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ABSTRACT

Cumulus and mesoscale downdrafts are incorporated into the cumulus parameterization of Kuo.
Convection is driven by grid-scale moisture supply, and distributed vertically by temperature and specific
humidity differences between the environment and an idealized cloud. The moisture supply is defined to
minimize the problem of lag between instantaneous moisture accession and rainfall. Downdrafts are added
to the idealized cloud profile by determining a weighted mean of the equivalent potential temperatures (6,.)
for cumulus updrafts, saturated cumulus downdrafts, and unsaturated mesoscale downdrafts, and by extracting
the cloud temperature and specific humidity iteratively from the mean 8,. The 8, values are weighted by the
mean vertical eddy flux convergence of moist static energy by each component.

The addition of downdrafts sharply increases the rate of stabilization of the grid scale by the Kuo approach.
Stabilization characteristics are also shown to depend upon precipitation efficiency, strength of grid-scale
forcing, downdraft relative humidity, downdraft weighting, and intensity of surface fluxes.

The approach was tested in a real-data, three-dimensional primitive equation prediction of a mesoscale
convective complex (MCC) on a 1° latitude/longitude mesh. Prediction of total rain volume was most
accurate when downdrafis were included. Without downdrafts, a feedback instability occurred at the MCC
center and rainfall was greatly overestimated. When convective heating was omitted, so that rainfall could
be produced only after grid-scale saturation, predicted rainfall was less than 10% of that observed and the
MCC decayed. Difference vectors between the full and no convection integrations showed strong outflow
developing in the upper troposphere, evolving to a large anticyclonic eddy following the MCC by hour 12 of

. the forecast. Corresponding inflow and a weak cyclonic eddy developed at low levels. Influence of the MCC

spread rapidly over several hundred kilometers through this divergent flow. The results indicate, not
surprisingly, that maintenance of the MCC depends critically on the presence of cumulus convection. The
failure of the explicit (nonparameterized) approach suggests that cumulus parameterization is necessary for
realistic prediction of convective systems in meso-« scale models.

In the integration with downdrafts incorporated, a life cycle behavior occurred in the heavy rainfall region.
The level of maximum upward motion shifted from middle to upper levels over several hours, and downward
motion developed at the lowest levels. The apparent heat source was initially positive at all levels, then
became negative in the lower troposphere and more strongly positive aloft. Stratiform precipitation fell from
saturated upper levels for a brief period after convection ceased. This life cycle behavior, which contains
several aspects of that observed, took place only when cumulus and mesoscale downdrafts were incorporated.
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1. Introduction

The parameterization of vertical heat and moisture
transports by cumulus convection has remained a
major unsolved problem in numerical weather pre-
diction. The role of deep precipitating cumulus clouds
in stabilizing the large scale, chiefly through low-level
cooling by nearly saturated cloud-scale downdrafts,
has long been recognized. Analyses from GATE and
other data collection efforts, however, have revealed
that deep convection is accompanied by unsaturated
downdrafts on a scale larger than individual cumulus
clouds (Zipser, 1969; Houze, 1982). These mesoscale
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downdrafts are driven by cooling due to melting and
evaporation of stratiform precipitation (Brown, 1979;
Leary and Houze, 1979), which is produced both in
upper tropospheric anvil clouds and by ejection from
adjacent cumulus updrafts (Churchill and Houze,
1984). The unsaturated downdrafts may exist for 100
km or more in the wake of a propagating system,
and become increasingly important over 6—12 hours
as the convective cloud cluster undergoes a life cycle
(Houze, 1982). They play a significant thermodynamic
role by cooling and moistening the lower troposphere,
while active anvil updrafts produce warming and
drying above the freezing level (Johnson and Young,
1983; Houze, 1982). Hartman et al. (1984) found
that a “mature cluster” heating profile, which included
mesoscale influences, more accurately reproduced the
tropical Walker Circulation in a linear steady-state



486

model than an isolated cumulonimbus heating profile.
The authors suggested that the mesoscale cluster
profile may represent the dominant mode of diabatic
heating in the tropics. The evidence indicates that
the thermodynamic effects of mesoscale circulations
cannot be neglected.

In meso-a scale numerical models (grid spacing
50-250 km), the presence of these mesoscale processes
greatly complicates the cumulus parameterization
problem. Initially the unsaturated downdrafts accom-
pany active cumulus scale updrafts and downdrafts,
i.e., occur at the same grid point, and thus must be
parameterized. As the convective cluster matures,
however, the mesoscale downdrafts cover an increasing
percentage of the area. Eventually, the convective
updrafts stop and only the mesoscale circulation
remains at the grid point (e.g., Johnson and Kriete,
1982), or the convectively active region propagates
to an adjacent grid point, leaving a mesoscale down-
draft in its wake. In either case, the unsaturated
downdraft becomes (at the original point) an explicit
grid scale phenomenon, unaccompanied by the con-
vective scale, and is no longer parameterized. The
meso-a scale modeler must simulate (a) the vertical
distributions of heat and moisture sources due to
subgrid scale convection; (b) their time variation over
the life cycle of the system, as mesoscale downdrafts
increase in percent areal coverage; and (c) the grid
scale residue left behind.

In the current work, a method is proposed based
on the work of Kuo (1974) which incorporates,
following the suggestion of Molinari (1982b), a para-
metric representation of cumulus and mesoscale
downdrafts into the vertical distribution functions.
Only the thermodynamic effects of cumulus convec-
tion will be addressed; observational aspects of cu-
mulus momentum transport are still too poorly un-
derstood to develop a parameterized approach. In the
following sections, the properties of the Kuo approach
are examined, the addition of downdrafts described,
and the stabilization characteristics presented. The
proposed approach is tested in a three-dimensional
primitive equation prediction of a mesoscale convec-
tive complex, and is shown to produce a life-cycle
behavior with many similarities to that observed.

2. Review of Kuo’s approach
a. Definition of the moisture supply

The fundamental assumption of Kuo’s approach
relates intensity of convective forcing to the instan-
taneous rate at which moisture is supplied to the grid
point. As a consequence, definition of the moisture
supply takes on considerable importance. Kuo (1965)
used the sum of the three-dimensional grid-scale
moisture convergence and the surface evaporation.
The basis for the Kuo approach was called into
question when Betts (1978) and Frank (1979) noted
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a lag of several hours between moisture convergence
and precipitation. Kanamitsu (1975) and Krishna-
murti et al. (1976) used only vertical advection to
define the moisture supply (omission of subscripts
indicates grid scale variables):

1 M ( dq
I=——f (w—)d. {1
2, op D 1)

Recently, Y. H. Kuo (1983) compared the two defi-
nitions using high-resolution SESAME data. He found
that aithough vertically integrated moisture conver-
gence lagged precipitation by increasing amounts
with increasing horizontal scale, the quantity in (1)
contained no lag on any scale, even 750 X 750 km.
These results suggest that Kuo’s (1965) assumption
of rainfall proportional to the instantaneous rate of
moisture supply at a grid point is realistic, as long as
moisture supply is defined by the vertically integrated
vertical moisture advection.

As a consequence of (1), horizontal advectiori of
moisture and surface evaporation do not contribute
directly to convection, but act only to change the
grid scale. These processes do enter the convective
moisture source the subsequent time step, but only
to the extent that they change the grid-scale dq/dp.
In (1), I > 0 indicates the active lifting of moisture
and thus the presence of a destabilizing mechanism.
It is physically more reasonable to initiate convection
using 7 > 0 in (1) than simply in the presence of

positive horizontal advection or surface evaporation

alone, without significant upward motion. Support
for this view is provided by Houze and Betts (1981),
who review several papers that show the high corre-
lation between mean vertical motion and rainfall in
GATE. Y. H. Kuo’s findings indicate that lag due to
liquid water storage (e.g., see Betts, 1978), which
cannot be addressed by this approach, may not be a
serious problem in deep convective situations. Equa-
tion (1) is adopted in this study.

b. Kuo-Kanamitsu-Krishnamurti approach

Neglecting nonconvective heating and horizontal
advection, equations for potential temperature and
specific humidity changes in the Kuo approach can
be written (Kanamitsu, 1975; Krishnamurti ¢r al,

1976) as
?a_‘:=_ g%+a0{06A:0+wg—z}, 2
%g _ aq(ch-T q) ’ (€)
where
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is the fractional approach of the grid scale to the
limiting state potential temperature . in time A7,
and

;= — (5)

is the fractional approach to ¢.. The b parameter
(Kuo, 1974), which is the fraction of moisture supply
I that increases storage (1 — b is the grid-scale
precipitation efficiency), is discussed in Section 2c,
and Q, and Q, are defined in Appendix A. No loss
of generality occurs by considering vertical advection
only because, as noted earlier, horizontal advection
and surface fluxes do not interact directly with the
convection. The origin of (2)-(3) and energy and
moisture conservation in the approach are shown in
Appendix A.

A generalized Kuo scheme can be written from
(2)-(5), using (A7) and (A8) of Appendix A, as

T a6 T o6
E'a—t—— 55—+g—(1-b)1<> 6)
dgq B
— = gbl —, 7
Fyiat { 0 (7)
where
T - 0
a=§'(0cAT0+wg;), (8)
_4.—q
5——AT ’ )]

=]

Equations (6)—(7) show that convective heating and
moistening in the Kuo-Kanamitsu-Krishnamurti ap-
proach are forced by moisture supply I, partitioned
by the b parameter, and vertically distributed by the
functions « and 8. With vertical distributions given
by (8)-(9), the grid column is moved toward the
limiting state represented by 6, and ¢, at a rate which
depends upon many factors, including the strength
of forcing, the presence of downdrafts, and the mois-
ture partitioning, as discussed in Section 4. In this
manner the Kuo approach, rather than a pure mixing
approach, can be viewed as a vanable-rate, time-
dependent form of convective adjustment.

Because the integral constraints on energy and
moisture (Eq. A9 and A14) hold for any values of 4.,
4., and b, a numerical modeller is free to adjust these
variables to incorporate additional physical effects
into the adjustment process. The addition of cumulus
and mesoscale downdrafts to the limiting state will
be described in Section 3.

The vertical distribution functions « and 8 appear
arbitrary in (6)~(7). In reality, however, they are
subject to an additional constraint (Kanamitsu, 1975):
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as a layer reaches moist neutrality (7 — T, g — q.),
the local changes of § and ¢ must vanish, because no
change occurs in either variable due to rising motion
in a moist neutral layer. This condition must hold to
insure a smooth transition between conditionally
unstable and neutral lapse rates. The current approach
satisfies this constraint as long as (a) b — 0 as 7' —
T, and ¢ — ¢q., and (b) T, and g, approach a moist
adiabat as saturation is reached (see Appendix A).
The inclusion of downdrafts will be made to satisfy
these added constraints.

¢. Definition of the moisture partitioning

The choice of the moisture partitioning parameter
is critical in the Kuo-Kanamitsu-Krishnamurti ap-
proach, for two reasons:

(i) It determines whether net warming or cooling
of the column occurs (e.g., Molinari, 1982b), and
thus partly controls the feedback of the convection
on the intensity of the grid-scale vertical circulation.

(ii) In a diagnostic or semi-prognostic framework,
the precipitation rate for a given moisture supply
depends entirely on the moisture partitioning, regard-
less of the idealized cloud model used to get 6, and
q.. In a prognostic framework, the vertical distribution
of heating also becomes a major factor, as will be
shown in the one and three-dimensional integrations.

Molinari (1982b) proposed the following closure
for b, which insured that temperature and specific
humidity approach their limiting state at the same
rate:

Pb
"= [ 5
pr pr

Pb
[/ [ Ea. o

The time change terms in the denominator were
determined from (2)-(3). Equation (10) leads to (adi-
abatic cooling A is defined by Appendix Eq. A10)

b_A+I{ Q, }
T Qv 0 +4)

Typically b ~ 0.1 with this approach, which Molinari
(1982b) found to be the only one of four tested to
produce a uniform approach to moist neutrality in
both # and ¢. Equation (11) fails to do so, however,
when downdrafts are included in the limiting state.
The difficulty relates to the change of sign of 7T, — T,
which can make (7’ (T. — T)dp = O when f”:’ | T,
— Tldp is far from zero. No alteration of (10) could
be found which produced a unique solution for b,
and the procedure was abandoned.

Several alternative formulations for » have been
proposed (Kanamitsu, 1975; Anthes, 1977; Krishna-

(11)
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murti et al., 1980; 1983). In the current study, b is
defined following Fritsch and Chappell (1980a), who
derived a functional form for precipitation efficiency
1 — b versus vertical shear. Their form was chosen
because it is supported by the greatest number of
independent observational studies. It should be noted,
however, that most formulations for b give values
between 0.1 and 0.3 (except Anthes, 1977, which is
generally larger). The sensitivity of results to the b
parameter is examined in Section 4.

The b parameter is redefined from the vertical
shear dependent value under one circumstance, when
a, > 1. In such a situation, (1 — b)I > Q,, which
indicates that moisture available for condensation
heating is greater than that needed to form a cloud
in time A7. This can be considered an instability in
the approach, because 4, can be arbitrarily large, and
the limiting profile can be reached in a time much
less than A7, In order to prevent the instability, b is
redefined to make g; = 1, ie., from (4),

-0
I

if a,> 1. (12)

This procedure has the additional benefit that as
T — T, and g — q., it can be seen from (1), (A7),
and (A16) that » — 0, and the necessary condition
on b for the transition to a neutral state is satisfied.
The adjustment to b thus serves two purposes: to
prevent a potential instability in the approach, and
to promote a smooth transition to a neutral state.
When @, reaches and remains at unity (and only
then), Ar becomes the time scale for stabilization of
the grid column; this occurs under strong forcing or
when the entraining updraft has nearly zero buoyancy.

3. Addition of downdrafts

Three components make up the final 7, and ¢,
profiles: cumulus-scale updrafts, cumulus-scale down-
drafts, and mesoscale downdrafts. Values of 4, at
each level for the three components (8,,, 8., and 8,,,,
respectively) are determined, a weighted mean 8, and
q calculated (6., q.), and T, extracted iteratively.
Above the downdraft layer, only 4,, is used; mesoscale
updrafts are not explicitly included. It will be shown
in the three-dimensional results that despite this
limitation, saturated upper tropospheric ascent devel-
ops on the grid scale, for reasons to be discussed
later. The procedure for incorporating downdrafts is
as follows (cloud base and cloud top definitions follow
Molinari, 1982b):

(i) The entraining updraft is computed similar to
Fritsch and Chappell, (1980a):

_ 1 EAp .
Oeul+ 1) = (s e+ (T o (1)
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where EAp is equivalent to AM, /M in the Fritsch-
Chappell approach, Ap is layer thickness, 8, is the
mean environmental 8, over Ap, and

E=~/H

is the entrainment, with H the cloud depth in mb.
Because the Kuo approach models deep clouds, H is
chosen as the deepest possible cloud and v = 1,
rather than the iterative approach for E used by
Molinari (1982b). At cloud base, 6,, = 6,,, and a
simple ice phase parameterization is used following
Fritsch and Chappell (1980a).

(ii) Also following Fritsch and Chappell, 8., = 3(0..
+ 6,) at cumulus downdraft top, which is defined as
the first layer at or below 550 mb in which 6,4
< 8,,, with the additional constraint that it be at least
100 mb below cloud top. The entraining downdraft
8, is computed analogously to (13). Following Johnson
(1976), the cumulus downdraft is saturated and en-
trains environmental air at a rate equal to that in the -
updraft.

(iii) 4., is defined following Johnson (1980); the
mesoscale downdraft starts at the melting level with
Oem = 0., and 6,,, is constant in the downdraft layer.
No mesoscale downdraft is computed if cioud top is
not at least 100 mb above the freezing level. Relative
humidity r,, follows Leary and Houze (1980), with
the following exception:

rm=[r], (14)

where [r] is the mean grid scale relative humidity in
the downdraft layer. This prevents unrealistically
warm and dry mesoscale downdrafts in the presence
of a nearly saturated grid-scale environment.-

(iv) Both cumulus and mesoscale downdrafts are
included in the weighted sum only when they are
negatively buoyant. A crude water loading effect is
added by allowing a 0.5°C temperature excess int the
downdrafts, roughly equivalent to 1.5 g kg™' of liquid
water.

(v) In the downdraft layer, 6., the weighted mean
d., is determined from:

— wuoeu + Wdeed + wmaem
W, + wygtw,

0cc R (15)

with an analogous expression for ¢g.. Above - the
downdraft layer, 8. = 6,,.
(vi) T, is extracted iteratively from 6, and g..

The 6, weights are determined by the magnitude
of the moist static energy change produced by each
component. This quantity cannot be computed with
the simple cloud model used here, but rather is
determined from observed mean values in the con-
vectively active wave trough region in GATE, follow-
ing Johnson (1980). If downdraft detrainment is
assumed to occur only below cloud base, the eddy
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flux convergence in the downdraft layer can be written
as:

~ 2 (Wad) = 5o, ) — )]
(4

oh
_(Mu+Md+Mm)5;, (16)

where

h=gz+ T+ Lg a7n

is the moist static energy, 8(p) is updraft detrainment
and M is mass flux. Because only deep cumulus
clouds can be modelled by the Kuo approach, John-
son’s values are taken only for clouds having their
detrainment level above 400 mb, and thus the first
term in (16) vanishes, and the weights are determined
for each component from its magnitude in the second
term (with M, replaced by M, in Johnson’s data).
The weights are shown as a function of pressure in
Fig. la. Three comments are necessary on this pro-
cedure:

(i) The weights are strongly constrained by John-
son’s (1980) chosen values for the two parameters: «,
the ratio of mesoscale mass flux to updraft mass flux
at cloud base, chosen as —0.5 by Johnson; and e, the
ratio of cumulus downdraft mass flux at downdraft
top to updraft mass flux at cloud base, taken as —0.2.
Because Johnson chose these values to best fit the
observations, they provide a useful constraint in
forming a bulk parameterization of the type consid-
ered here.

- 550 V {a)
= 650 v
§ 750 4,
* 950 1%
8, WEIGHT
= 550 7 (0)
= 550 V/
:g: 750 YV
& 850 W
& 950 W///
8 WEIGHT
——

20%

FiG. 1. (a) Relative weights of the 6, values for updrafts (no
shading), cumulus-scale downdrafts (single-line shading), and me-
soscale downdrafts (cross-hatching). When the freezing level is
nearer 650 than 550 mb, the mesoscale downdraft weighting at the
latter level is zero. Values represent absolute weighting in percent
when all three components are active at a given level. (b) Altered
downdraft weighting used for sensitivity experiments.
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(ii) The mean mass fluxes present in the weighting
are used solely to determine a mean profile (7, q.)
toward which the grid scale will be forced by convec-
tion. As in other applications of Kuo’s approach, no
explicit mass fluxes are computed; only w is present.
By defining the vertical heating profile in this manner,
the goal is to force a realistic evolution of the grid-
scale w. A life-cycle behavior in the three-dimensional
integration will be discussed in Section 5. Because
only T, and ¢, are influenced by the implied mass
fluxes, the conservation properties represented by
(A9), (A14), and (22) remain satisfied; energy, mois-
ture, and mass are conserved.

(1i1) As stabilization occurs and saturation is ap-
proached, the three 8, values come together (Eq. 14
is critical in this), and the ultimate limiting state is
moist neutral (if forcing lasts long enough to achieve
it). The downdraft formulation thus retains the smooth
transition to moist neutrality.

Figure 2 (a, b) shows the overall 7, — T and ¢,
— g profiles and analogous profiles for the downdrafts
alone, for a tropical standard atmosphere sounding
(Jordan, 1958). The effect of the ice phase shows in
the heating maximum at 350 mb. The downdrafts
sharply reduce the heating in the lower troposphere.
Cumulus downdrafts are coldest at cloud base, while
mesoscale downdrafts are more uniformly cool over
a 400 mb layer. The profiles vary significantly de-
pending on the structure of the sounding. For instance,
increasing the 550 mb relative humidity by 0.2 reduces
the negative buoyancy in the mesoscale downdraft to
one-third of that shown, and shifts the cumulus
downdraft top to 650 mb. Figure 2 represents the
profiles for tropical standard atmosphere only.

4. One-dimensional integrations

The approach will be tested in a one-dimensional
framework in which (2)-(3) are integrated from a
tropical standard atmosphere initial state. The con-
ditions for invoking the convective calculation follow
Molinari (1982b). The vertical motion is specified
(Fig. 3) and constant in time. One-dimensional inte-
grations are limited in that « is not allowed to
respond to the heating. Nevertheless, useful infor-
mation on the relative rate of stabilization of the Kuo
approach under various conditions will be obtained.

The apparent heat source @; (Yanai et al.,, 1973)
can be defined for (2)~(3) following Krishnamurti et
al. (1983):

—Q—'=a,(Tc_T+ T@). (18)

At w?ap

%

Figure 4 shows the apparent heat source for the given
w for the tropical standard atmosphere, with and
without downdrafts. As noted in Section 2c, the
instantaneous vertically integrated @, is fixed by the
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FiG. 2. (a) Temperature difference (°C) between tropical standard
atmosphere and the idealized cloud profile without downdrafis
(solid), with both downdrafts included (large dash), for mesoscale
downdrafts only (dash-dot), and for cumulus downdrafts only
(small dash). (b) Specific humidity difference (g/kg) between tropical
standard atmosphere and the idealized cloud profile with downdrafts
(solid), for cumulus downdrafts only (dashed), and for mesoscale
downdrafts only (dash-dot).

choice of b (for a given moisture supply), regardless,
of T, and g.. The major effect of downdrafts on Q,
is to shift the heating from lower to upper levels. A
negative heat source is produced only at the lowest
level (950 mb), but mesoscale downdrafts reduce the
magnitude of the heating at and below 550 mb, and
cumulus downdrafts do the same at and below 750
mb. The Q, produced by mesoscale downdrafts alone
shown in Fig. 5 (defined by the total Q; minus that
without mesoscale downdrafts) is similar to that
deduced by Houze (1982) from radar data.

Because the rate at which the grid scale approaches
stabilization is not specified in Kuo’s approach, but
rather is variable, it is important to identify the role
of various parameters on the stabilization rate. This
will be measured by defining the time required for
T, — T (T, is the entraining updraft temperature),
averaged over the cloud layer, to reach 0.25°C from
its initial value of 2.01°C in the tropical standard
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FIG. 3. Vertical motion (ub s7") specified for the
one-dimensional integrations.

atmosphere, under the steady forcing shown in Fig.
3. Figure 6 shows how this time varies as a function
of the b parameter, the presence of downdrafts, the
strength of the forcing, the presence of surface fluxes,
and the reduced downdraft weighting shown in Fig.
1b. Two sets of experiments are not plotted: those
with no downdrafts and those with mesoscale but not
cumulus downdrafts. These cases, for all values of b
tested, did not reach the 0.25°C limit within 12
hours.

The stabilization characteristics of the Kuo ap-
proach with downdrafts can be summarized as follows:

1) As precipitation efficiency 1 — b increases, the
rate of stabilization increases.

L J
. 360 4
m
= r 1
) 500+ 4
o
) L .
7))
& 700 | 4
o
o ! ]
900 | /
7,

~20-10 0 10 20 30 40 50 60

Q11075 DEG/SEC)

F1G. 4. Apparent heat source (10~° deg s™") for tropical standard
atmosphere under the forcing shown in Fig. 3, without downdrafts
in the cloud profile (small dash); with mesoscale downdrafts (dash-
dot); with cumulus downdrafts (Jarge dash); and with both down-
drafts (solid).
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FIG. 5. Apparent heat source (10~° deg s7') for the
mesoscale downdrafts only.

2) Cumulus downdrafts dominate the stabilization
process; when they are removed, no integration
reaches complete stabilization within 12 hours.

3) Mesoscale downdrafts contribute only slightly;
when they are omitted, the stabilization time increases
by less than 25%.

4) The Kuo approach always moves the sounding
toward a more stable state. The value of T, — T
decreases steadily in all integrations, even those with-
out downdrafts (as shown by Molinari, 1982b). What
differs is the rate of stabilization, which increases
dramatically when cumulus downdrafts are incorpo-
rated.

5) The mesoscale downdraft relative humidity has
a significant effect at its extreme value. When meso-
scale downdrafts are assumed to be saturated, stabi-
lization takes place more than twice as rapidly for all
values of b tested. A realistic unsaturated mesoscale
downdraft and separation of cumulus and mesoscale
downdrafts is thus necessary in the approach.

6) As the external forcing (measured by the mag-
nitude of the imposed vertical velocity) increases, the
rate of stabilization increases.

7) When the 6, weights are altered to reduce
downdraft influence (Fig. 1b), the stabilization time
increases significantly.

8) Surface fluxes over relatively warm water reduce
the stabilization rate. For the experiments shown,
water temperature is assumed to be 302 K, 3°C more
than the initial surface air temperature. Heat and
moisture fluxes are computed bulk aerodynamically,
following Krishnamurti et al. (1976), assuming a
steady surface wind speed of 10 m s™. As initial low-
level cooling occurs, surface fluxes are enhanced,
which slows the decrease of 8, at cloud base and thus
reduces the stabilization rate. Surface heat flux can
be even more important in daytime over land, if part
of the grid area remains undisturbed and thus heated
by the sun.

JOHN MOLINARI AND TOM CORSETTI

491

The internal parameters which have the greatest
influence on stabilization rate in the Kuo approach
with downdrafts are (a) the b parameter; (b) the
updraft/downdraft weighting; and (c) the mesoscale
downdraft relative humidity. The first two are chosen
from observational studies, and the third relies heavily
on observations (Leary and Houze, 1980). Thus,
although a variable stabilization rate is allowed, the
response of the approach to sensitive parameters is
strongly constrained by observed behavior.

5. Three-dimensional integrations
a. Case study

Three-dimensional primitive equation integrations,
in which « responds freely to the heating, provide
the most thorough test of the new approach. A real-
data prediction is made of the mesoscale convective
complex (MCC) described by Bosart and Sanders
(1981). This unusually long-lived MCC moved from
South Dakota to the Atlantic Ocean between 16 July
and 22 July 1977, produced widespread heavy rains,
and was responsible for a disastrous flood in Johns-
town, Pa. A 12-hour prediction of this system will be
made starting from 1200 GMT 19 July and ending
three hours prior to the flood event. Extensive rain
fell during this period, which was chosen to match

T T T {
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FiG. 6. Time required in the one-dimensional integrations for
the entraining updraft temperature excess, averaged over the cloud
layer, to drop to 0.25°C, for various values of b, with both
downdrafts present (solid line with small open circles); both down-
drafts, but saturated mesoscale downdrafts (solid circles); cumulus
but no mesoscale downdrafts (solid squares); both downdrafts, with
surface fluxes added (solid triangles; see text); using altered downdraft
weighting shown in Fig. 1b (open circles); with forcing doubled
(open square); and with forcing halved (open triangle).
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the availability of subjective analyses of wind, tem-
perature, moisture, and surface pressure kindly pro-
vided by Lance Bosart for the initial and verification
times, for every 100 mb in the vertical.

The three-dimensional integrations will provide a
measure of the ability of a Kuo-type approach to
predict the heavy convective precipitation of an MCC.
Emphasis will be placed on the importance of down-
drafts in the integrations.

b. Model description

The primitive equation model of the author, mod-
ified as described below, will be used. The model
employs Cartesian coordinates with pressure as the
vertical coordinate. The variables are unstaggered in
the horizontal and staggered vertically following Mol-
inari (1982a). To prevent separation of solutions in
the horizontal on the unstaggered grid, the divergence
and pressure gradient are modified following Kan-
amitsu (1975). Euler-backward differencing is used in
time, and the Shuman semi-momentum scheme, in
its five-point form (Grammeltvedt, 1969), is used in
the horizontal advection terms. All other horizontal
derivatives are computed by centered differences.
Vertical advection is computed by upstream differ-
encing, following Kanamitsu (1975).

The model equations are as follows.

Mowmentum equations:

ou ou 0z dF,
— = v Vu-—w—tfo—g——g—*+
at M “’ap fo 8 ox gap D,
(19)
av av 0z oF,
==V Vu-—e——fu-g-- + D,,
ot vy “op Ju gay & o
(20)
Hydrostatic equation:
—_ Tv
bz ZRL., 1)
op g
Conservation of mass:
ow Ju oJv
===+, 22
ap (6x 8y) (22)
Thermodynamic equation:
30 -
—=-v.V~—w—+H,
- VvV Tey,
JF
+ H,+ Hp+ Do+ g—2, (23)
ap
Conservation of moisture:
dq dag - dF,
— I — - — — — — — 4
Ey v-V,q wap P, Ps+Dq+gap, (24)
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Surface tendency equation:

az RO

0= v V2 + wo =+ vy Vh,
ot Do&

Definitions:

(25)

0 = T(po/p)N,
T, = T(1 + 0.61g),

(26)

7
where

D represents horizontal diffusion

F  represents boundary layer fluxes

H_, is convective heating

H, is heating due to supersaturation (“stable heat-
ing”)

Hjy is radiative heating

P is net condensation

h  is terrain height.

The model is integrated on a 1° latitude-longitude
mesh over the region shown in Fig. 8. Lateral
boundary conditions are time-dependent and specified
entirely from observations, which are linearly inter-
polated in time over the twelve-hour period. To
prevent excessive boundary noise, convective heating
is suppressed for grid points adjacent to a lateral
boundary. The model has nine vertical levels and a
100 mb vertical resolution.

The model is initialized with observed, subjectively
analyzed winds, temperature, moisture and surface
pressure. The imposition of balancing (for instance,
redefining the mass field via the nonlinear balance
equation) may result in a significant loss of infor-
mation from the analyzed field in the small-scale,
highly divergent, convectively driven MCC. Instead,
observed winds and mass are used directly and adjust
mutually early in the forecast according to primitive
equation dynamics and physics. Initial noise damps
rapidly, as measured by rms w values at several levels
(Molinari, 1982a). The extensive data base for this
case study makes such a procedure feasible.

¢. Model physics

Boundary layer momentum fluxes and ocean sur-
face heat and moisture fluxes are computed bulk
aerodynamically, following Krishnamurti et al. (1976).
The bulk aerodynamic approach, though conceptually
simple, has been used with success in mescscale
models. Fritsch and Chappell (1980b) simulated con-
vective clusters on the meso-8 scale; Anthes et al.
(1982) accurately predicted a complex interacting set
of mesoscale phenomena; and Moss and Jones (1978)
simulated many of the observed properties of hurri-
canes at landfall, all with bulk formulations using a
constant drag coefficient over land and another over
water. In the current study, Cp = (0.7 + 0.07x|vo|)
X 107 over water (Miller, 1963) and Cp=4.3
X 1073 over land (Delsol et al., 1971). The evidence
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suggests that this simple approach does not preclude
a realistic analysis of the proposed convective param-
eterization.

Surface moisture flux is neglected over land.
Boundary layer radiative heating and cooling and
associated heat fluxes over land are determined using
the procedure of Fritsch and Chappell (1980b), mod-
ified for cloud effects as discussed below. In this
procedure the boundary layer sensible heating varies
linearly in time from a maximum at 0800 LST to a
minimum (maximum cooling rate) at 2000 LST.
Because the longitudinal extent of the forecast region
is small, heating is assumed, following Fritsch and
Chappell (1980b), to be constant with longitude and
varying only in time (except for cloud effects). Because
the lowest level at which temperature is predicted is
950 mb, the diurnal cycle is applied at that level,
with an amplitude of 7.5°C. The resultant heating
rate (see Eqs. 12-19 of Fritsch and Chappell, 1980b)
is 1.5°C h™! initially (0800 LST), zero at hour 7
(1500 LST), and —1.07°C h™! at hour 12.

The surface boundary conditions on 4 and g,
needed in the upstream vertical differencing whenever
upward motion is present at 950 mb, are determined
by the following extrapolation:

(28)
(29)

01000 = B9s0 — Y(Bss0 — Boso),

G000 = ¥95045(F1000)
where - -
_ Bos0 — 81000

Bsso — Oaso

and the double bar indicates an area average over the
forecast region. The v value, computed from the
analyzed fields, is 0.638 initially (1200 GMT) and
0.615 twelve hours later. Because + is nearly identical
at differing stages of the diurnal cycle, a single value
of 0.626 is assumed to be valid for the entire period.
This extrapolation procedure is flexible enough to
allow for time variation of stability. As the 950 mb
level is heated, for instance, stability is reduced in
the 950-850 mb layer, and thus in the boundary
layer as well from (28). Figure 7 shows the variation
of low-level stability during 12-hour integrations with
and without the Fritsch-Chappell heating. The heating
and extrapolation procedure produces a reasonable
area-averaged diurnal cycle of low-level stability.

In order to compute an approximation for cloud
effects, the reduction of insolation produced by cloud
decks in the middle and upper troposphere, as might
be expected with an MCC, was computed following
Katayama (1974) for 0900, 1200 and 1500 LST at
the mean latitude and time of year of the model
forecast. Shortwave radiative flux reaching the surface
was reduced by 60% (£2%2%) for the three times.
Consequently, cloud effects are incorporated in the
model simply by reducing the specified radiative
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FiG. 7. Time variation of area-averaged low-level stability, mea-
sured by potential temperature difference (°C) in the 950-850 mb
layer, with the Fritsch-Chappell heating included (solid) and omitted
(dashed). Hour 0 is 1200 GMT.

heating by 60% at any grid point in which precipitation
is falling during a given time step. The overall pro-
cedure is designed to simulate to a first order the
diurnal variation of low-level temperature and stability
and the reduction of radiative effects by clouds.
Cloud-top radiative cooling, which is neglected, is
unlikely to be of major significance during the 12
hour integration, which occurs entirely during daylight
hours,

The convective parameterization is as described
earlier, except that three conditions must be added
to account for the many more degrees of freedom in
three dimensions. Convection is not invoked, even
when other conditions are met, if (a) 4 > 0 (see Eq.
A10), which implies that subsidence warming domi-
nates in the column, and convection is suppressed;
(b) Qy < 0, which implies the updraft has so little
buoyancy that negative contributions far exceed pos-
itive contributions in T, — T; or (¢) Q, < 0, which
implies small updraft buoyancy and near-saturation,
The latter two conditions prevent g, and g, from
becoming negative, which would be physically un-
realistic. Condition (c) rarely occurs, but (b) is fairly
common for a sounding in which the integrated T,
— T has become nearly zero. At that time, convection
is stopped and heating is computed directly from the
condensation rate due to supersaturation at each level
(“stable heating”). This process employs a relative
humidity equation (Kanamitsu, 1975; see Appendix
B), which allows calculation of T and ¢, during
condensation without need of an iterative calculation.
The behavior of the approach near neutrality can be
seen in the 8, profiles shown by Molinari (1982b).
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d. Results of integrations

The effects of downdrafts on the evolution of the
convection and the overall role of convection in the
MCC are examined with three integrations: a “full
physics” integration which includes both mesoscale
and convective scale downdrafts; a second integration
identical to the first but with downdrafts removed;
and an integration in which no convective heating is
allowed, but full physics is present otherwise, including
condensation heating produced when saturation is
exceeded.

Figure 8 shows the 12-hour rainfall total for the
full physics integration, and Fig. 9 (from Bosart and
Sanders, 1981) shows the observed rainfall for the
same period. A direct comparison is somewhat de-
ceptive, because the observed distribution shows point
value amounts, while the predicted gives only grid-
area averages. Figure 9 was tabulated on a 0.5°
latitude-longitude grid, and mean values were com-
puted over 1° squares. The maximum observed rain-
fall averaged over a grid area in only 29 mm (in
northwest Pennsylvania), comparable to that of the
prediction, although a phase error is present. A more
quantitative measure is the total volume of rainfall,
which was determined by Bosart and Sanders, taking
into account the area enclosed by each isopleth. Table
1 shows that the full physics integration predicts the
total volume of precipitation over 12 hours from the
MCC within 2% of that observed.

Figures 10a—13 show the development of a life
cycle at a grid point of heavy precipitation within the
MCC. Vertical motion shifted from a middle to upper
tropospheric maximum 5-6 hours after the start of
the rainfall. During the last hour shown, the rainfall
was stratiform only, falling at about 1.5 cm d™! from

v e\

Fic. 8. Total rainfall (mm) over 12 hours for the integration
with full physics. Contour increment increases in powers of two,
starting from 2 mm.
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FIG. 9. As in Fig. 8 but for subjectively analyzed observed point-
value rainfali amounts (adapted from Bosart and Sanders, 1981).

saturated upper levels, while unsaturated downdrafts
were present below (Figs. 10a, 11). The heat source
O, at an early time and just prior to the shift to
stratiform rain is shown in Fig. 12. The @, values,
which include heating due to surface fluxes at 950
mb and are normalized by the rainfall rate, show
heating at all levels early in the period, but low-level
cooling and relatively greater upper level heating at
the later time. In terms of the Kuo approach, the life
cycle occurs as follows: precipitation rises rapidly to
a peak (Fig. 13), but decays as parameterized down-
draft cooling reduces low-level updrafts. Eventually
grid-scale downdrafts appear and strengthen until the
moisture supply becomes negative (see Eq. 1) and the
parameterization is no longer invoked. By this time,
the mesoscale updraft/downdraft circulation has de-
veloped explicitly on the grid, and stratiform rain
falls from upper levels.

When parameterized downdrafts are removed, the
behavior is dramatically different (see Fig. 14 and
Table 1). At two points, rainfall exceeds 64 mm, and
the total volume of rain is overestimated by 28%; the
error in rain volume is much larger than when
downdrafts are included. Figure 10b shows the time
evolution of w at the same point as earlier. Little or
no variation occurs in the lower tropospheric w, and
strong upward motion and intense rainfall (Fig. 13)
occur for several hours. This behavior represents a
feedback instability that has frequently been experi-
enced in Kuo’s approach without downdrafis (e.g.,
Kanamitsu, 1975). The column is heated, producing
upper level divergence, surface pressure falls, a stronger
vertical circulation, and more heating. Figure 15
shows the temperature difference at hour 5 between
the integrations with and without downdrafts, at a
point adjacent to that represented in Fig. 10. The
strong low-level cooling by downdrafts represents a
23 K decrease in 6, at cloud base. The corresponding
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FiG. 10. (a) Vertical motion (ub s™!) for the grid point 10, 6 in
the full physics integration at hour 3 (solid), hour 4 (large dash),
hour 5 (large dash-dot), hour 6 (small dash), and hour 7 (small
dash-dot). (b) As in (a) but in the integration with downdrafts
omitted. (c) As in (a) but in the integration without convection.

cooler updraft produces much less warming aloft in
the full physics integration. Figures 16~17 show dif-
ference fields (no downdraft case minus full physics
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FIG. 11. Relative humidity profile (percent) during the period of
upper-level stratiform rainfall at two grid points within the MCC.

70 80

case) of 1000 mb height and wind at hour 6. Pressure
falls and enhanced low-level convergence accompany
the excessive rainfall rates in the integration without
downdrafts. The overall effect of downdrafts is to
improve the rainfall forecast by incorporating the
stabilizing influence of low-level cooling by convec-
tion, which greatly reduces the change of the one-
grid point instabilities that can otherwise occur.

A third integration with convective heating removed
gives a measure of its role in maintaining the MCC
circulation. Table 1 shows the dramatic reduction in
rainfall in this case. The upward motion generated
by model dynamics and physics independent of con-
vection is insufficient to produce widespread saturation
and rainfall, and the point value maximum is less
than 0.5 cm. The original impulse of upward motion
(Fig. 10c), which is generated largely by low-level
warm advection (Corsetti, 1982), remains at low
levels; no deep vertical circulation ever develops. The
role of convective heating can be shown by difference

300 r

500 ¢

PRESSURE (MB)

NORMALIZED Q1

F1G. 12. Apparent heat source, normalized by rainfall rate [units:
107 deg s™'/(cm d™")], for the full physics integration early in the
life cycle (solid) and just prior to the end of convection (dashed).
Both convective heating and surface fluxes are included.
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F1G. 13. Time variation of rainfall rate (cm d~') at the grid point
10, 6 with full physics (solid) and with downdrafts removed
(dashed).

vectors between the full physics integration and that
without convection. At 200 mb (Fig. 18), strong
outflow above the MCC at hour 3 evolves into an
anticyclonic eddy which moves with the heavy rainfall
region. The outflow, which extends 500 km from the
MCC by hour 6 (Fig. 18b), has the same structure as
that described in MCC’s by Bosart and Sanders
(1981), Fritsch and Maddox (1981), and Maddox
(1983), and simulated by Maddox er al. (1981). The
location of the upper anticyclonic eddy in the differ-
ence fields at hour 12 is nearly identical to the
observed 200 mb anticyclone given by Corsetti (1982).
A low-level cyclonic eddy (not shown) develops si-
multaneously. At 500 mb, the difference vector mag-
nitude is less than 1.5'm s~ everywhere, indicating
a much less dramatic influence of convection at mid-
levels. The results indicate, not surprisingly, the dom-
inant role of cumulus convection in maintaining an
already formed MCC. The question of formation, of
course, is entirely separate and cannot be addressed
by this study, in which the MCC is already present
in the initial state.

v LN

F1G. 14. As in Fig. 8 but for the integration
with downdrafts omitted.
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TABLE 1. Observed and predicted total rain volume (10'2 kg)
from 1200 GMT 19 July to 0000 GMT 20 July 1977.

Rain Percent
volume error
Observed 2.15 -
Full Physics 2.41 +12
No downdrafts 2.76 +28
No convection 0.08 -96
Revised b value (Anthes, 1977) 0.57 -74

N

Because the downdrafi weights are derived from
GATE data and may not be universal in deep con-
vective situations, the full-physics integration was
repeated with the revised weights shown in Fig. ib.
The qualitative behavior of the solution was similar:
the life cycle behavior occurred as before, but delayed
by one hour; rainfall was 8% larger, but remained
less than without downdrafts; and the rainfall pattern
was nearly identical. The fundamental conclusions of
the paper are not dependent on variation of the
downdraft weights within a reasonable range.

A final integration was made to evaluate the influ-
ence of a significant change in the 4 parameter by
repeating the full physics integration with 5 defined
following Anthes (1977):

b= 4 (30)

1-r’

where the bar indicates a vertical average, and r,
= (.5. This definition generally produces a larger b,
thus smaller precipitation efficiency, than others (e.g.,
precipitation efficiency exceeds 70% only when r
> 85%). Figure 19 shows that rainfall was strongly
underpredicted, with the total rain volume (Table 1)
less than one third of that observed. This result
supports the recent work of Y. H. Kuo (1983), who
also found that (30) consistently underestimates the
rainfall rate.
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T DIFFERENCE

FiG. 15. Temperature difference at the grid point 9, 6 »etween
the full physics and no downdraft integrations at hcur 5.
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FiG. 16. Difference in 1000 mb height (m) between the no
downdraft and full physics integrations at hour 6. Contour interval:
10 m.

6. Discussion and conclusions

Cumulus and mesoscale downdrafts were incor-
porated into the vertical distributions of heating and
moistening in a cumulus parameterization based on
the work of Kuo (1974). The addition of downdrafts
sharply increased the rate of grid-scale stabilization
by the approach. In the prediction of a mesoscale
convective complex, only the integration with down-

. drafts produced an accurate forecast of total rain
volume and a realistic life-cycle behavior.

Two potential weaknesses are present in the incor-
poration of mesoscale processes: (i) mesoscale updrafts
are not explicitly considered; and (ii) mesoscale
downdrafts are assumed to be present whenever up-
draft depth and buoyancy criteria are met (see Section

10 M/SEC

—

F1G. 17. As in Fig. 16 but for 1000 mb wind vectors.
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FIG. 18. (a) Difference vectors at 200 mb between the full physics
and no convection integrations, at hour 3. (b) As in (a) but for
hour 6.

3), and not just in the mature stage of the convective
cluster. Uncertainties in the forcing and thermody-
namic structure of the mesoscale updraft make it
difficult to incorporate in the T, — T format. Nev-
ertheless, the shift in maximum upward motion to
upper levels in the model as the system matured
suggests that the updraft heating profile simulated
the process described by Johnson and Kriete (1982),
in which upper level heating generated midlevel con-
vergence and maintained the mesoscale anvil updraft.

Zipser (1980), in his schematic diagram of a GATE
cloud cluster, observed that mesoscale downdrafts do
not begin until 2-4 hours after the initiation of deep
convective rainfall. Because an MCC was present in
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};_I

FI1G. 19. As in Fig. 8 but for the integration with b
defined by Eq. 30.

the initial state in the current study, no attempt was
made to build in this lag, although it can be done

without violating the integral constraints of the Kuo-

Kanamitsu-Krishnamurti approach, by setting w,,
= 0 for an appropriate period. The occurrence of
cumulus downdrafts in nature is also delayed, to a
lesser extent. In future experiments, the effects of a
lag in the initiation of downdrafts will be investigated.

Orlanski and Ross (1984) have proposed that an
"explicit calculation of cumulus convection, whereby
precipitation occurs only after saturation is reached
on the grid scale, is a reasonable substitute for a
parameterized approach. That conclusion is not sup-
ported by the explicit heating integration in this
study, in which a vigorous MCC rapidly decayed and
less than 10% of the observed rainfall was generated.
It is unlikely that these results would be altered by
the 95% saturation criterion of Orlanski and Ross.
Although the explicit approach has many advantages
for a 10-20 km grid spacing (Rosenthal, 1978), the
results of this study indicate it may not be of general
value in meso-a scale models, éspecially when deep
convection is active.

Ooyama (1982) and Frank (1983) have noted the
difficulty of numerically simulating convectively
driven, dynamically small systems (having diameter
less than the local Rossby radius of influence), because
the divergence field is not a secondary circulation
driven by the primary circulation, but instead can
interact with the primary system to cause its intensi-
fication. The above difficulty is shown in the MCC
integrations by the sensitivity of the divergent circu-
lation to the form and distribution of heating: with
downdrafts, a large divergent circulation is excited
which resembles those described in nature; without
downdrafts, the intensity of the vertical circulation is
overestimated; and without convective heating, the
circulation never develops. Anthes and Keyser (1979)
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eliminated the rapid spurious intensification of a
meso-a« scale convective feature by reducing the frac-
tion of heating in the lowest 200 mb by nearly an
order of magnitude. Thus, in their study as in this
one, the relative magnitude of heating at low levels
had a large influence on the interaction of the diver-
gent circulation with the convection.

In this study the convective parameterization sim-
ulated many aspects of meso-a scale, convectivzly
driven circulations, as long as downdrafts were incor-
porated into the limiting state. The detailed exami-
nation of cumulus scale-mesoscale interaction cannot
be addressed using the current model, in which this
interaction must be defined a priori by the convection
scheme. Nevertheless, the results show that the closure
of Kuo, in which the intensity of convection is
proportional to the grid-scale moisture supply, rnay
be useful for meso-a scale models.

The limited fine-mesh model of the National Me-
teorological Center predicted almost none of the
observed MCC precipitation, as is frequently the case
(Fritsch and Maddox, 1981). In future experiments,
an attempt will be made to isolate the role of con-
vective parameterization, versus analysis and resolu-
tion limitations, in this failure.
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APPENDIX A

Properties of Kuo-Kanamitsu-Krishnamurti
Approach

Neglecting nonconvective heating and horizontal
advection, equations for potential temperature and
specific humidity changes in the presence of convec-
tion can be written (Krishnamurti ef al., 1976) as:

0 Ricp ;
ot dp )/ Cp
0q aq
—=—-w——C A2
50 w & (A2)

where Q. is the convective heating rate (per unit
mass), and C the net drying, due to condensation
and eddy fluxes. In both (Al) and (A2), the time
change term is the small difference between two large
right-hand side terms. In primitive equation rnodels,
the vertical motion responds rapidly to the heating
field (e.g., see Molinari, 1982a, who imposed 300°C
d~! heating in a hurricane simulation), and thus the
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0 field remains well-behaved when Q. is computed
separately from the adiabatic cooling term. In the
moisture equation, Kuo (1965; 1974) does not cal-
culate the two large, opposing right-hand side terms
separately, but parameterizes their sum, which is the
net moistening during convection. In this appendix,
the Kuo-Kanamitsu-Krishnamurti approach will be
reviewed, first without, then with the moisture parti-
tioning of Kuo (1974), and the properties of the
approach will be discussed.

To reach cloud temperature 7 in time A7 requires
two components of heating at each level: (i) a warming
from grid-scale temperature 7 to 7, in Ar; and (ii) a
warming to balance grid scale adiabatic cooling over
Ar. Similarly, moistening is required to increase g to
q.. Because the creation of the cloud represented by
T, and g, takes place only over a fraction of the area
(a), the rate of grid scale heating and moistening
needed to form a cloud in A7 is multiplied by a.

Thus i
R/¢,
Do ’ Qc Bc -0 60)
D) g =—t+w—), (A3
(p) Cp a( A “op (A3
dq dc— q)
X _ = . 4
) o C= ( Ar (A4)
Kuo (1965) estimated the fraction area by’

a=1/Qr, (AS)

where I is the rate of moisture accession (defined by
Eq. 1 in this work),

Qr=0Q + Q, (A6)

is the rate of moisture accession required to build a
cloud in time Ar, and

1 (¢, p)R/”"(BC -0
== 2Z(5) (=—+
QO g J;t L (ﬁo At ©

lfpch—q
Y AT dp

In the procedure represented by (Al1)-(A4), the
form of the moisture prediction equation is quite
different when convection is active than when C
= (. The internal consistency and energy conservation
in the approach can be shown by noting that in the
absence of convection (Q, = C = 0), (A1)-(A2) can
be combined as

lfpb (EE (DE)R/@ 96
g Jp L 0 at

where .
1 ("¢, (p\7* 98
a=-1f -(;) wXa (a0
g Dt L 0 ap P ( )

1 Kuo did not include the adiabatic cooling term in Q5.

a—g)dp, (A7)
ap.

Q= (A8)

aq)d =A+1, (A9)
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is the vertically integrated adiabatic cooling (in mois-
ture units). In the presence of convection, (Al)-(A2)
can be combined using (A3)-(A4) as

Or

1 (2 (Cp p )R/Cp 96
& Jp L (ﬁo ot
=A+]1,

and thus (A9) still holds. This reflects the fact that
the energy available for convective heating and moist-
ening comes solely from the latent energy supplied
to the given grid point.

The approach represented by (A3)-(A4), which
uses the same coefficient for heating and moistening,
gives a precipitation efficiency of about 0.3 for the
tropical standard atmosphere (Kuo, 1965). Because
actual precipitation efficiency is much larger, this
approach overestimates storage and underestimates
precipitation. Kuo (1974) addressed the problem by
introducing the parameter b, the fraction of available
moisture going into storage; the precipitation efficiency
1 — b is thus explicitly present. Kuo (1974) noted
that b < 1, but proposed no functional form. Kan-
amitsu (1975) and Krishnamurti et al. (1976) further
developed the approach by defining separate coeffi-
cients in (A3) and (A4), and (A1)—~(A2) become

ad a9 (Oc — 48 a0
a a

-— Al
At +w6p)’ (AL

aq)d A+ 0+ 0)

a  “op

% _, (zc_—g)
ot N\ Ar )’
where a, and a, are defined by (4)—(5) in Section 2.

The nature of the b parameter can be seen by
vertically integrating (A11)-(A12):

(A12)

pb Rjep
c”(p) aj—d =A+(1 - B, (A13)
Db
—f %4 4o = bl (A14)
g Pt at

Equation (A13)-(A14) show that a fraction 1 — b of
I condenses and opposes adiabatic cooling, while bJ
goes to moisture storage in the column. Clearly the
energy conservation represented by (A9) is still satis-
fied. Moisture conservation is also insured by defining
the precipitation rate as

1 [ 1 e, (p Rieo 9. — @
P=-1{ Cd =—f —’3(;-) a(c
& Ip P gJn L \pp ? AT

a9
+w a—p')dp =(1 - b}, (AlS)

for which (A2), in vertically integrated form, satisfies
(A14).

One additional constraint must be satisfied. As a
layer reaches moist neutrality (T — 7,, g — q,, r —
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1), the local change of 6 and ¢ in (A11)-(A12) must
vanish, because both variables are constant for rising
motion through a moist neutral layer. This condition
insures a smooth transition between unstable and
neutral lapse rates. The moist adiabat is defined
following Molinari (1982b) as

As moist neutrality is reached, and if & — 0 (see
Section 2c¢)

Q9 - _Ay

a;— 1 (using Eq. A16),

a;— 0,

and from (A11)-(A12),
o0

= =0,

ot
dq

ot 0.

and thus the current approach satisfies the necessary
condition in each layer. As noted by Kanamitsu
(1975), the above procedure shows the necessity of
including the adiabatic cooling term in (A3) and
(A7). In addition, the constraints described in this
appendix are valid for any values of T, g., and b,
thus allowing the incorporation of additional physical
effects into these variables, as described in Section 3
of the paper.

APPENDIX B
Relative Humidity Equation

The procedure is described in detail by Kanamitsu
(1975), and is only briefly reviewed here. The time
rate of change of relative humidity (r is actually the
saturation ratio g/g;) can be written

ad gq,0t RTOO’

where ¢ = 0.622, and 94/t and 980/0t are from (24)
and (23), respectively. They are rewritten here to
isolate terms involving condensation due to supersat-
uration on the grid scale: '

(B1)

g Bq)

— == — P, B2
3t (az s (52)
af a6

il vl 51 B
o IR ®)
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where subscript NS indicates all terms (including
cumulus convection) other than supersaturation heat-
ing, and H, is the heating rate due to condensation
P, defined by
c,T
P, = fo— H;.
When forcing terms other than supersaturation
cause r to exceed one, r must in fact remain at one.
Thus H, is defined using (B1)-(B3) for dr/d¢ = 0 as

1 1 aq) eLr (aa) }

—— =) -=(=] !, @5

T | eLr {qs(at o Rmo\a) S BV
RTY

Log;

where use has been made of (B4). The heating term
H; is then added to (06/df)xs (using Eq. B3) so that
after the time step is complete, » = 1 and 6 includes
the effects of stable heating.

In practice, r may be less than one initially, then
exceed one during a time step, so that not all of dr/
at is part of H. The general procedure is as follows:

(B4)

(1) Compute dr"/dt without H; and P, (superscript
n indicates time level). If

or" (ar)
— < —
a \ot),’

G -5
o), At

is the tendency required to saturate in time step Af,
no supersaturation is present, and r"*! and ™' are
computed directly from (B1) and (B3).

(2) If ar"/dt > (Ir/dt)sa,

where

(B6)

)

e )
T | eLr Lot \ot)y )

Lig, RTY

H, = (B7)

Then dr”/dt is set equal to (dr/8f)sy, i.€., the part of
dr/dt which causes r to reach one is retained, while
the remainder is condensed via (B7).

(3) ™' is determined from (B3), and ¢"*' is
computed diagnostically from r**! and 6"*'.

Use of the relative humidity equation allows accurate
computation of # and g during condensation without
need of an iterative procedure.
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