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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 is 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 is 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

-. (1974) which takes into account the coexistence of a spectrum of clouds.

The quasi-equilibrium approximation, which requires that clouds stabilize El

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

bility, permits the determination of cloud properties.
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Parallel to the effort of the Air Force Geophysics Laboratory (AFGL)

in developing a Moist Global Forecast Model, we carried out a research pro-

ject in cumulus parameterization under the sponsorship of the Meteorology

Division 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 numerical weather prediction; and (2) to improve these cumulus

parameterization schemes for the purpose of improving precipitation fore-

cabts 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

Kao 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.

-7..



Acknowledgments

We would like to thank Dr. Y.-L. Chen of the University of Hawaii for

providing the verification data used in this study, C.-Y. Kao for helping

the implementation of the A-S scheme in the AFGL model, Sandra Weaver for

editorial work, and Karen Garrelts and Norene McGhiey for typing and arrang-

ing this report. This research was sponsored by the Air Force Geophysics

Laboratory, Hanscom Air Force Base, Massachusetts, under Contract

F19628-82-K-0030. The numerical modeling work was carried out on computers

at the National Center for Atmospheric Research, which is supported by the

National Science Foundation. Other computation was carried out on computers

at the University of Illinois. The Research Board of the University of

*- Illinois provided partial support of local computations.

" ...... .. .. ...... . . . . - , . .



-vii-

TABLE OF CONTENTS

Page

PART ONE: A Cumulus Parameterization Study with Special

. Attention to the Kuo Scheme ..... .................

1. Introduction ........ ....................... .

2. Review of Cumulus Parameterization Schemes Based
on Moisture Convergence ...............

2.1 Kuo (1965) ........... ...................... 2
2.2 Kuo (1974) ........... ...................... 5
2.3 Anthes (1977) ......... .................... 9
2.4 Krishnamurti et al. (1976) ..... .............. .. 11
2.5 Molinari (1982) ................................. 13
2.6 Krishnamurti et al. (1983) ..... .............. .. 14

3. Semiprognostic Test of the Kuo Scheme ... ........... ... 16

4. Present Approach ........ ..................... .29

5. Semiprognostic Test of the Present Scheme .... ......... 34

6. An Evaluation of Kuo's Cumulus Parameterization Scheme
Using a Two-Dimensional Cloud Cluster Model ..... .. 46

6.1 Model equations ................... 49
6.2 Numerical technique, boundary and initial

conditions ....... ................... .. 51
6.3 A 24-hour integration ...... ................ 56
6.4 Comparison with observation .... ............. .. 68

7. Concluding Remarks ........ .................... . 75

PART TWO: An Evaluation of Cumulus Parameterization Scheme Using
the Air Force Geophysics Laboratory Global Moist
Forecast Model ......... ...................... . 77

1. Introduction ......... ....................... . 77

2. The AFGL Global Moist Forecast Model ... ........... .. 78

3. Results .............. .......................... 30

• 3.1 The April 1, 1979 case ........ ................ 32
3.2 The April 4, 1979 case ................ .90

3.3 The April 9, 1979 case ..... ................ ...

4. Discus3 ion . . . . . . . . . . . . . . . . . . . . . . . .

REFERENCES ............... .............................. 111

-". ° .- . . . . . ....



-- -W - 71 :%' - ~

1. 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 convecticn

and the vertical transports of heat and moisture in clouds play key roles in

determining the structure of the temperature and moisture fields in the

atmosphere. However, since the horizontal scale of cumulus clouds 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 terms of the known

ldrge-scale variables.

Several cumulus parameterization schemes are used in large-scale 3nd

mesoscale models. Each scheme is different in a way directed by convenience

and 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 distribution of heat and moisture

by clouds can change the large-scale stability and moisture structure in

,"iys that ,an either enhanre or suppress the develop.ent of large-scale

" sy3tems. The simplest and most popular scheme of cumulus parameterization

is based on the a:3umption tha' c-nvetiva precipi'ation is related tc the

v,_rtically integrated1 moisture convergence. Kuo (1965, 1974) parameterizet,

th -elease of >tent heit by r,1-i ting convective a'tivity to the moisture

converging into a conditionally unstable atmospheric c]]umn. This report

* wil' focus on tnis sl:heme. 3e:ti~r 2 r v iews sDme f tne Kuo-ype

-.-..

i' , ~ ~ ~ ~ .--.. ..........-. ..... ..... ...... '""".. ... i.... I
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p'rameterization sciemes, while Section 3 pre,-ents a semi-prognostic test f

the Kuo scheme, Secoti )n 4 describes the present mcdifie! K s;ner-

Section 5 presents the results of the semi-prognostic studies with .

ent sCheme. Section presents the prognosti - model r esuts using o

L'uster Model.

2. Review of Cumulus Parameterization Schemes Based on Moisture Conver-

gence

A cmirulus pirameterization based on the total column moisture conver-

gence was first proposed by Charney and Eliassen (1964). The application of

thl- method to tropical cyclones has established the concept of CISK (Condi-

tionil Instability of the Second Kind). In this method, cumulus clouds are

perm- ted to penetrate deeply into the unsaturated atmosphere in areas of

low-level mass convergence. Extensive use of this method has led to several

rv'l 1.: but not Ientical techniques. Kuo (1965, 197'4) refined this cocpt

ibuting :umilus heat and moisture vertically with a simple cloud

Toqe amurro of cumulus heating is assumed to be proportional t. in,:

, oally integrated moisture convergence. This technique has often been

d to a-ti Kuo scriemr of' cumillis parameterization. In this scct3o3 ,

we w i rev ew severi varlt ions of Kuo's parameterizution.

2.1. Kuo (1965):
p

_rKuO'os 5.--t Jl it tha, cum-ilis convo':tcn slwiqys 0-,nr. in re-

. ; f _,ep i ,"y s Of t cnd ion -.ly ,nst 3Ale strati fication -n A meain -w-

*ur toeVer' ', profile s of ttcinseruitur_ Cxfl ~It

.'o,- ing rat. nsi'Io the -loud fol low those: of a ran-entralnin m.'.ct

p r :5. n ~~~- . ~ c'ribut ioc.:f clctv2 etn I

*2-. - -. . . - .-.... ..-- . - .-- .- -. .. - .- .__ _ •. . ." . , , . -. . - -, " - - ", : . ." ' ' " - -.,
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moistening can be determined by the mixing of environmental and cloudy air

after the decay of the cloud so that the convective heating and moistening

is proportional to the temperature and mixing ratio differences between the

cl-ud 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 is expressed by

PI I s I
= - r (Vr 'iq)dP PoCDV (q -qo) ()

Jo oDo g

where g is trhe gravity, V is the horizontal velocity, q is the water vapor

m< .ng ratio, p is the density, Ps is the surface pressure, CD is the drag

coefficient and subscripts g and 0 denote the surface and anemometer levels.

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

juni area and pressure depth (Pb Pt )  is

P b

1 LF R (T-T) - - q]dP
c Jp L 'c

t

where subscript 7 denotes cloud variables, Pb and P, are the pressures at

the base and top of tne cloud, L is the latent heat of condena.ion, is

the specific heat at constant pressure and T is the temperature.

The variable M, nas two components: one is the moisture required to

i- ,Ko tne ;loh temperature to TC and the other, t, r:iise the cloud mixing

,°o . T ':ec'

.---..-- --
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here

P b C

-P(T -T)dP'egJP L c
t

and

Pb

lq gJ~t(qc-q)dP (

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

convective clouds in a time interval AT is

a = Mt-AT/M c  (6)

T-,e variable A , can be considered to be the cloud time-scale parameter

,Krishnamurti et al., 1983). In practice, the time interval of a large-

scal? prediction moJel, At, is commonly used in place of AT.

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

an. mixing ratio with those of the environmental air, the large-scale tem-

perature T and mixing ratio q after mixing are expressed by

t= T + a(Tc - T )

.qt t q' a(qc -q*

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

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-

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

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. When 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

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 remarkably

successful in hurricane simulation studies (Rosenthal, 1970). However, it

underestimated the convective rainfall and heating rates in large-scale

tropical applications. This defect is primarily related to the allocation

of Mt into I and Iq. Since Iq is typically twice as large as Te 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 e and the water vapor mixing rdtio q of the large-scale system are

written in p-coordinates as

... *
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Qi - C~ = C w (7)
cit r C citr n

a.

-* q,
t T q +c c ;P (8)

and

do _ ( ~ao)-JZ __ .VV() + -

dtt P

where c and e are the condensation rates produced by large-scale and cloud

convective motions, respectively, and Qr is the heating rate by radiation

and turbulent diffusion. Tq is the rate of mixing ratio change by turbulent

diffusion and 7 is the non-dimensional pressure defined as:

R/C
IT= (P/Po)

0

The terms on the right hand sides of (7) and (8) are the cumulus effect on e

and q.

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

posed that the fraction (1-b) of the moisture supply Mt is condensed during

cumulis convection and is precipitated out as rain while the remaining frac-

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

P

R 1 r o T dp = (1-b)M (9)
00

rs
i ~ P= bMt (10)

.. . . . ..... .........................-. ,..... .............., . ...... ......-.,.......,....., ,,.- - .......i-: ... -. .. . ....
: : .. . ... -....... .. ... .. ..........t , . ii ' -1 1'lI ... I 1
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where R is the rainfall, and b is the parameter for partitioning the mois-

ture.

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

to condensation can now be written as:

-* L N k(P)
c c c - g(1-b) -- Mt(pbP)c " ITC TtpP

where Qc is the latent heating effect by one unit area of cloud, Nke(p) is

the vertical distribution function of Qc" Kuo proposed that Nke(p) could be

determined by the cloud - environment temperature differences. Therefore,

it can be written as

ec- 8)
N (P) = c (12)
k8) <8 -0)

c

which satisfies the condition:

fPt N (P) dp = (Pb- P
k6 b t

t

The angle brackets represent the vertical averaging operator which is de-

* fined by:

P
= (b ~ dP/(Pb-Pt) (13)

Pt

."

2



In Kuo's 1965 scheme (previous section) entrainment was not considered

because only deep clouds were included. The influence of entrainment on 0c

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 0:

J Y.

Tc -T = T - [1 E (1 - P/Po) J]T (14)
J=1

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

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

by the vertical extent of the particular type of cumulus, and Y. 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 qc 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

aQ and that its effect is only to shift the level of maximum heating ratec

to a slightly higher altitude. The computation of c 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 1 in regions of low-level convergence in the tropics, which implies

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

is precipitated out as rain.

I-

• ," ~. . . . . . . . . . . . .., .". , -i . . ,.' " , "- 7 , _ : :il
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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:

NAe(P) C*/<C*> (15)

The vertical distribution of condensational heating is therefore given by

L g(1-b) M N (P) (16)

aQc c if (P - P t Ae1
p b t

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

n-<H> <RH> > RH
b -RH - c 17b= c(17)

I <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

+

3t at - Pw'q
o;"

-

. . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . .
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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/at is

P P
1 s 0 -dP = I J s t dP - bMt

He proposed the following form for the vertical distribution of 3q /3t:

aq gb MP(19)
(P b-P t)

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)q (T)

NAq(P) <(100% - RH) qs(T)> (20)

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

T.

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 (wc, Tc, qc 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

mean -loud. How to determine the radius of the mean cloud is the major

problem.

* i * * . . . . . . . . . . . . . . . . .
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2.4 Krishnamurti et al. (1976)

Krishnamurtl 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:

.4

. , e+ VVe = - w -Le + a [w 2- + - 21atep ar ae Aat ~- ~ a(21)

q + . a (22)

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

tical advection of mixing ratio:

I - 1p m dP (23)t g9JP a
t

" Furthermore, they defined Q and Qq as

P

a efb c e e
aQ - -c +w dp (1-b)I (24)

t

a qPb
aqQq= q b (qc-q)/AT dP = bI (25)

t

= QO + Qq

.q

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

horizontal area with clouds, Q8 is the moisture supply required to raise the

t emperature to the cloud temperature in this column and Q is the moisture

1- A--

.....................................................
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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

conditionally unstable atmosphere and the large-scale condensatlonal 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

cloud temperature and mixing ratio are computed from a moist adiabatic proc-

ess so 8c and q. in (24) and (25) assume their saturated moist adiabatic

values a and qs, respectively. The following hypothesis is made to close

the system:

P P
1 b c 1 b(.i vqI pT (II q

pJ L v.ve) dP j t V.Vq) dP (26)

Pt Pt

The implication here is that in the cloud column the total change of e and q

due to both vertical advection and convection are proportional. This condi-

tion brings the e and q values to the moist adiabatic values in near unison.

Substituting (21) and (22) into (26) and using A defined as

A 1 rb p T 36
A - gjPt IT 6 T d P  27)

we can get

A + (1-b)I = bI,

SA+I 28)
21

. . . . . . . .
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Once b is determined, a 0 and aq can be computed from (24) and (25). These

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

aQ = - g(1-b)M t N (29)CpIT (P b- Pt)

where the vertical heating distribution function is

e -o ec-e
N~~~ ~ (p) = .... )/<S. + 3 > 3KRe(P )  AT P AT +30

The mixing ratio equation can be written as

aq + V.Vq = gbl (qc- q) 3i

at (Pb-Pt) <q c-q>

Basically the above approach is the extension of the Kuo (1974) scheme. :he

closure assumption is ad hoc and is not based on any valid theory.

2.5 Molinari (1982)

Based on the framework developed by Krishnamurti et al. (1976), an

alternative closure was proposed by Molinari (1982) for the b parameter

which more explicitly requires the warming and moistening of the cumilu.s

column to produce a smooth change toward moist neutrality in both tempera-

ture and mixing ratio. The closure is written as

S(T -T () dP) = (qS-q)dP/( q dP) (32N

t t tt
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where

at con at

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

r~b

jp(q -q)dP

b= t (33)b f b Cp T
Pt (qs-q)dP + J t 6 (6c-e)dP

This procedure forces the instantaneous time tendencies of e 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)

Following the previous work of Krishnamurti et al. (1976), they intro-

duceJ an additional source of moisture supply, In, which may be considered a

nonmeasurable mesoscale (or subgrld-scale) supply. The total supply of

7oisture is expressed by

' I(1+rn) \34)

an3 the rainfall rate R and moistening rate M are given by

"' -.'.. . . . . . . . .' .. . . ........ .,, '.- ,-: .... ..-. . ..-.. ;! . . ., .-. - . . . - ,- , ' " - - ]
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R - I'(1-b) - [(1 n)(1-b) '35)

M - I'b - I(l+n)b (36)

In this formulation there are two unknown parameters, q 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 known

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

al + b Iw + c1

b (37)
(a1 +a2) + (b 1 b2 )w + (c I +c 2 )

n [(a 1 +a 2 ) + (b 1 +b 2 ) w + (c 1 +c2 )] - 1 (38)

where ai, bi, and c i are regression coefficients. Therefore,

aQc  c g(l-b)(l+n)I N (P)/(P- P) (39)
c cIT KRO b t

p

aq + V.Vq = gbI(1+n) (qc- q )  (40)
t(Pb- P t) <qe-_Q>

They have tested the above scheme to determine the vertical distribu-

tions of the heating, moistening, and rainfall rates for the entire GATE

(Global Atmospheric Research Program's Atlantic Tropical Experiment) Phase

11: data. 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

cumulus parameterization scheme against observations. The first approach

may be categorized as a semiprognostic approach because it is 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 Kju

scheme using GATE B-scale data. The apparent heat source Q, and the appar-

ent moisture sink Q2 are defined by the following equations:

_1. L_ + .ve + - -- 1* -1 3 QR (4

1 a! a P c
p

L (3q + w q L - w + qv

P P

fere the overbar denotes the iverage over the GATE B-scale area and tne

prime denotes the cloud scale. Q -QR represents the cloud heating effect

3n,' represents the -loud drying effect. Dr. Y.-L. Chen of the University
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of Hawaii has diagnostically estimated Q, and Q2 for the entire GATE Pnase

r1I (30 August - 19 September) B-scale area by computing the terms between

the equal signs in (41) and (42). We will use his data and refer to his 2'

-a ndJ Q2 value3 as the observation values. The vertical resolution of the

data is 3B uneven levels from the surface to 92.5 mb. The area average is

over 2.50 in r'dijs and the time resolution is every 3 hours. The radi-

atisnal heating (or cooling) rates Q that we used in this study are taken

from Krishnamurti et 31. ('983). Table 1 lists the 6-hourly net radiational

heating rates averaged over the entire phase III period. In this data,

si~rifican t changes in the magnitude of QR are evident between the night and

dtytime sours.

[i thie ,-mi Prcgnostic approach, the cumulus heating and drying ef-

5ecis, i.e., those t.-rms on the righthand side of (41 ) and (42) excluding

lare calculated from the parameterization schemes (thereafter referred to

,s no calculated values) and compared with the observ-tion values of QI-<R

as -1.- T, vrnt.g, of this approach is that a predi ction can be made

with.out u~si.ng a .,r .g e prediction model. Moreover, since this is only a

, time-step ist,'g, t t on, the predicted results are free from nu-,.erical

...rrrs:-; in complicated physical feelback effects. Any successful

<, n. teri .,," ti sr, s- na:s t first achieve a good score on this semi-

[. .. t pirAm- erie the curnauis effects n this .. is a

,,. . ,.4 ' ?h .i 7 schms. They c3n be summarized as fol-

,'" T ;.3 "nrpuI.d frs t.', vrtically int t ed

S• • ,,', , .',.,-, 5.'" V i cr 1i :,.
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Table 1. Six-hourly total radiative heating rate (C/day) averaged over the

entire Phase III of the GATE period.

Pressure

level(mb) 0000-0600 0600-1200 1200-1800 1800-2400

100 -0.78 -0.09 -0.10 -0.74

i's -0.93 -0.14 -0.15 -0.92

250 -1.52 -0.31 -0 34 -1. S5

325 -2.02 -0.29 -0.36 -2.14

400 -2.34 -0.40 -0.47 -2. 43

475 -2 .S5 -0.58 -0.59 -2 .52

SSO -' 70 -0.76 -0.70 -2.56

625 -2.36 -0.79 -0.72 -2.24

700 -2. 08 -0.89 -0 83 -2.01

775 -1.31 -0.93 -0.89 -1.79

850 ->46 -0.80 -0.79 -1.46

925 -1.04 -0.49 -0.48 -1.03

1000 -0.10 -0.10 -0.12 -0.12

~~~~~~~~~~~~~~.. .... . . . . . . . . .... .. ..'" " --- " " " ..- .'.... .. -_ - .:;-:-=-,.-. - . - ' ' - i ""
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(b) A fraction (l-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 (Ql-QR)(total cloud heating) profile is computed

using (11).

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

and surface evaporation) is computed from

gbM t  (q c-q)

t (Pb-P ) <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 QIQR and Q2 profiles are computed based

on Kuo's 1965 scheme.

As rnentioned 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 semiprognostlc test we have set b equal to zero. For simplicity,

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

' eluded.

*. *.*
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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. Tnere

is general agreement between the calculated and the observed values. To ex-

amine the results closely, Fig. 3 shows the comparison of the calculated

Q1 - QR profiles with those obtained from observations during periods of

heavy rainfall on 2(1200, 1800GMT), 4(1200, 1800GMT), 5(1200, 1800GMT),

12(1200GMT), 15(OOO0GMT), 16(1200GMT), and 17(1200GMT). The maximum value

of heating lies between 10 and 150C/day, in good agreement with the observed

heating values.

Fig. 4 shows the comparison of calculated and observed Q, - QR during

periods of weak convection period on 2(0600GMT), 3(1800GMT), 9(O000GMT),

10(1800GMT), 11(1200GMT), 12(OOOOGMT), 13(1200GMT), 14(1800GMT), and

16(0600, 1800GMT). The observed maximum heating is 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 T0 - 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.

. ,,. h

.. . . . . . . . . . . . -
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TIME SECTION OF CRLCULRTED Qi(K/'DRY) KUO(197_)

, 1 4
146E

227

P-- 
7

LTI 
,,

C-.
41~

_n 4ceK

I -

L I
670

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 I8
TIME(CRY) SEPT. 1974

Fig. 1. Vertical cross section of the calculated cloud heating effect

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

Phase III of GATE. The vertical coordinate is pressure.
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TIME SECTION OF OBSERVED QI(K/DRYI OBSERVED: I 1. . . .1 U I.. ' " ' " 0 . . . I _ ,

1q61

A),6- I

I C3

a 2 S

c r- -

C C7 0. 0 0 C 0"7 C 09- 0 11 1-2 1 14 5 I 1 7 18
T 1 , D SEPT.1974

Fig. 2. As in Fig. 1 except for the observed cloud heating effect.

a.°
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2 g. 3. The cloud heating profiles (QI-QR) on 2(12, 18GMT), 4(12, 13GMT),

5(12, 1aGM:), 12(12GMT), 15(OOGMT), 16(12GMT), and 17(12GMT) of

September, 1974. The calculated values from the Kuo scheme are

indicated by solid lines and the observed values are indicated by

dashed lines.
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Fig. 3. (continued)
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Fig. 3.(continued)
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Fig. 4. As in Fig. 3 except on 2(06GHT), 3(18GMT), 9(00GIT), 10(18GM T),

11(12GMT), 12(0CGM.T., 13(1201T), 14(18GMT), and 16(06, 18cr-T) ot

September, 1974.
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The time-averaged (for the entire GATE Phase III) vertical profiles of

QI-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 2.50C/day.

4. Present Approach

The results from the above semiprognostic tests indicate that Kuo's

scheme would produce good results during periods of deep clouds and heavy

precipitation. However, it also indicates the need to include the entrain-

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

file. The entrainment should have a minimal effect on the profiles of Tc -T

during strong convection; but it 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 effect

of entrainment on cloud heating profiles [see (14)]. This part of his

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

the adoption of the entrainment formulation based on Kuo's method, the de-

tails of which will be discussed later.

Other than entrainment, Kuo's 1974 scheme requires the computation of

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

atmosphere. The value of 1-b is the fraction of moisture convergence pro-

du-ing precipitation. Sui and Yanai (1984) found a remarkable similarity

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

................-.-.-.-...-. ~-....~.......-....... ...
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TIME AVERAGED 01 DURING PHRSE 3 GATE1CO . . . . . . . . . . . . . .
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F:g. 5. Time-averaged vertical distributions of the cloud heating profiles

Q, .R j. The observed values (dashed line) are ccmpared with

those calculated from the Kuo scheme (so1d line).
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therefore be considered proportional to the activity of deep cumulus clouds.

Thao et 31. (1979) also pointed out that the cloud tops were substantially

higher du.-ing tne disturbed period than during the undisturbed period. Song

and Frank (1983) 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 T c - T and net

convective heating into closer agreement". These papers indicatel that

(1-b) could be Used as an indicator of cloud activity and the entrainmnent

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 ajand 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 a, and Yneed to be determined before (14)

is used. Since, according to Kuo, the value of Y is Most likely greater

*than 2, the value of YIn this study is set empirically to 2.2. Because a

is used to determine the vertical extent of the cumulus cloud, we need to

*define the level of cloud top, P T, where the cloud heating equals zero. From

several tests, we found that the be'3t equation to estimate the vertical

extent of the cumulus cloud is

P 900 x EXP 1-1.5(1-b )2 1 (4~3)
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Fcr periods of strong convection (b - 0), P 200 mb while for periods of

extremely weak convection (b 1), PT - 900 mb. Once PT is determined for

the particular cumulus cloud under consideration, a, is computed using (14)

" y setting T. - T 0 at the cloud top, PT' This computation leads to

T - T

.s (44)
T(-P T/P 

)

The Tc - T profile can then be computed as:

Tc -T =T s -T - [aI(I-P/P) 2 "2 ]T (45)

Let us consider two cases, each with the same Mt and Nkg(p). In one

case, the atmosphere is stable and Tc - T is small. In the other case, the

atmosphere is unstable and T0 - 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

(CT) seldom dropped below 10C during the convection, where CI was defined as

iPb
C[=)' (e -e)dP/(Pb-PT (246)

T

For this reason, we set a criticdl CI value (CIcr) as 10C. If CI > CIcr,

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

izaticn scheme is rresented in Fig. 6 in flow-chart form.

iI

. ..
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Fig. 6. Present Scheme
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5. Semiprognostic Test of the Present Scheme

Using the present cumulus parameterization scheme, we again calculated

Q1 Q 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 is small for deep

convection. Fig. 7 shows the cloud heating profiles using the present

scheme and observed Q,- QR during selected periods of moderate to weak con-

vection, as in the last section. We can see a significant improvement com-

pared to Fig. 14. 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. 3 shows the pressure-time sections of the calculated Q,-

fi ld for September 1-18, 19741 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 60C/day and was around 575 mb; on 12 Sep-

tember the maximum heating shifted from above 4100 mb to below 500 mb; and on

16-17 September the maximum heating was around 500 mb Instead of 4100 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 Q2field. The observed field of Q2exhibits

large drying > 0) on the following dates, 2, 41, 5, 12, 13, 141, 16, and

17. The maximum intensity Of this drying occurs around and below 700 mb.
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Fig. 7. As in Fig. 4 except for the present scheme.
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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. In general, the

present scheme essentially captures all of the observed features of Q 2 "

The time averaged vertical profiles of calculated Q, - QR and Q2 are

very similar to the observed profiles (see Figs. 11 and 12). The maximum

heating level is around 600 mb in both profiles, with the maximum difference

between them being less than 1.10C/day. The calculated Q 2 profile is almost

coincident with the observed profile. For a comparison, Fig. 13 shows the

same vertical profiles of Q1 - QR and Q2 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:

P
s cQ-. bu s +P E 9(47)

h bu " Jo L g g

0

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

* aerodynamic formula:

Eg - PoCDVo(qg-qo) (48)

where qg 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
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Fig. 11. Time-averaged vertical distribution of the cloud heating profiles

(Q1QR). The observed value (dashed line) is compared with those

calculated frcm the present scheme (solid line).
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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-

clusive 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

!I! were also used in this semiprognostic study. The observed Q, values

were provided by Dr. Chen of the University of Hawaii. Fig. 15 shows the

calculated and observed Q, - QR fields for the composite wave in the GATE

B-scale area at latitude 8.50N. The waves are separated into 8 categories

with category 4 representing the trough area and category 8 representing the

ridge area. We can see that the level of the maximum heating rate varies

with the wave category. The comparisons between observed and calculated Q,

- 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-

tionr 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 cuMa ulus parameterization scheme in a fully prognostic sense. The

cloud cluster model with a fine grid hos been used to simulate the develop-

ment of cliujs aid a cloud cluster under a weak low-level lifting condition
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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:

au - u-- w au + fv - cpan (49)

aV =t - u - - w -av - f(U-Ug) (50)at ax az g a
a( v av av

where a is the potential temperature, f is the Coriolis parameter, ug is

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

which is defined as:

R/C
(P/Pc) (51)

. where P is pressure, P0 is the reference pressure of 1000 mb, R is the

gas constant of dry air and Cp is the specific heat of dry air at constant
7p

- pressure.

The hydrostatic equation is:

Cp z -g (52)
p v az

where g is gravity and 8v is the virtual potential temperature defined by

iv  80 + 0.61q) (53)

*. . ... . . . . . . , ,. ... ., ,- -- ,--. ,. .- •-. ,- , ,,. .. .. ..- .: . - :- ' . .. .
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The thermodynamic and moisture equations are:

- -u- w- +Q (54)
at x z a

and

at ax 3z r

where Q is the adiabatic heating rate due to clouds and Pr 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:

au apw = 0, (56)

ax p az

where p is the density and is a function of height only.

Now consider a variable A(A = w, 0, or q) separated into the horizon-

tal mean and the departure as:

A(x,z,t) = r(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:

9u a 2 I I a'

a - u - (puw) + fv - Ce (58)xt Px u p ax

3v auv 1 a
-t ax pzPvw) - f(U-U (59)

C T- g g + 0.61q') (60)

P
at61 ':Pwo) - :w0 ) ax pQa (61)

Tta Pa az C

S a (uq') (pwq') - (w +w) + R (62)
at 3x p 3z r
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In deriving (60) it was assumed that the horizontal means satisfy the hydro-

siatic relation:

p z- -g (63)

and 6v was approximated by Tv . In the derivation of (58), the a in front

of the pressure gradient term was approximated by T . The variable w0 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 lifLing 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,

with 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 equal 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 kin, which is

around 140 mb in the P-coordinate.

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

• (1973)], 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) i3

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 i3 applied to all the prognostic fields. This horizontal

smoother reduces the growth of nonlinear instabilities and filters out very

3hort waves.

..

,- .
- 7 .. . . . . . . . . . . . . -P * P *

,'. . " * - j - - ' . -"' " -" . -- -" -. -** * - - - *. - - " - % ' ' ' ' " % . ' ' , '' . % % ° " - "
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Fig. 16. The schematic diagram of the model design.
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At the upper and lower boundaries, a free-slip boundary condition is

used for u and a fixed boundary condition with zero velocity is used for

w. No fluxes of e and q are allowed across these boundaries. The lat-

eral boundaries are open (see Klemp and Wilhelmson, 1978). The values of u

and v at the lateral boundaries are determined by advecting corresponding

values at the adjacent interior gridpoints outward with the gravity wave

speed. As for a and q , zero horizontal gradient is assumed at the lat-

eral boundaries. The boundary conditions can be summarized as

w =0 at upper and lower boundaries

a±nd

3u au
S- C

at g ax

v c ax at left and right boundaries (64)at g x

ax ax

where C 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 C
g

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 1974. A computed low-level vertical velocity

*"' at 00 GMT 12 August 1974 within an ITCZ rainband (Ogura et al., 1979) using

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

tude is about 1.7 cm s-  around 850 mb. A sinusoidal function was used witn

viijes of 3.4 cm 31  at the center of the domain and zero at the boundaries

of the cloud cluster area to obtain the imposed vertical velocity wo in (61)

and (62). The average wo  in the cloud cluster area will therefore be

I

. .. . . . . . . . . . ..-
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F'..18. The atmospher-ic sounding taken from the ship Researcher at OOGM.T7

12 August 1974.
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Fig. 19. The computed low-level vertical velocty at 00GMT 12 Aug,st 1974
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1.7 cm s 1 as observed. There is no horizontal wind initially. Fig. 20,

adopted from Ogura et 31. (1979), shows the surface wind and divergence cal-

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 w0 described above is fairly justifiable.

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 life-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 wo  Since the model is symmetric about the center axis

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 inclide the imposed large-scale w o

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

vective activity is present, primarily because the large-scale moisture

convergence has not reached the minimum critical value for convection to

4"
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ocur. rHere, the minimum critical vilue is set to 5 x 10- 7 At S- I is in

P:nillips (1979).] Fig. 21 shows the evolution of the mesoscale circulation

in The vector f elc of ru,w] (the magnitude of w has been enlarged by 12

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 upward

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 is at upper levels. The whole circulation system is much larger

than 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

previously 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

old cloud, 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 the developing, mature, and decaying stages. Fig. 22 shows the evolution

lof the vertical velocity at different stages. It is seen that at 9 hr the

................... .......... .. .... ..
.
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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 entralnmenL 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 enough 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 iMPosed w 0 in this area is small. Therefore, the low-level mass

* convergence is 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 4ith the upward motion

area in Fig. 22. At 9 hr, the heating area is located around 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

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

6.4I. 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

* 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 developtient of descending

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-

vect ion 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
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Fig. 241. Time-pressure section of tne vertical P-velocity (w) at the center

of the cloud band in units of jib/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 is located at low levels; then 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 13 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

with Fig. 20 shows that as the convection started the level of maximum up-

wirl motion immediately shifteJ to i higher level and then remained at the

same level. At 13 tir, the area-,av.ra',d vrtical velocity w of the simu-

lated system reached its maximum value of around 12 cm/sec. After 16 hr,
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Fig. 26. Model-predicted rainfall accumulation as a function of time and

distance from the center in units of mm/hr with a contour interval
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780MT 12 August 1974 in units of mm.
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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.

7. Concluding Remarks

The determination of the vertical distributions of heating and mois-

tening by 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 (Tc - T) between the cloud and the environment. In this

report, a combination of Kuo's 1965 and 1974 schemes were first applied

ur3ing a semiprognostic approach without considering the entrainment to the

GATE Phase III data. It was found that the vertical heating profiles are in

good agreement with observations during periods of strong 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 schepie.

Comparisons between the present scheme and Kuo's scheme 4ithout entrainment

were then made -ing emiprognostic tests, fowing that the present scheme

pr 'j:LSP a 'r, nti, improvement in cloud heating profiles 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

which 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 Ogura, 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 is 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

a fully prognostic cloud Clustto r model. The ability of cumulus paraneteri-

. zation schemes t,) simulate the cloud-?nvironment interaction processes and

to reproduce the life cycle of a cloud cluster can be evaluated. Through

these studies, in improved algorithm to implement the A-S scheme and an

i:iproved Kuo's i(;heme m including the entrainment effect were developed.

The ultimate ter't of any cumulus par-meteri zati n shfme is to act ially

incorporate that irsh.,me int) a i arg,0o-3 ale prelictin model . The aAva'nt'ge

. . .

. . . . ..2. . . . . ...
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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 is

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 is neces-

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 AFGb Global Moist Forecast Model. Section 2

provides a brief description of the AFGL model. Section 3 presents the

prediction results, followed by the discussion of the results in Section 4.

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

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 0 = 1 -P/p, , 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-

tat.on in the horizontal, the Arakawa quadratic conserving finite

dift'erencing in the vertical, and the semi-implicit time integration scheme.

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

......................................................

r........................
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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

physics 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 10- s , 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 E(q-qk) " A,

11 k k

Q =- _ Z(T -T ) .
22 L ck k

eff :WA'TER/(Q +Q.2 )

DTK~iJ, =a ' T -Tk
K e f C

eff qc k
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where the term "WATER" in the expression for Qeff is the moisture converg-

ence in the unstable column, q. and T. are the cloud mixing ration and tem-

perature calculated from the lifted parcel values, and L is the latent heat.

DTKUO k 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 parameterizatlon 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. I. 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 3

"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.

z.. ..... .
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KUO (1965)-Type Convection

7 Dqk1-7 -I

K =1 N \ TkK=1 Dt ksNT= T

condition: (2) vertical structure conditionally unstable Tt-At

KTOP qt At = qtAt
(3) WATER = Dq • Ao< > 0

2

YES

Q11 = (q -qk) Ao
c k k

C
Q22 = -- [(T -T)] Ao

L c k k
Q = Q11 + Q22

QEFF = WATER/Q

DTKUO(K) = QEFF (T -T )

DQKUO(K) = QEFF (q c-qk)

LARGE SCALE
T (K) = T (K) + DTKUO(K) .

t+, tt+At
q (K) = qtM + DQKUO(K) COID ENSATICN

consider evaporation
(start from top layer of cloud)

C
Prep = Prep + --2 DTKUO(K) Aoa

L
T t+t(K) * q, (K)

<0

FTo q (K)

qo(K - q- Prep EVAP = Prep/DEL(K'PREP=

" 0 qt t(K)
t+-t (K)

EVAP = q3 (K) - qt+At(K)

Prep = Prep - FVAP
T'' (K)

q' ' (K)t ,AtM

*1

• Fig. 29. The schematic di3gram of the computational procedure of the Kuo-type

(1965) schem 'nc.. AFG! ce i
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3.1. The April 1, 1979 case

Starting with an initial condition from the FGGE Level Ill-B data at 00

GMT April 1, 1979, a 24-hour simulation was undertaken with four different

versions of cumulus parameterization. In 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 Fig. 31 . The stationary front northeast of

Chis 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, Kansas, and Nebraska.

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

I 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

.



-33-
.1

4d

- - - -'o-qtvz/

9 - -3--

-

'K~ ~ '3 ck' <t- 'fl-trr

w 3 v'.-...a~Th '~~C'-~4,N - -

S \ x&yyzrt ~ 'N?

* t ~
4 - *0

~ ~- ~ -'

~Ao ~ ~s - o
I C-.' - ~ $7~1 ?~~A &.o-. 'C "' 'N~ i C'

'? -5 *4' -4 0~~

N '~ K'
4 \'~t~t~ *" ~ - N.

'N -- -. -- ~~-E-Q~j~ ~ 4'--' C.
- L

(~>r ' - '0 c~ 'A'-j ( '~ a-

C' A .tK~-4 "-~.' - -

,,' ~t-T6i C
*?' ~ - - 4-

K - ~ 4> A - - C
~I% t~-4< o

it
- "'- I * \

I -

'-4.4 ) '3-
4 *~4j -- -- '~-7a.C- es-S

* L' .' I N $/ ~ '.!3V4  rN"t~" -
~ ~-~y-r.~fl ~.) ~* L

~ b
4

t~4q

* \~'\
-7-. ~ C

-i -

- / - W

* F 4** / 4-4

Jr
* I' c-fl

- .e~ 4 -.. ,
-'-§7 3- 5*t~ -N --

cr
~ /C-, -~--'2-~ / ~-K

- ~ ~ -

*v~ A -- N- <~ ~->s 9'
- ~; - -3 ~ ~ -~ r2>%3--~~ -

- N - 'N --. t,

N ,' - '-N~

N'/
N-U N -

/ 'I 4 - - -f - -- 4
4~. -~ -

N / ~0

- - - - . . **..., - -
* a~iafl*.&a - -' - - i~ts~ta.~t.&2~a - - * ' .* -. -- N' -



-84-

ON

Nil,

.le

to



-85-

OBSERVED PREP. 1200-24OOMT q/1/79

L hT I M

7- . .. ..!



-86-

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 tha from Integration I 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

precipitation. 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 is produced purely by convective rainfall. This convective

rainfall area almost coincides with th, intense radar echo area in Fig. 31;

. .. . . .



7 s' 7j 77 --- -V"''

-87-

FCST P'REP. 12OO-2qOOGMT q/1/79 f U0 ITH EVPP.-

. ... .. ..

.. .. . . . .

. .. .. .....

(UNIT XO. V!>IJ

Fig. 33. Model-predicted 12-hr rainfall ending at 2L400 CNMT 1 Aprilj 1979

interpolated over the U.S. from integration 1 with a conto~ur in-

terval. of 5 mm.
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Fig. 35. As in Fig. 34~ except for Integration 3.
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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

southern 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 Dakota-Canadian border had also moved northeastward

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

lccatej over North Dakota, South Dakot3, Wyoming, and Montana.

.oEt A .& a
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Fig. 39 shows the observed 12-hr accumulated rainfall 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. 41a is the total rainfall.

The predicted rainfall area 1s essentinlly the same as that from Integration

1 except it expanded in area from the northeast down to Florida. In Fig.

41b, 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 is 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 ,s in good agreement with th" observation (Fig. '9). Fig. 42b clearly

shows that the areas of rainfall over :.lorida and Texas are the result of

convection only. In Fig. 43, from Integration 4, the precipitation area is

concentrated over the Northeast -oast and over the ocean off of Florida.

Some light rainfill is predicted over Washington State and extending east

• ,1~~~~~~. .. .. . . . . . ... . .... . ........ o- -. . ..
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- Fig. 39. Observed 12-hr precipitation ending at 21400 GMT 14 April 19719 over

the U.S
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..................... ........ .................... ...... ..... 77
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'CST PREP. 12OO-2q}OOGMT 4/4/79 b UO WITHOUT EVRP.

i I T

7

(UNIT XO.I1M)
Fig. 41. Model-predicted 12-hr rainfall ending at, 240OO GMT 14 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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Fig. 42. As in Fig. 41 except for integration 3
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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 24 GMT

April 1979. Precipitation covers an area from Washington State southeast-

wiir down into Texas and Louisiana. Heavy rainfall was produced over the

is the predicted 12-hr accumulated total rainfall from Integra-

e prelited rainfall areas are mainly over the northeast with

'. i/ -s :F" i:t3 rainfall extending from Washington State southeastward

As before, the convective rainfall from this integration is very

s->i... Dvcrall, the precipitation pattern matches that in Fig. 46 reasona-

nIy we. . K. -- 3ows the fcrecast rainfall from integration 2. Due to

:c nvez ln, tne rei,'t d rainfall areas over the northeast expanded south-

.arI -:ve- the Atlan ti coast3l waters. The rainfall area over the central

nitel 3tates wm aso mainly due to convection. Fig. 49, from Integration
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0P-SERVED PREP. 1200-240GMT 4/9/79

..... ..... .
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Fig. 416. Observed 12-hr precipitation ending at 24100 GLMT 9 April 1979 over

the U. S.
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FCST PREP. 1200-2400GMT 4/9/79 KUO WITH EVRP.
•. .. .I I . .I I ' i .
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Fig. ,47. Model-predicted 12-hr rainfall ending at 240 GMT 9 April 1979

interpolated over the U.S. from Integration 1 with a contour in-

tervdal of 5 mm.
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Fig. 418. Model-predircted 12-hr rainfall ending at 2'403 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.
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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 4I. In general, 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 is 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 amoant of

* convective rainfall because the 'b' parameter in this scheme is always very

-na 1mi. The predicted rainfall area agreed very well with the observations

* in all three of the test cases.
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(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, another task to improve the prediction is to

% :%*. a--.



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.

I.,
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