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ABSTRACT

A simple impiementation of the Arakawa and Schubert ( 1974) cumulus parameterization is presented. The
major simplification made is to *“relax™ the state toward equilibrium each time the parameterization is invoked,
rather than requiring that the final state be balanced, as in the original Arakawa-Schubert implementation.
This relaxed Arakawa-Schubert (RAS) scheme is evaluated in off-line tests using the Global Atmospheric
Research Program (GARP) Atlantic Tropical Experiment (GATE) Phase 1II data. The results show that RAS
is equivalent to the standard implementation of Arakawa-Schubert but is more economical and simpler to
code. RAS also avoids the ill-posed problem that occurs in Arakawa-Schubert as a result of having to solve for

a balanced state.

1. Introduction

Arakawa and Schubert (1974; hereafter AS) devel-
oped a parameterization of cumulus convection for
use in general circulation models (GCMs). The details
of the implementation of the Arakawa-Schubert pa-
rameterization used in the UCLA GCM are given in
Lord et al. (1982; hereafter LCA). We will refer to the
implementation in LCA as the “standard” implemen-
tation since it is widely used and closely follows the
formulation in AS. A

The purpose of this paper is to present a much sim-
pler implementation of the fundamental ideas in AS.
We will call this new version of the parameterization
“relaxed Arakawa~Schubert” (RAS). Because it is very
efficient, while producing results very close to those of
the standard AS implementation, RAS should be useful
to both climate and numerical weather prediction
modelers that wish to use the Arakawa~Schubert pa-
rameterization. In all that follows, we will rely heavily
on AS and will assume that the reader is reasonably
familiar with their parameterization.

RAS makes two major simplifications of the stan-
dard AS implementation.

1) It modifies the entrainment relation to avoid the
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costly calculation that is necessary to find the entrain-
ment parameter of clouds detraining at the GCM levels.

2) Rather than requiring that “quasi equilibrium”
of the cloud ensemble, in the AS sense, be achieved
each time the parameterization is invoked, it only “re-
laxes™ the state toward equilibrium.

The first assumption is a major economy and could
be easily incorporated in any AS implementation. It
has been used in the past in non-GCM applications
(Shukla 1978; Chao 1979; Moorthi and Arakawa
1985). '

The second assumption is more subtle and involves
both a computational and a conceptual simplification.
In simplest terms, the idea may be likened to solving
the equations of the AS adjustment problem (an in-
tegral equation with nonlinear constraints) using nu-
merical iteration. Taking such a view, the path along
which one approaches quasi equilibrium depends on
the iteration method chosen, but is inconsequential to
AS as long as the iteration is carried close to conver-
gence at time intervals shorter than the time scales at
which AS demands that quasi equilibrium hold.

The iteration method chosen in RAS considers one
cloud type (i.e., clouds that detrain at one of the GCM
layers) at a time and computes the cumulus mass flux
that would be required to maintain the invariance of
the work function if there were no other clouds present.
It then allows a fraction of this mass flux to change the
sounding and goes on to do the same thing for another
cloud type, letting it feel the modified sounding. With
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this procedure, each step is in the direction of a single-
cloud equilibrium, but in the course of iteration, all
cloud types affect one another by modifying the en-
vironment. In practice, we do the equivalent of per-
forming this iteration by doing a few steps (cloud types)
at each “dynamics” time step rather than by bringing
the iteration close to convergence on less frequent
“physics” time intervals. The relaxation parameters
(i.e., the fraction of the mass flux allowed to affect the
sounding at each step of the iteration) depends on the
time step, on a prescribed time scale, which may be
different for each cloud type, and on the frequency
with which each cloud type is selected.

The next sections will describe this procedure in de-
tail, but we can clarify this a bit more at this point by
comparing it with the usual AS implementation used
in GCMs. The closure assumption in AS is based on
their observation that the rate of change of the cloud
work function A4 is small on time scales of several hours.
The parameterization thus requires that the rate of
change of 4 due to cumulus clouds balances the rate
of change due to all other processes. In the standard
implementation, this is accomplished by requiring that
the cloud effects restore the cloud work function for
each cloud type to some prescribed value. Since quasi
equilibrium is a statement about the rate of change of
A, not A itself, this further assumes that 4 had been
previously set at this value (by the previous call to the
parameterization) and that the departure from this
prescribed critical value represents the large-scale forc-
ing. A critical value of the cloud work function thus
has to be specified for each cloud type. LCA use the
mean A distribution of the tropical atmosphere and
argue that there is some universality to it.

In RAS, we also assume quasi equilibrium, but we
do this by having each cloud act to relax the cloud
work function to a prescribed value with a cloud-type—
dependent time scale. The time scale is chosen to be
shorter than that of the large-scale forcing, with which
cloud effects are to be equilibrated, and longer than
the interval at which each cloud is allowed to modify
the sounding. Quasi equilibrium is then approximately
obtained for slowly varying external forcing.

Section 2 describes the scheme in its continuous form
(details of a discrete version are given in the Appendix).
We start in section 2a with a description of the cloud
model. From the cloud model, we obtain the ther-
modynamic state (moist static energy and total water)
at all levels inside clouds characterized by a given en-
trainment parameter A. From these results, all cloud
properties are completely determined. In section 2b,
we write the cloud work function used by AS and use
the results of section 2a to express it in terms of grid-
scale (GCM) variables only. In section 2c, we write
the tendency of the grid-scale variables due to cumulus
clouds. Since we will be relaxing one cloud type at a
time, these grid-scale tendencies are written for each
cloud type separately. Combining the results of sections
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2b and 2c, we find in section 2d the cloud effect on the
cloud work function per unit mass flux. Again, since
we treat one cloud type at a time, this is much simpler
than the standard implementation. The closure is a
balance between large-scale and grid-scale effects on
the cloud work function. Given the larger-scale effects,
this is a relation for the cloud-base mass flux of each
cloud type. As mentioned above, in AS this results in
an integral equation subject to the condition that cloud-
base mass fluxes be nonnegative. Section 2d also de-
scribes how we solve for the mass fluxes. Section 2e
describes how the mass fluxes are used to relax toward
equilibrium and section 2f discusses the parameteriza-
tion’s application to vertically discrete models.

Section 3 presents a discussion of how the adjust-
ment takes place and compares RAS with the standard
implementation. Section 4 presents a semiprognostic
evaluation of the parameterization using the Global
Atmospheric Research Program (GARP) Atlantic
Tropical Experiment (GATE) Phase III data. A prog-
nostic evaluation of the scheme is given in section 35,
and the results are discussed in section 6.

2. The parameterization

In this section the salient features of the parameter-
ization in its continuous form are described. A discrete
version of the parameterization for use in GCMs is
described in detail in the Appendix. The results pre-
sented in subsequent sections are based on that discrete
formulation of the parameterization.

a. The cloud model

The cloud model used here is essentially the same
as in AS, with certain simplifying assumptions. We
assume, as in AS, that an ensemble of clouds can be
subdivided into subensembles characterized by a single
parameter, N\ (the entrainment parameter), and that
all clouds have their base at the same height zp. The
first major simplification introduced is to assume that
the normalized mass flux for each cloud type is a linear
function of height (instead of an exponential function,
as in AS). Then

o (z) —
0z

where 7, (z) is the normalized mass flux for cloud type
\ at height z and

A, (1)

m(zp) = L. (2)

The linear increase with height of the mass entrainment
implies that, for a given A, there is less dilution of cloud
air at upper levels and thus results in deeper clouds
than when the AS formula is used (or, stated another
way, clouds that detrain at a given level will have a
smaller cloud work function).

The hydrostatic equation is used in the form
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9z ¢
Pyl (3)

where P = (p/po)*/®, p is the pressure, R is the gas
constant, ¢, is the specific heat at constant pressure, g
is the gravitational acceleration, 8 is the potential tem-
perature, and p, is a standard value of p taken as 1000
hPa. Using (3)in (1),

m(P) ¢
—=— =0\ 4
3P 2 (4)
is obtained and can be integrated to give
G Pp
n(P) =1 +—‘3>\f 6dP, (5)
g Jp

where P = P(zp).

Next, asin AS, the large-scale budgets of moist static
energy and total water substance for each cloud type
are written as

m(P)

> [m(P)h (P)] = h(P) (6)

and

(P
{nk(P)[Q)\(P) + (P} = m( In(P)

q(P), (7)
where h5(P), g5 (P), and I5(P) are the cloud moist
static energy, specific humidity, and liquid water mix-
ing ratio for cloud type X at level P, respectively, and
h(P) and g(P) are the moist static energy and specific
humidity in the environment, respectively.

In (7), the terms representing the precipitation pro-
cess have been neglected for simplicity. We assume
that all liquid water is carried to the cloud top where
part is precipitated and part is evaporated, depending
on the cloud type. (The formulation that is currently
used is given in the Appendix.) There is no need to
specify the vertical distribution of the precipitation be-
cause virtual effects and liquid water loading are not
included, and so-we do not need to know the vertical
distribution of liquid water within the cloud. A justi-
fication for neglecting liquid water loading was pre-
sented recently by Cheng and Arakawa (1990). Both
effects [liquid water loading and precipitation effects
in (7)] are neglected in order to simplify the devel-
opment. However, it is emphasized that they can be
included in RAS w1thout any conceptual complica=
tions.

With these assumptions, the level of nonbuoyancy
for each cloud type is the level at which the moist static
energy within the cloud is equal to the saturation moist
static energy of the environment. That is,

s(Pp) = h*(Pp), (8)

where Pp()) is the level of vanishing buoyancy for the
cloud type X and is assumed to be the detrainment
level. Integrating (6) from Ppto Pp, we get
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c Pp
(PoYHS(Pp) — hy = — 2\ f oh(P)dP. (9)
g Pp

Combining (5) evaluated at Pp and (9), we can solve
(8) directly for the value of A corresponding to clouds
that detrain at a given level Pp:

hs — h*(Pp)

o (&) fPB 0(P)[h*(Pp) — h(P)]dP' o
g Pp
Similarly, assuming
g5(Pp) = q¢*(Pp) (11)

(i.e., that the cloud air is saturated at the level of non-
buoyancy) and integrating (7) from Py to Pg, the liquid
water mixing ratio at the detrainment level, /( Pp), can
be calculated from

(Pp) = I5(Pp) = o~

Py
x[q<PB>+—Cg—"A ) eq(mdp]—q*(PD). (12)

b. The cloud work function

Following AS and neglecting the effects of water va-
por and liquid water on the buoyancy, the cloud work
function is written as

zp
A=f z)[s5(z) — s(z)]dz, (13
A " CpT( )’1>\( )[ i( ) ( )] (13)
where A, is the cloud work function for cloud type A,
T(z) is the temperature in the environment at height
z, and s5(z) and s(z) are the cloud’s and the environ-

ment’s dry static energies, respectively. Using the hy-
drostatic equation (3), (13) may be rewritten as

Pp 4 —
= [ i L2

dP. (14)

P

The development is simplified by writing ( 14) in terms
of the moist static energy. Approximating

s§(P) — s(P) =~

[A(P) — h*(P)], (15)

1+ ~y(P)

where v(P) = (L/c,)[dg*(P)/dT], L is the latent heat
of condensation of water vapor and #2* and g* are the
saturation moist static energy and the saturation spe-
cific humidity of the environment, (14) becomes

4 =J‘P” m(P) [AS(P) — h*(P)]
e 1+ y(P) P
which is the form used here.

dP, (16)

¢. Cumulus effects on the large-scale budgets

The rate of change of dry and moist static energies
due to cumulus convection can be written in the form
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(gf) - oM, g——gLD(P)l(P)[l — P (17)
and
oh oh
(?97) = M2+ D(PIH* ~ h), (18)

where M (P) is the total cumulus mass flux per unit
horizontal area at level P, D(P) is the detrained mass
per unit area and pressure, and r( P) is the fraction of
the detrained liquid water that is precipitated. The
choice of r( P) used in this study is discussed in the
Appendix.

In AS, M (P) involves contributions from all cloud
types penetrating level P. Thus,

A(P)
mp = [ m@moay, (19

where A(P) is given by (10), and mp(A) is the cloud-
base mass flux per unit A. The mass detrainment per
unit area and unit pressure depth is

D(P) = m(Pyma(n) T2,

(20)
In our case, we divide the continuous spectrum of
clouds into subensembiles of finite AX and consider the
effects of each subensemble independently. Thus, for
the ith spectral band, extending from \; — A\; to A;,

( (™
f}_ m(PYmp(N)d\, Pp(\) =P,

i

AMP)
MiP) = 4 f  m(Pm (), 21
Pp(N) = P= Pp(\ — AN,
LO, otherwise
and
ﬂA(P)mB()\)T
DUPY=13  pyn)= P> Po(h—ar) P2

| 0, otherwise

where Pp()\;), the detrainment level of clouds with A
= \;, may be obtained by solving (10).

Considering small A);, it is assumed that mg(\) is
uniform over this interval. Taking mg(A) = mg(X;)
and neglecting terms in (A\;)?,

m(PYmp(N)AN;, P> Pp(\),
m(PYme(A)[NMP) — N + AN],
Pp(Ni) = P= Pp(\; — AN,

0, otherwise.

M(P) = (23)
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Similarly, approximating the dA/dp in (22) by

AN [po(A;) — pp(A; — AX;)] ™! we obtain:
D(P)
e (PYmp(A) AN [Pp(N) — po(Ni — AN)] 7,
= for PD(>\,‘)>P2’»PD(Xf" AN, (24)
0, otherwise.
Then (17) and (18) can be rewritten as
as '
(a—t) = Is(P)ymp(X;)AN;, (25)
and
(g—};) = TH(PYmp(X;) AN, (26)
where
T'y(P)
r (P) 9 for > pp(\;)
g"])\,' ap D DpA;),
1 0s
g (P)IA(P) — N + ANJ(AN) F
=1 +gn(Ppo(\) — po(hi— AN)) ™t (2T
X h(Pp)L[1 — r(Pp)], for
Po{\;) = p = pp(\; — AN),
LO, otherwise
and
Tw(P)
[ oh
g"h,(P) 3’5 5 fOI' D > pD(xi)’ h
d
gm(PYIA(P) = N + ANI(AN) ! a

+gm(P)[pp(Ni) — po(Ni — AN)] ™!
X [h*(Pp) — h(Pp)],

po(N) 2 p = pp(Ni — AN),
| 0, otherwise.

A

(28)
for

From (25) and (26), the rate of change of potential
temperature and specific humidity (which are the
prognostic variables of our GCM ) due to the ith cloud
subensemble can be written as

(gg) _ ms(\)AN,

Ly(P),
ar/, c, P P

(29)
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and

(i‘!) = L maOM)ANITA(P) = TW(P)]. (30)

ot L

d. The mass-flux kernel and cloud-base mass flux

Following AS, the rate of change of cloud work
function is expressed as

ddy _ (dd | (dA

dt dar ), \dt)S
where the subscripts ¢ and Is denote the contributions
from the cloud-scale and the large-scale processes, re-
spectively. By differentiating (16) with respect to time
and ignoring the time variation of the pressures at the
cloud base and top, as well as the time dependence of
#1in (5), an approximate relation for the rate of change

of 4, can be obtained in terms of the rate of change
the of large-scale variables, /4 and s (or 6 and ¢):

dAy _ s dpP

dt pp P[1 + v(P)]
oh(Ps)

=

(31)

ds(P)
ot

Fs (Oh(P') as(P)\
xfp 0(——6t [+ (P == )dP}.(32)

Here the approximate relation
Sh*( P) ds(P)
t

FYa [t + v(P)] o

is also used. In AS, cloud-scale contributions were
written in the form

[1 + v(P)] +2)
g

(33)

kmax
(2%5) =), Kamsyax,  (34)

dt

where the kernel K, y represents the rate of change of
the cloud work function of cloud type X per unit cloud-
base mass flux of cloud type N. These are not direct
cloud-cloud interactions, but indirect effects of the
various cloud types on each other through their envi-
ronment. For quasi equilibrium to hold for the cumulus
ensemble as a whole, these interactions must occur
quickly compared to changes in the large-scale forcing.
The standard implementation assumes that they occur
instantaneously, resulting in a quasi-static balance be-
tween the cloud ensemble and the large-scale forcing.
It is this assumption that results in an ill-posed problem,
with the possibility that either no mass-flux distribution
can produce an exact balance for all clouds with pos-
itive buoyancy or that (most frequently) muitiple dis-
tributions can satisfy an “overadjustment” problem
(Silva-Dias and Schubert 1977; LCA) in which some
of the possible cloud types are overstabilized by the
effects of other cloud types.
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The main assumption of RAS is that the interaction
between clouds, represented by the off-diagonal terms
of K in (34), occur over a short but finite time and
that at any instant each cloud (and each cloud type)
feels only the “current” environment. Cloud interac-
tions are then taken into account over time. The ill
posedness of the standard implementation is thus re-
moved by solving an initial value problem that selects
an (overadjusted) equilibrium distribution that de-
pends on the time scales specified for the adjustment
of the individual cloud types. Thus, considering the
effects of a single subensemble on the cloud work func-
tion, (34) reduces to

= 1 dA)\i
Kouni = mB(x,.)Ax,-( dt )

Then, from (32), using the cloud-scale tendencies of
sand 4 from (25) and (26 ), the following approximate
relation for K, can be obtained:

s dpP
o= [
M4 Jes PI1+ y(P)]

(35)

x<mww—n+ﬂmuum+%x

Pg
X, 8{TH(P)—[1 + V(P)]I‘s(P)}dP'>- (36)

The subensemble cloud-base mass flux mg(A;) AN,
is obtained by equating the large-scale and cloud-scale
changes of 4:

dA,,

mp(N\)AN; = ( dt
0, otherwise.

) K)—\_i’l)\i, for mg(;\,') >0
Is

(37)

The large-scale forcing, (dA,,/dt);, can be com-
puted approximately from (32) by using the rate of
change of & and s (or # and ¢) due to large-scale pro-
cesses such as advection, radiation, surface fluxes, etc.
An alternate way to calculate the large-scale forcing is
to use the following approximation:

(dAx,.) _ A1+ A — A4,(1)
Is

dr At ’ (38)

where 4,,(t + At) is the cloud work function calculated
from the profiles of # and g after they are modified by
the large-scale processes over a time interval Az. This
is a good approximation as long as Af is small. This
method is used to evaluate the large-scale forcing in
the semiprognostic study presented in section 4. Using
(38) in GCMs would require evaluating and storing
the work function for each cloud type after modifica-
tion of the environment by cumulus clouds. The large-
scale forcing in GCMs that use the AS scheme is usually
evaluated by replacing 4,,(¢ + At)in (38) by the value
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of the cloud work function after modification of the
environment by large-scale effects and using a cloud-
type-dependent critical value of the work function in-
stead of A,,(¢) (see LCA). This approach is used in
the sensitivity study presented in section 3 and in the
prognostic study presented in section 5.

e. Adjustment of the large-scale environment

As discussed in the Introduction, only a fraction
a,, of the mass flux needed to fully adjust a single
cloud type [given by (37)] is allowed to affect the large-
scale environment (grid-scale variables) at each step
[ie., ay,mp(A;) replaces mg(A;) in (29) and (30)]. This
fraction depends on the size of time step and on a pre-
scribed adjustment time scale, which may be cloud type
dependent. The adjustment time scale may be thought
of as the time over which the cloud effects would reduce
the cloud work function to its equilibrium value and
is of the order of 103-10*s (AS). If 7», 15 the adjustment
time scale for the cloud type \;, then e, is taken as
At/7,,. Some discussion on the sensitivity of the pa-
rameterization to the selection of a;, (or the time scale
7)) Will be presented in next two sections.

f. Application to vertically discrete models

The formulation presented thus far applies to ver-
tically continuous soundings, although the cumulus
spectrum has been discretized into a series of suben-
sembles characterized by their entrainment parameter
\. To derive a vertically discrete version of the param-
eterization for use in GCMs, it is convenient to asso-
ciate the subensembles with the cloud-top level rather
than the entrainment parameter (Lord and Arakawa
1980; LCA). Considering each subensemble separately,
we can obtain a parameterization for the discrete model
analogous to the one presented above for the vertically
continuous case. The details of the discrete version of
the parameterization are given in the Appendix.

A consequence of exchanging A and the cloud-top
pressure is that A then becomes a dependent variable,
and one must include it’s time variation in the calcu-
lation for the kernel (Schubert 1973; Hack et al. 1984;
Kao and Ogura 1987). In LCA, the kernel elements
are computed by differentiating 4 numerically, and
therefore the variation of A is implicitly included. Since
RAS requires only the diagonal elements of the kernel,
1t is straightforward to compute these terms explicitly.
This has been done in the Appendix, where the relevant
terms are proportional to Y. The effect of neglecting
these terms is discussed in the next section.

3. Results from sensitivity tests

In this section, some results from off-line experi-
ments are presented that were performed to explore
the sensitivity of the parameterization to the choice of
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the relaxation parameter and to study the way in which
the adjustments occur for various cloud types. For this
purpose, an observed sounding was taken and RAS
was iterated under various assumptions until the cloud
work function was adjusted below the critical values
proposed by LCA. The sounding used for all results in
this section is from the ECMWF analysis for 1200 UTC
15 December 1979 at (2°N, 65°E).

The computations were performed using a nine-layer
model with ¢ (=p/p;; ps is the surface pressure) as the
vertical coordinate. The top seven layers have a thick-
ness of Ae = 0.125. The bottom layer has A¢ = 0.05
and the layer above it has Ao = 0.075. We assume that
all cloud types have their bases at ¢ = 0.95 (assuming
the bottom layer to be the mixed layer below cloud
base). The initial vertical profiles of the moist static
energy 4 and the saturation moist static energy #* as
represented on this grid are shown in Fig. 1. It is clear
from these profiles that clouds may reach up to 200
hPa; in fact, for six of the eight possible cloud types,
the cloud work function exceeded the critical value of
LCA. The choice of the initial sounding is quite arbi-
trary, but is representative of soundings the GCM
would encounter during initialization. Surprisingly, the
resulting adjustment problem is not that different from
what the parameterization typically deals with in the
course of GCM simulation. To get some feeling for
how far from adjustment this sounding is, its “large-
scale forcing” (i.e., the excess of the cloud work func-
tion over the LCA critical value for each cloud type)
is compared with forcings obtained from a GCM in-
tegration using the standard implementation called ev-
ery 450 s. As might be expected, the forcing used here
was well above the average produced by the GCM (2-
3 times larger, depending on the cloud type) but well
below the largest adjustments made during the GCM
run (10%-15% of the GCM cases required greater ad-

600
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FiG. 1. The vertical profiles of moist static energy / and saturation
moist static energy #* at (2°N, 65°E) from the ECMWF analysis
for 1200 UTC 15 December 1979.
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justments). Even larger adjustments would have been
required in the GCM if the parameterization had been
called less frequently, as is customary. Therefore, this
approach is considered an adequate and simple means
of analyzing technical aspects of the behavior of the
parameterization. More realistic tests are presented in
sections 4 and 5.

a. Single-cloud experiments

First, the complete stabilization of individual clouds
without cloud interactions is discussed. As mentioned
before, when cloud types are characterized by their de-
trainment pressure level, rather than the entrainment
parameter A, the rate of change of A enters the kernel
[e.g., Eq. (A37)]. Therefore, we first consider the case
for which this term is included [i.e., 4 # 0 in Eq.
(A37)]. Figures 2a-d show the adjustments of the
cloud work function, the total precipitation, the en-
trainment parameter, and the precipitation rate for the
cloud type reaching the second highest layer (in this
case no clouds detrain in the highest layer). We can
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see that the o; = 1/4 case adjusts the sounding in less
than 16 iterations, while the a; = 1/24 case is still chang-
ing after 48 iterations.

Now the impact of neglecting the rate of change of
the entrainment parameter X [i.e., setting ¢ = 0 in Eq.
(A37)] on the adjustment process is discussed. Figures
3a-d show the cloud work function, the total precipi-
tation, the entrainment parameter, and the precipita-
tion rate for the cloud type detraining in the second
model layer for the case with ¢ = 0 (thick solid line
for a; = 1/4 and thick dash-dot line for a; = 1/24) and
for the case with ¢ # 0 (thin solid line for «; = 1/4 and
thin dash-dot line for «; = 1/24). We find from these
figures that neglecting the rate of change of the entrain-
ment parameter is roughly equivalent to a slight de-
crease in the relaxation parameter. This turns out to
be true for all other cloud types, although the decrease
of A would have to be somewhat larger for the shallow
cloud types. Since the inclusion of the rate of change
of the entrainment parameter significantly complicates
the calculation, and since the same result can be
achieved by adjusting the relaxation parameter, ne-

o n
:
[

o

>
o

bt
o

-
o

PRECIPITATION RATE (mm day?)
n
o

16

ITERATION NUMBER

F1G. 2. Evolution of (a) the cloud work function (J kg™'), (b) the precipitation (mm), (c) the entrainment
parameter X (10™> m™"), and (d) the precipitation rate (mm day ') as a function of iteration number for
cloud type 2 in the single-cloud experiment. Results are shown for a = 1/4 (solid curve), a = 13 (dotted
curve), a = 1/;2 (dashed curve), and « = 154 (dash—-dotted curve). The time rate of change of A is included.
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glecting this effect is favorable when calculating the
kernel elements. Thus, in all the results presented
henceforth, the rate of change of \ at each step of the
iteration has been ignored. This is not equivalent to
ignoring this effect in the standard implementation be-
cause, as may be seen from Figs. 2c and 3¢, A changes
considerably during the course of the adjustment. Thus,
in RAS, most of the change in A is taken into account
over time, and neglecting the rate of change of \ terms
at each step is a much more justifiable assumption than
neglecting them in the standard implementation.

b. Multicloud experiments

Here the general case is considered for which many
cloud types are invoked one after another (thus allow-
ing for cloud interactions iteratively). This raises the
question of the order in which cloud types are selected.
Two approaches are considered: (i) to sequentially in-
voke all possible cloud types from the shallowest to the
deepest for every iteration (i.e., cloud type 8 invoked
first and cloud type 1 invoked last) or (ii) to invoke a
fixed number of cloud types per iteration (or per time

step in a prognostic model ), but choosing them at ran-
dom from a pool of all possible cloud types.

Invoking all cloud types sequentially works well
when the number of vertical layers (and, therefore, the
number of cloud types) is relatively smail. However,
as the vertical resolution increases, this would tend to
favor strongly the clouds called first (the lowest in this
case), since for thin layers adjacent clouds would have
similar effects on the environment. In the extreme, the
disturbed sounding could be stabilized even before all
cloud types are invoked for the first time. To avoid
such a possibility and to make the scheme independent
of the number of vertical layers, the clouds may be
selected randomly. The two methods are compared in
the following discussion.

Figures 4a-d show the evolution of the cloud work
function, precipitation, entrainment parameter, and
precipitation rate of cloud type 2 (the same as in Fig.
2) for the sequential selection scheme using the same
four values of the relaxation parameter as in Fig. 2.
The time evolution of these parameters are smooth for
all cloud types. The precipitation due to cloud type 2
is less than that in the corresponding single-cloud case
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(Fig. 2b), since other clouds are also active and pre-
cipitating. Notice that this cloud tends to overadjust
slightly. For a = 1/4, for exampie, the mass flux (as
reflected in the precipitation rate in Fig. 4d) vanishes
after eight iterations, when the work function reaches
its critical value (4, = 987.5 J kg™!). The work func-
tion, however, continues to decrease due to the stabi-
lizing effect of other, still active clouds. Finally, we note
(by comparing Figs. 2¢ and 4c) that the cloud inter-
actions tend to slightly lessen the amount of adjustment
of the entrainment parameter.

The vertical profiles of the net heating ( cooling) and
moistening (drying) after 100 iterations (by which time
all clouds are fully adjusted) are shown in Figs. 5a, b.
It is encouraging that solutions for all relaxation pa-
rameters converge to practically the same values. This
implies that cloud interactions are well accounted for,
even when « is large. Making o large will allow us to
maintain quasi equilibrium with fewer iterations.

To further illustrate how the multicioud solution is
different from the single-cloud case, Figs. 6a~c present
the values after 100 iterations of the cloud work func-
tion, the net precipitation, and the total mass exchange
across the cloud base as a function of cloud type and
relaxation parameter. The unshaded bars in these fig-

ures are for the single-cloud case with «; = 13, for
which the sounding is fully adjusted. The multicloud
cases are presented for all four values of «;. We see
that while the cloud work functions for the single-cloud
cases converge exactly to their critical values, in the
multicloud case they generally overadjust. However, it
seems that this is not too sensitive to the value of the
relaxation parameter.

The above set of experiments was repeated invoking
cloud types randomly (selected from cloud types 2-
8). The results were almost identical to those presented
earlier and, therefore, are not shown. An experiment
was also performed using random selection in which
the relaxation parameter was varied linearly, from 1/4
for clouds detraining at 900 hPa to 1/1> for clouds de-
training at 100 hPa. The results obtained in this case
(not shown) were also very similar to those presented
above,

¢. Comparison with the standard implementation

In this section the aforementioned results using RAS
will be compared with results obtained from the stan-
dard implementation. For this purpose, a vectorized
version of the standard AS implementation (originally
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from UCLA GCM) adapted to a version of the God-
dard Laboratory for Atmospheres (GLA) GCM (Sud
et al. 1991) is used. Those cloud types for which A
>0, 4> A, and K, < 0 with the initial sounding
will be referred to as “possible clouds.” In RAS, prac-
tically all possible clouds result in some mass flux, al-
though, as shown in the previous section, some may
be stabilized very quickly by the effects of other clouds.
This is not true in the standard implementation, which
tends to select one or two dominant clouds.

In the standard implementation, the cloud-base mass
fluxes for all possible cloud types are obtained by solv-
ing a discretized mass-flux distribution equation using
a linear programming method with overadjustment
(for details, see LCA ). The solution is obtained by using
the stimplex algorithm to minimize a linear combina-
tion of all the overadjustments. Because no physical
justification has been given for specifying the weighting
coeflicients, the normalized overadjustments are usu-
ally assigned equal weights (LCA). Doing the adjust-
ment in this way, many “possible” clouds are over-
adjusted and do not contribute to the cloud-base mass
flux.

For the sounding shown in Fig. 1, the standard im-
plementation found five possible cloud types (cloud
types 2, 3, 4, 6, and 7), as compared with RAS, for
which cloud type 8 was also possible. Thus, the deter-
mination of the cloud-base mass fluxes involved solving
five equations for five nonnegative mass fluxes. For
equal weighting of the overadjustments, the simplex
procedure obtained a positive mass flux only for the
deepest cloud (cloud type 2), with all other cloud types
being overadjusted and having zero mass flux. The
profiles of temperature and moisture changes for this
solution are shown in Figs. 7a and 7b (solid circles).
For comparison, those changes obtained by RAS when
only cloud type 2 is allowed are also plotted (open
circles). (The same profiles for the multicloud RAS
solution were shown in Fig. 5.) We see that the tem-

perature and moisture changes predicted by RAS are
smaller than those of the standard implementation,
although the vertical distributions are very similar.
With RAS, the total mass exchange required for ad-
justment was 230 kg m~2, whereas for the standard
implementation it was 328 kg m™2.

These differences are the result of several effects. The
first is that, as mentioned above, the modification of
the entrainment relation produces a smaller cloud work
function in RAS than in the standard implementation.
For this test, in which the cloud work function pro-
duced by an arbitrary observed sounding is taken and
adjusted to the critical value, this implies a larger forc-
ing in the standard implementation than in RAS. For
cloud type 2, in fact, the forcing was ~37% larger. The
systematic tendency of RAS to produce a smaller cloud
work function can be easily remedied by using a cor-
respondingly lower critical value than that obtained by
LCA using the conventional formulation of the en-
trainment. However, since there is considerable un-
certainty in the appropriate critical values (Cheng and
Arakawa 1990; Sud et al. 1991), no attempt has been
made to revise the LCA results.

For the single-cloud case, the mass flux is simply the
ratio of the forcing to the diagonal kernel element as
given by (37). RAS differs systematically from the
standard implementation in the kernel as well as in
the forcing. In the kernel, however, two competing ef-
fects are important. The first is again due to the mod-
ified entrainment relation, which produces a larger A
and thus a larger kernel [Eq. (36)]. Note that this effect
is of the same sense as the X effect on the forcing: it
decreases the mass flux produced by RAS. For the
cloud type 2 and the sounding being discussed, the di-
agonal kernel element obtained with the RAS cloud
model was 30% larger than the one obtained with the
standard cloud model. The second effect is that for the
standard implementation, the kernel is obtained as a
linearization about the initial, unadjusted profile. RAS
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adjusts the profile gradually, recomputing the kernel
as it goes. This allows it to account for nonlinear effects.
It also results in /arger mass fluxes for a given forcing,
since the tendency is for the diagonal kernel elements
to decrease during the adjustment. For the case being
discussed, the RAS kernel decreased by 25% during
the course of iteration.

Finally, some of the differences are attributable to
the different vertical discretizations used for the two

schemes. These are fairly large for the shallow clouds,
whose vertical extent is close to the grid size. (It is
probably for this reason that cloud type 8 appears with
RAS in this example.) For deep clouds, like the ones
considered here, discretization differences are smaller
than the effects already discussed.

As shown in the previous subsection, when multiple
cloud types were allowed, RAS produced solutions with
nonzero mass fluxes for all possible cloud types (e.g.,
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Fig. 6b), while the standard implementation overad-
justed all but the deepest. It seems reasonable that
cloud types 3, 6, and 7 should be eliminated by the
standard implementation, since they were also strongly
overadjusted and produced very small mass fluxes in
the multicloud RAS results. The overadjustment of the
cloud type 4, however, is surprising. This cloud was
the only one RAS did not overadjust, and it made the
largest contribution to both the precipitation and the
mass flux (see Fig. 6). On closer examination, one finds
that cloud type 4 in this case is strongly nonlinear. For
the standard implementation, the diagonal kernel ele-
ment is very large, and therefore the cloud is easily
stabilized by other clouds. In RAS, the kernel is also
large initially but falls by 70% during the iteration. We
suspect that when the standard implementation is
called infrequently, such nonlinear situations are com-
mon. When they occur, important cloud types may be
ignored, while others are spuriously overadjusted. This
can lead to clouds being “turned on and off” errati-
cally—a behavior observed when using the standard
implementation.

To give some idea of computational efficiency, a
vectorized version of RAS is compared with the version
(also well vectorized) of the standard implementation
used in the GLA model (Sud et al. 1991). Both versions
are run in a nine-layer, 4° latitude X 5° longitude ver-
sion of ARIES GCM at GLA. When all cloud types
are invoked sequentially from bottom to top every time
step (7.5 min), RAS took ~35 s per simulated day on
a single CRAY-YMP processor. The standard imple-
mentation took ~ 80 s per simulated day when invoked
as frequently. Of course, since the standard implemen-
tation produces a more complete adjustment with each
call, it need not be called as frequently. In the GLA
model, it is called every half hour, taking approximately
20 s per simulated day. For this case, RAS is approx-
imately four times faster than the standard implemen-
tation, with roughly half of the speedup resulting from
the linearization of the entrainment relation and the
other half from simplification of the solution method.

One can expect ever greater economy from RAS when
more vertical resolution is used, and relatively fewer
clouds are used each time step.

4. Semiprognostic evaluation

In the semiprognostic approach, observations at a
given time are used to estimate the large-scale forcing
of the cumulus convection, and the cumulus param-
eterization is used to predict the cumulus precipitation
and the warming and drying of the atmosphere. Lord
(1978, 1982) used this approach to evaluate the stan-
dard AS implementation, and Ramanathan (1980)
used it to show predicted precipitation for a monsoon
depression formed over the Bay of Bengal. Krishna-
murti et al. (1980) used a similar approach to compare
the prediction of precipitation rates during Phase III
of the GATE using several different cumulus param-
eterization schemes. Recently, Kao and Ogura (1987)
have also used the semiprognostic approach to evaluate
an alternate implementation of the AS parameteriza-
tion. In this section, the semiprognostic approach de-
veloped by Lord (1982) is followed. The data and the
procedure used are outlined in the next subsection.
The results are presented in subsequent subsections.

a. Data and procedure

The large-scale forcing is obtained from the B- and
A /B-scale network data for GATE Phase III, as ana-
lyzed by Thompson et al. (1979). In this dataset, the
values of temperature, specific humidity, their hori-
zontal and vertical derivatives, and all velocity com-
ponents are given every 3 h at the center of the B-scale
array. Data are available at the surface and at 25-hPa
intervals from 1000 to 100 hPa. The dataset also con-
tains estimates of the apparent heat source Q; and ap-
parent moisture sink Q, as defined by Yanai et al.
(1973):

P (39)

ds
QIEE+V°VS+‘°
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and

dq dg
=-IL[Z24+V-Vg+w—

(40)
where V is the horizontal wind vector, and w is the
vertical p velocity. All other symbols were defined ear-
lier. In addition to the quantities available from the
Thompson et al. (1979) dataset, an estimate of the
radiative heating is also needed. For this, the daily mean
values of the net solar and the infrared cooling rates
QOr tabulated by Cox and Griffith (1978) are used.
These data are available as daily mean radiative flux
divergences for layers of thickness ~100 hPa. The
large-scale forcing of the cloud work function in this
semiprognostic study is calculated as discussed in sec-
tion 2d. At each observation time, the cloud work
function is computed based on the observed sounding.
Using Q,, @», Or, and a time step At of 7.5 min, the
sounding is updated and the cloud work function is
recomputed. The forcing is then obtained from (38).

b. Results with sequentially invoked cloud types

As discussed earlier, the choices left in RAS are to
specify a way to invoke the different cloud types and
to specify the iteration parameter (or relaxation time
scale) for each cloud type. In this subsection, results
are presented for the case where cloud types are invoked
sequentially, from bottom to top, as in the previous
section and use the same nine-layer model. The cal-
culations are performed for the observed soundings at
3-h intervals from 0000 UTC 1 September to 0000
UTC 18 September. Solutions are presented after
complete adjustment (300 iterations using « = 1/i6) of
each of the observed soundings. This is done in order
to facilitate direct comparison with a similar study by
Lord (1982) using standard implementation of AS.
When RAS is used in a GCM, we do not seek complete
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adjustment every time step; rather, we invoke few cloud
types per time step and expect complete adjustment
over a period of few hours. Some results in this mode
will be presented in section 5.

Figure 8 shows the predicted precipitation rate (solid
line) as a function of time. For comparison, an estimate
of the precipitation rate obtained from the observed
moisture budget by integrating the Q, data available
in the GATE dataset: '

P Qo
Fo, w0 L
where Py, is the estimate of the precipitation rate, and
E is the evaporation rate estimated using bulk aero-
dynamic formulas (Thompson et al. 1979), has also
been plotted (dashed line). It is clear from this figure
that the parameterization is quite successful in pre-
dicting the estimated rainfall, particularly during dis-
turbed conditions. Comparison of Fig. 8 with Figs. 6
or 12 of Lord (1982) reveals that RAS’s prediction of
precipitation is comparable to that of the standard im-
plementation.

It should be remarked at this stage that it is somewhat
misleading to compare the predicted and the observed
precipitation. In fact, even the simple assumption that
the precipitation equals the vertically integrated mois-
ture flux convergence [this is equivalent to ignoring
the contribution of local rate of change of moisture in
(41)] gives quite a good estimate of the precipitation.
It should also be recognized that it is not good enough
to predict the total precipitation; it is more important
to correctly predict the vertical profiles of the cumulus
heating and drying. RAS, as well as Arakawa~Schubert,
accomplish this through the cloud model and the clo-
sure assumption of quasi equilibrium of the work
function.

Figures 9a,b show vertical profiles of the time-av-
eraged (from 0000 UTC 1 September to 0000 UTC

dp + E, (41)
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FIG. 8. Time evolution of the precipitation rate (mm day ') predicted semiprognostically by
RAS (the solid curve) using a nine-layer model with sequentially invoked cloud types (see text
for details) and a = 1fj¢. An estimate of the precipitation from the GATE observations (the
dashed curve) is also shown, along with an estimate of evaporation (the dotted curve).
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18 September) cumulus warming and drying produced
by RAS (dotted lines). The corresponding observed
estimates of warming and drying from the GATE data
are also shown (solid lines). The predicted warming
seems to underestimate the observed, and the predicted
drying overestimates the observed at lower levels. This
problem also exists in the standard implementation of
AS (see Lord 1982; Fig. 12). Recently, Cheng and Ar-
akawa (1990) have shown that this excessive low-level
drying is reduced when cumulus-induced downdrafts
are taken into account. Inclusion of reevaporation of
falling rain (Sud and Molod 1988) can also reduce the
problem. Neither of these effects is included in our
scheme at this time, but they can be easily added. Their
direct inclusion in the mass-flux calculation would in-
volve modification of the kernel. However, in RAS,
these effects can be included externally, without mod-
ifying the kernel, by letting them affect cloud interac-
tion iteratively. In other words, after invoking a cloud
type, one can include the effects of downdrafts and/or
reevaporation of falling rain before invoking another
cloud type.

Figures 10a and 10b show the distribution of pre-
dicted (cumulus induced) warming, Q, — Qg, and
drying, O, as a function of time and pressure. For
comparison, Figs. 11a and 11b present an estimate of
observed Q; — Qk and Q, [obtained from the GATE
dataset of Thompson et al. (1979) and from the daily
mean values presented in Cox and Griffith (1978)].
We see that the predicted cumulus warming and drying
are in good agreement with the observed estimates,
particularly during disturbed situations. However, the
vertical extent of the heating and drying estimated by

the parameterization is somewhat lower than observed.
This may be partially due to the fact that the model is
unable to resolve the deepest cloud on this coarse grid.
Similar results were also found for other values of the
parameter «; and are therefore not presented here.

Next, to assess the impact of vertical resolution (or
increased number of cloud types), the above calcula-
tions were repeated with a 20-layer model using a uni-
form layer thickness of Ao = 0.05. Again, all cloud
types were invoked sequentially from bottom to top.
The results are similar to those presented above; there-
fore, only the time-averaged heating and drying in Figs.
12a,b are presented. As in Fig. 9, the predicted warming
agrees quite well with the observed estimate, while the
low-level drying is overestimated. However, the time-
mean warming is better in the 20-layer case than in
the 9-layer case, especially at lower levels, while the
drying at lower levels is slightly worse. This must be
due to the fact that the 20-layer case has more cloud
types with the possibility of having more mass flux in
deeper cloud types. This would result in increased mass
flux at all levels (except possibly in the near lowest few
levels, where the mass flux due to shallow cloud types
may be reduced due to the presence of more deep
cloud), resulting in increased heating and drying. Better
accuracy in estimating the vertical derivatives may also
play some role. The above experiments were repeated
for other values «; with similar results.

¢. Results with randomly invoked cloud types

In this subsection, results from a semiprognostic
study in which randomly chosen cloud types were in-
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FIG. 10. Pressure-time cross sections of (a) @; — Or (K day™~!) and
(b) O, (K day™) for the case in Figs. 8 and 9.

voked are discussed. The nine-layer case is considered.
In this case, eight cloud types (reaching layers one
through eight) are possible. The cloud types were ran-
domly selected from this pool.

Figures 13a and 13b show the precipitation as a

function of time for a; = 1/4 after invoking 50 and

1500 randomly selected cloud types, respectively.
Comparing either with Fig. 8, results are found to be
very similar to those with sequentially invoked cloud
types; comparing the two reveals that the soundings
have been almost fully adjusted by the time 50 cloud
types are invoked, or when each cloud type has been
invoked approximately six times on average. In the
nine-level GCM tests, for which timings were quoted,
all clouds were invoked sequentially every 7.5 min.
This results in 192 clouds every 3 h. Since 50 randomly
invoked clouds are sufficient to equilibrate, a further
economy of roughly a factor of 4 could be obtained by
demanding approximate equilibrium only on time
scales longer than 3 h.

The time-pressure cross sections of the cumulus
warming and drying, as well as the vertical profile of

their time means, are very similar to those presented
for the sequentially invoked case. The above calcula-
tions were also repeated for many other values of o;
and for the 20-layer case with similar results.

5. Prognostic evaluation

In this section, the performance of RAS in a fully
prognostic mode is discussed. This approach is similar
to that used by Betts and Miller (1986) and Tiedtke
(1989) to evaluate their parameterizations. Both Betts—
Miller and Tiedtke performed the prognostic test (in-
volving integrations over a few days covering a full
wave period) using the composite wave data for the
GATE Phase III. The same data used in section 4 will
be used, namely, the A /B-scale array data for the Phase
III of GATE. ,

The same nine-layer version of the model discussed
in the previous sections will also be used. Starting from
an initial sounding from the GATE data, the ther-
modynamic and moisture equations are numerically
integrated to forecast future temperature and moisture
profiles for the whole GATE Phase III period. For this
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purpose, the advective time changes of temperature
and moisture were again obtained from the observed
estimates given by Thompson et al. (1979) and the
contributions from the sensible and latent heat fluxes
from the lower boundary were evaluated using bulk
formulas. No turbulent flux across the top of the lowest
model layer was assumed. Radiative effects were in-
cluded from the daily mean data from Cox and Griffith
(1978). It was found that the @, and @, from Thomp-
son et al. (1979) were not consistent with the Qx values
from Cox and Griffith (1978) when vertically inte-
grated and time averaged. Therefore, the vertical pro-
files of the radiative heating were modified by multi-
plying them by a constant factor so that the time mean
of the vertically integrated Q; — QO balanced the time-
mean vertically integrated Q.

The integration was started at 2100 UTC 31 August
and was carried out until 0000 UTC 19 September. The
cumulus effects were calculated prognostically using RAS
in the same way it would be used in the GCM. The large-
scale forcing was calculated as the ratio of the excess of
work function above a critical value to the time step, as
in section 2d. The critical work function was taken from
LCA. In this experiment, all eight cloud types were in-
voked sequentially from bottom to top for each time
step. A time step of 450 s was used. To approximate the
complete equilibrium results, a larger value of the relax-
ation parameter (o; = 1/2) than has been considered

thus far was used, corresponding to a typical single-
cloud adjustment time scale (r; = At/«;) of 15 min.
A parameterization of precipitation due to grid-scale
supersaturation and a scheme for dry convective ad-
justment were also included. In the large-scale precip-
itation scheme, it was assumed that when a layer is
supersaturated, condensation occurs and the conden-
sate falls to the layer below, where it is reevaporated.
Precipitation is realized at the ground only when the
lowest layer is supersaturated.

Figure 14 shows the time evolution of predicted
convective precipitation (large-scale precipitation is
small, never exceeding 1 mm day ~'). For comparison,
the observed estimate of precipitation (dashed line)
and evaporation (dotted line) from Fig. 8 are also re-

"plotted. The predicted rainfall agrees quite well with

the observed estimate for most of the events occurring
during this period, except near days 8-10. It is not very
clear why the model performed poorly during this pe-
riod. The inaccuracies resulting from using a daily
mean and vertically coarse radiation data or the in-
accurate estimates of surface fluxes may be responsible
for the differences.

The predicted total O, — Qr and @, as a function
of time and pressure are shown in Figs. 15a,b. Com-
paring these figures with Figs. 10a,b shows that RAS
has been able to capture all wave disturbances reason-
ably well, except around day 9, when strong cooling



JUNE 1992 MOORTHI

40.0 —— T

AND SUAREZ 995

[0
0.0}
23.0
20,0
15.0
10.0 |
3.0

0.0 ket

PRECIPITATION RATE (mm day™)

8 10 11 12 13 14 1

SEPTEMBER

HG. 14, Predicted cumulus precipitation rate (mm day ') for the prognostic case with a = 15.

and moistening occurred in the lower troposphere due
to large-scale precipitation. The predicted temperature
and specific-humidity profiles as a function of time are
shown in Figs. 16a and 16b. For comparison, Figs.
17a,b also present corresponding observed fields for

GATE. Comparing these figures, note that the pre-
dicted fields are somewhat warmer and too dry, par-
ticularly at lower levels. Inclusion of downdrafts or
evaporation of falling rain might help to reduce this
difference.

dl' QR 6(( da)"l)

P

PRESSURE (hPa)

PRESSURE (hPa)

1000 AN AL Gl

o 4 o
A L L L . f g

{1 2°3 4 3 6 7 8

g 10 1t 12 13 14 1S 16 17 18
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FIG. 15. Predicted total (a) @, — Qr (K day™') and (b) Q, (K day™') for the prognostic case.
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We can see from Fig. 17b that between 8 and 9 Sep-
tember there was a large drying event near the 800-
hPa level. This must have been due to moisture diver-
gence from the column during this period. The prog-
nostic study somewhat overemphasized this event and
produced strong drying near the same level, partly be-
cause of the excessive drying at lower levels. Around
9 September, the moisture in the middle and lower
troposphere increased; this led to supersaturation in
the upper layers and large-scale condensation. Obser-
vations do suggest some evidence of heating and mois-
tening at upper levels and drying at lower levels during
this period (Figs. 11a,b). A similar situation seems to
-have occurred around 15 and 16 September.

It should again be emphasized that the prognostic
test may be somewhat misleading. Since the large-scale
forcing is prescribed, the time-mean heating and drying
are effectively prescribed. As mentioned before, even
the simplest parameterization in which vertically in-
tegrated moisture flux convergence is treated as pre-
cipitation can perform reasonably well if a proper
choice of vertical profile is made.

g9 10 11 12 13 14 15 16 17 18
SEPTEMBER

FIG. 16. Time-pressure cross section of predicted (a) temperature (K) and (b) specific humidity (g kg ™).

6. Summary and conclusions

In this paper, we presented a simple implementation
of the fundamental ideas in the convective cloud pa-
rameterization of Arakawa and Schubert (1974). RAS
makes two major simplifications to the standard AS
implementation by modifying the entrainment relation
and by relaxing the state toward equilibrium, rather
than requiring complete quasi equilibrium. The details
of the implementation are given in section 2 and the
Appendix.

We studied the sensitivity of each cloud type to the
value of the relaxation parameter using a nine-layer
version of the model and a sounding from the ECMWF
analysis. We found that the solutions for all relaxation
parameters converge to the same solution and com-
pared it with that obtained from the standard imple-
mentation. This comparison suggested that the solution
produced by RAS is not only unique, but also may be
physically more realistic because it does not depend
on minimization of some arbitrary functional, as in
the simplex solution of the standard implementation.
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We performed a semiprognostic evaluation of RAS
using GATE Phase III data and following the approach
used by Lord (1978, 1982). We found that RAS pro-
duces good estimates of the precipitation, as well as of
the vertical profiles of heating and drying. The scheme
does overestimate the drying in the lower troposphere,
as does the standard implementation of AS. We also
showed that with a sufficiently large value of the relax-
ation parameter, invoking ~ 50 random cloud types is
sufficient to produce precipitation, as well as heating
and drying fields similar to those observed.

We also performed a prognostic evaluation of RAS
using the GATE data. The precipitation and heating
and drying due to convection were predicted, while the
advection, surface fluxes, and radiative processes were
prescribed from observation. This test produced rea-
sonably good estimates of precipitation rate and cu-
mulus-induced heating and drying.

RAS can be easily implemented in any large-scale
numerical prediction model by invoking several cloud
types for each time step. Because we partially adjust
each sounding for one cloud type at a time and let
cloud interactions take place iteratively, even a crude

9 1011 1213 14 15 16 17 18
SEPTEMBER

FIG. 17. Same as in Fig. 16, but from GATE Phase III observations.

representation of the diagonal element of the kernel
matrix can converge to the right solution. Thus, one
can use, for example, the cloud model in this paper
and include the reevaporation of falling precipitation
outside of RAS after invoking each cloud type and let-
ting its effect be felt during the course of iteration. Of
course, any change to the cloud model can also be
easily included in the scheme.

One problem that might arise in a prognostic model,
particularly with rather coarse vertical resolution, is
that during the integration, a deep cloud that was pre-
viously inactive might become active, producing dis-
continuities or spikes in the precipitation and the heat-
ing rates. This can be avoided by allowing the ith cloud
type to become active as soon as the cloud top corre-
sponding to the deepest possible cloud (the nonen-
training cloud) lies anywhere between the levels i and
i+ 1, thus making the transition more or less contin-
uous.

We have used RAS with the above modification in
the ARIES GCM at Goddard Laboratory for Atmo-
spheres. For a nine-layer GCM with a resolution of 4°
Jatitude X 5° longitude resolution, RAS needs ~5 s
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per simulated day on a single CRAY-YMP processor
when eight cloud types are invoked at each dynamics
time step (7.5 min). Further reduction in computer
time can be expected by pursuing other calling strat-
egies.
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APPENDIX

The Discrete Version of the Parameterization
a. The cloud model

Here the discrete version of the cloud model is de-
scribed, which is similar to that used in Lord et al.
(1982), differing primarily in the entrainment relation
and in the details of the discretization. Each cloud type
is identified by its detrainment level. Let us say we
have a K-layer model, and the variables associated with
the layers will be identified by integer subscripts and
those associated with the interface levels by half-integer
subscripts (see Fig. Al).

All clouds are assumed to have the same base. In a
GCM, this is usually taken as the top of the lowest
layer, although a more sophisticated choice (such as

k

FIG. Al. Schematic of a vertically discrete model.
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some average of the lowest few layers in models that
attempt to resolve the boundary layer explicitly ) could
be easily implemented. We will refer to that cloud type
with its top (detrainment level) in layer i, as the ith
cloud type.

Assuming that the normalized mass flux for each
cloud type is a linear function of height,

Nik-172 = Nig+172 = Ni(Zk-172 = Zk+172)5
k=i+1,i+2 -+ K=1, (Al

where 7; k41,2 is the cloud mass flux of the ith cloud
type at level k + 1/2 normalized by its value at the cloud
base, A, is its entrainment rate, and z ., is the height
of level k + 1/5. Equation (A1) applies from the layer
immediately below the detrainment layer to the layer
immediately above the cloud base, which, for the pur-
pose of this discussion, is assumed to be at K — 1/,. We
arbitrarily assume that detrainment occurs at the mid-
dle of the detrainment layer and therefore that there
is an additional half-layer at the top over which the
cloud entrains:

(A2)

The vertical coordinate is specified by the pressures at
the half-integer levels (px41,2, k=1,2, + -« K). We
will thus need a discrete hydrostatic relation for the
thickness on the rhs of (A1) and (A2). The form of
the hydrostatic equation proposed by Arakawa and
Suarez (1983) is used, which is also the form used in
ARIES GCM: ‘

i — Mii+v12 = N(Zi — Ziz1y2).

¢
Zk—1/2 — Zk+1/2 = Ep 0x(Prs1/2 — Pr-12),
k=1,2,+--K (A3)

over the full layers and

G
Zk — Zks12 = Epok(PkH/z =Py, k=12,---K
(A4)

over the lower half of each layer. Here 6, is the potential
temperature of layer k,

Previy2 = (Dicv1/2/po)", (AS)
and
1 P — P _
P, = ( k+1/2Dk+1/2 k—1/2Pk 1/2) ., (A6)
1+« Di+172 — Pk—1/2

which is the form suggested by Phillips (1974) and
used in Arakawa and Suarez (1983). Here « = R/c,.
Using (A3) and (A4)in (Al) and (A2),

Mik—172 = Mik+172 = Bilbihi,

k=i+1,i+2 -+ K—1, (A7)
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where

c
B = Ep (Prvrj2 — Pr-ap2). (A8)

For the last half-layer up to the detrainment level,

Nii = Mig+1s2 + Bibiks, (A9)

where

c

B; =;p(Pi+l/2'_Pi)- (A10)
Summing (A7) and combining with (A9), we obtain

the following form for the normalized mass flux at the

detrainment level:

ni; =1+ N 2 Bk, (All)

K-1
where 7; x~1,2 = 1 is used.

Similarly, the discrete form of the moist static energy
budget of each cloud type can be obtained. Let 4, = s
+ Lqg, be the moist static energy of layer k, where s;
= ¢,Tx + gz is the dry static energy, Tj = Pify is the
temperature, and g is the specific humidity of layer k.
Here 6, and g are prognostic variables of the GCM
and thus are known. Then A and s, are also known.
Thus,

Nig—1/2M5 p-172 — Nig+172R5 kes1/2
= (Nig=1/2 = Mig+172)Ps
k=i+1,i+2 - K—1, (Al2)

where h§ .1/, is the cloud moist static energy of the
ith cloud type at level k + 1/>. The rhs of (A12) rep-
resents the effect of entraining environmental air over
layer k. For the half-layer at the cloud top we write

Niihsi — Migsr2hf 12 = (Mg — Migsr2) i (A13)

Summing (A12) and combining with (A13), we obtain
the following expression for the cloud-top moist static
energy:

i+1

Nihii = hx+ 2 (Mijoiy2 = M jer2)
K1

+ (0 — Miinr2)hi. (Al4)

Ignoring precipitation, an equation similar to (A12)
can be written for cloud total water:

Nik—1/2(q5 k=172 + lik-172)
= Nig+1/2(Gi k172 + liger1/2)
= (Mik-1/2 = Mik+1/2) k>
k=i+1,i+2---K—1, (Al5)

where g5 x+1,2 and /; ¢+, are the specific humidity and
the liquid water mixing ratio of the ith cloud type at
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level k + 1/2. The rhs of (A15) assumes no liquid water
in the environment. From (AlS5), assuming g;,
= g7, where g; is the saturation specific humidity of
layer i, we obtain:
1 i+1
Ly =—Ilagx+ > (i, j—172 — 77i,j+1/2)qj

Ni,i K—1

+ (s — mini2)@) — aF (A16)

Here [, ; is the liquid water mixing ratio of the detraining
air for the ith cloud type. Since 6 and g are known and
the saturation specific humidity can be calculated, /; ;
can be calculated if A; is known.

Neglecting virtual effects and liquid water loading,
the level of nonbuoyancy for each cloud type is that at
which

hi;=hi, (A17)

where h§; depends on the entrainment parameter A;,
and h} =s; + Lg is the saturation moist static energy
of layer i. Substituting for h{; from (A14) and using
the entrainment relations (A1) and (A2), an expression
for \; is obtained as

)\i= h[(“'h;k

- (A18)
2 BoKT — k)

In the standard AS implementation, (A17) is a poly-
nomial in A; whose degree depends on the height of
the detrainment level.

b. The cloud work function

The discrete form of the cloud work function is ob-
tained by discretizing (16) of section 2. Since at this
point the normalized mass flux and the cloud moist
static energy at the half-integer levels from (A1), (A2),
and (A12) and the saturation moist static energy at
the GCM layers are known, we adopt the following
quadrature for (16):

i+1
A= 2 Lemijerya(hs o2 — b))

K-1
+ i j-172(hE 12 — BT

+ emiier2(BSier2 — AT), (A19)

where A; is the cloud work function for the ith cloud
type and the definitions:

Py — P .
) B ——————— =1 2 "'K—‘l A20
€J P,U"“{,) > J 3 & ( )
and
B~ Py
= , j=1,2,---K—1 (A2l
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are used. Using (A12) to eliminate the cloud moist
static energy 4° (A19) can finally be written in terms
of environmental quantities only:

i+1
A; = exrhg — emijriph? + 2 (-1 + pi)

K—-1

k
X [hx+ 2 (i j-172 = M jr12)B)]
k-1
i+
= 2 lemipriyz + wanig—1,210% .
K—1

(A22)

¢. Cumulus effects on the large-scale budgets

The cumulus effects on the budgets of dry and moist
static energies for the environment are discretized as

38 g
(a_t)c = Ane [Mi—1/2(Sk-1/2 — k)

+ Mi172(Sk = Sk12) — Dide L(1 — 1)} (A23)

and

oh
(a_tk)c = .Al%c [Mk—l/2(hk—l/2 = h)

+ Mi1j2(hi = Bisr2) + Di(hE — )], (A24)

where (9sy/0t). and (dh,/dt). are the rate of change of
dry and moist static energies of layer k, M., is the
cumulus mass flux at level k + 12, and Dy is the de-
trained mass at level k and Apy = pr+1/2 — Dr—1,2. The
last term on the rhs of (A23) represents cooling from
the reevaporation of liquid water detrained to the en-
vironment. Here / is the liquid water mixing ratio,
and r, is a cloud-type-dependent precipitation fraction.
The dry static energy at the level k + 1/ is obtained
using the discretization given by Arakawa and Suarez
(1983). The specific humidity at this level is taken as
the average between levels k and k + 1. At the top of
the bottom layer, we also experimented by setting
dk-1/2 10 gx and gg—;.

In the standard AS implementation, Mj.,,» would
be the total mass flux of all cloud types penetrating the
level k + 1/5:

k
M2 = 20 Mp(i)nik+1)2,

i=1

(A25)

where Mp(i) is the cloud-base mass flux for the ith
cloud type. In RAS, however, only one cloud type is

considered at a time, and we use the forms
[Ms(i)ni,k+1/2 i<k,

i=k,

for

Mk+l/2 = (A26)

for
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and

for

= (A27)

Mp(i)n;; i=k,
0 for i+ k.

Also, I = [;; is taken for i = k, and /; = 0 otherwise.
Then (A23) and (A24) can be rewritten as

Ie)
( astk) My(i)T(k) (A28)
and
oh .
(a—t") = Mp(i)Tw(k), (A29)
where
(& [ sa (et — 59 +
Ape Nik—172\Sk-1/2 k Mik+1/2
T, (k) =4 X (Sk = Ska172) = mialii L(1 = 1;)8F],
for k=i,i+1,---K,
|0 for k=1,2,---i—1,
(A30)
and
£ [mig—172Chi—1/2 — P) + Migarp2
Api ’
T, (k) = X (b = hicsr2) + mii (BT = hi)8k],
for k=i,i+1,-++ K,
0 for k=1,2,++--i—1.

(A31)

Here 6% is the Kronecker delta and it is assumed that
Nii-172 = Nik+1/2 = 0. From (A28) and (A29), the rate
of change of potential temperature and specific hu-
midity due to the ith cloud type can be written as:

(%)C AZ,B}(’:)F(k)’ k=1,2,--- K, (A32)
and
(%) = L Mu()ITHk) - TR,
a ), L
k=1,2,“‘K (A33)

d. The mass-flux kernel and cloud-base mass flux

In the discrete model, the equation analogous to ( 34)
of section 2 becomes (LCA),
( dA;

— (A34)

) z Kl jMB(.])’
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where the summation is over all existing cloud types.
In the present case of a single cloud type, only the
diagonal element K; ; is available, which is simply given
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Then, from (A22) by using (A18), (A28), (A29),
(A30), (A31), and the approximate relation

by L (1 4y 2, (A36)
L ldd ot ot
Kij=——=|—=— A .
Mp(i) ( dt )c (A33) we obtain
Kii = (ex-1 + O)TR(K) — (emii172 + O, )(1 + ;) T(i)
i+1 k
+ 2 {(ao1t + wTE) + 2 (i o172 = Mi,j4172) Tl DT + 9mige—172 — Miger172) Th(k) }
K—1 k-1
i+
+ (i = Nii12)Ta(i) = 2 (emigsr1s2 + piip—172)(1 + v)Ts(k), (A37)
K1
where
i+1
0= —ehi i+ > (-1 + )l Z (Mi,j-172 — i jr172)05]

K-1 K-1

i+1

i+1

= 2 leigr1sz + pmig-1210% + &h? + 3 (& + w)hi, (A38)

K-1

and, for simplicity, we have ignored the rate of change
of e and u. The rate of change of \; is included through
the terms involving ¢. This effect can be neglected by
setting 4 = 0 in (A37).

Assuming quasi equilibrium of the cloud work
function we then obtain

My(i) = —(%) K (A39)
Is

when the rhs of (A39) is positive, otherwise Mpz(i)
= 0. Here (dA;/dt), is the large-scale forcing of the
ith cloud type, which is computed as in ( 38 of section
2. Once Mp(i) is known, the cumulus-induced changes
in 6 and ¢ can be calculated as discussed in section 2e.

e. Precipitation formulation

In RAS we assume that all liquid water formed inside
a cloud is carried to the top where it is detrained. Then
the amount of detrained liquid water /;; can be com-
puted using (A16). It is then assumed that a fraction
of this detrained liquid water is precipitated and the
rest is evaporated within the layer of detrainment. We
further assume that the precipitation simply falls to the
ground without reevaporation in the layers below.
Thus, the precipitation R; for the ith cloud type can
be written as

Ri = MB(i)r,-l,-,,-. (A40)

K—-1

The cloud-type-dependent parameter 7; is chosen as

1.0 p; < 500
_ 800 — p;
re={ 08+ == 500 <p, <800 (Adl)
0.8 p; > 800,

where p; is the pressure (hPa) at the detrainment level
of the cloud type i.

[ Summary

In summary, the following steps are needed to cal-
culate the cloud-base mass flux and the changes in the
temperature and moisture profiles for each cloud type.

1) From the initial profiles of temperature and
moisture, compute the dry and moist static energies.

2) Compute the cloud work function for the given
cloud type and compute the large-scale forcing [using
either (37) or as in LCA].

3) Compute normalized changes of s and 4 from
(A30) and (A31) for the discrete model.

4) Compute the kernel from (A37).

5) Compute the cloud-base mass flux from (A39).

6) Compute the temperature and moisture changes
using (A32) and (A33), with the cloud-base mass flux
multiplied by the relaxation parameter a.
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