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ABSTRACT

The mathematical formulation and associated finite-difference approxi-
mations for the numerical model of a precipitating roll cloud are summarized.
With that background, the computer program used to perform the computations
vin experiments simulating moist convect 1 is described in detail.

The program description includes disc ssion of the input requirements,
the intern.l operations, and the output. The newly developed recovery fea-
ture of the program is explained. All options, presently available in the
program, are describéd. The detailed description of the computer program {s
contained in individual flow diagrams of the main prcgram and the 16 sub-
routines,

In the concluding remarks, the present status of the computer program is

given, Finally, the anticipated future plans for the program are outlined.
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1.0 INTRODUCTION

Under two consecutive rcontracts with the U.S. Armv Electronics Command,
work has progressed for three yecars toward the development of a mathematical
model which simulates shullow, moist coavection culminating In a precipita=-
ting cloud., The theoretical formulation of the model was ,resented at the
outset of the model development {1]. Included in that report is an extensive
dicusssion of the literature relating to convection. Subsequent repovts [2,
3, 4] have described the successive developmental stages leading to the pre-
sent model of a precipitating roll cloud.

The simulation experiments are carried ouc by numerically integrating
the model equations with suitable boundarvy and initial conditiens., The Inte-
grations are performed by an e'ectronic digital comr rer., At present, the
computer being used is the UNIVAC 1108 system,

Because the model has been developed to the point that meanineful simu-
lation experiments -an be performed, it is felt that a summary of the model,
and a detailed description of the associated computer program {s desirable.
This report is primarily a description of the rather complicated computer
program which controls numerical computations invclved in the simulation
experiments,

Section 2.0 of this report sumrarizes the mathematical formulation of
the model. The summary is composed of five subsections: 2,1 deals with the
perturbation-basic-state approach; 2.2 covers the dynamics anl thermodynamics
of the mathematical svstem; 2.3 reviews the macrophysics associated with
water suhstance (vapcr, cloud, and precipitation); 2.4 summarizes the bound-
ary and initial conditions; and 2.5 discusses the diagncstic equation used

to determine the dynamic pressure.

T




Section 3,0 presents a summary of the finite-difference approximations

used to perform the numerical computations. The finlte;difference épproxi-’
mations are conside.ed separately as they apply to the interior points, to
the boundary points, and to the initial time step., The initial data {s re-
viewed in Section 4.0,

Section 5.0 contains a detailed program description. Th1§ description :
is presented in four broad categories, These are input requifed by thé ﬁréi(
gram, internal operations controlled by the program, output, and the recovery-
feéture of the program.

Section 6.0 contains concluding remarks about the pro~ram with respect
to the ﬁresent status and future plans in the utilization of the model.

Appendix A contains a description of the symbols and Appendix B contaiﬁs

the detailed flow diagrams of the entire program.
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2.0 SUMMARY OF MATHEMATICAL FORMULATION OF THE MODEL

The theoretical development of thbe model was treated in detail in an
earlier report [1]. This report will merely summarize the mathematical fo.mu=-

lation to provide a frame of reference fer the program.

2.1 The Perturbation-Basic-State Approach

The shallow convection, which ultimately leads to a precipitating roll
cloud, i1s initiated by introducing a buoyant bubble into a model atmosphere
initially at rest and horizontally uniform. The initial state of the model
is considered to be composed of two parts:

a) a basic state, and

b) superimposed perturbations.

The undisturbed model atmosphere is the basic state., Therefore, the physical
variables associated with the basic state are functions of the vertical coor-
dinate only. These are potential temperature eo , density CO.’ pressure

Py » saturation vapor pressure eg, , and relative humidity T, .

The initial superimposed perturbation consists of the buoyant bubble.
All departures from the basic state become a part of the perturbation fields.
Therefore, the physical variables characterizing the perturbations are func-
tions of the spatial and temporal coordinates,

The perturbation-basic-state approach provides a ratural scaling of the
variables which must be predicted by the computer. It is well known that
scaling the variables in a multi-iterative pr§b1em is quite useful in reduc-

ing the possibility that round-off error will corrupt the solution.
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2.2 The Equations Governing the Dynamics and Thermodynamics of the Pertur-

bation-Basic-State System

The convective cell is bounded vertlically by two rigid horizontal planes
a distance H (3 km) apart, Laterally, on two opposing sides, the model is
bounded by two rigid vertical planes a distance 2L (6 km) apart and of infin-
ite horizontal extent, Midway between the vertical planes on the lower of the
two horizontal planes, the origin of a Cartesian coordinate system is estab-
lished with the x-axis normal to the vertical planes and the z-axis normal to
the horizontal planes, as shown in Fig. 1. All physical variables are assumed
always independent of y , and symmetry about the plane x = 0 is imposed.
The symmetry is imposed through an initially symmetric temperature perturbation,
Thereafter, the boundary conditions and gnverning physical laws require the
dependent variables to be either even or odd functions with respect to x-
(symmetry condition), By virtue of the symmetry condition, the domain of solu-~
tion of the numerical solution s 0 < x <L, 0 <2z <H.

Over that domain, the dynamic equations for shallow convection are the

continuity equation

v = 0 , (2-1)
and the momentum equation
3 > > > o] -+ 1 ’
— Ny v— —_—7 = 2=
STV ot v o4 5 gk + > P o, (2-2)

where v 1is the wind with components u and w , o 1is the density, p
is the pressure, and g 1is the acceleration of gravity. Subscript zero indi-
cates th> basic state, and perturbation quantities are without subscript. By

taking the curl of Eq. (2-2), the vorticity equation

%+3‘va+§-32-o, (2-3)
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is obtained, where  1{s the relative vorticity (dw/3x) - (3u/3z) . Intro-

] -+ -+
duction of the stream function ¢ , defined by v = ul + wk = k x Ty , 80 .
that
. X - X -
u 3z ° v Ix (2-4)

satisfies Eq. (2-1) without further restriction on the motion field., More-

over, the vorticity is given by
4 - VZW ’ (2"5)

where ©2( ) ® 32( )/ax? + 32( )/e2? ,
The stream function may be predicted by means of Eqs. (2-3), (2-4), and
(2-5), provided the density is known, It can be shown (see [1l], [3]), that

for shallow, moist convection,

o 0
3—(-)- -~ - 90 + qu + qP . (2-6)
In Eq. (2-6), 9] and qp are the specific water contents in cloud and pre-

cipitation, respectively. It should be noted that the water substance vari-
ables are the sums of their respective basic states and perturbations. Equa=-

tion (2-3) can now be rewritten as

—R-Q —’-\" - i—- g—-- - = -
T 8 3x 8, 91 9 ° . (2-7)

The potential temperature perturbation is predicted by the following thermo=-

dynamic energy equation

8
.:.Q '.\“ -3—6-9- = 0
Tt + R A 32 ¢ T [Q}_ + Qz] ’ (2'8) .
po
6

L~ I BT AN S T 1, "o < aaT . TS ea e - e e
. H ’




f
(s
i
where cp is the specific heat at constant pressure, where Q1 is the latent f;?
heat gained or lost when water substance changes phase, and where Q, 1is the '4?
loss of heat due tn evaporation of rain falling through unsaturated air. These *
sources will be detailed in 2,3.
Given the temporal history of the water substunce flelds, Eqs. (2-4), ’
(2-5), (2-7), and (2-8) with proper boundary and initial conditions will per-
mit prediction of the motion and potential temperature fields. 2.4 and 2.5
will sumriarize the equations governing the water substance fieids and the
boundary and initial conditions for the model.
2.3 Equations Governing the Macrophysics of Water Substaace
By considering the continuity equations for water substance, it can
readily be shown (1] that the equations for the mixing ratio of water vapor,
q, » the specific water contents of cloud and precipitation, 9. and qp i'?
--all sums of basic state and perturbation quantities--are {
_;_c:_! + Vg, = o} [61"0 :”:i’ 6253) ’ (2-9) :
!
3:21 + veUgq , = -7 [6100 j‘:s + 5,8, + \s“s?) , (2-10) s
,f
-3—92+3-Vq - o‘l[as + 6,5 +6s-3—(qu)] , (2-11)
at P 0 371 b=2 273 oz 07%p

where S, , S, , and S; are source terms. S; expresses the conversion of
cloud to precipitation; 5, tl e depletion of cloud droplets by collision
with falling precipitation (accretion); and S, , the gain in water vapor

through the evaporation of precipitation falling through unsaturated air. In

- ,} 3
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Eqs. (2-9), (2-10), and (2-11), 61 (1 =1, 2, 3, 4) are symbols indicating

the presence (61 = 1) or absence (6i = 0) of certain terms, The decision, as

to whether each of those terms is present, is based on the following criteria:

§, =1 if q >0 or q. = q and w >0 ‘
1
cl v ] (2-12)
61 =0 if q, < 9, or q, = 9, and w<0,
§, =1 if q. >0 and q. < q
2 ’
P \ ] . (2-13)
6, =0 if qp >0 and 9 > o,
§, =1 if q > a
3 cl ) (2-14)
6, =0 if 9., < a
6, =1 if q >0 and q., >0
L
P cl (2-15)
§, =0 if qp =0 or 9 ™ o .
The sources in Egs. (2-9), (2-10), and (2-11) are given by
s, = K(ooqcl - a) gm cm™3 sec”! (2-16)
S = 6.98 » 10710 En¥® ¢ q (0. q )18 gm cm™3 sec”! (2-17)
2 : ¢ Fo%c1™o9p ’

-] _fac a6 5 - -
S = -1,35 x j0-!¢ nja‘ fc(qS - qv)(ovqp) > gm cm 3 sec”! ., (2-18)

In Eqs. (2-9) through (2-18), V {is the relative fall speed of precipitation,
a 18 the threshold value of ©59c1 above which a part of the cloud is con-
verted ro precipitation by autoconversion, ' X 1is the efficiency of the auto-

conversion process (autoconversion parameter), E 1is the catch coefficient

R e I I T T T PR B o e e




expressing the efficlency of the accretion process, n, is the number of pre-

cipitation particles per unit volume per unit diameter, and q is the satura-

tion mixing ratio.

Returning now to the heat sources in Eq. (2-8), the source due to phase

change 1is

(2-20)

From Eq. (2-20), it can be seen that evaporation of falling precipitation will
cause a negative dqp/dt leading to a decrease in 6 . The mode of operation

of Q1 is more clearly seen when dqs/dt is expressed as in (1],

dqg
T = - Hw , (2-21)
where
0.622L - ¢ T
g 0
Ho o= 2 ——| a5, (2-22)
R T2+‘I"“ 0
po R, 80

R 1s the gas constant for moist air, R, 1s the gas constant for water vapor,
L 1s the latent heat of vaporization, and s, is the basic-state value of
qg * Now by Eq. (2-21), when satufated air is moving upwards, condensation
takes place and dqs/dt is negative making Q1 a sourcé.

Therefore, making use of the relatioiship already developed for dqp/dt

with the proper physical conditicns imposed, the thermodynamic energy Eq. (2-~8)

may be rewritten as

i i

HP s w

2
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A further simplification in the system of equations is possible if Egs.
(2-9) and (2-10) are replaced by

3q 3. - - o=l
5 vV Vq . oy §48, + 6,5, *+ 6283) . (2-24)

9, =0 if q <9

9 "9 -9 if 9>4q, .

+ q (2-25)

cl
Note that, with the prescribed conditions, Eq. (2-25) is a simple method of
predicting 9. thereby eliminating the differential Eq. (2-10) for 9e *
Another advantage to vciag Eqs, (2-24) and (2-25) is that in the case of no

precipitation, q 1is conserved, i.e.,

da |

qt . (2-26)

The system of equations which must be solved for the shallow convection
experiment are (2-4), (2-5), (2-7), (2-11), (2-12) through (2-18) with q,

replaced by q , and (2-21) through (2-25).

2.4 Boundary and Initial Conditions

The initial conditions are that the model atmosphere is at rest and con-

tains neither cloud nor precipitation, A buoyant bubble is irntroduced at the

lower part of the symmetry boundary. A quantitative description of the
initial conditions will be presented ‘n Section 4.0 of this report.
The kinematic boundary conditions follow from the geometry of the model,

The rigid wall and symmetry conditions require that motion normal to the walls

10



and the symmetry plane (x » 0) vanish, Also it shall be required *hat qp =0
at the upper boundary, These conditions are shown in Fig. 1. Mathematically,

the boundary conditions are

at z2=0: = =0
at z = H Yy =z m qp =0 ; (2-27)
at -x=0,L: vy =0 =0,

With thesc boundary conditions, the system of equations is complete.

2.5 The Diagnostic Pressure Equation

The incompressibility feature of the model [see Eq. (2-1)] readily per=-
mits the derivation of a diagnostic equation for the dynamic pressure. The
driving forces of the model are the buoyancy force and the dynamic pressure.
Therefore, it 1is useful to obtain the pressure field in order to gain further
insight into tne dynamics of shallow convection as can be seen in the latest
report [4]. The departure of the dynamic pressure from the hydrostatic pres-
sure has been demonstrated for both the dry convection [2] and the moist con-

vection [4] experiments.

The diagnostic pressure equation is obtained by taking the divergence of

the equation of motion (2-2) and applying the continuity equation (2-1) yield-

ing
0 + ¥ i .]" 0 2-28
p - 837 Ffols - - qp (oov v) . (2~-28)
The boundary conditions appropriate to Eq. (2-28) follow from application of

the kinematic boundary conditions (2-27) to the equation of morion (2-2).

Namely, they are that the pressure is hydrostatic at the upper and lower

11
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boundaries, and that the pressure gradients normal to the lateral boundaries

vanish, Mathematically

- : . O . -q ! .
at z2=0,H: ™ 80, 00 cl 'qu 5 .
(2-29)
at x=0,L: %2 = 0 .,
x

Given the complete system of equations summarized in the previcus sec-
tions, and the diagnostic pressure equatlion with {ts| associated boundary con-
ditions, the shallow convectlion fields of motion, potential temperature, water

{
substance, and dynamic pressure may be determined for any time.

12




3.0 SUMMARY OF FINITE~DIFFERENCE APPROXIMATIONS

Consider finite ir. rements (Ax, Az) on the coordinate axes, and let there
be a mesh of points determined by ordered sums of these finite increments. It
follows that that coordinates of any point in the mesh are m’x , niz (m = 1,
2, o.M, n=1, 2 ,.... Analogously, discrete values of time are considered
as ordered sums of a finite time increment 22t (L =0, 1, 2, ,..). Then the
system of equations summarized in the preceding sections may be approximated

" by finite~difference equations defined on the mesh. The finite-difference equa-
tions may be numerically integrated with respect to time between successive
time steps. The resulting system of numerically integrated equations may be
solved for the dependent variables at any time step. Any function, f(x, z, t)
defined on the mesh, will have the value f;,n at the point (m'x, n'z, i't).

Any basic-state vartable ho(z) » being a function of 2z alone, will have the

value hﬁm at the point (nAx, miz, 24t).

3.1 Finite-Difference Equations Used for the Interior Puints

All of the following.equations are used at the interior mesh points for

all time steps except the initial one. Therefore, the dumain of these equa-
tions is 2 <m : M=1, 2 <n <N-1, 2221,

3.1,1 The centered~differecnce approximations

The equations used to approximate Eq. (2-4) to determine the wind

from the stream function are

wi - L
2 - _ m,n+1 m,n-i -
“m,n 242 ’ (3~12)
N o0
'l m+l.n m-1.n
wm,n " 24x * (3-1h)
13
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Equation (2-5) is used to solve for the stream function given the vorti-

city fleld ana {s approximated by

) ¢ g g 1 L
bmrdn T Znn t Veeln Unontl ~ %mn t Vnn-1 - ¢l (3-2)
(:.x)2 (Az)2 m,n

The vorticity Eq. (2-7) is approximated by a modified centered-difference

approximation. The horizontal derivative of [(8/90) - - qp] is approxi-

91
mated by a vertically weighted average of centered differences., The equation
i3 numer.cally integrated from (% - 1)At to (% + 1)At ., With these modifi-~

cations, the equation used to predict the vorticity at (2 + 1At s

2+1 -1 At N At at {08
Cm,n “m,n | 4x [(u‘)m+1,n - (u“)m-l,nJ T Az lfw')m,n+l
92 - 92

_ (w:)i + gt [-m+1ig+1 m=-1,n+1

m,n-1; 42x L Ocn+1

2 At N b (3-3)
+ 2 m+l,n m-1,n + m+1,n~1 m=-1,n-1

94 Yy
°n n-1

e t L .

L
(qm+1,n+1 - qm-l,n+1) - 2(qm-O-l,n - qm-l,n’

£ L
(qm+1,n-l - qm-l,n—l%}

{ .t i
vhere qm'n qum,n + qpm,n . An additional change made in Eq, (2-7) to
arrive at (3-3) is the replacemeat of the advection of vorticity ;-V: by
the divergence of vorticity flux V'QJ . The equivalence of these two terms
is rlear in the case of non-divergent flow.

The diagnostic pressure Eq. (2-28) is modified by replacing the last term

on the left side by its stream function equivalent, thus

VA e, T L e 8 o g . - -




2
Vooo(;cvc) v 2‘)0[{_3-!1_) - ﬂ ﬁJ o (J_é)

Ixoz ax? 2z

With this substitution, Eq. (2-28) is approximated by

2p +p

pm+lln - 2pm,n + pm--l.n + pm‘n+l - m,n m,n-1
(ax)? (az)?
62 Oi
+ -
- E%; o'~3n+1 : 28 - Q: n+l = oOn--l : — - Q: n-1
On+1 ’ On-1 ’
) (3-5)
L L 2 3
* 20, 1707 (on)? [(wuﬂ-l,n-bl by 0 * Yoe1,0-1) (Vom1 e
2 ] g 2 2 g ?
- W, o+ %ﬂ,n-—l) - (wm’nﬂ Uy ne1 " Ymeln T Vmtl,n J .

The term involving the stream function in Eq. (3-5) i{s not obtained by normal
centered differences. It has been found advantageous (see [2]) to take cen~-
tered differences along the diagonals of the established mesh rather than along
the axes., This procedure is valid only if 4x = Az , in which case, the mesh
length is Y2 + Ax rather than Ax and/or Az . The advantage of using this
technique is that it insures consistent truncation of both terms of the right-

hand side of Eq. (3-4).

3.1.,2 The Lax-Wendroff scheme applied to the equations for heat and
water substance

It should be noted that the Eqs. (2-23), (2-11), (2-21), and (2-24),

used to predict 6 , qp » 9 and q , respectively, are all of the form

of -+
3t + Ve(fv) = s ,

where § svmbolizes the dependent variable, and S 1s the totalicy of sources

and sinks. These equations are approximated by the two-step Lax-Wendroff

15
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scheme. For the sake of brevity, the scheme will be described for the general

equation above, For odd time steps, the approximation {is

1+1 L At L ¢ ae [, e
fu,n " fm.n + 20x [(fu)m—l,n - (fu)m+1,n] + 24z L(fd)m,n-l
- (fw)* + m;‘-s2 (3-6)
m,n+l m,n °’
in which
L L L £
- fm+1,n + m=-1.n + m,n+l m,n-1
f : . 3-7)
m,n 4

In the case of variables which are retained as the sum of the basic state and
the perturbation, e.g., q , in order to avold smoothing the basic state, the

following expression is used in place of Eq. (3-7),

£ L L 2 L L £
£ fm+lln m-1,n + fm,n+1 + fm,n-l - 2f0n - f°n+1 ~ fnn—l
f - + fy .
m,n 4 n
(3~8)
For even time steps, the approximation is
1 i-1 Ag[ 2 v ] at ]
fm,n fm,n + Ax _(fu)m-l,n (fu)m+1,n + Az [(fw)m,n-l
(3-9)
£ L
- (fw)m'n+l:l + ZAt Sm’n .

In application to the particular equations in 6 , qp . and q , f
needs only to be replaced by the proper symbol and S by the appropriate
source-sink terms.

This completes the finite difference approximations to the system of

continuous equations required at the interior points of the finite mesh.
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3.2 Boundary Conditions tg
The boundary conditions, Eq. (2-27), for the verticity and stream func- e
. tion fields can be readily expressed in finite difference form. They are fﬁ
&

L 3 L [ : L
4, " *Myn T fm2 ‘a,N 0, R

(3-10) P

L L L 1) -

YIbn " YMn T Ve, T Ve T 0 g

Application of these conditions to Eq. (2-4) leads to one sided difference

approximations
2 £
g Y v e 1am
1,n ax ! M,n Ax ’
u _ om,2 u . DyN-1 .
m,l sz m,N Az

These conditions are explicitly applied to the stream function Eq, (3~1) and

the vorticity Eq. (3-2).

The boundary conditions, Eq. (2-29), in finite difference form are

i A

8
2 - l L] . M - 1 a
P, N Po,N-1 T 88200y [ B0y qm,N} , ‘)

r L o (tma ] g
Pp,1 P,z ~ 8'42°0qy [ 8, . qm,l) ’ g
s (3-12)
L . ’
Pl,n pZ,n ’
3 I
PM,n pM-l,n * J

For heat and water substance, the kinematic boundary conditions, Eq. (2-27).
must be applied to the respective differential equations, The resulting differ-

ential equations may be of either of the two following forms:

T T AU AW .

a7 .
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of af
3t+v

{ 3 = 5 , (3-13)
i
or
af afvy vy
e Y, T fTn, T %o (3-14)
wvhere the subscript 1 indicates the direction parallel to the boundary under
consideration, Thus, for the lateral boundaries, vy w o, x, Tz, and for
the upper and lower boundaries, v, : u

N » X EX

Consider first the Lax-Wendroff scheme for Eq. (3-13).

.

For brevity, we
will demonstrate the approximaﬁions only for the lower boundary. To dctermine

the approximation for any other boundary, one need only substitute the proper
subscripts and wind components,

The approximation for odd time steps is
2+l

fp,1 " ?;.1 + %Z'; ‘—‘:,1 (f:-l,l" f:.+1,1) + “'5:,,1 , (3-15)
o ") fari1 * fat1
fn,1 e (3-16)
and the expression for Gl’l is the same as (3-16) with f replaced by u .
For even time steps, the approximation is
f:ﬁ - f:,:i + -ﬁ—i ﬁ;,l (f:_l’l- f:‘_'_l’l) + 2At-S;’l . (3-17)

This form 1is applied to 6

Now consider the Lax-Wendroff scheme applied to Eq. (3-14).

For odd time
steps, the approxima*ion is
2+1 =1 At L L 3 L
fa,1 T [(fu)m—l,l - Wt a1 (el
£

um-l,l)] + At'Sm’1 .

For even time steps, the approximation is
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b ey

£ =t L

L+l g-1 At £
£, 1 fo,1 * = [kf")m-1,1 = W1 = o1 “ae,l

X . (3-~19)
- um-l,li] + 2At°Sm,1 .

This form is applied to q and q, and to qp at the lateral boundaries,

At the upper boundary, according to the boundary conditions, Eq. (2-29),
qp is zero. At the lower boundary, a special scheme is employed to solve for
qp + The form of the differential equation is the same as Eq. (3~13) where
- (a/az)(qu) is included in S . Instead of the two-step Lax-Wendroff scheme,
a forward time difference scheme is used. One other change is that ugwind dif-
ferences and averages are used to approximate the advection term rather than
the centered differences which are employed in all other approximations, With
>0 , then

these changes, the approximations are: 1if u o1
b

241 2 At f“: 1t “:-1 1], 2 2 g
Pn,1 * Wm,1 T “2'( 2 (qpm,1 - qpm-l,l) *oaesSy s
(3-20)
and, if u g < 0 , then
)
S N 1 [May1 * Ume1 (ot cal )+ seest
9pm,1 9pm, 1 Ax l 2 Pp+1,1 =~ Pm,1 ml %30

This completes the incorporation of the boundary conditions into the

finite difference system.

3.3 Initial Time Step Approximation

The finite difference form for the vorticity Eq. (3-3) involves the pre-
vious time step. This cannot be done initially so the following approximation

is used to compute the vorticity field:

1 ®atl.n ~ Sael
- g4t m+l.n m=-1.n
°m,n 2:8x 8, . (3-22)
n
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The finite difference form, Eq. (3-6), applies to the remaining prediction

equations.

This concludes the summary of the finite difference approximations for
the shallow moist convection simulation model. The next section describes

the initial data required for the experiments,
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4.0 THE INITIAL DATA

The initial data required for a moist convection simulation are the

one-dimensional basic-state fields of potential temperature 6, , density,
P, » temperature T, » pressure Py » saturation vapor pressure eg, , and
relative humidity r, » and the two-dimensional perturbation field of poten-
tial temperature corresponding to the buoyant bubble. The fields of T, ,
Po» €39 » ayd L are used to compute the initial fields of q, and q, -
Initially the model is assumed to be saturated and to have, very nearly,
a moist adiabatic stratification. The physical variables which characterize
this basic state are presented in Table 1. These are the same values which
have been given in previous reports (3, 4].

The buoyant bubble is the same as used in all previous experiments [2,

3, 4]. 1t is shown in Fig. 2 as a potential temperature perturbation. i

bt B - SR
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‘Basic-state distribution with height of potential temperature, tempera-
ture, density, pressure, saturation vapor pressure, and relative humidity,

Table 1

2(10%m)| 8,(°K) T,(°K) po(lo-3g/cm3)! po(mb) eg , (mb) 4 :p(Z)
0 297.00 297.00 1.160 | 1000.0 29.83 | 100
1 | 297,53 | 296.58 1,149 | 989.0 | 29.12 100
2 | 298.06 | 296.16 1138 | 9780 | 28.43 100
3 | 298.58 | 295.74 1127 | 967.0 | 27.58 100
4 | 299.22 | 295.32 1114 . 955.0 | 26.92 100
s | 299,80 ; 294,90 1,103 944.0 | 2627 | 100
6 | 300.37 | 294.48 1,092 933.0 | 25.64 | 100
7 | 00.88 | 294.06 1.082  © 923.0 . 25.01 100
8 | 301.48 f 293.64 1.071 | 912.0 | 24.26 100
9 | 30199 | 293.22 1.061 | 902.0 | 23.66 100
10 | 302.52 | 292.80 1.051 | 892.0 | 23.09 100
11 | 303.05  292.38 1.040 | 882.0 ! 22.52 100
12 | 303.61 | 291.96 1.030 | 872.0 f 21.96 | 100
13 | 304,16 | 291.54 1.020 | 862.0 | 21.29 100
16 | 306.74 | 291.12 1.010 J 852.0 | 20.76 100
15 | 10s.35 i 290.70 0.999 | 842.0 E 20.24 100
16 | 305.96 | 290.28 0.989 | 832.0 & 19.76 100
17 i 06.56 | 289.86 0.979 é 822.0 © 19.25 | 100
18 | 307.07 | 289.44 0.970  : 813.0 | 18.64 100
19 | 30772 289.02, 0.95 | soz0 | 1817 ¢ 100
20 ! 308.25 | 288.60 |  0.950 | 7940 | 17.71 E 100
21 | 308.81 288,18 0.941 . 785.0 | 17.26 | 100
22| 309.49  287.76 0.930 | 775.0 | 1683 © 100
23 | 31007 | 287.3% | 0,921 | 766.0 | 16.29 | 100
26 | 310.68 | 286.92 0.911 757.0 | 15.87 100
25 | 311.28 ; 286.50 | 0.902 748.0 | 15.47 100
26 | 311.91 | 286,08 1  0.89) 739.0 | 15.07 100
27 | 312.54 | 285.66 0.883 730.0 | 14.68 100
28 | 313.05 | 285.24 0.875 722.0 | 14.20 100
29 | 313.73 | 284.82 0.865 713.0 | 13.83 100
0 | 314.26 | 284.40 0.857 705.0 | 13.47 100
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Fig. 2. Initial potential temperature perturbation in
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5.0 PROGCRAM DESCRIPTION

This section describes the current computer program used for the numerical
simulation experiments in moist, shallow convection. The most meaningful type of
program description is in the form of flow dlagrams given in Appendix B, From

these, the details of the logical flow within the program may be followed.

5.1 Input

The required input to the program can be divided into three categories:
control variables, program constants, and initial fields. The latter were sum-
marized in Section 4.0, The others will be discussed below.

5.1.1 Control variables

The variables, which are used to control certain internal operations
of the program, permit flexibility in the computations and the resulting output.
By being able to set these variables at the outset, one is able to significantly
modify the computational scheme without changing the existing prograﬁ.

The control variables in the present program are given in Table 2, All

of the control variables are punched on one input card.

Table 2
Control variables input to the program
v
Progra;aiézgtffication Coatrols
MX Number of horizontal grid points
N2 Number of vertical grid points
NTS Number of time steps
IDT™X {Maximum allowable time steps
ITST »Frequency of relaxing the dynamic pressure field.
Pressure relaxation always occurs initially and at
end of first time step, i.e., 1If ITST = 3, relaxa-

jtion occurs at time step 0, 1, 3, 6, 9, ...

JTST  Frequency of printing output, Operation equiva-
| lent to 1TST
)

M@ iDry (IM® = 0) or moist (IM@ = 1) convection simu-

Allation
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5,1.2 Program constants

The program constants are used in the computations. By changing
these constants, except for CVN1 and CVN2, the physics or geometry of the

experiments are modified, The program constiunts are given in Table 3,

Table 3
Program constants inp. to the program )
—
Program Constant Definition
CL Horizontal extent of model
CH Vertical extent of model
GV Viscosity coefficlient., The model has so far been run
with GV = 0 (non-viscous)
CVN1 Convergence criterion for stream function relaxation
CVN2 Convergence criterion for dynamic pressure relaxation
RV Water vapor gas constant (R,)
EL Latent heat of vaporation (L)
cp Stecific heat at constant pressure (cp)
R Moist air gas coastant (R)
ZNO Number of precipitation particles (“0)
A Threshold value for autoconversion (a)
ZK Cloud autoconversion parameter (K)

Precipitation catch coefficient (E)
Relative prccipitation fall speed (V)

5.1.3 Input format
All of the input is on punched cards to be read by the computer.

The format of the input cards may be found in Tatle 4,

Curd 1 is a recovery control card. The detalls of its function and for-
mat are discussed in 5.,4.2, It can be seen from Table 4 that a standard moist
convection experiment reauires 237 cards of input data. It should be noted

that the program can be used to simulate dry convection, {.e., convection in

25




which all water substance {s ignored. As shown in Table 2, the control var{-
able for a dry convection run {s set equal to l. Therefore, input card 5
must be altered accordingly., Also, input cards 204~2317 are not part of the

input recuired for a dry convection experiment,

Table &4
Input card format
Input Card [Fortran
Contents
Nugbsl —— = PR o) 3 [ 3
é L See 5.4.2 |-
2 ; Cormments to identifv the experiment; used for L1246
i output |
|
3 { CL, CH, GV | 6F12.4
4 | Blank, CVNI, CVN2 © SF12.4
5 ' N7, MX, NTS, IDTYX, ITST, JTST, IM@ 715
6~11 ' Basic potent.ial temperature field, ﬂon | 6F12.4
12~17 E Basic density field, in | 6F12.4
18-203 | "Bubble" (potential temperature perturbation field | 6F12,.4
Poa :
& 'm,n) j
' }
204 | RV, EL, CP, R | 4F12.4
205 i ZN@, A, 2K, E 4F12.4
206 | V - 1F12.4
|
2 ] .
207-237 ‘ T‘n’ Prps @ s Top 4F12,4

5.2 Internal Operations

The internal operations of the computer program have been separated into
subroutines each of which performs a specialized set of computaticns and/or
operations. The main program (MAIN) controls the sequence in which the sub-
routines are called upon, thereby directing the general flow of the computa-

tions. Each of these aspects cof the computer program are summarized below,
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5,2.1 Subroutine operations

Within each subroutine, a block of operations or computations is

performed. Table 5 states the purpose of each subroutine.

Table 5

Purpose of program subroutines

Subroutine

pLortran Name

Purpose

PRTIN
MAISIN
RELAX1

RELAX2

HYPRES
CSBR

PRDCT™

PREDIN
PREDUL
PREDLR

EXCNG

SM@ATH
DUMP

SUMPK

SUMTB

PRT@UT

Prints the "dry" input to the moist or dry convection simu-
lations

Reads and prints "moist'" input; computes and prints initial
9q- and q~fields

Performs relaxation of stream function fleld; selectively
prints convergence information

Performs relaxation of dynamic pressure field and prints
convergence information

Computes hydrostatic prescure (P2)
Computes source function for €-prediction

Computes source functions for and controls prediction of q
9> and q

p’
Predicts values of qp’ 9 and q for interior points
Predicts upper and lower boundary values of qp. g and q

Predicts lateral boundary values of qp, 9 and q

Selectively controls flow of arrays to and from auxiliary
storage

Transfers fields from dummy array (DUMA) to proper array
Prints source functions for 6 and qp

‘Computes and prints space averaged potential and kinetic
energy

Computes and prints spéce averaged potential temperature’

Princs the fields of potential temperature perturbation,
stream function, vorticity, dynamic and hydrostatic pres-
sure, specific water content of cloud and precipitation,
saturation mixing ratio, and total specific water sub-

stance (q)
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Some of these subroutines are called every time step while others are
selectively called, based on input values of certain control varfables,
namely ITST and JTST. The subroutines which are selectively called are
DUMP, RELAX2, HYPRES, SUMPK, SUMTB, and PRT@UT. There are also two sub-
routines which are called only at the initial time step, namcly PRTIN and
M@ISIN,

5.2.2 General flow

This section will merely summarize the general flow. The summary
will neglect the variations under the several recovery options as these will
be discussed in 5.4. The details of the general flow are shown in the flow
diagram of the MAIN program, Fig, A-l1 (see Appendix B),

The general flow of the computations are summarized below:
1. Read input cards 1 through 203,
2. (Compute program constants.
3. Call PRTIN,
4. 1f moist convection - call M@ISIN,
5. Call SUMPK, SUMTB, RELAX2, HYPRES, PRT@UT.
6. Compute initial vorticity field.
7. Call RELAX1,
8, Coupute vind fields (u and w) from stream function field.

9., 1If moist convection - call CSBR.

Performed

10, Compute potential temperature for odd time steps.
alternately

11. Compute potential temﬁerature for even time steps.
12, 1If moist convection - call PRDCTM,

13. If this time step is to be printed - call SUMPK, SUMTB, RELAX2Z,
HYPRES, PRT@UT, .

14, Compute and test length of next time step,
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5. Compute new vorticity field.

16. If this is not last time step - return to step 7.

17, ST@P.

As pointed out in 5,1,1, the decisions which determine the specific
flow (dry or moist convection, print or non-print time step, last time step)

are directed by the input control variables.

'This concludes the summary of the internal operations of the computer

program, The following sections will discuss the output,

There are three types of output from the program. In order of importance,

they consist of:
1) the physical and kinematic fields,
2) flelds or values which either measure the efficlency of the compu-

tions or provide additional details of the physical properties of
the model (printed by the RELAX1l, RELAX2, DUMP, SUMPK, and SUMTB

subroutines), and

3) the input data and the initially computed fields (printed by the
PRTIN and M@ISIN subroutines).

5.3.1 Form
The primary output consists of successively printed fields of
8, ¥, r , dynamic and hydrostatic pressure, 901 qp s Gg and q .
Along the margins of each field, the x and 2z indices are printed.

The secondary output takes several forms. The convergence information
printed out by RELAX1 and RELAX2 consists of three columns of figures corre-
sponding respectively to the number of each iteration, the maximum residual
of th.it iteration, and the departure from the convergence criterion, Thus,
a summary of each relaxation is printed until convergence or 50 {terations

have occurred. The output from DUMP consists of printouts of source func-
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tion fields for 6 and qp . The output from SUMPK consists of three num-

bers, namely the space averaged potential, P , and kinetic, K , energies

and the difference P -« K, The final secondary output comes from SUMTB

and consists of a single number, the space averaced potential temperature.
The initial outputr from PRTIN and M@ISIN consists of an orderly summary

of the input data, as well as the initial fields of 0 , g » and gq .

5.3.,2 Controls and options available

The controls and options available for the output, at present,
are centeced in the two rontrol variables, ITST and JTST. By suitable choice
of ITST, one cen specify the frequency of relaxing the dynamic pressure field
and computing the hydrostatic pressure field as well as the printing J{ both
pressure flelds. The frequency with which all other primary and secondary
output are printed is established by the value input for JTST. Therefore,
the output options, presently available, consists of a predetermined fixed
frequency of pressure fleld output and a predetermined fixed fr .cnency of
other primary and secondary output. These two frequencies can be either the
same or different. The modes of operation of ITST and JTST were given in
Table 2,

5.3.3 Anticipated changes

There are several changes in the output which are anticipated.
These are:
1) water substance budget,
2) changes in qp output at the vottom of symmetry “oundary, and
3) more output options,
The first change will be made shortly. The water substance budget will

consist of the space averages of water vapor density, liquid cloud density,
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precipication density, and cumulative precipitation reaching the lower bound-
ary. All of these will be computed at selected tims ot-pr & evaliate (ud
degree of computational agreement with the water substance continuity equation.

Presently, the corner values of qp remain zero for all time., Clearly,
the value at the bottom of the symmetry boundary should eventually become the
maximum value in the qp field. A scheme to determine qp at that point.
will be developed in the near future.

The third anticipated change is more speculative than the others. Un-
doubtedly, it would be desirable if the output options were more flexible
than they are in the pr‘sgnt program. If svitable criteria can be established,
it would be most advant;éeous if the printing frequency could be internally
controlled, The criteria would be used to determine significant changes in
the model, Then, detailed output could be obtained when significant changes
were occurring, whereas a more general output would be printed at a predeter-
mined frequency. If these criteria can be established, more flexible output
options will be developed.

This completes the changes in output which are presently anticipated.

The next section will discuss the recovery capability of the program,

5.4 Recovery j

The recovery feature is the most recent change that has been made in
the program., This feature permits resuming a completed convection experiment
from some prudetermined time step under various values of the physical parame-
ters, The most obvious advintage in having this option available 1is the
capahility of assessing the sensitivity of parallel experiments tuv varying

physical conditions.
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5.4.1 Method

By a suitable initial input card, a given convection experiment
can be run so that a recovery can be accomplished from specified time steps.
This {s achieved by.storing on tape the arrays of all unknowns, as well as
the necessary program constants, for the fixed-interval time steps specified
on the initial {nput card.

To recover from a previous convection simulation, by including a suit-
able initial input card, the recovery tape is searched until the data for the
predetermined time step are found. Then the following sequence occurs.

1. The data is read from the recovery tape into the computer's internal
storage,

2. The physical constants (input cards 2 through 5, 204 through 206)
are then read into internal storage.

3. The general flow is started at step 7 (see 5.2.2).

4, The experiment 1s run to completion.
The details of this sequence may be found in the flow diagram of MAIN (Fig. A-
1). Note that step 2 above is the point at which the physical conditions
for the recovery simulation may be changed from those of the original sinula-

tion experiment,

5.4.,2 Avallable options and associated input controls

All of the recovery options are guided by the values of the con-
trol variables on the initfal input card. There are four recovery control
variables, namely

INT - designation of recovery tape unit
NTPS - number of time periods to be skipped for recovery tape input
IDINC - fixed-interval for selecting time steps for recovery output

IBTS - starting time step for recovery input.
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The FPRTRAN format of the first input card is 613, 9A6; and the contents are

INT, NTPS, IDINC,

IBTS, blank, blank, recovery comments.

The four available recovery options with the associated values of the

control variables are as follows,

Option 1 -
Option 2 -~
OetiOh 3 -~
Option 4 ~

No recovery input or output

INT = IBTS = 0

Store necessary data on recovery tape every T time step
starting at time step O ,

INT = any number between 8 and 26

NTPS = O

IDINC = T

IBTS = 0

Recover from previous experiment where IDINC = T, at time
step TS and store necessary new data on recovery tape

every Tn time steps (Note: Tn may be different than Tj).

INT = any number between 8 and 26
NTPS = TS/TO
IDINC = T
n
IBTS = TS
Recover from previous experiment where IDINC = Tq at time
step TS , but do not store any data for future recovery
INT = any number between 8 and 26
NTPS = TS/TO
IDINC > NTS (number of time steps in experiment)
IBTS = TS

The detalls of the mode of operation under each of these operations may

be found in the MAIN flow diagram (Fig. A-1).
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6,0 CONCLUSIOMS

This report summarizes the convection model which has been developed at
The Travelers Research Center, Inc. for the sponsoring agency. The primary
purpose of the report is to pive a detalled description of the comrputer proF
gram which numerically integrates the modelling equations. The concluding
remarks will discuss the present status of the computer progran and the future

plans for its use.

6,1 Present Status

The results summarized in the last report under this ccntract [4] were
obtained using the program described {n this report on the IBM 7094 system,
Since that time, the program has been modified so that it is fully operable
on the UNIVAC 1108 system, From the timing obtained on trial runs, it is
anticipated that, to perform a simulation of 10 minutes of moist convection,
will require approximately 22 minutes of computations on the 1108 gystem,
This is approximately three times faster than the I[BM 7094 requires for the
same simulation,

Of the total internal storage available for program instructions, approxi-
mately 70X remains available after the present program is stored. Also,
approximately 35% of the data storage remains available when the present pro-
gram is running. A characteristic feature of UNIVAC 1108 is that these two
types of storage are interchangeable only at the sacrifice of speed in compu=~
tations, If this is done, a considerable increase in data storage is possi-

ble, and expansion of the present program {s under consideration.

6,2 Fuyture Plans

The future plans for this project may be summarized in three separate

categories:
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1) computational modifications,
2) changes In basic state, and

3) experiments,

Naturally, there is some interdependence between the categories,
The plans for computational modification are:

1) computation of a water substance balance,

2) computation of variable qp values at lower corner of symmetry

boundary,

3) correction of space averaged potential energy, and
4) computation of a variable precipitation fall speed.

The first three modifications have been discussed in foregoing sections of
this report. The last modification represents a change of the present method
of using a constant fall speed. A suitatle formula obtained elsewhere, re-~

lating fall speed to appropriate cloud physics parameters, will be used in

the future.
The plans for changes in the basic state are:
1) a non-saturated lower layer, and

2) a very stable, non-saturated upper layer,

These two changes are quite simple to accomplish., Moreover, they produce a

basic state more comparable to the climatological tropical atmosphere.

The anticipated experiments include:

by using recovery, comparing the effects of suppression and non-

1)
suppression of precipitation,

2) studying the effects of 'he stable top layer, and

studving the effects of the evaporation of precipitation in the

3)
non-saturated layer below the cloud base.

The next report will discuss the results of the experiments completed

in the next six-month period.
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APPENDIX A

List of Svmbols

With the exception of n. , S;bscript n on any symbol is used in this
report to designate the basic state of the variable represented by the symbol,
Superscrint g and subscripts m and n  on any svmbhol 'In this report are
used to denote the value of the variable represented by the sumbel at a point
in the finite difference mesh with & the time index, m the x-index, 1nd
n the z-index. Table 3 gives the alternative symbols used in the program for
certain of the syvmbols given below,

a threshold value for . q.p [above which a part of cloud is

cenverted to Qrvcipitntion hrough autoconversion; set equal
to 0.5 ¢+ 10 gm cm™’ in the experiment reported in [4]

\\
specific heat per unit mass at constant pressure (1.004 - 10°

<
p erg gm=1 deg=1)

F catch coefficient for depletion of cloud by precipitation

e, saturation vapor pressure

o acceleration due to gravity (981 cn SPC‘:)

H source function for saturation mixing ratio [Eq. (2-22)) and
vertical extent of the atmospheric model; set equal to
3 - 10 cm ;

K paramcter in expression for autoconversion of cloud to raing
set equal tc  107° sec™* in the experiment reperted in (4]

L latent heat of evapcration iZ.SOO - 1017 erg gm~!), and one-
half the horizontal extent ¢f the atmospheric model in the
x-direction; set equal to 3 < 10" cm

n. parameter for size distribution of drops in precipitation; set

' equal to 107 m=

P dvnamic pressure

P2 hvdrostatic pressure
(s +

q 1, ic1

a + ¢

1 qu {p

g

FS

o,

RS




F B

<

§

specific water content in cloud

specific water content of precipitation

saturation mixing ratio

mixing ratio of water vapor

gas constant for moist air (287 » 10“ erg gm~! deg™!)

gas constant for water vapor (461.5 x 10“ erg gm™! deg~!)
relative humidity

source terms for water substance

temperature

time

horizontal component of the wind In the x~direction

vertical fall speed of precipitation; set equal to 2 - 10-

em sec™'  in the experiment reported in [4)
vertical compouent of the wind

horizontal coordinate

horizcntal coordinate

vertical coordinate

(i = 1, 2, 3, 4) svmbols indicating the presvnce (‘i = 1) cor

absence (‘i : 1) of certain terrms

vorticity for two-dimensional flow

potential temperature

density

two-dimensional stream function

unit vector directed along the positive x=-axis
unit vector directed upward along the vertical
two~dimensional velocity vector

two-dimen: ion2] nabla operator (I(?/ x) + ﬁ(:/'z)]

T T R t——— o eag—er N " it =
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APPENDIX B

Flow Diagrams

The flow diagrams of the MAIN program and the 16 subroutines of the com-
An

puter program for the convection simulation model are contained herein,
effort has been made to include a sufficient amount of detail to permit the
reader to follow the logical flow of the program.

The symbols used in these diagrams are, for the most part, those which
have become standard flow chart symbols. The explanation cf the symbols is
found in Table 6, |

It should be noted that subroutine SUMPK presently applied only to dry

convection, This subroutine is being entended to include moist convection.




Table B-1

Flow diagram symbols

Symbol

Meaning

Do o

Remarks

g

Direction of flow

Program step(s)

Go to subroutine NAME

Decision based on answer to question posed by con-
tents of the symbol

Connecting link in flow

Programmed halt

Return to calling program at calling point

Perform the remarks operation by calling sub-
routine EXCNG

S e - o G A e PO 0 - . a—

at

-
Y

RO




[l\\ n' recovery (mmul ¢ n(l]

IRI- cr oo

Is this a non-
R — U S 114

[ IRECI 0

! Print recovery

———)/N() —— parameters:

[INT. NTPS.

IDINC

IDCT o
NDINC - IDINC

IRFCT - 1
IDCT 1
NDINC IDINC

Backspace to t(
moist arrays

L JR( td 1nput purame tvrs
; CH, GV DUMI 2

! CUNT.2, NZ1 MX1 .\rsx
"{ IDTMX. ITST. JTST: IMO

Not starting from

recovery?

Read dry
Arravs

Has the correct dry
arrayv been found?

P

Not starting fmm
recovery?

Form "” Y KEY 1 '

Set computiation
constants

A

\

Fig. B-1l.
B-3

—~

KEY =0
"‘\P)( —BTS - ->®r——4 NTST = N@ - ITST -
MTST = NO * JTST -

7

i
i

Skip records
to recovery

point ol dry
array

Slnp
wrong
time

step

]

MAIN - Directs general flow of computations.

P SN




| Compute
DT

No friction?

Compute

constants

—3 MQISIN ’
Is this a :
dry run? /\
YES IBTS = (- NO
NG

Not starting from
recovery?
RE LAX?2
< HYPRES
PRTOUT4 >
rNo “1 Compute initial
ol .0 vorticity field
— N /\

(' SMOOTHI(1) >~———-———)\Lj——-—-—-

Fig. B-1 (Continued)
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( RELAX T (MTST KFY) )

ol

Compute winds
llrum . hield

e MO - wf:)>—-- CSBR

Is this a dry run?

Safve tor v
usIng even

Solve for v

. ,',/ h \'\
—@ NOL 2 —@*—) using odd
equ.ation

vyuations

Is this an even
l time step ? {
Y r_,v.m&. i
FACT 1,02 L FACT = |
NOI ] 1 NQI = 2

1\10 }—-9( PRI)(TVI >

I this o dry run"

Is thas first

{ l(,o : “. time step? -
S 1 TSUMPK
SO} SUMPK )
R ZE

{ SUMPK ,
Is this a non-

' I printed time step? Y

Ve
(" SUMTR ) R *"-—'»T-—w ( stmTn
N

-

|
! :
o e P e ! /,',\./ ; \ i e e
{ rew wr ) 0o '.7]( C}«w——* NO Y= 160 - ’
- Y Sm—
|

T
l
X Will pressure not he e M

‘b ! computed this time step? ( RFLAX2
I A

—+ NTST \TbT : 1T91 ]( momemed  HY PRES ’

Fig. B-1 (Continued)

B-S
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( » :
HYPRES X . - ) T T s e e .
C: ‘@0 NO -~~§{ MTST MTST - JTST ]
,,..__.A_Jl.*v. Non-printed
( PRTOULIGO ) — tme step?
Compute new ST, A
L—‘—‘——*—l time step {PRTO!'T 16w )
DT
-
Compute new
vorticity (7)
field
-~ ~
S @g ._(Q/n\ NO
No recovery ?
Store N
'] RN
NECESSATy .- e S e e s e
dry ditta g———(@»- JDCT NIDINC IncT IiDCT - 1 .
of recovery t
Lipe
Is this time step
to be store !”
['mer wer - 1] ‘ ' I
i ;
2
[ e - xove e | :
V/’
- C
)\ - [
/ Rewind recovern
NT - w,‘1,>-,; -
JES ~<J\T)-- O | tive JINT i _]
No recovenn ?
[
\

Flg. B-1 (Continued)

B-6

B B . . . »




[_Writt': N7, MY, NTS, CL, CH, CVNI1, CVN2

r

Write heading for f’ﬂ. PU

o

Write n, U( . p“ forall n
n n

(level, basie ¢, basic o)

Write: A7. Ax. At. OM

T

"
Write: 8 for all m,n
m,n

(Potential temperature perturbation)

Fig. B-2. PRTIN - Prints "dry"” input.
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e te—

'

1 Reovdd mousture constants

PR LL,e R on L RORELY
p 1)

Y

t
»
P Hewd hadie state Delds e csoeed
Cto compute morsture tielas
T .p o .e .r qn LN
o ~t "

[}
n n n n

!
v o
Write the constants ol 0 sjeds
as part of the ity page

fvowx v R
; CoN: LT R
CONa T e T v
N
— ¥ ey

Store oty fiehds

P
L FENONG ’

. e w - \4.)

Not starting
fraom recovery?

P T S
ot me ot e s
Tt vee Ve v L
.- . T AN e ey L
: N '
r T B ’ - .
. n t tmont - -
" a0 R .
A > . P, oo it 1“ !"‘ . Tk e v '
m n , R, n
*
. ¥ ¢
A o, i
) "
s - .
Q HQS HEE g o
‘oo

[ R ‘,‘
‘moom »\::} L N ~y+<}A~
i \/

Consg tered gl poants
i e n?

Fig. B-3. MPISIN - Reads and prints "moist” input; computes and prints
init{ial 94 and q fields.
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Completed all n?

JSONRUNNRPIENIS SV VU,

Fix corner vialues of

q_ and g as constants
]

|

T "

QRO qq
I.n

A
=
( ¢
N\
[SUN .
n n 1
m 1

.Y

Store motst helds

o

Recall dry ficlds

\  EXCNG ’

-

RETURN

Fiy. B-3 (Continued)
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Is this first time step?

Write heading for
RELAX1 summary

MTST > NO

Is this a non-print
time step?

T1 = d'mJn_] wm.n‘l

a 2)2

b +
m-1,n um*lJn

B x):

T2 =

2y
T3 =1¢ 4 ——mn

™R ax? s @ag?

T4 =T3 -T2 - Tl

Fig. B~4. RELAX1 - Performs relaxation of y-field; prints convergence
information.
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-t el o

LSRR SV Y . . - -

[Tl..* max of TS, TL]

L Te oM ax’ - @zl
2

Considered all points
at level n?

Computed all values?

[m:srm. TL - vt |

YES

First time step?

Wnrite: 1, TL, RESTOL
(no. of iterations, residual,
Aar~=sure frem convergence)

— -

RESTOL =< 0

Has the ¢-field converged to a
solution of Eq. (3.2)?

RETURN

Has the ;-field been relaxed 50 times?

Fig. B-4 (Continued)
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N A
i

I e s e
s

Mo, I 0 TR,

NOTE: CYN? wperstied in calhing program

Compute right side of Fq. (3 5) for
each (nterior point \'3m n

Len e

o i

Compute pressure difference at lower boundary:

]
' m,1
ap gdz-p 7 - §
m.1 mLam m.1

Compute pressure difference at upper boundary:

re
| _m,N ]
= . f—222 _ &
R p‘)Ni ooN G N

2
Store: -\Pm',- (ax) - V:;m.n' PN

in a one-dimensional array 2‘

yl i} pm.n
| one-dimensional array of pressure

[‘.’onsider first point (2.1) at lower boundary ]

i == (m.h o
il *—= (m,2)

Compute product of residuat and overrelaxation coefficient (M)
RIS - Q)M-(y“ Sy - zi)

y, =y, * RS

Pig. B-5. RELAX2 - Performs relaxation of p-field; prints convergence
information.
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" w S A ol

- - e
B
{(YES - 3 NO
TS - IRIS| | TL  max of TL. TS }(-—- TS = |RIS/Z !
i

/" Considered

all points on
lower

boundary ?

IS

e b e

2 QAK/AZ)Z
2 2(1 + 82)
3-1- U2

w

[l

t

-

{Cunsnder level above lower boundary (n = 2} I

[ Consider the point (2,n) at left boundary I(——————-—O D ’

|
3
|
i

i3 —@2n
i31 ==(2, n-1)
i32 ==(2.n*D
i3+1 = (3.n)

= ! - . - - .
RIS = (AM/UDNZ . - S2:¥,5) * ¥ig9) = ¥iq,q - U3yl

[ 1s - ims! b—{ TL - max of TL, TS je— TS - 1RIS/Z, !

Fig. B-5 (Continued)
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R,

r’m Ty RS |

[ Consider first interior point (3.n) at level n]

2 = (m.n)

121 = (m,n+D
122 = (m, n-1)
12-1 = (m-t, n)
i2*1 == (m'l. n)

RIS = (OM,/U2) - vz . s2- : -
@MDYy = U2y, 2 Yy S20,, Vg - 2]

j =
L TS - RIS TL = max of TL, TS | TS - !RIS/Zi,,!

“Considered

YES all pointsat L NO) m- m* 1
level n "
h i4 = M-1,n
Consider the point (M-1, n) i41 = (M-1,n-1
at rignt boundary i42 == (M-I, n*'DH
14-1 == (M-2. )
8 = UNZ - 8 . - - Us-
RIS = (OM/UDINZ, | - 52,y " ¥ 40) - ¥y g = UBY,

I

Fig. B-5 (Continued)

B-14




i . . PO andid

a g R M. LAt o . s e A

Consgidered

« 1 NO
_ — .
TS RIS TL - max of TL, TS TS - INS/Z |
T

tYES all interior
levels?
Consider first point (2.N) i7T == m,N
at upper houndiry — i8 === m,N-1
. FRXS OM - (_\r’m “ Vgt 2‘7) ]

[ TS - |RISI TL - max of TL. TS

Considered
al] points on
upper
boundary”

! RESTOL = TL - cvxé]

'
L

Fig. B-5 (Continued)
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G - SR
P B B T T b LR I B L o P

e g — -, 1. o o s Y Cerdrs e

Write: ITER, TL, RESTOL )
{No. of iterations, residual,
departure from convergence)

RESTOL =0

Has the pressure field
converged to a solu-
ticn of Eq. (3.5)?

ITER = ITER + 1

Compute average
pressure = PAVG

Has the pressure field been
' relaxed 50 times?

/7 Compute:
v ‘ ¥, = ¥ + PAVQ - PAVG

1s this the first

time step?

rPA\’w = PAVG

RETURN

Fig. B-5 (Continued)
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Fig. B-6. HYPRES - Computes hydrostatic pressure (P2).
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e TR, RN e

g e

Precipitation?

e TR S NI o ﬁm- I S 5 7 S R MR i

Store drv fields

«XUNG

Recall moist fields

CON = OOL/TOCp
CeN4d =¢ T

CONS = ¢ T2

PRPRPRRCARCE TR R LS

-
i et e SR “

0.6221. - CON4
2

CON5 + R4

L

v

= 1.35 % -
H 1.35 10 X n (q! q)(ﬁoq }

.65

[ e

Fig. B-7.

Store moist fields

( EXCNG ’

Recall dry fields

EXCNG

is field
JYES exhausted?

NO

Consider next
noint in field

CSBR - Computes source function fnr 6-prediction.



[ N

rStore DUMA in TEMP ]

Store dry fields
( kxene )

i

u- and w-tields on tape

%

6
1

{ EXCNG ’

Kecall wet fields

(" EXCNG )

et Y1 T q'p

DUMA  HQP

Consider fira:
point ia field

et i o -

BRER . AR Lo B5 0 S LR L e IS

A
0
0 62 =0
Nonsaturated?

zﬁﬂ) G
No precipitation?

DUMA - 1.35 ¥ 107

2
r4

0.
(qg - qi(n”p‘)qp)

Fig. B-8. PRDCTM -~ Computes source function for, and controls predic-

tion of q, , q_ , and q.
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2&,‘ -‘ . 1AL, 50 N i i R TRy F S o
‘;
*r
RQ = poqcl
S, -0
1

18 cloud density
below a?

10 1/8

- 7/8
DUMA = 98 - . .
MA = 8 ¢+ 698107 -En)"-q (0o )

DUMA - SI

Store q:- I

~ 1s field
exhausted?

Consider next
point in field

8

Put u- and w-field in
n-1

n
q, 9,

{ EXCNG ’

HQP = DUMA
HQV = -DUMA
DUMA = HQS
Fig. B-8 (Continued)
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MTST > NO

Non-printed time step?

Pig. B-8 (Continued)
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-

Put u- and w-fields in qp"'" and q:

{ EXCNG ’

“Une proper q
s YES
for odd time step

R 2
T5 - cpTo
T6 = 6(0.622L - cpTo)K/R

is this an odd time
step?

9 TG

HQS = -

2
T5 ' qsL /Rv

PREDIN (q!) >

PREDUL (q.) ’
PREDLR (qs) ,

Recall q:" and q:

EXCNG

FRENE!

Is this an odd time

L s 1 b3 ,‘

[“Use propera,
for even time step

i step? Replace past and present

1GO = 6 values of gg, q, and gp by

their forecasted values

Fig. B-8 (Continued)
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i
&
No recovery? e
¢
IDCT = NDINC i
Not storing this
time step?
Store wet fields Store necessary
moist data on
( EXCNG ) recovery tape
Recall dry fields
EXCNG
Recall DUMA from TEMP l

ETUR

Fig. B-8 (Continued) .
A
‘i
B-23 J
-~




" ¢
i i """TJ‘

"o

.

P o da S 2N

e e g,  SERY.
- —— o T PP TS A o SIS ad

*sjujod 1071123U%

uouvvca.mv.n

(I-N ‘¢ =u[-W ‘T = w)

d u¢

wl _»NQ
~za. AA. .FL

{WlI3} [EUOTIIPPE UE pue
(AA + M) Aq paoeidaa m yim

(6'¢) by 2uisn u

b jo santea s337paig - NIQIU4

*6-4 "B14
HNnLIYye
(I-N‘g=u
T-W ‘2 =w) *(L°¢) by pue
(I-N‘g =u![-|\ ‘g = w) =c ‘ |
‘OUd pue yd 4Aq paoerdaa J ! Ema.>>. we
0 . . 1+u I-u 7 w
3 pue 3 yim (g'¢) pue (9°¢g) 0g_ O,
*bg Buisn v Em@ amnduio)

1+7

‘WiII3) [PUOH}IPPE UE puE
(AA + m) £Aq paoerdex m ymm

Emau andwo
T+) 2

(9:¢) by Buisn :T.“zG ammdwo)

wnv unomoag

0 < 1Lavl
U318 dw ) ppo

ON

«n_. Buyopaag

au 40} aupnox ayy Ajrpouwr 01 wexBoad Burreo Aq payroads sy LqQV] -z

)
nc I0 .Ac Enc .Aou:v 10} ojqeiaeAa fwwnp © 8§ (QUDNMD ‘T :FLON

S e B

bl 6¥ae B AR S

B-24

Ny W e o



- -y G Y

wop

la

T e e g

B vmlls ¢ sz . .

RS - ooNL I ¥ -
AR ST IR
‘b pue ¢ Sp ¢ ﬁv |
P 3O santea Liepunoq 1amoy pue 1addn s3o1paig - 1naayd ‘o1-9 °%14 ,
~ —NUNLIYE
édneaasy] pandwoy 29n{eA 151 panduo)
ON - -
~ -
e T
; !
i
X 0>°A~ﬂ sE “ JAOGC 8T dw
. N'w N'w ¢anjea 1se] pandwio)
“ _‘uzc andwo) ¢ _.-za andwoy
i _ - ON S3X I -N=uw ‘@
wropuw | - (91°¢) puc /Jj
(61°¢) "b3 Buisn (81°¢) ‘b3 Buisn .A.a:m.a 'bd Buten {1z°¢) "bg Buisn M
w . ‘Wl i
__ 40 anduwiop *yd amnduiog 140 anduiod _T ud smduioy |
. 143 ! | n
T iy
! T &
I-.E“E _.EIE.TL e é @
[+ w=-uwu
I -w
M dunopasy
mﬁz\, - 0~ LAVl S3A
~_
ne 10} aunnod etdads jo4jwd 0) weadosd Junieo 4Aq paytoads 81 1avl ‘2 A

A—. 10 % ‘b a0 Juawindae fwwnp € 51 yh ‘1 :3LON

Fed

.
L




- ..m.rn.xn,‘g

—

g e

o VO

g FERSRS S Sl

P

o T I

[ ——

e e Awra AT Rl R Tan EMMEUY

s o - I p— v ... ..

. s d *b pue
b ¢ b 3o saniea Aiepunoq [ei33e] SIIFPIAd - ¥iGIed  "T11-8 814

N\

23n|TA 2anjuA

jse] pandwo) jse] paandwio)

Janjea
1se] pondwio)

2angea
18e] paydwod

A ON

=- . . L]
aaoqe 8w ha‘za andwio) anoqe se =~w4~md ayndwo) aaDqe 8¢ :—Mz«za anduwto) aAoqe se U

(Oud-ud) Lq paoeydax

(oud-ud) Aq paoridaa
3w {(91°¢) pue (61°E)

{o1°g) pue ‘(m + A) £q
1 s (91°8) pue (81°¢€)

tor°¢) pur ‘(m + A) £Aq

paouidax A Qs *(6Y°¢C) paovidex n gum ‘(81°¢)
‘ 1] (] 4 4
‘b3z Busn 7—.:0 nndwio) ‘b3 Buisn .,.7—%-0 andwo) ‘b3 Buisn ._TMZG anduto) ‘by Suysn a?“ma andwod %
)
. —] [

Lﬂ&ﬂﬂﬂ ~0=|u|‘|||.

— t=u _ 1=u \—
! Ldns oum ppO

sn—. Bunpapadd

- 0 < 1avl — -

a—. 30 aujInod {¥1d3ds [01jU0d OY wesfoad Buryted £q patproxds 8y JavVl "2

|
|
1
os, 9. .0 _,
av 20 (%*1)"b *("b)b a0] wowrndaw Aurump ¥ 9 {(oudHd "t AION




- S 11 WS

%
.

BN o, a. .

T Ty
L ]
*3%v1038 Laeyyyxndb Wolj pue o3 sAeiie jo moyj 81013005 A1aa13daT2g - ONOXA ‘Z1-9 814
HAL3Y

NN ©1 WW “201 | | 1¢ adey uo | | NN 03 Wiy 201 | | og adeg uo NN ©3 W " 20} 62 adeguo | | NN 03 Wi 001 82 admy uo ~
uy 31038 pue NN o] NI uj aJ038 pue NN 01 NN uy aroys pue NN 01 W 4} 21038 pue NN 0 WK <
1¢ adey peay ‘001 31038 0¢ ade} peay ‘001 3108 62 adey peay 901 31018 82 adey peay 901 2a03g =

mn><3_.\~,

Z=AVMI o

(wrexdoad Bujties uy papjroads aae IAVIN PUB ‘A vMI ‘NN ‘W)

I+ AVMI = Avml

1=3d vIN

I=AVMI




m
w
|
w
|
w_
W
|
_m

1adoad 03 (VWNQ) Aeiie Awump woaj SPT31J siajsuei] - HIGPWS

*feixe
*€1-4 814

" — NYALAM —
u‘w [ie 10j u‘w fre Jo0j u‘w {e xoj u‘w {je 10}
u'w u'w u‘w u‘w u‘w u‘ur u‘w u‘w
vWna = e vWna = = .6 vana = 2 vhna = 2
€ = AN ¢ = AN
J1
¥ = AN C T = X3IAN

wreadoad Buyifed uj payyioads 81 XAMW FLON

B-28



e

1. ARG is a dummy argument for CSB or HQP as specified in calling

NOTE:

program.
2. ARG is specified in calling program,

Compute real time

YES IARG > 1 NO
Printing HQP?

W
Write heading Write time step Write heading
for HQP and real time for CSB

Write ARG
m,
for allm, n

RETURN

Fig. B-14. DUMP - Prints source functions for 6 and
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- rend et

!L___ql
SUMM = 0

SUMM - SUMM - pg  (u2 | *

Considered all points

at level n?

Completed all levels?

BK = 1

S —
(M-1(N-1) |

Bll . BIN}{

SUMN -

2

J

Fig. B-15. SUMPK - Computes and prints space averaged potential and
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