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ABSTRACT

A formulation for parameterizing cumulus convection, which treats cumulus vertical momentum dynamics
and mass fluxes consistently, is presented. This approach predicts the penetrative extent of cumulus updrafts
on the basis of their vertical momentum and provides a basis for treating cumulus microphysics using formulations
that depend on vertical velocity. Treatments for cumulus microphysics are essential if the water budgets of
convective systems are to be evaluated for treating mesoscale stratiform processes associated with convection,
which are important for radiative interactions influencing climate.

The water budget (both condensed and vapor) of the cumulus updrafts is used to drive a semi-empirical
parameterization for the large-scale effects of the mesoscale circulations associated with deep convection. The
parameterization for mesoscale effects invokes mesoscale ascent to redistribute vertically water detrained at the
tops of the cumulus updrafts. The local cooling associated with this mesoscale ascent is probably larger than
radiative heating of the mesoscale anvil clouds, and the mesoscale ascent may be in part a response to such
radiative heating.

The parameterization was applied to two tropical thermodynamic profiles whose diagnosed forcing by con-
vective systems differed significantly. A spectrum of cumulus updrafts was allowed. The deepest of the updrafts
penetrated the upper troposphere, while the shallower updrafts penetrated into the region of the mesoscale anvil,
The relative numbers of cumulus updrafts of characteristic vertical velocities comprising the parameterized
ensemble corresponded well with available observations. However, the large-scale heating produced by the
ensemble without mesoscale circulations was concentrated at lower heights than observed or was characterized
by excessive peak magnitudes. Also, an unobserved large-scale source of water vapor was produced in the middie
troposphere. When the parameterization for mesoscale effects was added, the large-scale thermal and moisture
forcing predicted by the parameterization agreed well with observations for both cases.

The significance of mesoscale processes, some of which may depend in part on radiative forcing, suggests
that future cumulus parameterization development will need to treat some radiative processes. Further, the
long time scale of the mesoscale processes relative to that of the cumulus cells indicates a possible requirement
for carrying some characteristics of the convective system in time as cumulus parameterizations are incorporated
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in large-scale models whose resolutions remain too large to capture explicitly the mesoscale processes.

1. Introduction

Parameterizing the effects of cumulus convection on
the larger-scale flows in which it is embedded remains
among the key unresolved challenges to modeling the
atmospheric general circulation for climate simulation
and numerical weather prediction. Cumulus convec-
tion forces large-scale flows by generating and trans-
porting heat, moisture, and momentum. Its roles in
transporting chemical tracers and possibly in providing
reaction vessels for them are only on the verge of quan-
titative understanding.

Cumulus parameterizations have developed around
several hypotheses relating the aggregate characteristics
of a cumulus ensemble to its large-scale environment.
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Such hypotheses include 1) linkage between moisture
convergence and the intensity of convection and 2)
equilibria manifested either in temperature and mois-
ture profiles or in the rates at which convective stabi-
lization balances large-scale destabilization. Parame-
terizations using moisture convergence as a key indi-
cator of the intensity of convection were introduced
by Kuo (1965). Adjustment to an equilibrium ther-
modynamic profile is a key characteristic of the pa-
rameterizations of Manabe et al. (1965) and Betts
(1986), while the parameterizations of Arakawa and
Schubert (1974) and Fritsch and Chappell (1980) de-
pend on hypotheses governing the release and gener-
ation of buoyant cumulus energy. Although these hy-
potheses differ considerably in technique, some com-
mon threads link their underlying physical concepts.
For example, the rate of low-level convergence (and,
thereby, moisture convergence ) will often be a signif-
icant term contributing to the rate of large-scale desta-
bilization. Thus, Kuo parameterizations embody some
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elements of the equilibria associated with other cu-
mulus parameterizations.

As noted above, some cumulus parameterizations
simply adjust temperature or moisture profiles to ac-
count for the effects of convection. Parameterizations
that attempt to represent the physical processes asso-
ciated with convection more explicitly require simple
cumulus models. Generally, the properties of the mod-
eled cumuli that are important for the parameterization
depend on the large-scale flow in which the clouds
form. Early cumulus parameterizations conceptualized
the convective ensemble as consisting of updrafts, pos-
sibly all identical for a given large-scale flow (e.g.,
Anthes 1977) or possibly varying in important char-
acteristics (e.g., Arakawa and Schubert 1974). More
recent work has emphasized that other processes as-
sociated with convection modify significantly the basic
interaction between updrafts and the large scale.
Among these processes are convective-scale downdrafts
(Johnson 1976; Cheng 1989) and mesoscale updrafts
and downdrafts (Leary and Houze 1980; Johnson and
Young 1983; Cheng and Yanai 1989). Convective-
scale downdrafts have recently been included in cu-
mulus parameterizations (Tiedtke 1989) for general
circulation models (GCMs). Fritsch and Chappell
(1980) included convective-scale downdrafts in their
cumulus parameterization for mesoscale models, and
Molinari and Corsetti (1985) developed a parameter-
ization in which the effects of both mesoscale and con-
vective-scale downdrafts were represented.

There are two primary purposes for this paper: 1)
to present a parameterization for the interactions be-
tween cumulus updrafts and their large-scale flows and
2) to present a method for parameterizing the modi-
fications to this basic interaction by mesoscale circu-
lations driven by convection. The parameterization
calculates distributions of both cumulus vertical mo-
mentum and cumulus mass flux explicitly, in contrast
to those parameterizations generally referred to as mass
Sflux parameterizations. Mass-flux parameterizations
(e.g., Arakawa and Schubert 1974; Tiedtke 1989) also
invoke a cloud (or cloud ensemble) model; these pa-
rameterizations calculate the cumulus mass flux but
not the vertical momentum budget. Evaluating the
impact of liquid water loading on cumulus mass flux
requires introducing the vertical momentum dynamics
of the cumulus elements, and even simple represen-
tations of cumulus microphysics depend partly on the
distribution of cumulus vertical momentum. There-
fore, treating jointly cumulus mass fluxes and cumulus
~ vertical momentum dynamics is useful for parameter-
izing the interaction between the cumulus updrafts and
the large-scale flow. Moreover, such an approach also
facilitates calculating mesoscale effects associated with
the basic cumulus updrafts, because knowledge of both
the vertical distribution of condensation and the mi-
crophysical properties provides the proportion of con-
densed water that actually precipitates directly from
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the cumulus cells. The remaining condensed water is
available to participate in such processes as evapora-
tively driven downdrafts or mesoscale anvil clouds,
which modify significantly the basic interaction be-
tween cumulus updrafts and the large-scale flow, as
noted before. Leary and Houze (1980) found that the
ratio of convective rainfall to convective condensation
was an important parameter in characterizing the me-
soscale effects of the convective systems they studied.
Their results will be used in conjunction with the water
budget of the cumulus updrafts in the parameterization
to develop a semi-empirical modification to represent
the effects of mesoscale circulations and convective
downdrafts. It appears likely that radiative forcing in-
volving the mesoscale anvil cloud is important to the
vertical structure of these mesoscale effects.

Section 2 of the paper describes the parameterization
for interactions between large-scale flows and cumulus
updrafts and the modifications produced by mesoscale
effects. Section 3 presents applications of the param-
eterization to composite soundings observed in the east
Atlantic during GATE (GARP [Global Atmospheric
Research Program] Atlantic Tropical Experiment) and
in the west Pacific at the Kwajalein, Eniwetok, and
Ponape (KEP) triangle. The vertical structures of forc-
ing by cumulus convection diagnosed from observa-
tions differed in the two regions. Concluding remarks
are presented in section 4.

2. Parameterization

The effects of cumulus convection on the large-scale
fields of potential temperature # and water vapor mix-
ing ratio ¢ are obtained by decomposing these fields
into large-scale and smaller-scale components and then
averaging the thermodynamic and moisture equations
over the large scale. In isobaric coordinates,
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Here @, denotes radiative heating, ¢, specific heat at
constant pressure, and = = (po/p )~/ %, where p, = 100
kPa, and R, is the gas constant for dry air. The sum-
mations represent phase transformations. The latent
heat of vaporization is given by L,;, while L; is the
latent heat of sublimation and L; is the latent heat of
fusion. For the reverse processes,

Ly=—-L,, Ls=—L3, L¢=—Ls.



15 MARCH 1993

The phase transformations (all expressed as positive
semidefinite quantities) include T, condensation; T,
evaporation; T3, deposition (from water vapor to ice);
T4, sublimation; Ts, freezing; and Ys, melting. The
horizontal velocity vector is v, and the vertical pressure
velocity is w. Cloud properties and those of their en-
vironment are denoted by asterisks and superscripts e,
respectively, while primes denote departures from the
large-scale average. The horizontal eddy fluxes will
subsequently be neglected, as discussed in Anthes
(1977). Equations (1) and (2) then show that large-
scale forcing by cumulus convection requires evalu-
ating ﬂuxes and phase transformations. Radiative ef-
fects, Q, ,-could be calculated once the optical prop-
erties of the convective system are established, but this
topic will not be considered here. In addition, radiative
forcing could play a role in the evolution of the con-
vective system itself, in which case radiative heating
might not be apparent as such on the large scale. Al-
lusion to a possible mechanism of this nature will ap-
pear in section 2b.

Equations similar to (1) and (2) could also be for-
mulated for horizontal momentum, potential vorticity,
and chemical tracers. Although not the subject of the
present paper, these interactions between convection
and large-scale flows are also likely to be important.

a. Cumulus updrafis

A formulation for the terms on the right sides of (1)
and (2) when cumulus updrafts interact with their
large-scale flow will be developed first. Modifications
associated with mesoscale anvil clouds and convective
downdrafts will be presented later. The parameteriza-
tion will emphasize deep convection.

Extending Kuo (1974) to multimodal cumulus en-
sembles, the vertical eddy transport of a property X is
given by

DONNER

891
. N
Wo'X'= 2 (X, (3)
i=1
where
* o, k!
—— a;w; X;
('X'); 1—a >

where g; is the fractional area occupied by cumulus
clouds of the ith subensemble. (1 — 4, is approximated
as 1.) The ensemble is comprised of N such subensem-
bles. Large-scale phase transformations due to cumulus
convection are given by

N
=3 a5, (4)

where T7; is the rate of the ith phase transformation
per unit mass in a cumulus updraft belonging to sub-
ensemble j.

Evaluating cumulus forcing of the large-scale flow
in (1) and (2) requires 7*; the cumulus temperature,
q*, w*, a; and the rates of phase transformations in
the cumulus updraft. [For notational clarity, the sub-
script { will now be dropped. This discussion applies
separately to each subensemble, with aggregation pro-
ceeding according to (3) and (4).] Except for a, all are
properties of the cumulus updraft. The product of w*
and a is proportional to the cumulus mass flux.

The following three simultaneous differential equa-
tions with initial conditions at cloud base provide T*,
w*, and a. Since g* is a function of T* through sat-
uration and the phase-transformation rates can be cal-
culated once g* and the vertical distribution of cumulus
mass flux are known, the parameterization is described

by
dT* Lg*\ g 1 d(p*aw*) - L _ el de*\™!
=—-\ T+ + T -T1T)+—(q* — l+—— ,
dz {( " R* )cpT* p*aw*  dz ( ) C @ = P dT*) )
d [ w*? gB
z\ "2 = 1+ a for the cloud gas constant, g for the gravity constant,
p for density, z for geometric height, ¢ for the ratio of
_ 1 d(p*aw*) ., 6 the molecular weights of water to dry air, e, for satu-
o*aw* dz w*s, (6) ratxon vapor pressure, w for geometric vertical velocity,
=(T¥ - T, )/T for buoyancy, « = 0.5 for the
1 d(p*aw*) ﬁ\/a( D5) v1rtua1 mass coefficient, @, for the mixing ratio of
— = . (7)  cloud liquid water, R for cloud radius, and p, for cloud-
praw*  dz R(py)Va

Equation (5) is modified as described in the following
if freezing of liquid water occurs. Notation introduced
in (5)-(7) includes: T, for virtual temperature,

woeafio i

base pressure. The latent heat L takes the value L, if

* > 258 K, and L; if T* < 258 K. The expression

on the left side of ( 7) defines an entrainment coefficient,
1 d(p*aw*)

p= , (8)

p*aw* dz

which is inversely proportional to R through 8. The
values for 3 are discussed later.



892

Note that (5)-(7) are coupled through the entrain-
ment coefficient, which, when expanded using the
chain rule, is a linear combination of d7T*/ dz, dw*/
dz, and da/dz, since p can be expressed in terms of
T, and p using the equation of state.

When T* falls to 258 K, freezing begins. The liquid
water freezes linearly until 7* reaches 248 K (cf.
Kreitzberg and Perkey 1976). Below 258 K, vapor is
deposited to ice instead of liquid. Since some of the
liquid at 258 K will fall out as precipitation while the
parcel is rising and cooling to 248 K, not all of the
liquid water at 258 K will actually freeze. The micro-
physical parameterization could be modified to take
account of the ice phase explicitly to treat this situation,
but instead, the simpler approach of not freezing a
fraction of the liquid water equal to the observed cloud-
average ratio of precipitation to condensation (0.48,
from Leary and Houze 1980) is used. The product of
the cumulus fractional area and the freezing rate in a
cumulus cloud of subensemble i then yields T¥ . Melt-
ing is discussed in the following.

The essential physics represented by Eq. (5), from
Kuo and Raymond (1980), is conservation of the adi-
abatic equivalent potential temperature of the mass of
cloud and entrained air as lifting, phase transforma-
tions, and lateral mixing occur. Equation (6) states
that the vertical momentum of the cloud is changed
by buoyancy (reduced by the virtual mass coefficient
to take account of nonhydrostatic effects), liquid load-
ing, and entrainment of low-momentum air from out-
side of the cloud (cf. Anthes 1977). The effects of en-
trainment on 7* and w* in (5) and (6) can be derived
by assuming adiabatic equivalent potential temperature
or vertical velocity (with zero vertical velocity for air
outside the cloud) mix conservatively during entrain-
ment. While this is reasonable for adiabatic equivalent
potential temperature, it is problematic for vertical ve-
locity owing to the presence of pressure gradient forces.
It is also unclear to what extent cloud entrainment
proceeds by lateral mixing. Nonetheless, (5) and (6)
provide a plausible and consistent, yet simple and one-
dimensional, representation of both the dynamics and
thermodynamics of cumulus clouds, which is still eco-
nomical enough for use in cumulus parameterization.
Equation (7) is simply the traditionally invoked inverse
relationship between entrainment and radius (e.g.,
Simpson and Wiggert 1969) for a given cumulus sub-
ensemble, in which the number of cumulus clouds does
not vary with height, enabling R(p) to be expressed in
terms of a(p), a(ps), and R(p,). Kreitzberg and Perkey
(1976) considered the interaction between a convective
cloud governed by dynamics and thermodynamics
similar to (5)-(7) and its large-scale environment.

At p,, T*, w*, a, and R must be specified as initial
values in order to solve the set (5)-(7). The vertical
velocity at cloud base is set at 0.5 m s~!; Simpson and
Wiggert (1969) quoted results showing one-dimen-
sional cloud models are not strongly sensitive to this
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choice. The cumulus fractional area at cloud base is
evaluated through a closure for the cumulus parame-
terization relating the large-scale flow to the cumulus
mass flux (p*aw*) at cloud base. As an example, in
the calculations presented in section 3, the parameter-
ization is closed using the observed precipitation rate;
this precipitation rate, in turn, implies a mass flux at
cloud base, through the microphysical parameteriza-
tion (discussed in the following). In fully prognostic
applications, the precipitation rate would be evaluated
by using a closure assumption; such closures are com-
ponents of cumulus parameterizations presently in use.
Here R(p,) is treated using the procedure described in
section 3a. The temperature at cloud base is evaluated
by lifting a parcel from p, to the lifting condensation
level (LCL).

In experiments with GATE data, it was found that
a parcel assigned a vertical velocity of 0.5 m s~ at the
LCL was unable to reach the level of free convection
(LFC), consistent with results presented by Thompson
etal. (1979), which showed that 7.83 J kg ™! would be
required for a parcel to reach the LFC. Although ver-
tical velocities at cloud base sufficient to overcome this
energy barrier are sometimes observed (Jorgensen and
LeMone 1989), the following procedure has been
adopted here. The parcel is lifted at the cloud-base ver-
tical velocity until it becomes buoyant; that is, (6) is
replaced by w* = w*(p,), while (5) and (7) still hold.
The physical basis for this approach is the presence of
mesoscale regions of intensified low-level convergence
(such as gust fronts) (Houze and Betts 1981), unre-
solved by the large scale, which can lift parcels to their
LFC. There is little theoretical basis for parameterizing
such mesoscale convergence as a function of the large-
scale flow at present; in a prognostic application, a limit
would be imposed on the height of the LFC, along with
the other criteria for the occurrence of deep cumulus
convection. [ Thompson et al. (1979) provide an ob-
servational basis for doing so0.]

A simple treatment of ¢ gkloud microphysics is used to
evaluate Q,,, T, , and T3 . As summarized in Anthes
(1977) and Kuo and Raymond (1980), cloud con-
densed water, Q,,, consists of cloud water, Q.,, and
rainwater, Q,,. As a cloud parcel is displaced a distance
Az, cloud water increases by condensation or deposi-
tion (depending on whether the temperature is above
or below 258 K), (AQ.«)cond, and decreases by auto-
conversion of cloud water to rainwater, (AQ . )auto, and
by collection of cloud water by rainwater, (AQ.. )con-
The latter two processes increase rainwater ; rainwater
is decreased by fallout (AQ,, )ran:

AQeuw = (AQcw)cond — (AQcw)auto — (AQcw)coli>
AQyw = (AQcw)auo + (AQ:w)con — (AQny)pan-

Simple parametric expressions are provided in the cited

references fOl' (Ach)autoy (Ach)coll, and (AQrw)fall;
(AQ.w)eona €an be calculated by assuming the cloud

(9)
(10)
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mixing ratio to be at its saturation value, with modi-
fications to account for entrainment of environmental
air. Several of the terms in (9) and (10) depend on
w*; the possibility of treating microphysics with this
dependency is a key motivation for using (6) in the
parameterization, instead of treating mass fluxes only.

The rate of condensation 1T (or deposition T ) as-
sociated with §‘9) is given by (AQ.w)eongW™/ Az. The
integral [,* T, dp (or [}* T, dp) measures the large-
scale conversion of water vapor to condensate, and its
product with the ratio

M
§ (AQ) fan,i

( Ach ) cond,i

iMzly

yields precipitation at the ground. ( The number of ver-
tical displacements Az is M.) Unless liquid water is
carried prognostically across time step in the large-scale
model with which the parameterization is used, surface
precipitation represents the net heating of the column
due to cumulus convection. The difference between
f (T + 73%)dp and the vapor removal by surface
precipitation yields I "(’I‘z + 7, )dp. This evaporated
(or sublimated) water could become involved in the
formation of mesoscale anvil clouds before ultimately
becoming water vapor. In order to parameterize cu-
mulus towers in the absence of mesoscale eifects as-
sumptlons about the vertical distributions of Tz and
T4 are required. For example, Arakawa and Schubert
(1974) assumed that all evaporation for a cumulus ele-
ment of given entrainment coefficient occurred at the
level at which liquid water was detrained, that is, at
the cloud top. In order to facilitate comparison of the
parametenzatlon with earlier cumulus parametenza-
tions, Tz will be taken as proportional to T, , with
sublimation and deposition behaving analogously. This
assumption, which will be used to calculate forcing by
cumulus ensembiles for cases in which mesoscale effects
are not included, results in a “‘net condensation™ whose
vertical distribution is determined by the distribution
of cumulus latent heat release, as in Kuo (1974),
Anthes (1977), Donner et al. (1982), and Donner
(1986). Although implicitly adopted in these earlier
studies, this assumption is physically problematic.
(There is no reason to expect the processes governing
evaporation to have the same vertical distribution as
those for condensation.) However, since observational
studies suggest that around 40% of the precipitation in
tropical convective systems is actually due to mesoscale
anvil clouds and not the convective updrafts themselves
(Leary and Houze 1980), a more important issue cen-
ters around the means by which the associated meso-
scale effects are treated. Such a treatment will be pre-

sented in section 2b, and this assumptlon on the vertical
distributions of Tz* and T4 will then no longer be
required.
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Fmally, in the absence of mesoscale eﬂ"ects
) T, dp is taken to be I (5" + 15" — T2 )dp.
Between Py and the pressure at which the cloud tem-
perature reaches 273 K, T6 is distributed uniformly.
In the presence of mesoscale circulations, melting, like
evaporation, will be treated differently.

b. Circulations outside cumulus updrafts

As noted before, a significant portion of the precip-
itation associated with convective systems is from me-
soscale anvil clouds associated with the cumulus towers.
The mechanisms that determine the precise nature of
the mesoscale effects are quite complex and probably
involve both dynamical and radiative processes. The
view adopted here is that the mesoscale anvil clouds
are largely driven by the cumulus updrafts, which sup-
ply water vapor and condensed water for them. A pa-
rameterization for mesoscale effects is presented, which
is tied to the properties of the cumulus updrafts pa-
rameterized in the preceding subsection. Due to the
complexity of the mesoscale effects, a semi-empirical
approach is adopted, largely following Leary and Houze
(1980), who diagnosed the moisture budget of a trop-
ical convective system by relating precipitation in con-
vective towers to other components of the convective
moisture budget. Some components of this budget can
be deduced directly from the parameterization for the
cumulus updrafts, while others are taken from Leary
and Houze (1980). Very little information is available
on the vertical distribution of the various components
of the moisture budget, and the parameterization of
mesoscale effects was found to exhibit some sensitivity
to choices thereof. This parameterization of mesoscale
effects is intended to be only a rudimentary represen-
tation and should ideally be replaced by a more phys-
ically based approach as further knowledge is gained.

In Leary and Houze (1980), the water budget of a
convective system consists of condensation in convec-
tive updrafts C,,, precipitation from convective updrafts
R., evaporation of condensate from convective updrafts
E,,, evaporation in convective downdrafts £, precip-
itation from mesoscale updrafts R,,, condensation in
mesoscale updrafts C,,,, evaporation of condensate
from mesoscale updrafts E,;,., and evaporation in me-
soscale downdrafts E,,;. In addition, a transfer of liquid
water C, from the convective updrafts to the mesoscale
anvils occurs. (To be definite, these quantities will all
be defined as positive semidefinite.) Based on empirical
study, Leary and Houze (1980) provide coeflicients
relating these quantities. The procedure by which their
analysis is combined with the parameterization follows.

1) EVAPORATION AND SUBLIMATION ASSOCIATED
WITH CONVECTIVE UPDRAFTS AND
DOWNDRAFTS

From the parameterization for cumulus updrafts
in section 2a, C, can be obtained directly (2’ (r,*
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+ T3*)dp). The parameterization also yields R, di-
rectly, so Leary and Houze’s (1980) coeflicient relat-
ing these quantities need not be used. Since the sum
R, + fgg (Eq + E.)dp + C,4 must yield C,, the ra-
tio of [ f {,’g (E+ E)dp + C4]to Cyis also determined
by the parameterization for cumulus towers. The ratios
of E., E.4, and C, among themselves follow Leary and
Houze (1980).

Leary and Houze (1980) did not deal with the ice
phase, but it is allowed for in the parameterization.
The phase change represented by E., is sublimation if
freezing occurs in the associated cumulus updraft; oth-
erwise, it is evaporation. Evaporation is always assumed
for E.;. However, a vertically integrated balance must
hold between all processes generating ice and all pro-
cesses generating either liquid or water vapor from ice.
These will be treated later and allow for the presence
of melting in the region of the mesoscale downdraft.

A uniform vertical distribution is assumed for E,.
in a thin layer near the top of the corresponding cu-
mulus updraft (p, < p < p, + 5 kPa, where p,, = p,
— 1 kPa). (The cloud model has a resolution of 1 kPa.
Since substantial flux convergences can occur in the
thin layer just above p,, which is the last level at which
w* is nonzero, p, will appear with some frequency in
the parameterizations now under discussion.) For E,,,
the vertical distribution is uniform between p,, and p,.
As noted above, little information is available at present
on the vertical distribution of most of the processes
discussed in this section; as a consequence, simple dis-
tributions, which produce reasonable agreement with
observed forcing by cumulus ensembles, have been as-
sumed. No attempt to optimize these choices formally
with respect to observations has been made; rather,
future study should focus on the physical mechanisms
responsible for these vertical distributions.

Evaporation and sublimation in convective updrafts
and downdrafts can be treated individually for each
subensemble in a multimodal ensemble, but the trans-
fer of condensed water (C,4) to the mesoscale anvil is
summed over the ensemble.

The remaining processes involve primarily the me-
soscale circulation and its interaction with the ensemble
of cumulus elements.

2) WATER VAPOR REDISTRIBUTION BY
MESOSCALE UPDRAFTS

It is evident that the mesoscale updrafts that occur
in mesoscale anvils can advect water vapor. Further,
results presented in section 3 will show that the param-
eterization predicts that convective updrafts can pro-
vide large sources of water vapor in the cloud-top re-
gion. As this water vapor is advected upward, it can
change phase and contribute to latent heat release in
the mesoscale updraft. Water vapor redistribution by
-advection in mesoscale updrafts will be treated as the
sum of two processes, for simplicity. The first, which
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is treated in this subsection, is the redistribution of wa-
ter vapor supplied by the cumulus updrafts only. Ad-
vection of water vapor present in the environment of
the cumulus updrafts but not supplied by the updrafts
is considered in the next subsection.

The source of water vapor provided by the convec-
tive updrafts is denoted by O}, and is given by

0, if Qm<0
Omr = . (1)
me’ if me> Oa
where
. . aﬁ
Qu=-T," ~ 1" - 2L (12)

ap

The base of the mesoscale updraft occurs at the pressure
P-m Where the least penetrative cumulus cloud in an
ensemble begins to supply water vapor to the large-
scale flow, that is, where Q7 becomes nonzero. The
top of the mesoscale updraft occurs at p,,,,, where

Dam = P’ — 30 kPa. (13)

The superscript (d) refers to the most penetrative cu-
mulus subensemble. (In cases of very deeply penetra-
tive cumulus cells, p,., is restricted to 10 kPa, unless
pi® < 10 kPa, in which case p,,, = p$® — 1 kPa.) The
water vapor source (), at pressure p contributes
o" Quy(t)dt to the vertically averaged water vapor
mixing ratio in the stratiform region over its lifetime
7. This water vapor is distributed uniformly in a
region between p and p + [;™ wmdt. The integral
f o wndt is taken to be 30 kPa, except in cases where
this would spread water vapor to pressures less than
D In these cases, the integral is reduced so that water
vapor is redistributed only to pressures greater than
P-m. The large-scale water vapor mixing ratio is aug-
mented by g¢;(p) when the contributions from
Qs p) for pressures from p,,,, to p.,, are summed. The
value of 18 hours chosen for 7,, as a typical lifetime
for a mesoscale circulation follows Leary and Houze
(1980). _
This formulation spreads the water vapor originating
in a subensemble of cumulus towers over about 30
kPa. For the sample applications discussed in section
3, this corresponds to mesoscale vertical velocities in
the lower ranges quoted by Leary and Houze (1980)
(between 0.1 and 0.2 m s™'). Ackerman et al. (1988)
estimated that a mesoscale vertical velocity around 0.03
m s~! would enable local adiabatic cooling associated
with mesoscale ascent to compensate radiative heating
of a mesoscale anvil higher and colder than those in
section 3 [anvil tops ~ 17 km at ~195 K in Ackerman
et al. (1988); anvil tops ~10~11 km at ~230 K in
section 3]. The tentative vertical velocities used here
are thus greater than those required for local, mesoscale
compensation of radiative heating. The vertical vari-
ation of anvil radiative heating could lead to larger
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vertical velocities than required to compensate the
mean radiative heating of the anvil. Ackerman et al.’s
(1988) radiative heating rates are much greater in lower
regions of the anvil; the resulting localized instability
in the anvil could account for the larger vertical veloc-
ities. Thus, it seems at least possible that the dynamics
of the mesoscale circulation are partially driven by the
intense radiative forcing experienced by the stratiform
anvil.

The large-scale water vapor tendency associated with
the redistribution of water vapor having cumulus cells
as it source is

a(p)

mf-

Tm

The redistributed water vapor g; accumulates in the
mesoscale region, whose fractional area is denoted as
am. Future study should focus on means for calculating
a,, based on cumulonimbus outflow dynamics, but in
the present application, Leary and Houze’s (1980) re-
sult is used:

N
am =152 ai(p)-

i=1

(14)

(The summation is over N subensembles.) The redis-
tributed water-vapor mixing ratio in the mesoscale an-
vil is then ¢,/a,,, which may exceed saturation and
thereby change phase. This process is discussed in the
next subsection.

3) DEPOSITION IN MESOSCALE UPDRAFTS

The mesoscale anvils are assumed to consist of ice,
which is furnished by deposition from water vapor and
by transfer C, from the cumulus updrafts. The first
source of deposited ice is provided by the redistribution
of water vapor provided by cumulus updrafts, described
in the preceding subsection. The rate of ice deposition
by this process is

a1(p)  4[T»(p)]

AmTm Tm

where g, denotes saturation mixing ratio and 7, refers
to the temperature in the mesoscale updraft [1 K above
T, following Leary and Houze (1980)]. The preceding
process deals only with water vapor supplied by the
cumulus updrafts; additional deposition occurs as large-
scale water vapor in the mesoscale region surrounding
the updrafts is lifted by mesoscale ascent. This process
is parameterized in terms of the water vapor mixing
ratio at the base of the mesoscale region, which is con-
served as it undergoes mesoscale ascent until deposition
begins, when

Ty + 12 _
a

2a,, 4l TH(p)].
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Deposition then proceeds at a rate

aq;s
Wy .
ap

(The factor of 2 averages the water vapor from the
cumulus updrafts over 7,,.) The vertical distribution
of the mesoscale vertical velocity is assumed to be par-
abolic in form between p,,, and p,., and satisfies the
integral constraint discussed after (13).

Then C,,, is estimated as the sum of these two pro-
cesses: 1) water vapor supplied to the mesoscale en-
vironment by the cumulus updrafts, which changes
phase as it is lifted in the mesoscale anvil circulation
and 2) water vapor in the mesoscale environment of
the cumulus updrafts, which changes phase as the me-
soscale anvil cloud of fractional area a,, is lifted at ver-
tical pressure velocity w,,.

4) SUBLIMATION IN MESOSCALE UPDRAFTS

The mechanisms that produce condensate in the
mesoscale anvil, f 1‘,’:{’:‘" Cpdp and Cy4, can thus be cal-
culated as described in the preceding two subsections
and from the moisture budget of the cumulus updrafts,
respectively. The sum of the rates at which condensate
is provided to the mesoscale circulation by these two
mechanisms must, over 7,,, be balanced by [ (Ene
+ Eng)dp + R,,. The ratios of R,,, fg’* E,..dp, and
f{;‘ E,.dp to f{," C,udp + C, are those of Leary and
Houze (1980). However, since the latter is calculated
directly, it is not necessary to impose a universal ratio
between convective and mesoscale precipitation using
Leary and Houze’s (1980) ratio for R,, to R,; rather,
the relative role of mesoscale and convective processes
can vary with the large-scale flow.

A uniform vertical distribution between p,,, and p.,,
is assumed for E,,,,.

5) SUBLIMATION IN MESOSCALE DOWNDRAFTS

Sublimation in mesoscale downdrafts, E,,.4, is a rel-
atively large component of the water budget of the me-
soscale circulations associated with deep convection
(Leary and Houze 1980). Rather than simply distribute
E,,; uniformly beneath the mesoscale anvil, a linear
distribution decreasing with increasing pressure from
D.m 18 used:

0, if
Evna(p) = z( fo . E,,,ddp)(pg — )

(pg - pzm)2

D < Pzm

, if p=py,
(15)

The procedure for calculating fg" E,..dp is indicated
in subsection 2b4. Since the mesoscale anvil is assumed
to consist of ice, sublimation, rather than evaporation,
occurs in the mesoscale downdraft.
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6) MELTING AND FREEZING

Melting and freezing in an ensemble of cumulus up-
drafts without mesoscale structure was described in
subsection 2a. Here a parameterization for melting and
freezing in the presence of mesoscale circulations is
presented. The calculations presented in section 3 show
that the large-scale temperature tendencies produced
directly by melting and freezing are small in magnitude;
the chief effect of the ice phase is to add buoyancy to
the relatively small volume occupied by cumulus up-
drafts at appropriate temperatures. This added buoy-
ancy can change the structure of the cumulus ensemble
enough to change significantly cumulus forcing of the
large-scale flow as represented in (1) and (2). Thus,
treatments of the vertical distributions of the large-scale
effects of melting and freezing are crude here, but nec-
essary balances between processes forming ice and re-
moving ice are maintained.

Recalling that the anvil is treated as ice, condensate
transferred thereto from the cumulus updrafts must
either leave the updrafts as ice or freeze during transfer.
In addition, as noted in subsection 2bl, E,. proceeds
by sublimation if 7*(p,) < 258 K. Enough freezing
must occur to provide this ice; the quantity of ice pro-
duced by the process described in subsection 2a can
be either excessive or inadequate. For each subensem-
ble individually, additional freezing or melting occurs
to ensure this balance as follows.

If the sum of the vertical integral of freezing in the
cumulus updraft g [ ;” T3 .udp and the vertical in-
tegral of deposition in the cumulus updraft is less than
Cy [or Cq +g7" [of E.dp, if T*(p) < 258 K1,

additional freezing, T%,,, occurs:

Pg
g“'f Y5,.dp=C, if T*p)>258K.
0

Otherwise,
Pg

:CA'+'g_l b (E_ce_ng_T;cell)dp~ (16)

A uniform vertical distribution between p.., and p.,,
is used for T3 ,,; note that since this procedure is ap-
plied to each subensemble individually, each suben-
semble will have characteristic values of p.,, and p,,.,
unlike the case discussed in preceding subsections. Ag-
gregate effects for the ensemble are obtained by sum-
ming the effects of the individual subensembles. The
total freezing rate is

T;* = T;cell + Tg‘,m- (17)

If g7 [ ;b (T5cen + T3)dp is greater than C,
+ fgg E..dp, then melting occurs to ensure ice balance.
The melting process discussed in subsection 2a in the

absence of mesoscale effects is discarded and replaced
by
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Py
g A T¢dp

Dy
:g_lj;) (T;CCII+T§ ~_E‘_(.'e)dp_C’A- (18)

This melting is distributed uniformly between p, and
the pressure at which T = 273 K.

Since mesoscale precipitation R,, reaches the surface
as liquid in the cases treated in this paper, while orig-
inating as ice in the anvil, vertically integrated melting
of magnitude R,, occurs, distributed uniformly between
D and the pressure at which 7 = 273 K. In situations
where (16) holds, the melting of R,, is the only con-
tributor to T§; when (18) holds, the melting of R,,
supplements that given by (18).

7) MESOSCALE EDDY FLUXES OF ENTROPY AND
WATER VAPOR

The dynamics of the mesoscale circulations asso-
ciated with deep convection are complex, as are the
associated mesoscale fluxes of entropy and water vapor.
As in treating the phase changes associated with these
mesoscale circulations in the previous subsections, a
semi-empirical approach is adopted. In general, me-
soscale fluxes are calculated using (3), replacing a; by
a,,, where a,, is calculated using ( 14). The procedures
for calculating the other terms in (3) are as follows.

Entropy and water vapor fluxes in mesoscale up-
drafts. In the region between p.,, and p.,, (with ref-
erence to the complete cumulus ensemble, cf. section
2b2), the entropy and water vapor fluxes are calculated
using the assumptions on 7, ¢, and w, given in
subsections 2b2 and 2b3.

Entropy and water vapor fluxes in mesoscale down-
drafts. The magnitude of the vertical velocity w,, in the
mesoscale downdraft is constant (in units of pressure
vertical velocity) between p,,; and p;, where

Pma = D.m + 20 kPa. (19)
Its magnitude is half of the maximum magnitude of
w,, between p.,, and p.,,. (No mesoscale vertical mo-
tion is assumed between p,,gand p.,,.) To calculate the
temperature and water vapor mixing ratio between p,,4
and p,,, the mesoscale eddy flux of moist static energy
is assumed to vary from zero at p,.,; to a value equal
to its minimum (w2’ )min in the mesoscale updraft. To
take rough account of the eddy fluxes associated with
convective downdrafts, the total eddy flux is increased
by 30% over the flux due to mesoscale motions.

[ These assumptions are based on Leary and Houze
(1980), especially their Fig. 7¢.] Using

hon = (T = T) + Li(gm — 9), (20)
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T,, and g,, in the mesoscale downdraft can be calcu-
lated:

Tm _ T — [(p - pmd)(m)min
(py — pmd)amwm

*Ll[rqs(T)—tﬂ}

dq,(T)

X [c,, +rL, aT

-1
] , (21)

m = 1q5(T ). (22)

The relative humidity r in the mesoscale downdraft
varies linearly in p from 100% at p,,.; to 70% at p;, (cf.
Table 3 in Leary and Houze 1980). The Clausius—
Clapeyron equation is used to evaluate dg,/d7. Equa-
tion (20) is obtained by expanding ¢,(7},) in a Taylor
series about 7', which enables £}, in (19) to be expressed
as a function of T, — T only.

These profiles of mesoscale vertical velocity and me-
soscale eddy flux of moist static energy imply that the
corresponding fluxes of entropy and water vapor are
nonzero at both p,,; and p,. These fluxes at p, are ap-
plied to the planetary boundary layer (p, < p < p,),
which is assumed to be well mixed, and these fluxes at
Dma are applied to the region p,,, < p < Pa-

These preliminary solutions should be revised as
more detailed knowledge of relevant physical processes
develops. The formulation for mesoscale effects here
is consistent with a conceptual sequence in which con-
vective towers supply condensate and water vapor to
provide an incipient mesoscale anvil. The mesoscale
anvil further develops, at least partially in response to
radiative heating, which triggers mesoscale ascent and
additional condensation. Although physically consis-
tent, this sequence introduces a problematic element
in the practical issue of parameterization. Large-scale
models in which cumulus parameterization is used
have time steps far shorter than a day. The presence
of mesoscale features, which still remain spatially
subgrid, evidently requires that information regarding
the point that a convective system has reached during
its life cycle be carried in time as the large-scale model
is integrated, that is, that cumulus parameterizations
develop a “memory.” Lacking this, an instantaneous
parameterization can attempt only to represent the av-
erage behavior of the mesoscale effects over their life-
time; this approach has been adopted here.

3. Applications

The parameterizations developed in section 2 are
applied in this section to meéan trough profiles from
GATE and KEP. Both of these thermodynamic profiles
represent tropical maritime conditions characterized
by deep convection. Large-scale forcing by convection
differed appreciably between GATE and KEP, with
maximum heating occurring around 60 kPa for GATE
and around 45 kPa for KEP (Thompson et al. 1979).
Since much of the convection important for climate
occurs in the tropics, the ability of the parameterization
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to capture this variability between different large-scale
settings in the tropics is important.

Observed thermodynamic data and diagnosed forc-
ing for GATE and KEP are discussed in Thompson et
al. (1979) and Reed and Recker (1971), respectively.
Reed and Recker (1971 ) do not provide a surface sen-
sible heat flux; this value was estimated here by using
Reed and Recker’s (1971) surface moisture flux and
assuming the KEP Bowen ratio was identical to that
for GATE.

a. Cumulus ensemble

This section will focus on the vertical structure of
forcing associated with parameterized convective sys-
tems. Observed precipitation for the GATE and KEP
profiles mentioned above will be used to close the pa-
rameterization. In model applications, the precipitation
would need to be calculated using a parameterized clo-
sure. Use of observed precipitation permits an evalu-
ation of details of vertical structure without the addi-
tional complication and uncertainty arising from the
closure for the integrated intensity of the convective
system.

An ensemble of cumulus cells is selected as follows.
LeMone and Zipser (1980) presented distribution
functions for the vertical velocities and updraft di-
ameters of cumulus updraft cores observed during
GATE. Their distributions for the height range from
4300 to 8100 m were used to construct an ensemble
of clouds modeled using (5)-(7). The average vertical
velocities in the model clouds in the height range from
4300 to 8100 m were used for comparison in this pro-
cess. These vertical velocities are largely controlled by
the value of 8/R(p,) in (7). A value for 8/R(ps) of
0.183 X 1073 m™! is consistent with other cumulus
parameterizations (e.g., Anthes 1977) and observations
of GATE cumulus radii by LeMone and Zipser (1980).
For the GATE profiles, this value of 8/R(ps) in (6)
predicts an average vertical velocity in the specified
height range of about 2.8 m s™'. About 70% of the
observed GATE updraft cores were weaker. These
modeled cumulus updraft elements lost vertical mo-
mentum at 57 kPa. Since the cumulus parameteriza-
tion is intended for deep convection, these updrafts
were selected as the least penetrative members of the
ensemble.

The relative numbers of other, more penetrative
members of the ensemble were then constructed. Val-
ues of 8/ R(p,) were selected to produce cumulus ele-
ments whose vertical momentum vanished in succes-
sively higher vertical layers. (The resolution of these
vertical layers was defined by the heights at which ob-
servations were available.) This process was continued
until an element was constructed whose vertical ve-
locity was sufficiently high that the cumulative fre-
quency of weaker updraft cores reached 99%, based on
LeMone and Zipser’s (1980) observations. An addi-
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tional, final member of the ensemble was selected so
that its vertical momentum vanished around 20 kPa,
near the observed maximum -extent of penetration.
Figure 1 illustrates the cumulative distribution func-
tions of vertical velocity for both the modeled and ob-
served ensembles. Liquid water contents ranged from
2.0 to 5.3 gkg™! for the GATE ensemble, with the
weakest members having the lowest contents. The KEP
range was 2.4 to 6.2 gkg™!. For updrafts studied in
the Taiwan Area Mesoscale Experiment, which were
characterized by vertical velocities similar to those in
GATE, Jorgensen and LeMone (1989) reported max-
imum . cloud liquid water contents around 0.5-1.0
g kg~!, somewhat lower than those calculated for the
most frequent members of the ensemble and consid-
erably lower than those obtained for its strongest
members. ' ‘
Each member of the ensemble is governed by (5)-
(7), and each subensemble requires an initial condition
for a at p,. (The initial conditions on temperature and
vertical velocity are the same for all subensembles and
were chosen as indicated in subsection 2a.) The relative
fractional areas are calculated from

a _mR}

a; mR}’ _
where n;/n; is known by virtue of the procedure de-
scribed in the preceding paragraph to construct the en-
semble. The values for R;/R; are chosen such that the
cumulative frequencies for n;/n; and R;/R; are the
same for a given subensemble. Although Zipser and
LeMone (1980) noted that the correlation between
vertical velocity and radius was not particularly strong,
this assumption is at least reasonably plausible physi-
cally. Finally, the actual values for the fractional areas
at cloud base are obtained by requiring that the entire
ensemble yield observed precipitation (when combined

(23)
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with precipitation from circulations outside of the cu-
mulus updrafts). In prognostic applications, the relative
mass fluxes could be required to sum to parameterized
precipitation.

It may be noted that the right-hand side of (7) de-
pends on Va. Thus, changes in the cumulus vertical
velocity profiles occur for a specified value of 3/ R(p;)
as a(p,) changes. However, these changes are quite
small over the ranges of a(p;) encountered in these
experiments ( ~0.02 m s™!). This slight degree of non-
uniqueness in the procedure could be eliminated by
assuming the fractional rate of entrainment to be con-
stant, rather than inversely proportional to cumulus
radius.

Figure 2a shows the mass fluxes associated with some
members of the ensemble for the GATE case. The ab-
sence of an observed frequency distribution for the KEP
vertical velocities necessitated an arbitrary assumption
to construct an ensemble for that case. The cumulative
frequency for the KEP ‘case where 8/ R(p;) takes the
value 0.183 X 1073 m™! was chosen to be identical to
the corresponding frequency for GATE. The resulting
ratio of GATE vertical velocity to KEP vertical velocity
was then assumed to hold for all other cumulative fre-
quencies of the KEP ensemble. Figure | shows the cu-
mulative frequency distribution for the KEP ensemble,
and Fig. 2b illustrates the mass fluxes associated with
some members of that ensemble.

For GATE and KEP, the maximum vertical veloc-
ities associated with most penetrative subensembles are
about 10.3 ms~! and 14.8 ms™', respectively. Al-
though the GATE value is somewhat larger than the
maximum average vertical velocities observed for up-
draft cores by LeMone and Zipser (1980), it agrees
well with their highest maximum 1-s vertical velocities,
and thus does not seem to be unreasonable, given its
application to only 1% of the ensemble.

VERTICAL-VELOCITY SPECTRA

(Entire Ensemble) —»
*
101 ::
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~
E T : 7
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* KEP Ensemble
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1 ) N | 1 | ] ] | | ]
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FiG. 1. Cumulative distributions for vertical velocity. Observations
from LeMone and Zipser (1980). Strong cases described in text.
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a. GATE Mass Fluxes b. KEP Mass Fluxes
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FIG. 2. Cumulus mass fluxes associated with selected subensembles for (a) GATE and (b) KEP. The curves are associated
with ranges defined by the cumulative frequency of cumulus updrafts with weaker vertical velocities. “Ens” refers to the

full ensemble.

b. Large-scale forcing by cumulus updrafis

Figures 3 and 4 show parameterized forcing by some
members of the cumulus ensembles for GATE and
KEP. (For clarity, surface fluxes have not been included
in these figures, which show only the effects of the cu-

a. GATE Subensemble Thermal Forcing
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mulus updrafts.) Thermal forcing consists of heating
at nearly all heights, with the heating profiles attaining
greater maxima with sharper peaks for the members
of more limited penetration. Except for the most pen-
etrating subensemble, which dries throughout, the
moisture forcing consists of drying at low heights and

b. KEP Subensemble Thermal Forcing
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FIG. 3. Cumulus thermal forcing, ¢;' &, LY — #7306/ dp, by selected subensembles, denoted as in Fig. 2
for (a) GATE and (b) KEP. Surface fluxes are set to zero to isolate cumulus forcing.
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a. GATE Subensemble Moisture Forcing
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FIG. 4. As in Fig. 3 except for cumulus moisture forcing,

moistening near the level of zero vertical momentum.
This moistening is produced by convergence of cu-
mulus-induced eddy fluxes of water vapor.

Cumulus temperatures are cold enough for freezing
to occur in the convective updrafts in only the most
penetrative 1% and 6% of the ensemble members for
GATE and KEP, respectively. However, freezing is
quite important in determining the penetrative extent
of these elements. For example, the most penetrative
GATE subensemble would have reached only 32 kPa
without freezing, and would have reached only 28 kPa,
even with no entrainment. The effect of freezing on
the integrated intensity of the GATE ensembles is less
dramatic; without freezing, precipitation is reduced by
about 2% for GATE and about 4% for KEP.

The fractional areas occupied by the entire ensemble
of updrafts at cloud base is 0.028 for GATE [in good
agreement with a height-independent observational
estimate for GATE of 0.025 by Leary and Houze
(1980)] and 0.018 for KEP.

Figures 2-4 also illustrate that the most penetrative
members of the ensemble contribute to mass fluxes,
thermal forcing, and moisture forcing to a much larger
extent than would be suggested by their frequency of
occurrence; this is particularly evident with respect to
the deepest 1%.

¢. Circulations outside cumulus updrafis

Figure 5 shows the contributions to forcing by the
circulations outside cumulus updrafts. Comparison of
these figures with Figs. 3 and 4 shows that some of
these processes are of sufficiently large magnitude to
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b. KEP Subensemble Moisture Forcing
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modify significantly forcing produced by the cumulus
updrafts. Forcing associated with deposition in meso-
scale updrafts, sublimation in mesoscale downdrafts,
and mesoscale fluxes is large. (Thermal forcing asso-
ciated with mesoscale eddy fluxes of entropy, not il-
lustrated, has a vertical structure roughly like that for
the corresponding moisture fluxes. It ranges from about
—1 K day ™! in the planetary boundary layer to about
1 K day ! in the upper troposphere for both GATE
and KEP.) In the mesoscale updraft, the mesoscale
fluxes remove entropy and moisture from the lower
regions and add it to the upper regions. In the mesoscale
downdraft, above the planetary boundary layer, en-
tropy and moisture are added. However, when it
reaches the planetary boundary layer, the mesoscale
downdraft has become cooler and drier (with respect
to specific humidity) than the large-scale flow, and the
mesoscale downdraft acts to cool and dry the boundary
layer. The mesoscale downdrafts are important com-
ponents of the heat and moisture budgets in the
boundary layer. ‘

Averaged over the large scale, melting and freezing
(not shown) are modest. For both GATE and KEP,
the magnitude of the large-scale thermal forcing
associated with these processes does not exceed 1
K day~'.

d. Combined forcing by cumulus updrafis and

mesoscale circulations

Figures 6 and 7 demonstrate forcing due to the com-
bined effects of cumulus updrafts and the circulations
outside the cumulus updrafts. Given the simple vertical
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FIG. 5. Large-scale moisture tendencies associated with mesoscale processes for (a) GATE and (b) KEP.

distributions assumed for the latter, the overall agree-
ment is reasonable for both thermal and moisture forc-
ing. The calculations for an ensemble consisting only
of cumulus updrafts use cumulus-base mass fluxes that
yield the observed precipitation, with evaporation

o & GATE Ensemble Forcing
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treated as described in section 2a. In these cases, the
forcing illustrated is that which would be produced if
an ensemble consisting only of cumulus updrafts were
to produce the observed precipitation. Clearly, for
GATE, the thermal forcing produced by an ensemble

b. KEP Ensemble Forcing
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FIG. 6. Thermal forcing by cumulus ensembles for (a) GATE and (b) KEP. Cells: ensembie of cumulus updrafts only.
Meso: ensemble of cumulus updrafts and circulations outside updrafts. Diag: diagnosed from field observations. Strong:

monomodal ensemble, constructed as discussed in text.
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a. GATE Ensemble
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FIG. 7. As in Fig. 6 except for moisture forcing.

consisting only of updrafts produces a maximum in
thermal forcing in significant excess of that diagnosed.
In addition, for KEP, this maximum occurs at lower
altitudes than diagnosed. Thermal forcing in the middle
and upper troposphere is significantly less than diag-
nosed when only cumulus updrafts are considered.
Without mesoscale circulations, parameterized mois-
ture forcing exhibits excessive drying in the lower tro-
posphere and produces an unobserved source of water
vapor in the middle troposphere for both GATE
and KEP.

Also illustrated in Figs. 6 and 7 is the forcing pro-
duced by a monomodal distribution of cumulus up-
drafts only. The vertical velocities for these cases
(“strong™) are indicated in Fig. 1. These cases are il-
lustrated because they produce forcing in fair agree-
ment with diagnosed forcing. However, as Fig. 1 shows,
their vertical velocities are highly inconsistent with ob-
servations. Further, the liquid water contents associated
with the “strong” cases peak around 5.5 g kg ™!, well
above the limited observations reported by Jorgnesen
and LeMone (1989) for cumulus updrafts. Conse-
quently, any microphysical or radiative interactions
depending on vertical velocity would be problematic.
As examples, the maximum cloud fractional area for
the GATE strong case is 2.8%, while for the case in-
cluding GATE mesoscale effects it is 14%. The corre-
sponding figures for KEP are 1.6% and 16%. Thus, for
a cumulus parameterization to be useful in cloud-ra-
diative interaction studies, more than just the mass
fluxes must be considered. Satisfying constraints in-

volving vertical momentum eliminates some solutions
that are arguably reasonably acceptable (e.g., strong)
if only thermal and moisture forcing are of interest.
While differences remain between parameterized and
diagnosed forcing when mesoscale circulations are in-
cluded, these differences are much smaller than those
for the multimodal updrafts-only parameterization.
With mesoscale effects, these differences consist mainly
of inadequate parameterized thermal forcing in the
lower troposphere; for KEP, the magnitude of the
maximum is also overestimated. An underestimate in
the entropy-flux convergence associated with the me-
soscale and cumulus-scale downdrafts could be one
reason for weak thermal forcing in the lower tropo-
sphere; the treatment of these downdrafts presented in
section 2b is obviously preliminary and empirical in
character. Also, shallow cumulus convection has not
been treated, and the diagnosed forcing profiles are
certainly subject to some uncertainty, if only due to
the difficulty of estimating cloud radiative forcing,
which is required to isolate the thermal forcing illus-
trated in these figures from the observed apparent heat
source. [ The observed precipitation used to close the
parameterization for GATE was the value reported by
Thompson et al. (1979), which agrees within 0.1 mm
day ! of the value obtained by integrating the apparent
moisture sink after adding the surface moisture flux.
For KEP, the integral method was used to obtain the
observed precipitation; the resulting value is about 20%
greater than the precipitation reported by Reed and
Recker (1971). Further, the precipitation estimated
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by integrating the apparent heat source with corrections
for the surface heat flux and radiative cooling differs
from the moisture-integral method by about 10% for
GATE and 2% for KEP. These figures provide some
indication of the uncertainty inherent in the observa-
tions themselves.]

Note in Fig. 7 that the thermal forcing in the plan-
etary boundary layer agrees more closely with diagnosis
when mesoscale circulations are present. Cumulus up-
drafts alone are unable to remove much of the sensible
heat flux from the surface that converges in the bound-
ary layer and can even heat the boundary layer some-
what if updraft-base parcels are colder than their en-
vironment. For both GATE and KEP, the latter situ-
ation existed. When mesoscale circulations-are present,
the mesoscale and cumulus-scale downdrafts both act
to cool the boundary layer. Further, substantial pre-
cipitation is generated by the mesoscale circulation, so
the mass fluxes at the bases of the convective updrafts
required to produce the observed precipitation are less
than when updrafts only are considered. There is
therefore less heating of the boundary layer associated
with cool parcels rising at the LCL. On the other hand,
saturated cumulus-base parcels at the LCL remove wa-
ter vapor from the boundary layer. The smaller upward
mass fluxes at the LCL required when mesoscale effects
are parameterized therefore reduces the drying of the
planetary boundary layer and largely offsets (Fig. 7a)
or even overrides (Fig. 7b) the drying produced by
mesoscale downdrafts.

For GATE, the parameterized ratio of convective to
mesoscale precipitation is 77%. [Leary and Houze
(1980) estimated this ratio to be about 60%.] For KEP,
only about 68% of the total precipitation was convec-
tive; that is, mesoscale circulations were relatively more
important in the Pacific than in the east Atlantic. The
implications for the vertical structure of the thermal
forcing are significant. Diagnosed thermal forcing peaks
at pressures about 15 kPa lower for KEP than for
GATE (Fig. 6). As is evident from Fig. 6, a parame-
terized ensemble consisting only of cumulus updrafts
is unable to produce fully this observed distinction,
which is due in part to the larger relative role played
by mesoscale circulations in KEP. Since the heating
associated with the mesoscale circulations is strongly
peaked in the upper troposphere (Fig. 5), convective
systems in which mesoscale circulations are relatively
more important are characterized by thermal forcing
whose heating peaks at higher altitudes. The vertical
velocities in the KEP cumulus ensemble are greater
than those in the GATE ensemble, as is indicated by
Fig. 1. (This is a consequence of differing stabilities in
the large-scale soundings for GATE and KEP.) At
higher vertical velocities, the ratio of cumulus rainfall
to cumulus condensation is less, as a consequence of
the dependence of the cumulus microphysics on w*.
For the GATE ensembile, this ratio is 73%, while for
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KEP it is only 60%. ( Physically a cumulus parcel moves
more quickly through a given pressure interval at high
w*, and the microphysical processes required to form
rainwater have less time during which to act.) In KEP,
there is thus more liquid available for the mesoscale
anvil.

4. Discussion and concluding remarks

The parameterization developed and demonstrated
in the preceding sections recognizes that both mass
fluxes and vertical momentum dynamics are important
to parameterizing cumulus updrafts. It is also based
on the concept that to parameterize completely a con-
vective system the mesoscale circulations associated
with deep convection must also be considered. Knowl-
edge of vertical momentum dynamics permits the use
of more realistic microphysical formulations. The use
of more realistic cumulus microphysics is related to
the parameterization of mesoscale effects associated
with deep convection, since an important component
of the water budget for these mesoscale circulations is
provided by the condensate not precipitated from the
updrafts. The radiative properties of these mesoscale
circulations are important controls on climate. Thus,
there are compelling reasons to consider both mass
flux and vertical momentum when parameterizing cu-
mulus convection. In the context of the parameteriza-
tion, cumulus updrafts whose vertical velocities and
liquid water contents were realistic were unable by
themselves to produce large-scale forcing that agreed
with diagnoses; when mesoscale effects were added, the
parameterization agreed reasonably with observations.
However, some problems related to the parameteriza-
tion remain to be addressed and are discussed briefly.

The treatment of mesoscale effects in the parame-
terization must be regarded as an interim procedure.
In particular, the use of many empirical relationships
between various components of the water budget and
simple vertical distributions for the mesoscale processes
should be modified. Treating the vertical momentum
and microphysics of the cumulus updrafts provides a
foundation on which to do so, since the supplies of
liquid water and water vapor for the mesoscale anvil
clouds are provided. Future studies should focus on
quantitative aspects of the dynamics and the radiative
heating of the anvils and associated mesoscale ascent
and the characteristics of downdrafts driven by evap-
oration of condensate.

Related to the mesoscale effects associated with cu-
mulus convection is the clear emergence of a time scale
thereof that precludes the traditional linking of cumulus
parameterizations solely to the instantaneous atmo-
spheric state; that is, in the future, cumulus parame-
terizations will require a “memory”” that will carry in-
formation about the stage of the tower-anvil life cycle
across time steps. In such an approach, cumulus ther-
mal forcing during early portions of the life cycle would
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be more similar to that depicted for cells in Figs. 6 and
7, while later stages would evolve toward or even be-
yond the mesoscale cases in these figures. Diagnosed
and parameterized forcing were compared here as av-
erages over the lifetime of the convective system; in
reality, both probably vary from early stages dominated
by convective updrafts to later stages dominated by
mesoscale anvils. Indeed, Frank and McBride (1989)
diagnosed for GATE and the Australian Monsoon Ex-
periment that maximum cumulus thermal forcing
shifted upward as the system moved through its life
cycle in accordance with this rough scenario.

Since the scale of mesoscale stratiform systems as-
sociated with cumulus convection is about 100 km
(Leary and Houze 1980), very high resolution GCMs
may be able to simulate mesoscale effects explicitly,
once the parameterization for the cumulus updrafts is
used. The parameterization for the updrafts can supply
condensed water and water vapor, which could be acted
upon by radiative transfer processes functionally de-
pendent on liquid water content. The resulting radiative
heating could be partly balanced by vertical motion in
a manner consistent with the mesoscale mechanisms
hypothesized here.

It is noted again that the present study has empha-
sized vertical structure (at the expense of closures for
vertically integrated intensity ). In prognostic applica-
tions, a closure for the vertically integrated intensity
would be necessary. One possibility is the use of closures
based on moisture convergence. Other closures, which
have been used with mass-flux parameterizations,
would also be candidates; in particular, for issues re-
lated to the mass flux associated with spectrum of
clouds of differing entrainment, a well-established
framework is provided by Arakawa and Schubert
(1974). The merits and limitations of these closures
are discussed in Emanuel and Raymond (1992). A
major new issue associated with multimodal ensembles
revolves around the formulation of such concepts as
quasi-equilibrium of the cloud work function when a
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large fraction of cumulus forcing of the large-scale flow
is actually due to mesoscale processes rather than con-
vective cells.

In conclusion, this parameterization adds vertical
momentum dynamics to mass fluxes to provide liquid
water budgets for mesoscale anvil clouds, convective
downdrafts, and radiative effects. Mesoscale effects in-
troduce some difficult issues regarding time scales for
convective systems relative to time steps in large-scale
models and suggest that some problems in radiative
transfer will need to be treated simultaneously with
those of convection. The consideration of these effects
provides a consistent framework for further experi-
mental studies and parameterization development.
These studies will be crucial to further development of
GCMs. Adequate treatment of the mesoscale circula-
tions will enhance not only the capability to represent
vertical forcing distributions by convective systems but
also cloud-radiative interactions that play a crucial role
in climate.
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APPENDIX

Symbols and Units

Symbol Description Units
a cloud fractional area dimensionless
B buoyancy dimensionless
Cp specific heat at constant pressure Jkg ' K™
Cy condensate transfer from cumulus updrafts to mesoscale circulation kgm2s™!
Cr deposition in mesoscale updraft kg (water) kg™! s™!
vertical integral of condensation and deposition in cumulus
C. updrafts kg m~2s7!
e vapor pressure ‘ Pa
E, evaporation in cumulus downdrafts kg (water) kg™! s™!
E,. evaporation or sublimation from cumulus updrafts kg (water) kg™! s7!
Epa sublimation in mesoscale downdraft kg (water) kg™! s7!
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Symbol Description Units
E,. sublimation from mesoscale updraft kg (water) kg™! 57!
g gravity constant m s~
h moist static energy Jkg™!
L generic latent heat Jkg™!
L, latent heat of vaporization Jkg™!
L2 _Ll J kg_l
L, latent heat of sublimation Jkg™!
Ly —L3 J kg_'
L latent heat of fusion Jkg™!
L —Ls Jkg™!
n; number of cumulus elements in ith subensemble dimensionless
r pressure Pa
q vapor mixing ratio kg (water) kg™!
q mixing-ratio augmentation by cumulus updrafts kg (water) kg™
Qv cloud water mixing ratio kg (water) kg™!
Om liquid water mixing ratio kg (water) kg™
Qs intermediate quantity for calculating Q¢ kg (water) kg™
mf water vapor source from cumulus updrafts kg (water) kg™!
O rainwater mixing ratio kg (water) kg™!
0, radiative heating Jkg's™!
r relative humidity dimensionless
R radius for cumulus updraft m
R, precipitation from cumulus updrafts kg m2s7!
R, gas constant for dry air Jkg ' K!
R, precipitation from mesoscale updraft kg m2s!
R* cloud gas constant Jkeg' K™
t time ]
T temperature K
T, virtual temperature K
v horizontal wind vector ms™!
w vertical (geometric) velocity ms™!
z geometric height m
@ virtual mass coefficient dimensionless
8 proportionality constant for entrainment dimenstonless
0 potential temperature K
U entrainment coefficient m~!
p density kg m3
Tm lifetime for mesoscale circulation s
X generic property variable
€ ratio of molecular weights of water to dry air dimensionless
w vertical (pressure) velocity Pas™!
T, condensation rate kg (water) kg™! s7!
T, evaporation rate kg (water) kg™! 57!
T3 deposition rate kg (water) kg™! s™!
T4 sublimation rate kg (water) kg™ s™!
Ts freezing rate kg (water) kg™! s™!
Te melting rate kg (water) kg™! s7!
The following apply generally: ) refers to a departure from a large-scale av-
erage.
( ) refers to the ith subensemble. ( )* refers to a property or process in the con-
( ),; refersto the ith phase transformation for the vective system.

Jjth subensemble. C )k

refers to the base of the cumulus updrafts.
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( )¢ refers to a property or process in the cloud-
free area.

( ) refers to the ground.

( Im refers to a property or process in the meso-
scale circulation.

( )ma refersto the top of the mesoscale downdraft.

C )b refers to 100 kPa.

) refers to saturation.

( )X refers to the top of the cumulus updrafts.

¢ refers to the level 1 kPa above the top of the

cumulus updrafts.
refers to the base of the mesoscale updraft.
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