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ABSTRACT

A shallow-convection parameterization suitable for both marine and continental regimes is developed for use
in mesoscale models. The scheme is closely associated with boundary layer turbulence processes and can
transition to either a deep-convection scheme in conditionally unstable environments or to an explicit (resolved
scale) moisture scheme in moist stable environments. The shallow-convection mass-closure assumption uses a
hybrid formulation based on boundary layer turbulent kinetic energy (TKE) and convective available potential
energy (CAPE), while the convective trigger is primarily a function of boundary layer TKE. Secondary subgrid
clouds having nearly neutral buoyancy can form as shallow-convective updrafts detrain mass to their environment.
Called neutrally buoyant clouds (NBCs), these can be dissipated through lateral and vertical mixing, light
precipitation, ice-crystal settling, and cloud-top entrainment instability (CTEI).

The shallow-convection scheme is developed and demonstrated in a 1D version of the fifth-generation Penn-
sylvania State University–National Center for Atmospheric Research (PSU–NCAR) mesoscale model (MM5)
which includes a 1.5-order turbulence parameterization that predicts the TKE, an atmospheric radiation submodel,
and an explicit moisture submodel. The radiation calculation includes the feedback effects of the subgrid NBCs
predicted by the shallow-convection parameterization. Results from initial applications in both marine and
continental environments are consistent with the observed characteristics of the mesoscale thermodynamic struc-
tures and local cloud-field parameters. A subsequent paper (Part II) presents more complete verifications in
different environments and results of sensitivity experiments.

1. Introduction

Convective clouds are well known to be crucial com-
ponents of weather and climate. They not only transport
heat and moisture vertically in the atmosphere, but also
strongly affect solar and longwave radiation budgets
from local to global scales (Lilly 1968; Ackerman
1991). Because of their significance, most computer
models used for climate or numerical weather prediction
(NWP) include some representation of these clouds. In
particular, since convective clouds have characteristic
scales (;102–103 m) that are smaller than the well-
resolved scales of the aforementioned models, they gen-
erally are represented as subgrid-scale entities through
a parameterization.

Historically, most numerical research involving pa-
rameterizations of convective clouds has focused on
deep (precipitating) rather than shallow (mostly non-
precipitating) clouds. However, shallow convection can
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have significant impacts on the mesoscale, as well as
the larger scales. For example, by affecting the net ra-
diation characteristics of the atmosphere, shallow con-
vection can contribute to the development of mesoscale
circulations (Wetzel et al. 1996). By modifying the ther-
modynamic profiles in the environment, it can affect the
timing and location of deep convection initiation. More-
over, convective clouds can have strong influences on
air quality by venting boundary layer pollutants to high-
er levels, initiating aqueous chemical reactions that lead
to the formation of secondary aerosol, and by altering
the actinic radiation flux (McHenry et al. 1996). Thus,
realistic parameterizations of shallow convective clouds
can be crucial not only in climate and weather predic-
tion, but for air chemistry models as well.

Numerous approaches have been used to parameterize
the effects of shallow convection. For example, Lilly
(1968) described a mixed-layer cloud model used to
simulate a stratocumulus-topped marine boundary layer.
This approach has been widely used, especially in gen-
eral circulation models. However, the well-mixed as-
sumption limits its ability to represent the complexity
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and variety of shallow cloud systems. A two-layer mod-
el based on a mass flux approach was developed by
Betts (1973) to study nonprecipitating cumulus con-
vection. In that study, the convection-related processes
of latent heating, dilution, mixing, and entrainment were
investigated to predict the mean downward transfer of
sensible heat in the cumulus layer. This, and similar
models by Albrecht et al. (1979), Albrecht (1993), and
Wang (1993), helped lay the foundation for a better
quantitative understanding of the role of cumulus con-
vection in trade wind atmospheres, including the impact
of drizzle. However, although they represented the ther-
modynamic structure of the trade wind cloud-topped
boundary layer (CTBL) reasonably well, the simple ver-
tical structure of these models limited their adaptability
for a wider range of cloud environments.

At the other extreme the rapid growth of computa-
tional resources in recent years has allowed detailed
investigation of convective complexities using large-
eddy simulations (LESs) having grid lengths of 100 m
or less (e.g., Cuijpers and Duynkerke 1995; Siebesma
and Cuijpers 1995; Rao 1996; Wyant et al. 1997). How-
ever, at present, the computational expense of LES pre-
vents its use for regional-scale 3D domains. Neverthe-
less, LES is a useful tool for improving our understand-
ing of turbulence-scale processes, which are crucial for
the development of shallow-convection parameteriza-
tions suitable for larger-scale models.

Other approaches have proven useful for NWP mod-
els. For example, Betts (1986) and Betts and Bores
(1990) proposed a combined shallow and deep cloud
parameterization, with the shallow component based on
a ‘‘mixing line’’ between subcloud and cloud-top air.
This approach is currently used in the National Centers
for Environmental Prediction’s Eta Model (Black 1994)
as well as numerous other research and NWP models.
Multilayer mass flux schemes described by Tiedtke
(1989) and Gregory and Rowntree (1990) are used in
models at the European Centre for Medium-Range
Weather Forecasts and the Met Office, respectively.
These schemes are quite sophisticated, but appear to
lack the flexibility for our needs, particularly in regard
to air quality applications. For example, Gregory and
Rowntree’s approach mixes convective cloud water over
the entire grid cell, rather than allowing it to remain in
subgrid-scale cloud entities. The closure used in Tiedt-
ke’s parameterization is based on a balance between
surface evaporation and the shallow-cloud moisture
flux, which may not be appropriate over land.

In this paper, we describe a new parameterization of
shallow convection designed primarily for mesoscale
numerical weather prediction models, but adaptable to
climate and air-chemistry models as well. The objective
of this paper, then, is to develop a parameterization to
represent the physical processes of shallow convective
clouds and their influences on the mesoscale environ-
ment. Although intended for wider applicability, this
development will be done within the framework of the

fifth-generation Pennsylvania State University–National
Center for Atmospheric Research (PSU–NCAR) me-
soscale model (MM5). The scheme is designed to rep-
resent a full range of environments from quasi-steady
marine stratocumulus and trade wind cumulus to non-
steady diurnally forced continental convection. More-
over, it allows transitions from shallow convection to
either stratus or deep convection, and vice versa. This
parameterization will also provide detailed information
about convective-cloud fields that can be very useful
for air quality studies, although the focus of this paper
will be on the meteorological aspects of the scheme.

Section 2 of this paper describes the shallow-con-
vection parameterization scheme developed at Penn
State. Section 3 outlines a 1D version of the MM5 and
the treatment of atmospheric radiation in the presence
of subgrid clouds, while section 4 presents results of
initial applications of the shallow-convection parame-
terization scheme in both marine and continental en-
vironments. A brief summary is given in section 5. A
more complete evaluation of the shallow-cloud scheme
using observations from a variety of cloud environ-
ments, plus sensitivity experiments related to key pa-
rameters, are presented in a companion paper (Deng et
al. 2003, hereafter Part II).

2. The shallow-convection parameterization

The Kain–Fritsch (1990) deep-convection scheme is
the progenitor for the present shallow-cloud develop-
ment. In the Kain–Fritsch (KF) scheme, if a cloud up-
draft fails to reach a critical depth necessary to support
rain (i.e., shallow cloud), it is assumed to disappear
without having any impact at all on its environment.
Here, we seek especially to describe how those shallow
clouds grow and interact with their surroundings. The
primary purpose of any convection scheme for shallow
or deep clouds is to describe the turbulent vertical mix-
ing that occurs at subgrid scales in the cloud layer. To
be consistent with the Kain–Fritsch deep-convection
scheme, we adopt the same equations for the turbulent
vertical mixing that appear in Kain and Fritsch (1993).
The major elements of the new shallow-cloud scheme
are 1) a definition of initial cloud parcel characteristics
and the convective trigger mechanism, 2) a convective-
cloud submodel based on the parcel buoyancy equation,
3) closure assumptions that determine the cloud-base
mass flux, and 4) a prognostic scheme for the area and
water content of clouds that result from detrainment of
the convective updraft air.

The shallow convection parameterization is designed
to represent the physical linkage between the turbulent
planetary boundary layer (PBL) and moist convective
processes in a multilayer framework. We define the PBL
as the layer beginning at the surface and extending up-
ward to the point where surface-based turbulence rap-
idly decreases with height. Although the top of this layer
can be identified in a model by the drop-off in turbulent
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kinetic energy, it also tends to be characterized quite
often by a sharp jump in the potential temperature. Thus,
it can be distinguished from the cloud-topped boundary
layer (CTBL) discussed by some investigators (e.g., Al-
brecht 1979; Agee 1987), which includes the PBL plus
a shallow-cloud layer having distinctly different stabil-
ity characteristics.

We assume that shallow convective clouds consist of
active updrafts and (approximately) neutrally buoyant
clouds (NBCs). The NBCs represent either remnants of
previous updrafts or the cloud mass dispelled from cur-
rently active updraft cores. This production of NBCs
from detrained updraft air is consistent with the con-
ceptual model of shallow convection presented by
Wyant et al. (1997). The most vigorous convective up-
drafts generally cover less than 10% of a grid area, while
the associated NBCs may cover a much greater fraction
of the sky. The absence of significant vertical motions
in the NBCs, compared to the positive vertical velocities
in shallow-cloud updrafts on the order of 1–10 m s21,
make them the more efficient pathway for the larger
drops to fall as light rain or drizzle. Thus, the shallow
convective updrafts are assumed to produce no rain,
while the NBCs may generate some light precipitation.
In general, most of the updraft mass is detrained near
the cloud tops as it reaches or overshoots the equilibrium
level of individual updrafts. Over time, this detrainment
process and the consequent induced subsidence can
change or even dominate the thermal and moisture struc-
ture of the mesoscale environment.

If the shallow-cloud updraft exceeds a critical depth
(defined in the KF scheme as DKF 5 4 km), it is con-
sidered to transition to deep convection (thunderstorm),
often with heavy precipitation and strong moist down-
drafts (Kain and Fritsch 1990). On the other hand, under
conditions with a strong capping inversion and large
vertical moisture flux, the detrainment process can lead
to an accumulation of vapor and detrained cloud mass
at the inversion base so that a solid stratus deck may
develop. Thus, the shallow convection can have a direct
link to both resolved stratiform cloud and subgrid deep
convective cloud, both of which can be active precip-
itation generators. In many 3D models, representation
of the physical relationships among these three types of
cloud is weak at best.

a. Cloud-parcel initial characteristics

The parameterization is built as a one-dimensional
column submodel. Active cloud updrafts are triggered
when parcels originating in the PBL are able to reach
their lifting condensation level (LCL). The character-
istics of a potential cloud-initiating parcel are defined
by its virtual potential temperature, uvp, and vertical
velocity. The value of uvp for the parcel is defined at
each time step from the average ambient values of the
model layers in the lowest 20% of the PBL or in the
lowest two model layers, whichever is deeper. The un-

derlying assumptions are that energetic turbulent eddies
are initiated near the surface and that the largest (and
most buoyant) of these rise with only modest dilution
through the entire PBL to approach or reach their LCL.
The LCL for a parcel is calculated according to the
method of Fritsch and Chappell (1980) and Chappell et
al. (1974), and may lie below or above the PBL top.
When the LCL is above the PBL top, the parcels must
have sufficient momentum and initial buoyancy to pen-
etrate the capping inversion if they are to reach satu-
ration. Obviously, if none of the parcels can reach their
LCL, the updraft area is zero. At the other extreme,
when the LCL is inside the uppermost part of the PBL,
all upward moving parcels are saturated and can be
considered as convective updrafts, however shallow
they may be. In that case, based on the probability den-
sity of upward motions on a horizontal slice through the
upper part of the convective boundary layer in a LES
(Weil 1988; Lamb 1982), it appears that the maximum
possible updraft area can be ;30%–40%. In theory, an
ensemble of shallow clouds could be created by defining
parcels with different initial characteristics based on a
similar probability distribution about the eddy vertical
velocity and uvp, but that approach has not been intro-
duced here.

Following eddy-transport theory, we hypothesize that
these cloud-forming parcels have positively correlated
thermal, moisture, and vertical velocity perturbations.
The eddy vertical velocity, wT, is defined from the max-
imum turbulent kinetic energy (TKE) anywhere in the
PBL column according to

2
w 5 TKE , (2.1)T MAX!3

where the constant 2/3 results from the TKE definition,
assuming that the turbulence is isotropic. We then define
the release height of the cloud initiating parcel, zR, to
be the lower of two levels: the top of the PBL (hPBL)
or the LCL. The total vertical velocity of the cloud-
initiating parcel is estimated as wP 5 1 wT, wherew

is the resolved-scale vertical motion at zR. Thus, uvpw
and wP define the thermal, moisture, and vertical ve-
locity characteristics of the cloud initiating parcel at its
level of release, zR. The TKE and hPBL are calculated
using a 1.5-order turbulence scheme (Gayno 1994; Shaf-
ran et al. 2000). Typically, in a weakly forced marine
boundary layer wT is only ;0.1–0.3 m s21. Over land
in a shear-driven nocturnal boundary layer, wT may grow
to ;0.3–0.8 m s21, while during the afternoon in a
convectively unstable boundary layer it can easily reach
1–2 m s21. Vertical motion of the parcel following re-
lease, as well as its thermal and moisture properties, are
calculated using the Kain–Fritsch (1990) entraining–de-
training cloud model, based on the parcel buoyancy
equation (also see below). If a cloud-initiating parcel
becomes negatively buoyant and has too little vertical
momentum to reach its LCL, it is assumed to return to
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its point of origin in the PBL without affecting the en-
vironment.

Additional factors (e.g., subgrid terrain irregularity or
land-use variability) also may contribute to the parcel
vertical velocity in certain cases, but most of these are
ignored at present. However, a perturbation vertical ve-
locity, wNH, at the release height, zR, is added to the
initial velocity of the cloud-initiating parcel for the case
of deep convection. The term wNH is based on vertical
accelerations forced by the growing nonhydrostatic
pressure imbalances in a deep storm, as expressed in
the third equation of motion. These storm-scale accel-
erations cannot be predicted directly because they occur
at the subgrid scale. Thus, we assume that the induced
upward velocity at zR is proportional to the velocity in
the accelerating updraft some distance above cloud base.
The purpose of wNH is to counter the effect of deep-
convection feedbacks that can warm and dry the sub-
cloud layer (before moist downdrafts develop), thereby
shutting off the convection too early in the model. In
effect, wNH merely adds extra momentum to the initiating
parcel so that the convection can continue until the KF
deep convection reaches maturity. In shallow clouds,
this factor is considered to be negligible. The relation-
ship between the updraft acceleration and the nonhy-
drostatic pressure gradient forces beneath the deep-con-
vective cloud has been discussed by Schlesinger (1984).

The relationship between wNH and the vertical velocity
in the updraft (calculated from the parcel buoyancy
equation in KF; see below) is defined through an em-
pirical proportionality constant. We invoke wNH when
the cloud depth Dc becomes greater than the critical
Kain–Fritsch depth, DKF 5 4 km, that defines the thresh-
old for producing convective rainfall. In this case, wNH

is defined as a simple function of w(z2000), which is the
updraft vertical velocity at 2 km above the cloud base,
according to

0.25[w(z ) 2 w ] if w(z ) 2 w . 02000 P 2000 P
w 5 and D . D (2.2)NH C KF
0, otherwise.

The parameter 0.25 in (2.2) was chosen after testing a
range of values from 0.05 to 0.50. Since maximum ex-
pected value of w(z2000) should be 10–20 m s21, this
yields a maximum magnitude of wNH in the range 2.5 ,
wNH , 5.0 m s21 when deep convection is present. The
total parcel vertical velocity at zR, therefore, is given by

w 5 w 1 w 1 w 5 w 1 w .R T NH P NH (2.3)

If the cloud-initiating parcel reaches the LCL, a con-
vective-cloud updraft forms. Its subsequent acceleration
and mixing with the environment are calculated using
the entraining–detraining cloud model of Kain and
Fritsch (1990). The entrainment rate at any level is a
function of the radius of the updraft, RC, and the local
parcel buoyancy with respect to its environment (Kain
and Fritsch 1990, 1993). While the Kain–Fritsch deep-

convection scheme assumes a constant updraft radius of
1.5 km, the shallow-convection scheme allows the ra-
dius RC to grow smoothly with time from a minimum
of RCmin 5 0.15 km to a maximum of RCmax 5 1.50 km,
which occurs when (if ) the shallow convection transi-
tions to deep precipitating convection. Although this
approach is slightly more general than in the original
Kain–Fritsch scheme, we note that Siebesma and Holts-
lag (1996) found that entrainment–detrainment rates in
typical mass flux parameterizations for shallow con-
vection often are underestimated by up to an order of
magnitude. Grant and Brown (1999) have proposed a
similarity hypothesis for shallow convection, based on
TKE arguments, that can be used to determine a more
flexible form for the entrainment rate. Recent tests by
Gregory (2001) indicate that approaches like those of
Grant and Brown (1999) and Siebesma (1997) indeed
can provide more realistic entrainment–detrainment rate
profiles for shallow convection. For the present, we
adopt the original Kain–Fritsch approach, but note that
future testing with more advanced entrainment–detrain-
ment formulations is appropriate.

For our present purpose, we assume that the most
significant factors controlling RC are the boundary layer
depth hPBL and the cloud depth (DC 5 zT 2 zB, where
zT is the height of cloud top and zB 5 LCL is the cloud-
base height). Of course, in reality there is considerable
variability among individual members of the shallow
cloud field. The relationship among these quantities and
its variance perhaps could be defined best by analyzing
a suitable range of moist LES results, but that is beyond
the present scope and is left for future research.

Currently, a solution to a quadratic equation is used
to express a general relationship between RC, hPBL, and
DC based on two common observations. First, as the
boundary layer depth grows, the scale of its largest ed-
dies broadens so that the mean radius of the cloud-
initiating updrafts should expand. Thus, we expect the
radius to scale most closely with the PBL depth for the
shallower clouds (say, DC , 1 km). Second, in most
environments, the mean cloud-updraft radius is corre-
lated positively with the depth of the convective clouds
themselves. Thus, we also assume that, as the depth of
the cloud updraft grows, the influence of DC on the
updraft radius should come to dominate over that of
boundary layer depth. (The calculation of the cloud
depth is described below in section 2b.) Three additional
constraints are imposed. As DC → 0, we require RC →
150 m (an arbitrary minimum radius) for all values of
hPBL. Also, as DC → 4 km, RC must approach a constant
maximum RCmax 5 1.50 km for all values of hPBL for
consistency with KF. Finally, since the parameterization
is meant to apply only to shallow clouds driven by PBL
processes, we insist that RC → 150 m as hPBL → 0. For
simplicity, all updrafts in a grid cell are considered to
have equal radius and depth at a given time. This uni-
form geometry is convenient, although an ensemble of
different cloud sizes would be more realistic (e.g., Sie-
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FIG. 1. Relationship between updraft radius (RC, km), PBL height
(hPBL, km), and cloud depth (DC, km).

besma and Cuijpers 1995). We express these basic as-
sumptions and constraints on the cloud-updraft radius
as a family of curves represented by the following qua-
dratic solution (when DC , DKF):

2b 2 Ïb 2 12hhPBL
R 5C 4

for R # R # R , (2.4)C min C C max

where b 5 (7 1 2hhPBL)/2, h 5 12DC/(4 2 DC), and
RC, DC, and hPBL are in kilometers

Figure 1 demonstrates the relationship between RC,
DC, and hPBL resulting from (2.4). For deep boundary
layers, as might be found over land, notice that even
fairly shallow clouds quickly expand to have large radii
as the updraft depth begins to grow (e.g., RC . DC for
hPBL 5 2.0 km and DC 5 1.0 km). For very shallow
boundary layers, the clouds must become quite deep
before large radii develop (e.g., RC , DC for hPBL 5
0.4 km and DC 5 2.0 km). This latter condition (rela-
tively tall and narrow convective updrafts initiated from
a shallow boundary layer) is expected to be less com-
mon over land, but may occur in tropical or subtropical
marine environments. The effect of the three limiting
constraints on the updraft radius is evident in the figure.
Also, it should be noted that (2.4) applies to the ge-
ometry of a shallow-cloud updraft, not the visible cloud,
which can be very different (see sections 2d and 4). When
DC $ DKF, thermodynamic control is passed to the KF
deep convection scheme, which includes convective rain-
fall and moist downdraft development. The specific for-
mulation used in (2.4) is meant to express only qualitative
relationships based on the assumptions and constraints,
but the resultant cloud distributions appear to be fairly
consistent with general shallow convective-cloud obser-
vations. The application of RC was most effective when
averaged over two to three time steps.

b. The convective-cloud submodel

As mentioned in section 2a, the formulations of KF
1D entraining–detraining cloud model are used to cal-
culate the updraft vertical velocity and the convective
thermal and liquid-water profiles every time step based
on the parcel buoyancy equation. The form of the KF
vertical velocity equation is essentially the same as that
used by Simpson and Wiggert (1969) and Kreitzberg
and Perkey (1976), except that the ‘‘form drag’’ term
that they use is not included. Unlike KF, however, clouds
are not assumed to grow instantly to their mature equi-
librium level as soon as a cloud is triggered. Here, the
cloud top grows gradually at a rate proportional to the
maximum vertical velocity of the updraft between levels
zB and zT, identified as Wmax, and is estimated to be

dzT 5 0.2W (2.5)maxdt

until the equilibrium level is reached. The empirical
factor 0.2 imposes a reasonable cloud growth rate (e.g.,
see Simpson 1983) so that, under deep-convection con-
ditions, it usually takes 20–30 min to reach the tropo-
pause from the level of free convection (LFC). This
approach allows detrainment from the growing cloud
top to moisten the environment, which is oversimplified
in the instantaneous cloud growth of the KF scheme.
The interpretation of the 0.2 factor is that cloud-top
growth is slowed because the updraft must do work
against (push aside) environmental air to continue its
upward progress, while the parcel buoyancy equation
merely describes the cloud’s velocity profile in its full-
grown state. If the updraft top, zT, exceeds the equilib-
rium level at any time, it is adjusted downward im-
mediately and the updraft mass is detrained into the
NBC (also see section 2d).

Although the thermal and moisture characteristics of
the cloud-forming parcel are defined from the lowest
20% of the PBL (section 2a), its mass is taken directly
from the subcloud layers nearest to the cloud base. The
depth of this updraft source layer, DS, grows as a func-
tion of the updraft radius from a minimum of 100 m to
a maximum of 600 m according to

D 5 d 1 1000(R 2 R )/dS 1 C C min 2 (2.6)

with the constraint DS # hPBL and where d1 5 100 m
and d2 5 2.7. Thus, as clouds grow wider and deeper
they are expected to have greater mass flux at cloud
base and are likely to entrain air from a deeper subcloud
layer. The maximum DS of 600 m is chosen to match
the constant value used in KF for deep convection. To
satisfy continuity requirements, subsidence is induced
in the cloud environment to compensate for the mass
extracted from the PBL source layer. If the cloud re-
mains ‘‘shallow,’’ (DC , DKF), no subgrid scale con-
vective downdrafts are allowed to form, so all compen-
sation for the upward mass flux must occur through this
subsidence mechanism.
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It should be noted that, although the growth of the
updrafts occurs gradually, only one size of clouds is
allowed in a particular grid column in the present for-
mulation. That is, unlike the atmosphere, we do not
attempt at this time to represent an ensemble of cloud
sizes, as has been done in the convection scheme by
Arakawa and Schubert (1974). In effect, the parame-
terization represents the deepest convective clouds that
are expected to dominate the feedbacks to the environ-
ment (also see section 2c).

c. Cloud updraft closure assumptions

The cloud-base mass flux closure is adopted to de-
termine the intensity of subgrid convection from re-
solved-scale quantities. The grid-cell mass flux at cloud
base is defined as

2m 5 N(pR rw ),B C B (2.7)

where N is the number of updrafts in the cell, wB is the
parcel vertical velocity at cloud base, and r is the parcel
air density (here, RC is in m). Generally, closure requires
that either mB or N must be specified to allow the other
quantity to be diagnosed. Of course, for any scheme,
errors may occur in the calculation of N, RC, or wB, but
the key is to estimate mB with reasonable accuracy so
as to simulate realistic measurable cloud-field charac-
teristics (e.g., cloud fraction, depth, liquid-water path-
length, etc.). Moreover, as stated above, we have made
the simplifying assumption that all shallow clouds in a
grid cell have the same geometry, rather than use a more
realistic distribution of cloud sizes. Thus, the calcula-
tions for N and RC, in particular, should not be consid-
ered literal, but merely provide a qualitative estimate
needed for the mass flux calculations.

As part of the preliminary development of the updraft
module for the shallow-convection scheme, five differ-
ent mass-flux closure assumptions were tested. Brief
descriptions and comments about these closures are as
follows:

1) BOUNDARY LAYER VAPOR BALANCE (BLVB)

Used by Tiedtke (1989) to simulate subtropical trade
cumuli, this closure assumes total water vapor in the
PBL is constant (in the absence of rain). That is, the
rate of vapor removal from the PBL by cloud-base up-
drafts is balanced by the sum of surface evaporation and
the vapor entrainment flux at the PBL top. Thus, N1 (the
number of cloud updrafts for the BLVB closure) can be
diagnosed from (2.7) by defining qymB as the sum of
these two fluxes. Although the BLVB closure was found
to be reasonable for many marine environments, it great-
ly underestimated the cloud-base mass flux in conti-
nental applications (not shown) and therefore was elim-
inated from further consideration.

2) CONVECTIVE AVAILABLE POTENTIAL ENERGY

(CAPE) REMOVAL

This closure assumes that total cloud-base mass flux
proceeds at a rate necessary to stabilize the column over
a deep-convective time period, which is generally about
30 min (Fritsch and Chappell 1980; Kain and Fritsch
1990). Similar to the BLVB closure, the CAPE-removal
closure diagnoses the number of updrafts in the grid
cell, N2, from (2.7) using the CAPE-derived mB. The
CAPE closure often works poorly in shallow-convection
environments where the cloud depths are about 1 km
or less (i.e., there is little or no CAPE in the shallow-
cloud layer). Nevertheless, it is still attractive for cases
in which most of the shallow cloud lies above the LFC.
Application of N2 was found to be most effective when
averaged over ;15 time steps.

3) BOUNDARY LAYER DEPTH (BLD) RELATIONSHIP

This closure assumes that the number of updrafts for
a shallow-convection environment, N3, is a direct func-
tion of the scale of the largest, most energetic turbulent
eddies in the PBL. Thus, N3 depends on the depth of
that layer. Since the maximum amplitude of the eddy
vertical velocity spectra occurs at wavelength ;1.5hPBL

(Young 1987), we hypothesize that under convective
conditions, this geometry can be used to estimate the
distribution and number of cloud-initiating updrafts in
a grid cell according to

DxDy
N 5 b , (2.8)3 3 2(1.5h )PBL

where DxDy is the grid-cell area. The total mass flux,
mB, can then be calculated from (2.7). The maximum
number of clouds possible from (2.8) would occur for
b3 5 1.0, which would imply a fully developed shallow-
cloud updraft exists at every potential initiating site in
the grid cell (i.e., at horizontal intervals of 1.5hPBL).
However, that certainly would overestimate the number
of active updrafts. Tests run for a range of 0.01 , b3

, 1.0 indicated that b3 5 0.025 was a reasonable es-
timate for this constant. Note that smaller clouds or NBC
remnants of old updrafts are not counted in N3. A similar
closure has been used by other investigators to study
boundary layer rolls (Stull 1988), so (2.8) could be mod-
ified for use in strongly sheared environments. The BLD
closure was tested in both continental and marine en-
vironments and found to be suitable for fairly shallow
cloud depths (DC , 2 km). However, it sometimes
caused large oscillations in the mass flux due to feed-
backs among hPBL, N3, and mB.

4) TKE-BASED CLOSURE

This closure operates on the assumption that shallow
clouds basically are driven by the TKE in the PBL.
Specifically, it scales the shallow-cloud updraft mass
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flux, mB, by the magnitude of the maximum diagnosed
TKE in the subcloud mass-source layer, TKE1. We can
express this closure as

TKE1m 5 m (max). (2.9)B B1 2TKEC

The term mB(max) 5 MS/tSC is the mass flux required
to evacuate the total mass in the subcloud layer, MS,
over a relaxation timescale defined as tSC 5 DS/wB,
where DS is the depth of the subcloud source layer. Thus,
for a typical cloud base at 1200 m and a cloud-base
updraft of 1 m s21, the relaxation timescale represents
the time (20 min) in which all of the mass below cloud
base could be evacuated, assuming the entire grid cell
experiences wB (i.e., the cell is covered by one large
updraft) and assuming no compensating mass flux into
the layer. Of course, since wB applies only in the subgrid
area of the updrafts, Np , the actual mass flux is con-2RC

siderably less than the potential maximum value
mB(max). A dimensional constant, TKEC, in (2.9) ex-
presses the proportionality between mB, mB(max), and
TKE1.

To obtain the number of clouds in the grid cell from
(2.9), we first substitute for the total subcloud mass, MS

5 rDxDyDS, and for tSC in the relationship for mB(max)
to obtain

m (max) 5 DxDyrw .B B (2.10)

Substituting (2.9) and (2.10) into (2.7), we solve for the
number of clouds in the grid cell

DxDy TKE TKE1 1N 5 5 C . (2.11)4 12 21 2pTKE R RC C C

Experimentation in both marine and continental envi-
ronments indicated that TKEC 5 45 J kg21 can be used
for the proportionality constant. For a given model grid,
note that C1 5 DxDy/pTKEC can be treated as a con-
stant, so (2.11) reveals N4 to be a simple time function
dependent only on TKE1 and RC. An empirical con-
straint of 1.0 # TKE1 # 10.0 is placed on the maximum
TKE in the subcloud layer to complete the mass flux
closure. The lower limit on TKE1 has the effect of fur-
ther simplifying N4 to be a function only of RC in weakly
forced environments, such as marine trade wind cu-
mulus conditions. These bounds on TKE1 are likely to
be somewhat dependent on the specific turbulence
scheme used in conjunction with the shallow-convection
submodel, perhaps requiring some recalibration for use
with alternative schemes. Tests of the TKE-based clo-
sure showed it to operate well for most shallow clouds
(DC , 2 km), while it damped most of the feedback
oscillations that were characteristic of the BLD closure.

Moreover, concerning this TKE closure, we have not-
ed that it is possible to represent the eddy vertical mo-
tions in a turbulent boundary layer by a normalized
probability distribution (e.g., Lamb 1982) and that the
area under this distribution can be considered propor-

tional to the total shallow-convection updraft area. As-
suming that the LCL lies in or above the inversion layer,
it is typical for only a few parcels with stronger than
average upward motion to reach the LCL, so we can
call the minimum velocity leading to a cloud wmin (with
initial parcel buoyancy viewed as a ‘‘potential velocity’’
through the third equation of motion). From (2.1), it is
easily seen that the initial vertical velocity of the most
energetic parcels, ;wb, scales to . However, theÏTKE1

probability of parcels having sufficient energy to reach
the LCL is not merely a function of wb, but is propor-
tional to the area under the portion of the vertical-ve-
locity probability distribution that lies to the right of the
minimum velocity, wmin. As TKE1 grows and assuming
wb . wmin, this area must grow much faster than wb.
Thus, we make a first guess that the area is proportional
to , which then scales to TKEmax ; TKE1. Given the2wb

bounds 1 , TKE1 , 10 J kg21 and noting that in (2.9)
the term TKE1/TKEC is effectively the total updraft area
in a grid cell, this closure gives a range of possible
updraft area for the shallow convection scheme as 0.022
, N4p /Dx2 , 0.22. Since in practice TKE1 , 3 J2Rc

kg21 for most situations, the effective range for total
updraft area becomes 0.022 , N4p /Dx2 , 0.066.2Rc

Although this is a reasonable range, the assumptions
made here need to be examined more thoroughly in
future work.

5) HYBRID CLOSURE

Since the TKE-based closure was found to work well
for fairly shallow convective clouds and the CAPE-re-
moval closure was found to work better for deeper
clouds (DC approaching DKF), a simple hybrid closure
is proposed to represent the intermediate range of cloud
depths. When cloud tops are above the LFC, but have
depths less than DKF (which describes a large percentage
of convective cases), the clouds are assumed to be in
transition from the TKE-based closure to the CAPE-
removal closure. A simple linear averaging is used in
this case, although refined transition functions could be
hypothesized. First, the number of updrafts is calculated
according to each of the two closures (N2 and N4). Then,
the final number of updrafts is estimated based on the
fraction of the cloud depth that lies above the LFC rel-
ative to the distance between the LFC and the height
DKF above cloud base, given by

N 5 f N 1 (1 2 f )N ,2 4 (2.12)

where f 5 h3/h1 is a ratio of two length scales (km)
such that h3 5 DC 2 h2, h1 5 DKF 2 h2. Here, h2 5
zLFC 2 zB, and zLFC is the height of the LFC. Normally,
N2 , N4 because the CAPE-removal closure hypothe-
sizes that stabilization of a deep cloud layer occurs rath-
er rapidly as a result of a few vigorous updrafts. This
agrees with the general observation that the number of
growing clouds in an area decreases as their size (depth
and width) increases.
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To summarize, the shallow-convection parameteri-
zation may use any of three mass-flux closure assump-
tions (type 2, 4, or 5), determined by DC, zT, and zLFC,
according to

z # z → TKE-based closure onlyT LFC

z . z , D , D → Hybrid closureT LFC C KF

D $ D → CAPE-removal closure only,C KF

(2.13)

which provides a smooth transition from one closure to
another as the cloud depth grows. Results of experi-
ments to explore the sensitivity of the hybrid closure to
cloud updraft radius, RC, appear in Part II. It also should
be remembered that the uniform updraft geometry used
in the present formulation represents a simplification
(i.e., it treats only the largest cloud at a given time,
which should dominate the mass flux), while the at-
mosphere typically exhibits an ensemble of cloud depths
(also see section 2b). Using LES, Siebesma and Cuijpers
(1995) showed that a variety of cloud sizes skews the
level of maximum mass flux downward and contributes
to a reduction in the updraft mass flux with height. While
this effect is not considered in the present version of
the parameterization, their LES results suggest that the
updraft mass flux could perhaps be modified to account
for a distribution of cloud sizes.

d. Prognostic scheme for neutrally buoyant cloud
fraction and cloud water

The parameterizations described in sections 2a–c de-
scribe the initialization, closure assumptions, and
growth of the shallow-cloud updrafts. Updrafts are as-
sumed to detrain all mass after each time step and their
characteristics are recalculated on the following time
step. Thus, the cloud characteristics are able to evolve
rapidly as the environment changes due to cloud feed-
backs and other forcing in the model. This does not
mean that a new cloud updraft must begin to grow from
the LCL after every time step. Instead, the cloud top
continues to grow from its height at the previous time
step according to (2.5) so that continuity is maintained
for the updraft characteristics. In the event that zT ex-
ceeds the equilibrium level at the new time step, zT is
redefined downward to the equilibrium level. However,
the mass detrained from the updraft must be accounted
for.

Most cloud parameterizations designed for the me-
soscale consider only deep convection in detail. In these
schemes, detrained cloudy air generally is fed back di-
rectly to the resolved scale, where it evaporates im-
mediately until the grid cell saturates (e.g., Kain and
Fritsch 1993). This ‘‘all-or-nothing’’ approach for post-
convective layer-cloud formation is an oversimplifica-
tion and can have negative impacts on other aspects of

model performance, such as radiative processes and la-
tent heating. In deep thunderstorms, large detrainment
rates near the tropopause often cause a small- to mod-
erate-sized grid cell (Dx # 25 km) to saturate quite
rapidly, so little damage is done by neglecting subgrid
layer clouds. However, in the case of smaller shallow
clouds, it may take many hours (if ever) for detrained
cloud water to saturate a layer.

A more realistic representation is to detrain convec-
tive cloud mass from updrafts into a class of subgrid
clouds having nearly neutral buoyancy (e.g., Wyant et
al. 1997). Once the detrained updraft air becomes part
of these subgrid NBCs, it can spread as layer clouds,
initiate light precipitation, or slowly evaporate into the
subsaturated grid volume. While some existing schemes
have attempted to treat this detrained cloud mass in
large-scale models (e.g., Tiedtke 1989, 1993), they often
rely on a moisture-balance closure and so may not be
versatile enough for both continental and marine en-
vironments.

1) BASIC EQUATIONS

The continuity equations for the rate of change of
subgrid cloud area (a) and cloud water/ice content (lc)
for the NBCs are given by

]a ]a
5 S 1 D 2 v · = a 2 w , (2.14)a a H]t ]z

]lc 5 S 1 D 1 D 1 D 1 Dl mix pre ics CTEI]t

]lc2 v · = l 2 w . (2.15)H c ]z

Here Sa and Sl are sources of cloud area and condensed
water content ejected from convective updrafts, respec-
tively. The term Da (dissipation of cloud area) represents
evaporation due to mixing at the sides of the cloud; Dmix

is the depletion of water liquid/ice content due to vertical
mixing; Dpre is water depletion due to precipitation (driz-
zle); Dics is a depletion rate contributed by an ice settling
process; and DCTEI is water depletion due to cloud-top
entrainment instability. The horizontal and vertical ad-
vection terms are represented by 2v · =Hx and 2w]x/
]z, where x is either lc or a. The grid-averaged con-
densed water content ( l) is related to the subgrid NBC
water content (lc) according to l 5 alc. When a 5 1.0
(saturated conditions), then l 5 lc 5 qc, where qc is the
model’s explicit (resolved scale) cloud-water mixing ra-
tio.

2) FORMATION OF NEUTRALLY BUOYANT CLOUDS

Convection produces a variety of clouds either di-
rectly, such as cumulus and cumulonimbus, or indi-
rectly, such as stratocumulus and anvils. A realistic pa-
rameterization for clouds of convective origin, but
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which have nearly neutral buoyancy, is obtained by con-
sidering their source to be condensates produced in sub-
grid cumulus updrafts (active convective clouds) and
later detrained at the subgrid scale into the nonconvec-
tive environment. The following equations represent the
source terms for the subgrid NBCs described in (2.14)
and (2.15):

]a RudS 5 2w̃ 1 (2.16)a ]z ML

]l
2 l Sc a1 2]t

S 5 , (2.17)l a

where

]l ]l Rud5 2w̃ 1 l . (2.18)u]t ]z ML

Here w̃ is the convection-induced subgrid-scale subsi-
dence, Rud (kg s21) is the updraft detrainment rate from
the parcel-buoyancy scheme, and ML(kg) is total mass
of air in a grid cell for a given model layer. The liquid/
ice water content in the updraft core is given by lu. Note
that the volume of detrained updraft air increases the
area of the NBC (a), while its liquid water content (lc)
is solved as a residual term in (2.17) to satisfy the mass
conservation constraint l 5 alc.

3) EVAPORATION OF CLOUDS

In (2.14) and (2.15), there are several processes
through which the NBC can dissipate. Following Tiedt-
ke (1993), the area decreases through cloud-edge evap-
oration according to

a
D 5 2 K(q 2 q ), (2.19)a s ylc

where K 5 1025 s21 is a horizontal diffusion coefficient,
and qy and qs are the resolved-scale specific humidity
and saturation specific humidity, respectively. This
yields a dissipation timescale on order of a day for lc

5 1.0 g kg21. Notice however that, by taking lc into
account, the ‘‘effective’’ diffusion coefficient for the
cloud area becomes K/lc. Thus, the dissipation rate be-
comes significantly greater when the cloud water con-
tent becomes small (lc , 0.1 g kg21). Consequently,
this term accounts for the final dissipation of clouds
from which most of the condensate has already been
depleted by other processes.

4) DEPLETION OF WATER LIQUID/ICE CONTENT BY

IN-CLOUD MIXING PROCESSES

Inside the NBC, cloud water in the submodel can be
mixed downward (but not upward) by vertical diffusion

induced by turbulence and radiation flux divergence,
given by

1 ] ](al )cD 5 (K 1 K ) , (2.20)mix n r[ ]a ]z ]z

where Kn is the local diffusion coefficient derived from
the TKE. The additional radiation-induced diffusion co-
efficient is given by

2l ]u Dz ]u DzB T TK 5 1 , (2.21)r ) ) ) ) ) )[ ]u ]t 15 ]t 50LW SW

where Kr is a maximum at the cloud top and decreases
linearly downward over a maximum cloud depth of 1000
m. In (2.21), lB is the Blackadar length scale provided
by the turbulence scheme (Shafran et al. 2000), u is the
potential temperature of the environmental air and DzT

is the model layer thickness at cloud the top. The terms
]u/]t | LW and ]u/]t | SW are the longwave cooling rate at
cloud top and the daytime solar heating just below cloud
top, respectively, provided by the radiation scheme. This
Kr term would be unnecessary if very high vertical res-
olutions were possible, but in typical mesoscale models
with DzT $ 50 m, it accounts for radiation-induced tur-
bulence occurring at scales that are too small to be rep-
resented accurately by Kn, which is derived from grid-
resolved quantities in the turbulence scheme.

Cloud water also can evaporate into clear air at the
exposed cloud base through the same vertical diffusion
terms. The finite differenced form of these terms is one-
sided so that the water flux is downward only. Thus,
they prevent overentrainment of dry air into the upper
part of the NBCs and overmixing of water into the en-
vironment above the clouds. Instead, the important en-
trainment process across the upper boundary of the
cloud is represented using a cloud-top entrainment in-
stability (CTEI) formulation described below. The one-
way diffusion of cloud water in (2.20) is used primarily
to accelerate the evaporation of clouds having low water
content. It represents the most important water depletion
process when the liquid/ice content is in the range of
0.1 , lc , 0.5 g kg21, where neither subgrid precipi-
tation [section 2d(5)] or horizontal diffusion processes
[section 2d(3)] are effective.

5) PRECIPITATION PROCESSES

Precipitation can form in the NBCs through autocon-
version and accretion, exactly as for resolved-scale layer
clouds. Here, we use the simple water/ice cloud scheme
of Dudhia (1989), without a mixed phase, for which
autoconversion begins at lc . 0.5 g kg21 (a similar
threshold exists for initiating autoconversion of ice,
based on activation of ice nuclei below 273 K). It is
feasible to introduce a mixed-phase explicit precipita-
tion scheme for use with the shallow-convection
scheme, but that is not done here. Also, cloud ice par-
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FIG. 2. Schematic diagram showing idealized partition of NBC in a
grid column into 1) clear, 2) upright cloud, and 3) anvil cloud.

ticles are assumed to fall slowly through an ice settling
process described by Grell et al. (1994). The ice settling
prevents long-term retention of low-density cirrus
clouds that are unable to produce significant snowfall
rates.

6) CLOUD-TOP ENTRAINMENT INSTABILITY (CTEI)

Deardorff (1980) and Randall (1980) proposed that
shallow clouds can dissipate through a mechanism
called cloud-top entrainment instability. If a parcel of
dry air is entrained into the cloud top, it induces mixing
and evaporation. As a result, the density of the parcel
may become greater than (un less than) that of surround-
ing cloudy air, causing unstable acceleration of the par-
cel downward through the cloud. The depletion rate of
the cloud liquid due to the CTEI, following Randall
(1980) and Del Genio et al. (1996), is parameterized as

r 2 rmin24D 5 210 l . (2.22)CTEI cr 2 rmax min

Randall (1980) shows that r 5 Dh/[LD(qy 1 lc)], where
the moist static energy is given by h 5 CPT 1 gz 1
Lqy , Dh represents the jump of h across the cloud top,
D(qy 1 lC) is the jump of total water across the cloud
top, L is the latent heat of vaporization, and CP is the
specific heat at constant pressure. In (2.22) rmin and rmax

are CTEI initiation criteria given by Randall (1980) and
MacVean and Mason (1990). If r # rmin, then r is set
equal to rmin and the depletion rate goes to zero; if r $
rmax, then r is set equal to rmax, which gives the maximum
depletion rate, 21024 lC kg kg21 s21. Because CTEI-
induced downdraft cooling is expected to be confined
to the upper portion of the cloud layer (Randall 1980),
the depletion due to CTEI is applied only in the up-
permost 100 m of the NBC.

Deardorff (1980) originally proposed CTEI as a pos-
sible dominant mechanism for the breakup and evapo-
ration of a stratus deck. Although subsequent obser-
vational and modeling research has suggested that this
is generally not the case, the process is included in the
NBC submodel as a contributing factor for cloud water
depletion.

3. The 1D MM5 model

The shallow-convection parameterization has been
installed in a 1D version of the Penn State–NCAR me-
soscale model, which is based on the nonhydrostatic
numerical framework of the 3D parent model (Grell et
al. 1994). In addition to the shallow-convection scheme,
the 1D model contains a full set of MM5 physical pa-
rameterizations, including a 1.5-order turbulence sub-
model (Shafran et al. 2000), a Blackadar surface energy
budget (Grell et al. 1994), an explicit moisture scheme
(Dudhia 1989) that predicts resolved-scale liquid/ice
cloud and precipitation, and a two-stream broadband
column radiation submodel (Dudhia 1989). As dis-

cussed in section 2, it also contains the KF (1990) deep
convection parameterization. Moreover, the user can
specify 3D large-scale dynamical tendencies, such as
advection and subsidence. Of these, the interaction be-
tween the shallow convection and radiation requires spe-
cial note.

To function correctly with the shallow convection
submodel, the radiation scheme must be applied sepa-
rately to the subgrid clear and cloudy areas of the col-
umn. Like many other schemes, however, Dudhia’s ra-
diation assumes that a grid cell is either totally clear or
totally cloudy. Furthermore, the shallow-cloud area pre-
dicted by (2.14) is a function of height. To solve this
problem efficiently, the column’s subgrid NBC is par-
titioned into three idealized parts (see Fig. 2): 1) clear
throughout the model depth, 2) subgrid upright cloud
through the full depth of the convective layer (often this
is a fairly small fraction of the grid area), and 3) broad
stratiform subgrid cloud (often near the top of the con-
vective updraft, referred to here as the ‘‘anvil’’ for con-
venience). The radiation-induced thermal tendencies are
calculated and applied separately to each fraction of the
cell area. The convective updraft is detrained completely
into the NBC after each time step, and so does not
contribute to the radiative tendencies. Deng (1999) gives
details of the methodology used for the subgrid parti-
tioning represented in Fig. 2.

However, when the partitioned subgrid cloud areas 2
and 3 in the figure ( 2 and 3) were used directly fora a
the radiation calculations, the cloud effects on solar ra-
diation estimated by the model were biased. That is,
while the cloud-fraction calculations using (2.14) (see
section 2d) gave good results in terms of the cloud-base
mass flux and observed cloud characteristics (see Part
II), the solar radiation penetrating beneath the cloud
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FIG. 3. Model-predicted cloud fraction (%) and resolved-scale rel-
ative humidity, RH (%), vs pressure (mb) and height (m) at 1200
UTC 11 Jun 1992 (hour 5) for ASTEX at 28.008N, 24.228W. Shading
indicates NBC fraction (%), the dashed line is the area of shallow-
cloud updraft (%), the thin solid curve is the effective cloud area for
radiation calculations (%), and the heavy curve is RH (%). LCL
denotes the lifting condensation level, PBL is the boundary layer top,
CLDTOP is top of updraft, and NBCT and NBCB are the top and
base of NBCs, respectively.

layer was overestimated. Therefore, another effect not
related to the mass flux, but affecting the visible cloud
area, must be treated improperly by the direct parti-
tioning assumption described above.

We propose that the ‘‘effective’’ cloud fraction for
the purpose of calculating the net effect of subgrid
clouds on radiation (i.e., similar to the area as viewed
from above) must be somewhat greater than the ideal-
ized distribution shown in Fig. 2. This occurs because
(2.14) and the partitioning method described in Fig. 2
implicitly assume that clouds in adjacent layers always
have the maximum possible overlap in the vertical.
While this maximum-overlap assumption may give a
reasonable first guess for clouds of convective origin,
it is not likely to be accurate in general because in nature
many dissipating NBCs are no longer linked vertically
by an active updraft. An additional fractional area, as,
is postulated to be a function of the environmental rel-
ative humidity in the cloud-free portion of the cell, RH,
so that the total or ‘‘effective’’ cloud fraction, ae, can
be written as

a 5 (1 2 a)a 1 a,e s (3.1)

where a is the fraction predicted using (2.14). Following
Xu and Randall (1996), the additional fraction, as, is
parameterized according to

2a (l 1 q )3 c ca1a 5 RH 1 2 expS a1 22[ ][(1 2 RH)q ]S

if RH , 1, (3.2)

where aS 5 1, if RH $ 1, and a1, a2, and a3 are
empirical constants they define as 0.25, 0.49, and 100,
respectively. Note that the cloud liquid/ice content used
in (3.2) appears as the sum of the cloud liquid/ice at
the subgrid scale, lc, and the resolved scale, qc. How-
ever, when a layer becomes saturated, lc converts into
qc, while qc 5 0 when the layer is subsaturated, so only
one of these two quantities can actually be nonzero at
a given time. The use of RH in the cloud-free portion
of the grid cell to estimate the degree of nonoverlap of
the NBC layers, aS, is justified briefly as follows. In a
dry environment, the NBCs are expected to be short-
lived so that those that do exist will be tied closely to
upright active updrafts (i.e., the visible NBCs will tend
to be upright, as well). However, in a moister environ-
ment, the NBCs should be longer lived. Since they can
last well after the individual updrafts cease, they can
more easily become tilted or fragmented in a sheared
environment, thereby causing aS to become greater.

As an example, Fig. 3 shows the resultant area of the
effective cloud, ae (thin solid curve), in a marine stra-
tocumulus case where the maximum predicted cloud
area from (2.14) is amax 5 0.44 (shaded region) and
RHmax 5 0.93 (heavy solid curve) at 1451 m. Notice
that, in the cloud layers with lower relative humidity
(0.85–0.90), the effective cloud fraction is only about
5%–10% greater than the calculated NBC fraction.

However, near the cloud top, where the relative humidity
is greatest, ae exceeds the NBC fraction by nearly 40%.

The surface radiation flux, RS, (for either LW or SW
flux) is given by

R 5 a R 1 a R 1 (1 2 a 2 a )R , (3.3)S e2 2 e3 3 e2 e3 clr

where e2 and e3 are the vertically averaged effectivea a
cloud fractions and R2 and R3 are the surface fluxes
contributed from the subgrid upright and anvil portions
of the NBC, respectively. The term Rclr is the surface
flux contributed by the clear portion of the grid element.

4. Preliminary 1D model applications

This section briefly demonstrates initial applications
of the shallow-convection scheme in both marine and
continental environments. For more detailed verifica-
tions against measured cloud properties and an exam-
ination of the scheme’s sensitivity to key parameters,
the reader is directed to Part II of this paper. In the
marine environment, a case is chosen from the Atlantic
Stratocumulus Transition Experiment (ASTEX), de-
scribed by Albrecht et al. (1995). For the continental
example, an anticyclonic case with shallow cumuli in
the vicinity of Pittsburgh, Pennsylvania, is presented.
All experiments use the 1D nonhydrostatic MM5 with
62 vertical levels, including 40-m resolution from the
surface to 1400 m above ground level (AGL). Layer
thicknesses gradually increase above this height to the
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FIG. 4. Composite observed sounding calculated in the vicinity of the Azores Islands (28.008N, 24.228W)
during ASTEX (from Betts et al. 1995).

top of the model at 100 mb. The nominal horizontal
grid size is 30 km (used in calculating the number of
clouds per grid cell) and the time step is 90 s.

a. Marine environment

A composite observed sounding from Betts et al.
(1995) is used to provide typical initial conditions for
the 1D MM5 in a quasi-steady subtropical marine en-
vironment (Fig. 4), while filtering out diurnal transients.
The objective of this experiment is to demonstrate that
the shallow-convection scheme can maintain clouds in
a quasi-steady state over several days when subjected
to the steady, moderate surface and radiative forcing of
the mid–Atlantic Ocean. This is an important early mile-
stone in testing the parameterization.

The composite was calculated using data collected
during ASTEX for the period 11–14 June 1992 in the
vicinity of the Azores Islands (28.008N, 24.228W).
Dominated by the persistent Bermuda high, this region
exhibits deep tropospheric subsidence and a moist ma-
rine atmospheric boundary layer that is often capped by
a strong inversion and stratocumulus clouds (Bretherton
et al. 1995). Although specific details of individual
soundings are smoothed out in the composite, the basic
structure of the inversion-capped marine stratocumulus
environment is evident. A dry-adiabatic marine mixed
layer is shown in the lowest 200–250 m (;990 mb),
with a weakly stable cumulus cloud layer from 250 to
1250 m (;895 mb), which is capped by the subsidence
inversion of the anticyclone. The composite profile in

Fig. 4 is unsaturated at the inversion base due to changes
in the height of the inversion and stratus layers in the
individual soundings contributing to the mean state.
Also, the averaging probably has caused the inversion
layer to have thermal and moisture gradients that are
somewhat weaker than would be found in many of the
individual soundings. Betts et al. (1995) analyzed the
mean large-scale subsidence profile during this period
(about 20.007 m s21 at 1500 m AGL). This profile was
superimposed on the 1D model’s vertical velocities in
the marine experiment to simulate the 3D processes,
which helped to maintain the strength of the subsidence
inversion against radiative cooling and erosion of the
inversion due to entrainment from the convective PBL.
Mean horizontal advection was assumed to be negligible
for the composite conditions.

First in experiment 1, the 1D MM5 was initialized at
0600 UTC 11 June and was run for 72 h without the
shallow-convection scheme. The model’s soundings at
20 h, 40 h, and 60 h for this baseline experiment are
shown in Fig. 5. Notice that almost the entire cloud
layer below the inversion base becomes saturated, while
maintaining a nearly dry-adiabatic thermal structure.
This type of moist, unstable structure is often interpreted
as a symptom of deficient performance by a convective
parameterization or a resolved-scale cloud scheme (e.g.,
Kuo et al. 1996).

Next, the 1D MM5 was run in experiment 2 for 72
h with the shallow-convection scheme. After a few
hours, the model’s thermodynamic environment ap-
proaches a quasi-steady state with only a weak diurnal
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FIG. 5. Detail of model-simulated soundings without the shallow-convection scheme in expt 1 during
ASTEX at 28.008N, 24.228W: (a) 0200 UTC 12 Jun (hour 20), (b) 2200 UTC 12 Jun (hour 40), and (c)
1800 UTC 13 Jun (hour 60).

FIG. 6. Predicted cloud top (m, thin solid), planetary boundary
layer (PBL) (m, heavy solid), and LCL (dotted, m) in expt 2 from
0600 UTC 11 Jun to 0600 UTC 14 Jun 1992 during ASTEX at
28.008N, 24.228W.

signal below the inversion of ;0.5 C (not shown). Fig-
ure 6 shows the simulated evolution of the marine PBL
height, subgrid shallow cloud base (LCL) and the top
of the convective updrafts over the 72-h period. The
cloud top height is steady at ;1450 m, just below the
level of the inversion. Meanwhile, the PBL top ranges
from about 200 to 250 m, with the LCL located slightly
higher by 50–100 m, and both exhibit a weak diurnal

cycle due to interactions between solar and cloud pro-
cesses.

Figure 7 shows that the model-simulated soundings
at 20 h, 40 h, and 60 h for experiment 2 contain two
distinct cloud layers. The first is a shallow (200–400 m
deep) saturated stratus layer just below the inversion
base at 875–895 mb. This layer is quite common in the
vicinity of the Azores, but is missing from the com-
posite, probably due to averaging over times when the
layer may have been at somewhat different heights. Be-
neath the stratus, an unsaturated layer containing sub-
grid convective cloud extends from 895 to 995 mb. This
cumulus layer is conditionally unstable, but not as much
as in the composite sounding (Fig. 4), possibly because
the model’s cloud-induced mixing may be a bit too in-
tense. The drying in the cloud layer, compared to ex-
periment 1, is caused by convectively induced compen-
sating subgrid subsidence. The results of experiment 2
are generally consistent with the composite profile for
11–14 June and with the mixing-line profiles of Betts
and Miller (1986), but here the cloud-layer structure is
formed without prescribing the thermodynamic out-
come. In this weakly forced marine environment, the
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FIG. 7. Detail of model-simulated soundings with the shallow-convection scheme in expt 2 during ASTEX
at 28.008N, 24.228W. (a) 0200 UTC 12 Jun (hour 20), (b) 2200 UTC 12 Jun (hour 40), and (c) 1800 UTC
13 Jun (hour 60). CLDTOP is the top of convective updraft and LUB is the level of the updraft base. Circle
near LCL indicates the level at which parcel is released.

maximum boundary layer TKE is ;0.1 J kg21 (not
shown), so the vertical velocity of the cloud-initiating
parcels released at the PBL top near 200 m is only ;0.3
m s21. Meanwhile, radiation flux divergence at the top
of the stratus clouds and wind shear in the inversion
base induce a realistic elevated turbulent layer (TKE ;
0.3 J kg21) between 1100 and 1450 m that is completely
decoupled from the PBL (not shown).

Figure 8 shows the vertical distribution of the con-
vective and nonconvective cloud fractions and environ-
mental relative humidity in experiment 2 at 0200 UTC
12 June 1992 (hour 20). At this time, the maximum
NBC fraction is 100% just below the inversion base
(darker shading represents stratus), although the con-
vective updraft area is only about 6%. Notice that the
NBC fractions are less than 10% at all levels below the
stratus deck because the NBC source term, Sa, in (2.13)
is small in these weakly stable layers. Rather, the con-
vective updrafts detrain most of their mass at the stable
inversion base.

Figures 9a and 9b represent time–height sections of
the NBC fraction, a, and the grid-averaged cloud water,
l, respectively, in experiment 2. After an initial adjust-

ment period, both fields display primarily quasi-steady
characteristics. The solid stratus deck (a 5 100%) is
established by ;15 h and has a depth of 200–400 m,
although the cumulus updrafts are much deeper (the zero
contours for a and l near 250 m approximate the con-
vective base). As expected, the maxima in the weak
diurnal cycles for these fields in the stratus layer occur
just before sunrise. The simulated drizzle rate for the
NBC (not shown) has a similar diurnal trend, with rates
ranging from 0.5 to 1.5 mm day21. Most of the drizzle
evaporates below the stratus base, however, where it
cools and moistens the substratus layer and contributes
to the diurnal trends of the LCL and PBL heights shown
in Fig. 6.

Next, in Fig. 10 the relationship between cloud liquid
in the updraft and in the NBC for experiment 2 is shown
at 0200 UTC 12 June (hour 20), after the quasi-steady
state has been attained in the model. The maximum
liquid water content in the active updraft at 1450 m
AGL (lu ; 1.6 g kg21) is considerably more than the
maximum in the subgrid NBC (lc ; 0.55 g kg21) at
about 850 m AGL. Between 1200 and 1450 m, strong
detrainment at the inversion base has produced grid-
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FIG. 8. Model-predicted cloud fraction (%) and resolved-scale rel-
ative humidity, RH (%), vs pressure (mb) and height (m) in expt 2
at 0200 UTC 12 Jun 1992 (hour 20) during ASTEX at 28.008N,
24.228W. Shading indicates NBC fraction (%), dashed line is area of
shallow-cloud updraft (%), thin solid curve is effective cloud area
for radiation calculations (%), and heavy curve is RH (%). NBCB is
the base of NBCs.

FIG. 10. Vertical profiles of predicted cloud liquid water content
(LWC) (g kg21) in expt 2 at 0200 UTC 12 Jun 1992 (hour 20) during
ASTEX at 28.008N, 24.228W. Dashed line is LWC in the updraft (lu),
dotted line is LWC in the NBC (lc), heavy solid line is the grid-
averaged LWC (l) from NBC, and thin solid line is resolved-scale
LWC (qc) when NBC area becomes 100%.

FIG. 9. Time–height section of predicted NBC in expt 2 from 0600
UTC 11 Jun to 0600 UTC 14 Jun 1992 during ASTEX at 28.008N,
24.228W. (a) Cloud fraction (%) and (b) horizontally averaged cloud
liquid water content (g kg21). Contours for (a) are 0%, 5%, 10%,
50%, and 100%. Contours for (b) are 0.00, 0.05, 0.20, and 0.40 g
kg21.

FIG. 11. Vertical profiles of the source (solid, % h21) and sink
(dashed, % h21) terms in the NBC area equation (2.13) in expt 2 at
0200 UTC 12 Jun 1992 (hour 20) during ASTEX at 28.008N, 24.228W.

scale saturation (also see Fig. 8) so that the subgrid scale
lc is converted to grid-scale cloud water (maximum qc

; 0.78 g kg21) and lc in these layers is set to zero. This
qc maximum at 1450 m exceeds the threshold for drizzle
(0.5 g kg21), so Dpre contributes to explicit production
of light precipitation. Moreover, the subgrid NBC liquid,
lc, near 850 m is also greater than the drizzle threshold
so that Dpre . 0 at this level as well, even though grid-

averaged liquid water content (l 5 alc) is only ;0.05
g kg21.

Figure 11 demonstrates the vertical profiles of the
source and sink terms, Sa and Da, for the area of the
NBC in experiment 2 in this quasi-steady marine en-
vironment at 0200 UTC 12 June 1992 (hour 20). The
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FIG. 12. Vertical profiles for the source term (heavy solid, g kg21

h21) and sink terms (g kg21 h21) in the NBC water-content equation
(2.14) in expt 2 at 0200 UTC 12 Jun 1992 (hour 20) during ASTEX
at 28.008N, 24.228W. Long-dashed line is depletion due to drizzle,
dotted line is depletion due to in-cloud mixing, thin solid line is
depletion due to mixing through exposed cloud base.

FIG. 13. Model-simulated normalized cloud-base mass flux per unit
area, mB/DxDy (kg m22 s21), for expt 2 from 0600 UTC 11 Jun to
0600 UTC 14 Jun 1992 during ASTEX at 28.008N, 24.228W.

FIG. 14. Model-simulated maximums for vertical velocity in the
updraft (m s21, heavy curve) and compensating subgrid-scale sub-
sidence (cm s21, thin curve), in expt 2 from 0600 UTC 11 Jun to
0600 UTC 14 Jun 1992 during ASTEX at 28.008N, 24.228W.

maximum value of the source term due to updraft de-
trainment is ;5% h21 at this time near 400 m AGL,
which is approximately balanced by the sink term due
to cloud-edge evaporation at ;4.8% h21. Only small
departures from balanced conditions occur through the
rest of the experiment. Recall that the layers near cloud
top are saturated so that the convective updrafts above
1200 m detrain their mass directly onto the resolved
scale, while the source term for subgrid-scale NBC be-
comes zero.

Next, vertical profiles for the source and sink terms
of the NBC liquid water content, lc, in (2.14) are shown
for experiment 2 at 0200 UTC 12 June (Fig. 12). Max-
ima occur for the water source term, Sl ; 0.28–0.30 g
kg21 h21 near 895–920 mb (300–600 m below the in-
version base), due to detrainment from the updraft core
(1.6 g kg21, see Fig. 10) and vertical advection of cloudy
air. Note that the negative source tendency near the
cloud base (;360 m AGL) implies that the liquid water
content in the updraft at this level is currently less than
in the NBC (lu , lc). The depletion rate due to mixing
through the exposed cloud bases becomes moderately
negative near 970 mb, reaching about 20.07 g kg21

h21, while depletion due to in-cloud mixing remains
small through most cloud layers except near the cloud
base. Meanwhile, drizzle clearly dominates the water
depletion at this time (maximum Dpre ; 20.28 g kg21

h21 at 925 mb). The other sink terms are less important.
The depletion due to the cloud top entrainment insta-
bility (CTEI) is not activated at this time because the
instability condition is not satisfied and ice settling is

inactive for this case because the cloud top is below the
freezing level. As in Fig. 11, the source and sink terms
for the subgrid-scale NBC become zero because the
layers near cloud top are saturated so that the convective
updrafts above ;1200 m detrain their mass directly onto
the resolved scale.

The total cloud-base mass flux in the grid cell for the
ASTEX 11–14 June episode is shown in Fig. 13. Recall
that the marine PBL is quite shallow and TKE is small
in this case, while the cloud updraft depth is just over
1 km. Therefore, the hybrid closure scheme is respond-
ing mostly to the TKE closure described in section 2c.
The model’s mass flux reveals a range lying mostly
between 0.16 and 0.23 kg m22 s21 and a weak diurnal
cycle with the flux maximums occurring near late even-
ing times. Furthermore, vertical profiles of the shallow
convection scheme’s updraft mass flux, entrainment, and
detrainment, using initial profiles from the Barbados
Oceanographic and Meteorological Experiment in the
1D model, have been calculated with a range of values
for the updraft-initiation variables to emulate a simple
ensemble of cloud sizes (R. Munoz 2001, personal com-
munication). When compared to LES-generated profiles
reported by Siebesma and Cuijpers (1995), the present
parameterization produced generally similar mass-flux
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FIG. 15. Predicted updraft radius, Rc, (m, heavy curve) and number
of updrafts, Nu, (thin curve) in expt 2 from 0600 UTC 11 Jun to 0600
UTC 14 Jun 1992 during ASTEX at 28.008N, 24.228W.

FIG. 16. Observed sounding at Pittsburgh, PA, 1200 UTC 8 Jun 1998.

distributions. However, these preliminary experiments
by Munoz also indicated that an ensemble capability
could be useful for developing realistic entrainment and
detrainment profiles.

Figure 14 presents the relationship between two quan-
tities closely related to the mass flux: the maximum
vertical velocity in the active convective updrafts (Wmax

; 2.0–4.0 m s21) and the maximum compensating sub-
sidence in the environment (w̃ ; 21.5 to 22.5 cm s21).
The large difference in these velocities is a consequence
of the comparatively small area covered by the updrafts
(see Fig. 8). Finally, Fig. 15 reveals that the mean radius
of the updrafts in experiment 2 is 350–500 m, while
the number of updrafts in the 30 km 3 30 km grid cell
ranges from 40 to 150. Of course, the number of visible
clouds in such an environment should be greater, be-

cause the NBCs can persist longer than the individual
updrafts that generated them and we do not treat clouds
with a range of sizes. Although there are inadequate
data to verify many of these predictions, they demon-
strate that the model can successfully maintain quasi-
steady solutions and low-amplitude diurnal components
that are characteristic of this weakly forced marine en-
vironment.

b. Continental environment

To demonstrate the response of the shallow-convec-
tion scheme in a typical continental environment, the
1D MM5 was initialized for experiment 3 with the early
morning sounding from Pittsburgh, Pennsylvania, at
1200 UTC 8 June 1998 (Fig. 16) and the model was
run for 24 h. The 8–9 June case began with a cool ridge
of Canadian air oriented from the western Great Lakes
southeastward through South Carolina. At 1200 UTC 8
June a strong storm was moving eastward from Colo-
rado toward the Midwest. During the day on 8 June,
cool northwesterly winds prevailed over western Penn-
sylvania beneath the midlevel subsidence inversion as-
sociated with the ridge (Fig. 16). As the storm advanced
eastward early on 9 June, clouds and rain overspread
the Midwest, but the prefrontal clouds did not reach
Pittsburgh until about 0500 UTC. Thus, cloud genera-
tion during the daytime and evening hours was domi-
nated by the local surface fluxes beneath the ridge and
no large-scale forcing was imposed for this case. The
objective of experiment 3 is to demonstrate that the
shallow-convection scheme can reproduce the general
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FIG. 17. Evolution of surface properties and cloud fraction at Pittsburgh in expt 3 from 1200 UTC 8 Jun to 1200
UTC 9 Jun 1998. (a) Surface sensible heat flux (solid, W m22) and latent heat flux (dotted, W m22). (b) Surface
temperatures (8C), observed (circles) and simulated (heavy solid), and dewpoint temperatures (C), observed (asterisks)
and simulated (thin solid). (c) Cloud fractions, observed (standard symbols) and simulated (solid), plus simulated
cloud-base mass flux per unit area (dotted, kg m22 s21).

characteristics of rapid cloud-fraction growth in a
strongly forced daytime environment. More detailed
verifications of evolving properties of the clouds them-
selves are presented for several land and marine cases
in Part II.

Observations indicate that skies were clear in this area
at 1200 UTC. The surface sensible heat flux and latent
heat flux for the simulation period are shown in Fig.
17a, with the accompanying observed and simulated
surface-layer temperatures and dewpoints given in Fig.
17b. These panels show strong heating in the early
morning hours was abruptly curtailed just before 1500
UTC (1000 LST), after which the surface fluxes began
dropping rapidly. Although there are no surface flux

observations against which to compare, this scenario is
confirmed by the sudden plateau reached in the surface
temperature and dewpoint at 1600 UTC. Maximum tem-
peratures observed on this June day were only 198C.

Figure 17c displays the corresponding hourly simu-
lated and observed cloud fractions and the modeled
cloud-base mass flux at Pittsburgh. (The observed cloud
fractions for the low and middle layers, shown in the
circles, are given in standard NWS symbols with cloud
bases shown in meters AGL.) Notice that the mass flux
becomes quite large (up to 0.105 kg m22 s21) during
the midmorning before settling toward ;0.02 kg m22

s21 in the afternoon. The shallow-cloud scheme does
very well at predicting the onset of shallow clouds at



52 VOLUME 60J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S

FIG. 18. Predicted cloud top (m, thin solid), planetary boundary
layer (PBL) (m, heavy solid) and LCL (dotted, m) in expt 3 from
1200 UTC 8 Jun to 1200 UTC 9 Jun 1998 at Pittsburgh.

FIG. 19. Detail of model-simulated soundings with the shallow-convection scheme in expt 3 at Pittsburgh
on 8 Jun 1998: (a) 1500 UTC (hour 3), (b) 1800 UTC (hour 6). CLDTOP is the top of updraft and LUB
is the level of the updraft base. Circle near LCL indicates the level at which parcel is released.

1400 UTC, followed by the rapid increase of the cloud
fraction in the late morning, which coincides with the
drop in simulated surface sensible heat flux. By 1700
UTC, the model simulates over 50% cloud fraction,
which continues to rise to 100% by 2000 UTC (1500
LST). The simulated increase in cloud fraction is con-
firmed rather well by the NWS surface observations of
low and midlevel clouds through this period, which ver-
ify that overcast conditions were attained by 2100 UTC.

Beginning in late afternoon, the model gradually de-
creases the cloud fraction, which agrees with the trend
of the observations. However, the model simulates the
collapse of the midlevel stratocumulus deck at 0800
UTC 9 June, whereas the observations indicate clearing
occurred around 0400 UTC. Note that observations of

midlevel cloud (3000–3700 m) arriving after 0500 UTC
are associated with the prefrontal advection preceding
the western storm as it approached the Midwest. These
clouds are not of interest in experiment 3 and are not
represented in the 1D model solutions.

Figure 18 shows the evolution of the PBL height,
cloud base (LCL), and cloud top for the convective
updrafts over the 24-h simulation. The cloud tops in the
model follow a cycle that corresponds roughly to the
cloud-base mass flux shown in Fig. 17c. The updrafts
briefly reach 3400 m (cloud depth ;2100 m) at about
1430 UTC (0930 LST), after which they quickly settle
down to about 2400 m AGL through midafternoon be-
fore gradually collapsing around sunset (about 2300
UTC). Figure 17c shows that the NBC persisted as a
layer of broken stratocumulus until 0800 UTC before
it finally dissipated. This agrees fairly well with the
observed upper deck of broken to overcast stratocu-
mulus reported during the day between 2200 and 2800
m. Meanwhile, the PBL top and LCL both rise rapidly
through the morning and then approach 1600–1800 m
in the afternoon, so the convective clouds become more
shallow with time. The rise of the updraft base heights
in the model is confirmed by the rise of the bases in the
lower cloud layer observed at Pittsburgh (Fig. 17c). Fi-
nally, notice that Fig. 17c shows the height of the stra-
tocumulus beneath the inversion (2200–2800 m) is dis-
tinctly lower than the layer of higher clouds (bases ob-
served between 3000 and 3700 m) that arrived after
midnight (0500 UTC). It is these higher clouds that were
associated with prefrontal advection, rather than local
convective processes.

The effect of the convection on the environment is
shown in the model-simulated soundings at 1500 and
1800 UTC (Fig. 19). At hour 3 (1500 UTC), the PBL
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top is 500 m below the LCL, but the warm, moist surface
layer gives the cloud-initiating parcels sufficient buoy-
ancy to reach the LCL, where latent heat release can
help maintain buoyancy up to the inversion base near
700 mb. By hour 6 (1800 UTC), the PBL top and LCL
are both near 800 mb and the cloud top has lowered a
bit to 730 mb (2700 m AGL). Notice that the unsaturated
cloud layer is nearly moist adiabatic at 1800 UTC due
to the cloud-induced mixing in the layer. Also, Fig. 19
reveals that the cloud-updraft temperature is only slight-
ly warmer than its environment at 1800 UTC and is
generally less buoyant than at 1500 UTC, so the vertical
moisture flux weakens with time. This contributes to
allowing the layer beneath the inversion to remain un-
saturated until midafternoon.

Figure 20 shows the vertical distribution of convec-
tive and neutrally buoyant cloud fraction and environ-
mental relative humidity at 1500 UTC (cf. Fig. 19a). At
this time, the maximum NBC fraction is already about
34% near 3000 m and decreases downward, while the
convective updraft area covers only about 7% of the
area. Consistent with the sounding of Fig. 19a, the en-
vironment is rather dry at 1500 UTC with a maximum
relative humidity of about 70% near 1700 m AGL. The
thin solid curve in Fig. 20 shows that the maximum
‘‘effective’’ cloud fraction used in the calculation of the
radiation fluxes is about 65% in a thin ‘‘anvil-like’’ layer
(see section 3). The vertical profiles of cloud water at
hour 3 (not shown) indicate that the maximum liquid
water content in the active updraft (lu) is about 2.1 g
kg21, which is considerably larger than that in the sub-
grid NBC (lc, about 1.0 g kg21). However, since lc .
0.5 g kg21 (the drizzle threshold), the precipitation
mechanism becomes an effective process for depleting
cloud water from the NBC, even though the maximum
resolved-scale cloud water, l 5 alc, is only 0.34 g kg21

at this time. None of this drizzle reaches the ground
because of the low relative humidity below cloud base.
Figure 21 shows that the source and sink terms for the
NBC area, Sa and Da, are strongly unbalanced during
the midmorning heating cycle (1500 UTC), so the cloud
area is growing rapidly at a rate of 30% h21. This time
corresponds to the period of rapid cloud-area expansion
shown in Fig. 17c.

Further examination of the results indicated that the
simulated clouds first formed in experiment 3 at 1345
UTC with bases near 1000 m AGL, radii of 150 m, and
about 290 clouds in the 30-km grid cell (not shown).
Since the cloud tops grew rapidly to the inversion level
during the next hour, the radius also grew to ;1300 m
and the number of active updrafts necessary to provide
sufficient cloud base mass flux dropped to about 10. The
vertical velocity in the convective updrafts was gener-
ally 2–3 m s21 through most of the day, although it
briefly grew to ;8.5 m s21 at 1430 UTC when the
convection was deepest and first reached the inversion
layer (the time of largest cloud-base mass flux). As in
experiment 2 (Fig. 14), the compensating sinking mo-

tion was about two orders of magnitude less than the
updraft maximum. Most of the other cloud character-
istics simulated by the 1D model in experiment 3 were
similar to those found in the marine case of episode 2.

Qualitatively, the shallow-cloud simulations in this
case appear to be fairly representative of many evolving
continental convective environments. That is, convec-
tion commonly begins as many small cumuli in the mid-
morning, but these become fewer and larger with time
as the cloud depth increases. Of course, these qualitative
assessments and limited verifications against data can
serve only as an initial representation of the general
characteristics of the shallow-convection scheme. A
more through quantitative evaluation in a variety of
well-observed cloud environments, including 3D ap-
plications, is necessary to determine the suitability of
the parameterization for more general use.

5. Summary

A shallow-convection parameterization designed to
represent both marine and continental environments has
been developed for use in mesoscale models. The
scheme is consistent with the explicit moisture, deep
convection, radiation, and turbulence physics of the
MM5 model. In particular, it transitions to the Kain–
Fritsch deep-convection scheme when simulated cloud
depths exceed a critical depth, DKF, or to the Dudhia
explicit-moisture scheme when shallow clouds spread
to saturate a grid element in a more stable environment.

The parameterized shallow convection is triggered
primarily by boundary layer turbulence processes via
the model-predicted TKE. Cloud depth is calculated us-
ing parcel buoyancy theory, but the cloud top grows
gradually as a function of the updraft velocity maxi-
mum, rather than instantaneously as in the Kain–Fritsch
scheme. The closure for the cloud-base mass flux is
based on a hybrid formulation that combines a CAPE-
removal closure for deeper clouds (as in the KF deep
convection) and a TKE-based closure for very shallow
clouds. This flexible hybrid assumption has been tested
in case studies over land and oceans and has been found
to perform reasonably well in all cases (also see Part
II).

Cloudy air in the convective updrafts is detrained
from the 1D cloud model into a class of approximately
neutrally buoyant clouds, or NBCs. Prognostic equa-
tions are used to predict the NBC fraction and liquid/
ice content. The NBCs can dissipate through several
physical processes, including evaporation at cloud edge
due to horizontal turbulent mixing, vertical diffusion,
precipitation, ice settling, and cloud-top entrainment in-
stability (CTEI).

Using a 1D version of the PSU–NCAR MM5, the
shallow-convection parameterization was demonstrated
in two preliminary experiments for marine and conti-
nental environments. The simulations produced quali-
tatively realistic thermodynamic structures and cloud
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fields in both cases. The weakly forced 3-day marine
case, initialized with an ASTEX composite sounding,
produced a quasi-steady solution with 6%–13% cu-
mulus-cloud areas topped by a stratus deck beneath the
inversion of the Bermuda high. The subgrid scale shal-
low convection was shown to be important for pre-
venting overmoistening of the CTBL by forcing com-
pensating subsidence in the cloud environment.

For the more strongly forced continental case, ini-
tially clear skies in the vicinity of Pittsburgh, Pennsyl-
vania, developed many small shallow cumuli before
midmorning, which rapidly grew until reaching an in-
version base near 700 mb. Capped by the midtropos-
pheric inversion, updraft detrainment soon led to a stra-
tocumulus layer that eventually covered 90%–100% of
the sky by midafternoon, matching observed cloud-area
growth quite well. Meanwhile, simulated cloud bases
rose during the morning in response to the growth of
the turbulent boundary layer, gradually causing cloud
depths to decrease. In contrast to the marine case, the
continental case displayed strong forcing and rapid
changes in cloud characteristics, demonstrating the ver-
satility of the scheme. The next step is to perform more
detailed evaluations in both types of environments for
cases having cloud-specific observations, for which the
reader is directed to Part II of this paper. This will be
followed by regional applications in the 3D MM5 mod-
el.
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