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Preface

One of the central problems in numerical weather prediction is to
relate the sub-grid scale condensation, evaporation, and vertical transports
of heat and moisture by cumulus clouds to the variables predicted by the
model. This problem is known as the cumulus parameterization. The most
important element of any cumulus parameterization scheme i{s the prediction
of the rainfall rate and the vertical distributions of the convective heat-
ing and moistening profiles. The rainfall rate is directly related to the
total amount of heat added to and moisture removed from the large-scale
system by condensation and evaporation. The vertical distributions of heat
and moisture by clouds can change the large-scale stability and moisture
structure of the atmosphere which, in turn, can affect the future develop-
ment of large-scale weather systems.

Several cumulus parameterization schemes have been proposed in the
past. The simplest and most commonly used scheme is the one proposed by Kuo
(1965, 1974) based on the assumption that the convective precipitation is
related to the vertically integrated moisture convergence. In this scheme,
usually only one type of cloud {s produced at a given time and the cloud
heating and moistening profiles are proportional to the temperature and

humidity differences between the cloud and the environment. Another scheme

gaining increasing attention is the one proposed by Arakawa and Schubert

(1374) which takes i{nto account the coexistence of a spectrum of clouds. E
0
0

The quasi-equilibrium approximation, which requires that clouds stabilize

the atmosphere as the large-scale motion generates moist convective insta-

e tar- - o c————

bility, permits the determination of cloud properties.
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Parallel to the effort of the Air Force Geophysics Lahoratory (AFGL)
in developing a Moist Global Forecast Model, we carried out a research pro-
Ject in cumulus parameterization under the sponsorship of the Meteorology
Jivision of the AFGL. The objectives of this research are: (1) to criti-
cally evaluate the Kuo and Arakawa-Schubert (A-S) cumulus parameterization
schemes for numerjical weather prediction; and (2) to improve these cumulus
parameterization schemes for the purpose of improving precipitation fore-
casis on the global scale. The results of our research on the A-S scheme of
cumulus parameterization, including an improved computational algorithm for
computing the cloud spectrum under the quasi-equilibrium approximation, have
been presented in Scientific Report No. 1 (Kao and Ogura, 1985). Part I of
this report contains the results of our research on the Kuo scheme. The
major improvements to the Kuo scheme include the prediction of cloud top
height and the incorporation of the effect of entrainment on cloud tempera-
ture and mixing ratio profiles. This improvement enables the Kuo scheme to
parameterize shallow to medium clouds as well as deep clouds. Tests of the
Xuo scheme using a semi-prognostic approach and a Cloud Cluster Model indi-
cate that the improved version verifies better with observation during
weaker convective periods. Part II contains the results of applying the
improved Kuo scheme and the A-S scheme of cumulus parameterization in the
AFGL Moist Global Forecast Model. In contrast to the forecast using the
original code of cumulus parameterization in the AFGL model, both the im-

proved Kuo scheme and the A-S scheme predicted the area of convective pre-

cipitation reasonably well.
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PART ONE

A Cumulus Parameterization Study
with Special Attention to the Kuo Scheme
1. Introduction

It is recognized that the latent heat released in cumulus convaction

0

and the vertical transports of heat and moisture in clouds play xey roles in
determining the structure of the temperature and moisture fields in the
atmosphere. However, since the horizontal scale of cumulus ~louds is at
least an order of magnitude smaller than the grid scale used in representing
large and mesoscale flows, the net effect of convection and condensation
upon  the large-scale flows must be parameterized In tarms Oof the «known
large-scale variables.

Several cumulus parameterization schemes are used in large-scalz and
mesoscale models., Each scheme is different in a way directed by convenience
ani by the type of problem and integration model involved. Tne most impor-
tant elements of any cumulus parameterization scheme are the prediction of
the rainfall rate and the convective heating and moistening profiles. The
rainfall rate determines the total amount of heat added to the large-scale
system by condensation, while the vertical distributicn of heat and moisture
by 2louds can change the large-scale stability and moisture structure in
Ww41yS tha% can either enhance or suppress the devalor.ent of large-scale
systems. The simplest and most popular scheme of cumulus parameterization
i3 based on the assumption that =2onvestive precipitation is related to the
vertically integrated moisture convergence. Kuo (1365, 1974) parameterized
the raleage of [atent heat by reoliating convective activity to the moisture
2onverging into a nonditionally unstable atmospheric column. This reper:

R

Wwill focu3 on tnis s37heme. Seatisn 2 reviews some of the Kuo-type cumualis




parameterization schemes, while Section 2 precents n semi-prognostic test 5f

the Kuo scheme, Section 4 describes the present medi

o]

iea Ku sioneme, a0t

Sectian 5 presents the results of the semi-prognostic studies withn the pron-
21t scheme, Section o presents the prognostiz model results using 4 ~.oul

Jluster Model.

2. Review of Cumulus Parameterization Schemes Based on Moisture Conver-
gence
A cumulus parameterization based on the total column moisture conver-

Zzence Wwas first proposed by Charney and Eliassen (1964), The application of

method to tropiczal cyclones has established the concept of CISK {(Zondi-

<
-
(e

~ionil Instabllity of the Second Kind). In this method, cumulus clouds are

45 »f

e

purmitted to penetrate deeply into the unsaturated atmosphere in ar
low-l2vel mass convergence. Extensive use of this method has led to several
r::t=d but rot i1dentical techniques. Kuo (1965, 1974%) refined this concopt
Py oodistributing camialus heat and moisture vertically with a simple cloud
Tt Tne am2unt cf cumulus heating 13 assumed to be proportional tu tae
vertically integrated moisture convergence. This technique has often been
solerred ta as tne Kuo scheme of cumualiug parameterizatinn,  In thiz section,
We Will review severa: variations of Kuo's parameterization.
2.1. Kuo (1965):

KUO'3 Srheme slinulates that cumilug conventioan always Ovours in re-
Sitng ol Jueep layers of conditionally unstable stratification and mean ow-
Sove Do donvergenos andlotnat thae vertical profiles of temperature Gnedowator

Capor o mixing ratio 1nside the oloud follow those of 4 non-entraining moist

...
,
[
-
—

TraOoess, Tre cortical diortributions of ocounvetive neating and
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moistening can be determined by the mixing of environmental and cloudy air
ifrer the decay of the cloud so that the convective heating and moisfening
is proportional to the temperature and mixing ratio differences between the
2l2ud and the surrounding atmosphere,

The net convergence of moisture into a vertical column of air cf a
unit cross section produced by the large-scale flow and by the evaporation

from the surface (s expressed by

<]
5
[o%
el
+
©
(@}
<
—~
L
!
£

o Do g o

Wwhare g 13 the gravity, V 13 the horizontal velocity, q i{s the w3ter vapor
Tmiking ratio, p 1is the density, PS is the surface pressure, CD Is the drag
coefficient anc subscripts g and 0 denote the surface and anemometer leavels.

The amount of molisture convergence needed to create a deep cumulus cloud of

dnit o area and pressure deptn (Pb - Pt) is

f_p( - + -
(T (T°T) + q qap

RN
o

where subsaript C denotes cloud variables, Pb and Pt are the pressures at
tne base and top of tne c¢loud, L is the latent heat of condensa.ion, jp is

“ne specific heat at constant pressure and T is the temperiature.

Tne wvariable M| nas two components: one {3 the moisture reguired

ctr
O

ral3e tne oloud temperaturs Lo TO and the other {2 raize the cloud mixing

S s 1EEER_CataT e s R




~here

1 [Pb C
I == P (T -T)ap ‘a,
8 g JP c
t
and
&
1 \
I = — (q -q)dP {59
q g, %1
t

The fractional 3rea of a grid square that will be covered by newly formed

convective clouds in a time interval At is

a = M rAT/M, {6)

Tne vuariable A1 can be considered to be the cloud time-scale parameter

(Krishnamurti et al., 1983). In practice, the time interval of a large-
sval2 prediction model, At, 1Is commonly used in place of Ar.

Since Kuo's scheme stipulates that the cloud will mix its temperature

and mixing ratio with those of the environmental air, the large-scale tam-
perature T and mixing ratio q after mixing are expressed by

- * *
Tygae = T + a(TC - T)

q - Q' +alg, - Q)
47‘4:)1 - q aqc q

oo dinre mon shesn ints Sure gans vt At S Sl St SN St




2 where T* is the temperature at time t + At before cumulus parameterization

‘E and q' is the mixing ratio at the previous time step. In this process, all
of the moisture convergence is used to build clouds, leaving the environ-

.

‘E mental mixing ratio unaffected by the large-scale flow. In other words,

é N a(qc-q*) in Kuo's scheme includes the terms of large-scale advection, sur-

face evaporation, cloud condensation and cloud transport of moisture. The
combination of these processes will moisten the atmosphere and is commonly
called the cloud moistening effect in Kuo's scheme. Wnen cloud condensation
and cloud transport alone are considered, they will, in general, dry the
atmosphere and are called the cloud drying effect. To compute the cloud
2 drying effect using Kuo's scheme, large-scale advection and surface evapora-
tion should be subtracted from a(qc-q*) profiles.
2.2 Kuo (1974)

Kuo's 1965 scheme of cumulus parameterization has been remarkabdbly
successful in hurricane simulation studies (Rosenthal, 1970). However, it

underestimated the convective rainfall and heating rates in large-scale

& .
RPN

tropical applications. This defect is primarily r2lated to the allccation

of Mt into Ie and Iq. Since Iq is typically twice as large as Ia in the
tropics, Kuo's 1965 scheme uses about 1/3 of the moisture supply to heat the
.. atmosphere and 2/3 to moisten the atmosphere. Observations show that almost
all of the moisture supply goes to heat the atmosphere. Kuo {(1974) recog-
nized this shortcoming and revised the scheme to provide a more reasonable
subdivision of this moisture supply.

In deriving the new scheme, the equations for the potential tempera-

- ture 9 and the water vapor mixing ratio q of the large-scale system are y

- written in p-coordinates as
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e _ L s . L oo duw'e'
T Pl cw® ap (7
o) p
dq _ 5 - ot - dwq' \
dt Tq e ¢ 3P (8)
and
a() () > 3()
T A=

- —* .

where ¢ and ¢ are the condensation rates produced by large-scale and cloud
convegtive motions, respectively, and Qr is the heating rate by radiation
and turbulent diffusion. Tq is the rate of mixing ratio change by turbulent

Jiffusion and n is the non-dimensional pressure defined as:

R/Cp
T o= (P/Po)
The terms on the right hand sides of (7) and (8) are the cumulus effect on §
and g.

In order to correct the disproportion of Mt into Ie and I Kuo pro-

ql
posed that the fraction (1-b) of the moisture supply Mt is condensed during
cumulus convection and is precipitated out as rain while the remaining frac-

tion b of Mt is stored in the air to increase the humidity:

c¥ dp = (1-b)Mt (9)

29 -
So 9P = oM (10)

-

fiad PR
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where R is the rainfall, and b is the parameter for partitioning the mois-

L ture.

The rate of the release of latent heat by deep cumulus convection due

-

- to condensation can now be written as:

»

N . (P)
L -* L k8
. aQ = —— C = g(1-b) M (11)
N c Cpﬂ cpn t (Pb Pt)

[

A where Q, is the latent heating effect by one unit area of cloud, Nka(p) is
the vertical distribution function of QC. Kuo proposed that Nka(p) could be
determined by the cloud - environment temperature differences. Therefore,
it can be written as

: (6,-0)

. NkO(P) =z—e——_—e—>— (12)

; c
which satisfles the condition:

P
["o
JP Nke(P) dp = (Pb Pt)

. t

E The angle brackets represent the vertical averaging operator which is de-
fined by:

a be

. < > = () dp/(P_-P ) (13)
JP bt
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In Kuo's 1965 scheme (previous section) entrainment was not considered
because only deep clouds were included. The influence of entrainment on 9.
can be taken into consideration either by the employment of a simple empiri-
cal formula or by the use of a simple entrainment model. Kuo proposed the

following equation expressed in T instead of o:

J Y

-1 . “ 1. - j
T, - T T, - [ 351 a (1 = P/P) It (14)

where Ts is the temperature along the moist adiabatic process, the summation

is over the different types of cumulus, a; is a constant that is determined

J
by the vertical extent of the particular type of cumulus, and Yj is another
constant which is most probably > 2. Similar equations can be used to com-
pute the entrainment effect on the cloud mixing ratio (qc-q). Kuo also
proposed a simple formula to compute the cloud vertical velocity which,
together with Tc and q, computed from {(14), can be used to compute the ver-
tical transports of heat and moisture by cumulus clouds {see (7) and (8)].
Kuo argued that the vertical sensible heat transport is much smaller than
al, and that its effect is only to shift the level of maximum heating rate
to a slightly higher altitude. The computation of E* and the flux diver-
gence of heat and moisture complete Kuo's 1974 cumulus parameterization.

In the above formulations Kuo did not give a formal expression for the
b parameter to close the system. He only assumed that b is much smaller

than ' in regions of low-level convergence in the tropiecs, which implies

tnit all of the moisture convergence brought about by the large-scale flow

is precipitated out as rain.
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2.3 Anthes (1977)

Following Kuo's 1974 scheme, Anthes (1977) argued that the vertical
distribution of heating by condensation is not adequately represented by the
cloud-environment temperature differences. Therefore, he proposed to use
the actual cloud condensation profile from a cloud model for the vertical

heating distribution function:
* * ,
Npg(P) = C/<C™> (15

The vertical distribution of condensational heating is therefore given by

_L_gli=b) v (p) (16)

aQ, - P -r
c cpn (Pb Pt) t A8

which is the same as (11) except for the vertical heating distribution func-
tion.

He also proposed that b is a function of the mean relative humidity in
the column, increasing from near zero in a saturated column to 1 as the mean

relative humidity approaches a critical value RHC. Therefore b is given by

T2} GRH> > RH
b = (7)

1 <RH> < RH
C

where n is a positive exponent of order 1 which may be empirically adjusted.

The moisture equation at gridpoints with convection is written as

39 _ 99 _ 3dw'q' (18)
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where 3q°/3t is the combined moistening effect due to water vapor conver-
gence by the large-scale flow and the removal of water vapor by condensa-

tion. Given a value of b, the vertical integration of 3q/3t is

1 1
g at g

He proposed the following form for the vertical distribution of aq*/at:

Bq+ _ gb
3t T TP P MY AP (19)

where NAq(p) is the vertical moistening distribution function. Concluding
that the most moistening should occur in the driest layers, he suggested the

following form for NAq(p)

(100% - RH)QS(T)
N, (P)

Aq * (1608 - RA) a(D)> (20)

where qS(T) is the saturation mixing ratio at the environmental temperature

In order to close the cumulus parameterization scheme by using the
above formulation, a cloud model is required to provide the mean cloud prop-
erties (mc. Tc' q and c*) for computing the cloud transport terms and the
vertical heating distribution function NAe(p). In this scheme, the vertical
distribution of the latent heating is very sensitive to the radius of the
m=an  cioud. How tO determine the radius of the mean cloud is the major

prodliem.




2.4 Krishnamurti et al. (1976)

Krishnamurti et al. modified Kuo's 1974 scheme and also proposed a

hypothesis for computing b. First, they used the following form of the heat

and moisture equations:

8 -8
—_—
ap At

36 2 _ 36
. 3t + V.VB = W 2D + ae[w

%% + ﬁ-Vq = a| zr ] (22)

They defined the available moisture supply as the vertically integrated ver-

tical advection of mixing ratio:

(qc—q)/m dP = bl (25)

where Q is a measure of the total moisture supply needed to cover a unit )

horizontal area with clouds, Qe Is the moisture supply required to raise the

temperature to the cloud temperature {n this column and Q. iIs the moisture

]

J
i
i
{
{
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"il supply required to saturate the column at the cloud temperature. According
) to their argument, the inclusion of the second term on the righthand side of
~ {24) provides a smooth transition between the convective heating in the
i conditionally unstable atmosphere and the large-scale condensational heating
in the stable situation. The detailed description of the smooth transition
:: when this term is retained can be seen in Krishnamurti et al. (1983). The
11 cloud temperature and mixing ratio are computed from a moist adiabatic proc-
ess so 6, and q, in (24) and (25) assume their saturated moist adiabatic
ff values 84 and qg, respectively. The following hypothesis is made to close
ﬁ the system:
:‘<
. P P
- b c b
1 P T (30 1 3q | 2
- — = (== + V. dPp = = —— + VeV dP 26
z] T 5 5t Veve) : ). G a) (26)
P P
t t
E' The implication here is that in the cloud column the total change of 8 and q
_:: due to both vertical advection and convection are proportional. This condi-
v
o tion brings the 8§ and q values to the moist adiabatic values in near unison.
. Substituting (21) and (22) into (26) and using A defined as
P
b ¢
. 1| pT 36
- - L P 1 A (
A g J ) dp v (27)
P
. t
we can get .
.:‘
o A+ (1-B)I = bI,
v,

- - p
_v. b 1 \28)

aV]




v
.

]

A

Al
‘\
.
8
3]

ANy

- e

A
PRy Sy Ay §

’

i A A

\'i'\".' ‘ "‘

-13_

Once b is determined, ag and a, can be computed from (24) and (25). These

q
values in turn can be used to compute the cumulus effect in (21) and (22).
in notation similar to Kuo (1974), the convective heating profile can be

expressed as

N P)
L KR&
aQ = —— g(1-bM, —— (29)
c Cpﬂ t (Pb Pt)
where the vertical heating distribution function is
6 -6 e -6
_ c 38 c 98 PR
Nepo(P) = (gt w )T e P (3¢

The mixing ratio equation can be written as

A, vg - B2 e (31)
at (P-P,) <q,-q>

Basically the above approach is the extension of the Kuo (1974) scheme. The
closure assumption {3 ad hoc and is not based on any valid theory.

2.5 Molinari (1982)

Based on the framework developed by Krishnamurti et al. (197%), an
alternative closure was proposed by Molinari (1982) for the b parameter
which more explicitly requires the warming and moistening of the cumulus
column to produce a smooth change toward moist neutrality in both tempera-

ture and mixing ratio. The closure is written as

p p p P
( o}
Jp (TS-T)dP/[ |

t t t t

b
- 39 NN
(aq q)dp/ I, (at)nondp) (32

_
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where

9 . 9 .
[sz)con T vy

Substituting (21) and (22) into (32), yields

o
J (q gq)dP
P
b = A;I 5 L (33)
[ ® [° %1
J (QS‘Q)dP + J T 9 (ec‘e)dP
Pe Pe

This procedure forces the instantaneous time tendencies of 6 and q to be
such that they would reach their moist neutrality simultaneously.

This scheme is an extension of that of Krishnamurti et al. (1976). The
only difference between these two schemes is the closure assumption. Accord-
ing to Molinari's (1982) results, the proposed closure produces a more accu-
rate time variation of stability that approaches moist neutrality better
than Krishnamurti et al. (1976). However, the closure assumption for b is
still an ad hoc assumption.

2.6 Krishnamurti et al. (1983)

tollowing the previous work of Krishnamurti et al. (1976), they intro-
duced an additional source of moisture supply, In, which may be considered a
nonmeasurable mesoscale (or subgrid-scale) supply. The total supply of

moisture is expressed by

' o= I(1+n) {(3u4)

and tne rajnfall rate R and moistening rate M are given by

. e e -
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R = I'(1-b) = I(1+n)(1-b) (3%5)
M = I' = I(1+n)d (36)

In this formulation there are two unknown parameters, n and b, that need to
be determined for the closure of the cumulus parameterization scheme. They
proposed that n and b be expressed as functions of pairs of knhown
large-scale variables such as the vertically averaged large-scale vertical
velocity w and the 700 mb relative vorticity £ . Based on the multiple re-

gression analysis, they get

a, g +b W+
b = ! ! ! (37)
(a1+a2)£ + (b1*b2)w + (c1+c2)

n o= [(a;*ay)g + (b,+b,) w + (cy+c,)] = 1 (38)

Wwhere aj» b;, and c; are regression coefficients. Therefore,

L
aQ, = = 8(1-b)(1+m)I Ny o (P)/ (P -P,) (39)

gbI(1+n) (™Y
(Pb—Pt) <qc—q>

99, .
5t © VY

{40)

They have tested the above scheme to determine the vertical distribu-
tions of the heating, moistening, and rainfall rates for the entire GJATE
(71obal Atmospheric Research Program's Atlantic Tropical Experiment) Phase

[I{ d4ata. The results of these calculations are in good agreement with the
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observed estimates. However, they did not mention whether the regression
coefficients are universal constants or not. Those constants may change

with different time periods or locations.

3. Semiprognostic Test of the Kuo Scheme

Imperfectly represented cloud processes in cumulus parameterization
schemes may interact with the large-scale flow in unrealistic ways. For
this reason, any proposed parameterization scheme must be verified with ob-
served data. Generally speaking, two approaches have been taken to test a
cumalus parameterization scheme against observations. The first approach
may be categorized as a semiprognostic approach because it 13 a one time-
step prediction of cumulus-produced heating and drying profiles and rainfall
rate. The other approach is to incorporate the parameterization schemes
into a large-scale prediction model, such as a regional, hemispherical or
global model.

In this section we will focus on a semiprognostic test of the ¥un
schene using GATZ B-scale data. The apparent heat source Q1 and the appar-

ent moisture sink 02 are defined by the following equations:

_ 133, 390 . 38y 1 (3wety L *
Q, -n(atovve wp) = Tr[BP)+CDV+QR (41)
o .- koeda oo cday Lo *, %wq \
Lot ¢, ‘B $ V93w ) - o COR (42)

Here the overbar denotes the 1iverage over the GATE B-scale area and tne
prime dJdenotes the cloud scale. Q,-QR represents the cloud heating effect

ani J, represents the ~loud drying effect. Dr. Y.-L. Chen of the University

et o
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of Hawail has diagnostically estimated Q1 and Q2 for the entire GATZ Pnase
[II {37 August - 19 September) B-scale area by computing the terms between
the egual signs in {41) and (42). We will use his data and refer to nis g,

and Q2 values as the observation values. The wvertizal resolution of the

data i3 3% uneven levels from the surface to 92.5 mb. The area average 1is
aver 2.5° in radius 3ind the time resolution is every 3 hours. The radi-
ational neating (or cooling) rates QR that we used in this study iare taken
from Krisnnamurti et al. {1983)., Table 1 lists the A~hourly net radiational
nea%ing rates averaged over the entire phase III period. In this data,
sigrifizant changes in the magnitude of QR are evident between the night and
Ayt ime nours,

In rtie seomiprognostic approach, the cumulus heating and drying =f-
fects, i.e., those terms on the righthand side of (41) and (42) ex:luding

<, 4re calculated from the parameterization schemes (thereafter referred to

25 “ne caloulated values) and compared with the observation values of Qy-Qy
ind 3,5, The aivantige of this approdach is that a prediztion can be nade
4lt7out using 4 large-scile prediction model. Moreover, since this Is only a
one time-3tep integriation, the predicted results are free from numarical
nonlinedr errcrs and compliczated physical feeiback effects.  Any successful

cArameteri o4t icn 3 aeTe nas to first oachiave a good soore on this semi-

Tre o metrnad gser %) parameterize the cumulus 2ffects in this test is a

Tamrainat o ot Funts P65 and Y74 schemaes.,  They can be summarized as foi-

s Tree oot e supply 030 computed from thae vertically integrated

Tyne ovapdration.,




y
:S
, Table 1. Six-hourly total radiative heating rate (C/day) averaged over the
E:' entire Phase III of the GATE period.
AR
f;ﬁ;igg) 0000-0600 0600-1200 12006-1800 1800-2400
100 -0.78 -0.09 -0.10 -0.74
175 -0.935 -0.14 -0.15 -0.92
: 250 -1.52 -0.31 -0.34 -1.85
525 -2.02 -0.29 -0.36 -2.14
100 -2.34 -0.40 -0.47 -2.43
?-_.f 7S -2.55 -0.58 -0.59 -2.52
] 550 -2.70 -0.76 -0.70 -2.56
6253 -2.36 -0.79 -0.72 -2.24
700 -2.08 -0.89 -0.853 -2.01
775 -1.81 -0.83 -0.89 -1.79
850 -1.46 -0.80 -0.79 -1.46
- 3253 -1.04 -0.49 -0.48 -1.03

1000 -0.10 -0.10 -0.12 -0.12
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(b} A fraction (1-b) of the moisture supply is used to heat the at-
mosphere and a fraction b of the moisture supply is used to mois-
ten the atmosphere.

(c) The calculated (Q.-Qp)(total cloud heating) profile is computed

using (11).

(d) The cloud moistening effect (including the large-scale advection

and surface evaporation) is computed from

3q goM, (qc-q)
at (Pb_Pt) <qc-q>

(e) The calculated Q2 profile is computed by subtracting the large-
scale advection and surface evaporating terms from the above
equation.

The partition of the moisture supply is based on Kuo's 1974 scheme. Once
this partition is determined, the Q,-Qg and Q2 profiles are computed based
on Kuo's 1965 scheme.

As mentioned in Section 2.2, Kuo proposed that the parameter b in his

1974 scheme is very small. Several methods to compute b have been proposed
(see Section 2) but no verification has been made. However, Krishnamurti et
al. (1980) compared the observed rainfall to that predicted from Kuo's
scheme with small b (b = 0) and found extremely good agreement. Therefore,
in this semiprognostic test we have set b equal to zero. For simplicity,

“he entrainment effect on cloud temperature and mixing ratio is not in-

~luded.

‘e TR O Jw W W ~ gy O Y N T Tl T8 & e R T T
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Figs. 1 and 2 are the calculated and observed Q - Qr for September
1-18, 1974 shown on pressure-time sections. The large observed heating
occurred on the following dates: 2, 4, 5, 12, 13, 14, 15, 16, and 17. There
is general agreement between the calculated and the observed values. To ex-
amine the results closely, Fig. 3 shows the comparison of the calculated
Q, - Qg profiles with those obtained from observations during periods of
heavy rainfall on 2(1200, 1800GMT), u4(1200, 1800GMT), 5(1200, 1800GMT),
12(1200GMT), 15(J000GMT), 16(1200GMT), and 17(1200GMT). The maximum value
of heating lies between 10 and 15°C/day, in good agreement with the observed
heating values.

Fig. 4 shcws the comparison of calculated and observed Q1 - QR during
periods of weak convection period on 2(0600GMT), 3(1800GMT), 9(0000GMT),
10(1800GMT), 11(1200GMT), 12(0000GMT), 13(1200GMT), 14(1800GMT), and
16(0600, 1800GMT). The observed maximum heating 1is located below 550 mb;
however, the calculated maximum heating is above 550 mb. The cloud heating
rate has been consistently overestimated above 500 mb and underestimated at
the lower levels.

In general, the observed vertical distributions of convective heating
are highly variable; but the vertical profiles of the cloud-environment
temperature difference computed from rising, undiluted surface parcels (TC -
T) are less variable (Song and Frank, 1983). Since the cloud heating pro-
file was based on the profile of TC - T and no entrainment was considered,
the poor agreement between the calculated and observed cloud heating pro-
files during weak convective conditions is not surprising. On the other

hand, during strong convection the cloud heating profile does match the

undiluted TC - T profile well.
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Fig. 1. Vertical cross section of the calculated cloud heating effect

(Q1-QR) for the Xuo scheme. Abscissa denotes dates during the

Phase III of GATE. The vertical coordinate is pressure.
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The time-averaged (for the entire GATE Phase III) vertical profiles of ;'

Q1-QR are shown in Fig. 5. Again, the calculated Q - QR was overestimated
above 700 mb and underestimated under 700 mb. The maximum difference be-

tween them is about 2.5°C/day.

. Ry T e S

4, Present Approach

The results from the above semiprognostic tests indicate that Xuo's
scheme would produce good results during periods of deep clouds and heavy -
precipitation. However, {t also indicates the need to include the entrain-

ment according to convective activity in computing the cloud heating pro- N

file. The entrainment should have a minimal effect on the profiles of T, -T -3
during strong convection; but {t will significantly alter the Tc - T pro-
files and lower the level of maximum cloud heating during weak convection,
as indicated by observations.
When Kuo proposed his 1974 scheme, he actually formulated the =2ffect ;
of entrainment on cloud heating profiles [see (14)]. This part of his E
scheme has received little attention since it requires that two additional
constants be specified. Otherwise, his entrainment consideration is
straightforward and easy to apply. Our improvement of Kuo's scheme includes ﬁ
the adoption of the entrainment formulation based on Kuo's method, the de- -
tails of which will be discussed later. N
Other than entrainment, Kuo's 1974 scheme requires the computation of N

the parameter b, the fraction of moisture convergence used to moisten the K

atmosphere. The value of 1-b is the fraction of moisture convergence pro- :5
duzing precipitation. Sui and Yanai (1984) found a remarkable similarity k
between the time variations of the percentage coverage of deep clouds with »

top3 above the 300 mb level and the rainfall rate. The rainfall rate can 4
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therefore be considered proportional to the activity of deep cumulus clouds.
Thao et al. ('979) also pointed out that the cloud tops were substantially
higher during the disturbed period than during the undisturbed period. Song
and Frank (1383) suggested "an area for future research would be to deter-
mine whether a relationship exists between the area-averaged rainfall rate
and mean cloud entrainment rate which would bring profiles of TC - T and net
convective heating into closer agreement". These papers indicated tha:
(1-b) could be used as an indicator of cloud activity and the entrainment
effect on the model cloud. We have used the GATE Phase III data to calculate
the b value according to (28) and (33). The results indicate that the b»
value from these two equations are almost identical and that their values
are very reasonable in comparison with precipitation observations. There-
fore, (28) will be used to determine the b value.

In order to use (14), as Kuo proposed for considering the influence of
entrainment, the value of aj and Yj has to be predetermined. At this mo-
ment., we assume that only one particular type of cumulus cloud exists at
each time step. Therefore, only a4 and Yy need to be determined before (14)
i3 used. Since, according to Kuo, the value of Y, is most likely greater
than 2, the value of Yy in this study is set empirically to 2.2. Because ay
is used to determine the vertical extent of the cumulus cloud, we need to
define the level of cloud top, PT' where the cloud heating equals zero. From
several tests, we found that the beat equation to estimate the vertical

extent of the cumulus cloud is

Pr = 900 x EXP {-1.5(1-b)%} (43)
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Fcr periods of strong convection (b = 0), PT = 200 mb while for periods of
extremely weak convection (b = 1), PT = 300 mb. Once PT is determined for
the particular cumulus cloud under consideration, aq is computed using (14)

by setting TC - T = 0 at the cloud top, PT‘ This computation leads to

TS- T
a, = 55 (48)
T(1—PT/PO)

The TC - T profile can then be computed as:

To-T =Tg-T- [a,(1-P/p)2-2]T (45)

Let us consider two cases, each with the same M, and Nke(p). In one
case, the atmosphere is stable and TC - T is small. In the other case, the
atmosphere Is unstable and T, - T is large. From (11) and (12), the two
cases should produce the same cloud heating profile, which is not realistic
since the stability is not considered in the determination of the cumulus
activity. Song and Frank (1983) found that the net conditional instability

(Z1) seldom dropped below 1°C during the convection, where CI was defined as

P
r b
~T - I - -
cl J, (8, e]dP/(Pb P (46)
T
For this reason, we set a critical Z1 value (CIcr) as 1°C. If CI > Cl,.,

there is no cloud heating. The entire procedure of this cumulus parameter-

ization scneme is rresented in Fig. 6 in flow-chart form.
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5. Semiprognostic Test of the Present Scheme

Using the present cumulus parameterization scheme, we again calculated
Q1 - QR profiles for the entire GATE Phase III period. During periods of
strong convection, the results are no different than the previous computa-
tion. This can be expected since the entrainment effect i{s small for deep
convection. Fig. 7 shows the cloud heating profiles using the present
scheme and observed Q; - Qg during selected periods of moderate to weak con-
vection, as in the last section. We can see a significant improvement com-
pared to Fig. 4. The level of maximum heating has shifted from the upper
troposphere to a lower level. The cloud tops vary with convective activity
and can be as low as 500 mb. In general, the calculated maximum heating in
the present scheme is about the same as in the observations.

Fig. 8 shows the pressure-time sections of the calculated Q, - QR
fi 1d for September 1-18, 1974 in the GATE Phase III period. A comparison
of Fig. 8 with Fig. 1 shows the following features: on 6 September the
maximum heating has increased to 6°C/day and was around 575 mb; on 12 Sep-
tember the maximum heating shifted from above 400 mb to below 500 mb; and on
16-17 September the maximum heating was around 500 mb instead of U400 mb, as
in Fig. 1. A comparison of Fig. 8 with Fig. 2 shows that the results from
the present scheme agree well with the observations. Overall, the heating
distribution from the present scheme is quite impressive.

Figs. 9 and 10 show the pressure-time sections of the calculated and
observed apparent moisture sink Q2 field. The observed field of 02 exhibits

large drying (Q, > 0) on the following dates, 2, 4, 5, 12, 13, 14, 16, and

17. The maximum intensity of this drying occurs around and below 700 mb.
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Occasionally, it extends to very high levels. The periods of strong drying
usually coincide with the periods of strong cloud heating. 1In general, the
present scheme essentially captures all of the observed features of 02.

The time averaged vertical profiles of calculated Q, - Qz and Q, are
very similar to the observed profiles (see Figs. 11 and 12). The maximum
heating level 1is around 600 mb in both profiles, with the maximum difference
between them being less than 1.1°C/day. The calculated Q2 profile is almost
coincident with the observed profile. For a comparison, Fig. 13 shows the
same vertical profiles of Q, - Qg and Q, as calculated by Krishnamurti et
al. (1983).

Fig. 14 is a time series of rainfall rates (mm/day) from 1-18 Septem-
ber 1974 as estimated by the present scheme, as well as those from the
moisture budget and the radar measurements. The estimated rainfall from the

moisture budget Rbu is calculated from:

— + E (47)

where E8 is the estimated surface evaporation rate calculated using the bulk

aerodynamic formula:

Eg = pOCDVO(qg—qO) (u8)

where q8 is the surface mixing ratio calculated based on the sea surface
temperature given by Wuchnitz et al. (1977). The calculated rainfall rate
agrees closely with the two independent estimates from the moisture budget
and from radar measurements. The peak calculated rainfall values on 2, 14,

and 16 September are almost identical to the observed values. There are some

i
|




TIME AVERAGED @1 DURING PHASE 3 GRTE
100 —T T

e8!
=
18|
o
=
w
wl
0.
Q-

( K/CEY)

Fig. 11. Time-averaged vertical distribution of the cloud heating profiles
(Q,—QR). The observed value (dashed line) is compared with those

calculated frcm the present scheme (solid line).




g TIME AVERAGED Q2 DURING PHASE 3 GATE

r
;:‘ 100 T T T T T T T T T — T T T T T ; T

200

{

400

<00

PRESURE (MB)

6C0

( K/BAY]

Time-averaged vertical distribution of the cloud drying profiles
(QZ)' The observed valued (dashed line) is compared with those

calculated from the present scheme (solid line).

-----




s +

(-owayos juasaud Y3 Wouy PIILINOIED BJB EdUTT PaIIoOP

-yYy-

pue ‘(fg6lL) "1t 133 T3iunweuysiJy AQ paIe[NOTRO BJB SIUJT paysep
‘UDJ1BAJI6QO WOJJ] 3Je SIUT] PITIOS ‘€861 ‘"1 39 [iJnweuys1Jy
wouy paidopy) ‘(¥9-'p) sar1joud Buyiesy pnoto pue (°0)
§871Joud 3Buikup pnotdo Jo SUOTINQTJISIP [EOTIJDA peSeusae-dull °§| 8714
(Je) 3IUNIVH3ILWI3L
8 L 9 S ¢ € 2 ! 0 1- oo 6 8 L 9 S ¢ ¢ 2 |
T T 1 T T ! — 0001 T T T T T Y T T Y
J G§26
L~
068
GlL
00
P
m
G29 ¢y
c
0¢S 2
m
Sly -
3
0]0] % o
1°T4
062
Gl
-4 001 -

RS -

31v9 IOI 3SVHJd ONIYNA
10 d39VYH3IAVY JNIL

31V9 IIT 3SVHJ 9NI¥Ng
20 d395vy3ny JNWIL

R A e et ] ORI Wt

000!l
G26
068
Gl
004
Ge9
ose
Sib
oov
Gee
062
Gl

ool

38NSS3¥d

(qQw)




Lwr'r-v. “

PR

Y,

-45-

40

RAINFALL RATE (MM/DRY)

NSRS N R RS RN R R AR R RN RN R AR RN AR RN

PRESENT -
_____ OBSERVED MOISTURE BUDGET
' ~— —— OBSERVED RADAR 0 -

p ! ! vy
= N ! | -
J—J/ ’ H i
g IllJ_!lLl![Llll’llllJ_lJ_]_J'_li_lLll‘thllLLLLLuu 11!111!1'xl|”!||1['_;‘;‘l1_!
0L 02 03 04 05S Q06 07 08 03 10 11 12 13 14 1S 18 17 18
TIME (DAY) SE”T.1G74
Fig. 14, A time seriss of rainfall rates from 1-!'8 Septemper estimatad Dy

the prasent scheme, tne moisture budge: and the radar me3sura-

ments.




-)46-
differences in the time of maximum calculated rainfall rate and the observed
maximum by the radar during the periods of 5-6 and 9-10 September. No con-
2lusive explanation can be made with the limited amount of data.

In order to examine the general behavior of the present scheme in
various conditions in the tropics, the composite easterly wave data in Phase
117 were also used in this semiprognostic study. The observed Q1 values
were provided by Dr. Chen of the University of Hawaii. Fig. 15 shows the
calculated and observed Q1 - QR t'ields for the composite wave in the GATE
B-scale area at latitude 8.5°N. The waves are separated into 8 categories
with category U representing the trough area and category 8 representing the
ridge area. We can see that the level of the maximum heating rate varies
Wwith the wave category. The comparisons between observed and calculated Q,

QR curves are reasonably good.

6. An Evaluation of Kuo's Cumulus Parameterization Scheme Using a Two-

Dimensional Cloud Cluster Model

As stated previously, it is necessary for a good cumulus parameteriza-
tion scheme to produce cloud heating and drying effects and precipitation
rates in agreement with diagnostic results in a semiprognostic test. How-
ever, this agreement does not imply that these schemes will have prognostic
value. This point is clear since a 'scheme' requiring no change in the
large-scale temperature and moisture fields will give good verification in
the semi-prognostic approach but cannot be used in a large-scale prediction
Todel.

In this step of tne work, a cloud cluster model will be used to evalu-
ate the cumilus parameterization scheme in a fully prognostic sense, The

cioud cluster model with a fine grid has been used to simulate the develop-

ment of 2louds and a cloud ~luster under a weak low-level lifting condition

SV e I RN
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in the GATE environment (Soong and Ogura, 1982). The model also provides

the cloud heating and drying effects in the cloud cluster region as well as
the large-scale lifting generated by the cloud effects at each integration

time step. This model is modified to use a coarse grid and the hydrostatic

system of equations. The cloud dynamics and physical processes are elimi-

nated and the present scheme of cumulus parameterization is incorporated

under the same weak low-level lifting condition.

6.1.

Model equations

The momentum equations of this two-dimensional hydrostatic cloud clus-

ter model in the x-z slab symmetric domain are:

du _ an
9z v Iy cpe X (59)

du

. - d X

- W

Vv Vv v
eI LA L4
dz

- - (
T o f(u ug) {50)

where 8 1is the potential temperature, f 1s the Coriolis parameter, ug is

the x-component geostrophic wind, and n is the nondimensional pressure,

which is defined as:

R/C
- m = (P/P) p (51)
: where P 1is pressure, PO is the reference pressure of 1000 mb, R 1is the
Y

gas constant of dry air and C_ is the specific heat of dry air at constant

P

pressure,

The hydrostatic equation is:

c. e an

8 3z - g (52)

where g 13 gravity and 9, is the virtual potential temperature defined by ¢
v

8 = 8(1 + 0.61q)

v {53)
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Q The thermodynamic and moisture equations are:
N
a8 36 36
-_— = - — = — u
. at U T Yz " % (54)
P
N and
- 89 _ _ , 28 _ 39 -
at u ax " 9z ¥ Pr (55)

where Q, is the adiabatic heating rate due to clouds and P, is the produc-
tion rate of water vapor due to clouds. The radiation effects are neglected
in the thermodynamic equation.

The mass continuity equation is expressed in the anelastic form:

Bu ., 13M _
ax p 9z

, (56)
where p 1s the density and is a function of height only.
Now consider a variable A(A = =, 9, or Q) separated into the horizon-

tal mean and the departure as:
A(x,z,t) = K(z,t) + A'(x,z,t) . (57)

The horizontal average variables represent the large-scale conditions and
are functions of time and height only. The primed variables define the
cloud-scale system. Substituting (57) into (49), (50), (52), (54), and (55)
with the use of (56), one can obtain a set of governing equations in flux

form as follows:

%% = - %; ul - ﬁ-%; (puw) + fv - cp@'%ﬁl (58)
-%% = - %%1 - %-%; (pvw) - f(u—ug) (59)
< ‘gva%“' - g (-%l . O.61q']. (60)
2w hwen & wen - gm0 o)
%% L %; (uq') - ..%; (pwa') = (w_+w) %% + R (62)

- . - '. - - - -
M MR - o7 - - Y.t - - ) - - - . .~ "o .
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In deriving (60) it was assumed that the horizontal means satisfy the hydro-

AN

static relation:

am ‘y
cpﬁ; z - g (63)

PR Bl ]

. and 6, was approximated by 5} . In the derivation of (58), the 8 1in front
of the pressure gradient term was approximated by 8 . The variablz wo is
the large-scale low-level lifting imposed on the model based on observation.
As discussed by Ogura et al. (1979) and Soong and Tao (1980), large-scale
low-level lifring usually preceeds the development of deep clouds. It will

destabilize the atmosphere and provide the moisture supply for clouds.

6.2. Numerical technique, boundary and initial conditions

As shown in Fig. 16, this model has a horizontal domain of 1280 km,
witn 600 km of grids at the center part of the domain (cloud cluster area).
< On each side of the cloud cluster area, there is an environment area. The
horizontal domain has 64 uniform gridpoints with a grid distance egqual to 20
km. It has 16 grid intervals in the vertical with an even grid spacing of

900 m such that the top of the domain is at the level of 14.4 km, which is

P
_':A'l‘vlr_tl L

around 140 mb in the P-coordinate.

LU

A staggered grid arrangement [the same one used by Soong and Ogura

Py

ateta

(1973)1, shown in Fig. 17, is used in this model. A leapfrog time integra-
tion and a Second-order-centered space difference scheme is applied with a
time step of 60 s. A time-smoothing scheme formulated by Robert (1966) is
adopted in the integration with a smoothing coefficient of 0.1 to avoid the
time splitting. This model also includes a horizontal second-order numeri-
cal smoother which is applied to all the prognostic fields. This horizontal

smoother reduces the growth of nonlinear instabilities and filters out very

3nort waves.
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At the upper and lower boundaries, a free-slip boundary condition s
used for u and a fixed boundary condition with zero velocity is used for
w. No fluxes of 8 and q are allowed across these boundaries. The lat-
eral boundaries are open (see Klemp and Wilhelmson, 1978). The values of u
and v a2t the lateral boundaries are determined by advecting corresponding
values at the adjacent interior gridpoints outward with the gravity wave
speed. As for 6 and q , zero horizontal gradient is assumed at the lat-

eral boundaries. The boundary conditions can be summarized as

w =20 at upper and lower boundaries
and
Bu _ _ . 2u
3t~ %gax
&, c LA at left and right boundaries (54)
Jt g 93X g ’
38 _ 99 _
3ax ax

where Cg represents the outward-propagating gravity wave speed. Under the

!

GATE environment, the estimated gravity wave speed is 36 m s ' and this

value is used for C8

At time t = 0, T and q are horizontally uniform and their profiles
are shown in Fig. 18. These are GATE soundings taken from the ship Re-
searcher at 00 GMT 12 August 19374, A computed low-level vertical velocity
at 00 GMT 12 August '974 within an ITCZ rainband (Jgura et al., 1979) using

GATE A/B scale data is given in Fig. 19. It is seen that the maximum magni-

1

tude is about 1.7 em 8 ' around 850 mb. A sinusoidal function was used witn

1

vilues of 3.4 cm 3~ ' at the center of the domain and zero at the boundaries

of tne cloud cluster area to obtain the imposed vertical velocity w_ in (561)

o]

and (62). The average W, in the cloud cluster area will therefore be
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1.7 cm s'1 as observed. There is no horizontal wind initially. Fig. 20,

adopted from Ogura et al., (1979), shows the surface wind and divergence cal-

P NP LA

culated at the initiation stage of the cloud band at 00 GMT 12 August 1974.
It is evident that convective cells started developing in the area of the
maximum surface convergence. Almost symmetric decreases of surface converg-
ence are present on both sides of the cloud. This indicates that our im-

posed circulation w, described above is fairly justifiable.

o]

6.3. A 24-hour integration

In this section, the results of the response of the tropical mesoscale
cloud band to the large-scale, low-level lifting process through the appli-
cation of the present cumulus parameterization scheme will be illustrated in
terms of the following "circulation descriptors", as defined by Kreitzberg
and Perky (1977): (1) the intensity of the mesoscale vertical motion,
(2) the 1life-cycle of the development of the mesoscale circulation and
(3) the horizontal width scale of the cloud band and its associated precipi-
tation area. For verification purposes, the model results will be compared
with the observed values deduced from data analysis.

The initial conditions, shown in Fig. 18, are conditionally unstable
except for a stable layer around 700 mb. There is no initial motion field
in the model except the externally imposed, time-independent, large-scale,

low-level lifting w Since the model is symmetric about the center axis

e}

of the domain, hereafter all of the model results are presented only in the
right half of tne domain, Also, all of the w fields presented in this
section do not include the imposed large-scale w

0]

During the first six hours of simulation, it is observed that no con-

veotive activity 1is present, primarily because the large-scale moisture

convergence has not reached the minimum critical value for convection to
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The surface wind and divergence (ia the units of 1072 57 along
with radar echoes observed at 00GAT 12 August 1974, Tne outer

hexagon 1{ndicates the GATE A/8 scale ship array and the inner
hexagon the 3 scale ship array. The full bart for wind 1is

5 ms . (Adapted from Ogura et al., 1973).
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occur. "Here, the minimum critical value {s set to 5 x 10—7 At s_1 as in
Prnillips (1979).] Fig. 21 shows the evolution of the mesoscale circulation
in wne vector field of [u,w] (the magnitude of W has been enlarged by 170
times because of the scale difference between u and w) at 9, 13, 15, and -
23 hrs. At 9 hr, the flow pattern has inflows at low levels, upward motion
at the central portion of the domain, and outflows at the middle level. The
upper levels have almost no motion. The circulation system is located
within 160 km of the center. At this time, we can categorize this mesoscale
circulation as the developing stage. As the convection continues to de-
velop, the magnitude of the upward motion becomes larger and the wupward
motion area also expands and extends to higher levels. At 13 and 15 hr,
inflow is still from low levels, upward motion is around the center and the
outflow 1is at upper levels. The whole circulation system is much larger
tnan at the developing stage. This is the mature stage. Then as the con-
vection continues, this circulation system begins to split and the intensity
of the upward motion decreases rapidly. At 23 hr, a reverse circulation is
present at the low levels, categorizing it as the decaying stage.

The reasons for the above evolution of the mesoscale circulation were
oreviously explained by Yamasaki (1984): (1) If the outflow is not very
strong or the inflow is relatively strong, the updraft is maintained or
intensified at almost the same location; (2) if the outflow of the downdraft
air is strong enough for a new updraft to occur at some distance from the
o.d cioud, the cloud has a short lifetime and the new updraft may contribute

to tne formation of another cloud system.

Now we will look into the intensity of this mesoscale vertical motion

at tne developing, mature, and decaying stages. Fig. 22 shows the evolution

of tne vertical velociiy at different stages. It is seen that at 9 hr the
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. Fig. 21. Cross sections of the predicted vector field of [u,#. at 9, 13, .
15, and 23 hours.
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upward motion is around the center. Significant downward motion with a
magnitude of about 2 to 3 cm/s is adjacent to an upward motion area. The
level of maximum vertical velocity is located at around 2.7 km. Above the
7.2 km height, the upward motion is close to zero. At this stage the con-
vection is dominated by middle and shallow clouds. This is due to the for-
mulation we have in (43) to (45): when the convection is weak or moderate,
the entrainment effect will be important; therefore, the cloud top level is
not located at a higher level. At 13 and 15 hr, the intensity of upward
motion has increased and both the upward motion area and the downward motion
area are more broad, with the level of maximum vertical velocity at around
10.8 km. During these stages the convection is dominated by deep clouds. At
23 hr, two features are noted: one is the downward motion appearing in the
central portion of the domain, while another is the secondary maximum of the
upward motion area located at high levels some distance from the center. As
mentioned earlier, if the outflow of the downdraft air is strong enougnh for
a new updraft to occur at some distance from the old cloud, the new updraft
may contribute to the formation of another cloud system with this secondary
upward motion becoming the new updraft. This secondary upward motion con-
sumes most of the moisture supply so it tends to reduce the original convec-
tion around the center. On the other hand, this secondary upward motion
area cannot develop into a well-defined convective system because the magni-
tude of the Ilmposed Ve in this area is small. Therefore, the low-level mass
~convergence i3 insufficient for the new cloud to maintain itself.

Fig. 23 shows the predicted cloud heating at the same time periods as

Fig. 22. Basically, the cloud heating area coincides with the upward motion

area in Fig. 22. At 9 hr, the heating area is located arcund the center of
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the domain and stays at low levels. At 13 and 15 hrs, the level of maximum

heating has shifted to high levels and the heating area has become more

X NN,

broad. At 23 hr, the heating area has moved away from the center.

6.4. Comparison with observation -

Fig. 24 shows the observed vertical velocity (adopted from Ogura et
al., 1979) at the center of the cloud band as a function of time and height,
as determined by wind data from the GATE B-Scale observational network. It
is evident from this figure that prior to and during the initiation stage
low-level upward motion was present with weak subsidence at middle and upper
levels. As convection developed, w increased in intensity and the area of

upward motion increased greatly in vertical extent. The local maximum w

L
«

o
3

. was located around the 400-mb level during the mature stage of the cloud
band at 15 GMT. The decaying stage was characterized by the rapid decrease
in upward motion at low levels followed by the developuent of descending
j: motion, while significant ascending motion remained at upper levels.

Fig. 25 shows the evolution of the model-predicted w field averaged
horizontally over 160 km of the central portion of the domain, which is
considered the width of the cloud band simulated by the model. As mentioned
in the previous section, there is no convection present initially. The con-
vection started around the 7th hr when the area-averaged w started to
increase in intensity. The level of maximum W remained at the 2.7 km
level until 12 hr. After 12 hr, the area-averaged W rapidly increased its
] magnitude and the level of maximum w shifted to a higher altitude. At 16
hr, the upward velocity reached its maximum value of around 10 cm/sec at 9.9

km height. Around 13 hr, the averaged w rapidly decreased in intensity and

e N N - . - - - " co. . P -t '.'-"- '-. '_..‘v-'u‘ R K ."-.“‘..‘...‘VA-'-."',-'..-‘-n te .--.. .- ‘n-.- = .
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Fig. 24. Time-pressure section of the vertical P-velocity (w) at the center

of the cloud band in units of ub/sec.
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low-level downward motion was observed. Then the whole system gradually
started decaying. At 24 hr, the lower half of the domain was dominated by
downward motion.

Comparing the simulated w field with observations, one can see that
the model results agree well with the observations in that (1) the area-
averaged W increases in intensity with time, (2) prior to the mature stage
the level of maximum w 1is located at low levels; tnen as the convection
developed the location of maximum w is shifted to a higher altitude, i.e.,
the height of the local maximum of w increases with time, and (3) after
the mature stage the intensity of upward motion at low levels decreases
rapidly and then becomes downward motion.

Fig. 26 shows the model-predicted surface precipitation as a function
of time and distance from the center. The width and distribution of pre-
cipitation almost coincide with those of the predicted upward motion. Fig.
27 shows the observed precipitation accumulation for the cloud band from 12
to 18 GMT 12 August 1974. The observed average rainfall accumulation in the
center of the cloud band (8.5 to 10 N and 23.5 to 22 W) is around 11.8 mm
from 12 to 18 GMT. The area-averaged rainfall from our simulation during
the same period is 11.9 mm, which is very close to the observation.

For comparison, Fig. 28 shows the time-height section of the the pre-
dicted vertical velocity averaged over the central 160 km of the model do-
main with the use of a combination of Kuo's 1965 and 1974 schemes (see
Section 3) with the value of b set to zero. A comparison of this figure
witnh Fig. 20 shows that as the convection started the level of maximum up-
ward motion immediately shifted to 1 nigher level and then remained at the

sam2 level., AL 13 nr, the rea-averaged vertical velocity w o of the simu-

lated system reacned (ts maximum value of around 12 cm/sec. After 16 hr,
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the intensity of w decreased rapidly; however, no downward motion was ob-
served. At 23 hr, the averaged w started to increase its intensity in-
stead of entering the decaying stage. In this simulation, one can see that
(1) the height of the local maximum W did not increase with time, and (2)

the downward motion did not appear at low levels during the decaying stage.

T. Concluding Remarks

The determination of the vertical distributions of heating and mois-
tening bv the cumulus-scale motions and the estimation of reasonable rain-
fall rates are some of the major problems related to the parameterization of
cumulus convection. Kuo has proposed that both the amount and the vertical
distribution of convective heating by convergence-controlled cumulus convec-
tion can be calculated by using the moisture convergence Mt and the tempera-
ture difference (T, - T) between the cloud and the envircnment. In this
report, a combination of Kuo's 1965 and 1974 schemes were first applied
using a semiprognostic approach without considering the entrainment to the
GATE Phase III data. It was found that the vertical heating profiles are in
good agrcement wWwith observations during periods of 3trong convective condi-
tions. However, they are in poor agreement during periods of weak convec-
tion. This problem can be resolved by considering the vertical extent of
the cumulus cloud (entrainment effect) and the vertical profiles of heating
based on different convective conditions. This led to the present scherie.
Comparisons between the present scheme and Kuo's scheme «ithout entrainment

were then mace using semiprognostic tests, howing that the present scheme

grosuzes a drastic improvement in cloud heating nrofiles during periods of
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weak convection. Generally, the present scheme can reproduce the observed
rainfall and heating-drying profiles quite well in the semiprognostic tests

using the GATE Phase III data.

A prognostic application of the present modified Kuo scheme was made by

incorporating the scheme into a two-dimensional, cloud cluster model to

simulate a tropical cloud band under the influence of a low~level, large-

scale lifting. A realistic life cycle behavior was simulated and the model
results from our present scheme bear considerable resemblance to many
aspects of the observations including (1) the evolution of an area-averaged
vertical velocity, (2) the intensity and distribution of precipitation, and
(3) the development of low-level downward motion during the decaying state.
The results indicate that (1) linking rainfall to a fraction of the large-
scale moisture supply is reasonable in mesoscale tropical cloud band simula-
tion, and (2) the incorporation of the entrainment effect into Kuo's

approach appears to be essential to reproduce the evolution of the area-

averaged vertical velocity and the life cycle of the convective system.
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PART II
An Evaluation of the Cumulus Parameterization Scheme using the Air Force
Geophysics Laboratory Global Moist Forecast Model
1. Introduction
A good cumulus parameterization scheme should be based on understanding
cloud-environment interactions. These interactions include (a) the control-
ling influence of environmental conditions on the development and intensity
of an ensemble of cumulus clouds and (b) the physical processes through
whinh this cumulus ensemble modifies its environment. The verification of a
cumulus parameterization scheme should also be based on its ability to real-
istically represent the heating and drying effects of cumulus clouds and
predict accurately the cumulus precipitation. In Scientific Report No. 1
(Kao and 9gura, 1985), we evaluated the Arakawa-Schubert (A-S) scheme of
cumulus parameterization. In Part One of this report, we evaluated the Kuo
scheme. Two methods were used in these evaluation processes. One 13 the
semi-prognostic approach, in which the parameterized cumulus heating and
drying profiles and precipitation are compared with the values
diagnostically determined from the heat and moisture budget equations. The
second approach is to incorporate the cumulus parameterization schemes into
3 fully prognostic cloud cluster model. The ability of cumulus parameteri-
zation schemes to simulate the cloud-environment interaction processes and
to reproduce the life cycle of a cloud 2luster can be evaluated, Through
- these studies, an improved algorithm to implement the A-S scheme and an
improved Kuo's scheme 1nceluding the entrainment effect were developed.
The ultimate test of any cumulus parameterizatinsn schem2 13 to actually

incorporate that scheme into a large-scale prediction model. The aldvantaige
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of this approach is obviously that the predicted cloud coverage and precipi-

tation amount can be compared with actual observations. The drawback {s
i that when the prediction is incorrect, it is not certain whether the fault
rests on a poor cumulus parameterization scheme or on the large-scale pre-
diction model itself. In spite of these shortcomings, this test i3 neces-
g sary for the improvement of numerical weather prediction. This part of the
report presents the results of applying the Kuo scheme and the A-S scheme of
cumulus parameterization to the AFGL Global Moist Forecast Model. Section 2
3 provides a brief description of the AFGL model. Section 3 presents the
3 prediction results, followed by the discussion of the results in Section 4.
i; 2. The AFGL Global Moist Forecast Model

The equations and framework of the AFGL Global Moist Forecast Model are

. described in Brenner et al. (1982). A brief description will be provided

here as background. The AFGL Global Moist Forecast Model is a spectral

- model with 12 layers and rhomboidal 30 waves, The prognostic equations are

g vorticity, divergence, temperature, specific humidity, and the logarithm of
the surface pressure (continuity equation). The vorticity and divergence

are given conventionally as Laplacians of a streamfunction and velocity

potential respectively. The velocity components and geopotential are ob-

tained diagnostically with the aid of the hydrostatic relation. The verti-

cal coordinate of the model is o = 1 -P/ps , defined by Phillips (1959),
with a specification of layer locations described by Brown (1974) and Phil-
lips (1975). The numerical methods in the model include spectral represen-

tation in the horizontal, the Arakawa quadratic conserving finite

PSRN NS

diftferencing in the vertical, and the semi-implicit time integration scheme.

The physical effects included in the model are the influences of orography,

Rt TS
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position~dependent surface friction, moisture physics, and subscale horizon-
tal dissipation, parameterized by diffusion. Evaporation and sensible heat
flux from the oceans are also included. The application of the moisture
phnysics consists of a sequence of three steps to adjust the temperature and
specific humidity. Each step possesses a characteristic spatial scale: (1)
cumulus convection in conditionally unstable, generally unsaturated large-
scale flow, (2) large-scale condensation in stable, saturated large-scale
flow, and (3) dry convection in unstable, unsaturated large-scale flow. The
adjustments are applied after the provisional values of the dynamic varia-
bles at a new time step are obtained through time integration. Large-scale
condensation produces nonconvective and stratiform precipitation. The ef-
fects of the cumulus clouds are parameterized using Kuo's modified 1965
scheme. The highlights of this scheme consist of computing vertically inte-
grated moisture convergence in the seven lowest layers of each column. If
the computed amounts exceed 1077 37!, and the atmosphere is unstable, then
cumulus clouds will be allowed to develop. An unstable region is defined as
extending from the bottom to the first layer, which is warmer than a moist
adiabatically lifted parcel. If such an unstable column is found, the fol-

lowing sums are computed from the bottom layer to the top of the unstable

part of the column:

Q, = Z(qo—qk) - Ao,
e

D LA .
Q_2 T L(TC Tk) Aok
“erp O WATER/(Q11+Q22)
N e - N . ! -
DTKI, fer (T, Tk)
D ) Qef‘f ) (q(\ qr’)
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where the term "WATER" in the expression for Qerr 1s the moisture converg-
ence in the unstable column, Qe and T, are the cloud mixing ration and tem-
perature calculated from the lifted parcel values, and L is the latent heat.
DTKUOk represents the latent heat release of convective precipitation and is
added to the temperature forecast before cumulus parameterization. DQKUOk
represents the change in specific humidity by cumulus parameterization and
is added to the value at the previous time step. In this version of the Kuo
scheme, the condensed water is also allowed to evaporate while falling into
the lower layers. Fig. 29 contains the flow chart of Kuo's cumulus parame-
terization scheme in the AFGL spectral model.
3. Results

The experiments consist of 3 cases, each case consisting of 4 integra-
tions of the AFGL spectral model for 24-hour simulations and starting from
identical conditions. Integration 1 uses Kuo's parameterization in the
original AFGL spectral model, as described above. Integration 2 uses the
same Kuo scheme, but the condensed water is not allowed to evaporate. Inte-
gration 3 uses the present modified Kuo scheme reported in Part One of the
report, and Integration 4 uses the A-S (Arakawa-Schubert) cumulus parameter-
ization scheme. A detailed description of the A-S scheme is given in Scien-
tific Report No. 1. The initial data used for the global test forecasts
consisted of FGGE Level III-B on 1, 4, and 9 April 1979. Since the rainfall
distribution is the major feature that needs to be simulated accurately by a
"good" formulation of parameterization, only the rainfall prediction will be
addressed in this report. In view of the limited observed precipitation
data available, the discussion of forecast results will be limited to the

area of the U.S. where the observed hourly precipitation data are available

through the National Center for Atmospheric Research.
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KUO (1965)-Type Convection
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condition: (2) vertical structure conditionally unstable|~———— Lrat E at
KTOP Q,ar = Q.
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N . (start from top layer of cloud)
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- Prop Prepn VAP 0, ‘]
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2T
-~
i Fiz. 29, The schematic diagram of the computatiocnal procedure of the Kuo-type
X (1365) schems in the AFGL model.
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3.1. The April 1, 1979 case

Starting with an initial condition from the FGGE Level [II-B data at 00
GMT April 1, 1979, a 24-hour simulation was undertaken with four different
versions of cumulus parameterization. 1In the first few hours of the simula-
tion, any adjustments to the initial data may cause unrealistic rainfall
patterns. Therefore, the comparison between the predicted rainfall and
observations will be made only for the second 12 hours.

Fig. 30 shows the surface synoptic conditions at 1200 GMT 1 April 1979.
The major features included a low-pressure system centered around the Texas-
Oklahoma border. A cold front associated with this low was located at the
southern end of this low center and extended to Texas. A stationary front
was located at the northeastern end of this low center and extended to the
East Coast. Also there was a cold front lying across North Dakota, South
Dakota, Nebraska, and Wyoming. During the time between 1200 and 2400 GMT,
the low pressure system moved northeastward to the Arkansas-Missouri border,
while the associated cold front followed the movement of this low and gradu-
ally became a stationary front. Also, a squall line system developed to the
east. Heavy convective precipitation occurred with this frontal system from
Kentucky southwest to Arkansas and Louisiana during this 12-hr period, as
shown in the radar summary in Filg. 31. The stationary front ncortheast of
this low center also moved along with this low and produced moderate rain-
fall from Massachusetts southwest to Kentucky. The cold front around Ne-
braska and Wyoming contributed some light rainfall over Montana, Wyoming,
Colorado, Xansas, and Nebraska.

Fig. 32 shows the observed 12-hr accumulated rainfall ending at 24 GMT

1 April 1979 over the U.S. No data is available over the oceans and Canada;

therefore, the contour lines over these areas are produced by interpolation
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Radar summary chart at 2335 GMT 1 April 1979.
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and are not meaningful. This figure shows a large amount of accumulated
rainfall from Massachusetts southwestward to Texas and some light rainfall
over Colorado, Wyoming, and Montana. The rainfall areas coincide with the
areas of radar echoes in Fig. 31.

Fig. 33 is the predicted 12-hr accumulated total rainfall from Integra-
tion 1. The display area is chosen to be the same as in Fig. 32. The fore-
cast total precipitation includes the convective and large-scale
precipitation. In this integration, the forecast rainfall area is from Mas-
sachusetts west to Wyoming and Colorado with heavy precipitation over Indi-
ana and Illinois. A small area of light rainfall is predicted over
Washington and Oregon. This predicted light rainfall area agrees in general
with the observation; but heavy precipitation is not predicted over Arkansas
and Louisiana, as observed. The predicted rainfall in this integration is
almost totally contributed by large-scale condensation. The convective
rainfall (not shown) is very small, i.e., not over 0.1 mm during this pe-
riod. Fig. 34 is the predicted rainfall from Integration 2. Fig. 34a is the
predicted total precipitation. The forecast rainfall area is essentially
the same as that from Integration 1 except the rainfall area is slightly
bigger. The predicted convective rainfall (Fig. 34b), is located from the
East Coast to Missouri and Arkansas in the broad area of observed heavy
pracipitation. However, the amount is still very small compared with that
from the large scale condensation. Fig. 35 is from Integration 3. Compar-
ing Fig. 35a with Fig. 32, one can see that the predicted rainfall area, es-
pecially the rainfall associated with the cold front, agrees much better
with the observation. Fig. 35b shows that the rainfall area from Kentucky

to Louisiana 1is produced purely by convective rainfall. This convective

rainfall area almost coincides with the {ntense radar echo area in Fig. 31;
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however, the amount of the predicted rainfall rate is still smaller than the
observation and the center of maximum rainfall is too far to the northeast,
Fig. 36 shows the results from Integration 4. In Fig. 36a, the predicted
total rainfall, the rainfall area covers most of the U.S. except for the
West. The maximum rainfall area is over the Minnesota-Iowa border, which is
too far northwest compared with the observation. This rainfall is mostly
contributed by cumulus clouds, as parameterized by the A-S scheme (Fig.
36b). Another area of convective precipitation is predicted in a band from
Tennessee to Louisiana close to the observed rainfall area.

3.2. The April 4, 1979 case

The second 24-hr forecast discussed in this report begins at 00 GMT 4
April 1979. Fig. 37 shows the surface synoptic chart at 1200 GMT 4 April
1979. The main features at this time included a low-pressure system cen-
tered over northwest Kentucky, a stationary front over Alabama and a cold
front over the North Dakota-Canadian border which extended west and north-
westward to North Dakota, Montana, and into Canada. During the next 12 hr,
the low-pressure system moved northeastward to the Ohio-Pennsylvania border
and produced non-convective rainfall over the East Coast. The stationary
front over Alabama also slowly moved northeastward to Georgia with the
soutnern part of this front gradually becoming a cold front during this
period. An intensive radar echo associated with this cold front extended
the full length of the Atlantic Coastal States (Fig. 38). The cold frontal
system over the North Daxota-Canadian border had also moved northeastward

into Canada. Several small radar echoes associated with this front were

located over North Daxkota, South Daxoti, Wyoming, and Montana.
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Fig. 39 shows the observed 12-hr accumulated rafnfall ending at 2400
GMT 4 April 1979 over the U.S. Heavy rainfall over the East Coast was again
evident with the heaviest area of precipitation over northern Florida.
Light rainfall existed from the Iowa-Missouri border northwest to Washington
State. Also light rainfall was present over Texas.

Fig. 40 is the predicted 12-hr accumulated total rainfall over the U.S.
from Integration 1. The forecast precipitation area is concentrated over
the northeast with light rainfall being predicted over the northwestern U.S.
The precipitation areas agree somewhat with the observations (Fig. 39),
except it totally missed the heavy rainfall over Florida and Texas. The
predicted rainfall is mostly due to large-scale condensation and the convec-
tive rainfall from this integration is again very small. Fig. 41 is the
predicted rainfall from Integration 2 and Fig. 4ta is the total rainfall.
The predicted rainfall area 1s essenti=1ly the same as that from Integration
1 except it expanded in area from the northeast down to Florida. In Fig.
41v, predicted convective rainfall over Florida is now evident. Also,
light convective rainfall is predicted over the borders of Montana, North
Dakota, and Canada. However, the amount of convective rainfall s very
small compared with that from lar e-scale condensation. For Integration 3
(Fig. 42), the predicted total rainfall has two centers over the East Coast
and 1s in good agreement with the observation (Fig. "9). Fig. 42b clearly
shows that the areas of rainfall over riorida and Texas are the result of
convection only. In Fig. 43, from Integration U4, the precipitation area is
concentrated over the Northeast Jocast and over the ocean off of Florida.

Some light rainfill is predicted over Washington State and extending east
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Fig. 1. Model-predicted 12-hr rainfall ending at 2403 GMT U4 April 1979

interpolated over the U.S. from Integration 2 with a contour in-

terval of 5 mm: (a) total rainfall, (b) convective rainfall.
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and southeast to Texas. It also shows some rainfall over the West Coast.
The forecast rainfall area in general agrees with the observations but cov-
ers an area much larger than the observation.

3.3. The April 9, 1979 case

The third 24-hr forecast presented in this report starts at 00 GMT 9
April 1979. Fig. 44 shows the surface synoptic conditions at 1200 GMT 9
April 1979. The major features included a low-pressure system centered over
West Virginia and a cold front associated with this low located to the south
of this low center and extending southward. Another cold front was located
over the southwestern part of Canada and extended south and southwestward to
California. During the time between 1200 and 2400 GMT, the low-pressure
system moved northeastward and the radar echo associated with this system
was over the East Coast (Fig. 45). The cold front over Canada moved south-
ward to Montana and southwestward to Wyoming, Utah, Nevada, and California.

Fig. 46 shows the observed 12-hr accumulated rainfall ending at 2U4 GMT
3 April 1379. Precipitation covers an area from wWashington State southeast-
Wiarl Jown into Texas and Louisiana. Heavy rainfall was produced over the
Nirrneast.,

1. «7 13 the predicted 12-hr accumulated total rainfall from Integra-

taon Trhe preticted rainfall areas are mainly over the northeast with
pat oy arens of agnt rainfall extending from Washington State southeastward
Lo TeXan, As before, the convective rainfall from this integration is very
STall. Jverall, the precipitation pattern matches that in Fig. 46 reasona-
Dly well. Fig. 43 shows the fcerecast rainfall from integration 2. Due to

convestion, tne predicted rafinfall areas over the northeast expanded south-

ward cver the Atiantic coastal waters. The rainfall area over the central

united states wis a.s50 mainly due to convection. Fig. U439, from Integration
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Fig. 46. Observed 12-hr precipitation ending at 2400 GMT 9 April 1979 over
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Fig. 47. Model-predicted 12-hr rainfall ending at 2400 GMT 9 April 1979
interpolated over the U.S. from Integratfon 1 with a contour in-

terval of S5 mm.
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Fig. U8. Model-predicted 12-nr rainfall ending at 2400 GMT 9 April 1979
interpolated over the U.S. from Integration 2 with a contour in-

terval of 5 mm: (a) total rainfall, (b) convective rainfall.




PR TRT LA HL

-106-

PRESENT SCHEME

T T . 1 T T, 7

Aoty oo S de.  FOMAIFRSN a S Y L

MY
R

FCST PREP. 1200-2400GMT 4/9/78 b PRESENT SCHEM

[ N : R T B

™

£

L\ .
B |
L |
. |
l i H J ‘

(UNIT XGO.1MM)

Fig. 49. As in Fig. 48 except for Integration 3.
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3, shows that heavy rainfall was produced over the Atlantic coastal area.
Any comparison with observations over that area would be misleading because
no observations were available. Fig. 50 shows the forecast rainfall from
Integration 4. In genaral, precipitation covers the East Coast and the High
Plains area. The area of maximum rainfall, over the Wyoming-Colorado border,
has a value above 30 mm, which is much too high compared with the observa-

tion. This rainfall i{s contributed totally by convection due to the A-S

scheme,
4, Discussion

The results in the preceding sections have led us to the following
conclusions from the four different cumulus parameterization schemes:

(a) In the original AFGL spectral model, Kuo's 1965 scheme was used.
In addition, the condensed falling water was allowed to evaporate into the
lower layers if they were not saturated. This version of the scheme pro-
duced almost no convective rainfall and the total rainfall was mainly con-
tributed by the large-scale condensation. The lack of convective rainfall
was caused by the rainfall evaporating before it reached the ground.

(b) Kuo's 1965 scheme without any evaporation of falling rain produced
some convective rainfall. However, the amount was still very small compared
to that from the large-scale condensation. As discussed in Part One of the
report, this version of the scheme used a large portion of the large-scale
supply of moisture to moisten the atmosphere, leaving a small portion to
precipitation.

(c) The present modified Kuo scheme produced a reasonable amount of
convective rainfall because the 'b' parameter in this scheme is always very

small. The predicted rainfall area agreed very well with the observations

in all three of the test cases.
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Fig. 50. As in Fig. 48 except for Integration 4,




~-109-

(d) The A-S scheme tended to produce more convective rainfall than
other cumulus parameterization schemes. The predicted rainfall area from
this scheme was larger than the observations in the above 3 cases.

This work clearly demonstrated the ability of the AFGL model to predict

large—-scale stratiform precipitation. With the incorporation of the present

modified Kuo scheme, the area of convective precipitation can also be well

predicted. However, the predicted convective precipitation area is gener-
ally broader and the amount of rainfall smaller than observations. This
problem may be attributed to the resolution of the AFGL model in that it
cannot resolve the narrow band of the cold front, the major mesoscale rain-
producing system. The implementation of the A-S scheme in the AFGL model
also produced a reasonable distribution of convective precipitation. The
precipitation area is more concentrated and is sometimes produced in an
observed clear area. This result may have been caused by the current imple-
mentation of the A-S scheme in the AFGL model, in which the cloud base is
assumed to be 500 m above the ground surface. This assumption is valid in
the tropics, but it may produce unrealistic convective rainfall in dry
areas.

Future improvements in precipitation forecasting using the AFGL model
include the prediction of mesoscale dynamics related to strong convection
and precipitation. A major task in this direction is to incorporate the
prediction of the diurnal temperature variation which can significantly
affect the structure of mesoscale systems and the time and location of pre-
cipitation. The inclusion of boundary layer prediction and radiation, which
have already been undertaken by AFGL concurrently with this project, should
fulfill this requirement. Once all of these physical processes are inte-

grated to the AFGL model, arnother task to improve the prediction is to
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increase the model resolution. This task can be achieved by either increas-
ing the wave number retained in the AFGL model or using a nested technique
for limited area, fine grid prediction. A more comprehensive test of the
fine grid model with an extended period of prediction will therefore be

needed.
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