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1. INTRODUCTION

Because deep cumulus convection is associated with strong diabatic heat-
ing rates (up to 500 K/day in an intense thunderstorm) and are vigorous
transporters of heat and water from the lower to the upper troposphere,
they have a significant effect on the larger scale {(mesoscale and
synoptic scale) temperature and moisture fields, and this effect must be
parameterized in realistic atmospheric models of the mesoscale and the

global scale. .

The problem of cumulus parameterization is to relate the convective con-
densation and transports of heat, moisture, and wmomentum by cunulus
clouds, which cannot be explicitly resolved by the large-scale model, to
the wvariables predicted by the model. There are two important aspects
of cunulus parameterization. One is the modulation of convection by the
large-scale forcing, which is related to the dJdetermination of total
rainfall rate. The other is the feedback of cunulus convection to its
environment, which is related to the vertical distribution of condensa-—

tion and evaporation in the clouds and the vertical transports of heat,
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9-13 September 1935.
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moisture, and momentum. For parameterization to be possible, a rela-
tionship between cunulus convection and the large-scale circulation must
exist. Since the scales of motion permitted in the model depend on the
grid size, one might expect the relationships between the resolvable-
scale and the unresolvable-scale circulations to vary with different

model resolutions.

Several cumulus parameterization schemes have been used in numerical
models of large-scale phenomena. These schemes are (1) moist convective
adjustment schemes, (2) Kuo schemes, (3) the Arakawa and Schubert (1974)
scheme, and (4) schemes based on local consumption of available buoyant
energy (Kreitzberg and Perkey, 1976; Fritsch and Chappell, 1980). A
detailed revieQ of all four types is beyond the scope of this paper, and
brief summaries exist elsewhere (Frank, 1983). Therefore, this paper

discusses only the first two types of schemes.

2. MOIST CONVECTIVE ADJUSTMENT

Moist convective adjustment (MCA) schemes are among the simplest methods
of parameterizing the effects of cumulus convection on the environment.
In MCA parameterizations, it is assumed that there exists a critical
temperature and moisture profile associated with the large-scale thermo-
dynamic field. When the large-scale sounding becomes more unstable than
this critical state, it is adjusted toward the critical, more stable-
state. This stabilization is assumed to be caused by cumulus convec—

tion.

A variety of MCA schemes has been proposed and tested in models (Manabe
et al., 1965; Miyakoda et al., 1969; Krishnamurti and Moxim, 1971;

Kurihara, 1973). In its most severe form, the so-called hard convective
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adjustment, an initial Ilarge-scale sounding in which 36,/0%p > 0 is
adjusted so that 0, or, equivalently, moist static energy h, is con-
stant with height (Krishnamurti et al., 1980). The precipitation rate P
is determined from the adjusted sounding according to

1 Ps

i £
ght Jp, (T "I @ (1)

where AT is a prescribed time scale associated with the lifetime of a
deep cunulus cloud (~30 min), and i and f denote initial and adjusted

values of g, respectively.

The hard MCA is simple to implement and conserves total moist static
energy, since the average value of h in the adjusted sounding is equal
to that of the initial sounding. However, it produces unrealistic
modifications to the large~scale sounding by excessively cooling and
drying the lower troposphere. Because of the removal of too much water
vapor during the adjustment, the rainfall rates diagnosed by (1) are
much too large. Krishnamurti et al. (1980) used GATE data over the
period 1 September to 18 September 1974 in semi-prognostic tests of the
hard MCA scheme. (In a semi-prognostic test, observed estimates of
horizontal and vertical advection, surface fluxes, and radiational heat-
ing are used to calculate the large-scale forcing terms in a parameteri-
zation scheme. The effects of cumulus convection on the environment are
calculated from these terms and can then be compared against those
diagnosed from large-scale budgets.) The diagnosed rainfall rates from
the hard MCA (Fig. 1) exceed the observed rainfall rates by more than an
order of magnitude. Because of the unrealistic modification to the
large-scale thermodynamic fields and the erroneous rainfall rates, the

hard MCA may be considered unsuitable for use in large-scale models.
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Fig., 1 Comparison of observed (dashed) and predicted (solid) rainfall
rates (mm day” ") using hard convective adjustrent. Days 1 to 18 corre-
spond to the third phase of GATE between 1 September and 18 September
1974. Data are for 6-h intervals beginning with 0000 GMT 1 September
(Krishnamurti et al., 1980).

Because of the problems associated with the hard MCA schemes, several
versions of MCA have been developed which produce much slower and more
realistic adjustments to the large-scale sounding (Manabe et al., 1965;
Miyvakoda et al., 1969; Xurihara, 1973; Krishnamurti et al., 1980).

These methods are known as soft adjustment schemes. In one of the soft

schemes, hard adjustment is assumed to occur over a small fraction a of
the large-scale grid area; over the remaining (1 - a) fraction, the tem
perature and mixing ratio are assumed to remain constant at their
initial wvalue. The final adjusted large-scale values of T and g are

given by

T =aT4+(1-a)_Ti,
¢ (2)

q =aqc+(1-a)ql,
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where T, and q, are determined by a moist adiabat. The value of a
is dJdetermined by a criterion based on mean relative humidity of the

column. The relative humidity after adjustnent ruf ig

where CIS(Tf) is the saturation _mj_xing ratio at the adjusted tempera-
ture. The scheme is closed by an iterative search for a value of a
which yields a vertical mean ruf equal to that of a prescribed value
RH. In semi=-prognostic tests of this soft MCA, Xrishnamurti et al.

(1980) found best agreement between calculated and observed rainfall

rates when RH = 82.4% (Fig. 2).
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Fig. 2 As in Fig. 1, except for using soft convective adjustment
(Krishnamurti et al., 1980).

As shown in Fig. 2, the soft MCA produces rainfall rates of the correct
order of magnitude. However, because of the occurrence of the maximum
instability before the time of maximum convection in the tropics, the
soft MCA scheme shows a lag of one to two days between the computed and

observed rainfall. This lag makes the soft MCA scheme undesirable for
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use in forecast models in which predicting the correct timing of rain-
fall is as important as predicting the correct amount. However, the
soft MCA may be more suitable for climate models in which the timing of

precipitation is less important.

3. KUO SCHEMES

As reviewed by BAnthes (1985), there is a strong correlation between
observed convective rainfall and total large-scale convergence of water
vapor in a column. These observations suggest that large-scale water
vapor convergence is a useful variable to parameterize the effects of
convection in large-scale models, and many cumulus parameterizations
have been based on a relationship between convective rainfall and
large-scale moisture convergence. These schemes are called Kuo schemes
here because of the early work by Kuo (1965). Versions of the Xuo
(1965) scheme include those by Xuo (1974), Anthes (1977), ILian (1979),

Krishnamurti et al. (1976, 1980, 1983), and Molinari (1982).

3.1 Relation of total convective heating and moistening to moisture
convergence

The use of moisture convergence to determine the rainfall rate is based
on the large-scale water vapor budget, which may be written (Anthes,

1985)

aqw) - 6%;(1)'

fre

o]
EEQ=_(9§+V-qV+ + (¢c- e , (4)

ot ~ Op

where ¢ is the rate of condensation per unit mass of air, and e is the

rate of evaporation.
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A vertical integration of (4) from the surface pressure pg to the top

of the atmosphere (p = 0) yields

pS
/ (c-e dp+s_ . (5)
0

1
A + = —
'Vlt E g

where M. is the vertically integrated horizontal moisture convergence
b

fsV'q‘Ldp. (6)
0

= 1
Mt = g

E is the surface evaporation rate

1
E=-=(qw (7)
5 (a )pS,
and qu is the storage rate of water vapor.
-1 s 29

The relationship between the integrated net condensation and the pre-
cipitation rate can be obtained by considering the equation for cloud

(liguid) water gy

Ny Vgt
EE& + Veg, V + aqlw = - EE&~S— + c-e-r (9)
3t 9 X7 Bp dp !

where r is the rate of conversion of cloud water to precipitating

water. A vertical integration of (9) from 0 to pg yields

fps (c-e)dp=P+8S ,- M ’ (10)
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where P is the precipitation rate, all

water, and Mtx is the vertical integral of +the Thorizontal

is the storage rate of liquid

convergence of liquid water.

Substitution of (10) into (5) yields

Mt+M + E=P+ 8 + 8 . (11)

The budget represented by (11) indicates that the sources of water into
a unit column are balanced by precipitation plus storage of wvapor and

liquid.

From (11), one observes that if the storage terms are small and the
horizontal convergence of liquid water is small compared to the sum of
the evaporation and the water vapor convergence, the net rainfall rate
is equal to the large-scale moisture convergence plus the evaporation.
Over large regions on a long temporal scale, this approximation is quite
good. But, locally, on a short temporal scale, there can be substantial
changes in the storage of water vapor and liquid water. In general,
there is higher wvariability over midlatitudes than over the tropics. A
key issue 1is then to relate the storage term to +the 1large-scale
variables (e.g., to determine what portion of the moisture convergence
should go to storage and what portion should be removed as precipita;

tion) .

Kuo (1974) assumed that a fraction (1 - b) of the total water vapor con-
vergence M. is condensed and precipitated, while the remaining f£rac-
tion b is stored and acts to increase the humidity of the column

(Fig. 3).
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Fig. 3 Schematic diagram showing moisture cycle in a column which con-
tains convection (Anthes, 1977).

By the above assumption, the vertical integral of (¢ - e) = C* is

fpsc*dp=(1—b)gm . (12)
0 t

The determination of b is discussed in section 3. 4.

3.2 Vertical partitioning of apparent heat source

After b is detemrmined, the integral relation (12) relates the total
rainfall rate to the total moisture convergence. It is also necessary
to specify or calculate the vertical distribution of C*; in general,

this distribution may be written
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(1 -b) gM

c* = —————— N '
(g) (5, - By) (p) (13)

where pp and py are the pressures at cloud base and cloud top,

respectively, and N(p) is the vertical distribution function which obeys

Ps Py
[P N ap=[" wp) ap = N (14)
0
Pt
If (14) is satisfied, the total convective heating rate Q¢ - Q in

the column equals the latent energy condensed and removed as precipita-

tion plus the surface sensible heat flux,

|
Q |

Cc o)
P S - - S
5 f: (Q, - Q) dp f; c* dp + H_

L(1 - b M+ Hs . (15)

t

With the integral constraints represented by (13)-(15), the remaining
problem is to determine N(p). As discussed earlier, this function has
the same vertical distribution as does the cloud-scale net condensa-
tion. Anthes (1977) used the condensation rate C, in a one-
dimensional cloud model to estimate N(p),

cC

N(p) = —— , (16)
<Cc>

where the vertical averaging operator < > is defined by

- P.
<> = (p - p) by ap . (17)

Pe
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Kuo (1965, 1974) assumed that N(p) was determined by lateral mixing of
warm cloud air of temperature T, with environmental air of temperature
T, which gives

(T - T)
c

N(p) e Tt (18)
c

In most Kuo schemes, T, is given by the wet adiabat associated with
the equivalent potential temperature of a parcel of air originating near

the surface.

Kuo and Anthes (1984b) compared the vertical profiles of convective
heating computed from (16) with that given by (18) for an extratropical
convective system. The convective system was observed over Oklahoma and
Kansas as part of the AVE-SESAME 1979 special experiment. Fig. 4 shows
the observed and simulated convective heating profile by the Anthes and
Kuo schemes for three different cloud radii without the inclusion of
eddy sensible heat flux. The observed O is an average over an area
550 km by 550 km centered over Cklahoma and over a period of time
(1800 GMT 10 April 1973 to 1200 GMT 11 April) when the area-averaged
rainfall exceeded 1 mm day‘l. When the cloud radius is small (Fig. 4a),
the two formula, by coincidence, give nearly identical profiles. Both
simulate the maximum heating at a considerably lower level than the
observed. BAs the cloud radius increases, the maxima in the two simu-
lated convective heating profiles shift upward and hence become closer

to the observed profile, with the maximun in Kuo's profile slightly

higher than that of Anthes's.
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Fig. 4 Observed (solid) and simulated (normalized) Q) profiles by cumu-
lus parameterization schemeg of Kuo _(1974), dotted) and Anthes (1977,
dashed) , averaged over 550 X 550 km~ over Cklahoma and for periods of
the 10-11 April 1979 case when the observed rainfall rate was greater
than 1 mm day™"; (a) for model cloud radii equal to 1 km, (b) 3 km, and
(¢) 5 km, with no eddy sensible heat flux considered (Kuo and BAnthes,
1984Db) .

‘ We next estimate the heating associated with the vertical divergence of

the eddy heat flux associated with convection. In sigma coordinates,

the two terms associated with the eddy flux of sensible heat are

68"1" R W'
- . (19)
do cp(p*0'+ pt)

The second term is usually one order of magnitude smaller than the first
term and is neglected in the following discussion. For a small fraction
of convective. cloud cover, a << 1, and with the cloud vertical motion

much larger than the large-scale vertical motion, they can be written as

dg'T' B [

dc _ do o (T, = )] . (20)
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The fractional area of active convective cloud coverage can be computed

as
a = E (21
p ! )

where P is the observed area-averaged rainfall rate and P, 1is the

rainfall rate of a single cloud.

The effect of the eddy sensible heat flux is to shift upward the maximum
in the convective heating profiles (Fig. 5). With the increase of cloud
radius, the effect of eddy sensible heat flux increases (Fige 6). The
rapid decrease of the cloud vertical motion near the cloud top for large
clouds produces a sﬁrong eddy flux convergence and hence strong warming
below the cloud top. The effect of eddy flux of sensible heat is not
negligible compared to the condensation heating for large clouds. With
the inclusion of eddy flux of sensible heat and with a large cloud
radius, both the Xuo (1974) and »Anthes (1977) schemes give a close

reproduction of the convective heating profile.
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Fig. 5 As in Fig. 4, but with eddy sensible heat flux considered.
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Fig. 6 Eddy sensible heat flux divergence (°C day” l) for clouds with
radii of 1 km (solid), 3 km (dashed), and 5 km (dotted) (Kuo and Anthes,
1984Db).

To consider an extreme case, the entraimment is set to =zero. With no
entrainment, a wet adiabat represents the cloud temperature and mixing
ratio. The Q4 profiles (Fig. 7) are very similar to those computed
from a large cloud radius with entraimment and are very close to the
observed profile. These results suggest that entraimment is not impor-

tant for strong convection of this type.

The above analysis indicates that both the Kao (1974) and Anthes (1977)
schemes can reproduce the convective heating profile reasonably well
when a large cloud radius is used (or when entrainment is suppressed) .
It also suggests that the effect of eddy flux of sensible heat is gquite
important in midlatitude convection and should not be ignored in a cumu-

lus parameterization scheme.
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Fig. 7 Observed (solid) and simulated Q) profiles (normalized) by
cunulus parameterization schemes of Kuo (1974, dotted) and Anthes (1977,
dashed) , with no entrainment, averaged over 550 km X 550 km box over
Oklahoma, and over periods with the observed rainfall rate greater than
1 mm day ~; (a) without eddy sensible heat flux, and (b) with eddy
sensible heat flux (Kuo and Anthes, 1984Db).

3.3 Vertical partitioning of apparent moisture sink

A fundamental assumption of Xuo schemes is that a fraction b of the
total water vapor convergence is used to increase the humidity of the
column. Therefore, in columns with convection the continuity equation

for water vapor is written

dgq gb My dw'q’
a = N (p) - ’ (22)
t (p, - R) g op

where Nq(p) + the wvertical distribution function for water vapor,

satisfies an integral constraint like (14). Various empirical functions

have been proposed for Nq(p); in the Kuo (1974) scheme,

a, - a
N (p) = ———— (23)
q?® <gq, - '
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where g, is given by the wet adiabat used to compute T, in (18).
Anthes (1977) suggested that the convective moistening be a function' of

the relative humidity

(100% - RH) qS(T)

NP = THoes - w) a (T)> (24)
Egq. (24) was later (Anthes et al., 1982) further simplified to

N (p) = %s (25)

q® <q> ’

with the assumption that the relative humidity is fairly uniform in the

vertical over areas of strong convection.

For all of these schemes to be valid, it is essential that the verti-
cally integrated moisture convergence is greater than the rainfall rate,
so that b is positive. However, observations show that at times the
convective precipitation exceeds the total moisture convergence, imply-
ing a negative b (Fritsch et al., 1976; Cho, 1976; Kuo and Anthes,

1984a) .

One can revise the Kio schemes by using the complete water vapor con-
tinuity equation (4) and utilizing the condensation profile and eddy
flux profile predicted by the cloud model. This will also enable the
prediction of convective drying (Q,) profile consistent with that of
the convective heating profile (Q4). With the inclusion of eddy mois-
ture flux, the normalized convective drying profile (Q5) can be

written as
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6645!
ac(o) + 0o
N (o) = (26)
a

65' '
ac(o) + ———(—166 >

The cloud coverage, a, can be computed following (21), and the effect of

eddy moisture flux can be estimated by an equation analogous to (20).

The observed and simulated normalized Q, profiles by the revised
scheme averaged over the 550 km x 550 km box and over periods when the

! (1800 @GMT 10 April -~ 1200 GMT

rainfall rate is larger than 1 mm day
11 April) are shown in Fig. 8. Most of the observed moisture sink

(Qz) is below 600 mb, while most of the simulated condensation occurs

in the middle troposphere. As the cloud radius 1is increased, the
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Fig. 8 Observed (solid) and simulated Qo profiles (normalized) by
revised Anthes scheme with (dotted) and without (dashed) eddy moisture
flux averaged over 550 km X 550 km box over Cklahoma and over periods
when the observed rainfall rate was greater than 1 mm day ; (&) 1 km,
and (b) 3 km; cloud radius is used in the steady-state cloud model (Kuo
and Anthes, 1984Db).
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simulated condensation profile has its maximum at a slightly higher
level. There are larger discrepancies between the simulated and
observed Qy profiles when eddy moisture flux is ignored. The inclu-
sion of eddy moisture flux shifts the simulated Qp profile downward
and improves the scheme considerably. Better agreerﬁent is found when
larger cloud radius is used (Fig. 8) or when entraiment is suppressed

(not shown) .

The convective eddy flux convergence of latent heat (moisture) is shown
in Fig. 9. Its magnitude is compatible with that of the condensation
heating. This again supports the importance of eddy flux of moisture by

cumulus convection.

190 IR AR EREETARNARERARRRAREE RARE 005
270 — 015
351 - 0.25
43| — 0.35
S 511 — 045
E o
= 59 F - 055
67l — 0.65
752 |- - o075
832 — 0.85
9|2 preatr v Mg bernedaenadanet 095
=20 -0 O I0 20 30 40

°C/DAY

Fig. 9 Eddy latent heat flux convergence estimated by the steady-state
cloud model with 1-km radius (solid), 3~km radius (dashed), and 1-km
radius without entraimment (dotted), averaged over the same area and
period as Fig. 8 (Kuo and BAnthes, 1984D).
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Despite the improvement made by the inclusion of eddy moisture flux,
substantial discrepancies still exist between the observed and simulated
Qy profiles. The revised scheme overestimates the moisture sink above
800 mb and underestimates the moisture sink below this level. Since the
modeled cloud base is at about 830 mb, these discrepancies cannot be
eliminated by an increase of cloud radius. It is well-known that shal-
low nonprecipitating convection can transport substantial moisture from
the sub-cloud layer to the cloud layer, so that these differences might
have been caused by the neglect of shallow convection in this scheme.
The turbulence exchange of moisture between the planetary boundary layer
and the free troposphere could also contribute to the large observed

moisture sink in the lower layers.

Although the Kuo (1965), Anthes (1977), and Anthes et al. (1982) schemes
are not valid after the mature stage of the convective system when the
rainfall exceeds the moisture convergence (because b in these schemes
cannot be negative), it is of interest to see how these schemes perform
during the developing stage of the convective event when the observed b
is positive. Fig. 10 shows the normalized observed and simulated con-—
vective moistening profiles averaged over the developing period of the
convective system (1500 GMT 10 April - 2100 GMT 10 April) over the

550 km X 550 km box.

With the inclusion of eddy moisture flux, the BAnthes et al. (1982)
scheme shows some differences from the observed profile at small cloud
radius (Fig. 10). However, when the cloud radius is increased (or when
entraimment is removed), the Anthes et al. (1982) scheme reproduces the
general pattern of the convective moistening profile. The inclusion of

convective eddy moisture flux does not improve the Kuo (1965) scheme
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FPig. 10 Observed (solid) and simulated normalized convective moistening
(0g/0t) profiles by cumulus parameterization schemes of Xuo (1965,
dotted) and Anthes et al. (1982, dashed) averaged over 550 km X 550 km
box over Oklahoma and over the developing stage of the extratropical
convective system for cloud radii equal to (a) 1 km, and (b) 3 km, with
inclusion of eddy moisture flux (Kuo and Anthes, 1984b).

very much. Since most of the convective moistening occurs in the lower
troposphere, while (q; — g) can only exist above the cloud base, these
errors cannot be eliminated by either the inclusion of eddy sensible

moisture flux or the variation of cloud radius.

The shape of the observed (0g/dt) profile shows that most of the
moistening exists in the lower troposphere. Since the moisture content
also decreases with height, these results suggest that, during the
developing stage, the net efféct of the large~scale and convectivé
redistribution of moisture is to increase the enviromment relative

humidity rather uniformly in the vertical.
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3.4 Determination of b

An important part of the Kuo schemes 1is the determination of the
parameter b, the fraction of M. used to moisten the column. Kuo
(1965) partitioned the total rate of supply of moisture I into two
parts, Ij é.nd I,, where I, is the portion of I that is condensed
and removed as precipitation, thereby increasing the temperature of the

cloud column from T to T.,

c_ P
-_P b -
I, 51 J (r_ - T) dp , (27)
Py

and I, igs the part of I required to raise the mixing ratic of the

cloud column from q to g
c

Py
1. = | (q, - @ dp . (28)
Py

After I is used to create a cloud of temperature T, and mixing ratio
qes the large-scale temperature and moisture changes are computed by
horizontal mixing of the cloud with its environment, with the total
heating proportional to Iy and the total moistening proportional to
Ig. Although Xuo (1965) did not formally define a b parameter, an
effective b for the 1965 scheme can be computed from the ratio of Iq

and 12

g>

b =

2
I+I <_B(T-T)+q q

Kuo (1965) notes that, for a typical tropical sounding, I1/I2 is

(29)

about 0.25, which yields a value of b of about 0.8. Thus, in the

original Kuo scheme, most of ‘the available moisture supply was used to
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moisten rather than heat the column, with a resulting underprediction of
of rainfall (Fig. 11). Observations (Kuo, 1974; Krishnamurti et al.,

1980) indicate b to be in the range 0.23-0.26.
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Fig. 11 Comparison between observed (dashed) and predicted (solid)

rainfall rates for 1-18 September 1974, using Kuo (1965) cumulus parame~
terization scheme (Krishnamurti et al., 1980).

Anthes (1977) proposed that b could be related to the mean relative

humidity in the column by an expression of the form

n
(1 = <RH>)
—_— >
|:(1 - RHC) ] <RH '>—RHc
b = 7 (30)
1 <RH> < RH
o]

where RHg is a critical wvalue of relative humidity and n is a positive
exponent of order 1 which may be empirically determined. In semi-
prognostic tests of the Anthes (1977) scheme, Kuo and Anthes (1984Db)
found the best agreement between observed and diagnosed rainfall rates

when n is between 2 and 3 and RH, is between 0.25 and 0.50.

Krishnamurti et al. (1980) partitioned the moisture convergence into

horizontal and vertical advection and found that the vertical advection
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of mixing ratio coincided extremely well with observed rainfall rates
during GATE Phase III; they wrote
1 b

b=-— fs\Z"qup . , (31)
P oo

Fig. 12 shows the observed and diagnosed rainfall rates during GATE

Phase III using a Kuo scheme with b determined by (31). Fig. 13

| KUO 74

RAINFALL RATE (MM/DAY)

| 23466783 0NRI34I6ITI8
TIME (DAYS)

Fig. 12 As in 11, except for Xuo (1974) scheme (Krishnamurti et al.,
1980) . -

|

Fig. 13 Observed rainfall rate in cm/day (solid) and that simulated by
Krishnamurti et al. (1980, dashed) and Anthes (1977, dotted) over 550 km
X 550 km box centered over Oklahoma. The time period (abscissa) begins
at 1200 @MT 10 April and ends at 1200 &MT 11 April (Kuo and Anthes,

1984D) .
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shows the time variation of observed and diagnosed rainfall rates in an
extratropical squall system (SESAME-I, 10-11 April 1979) using a Kuo
scheme with b given by (30) with n = 1.0 and RH, = 0.5 and by (31).
The success of (31) in diagnosing the observed rainfall rates in a
tropical and extratropical system indicates that the net horizontal
advection of moisture is not as closely related to precipitation as is
the vertical advection, which is reasonable because a strong relation~
ship between upward motion and precipitation is well-known. In con-
trast, horizontal advection of water vapor of either sign may occur with
little vertical motion or precipitation. Apparently, the horizontal
advection of water vapor is more closely related to the storage term

(S in 11).

aqv
Molinari (1982) compared the rate at which the standard subtropical
sounding (Jordan, 1958) approached a moist neutral condition when a
specified vertical motion and moisture supply was used with various
formulations of b. Molinari found that the most realistic time evolu-
tion of the sounding occurred when a formulation of b was used that
required the environmental temperature and mixing ratio to approach the

cloud values at the same rate,

<g_ - @
I+ J (]
= 2
b — [ : 1. (32)
- + == -
g, = @ +t o T - T>
where J is the net adiabatic temperature change in the column
P C
1 b pT 06
J g f L 06 Op P (33)
Py
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In Molinari's tests, at the initial time J = -0.8I, so that the Db
parameter computed from (32) was about 0.2 times the effective b parame~
ter of the original XKuo scheme. This reduction produced a value of b

(0.13) much closer to observed values.

3.5 Summary

This paper has reviewed two simple but popular schemes for cunulus
parameterization. Two types of convective adjustment have been tested
in models and compared to observations. In hard convective adjustment
schemes, the model sounding is adjusted so that moist static energy is
constant with height. This scheme produces an unrealistic large—-scale
thermodynamic state and excessive rainfall rates. Better results are
obtained with soft adjustment schemes in which small adjustments toward

a moist adiabat are made.

Several cumulus parameterization schemes based on Kuo's (1965) original
scheme have been used in many numerical models with some success. The
relationship of total heating to moisture convergence is a key property
of Xuo schemes. A variety of methods of computing the vertical distri-
bution of convective heating and moistening and of computing the parame-
ter b, the fraction of moisture convergence that is assigned to
increasing the relative humidity of the column, is discussed. Some of
the variations of Xuo-type schemes compared égainst observations in-
semi-prognostic tests show considerable accuracy, providing some support

for using this type of parameterization in numerical models.
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