment relation-
ships have been used by Ooyama (1971), Yanai ef al.
(1973), Arakawa and Schubert (1974) and Betts (1973).
Since g and % are linear functions of pressure, Egs. (36)
and (37) are easily integrated to obtain exact solutions
for the cloud-environment differences. These exact
solutions are approximated as linear functions such
that A, and A, in (27) and (28) are defined as

a3

e I

(38)

" . A derivation of the A\, and A\, parameters is given in A77.

For realistically possible values of vi, vq, (Ak)cs and
(Ag)ca, the linear cloud-environment differences given
by using (38) and (39) differ from the exact solutions
by less than 109, at all levels for £<0.60 and less than
39, for EX0.20.

The entrainment parameter E is determined by
assuming that the cloud-environment difference in
virtual temperature averaged over the cloud-layer depth
is a constant. This is approximately equivalent to
assuming that the buoyancy force averaged over the
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depth of the cloud layer is a constant. Mathematically
this constraint may be written as

(1/«:,,613)[ (eoms)dp' =ATs,  (40)

where AT, is a positive constant, s,. the virtual dry
static energy of the cloud parcels and s, the virtual dry
static energy of the environment. The rationale behind
the constraint given by (40) is that the parameterized
clouds in the model must be maintained by buoyancy
forces. Simply assuming a constant value of E would
not insure that the clouds considered were positively
buoyant. The constraint given by (40) also insures that
cloud buoyancy does not become unrealistically large.

Constraints similar to (40) have been used in the
parameterization theories proposed by Betts (1973)
and Arakawa and Schubert (1974). The way in which
they applied this constraint, however, is different than
that being proposed here. In the model proposed by
Betts (1973) an inversion of finite depth was considered.
The negative buoyancy of cloud parcels in the inversion
layer was constrained to be a specified fraction of the
positive buoyancy generated in the cloud layer. In this
formulation however, the entrainment parameter E
was specified and the stratification of the large-scale
environment was altered to satisfy the buoyancy con-
straint and a liquid water constraint. In the Arakawa
and Schubert (1974) parameterization scheme a cloud
work function 4 (\) for a particular cloud type N\ was
defined as the vertical integral of the buoyancy force
weighted by the normalized mass flux distribution. The
quasi-equilibrium assumption used to close the Arakawa
and Schubert parameterization was that a4 (\)/d¢=0.
This expression is basically equivalent to (40) although
the buoyancy force is not weighted by the mass flux
distribution. In the Arakawa and Schubert treatment,
however, the cloud type is synonymous with a specific
entrainment rate and the quasi-equilibrium assumption
is applied to determine the cloud-base mass flux for
each cloud type.

In the parameterization presented here, Eq. (40) is
used to determine the entrainment factor E. The
interesting aspect of this parameterization is that it
tends to maintain a convectively active cloud layer in
spite of the stabilizing effect of the large-scale sub-

‘'sidence. Qualitatively this may be aemonstrated by

noting that if the cloud layer becomes more stable s,
would increase more rapidly with height. Consequently, .
s, would also have to increase more rapidly with height
in order to satisfy (40). This greater increase of s,, may
be accomplished by decreasing E. As entrainment
decreases, however, it may be shown that the effect of
the convection in the model is to decrease the cloud-
layer stability (A77). Thus a balance may be achieved
between the tendency of subsidence to stabilize ‘the
layer and the tendency of nonprecipitating convection
to destabilize the layer. A quantitative expression for
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the entrainment factor E derived from (40) is given in
the Appendix.

The factor u which defines the vertical distribution of
mass flux is obtained by considering a transient cloud
model such as that suggested by Betts (1975) and
Fraedrich (1976). In the transient cloud model the
important concept is that the cloud properties are
defined over the active lifetime of the cloud. To for-
malize this concept a very simple cloud model is con-
sidered. In this model the cloud has a uniform updraft
velocity during the active lifetime of the cloud. Only one
cloud type is considered so that all clouds are assumed
to reach the trade inversion during their lifetime. An
entrainment relationship is used to describe the varia-
tion with height of the area covered by active updrafts.
Using this very simple model, the convective mass flux
in the cloud layer may be approximated as

o*=wy (14-up’), (41)
where
[ 1] .
———(+3E), p'<op
u=<8p waT. (42)
—1/p', p'>dp.

The symbol ¢y in (42) is the fractional area covered by
active updrafts at cloud base and 7, is the lifetime of
the clouds. A complete derivation of (42) is given in A77.

As demonstrated by Betts (1975) using a similar
derivation, the term

(4]

(1+3E) (43)

*
WaBTc

in (42) represents a decrease in mass flux with height
which is equivalent to a detrainmant of cloud mass.
Betts used BOMEX data to show that this term may
dominate the mass flux distribution in undisturbed
conditions resulting in a mass flux which decreases
with height. The discontinuity in the mass flux at the
inversion represents a detrainment of mass at this level
due to a loss of buoyancy by the clouds. A similar de-
trainment process is considered by Arakawa and
Schubert (1974).

The parameters 7. and oo may be difficult to evaluate

from observations and may be even more difficult to

obtain from theoretical arguments. It may be shown,
however, (see A77) that 7./¢o corresponds to a time
scale for variations in the cloud-layer stability due to
convection. For simplicity the mass flux distribution
given by (42) is specified by assuming that

Te=17,/200= constant. (44)

This implies that as the lifetime of clouds increases, the
fractional area of active updrafts also increases. The
observational results given by Betts (1975) for BOMEX
suggest 7.~} day. For a cloud cover of active updrafts
of 0.02, this 7, corresponds to a cloud lifetime of ~20
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min. The sensitivity of the model results to the specifica-
tion of 7, is shown in Section 5.

Using the definitions given above for (Aq)¢s, (Ak)cs,
wpr Ay Ag and u the convective fluxes in the cloud layer
may be defined by evaluating (27) and (28). The details
needed for computing these convective fluxes are
outlined in the Appendix.

4. Parameterization of radiative fluxes

The radiative heating in the boundary layer results
from the absorption and emission of longwave radiation
(in the wavelength interval 3-60 um) and the absorp-
tion of shortwave radiation (in the wavelength interval
0.3-3.0um) by wvarious atmospheric constituents.
Although the heating may vary with the quantity of
ozone, carbon dioxide and water vapor in the atmo-
sphere, clouds have been clearly shown to be the
principal modulators of the radiative processes (e.g.,
Starr, 1976). Although trade cumulus are finite clouds,
the radiation processes will be defined separately for
clear sky conditions and for clouds of infinite horizontal
extent. The radiative heating rates will then be deter-
mined as a weighted average of heating rates obtained
for clear and cloudy conditions.

Since the model described above is constrained to
have a constant s in the mixed layer and a linear s in
the cloud layer, the radiative processes that need to be
considered are those which change the mean values of s
in the cloud and subcloud layer and those which change
the slope of s in the cloud layer. It is also necessary to
determine the discontinuity in the radiative fluxes at
the inversion in order to predict the height of the
inversion. To obtain a simple scheme for parameterizing
the radiative fluxes, heating rates for several representa-
tive boundary-layer structures were obtained from a
detailed broadband radiative transfer calculation. These
detailed calculations were then generalized to form a
simple parameterization of the radiative processes.

A number of calculations were made to determine the
sensitivity of clear-sky longwave heating rates to
variations in the temperature, moisture and depth of
the boundary layer. These calculations were made
using the broadband radiative transfer model described
by Cox (1973); this model includes the effect of con-
tinuum broadening. The basic temperature and moisture
structure used for these calculations was similar to that
observed for the ship Planet from 7-12 February during
ATEX (Augstein et al., 1974). Climatological values
of carbon dioxide and ozone were assumed for the
calculation.

The moisture structure was varied by altering the
mean value of mixing ratio in the cloud and subcloud
layer and its rate of decrease in the cloud layer. Calcu-
lations were made for boundary-layer depths of 130
and 170 mb. Although no extreme variations in the
mixing ratios were considered, the boundary-layer
precipitable water varied from 1.51 to 242 cm for
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TaBLE 1. Vertically averaged clear-sky longwave heating for
various boundary-layer moisture structures.

Boundary

layer Boundary- Longwave

precipitable - layer radiative
water depth Y heating
(cm) (mb) (g kg™ mb™) (°C day™)
2.06 170 0.000 —4.03
2.00 170 —0.050 —4.04
1.94 170 —0.030 —4.05
1.88 170 —0.050 —~4.04
1.58 130 —0.000 —4.05
1.56 130 —0.015 —4.05
1.54 130 —0.030 ~4.04
1.51 130 —0.050 —4.04
1.61 130 —0.015 ~4.10
2.42 130 —0.015 —4.46

these calculations. A detailed description of the model
atmospheres used for these sensitivity tests is given
in A77. The longwave heating rates obtained from these
calculations and averaged from the trades inversion to
the ocean surface are shown in Table I. It is interesting
to note that these vertically averaged heating rates
vary by less than 0.5°C day~! for these calculations.
The heating rates calculated for different structures of
cloud-layer temperature also resulted in very small
variations in the vertically averaged heating rates
(AT7). '

Aithough the average heating is relatively insensitive
to variations in the boundary-layer temperature and
moisture, the vertical distribution of heating does
depend slightly on these variables. In A77 the vertical
distribution of heating was parameterized in terms of
the boundary-layer temperature and moisture. This
parameterization scheme produced steady-state model
results which did not vary significantly from the results
obtained by assuming the boundary-layer heating to
be uniformly distributed in the vertical. Consequently,
for the results shown in this paper it is assumed that
the boundary-layer clear-sky infrared heating rates are
uniformly distributed in the vertical.

The longwave cooling within clouds was evaluated
by considering a horizontally infinite cloud with a
broadband emissivity ¢, within the cloud that is
formulated in the exponential form suggested by
Paltridge (1974). This form is given as

e(§)=1—exp[—aq({)], “5)

where { is the distance from the cloud boundary to some
point within the cloud and aq is interpreted as a mass
absorption coefficient. The parameter w in (43) is
defined as

¢
w= [ LWCdz, (46)
0

where LWC is the liquid water content of the cloud.
The emissivity as given by (45) is incorporated into the
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clear-sky radiative transfer calculation described by
Cox (1973). The details of this calculation are given

by Griffith and Cox (1977). A similar method is

described by Feigel’son (1973). :

The use of (45) in the transfer calculation requires
that LWC and a, be specified. In the calculations
discussed below ay is assumed to be 500 g~ cm™2. A
linear profile of liquid water content was assumed for
the transfer calculations. Calculations were made for a
cloud with cloud top at 845 mb, cloud base at 930 mb
and mean liquid water contents of 0.25 and 0.50 g m—3.
The temperature and mixing ratio were specified to be
similar to that observed at the Planet from 7-12
February during ATEX. The net fluxes calculated for
these cloud models are shown in Fig. 2; the distributions
indicate that the net flux has no significant variation
with liquid water content. These results show a strong
cooling in the top 10 mb of the cloud layer, little
radiative effect in the cloud, slight warming near cloud
base and slight cooling near the surface.

The longwave heating averaged from the surface to
the top of the inversion for the calculations described
above are given in Table 2. The average heating ob-
tained for a cloud with cloud basé at 930 mb and cloud
top at 845 mb is also shown in this table. Although the
average boundary-layer cooling is relatively constant
for these calculations, the important feature to note is
that the longwave cooling is approximately equivalent
to the clear-sky calculated cooling.

Calculations were also made to estimate the clear-sky
boundary-layer heating due to the absorption of solar
radiation by water vapor, carbon dioxide and ozone. A
broadband irradiance calculation based on the absorp-
tivity values given by Manabe and Méller (1961) was
used for this calculation. The heating rates obtained
from these calculations were nearly uniformly dis-
tributed in the vertical, while the vertically averaged
boundary-layer heating was found to be insensitive to
variations in moisture. The heating rate averaged over
a 24 h period and averaged over the depth of the
boundary layer is ~0.8° day~! for these calculations.

The absorption of solar radiation by clouds in a
process which has not beer satisfactorily quantified.
There are few direct measurements of the solar absorp-
tion by clouds and these measurements do not agree

TasLe 2. Vertically averaged longwave heating rates for various
cloud models. :

Average
liquid
water Cloud-top Cloud-base Longwave
content pressure pressure heating
(g m™) (mb) " (mb) (°C day™)
0.50 845 930 -~4.11
0.25 845 930 —4.03
0.25 875 930 —4.59
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F16. 2. The net longwave fluxes calculated for horizontally infinite clouds having mean
liquid water contents of 0.50 and 0.25 g m™. Cloud base is at a pressure of 930 mb and
top at 845 mb.
with theoretical calculations (Reynolds ef al., 1975; (Fr)r~= (Fr)r++c,orpiQr/g, (49)
Liou, 1976 ; Twomey, 1976). For simplicity it is assumed -
’ ! o ) PUCILY (Fr)a=[(Fr)s+ (Fr)r-]/2. (50)

that the solar absorption in the boundary layer is the
same for both cloud and clear conditions. In the cloud
case, however, this absorption occurs in a thin layer
at cloud top while in the clear case it is uniformly
distributed. This assumption is equivalent to assuming
a cloud absorption which is not significantly different
than that predicted by Liou (1976).

The results given above suggest a relatively simple
scheme for the parameterization of the radiative fluxes.
The longwave and shortwave heating rates averaged
from the surface to pr, Qr and Qg respectively, are
assumed to be constant and independent of the
boundary-layer cloudiness, temperature or moisture
distributions. In the clear regions the heating is assumed
to be uniformly distributed through the depth of the
boundary layer. In the cloud regions the cooling occurs
in the infinitesimally thin inversion layer where the
tops of mature and dying clouds are located; below the
inversion layer the radiative heating is assumed to be
zero.

The radiative heating for the partly cloudy conditions
which are present in the trades is specified to be an
average of the heating for the clear and cloudy regions
weighted by the fractional amount of visible cloudiness
or. With these assumptions and defining the total radia-
tive heating as Qr=Q1+Qs, the fluxes needed for the
budget equations presented in Section 2 may be defined
in terms of the heating rates as

(Fr)o= (Fr)r++cob1Qr/g,
(Fr)p= (Fr)rp+c,[ 0p+0orpr]0r/g,

€
(48)

It should be noted that the specification of (Fg)rs is
arbitrary from the perspective of the energy budget of
the various layers.

5. Sensitivity tests

In this section the convective and radiative fluxes
formulated in Sections 3 and 4 will be combined with
the predictive equations discussed in Section 2. The
resulting equations are integrated numerically to deter-
mine the sensitivity of the model results to various
specified parameters. A summary of the model un-
knowns and specified parameters is given in Table 3.
The computational procedure for obtaining numerical
results is outlined in the Appendix.

TaBLeE 3. A summary of model unknowns, specified physical
parameters and specified closure parameters used in the model.

Specified Specified
physical closure
Model unknowns parameters parameters
qu, by, ga, ha To Cr
Yo Y4, BB, b1 Vo Cq
(Fo)o, (Fi)o, (Fr)o D k
(FQ)p—, (Fn)p—, (Fr)n aR g
(Fo4D)B4r (Fi)Bs QL Ta
(Fes)a, (Fr)a, (Fr)a Qs AT,
(FosD)1~ (Fa)r- 9(p)
(FR)1-, (FR)14+ h(p)
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F16. 3. Initial boundary layer structure assumed for the model
and profiles of s and ¢ assumed above the boundary layer compared
with the structure observed from the Planet during the period
7-12 February 1969 (Augstein ef al., 1974).

There are two types of parameters which are specified
in the model which may affect the predicted structure.
Some parameters such as AT, and 7, result from
assumptions used to parameterize the convective fluxes.
While some physical interpretation of these parameters
is possible, it is hoped that the model results will be
relatively insensitive to these parameters. Unless
specifically noted otherwise, the closure parameters are
specified as AT,=0.5°C, 7,=0.333 day, £=0.25 and
8g=0.4 g kg'. Other specified parameters such as T'
and V, are physical parameters which may vary in the
real atmosphere. Values assumed for these parameters
unless stated specifically otherwise are 7o=25°C,
Vo=7 m s, D=57X10"% s Qr=—4°C day,
Q5=0.8°C day'and oz=0.5. These values were chosen
to be consistent with the ATEX observations (Augstein
et al., 1973, 1974). Although the model is formulated in
terms of g and 4, the results given below will be given
1in terms of ¢ and s, since the vertical profiles of ¢ and %
are generally quite similar in appearance.

The thermodynamic structure assumed above the in-
version is shown in Fig. 3- with the thermodynamic
structure observed from the Planef from 7-12 Feburary
during ATEX (Augstein ef al., 1974). Above p=200 mb
the profiles assumed above the inversion are the same
as those observed for the Planet. In the lowest 90 mb
the profiles assumed above the inversion are drier and
cooler than the observed profiles. From 90 to 200 mb
the specified profiles are slightly warmer and drier than
that observed during ATEX. The specified atmospheric
structure is similar to that observed in the wake of
disturbed conditions' (Betts, 1976b; Seguin and Gar-
stang, 1976).

" The initial conditions assumed for the model runs,
also shown in Fig. 3, consist of a mixed-layer 40 mb in
depth with gqa=12.0 g kg™' and sy=296.0 kJ kg™!
(he=325.4 k] kg™). The cloud layer is only considered
in the model when the height of the mixed layer reaches
the lifting condensation level for air having a moisture
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content of ¢u+38¢ and a dry static energy of say+8s.
When the cloud layer first begins to form, it is assumed
to have an initial depth of 5 mb and the initial values
of ¢ and s at cloud base are assumed to have the value
of the specified profiles (see Fig. 3) at that level. The
initial slopes of ¢ and s are specified to be the Planet
slopes shown in Fig. 3. It should be noted that the
specification of the initial conditions in not crucial since
the steady-state solutions are independent of the initial
conditions provided that those conditions are physically
realistic. '

Steady-state results were obtained by integrating the
model from the initial conditions described above until
the solutions became steady. In general the predicted
structure becomes nearly steady after 64 h of integra-
tion and absolutely steady after 70 h. The model fluxes
for the steady-state solution demonstrate a balance
between convective, radiative and large-scale processes.
The steady-state model structure and fluxes obtained
with the external conditions outlined above are shown
in Table 4. These fluxes show that in the subcloud
layer the radiative cooling is simply balanced by heating
due to convection. Since precipitation and horizontal
advection is ignored, the moisture flux is constant
through the mixed layer. It should also be noted that
the moisture flux contributes significantly to the virtual
static energy flux in the subcloud layer. In the cloud
layer the steady-state fluxes shown in Table 4 indicate
that the radiative cooling is balanced by warming due
to convective processes and large-scale subsidence.
Convective moistening in the cloud layer balances the
drying due to large-scale subsidence. Warming due to
subsidence at the trade inversion is balanced by radia-
tive cooling and cooling associated with the evaporation
of cloud water at this level. The evaporation of cloud
water also balances the drying due to subsidence at the
inversion.

The fluxes shown in Table 4 also demonstrate the
role of convection in maintaining the cloud layer strati-
fication. The subsidence in the cloud layer tends to
increase the slope of s and decrease the slope of ¢
[see Egs. (11) and (12)]. For the steady-state solu-
tion these tendencies are balanced by the curvature of
the fluxes. It should be noted, however, that the cloud-
layer fluxes differ only slightly from being linear with 9.

Several model runs were performed to evaluate the
sensitivity of the steady-state model solutions to the

TaBLE 4. Steady-state structure and fluxes. In the subcloud layer
Fa=F;sand Fg. =F,.

P s q Fq LFgn Fr
(mb) kJ kg™ (kg™ Wm2) (Wm?2) (Wm?)
0 ’ 299.41 13.35 1.3 156 33.5
82.7(—) 299.41 13.35 —14.3 156 49.1
82.7(+) 299.86 11.33 —12.1 132 49.1
127.2 300.57 10.15 —16.2 114 57.6
171.6(—) 301.27 8.96 —18.4 89 66.0
171.6(+) 306.37 5.35 0 0 98.6
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specification of the closure parameters. The steady-
state predicted for r,=% day and r.=1% day are shown
in Fig. 4. In the mixed layer the differences between
these two models are very small. The structure pre-
dicted with an adjustment time of § day results in a
cloud layer which is ~0.5 g kg~ drier and ~0.5°C cooler
than that predicted with an adjustment time of § day.
The height of the inversion is approximately the same
for both calculations. The slopes of ¢ and s in the cloud
layer do not vary significantly between the two calcu-
lations, although the jump in q at cloud base is some-
what sensitive to the specification of this parameter.
The effect of increasing the adjustment time is equiva-
lent to allowing the atmosphere to dry and warm
slightly more due to the large-scale subsidence field.

The model results for AT9=0.5 and AT,=0.0°C are
shown in Fig. 5. The principal effect of altering this
parameter is to alter the slopes of ¢ and s in the cloud
layer. The larger AT, results in the layer becoming
slightly more unstable. It is interesting to note that the
results obtained with AT = 0.0°C more closely resemble
those obtained with r,=4 day. This suggests the possi-
bility that these closure parameters may not be inde-
pendent of each other. The results presented here,
however, indicate that the steady-state solutions are
not extremely sensitive to the specification of either
74 Oor AT,

Model calculations were also made to determine the
specification of # and 8¢. The structure predicted for
k=0.40 and £=0.10 are shown in Fig. 6. Since typical
values assumed for % range from 0.2 to 0.3 (Stull,
1976b), the sensitivity of the model results to this
parameter is quite small indicating that its specification
may not be crucial to the steady-state results. The
predicted structure during the initial growth of the
boundary layer is also slightly sensitive to the specifica-
tion of k. These results are consistent with the mixed
layer results obtained by Zeman and Tennekes (1977)
for convective conditions. The structure for 6¢g=0.0 and
8g=0.4 g kg™ is shown in Fig. 7. The specification of
this parameter does result in slight differences in the
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F16. 4. Steady-state model structure for r, of } and § day.
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mixed-layer height and thermodynamic variables. In
many modeling situations it appears that assuming
clouds to have mixed-layer properties may be accept-
able. It is interesting to note, however, that 67, which
is derived from the model results, is ~0.1°C, in good
agreement with the LeMone and Pennell (1976)
measurements discussed previously.

The sensitivity of the model-predicted structure to
physical parameters will be demonstrated in the
remainder of this section. The model steady-state solu-
tions are shown in Fig. 8 for various divergence values.
The principal differences between the boundary-layer
structure obtained with various divergence values is
the height of the inversion. When the divergence is
increased from 4X107% s~ to 6)X10~% s7%, the height of
the inversion decreases by ~25 mb. As the divergence
is increased to 8X10-¢ s~ the height of the inversion
only decreases by ~15 mb.

The sensitivity of the inversion height to variations
in the divergence is qualitatively reasonable, since for
near steady-state conditions there is a balance between
drying due to large-scale subsidence and moistening
due to moist convection. In the dry static energy
profile there is a balance between the radiative and
convective cooling at the trade inversion and the
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F16. 6. As in Fig. 4 except for k=0.1 and k=0.4.
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subsidence warming. Since the subsidence increases
slightly with height and the convective cooling and
moistening do not vary significantly with divergence,
the level at which the balanced described above will
occur decreases as the large-scale divergence increases.
Although the structure below the inversion does not
vary significantly with divergence, the small variations
in the depth of the subcloud layer are consistent with
the small variations in the subcloud layer values of ¢
and s. N
Steady-state solutions obtained with sea surface
temperatures of 299 and 297 K are shown in Fig. 9.
‘The principal differences in the structure for these two
cases are in the depth of the subcloud layer and in the
vertical profile of dry static energy. The dry static
energy profile obtained with a sea surface temperature
of 297 K is ~2 kJ kg™! less than that obtained with a
sea surface temperature of 299 K. The cooler sea surface
results in a moisture profile that is ~0.5 g kg~ drier in
both the cloud and subcloud layer. It should be noted
that while the cooler sea surface temperature results in
- a lower trade inversion, the cloud base is lower by an
approximately equivalent amount. Consequently, the
model predicts that the depth of the cloud layer does
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Fi16. 8. As in Fig. 4 except for divergence values of
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F1c. 9. As in Fig. 4 except for sea surface temperatures
of 297 and 299 K.

not depend significantly on the sea surface temperature.
In comparison, the results given in Fig. 8 indicate that
the depth of the subcloud layer is nearly independent
of the large-scale divergence while the depth of the
cloud layer increases with smaller divergence values.
The steady-state model solutions are shown in Fig. 10
for surface wind speeds of 5 and 10 m s~ This is also
equivalent to varying the bulk transfer coefficients Cr
and C,. The profiles shown in Fig. 10 indicate significant
variations, particularly in the subcloud layer in both
the temperature and moisture structure with variations
in the surface wind speed. The structure obtained with
a surface wind speed of 5 m s~ indicates a significantly
cooler and drier boundary layer than that obtained
with V=10 m s7. The smaller surface wind results in
a deeper subcloud layer but a shallower cloud layer.
 Surface fluxes of latent and sensible heat correspond-
ing to the steady-state results given. in Figs. 9 and 10
are shown in Table 5. For steady-state resuits the
sensible heat flux tends to be small and in some situa-
tions negative. In fact, the latent heat flux is the
dominant component of the virtual dry static energy
flux at the surface. The latent heat flux increases as
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TABLE 5. Depth of the boundary layer and surface fluxes of
latent and sensible heat for various sea surface temperatures and
wind speeds.

TD Vo L(Fq)o (Fs)o (Fav)(l P

(K)y (ms?) (Wm? (Wm™) (Wm?)  (mb)
297 7 133 14 10.9 163.1
299 7 178 1.2 14.0 179.7
298 5 128 4.8 14.0 162.6
298 10 182 ~2.6 10.5 1799

sea surface temperature increases, while the sensible
heat flux shows little dependence on the specification
of T,. This indicates that the air-sea differences in ¢
increase with increasing Ty while air-sea temperature
differences are small and relatively insensitive to sea
surface temperatures. The latent heat flux also shows
an increase wlth wind speed while the sensible heat
flux shows a decrease.

The inversion height is shown in Table 5 for the
steady-state results given in Figs. 9 and 10. It is
interesting to note the strong positive correlation
between the surface flux of moisture and the inversion
height.

The results given in Section 4 indicate that the
boundary layer radiative heating rates are somewhat
insensitive to temperature and moisture variations
within the boundary layer. The cloud cover and mois-
ture distribution above the boundary layer, however,
may affect the magnitude of both longwave and short-
wave heating rates. Starr (1976), for example, has
shown that the boundary layer infrared heating is
sensitive to the emissivity of higher level clouds. The
radiometersonde measurements made during the Line
Island Experiment (Albrecht and Cox, 1975) indicate
significant variations in the lower level heating rates
due to upper level cloudiness. As indicated previously,
there is also some uncertainty in the magnitude of
heating by the direct absorption of solar radiation.
The effect of variations in the average boundary-
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layer heating rates was evaluated by varying Q. The
steady-state model solutions are shown in Fig. 11 for
Qr=—4 and —2°C day~. Since the solar heating rate
integrated over the entire day is assumed to be 0.8°C
day~!, results shown in Fig. 11 are for radiative heating
rates of —3.2 and —1.2°C day™. These variations in
the boundary-layer heating may alternately be inter-
preted as an increase in the solar absorption. The results
shown in Fig. 11 show that the model structure pre-
dicted with suppressed longwave cooling is warmer by
~0.5°C than that obtained with Q,=—4°C day~.
The suppressed cooling also results in a more moist but
shallower boundary layer. The height of the inversion
is ~25 mb lower for Qr=—2°C day~* than it is for
QL= —4°C day~. Cloud base only differs by ~10 mb
for these two cases. Since the large-scale divergence
field may also be modulated by the radiative effect of
upper level clouds (Albrecht and Cox, 1975), it is
apparent that these clouds may significantly affect the
boundary-layer structure.

A significant feature of the radiative processes
described in Section 4 is the variation in the vertical
distribution of the longwave and shortwave heating
rates due to variations in the amount of cloud cover.
The observations presented by LeMone and Pennell
(1976) indicate a significant variation in the amount of
boundary-layer cloudiness. They reported cloud covers
ranging from 7 to 709, during the aircraft measure-
ments they made to the north of Puerto Rico. The
steady-state solutions for visible cloud covers of 0.25
and 0.75 are shown in Fig. 12. The differences in the
model structure are not extremely large; however, the
effect of cloud-top cooling on varying the height of the
inversion is evident. The larger cloud cover results in
the trade inversion being approximately 15 mb higher
than that obtained with a cloud cover of 0.25. The
suppressed cloud- and subcloud-layer heating rates
associated with 0.75 cloud cover result in the cloud and
subcloud layer being warmer than the structure pre-
dicted with a cloud cover of 0.25. The moisture profiles
shown in Fig. 12 show a decrease in the cloud layer
moisture as the cloud cover is increased. This decrease
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in moisture in the cloud layer might actually result in
a decrease in visible cloud cover in the real atmosphere.
Consequently, the results given in Fig. 12 indicate that
the variation in the vertical distribution of the radiative
heating due to cloud cover may act as a factor which
stabilizes the amount of cloud cover in the real atmo-
sphere. These results indicate that it would be desirable
to express cloud cover as a function of the large scale
thermodynamic structure.

6. Conclusions

This paper presents the development and sensitivity
testing of a one-dimensional predictive model of the
trade-wind boundary layer. The analysis is simplified
by assuming that moist static energy and water vapor
mixing ratio are constant with pressure in the subcloud
layer and linear with pressure in the cloud layer. The
subcloud and cloud layers are separated by a transition
layer which is assumed to be infinitesimally thin and
the upper boundary of the model is defined by the trade
inversion which is also assumed to be infinitesimally
thin. Heat and moisture budgets are used to derive
equations which express the time variation of this
simplified structure in terms of the large-scale sub-
sidence (a specified parameter) and convective and
radiative fluxes. These equations may be integrated
numerically provided the convective and radiative

fluxes are defined in terms of the boundary-layer
structure itself.

The surface fluxes of heat and moisture are given by
a bulk aerodynamic formulation while fluxes at the top
of the subcloud layer are specified with a mixed-layer
parameterization. The cloud-layer fluxes are represented
as the product of a mass flux term which is linear with
pressure and a cloud-environment difference in thermo-
dynamic quantities which is linear with pressure.
Closure is obtained by assuming that cloud base is at
the transition layer, the cloud-environment difference
in virtual temperature averaged over the depth of the
cloud layer is a constant ‘AT, and by assuming an
adjustment time 7, that is constant. The numerical
results indicate that the model structure is relatively
insensitive to the specification of AT or 7.

Radiative transfer calculations were performed and
show that the average radiative heating in the cloud
layer is relatively insensitive to variations in tempera-
ture, moisture and cloud cover within the boundary
layer. The vertical distribution of the radiative heating
does, however, vary significantly with the amount of
boundary layer cloudiness. In the clear atmosphere the
Jongwave cooling and shortwave heating are nearly
uniformly distributed within the boundary layer. In
“clouds, however, the heating and cooling are confined to
a thin layer at cloud top. This cloud-top radiative heat-
ing and cooling is explicitly included in the budget
equations used to predict the height of the inversion in
the model. '
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The sensitivity of the predicted structure to varia-
tions in various physical parameters of the model was
shown to be physically plausible. The thermodynamic
structure below the inversion was shown to be sensitive
to the specification of sea surface temperature, surface |
wind speed, radiative heating and cloud cover. The
height of the inversion was shown to be sensitive to
these parameters and the spemﬁcatlon of the large-scale
divergence.

The results presented in this paper indicate that the
model developed may be a useful tool for investigating
various aspects of the undisturbed oceanic boundary
layer. Some applications of the model are considered
in Part II.
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APPENDIX
Computational Details

Numerical results from the model are obtained by
integrating the predictive equations described in
Section 2 using a Runge-Kutta fourth-order scheme. A
summary of the model unknowns is given in Table 3.
In this appendix a computational scheme for obtaining
these unknowns is described.

The differential equations used to predict 4 and gu
are (5) and (6), while the mixed-layer depth is predicted
using (13) or (14). The average value of % and ¢ in the
cloud layer is predicted using (7) and (8) and the slopes
of these quantities in the cloud layer are predicted
using (11) and (12). The height of the trade inversion
is predicted using (15) or (16).

To evaluate the time derivative for each of these
equations it is necessary to evaluate the convective and
radiative fluxes at various levels within the boundary
layer. The order in which the fluxes are calculated is
important since some fluxes are expressed in terms of
others.

To calculate the fluxes, the-surface fluxes are calcu-
lated first using (17) and (18) so that (23) and (24)
may be used to evaluate the fluxes just below the
transition layer. In order to calculate the fluxes just
above the transition layer it is necessary to calculate
&p from (33). The functions f, and f, which appear in
(33) may be evaluated using the definition of mixing

ratio and Teton’s formula (see A77) so that

e (a1
(T*—KTB)SM
T* O_A &3

ooz bz (A2)

(T —«T5) (qu-+5q)
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where Tp is the temperature at the base of the transition
layer, ¢, is the saturation vapor pressure at the tempera-
ture I'p, T*= (T'p+67T—35.86)2/4098, and «=0.287.
The quantity &z may then be determined from (32),
(A1), (A2), (5) and (6). The fluxes just above the
transition layer may be evaluated from (33) and (34)
and w}, calculated from (35).

To evaluate the convective fluxes in the cloud layer
it is necessary to determine the entrainment factor E.
This parameter is evaluated by applying the constraint
given by (40). The exact form of this constraint may be
obtained by noting that if the effect of liquid water is
considered, the cloud-environment difference of virtual
dry static energy may be written

Sve—38,= (s,—s)+deL(g.—q)—eLl,, (A3)
where e=¢,T/L and §=0.608. It is convenient to write
(43) as

Svc—sv=ﬁ(hc_h)~eL(qC+lC—q)—aL (q*_Q), (A4)

where

1+ve(1+9) 1—e(1+49)
B= y &= )

14~ 1+y

and ¢* is the saturation mixing ratio of the environment.
The quantity v which appears in the expression for «

and 8 is
Lyag*
),
cp oT 5

For the calculations presented in this paper it is
assumed that ¢, @ and 8 are constant with values of
e=0.12, «=0.31 and 8=0.50.

It is convenient to approximate ¢* as a linear function
of P so that

(AS)

(A6)

¢*=qpt+rB—Ps), (A7)

where ¢, is the saturation mixing ratio at cloud base
and v+ the slope of ¢* (see A77). Egs. (A7), (27)
and (28) may then be combined with (A4) to obtain

Sve—So=—B(A")cs (14 p )+ eL(Ag) ca (14N gp")
~allgz—qpit+ (g=r)p'], (A8)
where A\, and A, are defined by (38) and (39). With «
. and 8 constant, (A8) may be substituted into (40) and
integrated. Since A, and A, depend only on E the above
operation results in an expression which when solved
for E gives
E=[—b— (b*—4ac)*]/2a, (A9)
where

a=[—B(Ak)ca+eL(Ag)cr]/3,

b=—3a+ (Bopyr—eLdpv)/3,

¢=—BopyateLdpy,—aLdp(vg—a)
—2[B(AR)ca—eL(AQ)c+aL(gz—g8)+csATo].

The dependence of E on the large-scale stability may
be demonstrated more clearly by neglecting virtual
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temperature effects, ignoring the negative buoyancy at
cloud base, and neglecting the —E/3 term in the
expressions for A, and \,. With these approximations it
may be shown that (40) gives

dpvir 2(147)c, AT
Ee——t
(Ah)cB (Ah)cn

where v,* is the slope of moist static energy A*=c,T
-+ gz+4-Lg* in the cloud layer. As the cloud layer becomes
more stable y;* becomes less negative which results in E
decreasing since (Ak)cp is less than zero. Likewise for a
given stratification a larger AT, results in a smaller E.

In situations where the cloud layer is very stable or
where the cloud layer is shallow, it is possible that (A9)
can result in small and possibly negative entrainment
rates. This situation is not permitted by assuming that
if E<0.1 than E=0.1 provided that

I
(Fo)dp>0.

) (A10)

(A11)

0

The factor E is used to define Ay, Aq and u [Eqs. (38),
(39) and (42)]). These parameters may then be com-
bined with w}y and (Ak)¢s and (Aq)¢s in Eqs. (27) and
(28) to define the cloud layer fluxes. The fluxes at
p=7pa4 are simply obtained by evaluating (27) and (28)
at that level.

A slight complication exists in the specification of
the fluxes at the top of the cloud layer. This complica-
tion arises from the constraint that the inversion is
infinitesimally thin and assumed to be at the same
height in the temperature and moisture field. In the
real atmosphere, the height and/or thickness of the
inversion in the temperature profile may differ slightly
from that in the moisture field. However, if the inversion
in the temperature and moisture field is to remain at
the same level in the model, the predictive equations for
the height of the inversion (15) and (16) imply that

(Fh)I—_AFR:_ (F g1~
(Ak) (AQ)r

(A10a)

or alternately
(Fs)r——AF g (Fori)1—

(Aa8)r (aQ)r

where AFR= (FR)1+— (FR)I_ and F31= Fg—LFl= Fh
— LF 4. A similar consistency relationship is considered
in the stratocumulus model described by Lilly (1968)
and Schubert (1976). The fluxes given by (27) and (28),
however, do not satisfy (A10) by definition. In order to
insure that (A10) is satisfied it is assumed that

(A10Db)

(Fa)r-= (Fr)*™+L(F ,.)72, (Alta)
(For) 1-= (F )+ (F 1 )72, (Al1b)
(Fep) 1= (Fa)$™ —L(F 1) 7, (Al1c)
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where (F)$%" and (F 1) are the convective fluxes
grven by (27) and (28) and (F q+;)‘es is a residual flux
that is introduced to allow the inversion height to be
predicted consistently for the moisture and the tem-
perature variables. This residual flux is evaluated by
substituting (A11) into (A10) and solving for (Fq.:)5.
This procedure gives

(Ak)r
(Fq+l V__(F )conv+AFR
(Agr
(Fo)i== (A12)
(AI'L)I
L(AQ):

The assumption made in (All) is equivalent to
predicting the inversion height with the expression

77 ) [(Fa)-—AFg]

— =07 — ) Al3

at 8 (As)r ( )
where (F,)r-= (Fr)™—~L(F,,1)%". Note that the
residual flux does not appear in (A13). Physically this
computational procedure implies that the temperature
profile determines the height of the inversion. If the
height of the moisture discontinuity as predicted by
simply using the convective fluxes in (16) differs
slightly from the predicted height in the temperature
profile, the moisture profile adjusts to the temperature
profile. The flux required for this adjustment is simply
(Fer)®® which allows the height of the moisture
discontinuity to adjust at the expense of the cloud-
layer moisture. If this flux was not introduced [i.e.,
using (A13) to predict the height of the inversion and
(Fe™ and (Fei)$™ in the cloud-layer budget
equatrons] moisture could be fictitiously lost or gained
from the model. In actual calculations it is found that
the residual flux is small compared to (Fq.0)3™.

The radiative fluxes in the model are calculated from
(47)-(50). 1t is necessary to calculate the fluxes by the
procedure outlined above at each point where it is
necessary to evaluate the time derivative. For the
Runge-Kutta procedure it is necessary to evaluate the
derivatives four times at each time step. All the results
presented in this paper were obtained using a time step
of 12 min. Runs made using shorter time steps resulted
in nearly identical solutions. An integration over one
hour of model time requires approximately 0.6 s of
CDC 6400 time.
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